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PHYSICAL REVIEW B 69, 045420 (2004

Internal electronic structure of adatoms on F&€110) and Fe(100 surfaces:
A low-energy Li* scattering study

Y. Yang! Z. Sroubek and J. A. Yarmoff*
lDepartment of Physics, University of California, Riverside, California 92521, USA

2Czech Academy of Sciences, URE, Chabe&kaPrague 8, Czech Republic
(Received 12 August 2003; revised manuscript received 27 October 2003; published 29 Janupry 2004

The neutralization of 400—3000 e¥Li ™ ions scattered from clean and adsorbate-coverdd1Be 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 nuniber68.43—h, 68.49.Sf, 79.20.Rf, 73.98f

. INTRODUCTION groupst2-1416-19| these results indicate that the local in-
homogeneity in the electrostatic potential of the adsorbate

Halogens have a remarkable variety of applications inlayer plays an important role in the charge transfer process.
electrochemistry, lamps, etching, dry processing, and surfadé particular, the neutralization probabilities of the particles
preparation and are used as catalytic poisons and promotekgattered from different surface sites, which were determined
Because of their technological significance, halogen adsorgor Li* scattering from alkali-covered Al and Ni, carry quan-
tion and reactions have attracted much attention in the suitative information on the local electrostatic potenfial*

. . _3 .

face science communliy. Despite the amount of work de- (| Ep). A satisfactory agreement between the experimental
voted to this subject, however, the local electronic structurgegits andab initio theory was achieved by introducing
and the nature of halogen—transition-metal bonding are sty j5tions in the energy and width of the projectile level
unclear. In addition, based on simple electronegativity Conborresponding to the LEP around the alkali adafSst

siderations, halogen adsorption would be expected to in- In contrast, there have been few studies of alkali-ion scat-
ering from halogen-covered metal surfaces. In a recent

crease the surface work function. It has been found, howev?{
_etter?? we showed results of low-energy ‘Liscattering

that the work function actually decreases upon halogen a
sorption on a number of transition-metal surfateé&Several - ) : .
empirical and theoretical modéfs®°have been proposed to from .IOdI.ne adsorbed on iron, which su'ggest that the mternal
explain this phenomenon, but their reliability has not beerPolarization of the adatom plays an important role in the
tested because of lack of information on the microscopid'€utralization process. More comprehensive experiments are
electronic structure. In addition, all attempts of using a singléf@Tied out in the present paper, and the effects of different
dipole layer to explain the anomalous work function behavJncident ion energies and various halogénBr) and other
ior have been unsuccesstdl. adsorbate$Cs, Ag on the neutralization of scattered Li are
As a surface analytical method, low-energy ion scatteringnvestigated. We show that the charge exchange process is
has the advantage of extreme surface specifitity. addi- dominated by the LEP change induced by the adsorbates
tion to surface composition and structure analysis, neutraiwhen relatively high incident beam energies and large scat-
ization during low-energy ion scattering can be employed tdering angles are used. Independent of the coverage, the neu-
probe the local charge states of adsorbates on surfaces, espadlization probability of the particles scattered from a halo-
cially when alkali ions are used as the projectii&s*Thisis  gen adatom is always larger than that from the substrate,
because the alkalis valence levels overlap the metal Fermi which suggests a lower potential directly above the halogen
level so that resonant charge transf@CT) dominates over adatom. The neutral fraction of Li scattered from the halogen
the other charge transfer proces§eRCT only involves adsorbate deceases as the exit angle increases with respect to
outer shell electrons so that the charge exchange probabilitigke surface normal, which is in contrast to the more usual
are strongly influenced by the local surface electronic envibehavior for cesium and silver adsorbates. These data can be
ronment. explained by considering a large polarization effect within an
Charge exchange in low-energy alkali-ion scattering fromadsorbed halogen, and show that alkali-ion scattering is sen-
alkali-covered metal surfaces has been studied by severaitive to the internal charge distribution of a surface adatom.
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Il. EXPERIMENTAL PROCEDURE

I/Fe(110 Fe SSP
The experiments were performed in an ultrahigh vacuum ( )

(UHV) chamber with a base pressure of about 5
X 10 ! Torr. Prior to introducing the iron single crystal
samples into the UHV chamber, they were treated in a fur-
nace at 800°C under a constant flow of pure hydrogen gas Total Yield
for about 6 weeks to remove the sulfur and oxygen impuri-
ties embedded in the bufR. The samples were cleanéal
situ in the UHV chamber with cycles of 1-keV Arsputter-
ing and annealing at 700—750°C. The cleanliness of the
surfaces was checked with Auger electron spectroscopy o b b 13
(AES) employing_ a cylindrica}l mirror analyzetPerkin- Br/Fe(110)
Elmen, which indicated no evidence of carbon or oxygen.
The overlayer symmetries of the surfaces were determined
with low-energy electron diffractiofLEED). Sharp (1< 1)
patterns were repeatedly obtained for clear(1E® and
Fe(100.

lodine and bromine were deposited from solid-state elec-
trochemical cells based on Ag halide pell&s$® The cells
were operated between 140 and 160 °C. After each deposi-
tion, the surface composition was checked with AES, which
showed no silver or oxygen impurities from the cells. The
halogen exposures are reporteduA min, i.e., the product 34 B2 B0 28 &6 24 22 2
of the operating current and exposure time. It is estimated Flight Time (ps)
that a 10uA min exposure approximately corresponds to one .
;o Br molecule mpinging on each surface atom, Cs depos, £°, 1 (0% 00 TOF spects of e o ond reut)
sition was performed using a well-outgassed getB%ES y g ang y )

. keV 'Li* scattered from iodine-adsorbed and bromine-adsorbed
with the sample held at room temperatl_Jre.Q&g99.9985% Fe(110). The corresponding,land Br exposures are 100 and 200
was evaporated from a W filame(iathis).

. . . MA min, respectively.
Changes in the work function induced by halogen, Cs,

and Ag adsorption were determined by the energy shift of thgjinary elastic scattering from a single surface atom or ada-
secondary-electron cutoff measured with a hemisphericabm, while the background signal arises from Li projectiles
electrostatic analyzefComstock. The secondary electrons that have undergone multiple collisions. The Fe SSP’s are
were generated by impinging a 200-eV electron beam ontgell resolved from the background in all spectra, and the |
the sample. and Br SSP’s are well separated from their respective Fe
Time-of-flight (TOF) spectra were collected with equip- SSP’s so that the neutral fractions could be independently
ment similar to that described elsewhéfeThe "Li* ions  monitored for single scattering from the different sites. The
were produced from a thermionic emitter ion giimball  neutral fractions were determined by dividing the integrated
Physic$. The energy spread of the incidefiti* beam was  area of the neutrals only SSP by that of the total yield SSP.
less than 0.2%. The beam was deflected across a 1.9-mnThe areas were calculated following the subtraction of a lin-
aperture to produce 40-ns pulses at a rate of 80 kHz. Thear backgroundtypical backgrounds are shown by dashed
scattered ions and neutrals were detected by a microchanngihes in Fig. 1.
plate (MCP) array after traveling a total path length of 0.57  Note that the calculated neutral fraction is rather insensi-
m. Parallel to the flight path, a set 6f5x5-mnt deflection  tive to the background subtraction procedure because the
plates were positioned on opposite sides of the scatterageutral fractions of the substrate SSP and the multiple scat-
beam. “Total yield” spectra were collected with both plates tering background underneath it have nearly identical values.
held at ground, while “neutrals only” spectra were collected In fact, the neutral fractions calculated for the Fe SSP by
by placing+200 V on one plate to deflect the scattered ionstaking the ratio of the neutral to total yields in-a20-eV
The entrance to the MCP detector was held at ground tevindow centered about the Fe SSP maximum without any
ensure that ions and neutrals were collected with equal effibackground subtraction fall within the uncertainty range of
ciency. the values determined with background subtraction. For the
adsorbate SSP’s, the background subtraction is clear cut be-
cause of their simple shape and the absence of any significant
Ill. RESULTS multiple scattering signal underneath the peaks.

Neutrals Only

Br SSP
Neutrals Only

Representative total yield and neutrals only TOF spectra ,
are shown in Fig. 1 for 2.5-keVLi* backscattered from A. Energy dependence of the neutral fraction

Fe(110 following iodine and bromine adsorption. The single  Previous studies have shown that the neutralization prob-
scattering peak$SSP’s$ are sharp features that result from ability of alkali ions scattered from a clean metal sur-
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[ performed for clean R&10), and these data are included for
ik (a) IFe(110) comparison. The results show that the neutral factions of the
| —¥— ISSP | and Br SSP’s vary with the scattered Li energy in a similar
—A— Fe SSP for I/Fe(110) way. At low scattered energy, the(br Br) and Fe neutral

or —®— Fe SSP for clean Fe(110) fractions are relatively large and comparable to each other.
40 As the energy increases, the neutral fractions of the halogen

and Fe SSP’s both decrease, but more importantly, they di-
20 verge. The neutral fraction of the halogénor Br) SSP is

T significagtly Ia;goeor tT/an that of Fe SSP for all scattered en-
ergies above- ev.
i T SS}()b) BriEe(110) To determin.e whether thg energy dependence is the same
| —a— Fe SSP for Br/Fe(110) for both _neganvely and positively c_ha_rged adsorbates, neu-
—e— Fe SSP for clean Fe(110) tral fraction measurements versus incident energy were per-
formed for Cs-covered F&00), and the results are shown in
Fig. 2(c). The energy dependences of the neutral fractions
have the same overall trend as with halogens. For large scat-
20k tered energies, the neutral fractions of Cs and Fe SSP’s are
very different from each other. As the energy decreases, the
two neutral fraction curves both increase and gradually ap-

=]
S
I

Neutral Fraction (%)
3
I

100~ (c) Cs/Fe(100) proach each other.

o0l These results indicate that the neutral fraction measure-
ment is sensitive to the local adatom-induced LEP change

80— only for relatively high scattere¢and correspondingly high

20k incidend ion energies. At low energies, the charge transfer
process approaches the adiabatic limit, and the neutral frac-

60~ Fe SSP tion measurement does not reveal inhomogeneities in the po-

551 | | | | | tential close to the surface. Accordingly, for the remainder of

500 1000 1500 2000 2500 the experiments repor_ted here, the incident Ener_gy was
kept at the relatively high energy of 2.5 keV. For single scat-
Scattered Energy (eV)

tering at 168° from Fe, Br, and | atoms, the corresponding
FIG. 2. (Color online Neutral fractions versus final energy for Scatte_red_l" energies are 1.5, 1'8',and 2.0 k_eV, respectively.

normally incident Li particles scattered at 168° fr@ay I-adsorbed Note in Flgs._ Zf"‘) anq 2b) that for final e_nergles above 1.0

Fe(110, (b) Br-adsorbed Fe10), and (c) Cs-adsorbed F&00). keV, the variations in the neutral fraction curves are rela-

Both iodine and bromine exposures are 208 min. The Cs-  tively gmall. Thus, _dlﬁgrences in energy due to scattering

induced work function change is-1.1eV. The neutral fraction from different atomic sites do not affect the results.

error analysis assumes that the uncertainty in the calculated SSP

area equals the square root of the area. Note that in some cases the

markers representing the data points are larger than the error bars. B. Exposure dependence of the neutral fraction
Also shown in(a) and(b) are the neutral fraction of the Fe SSP’s and work function
for clean Fe110 as a function of scattered Li energy. Figure 3a) shows the work functior and the ratio of the

AES I(MNN)/Fe(LMM) peaks as functions of iodine expo-
face depends on the component of the outgoing velocity thegure on FEL10). The AES data show that the iodine coverage
is perpendicular to the surfaé®?’ Thus, for a given scatter- increases monotonically for exposures below 200min.
ing angle, the neutralization probability changes with the in-The linear increase of the | coverage in the low-exposure
cident ion energy. As the energy decreases, the neutralizatioange suggests a constant initial sticking coefficient. The rate
process becomes more adiabatic, which in the present casé increase slows somewhat for higher exposure, although
produces more neutrals since the work function of#6—  the exposures used here are not sufficient to reach saturation.
5.1 eV) is smaller than the ionization potential of [5.39  The work function decreases with increasing iodine exposure
eV). We carried out series of measurements for halogendp to ~100xA min, after which it increases back to its
adsorbed Fe surfaces using incident beam energies rangiefpan surface value. The evolution of the LEED pattern sug-
from 0.4 to 3.0 keV to investigate the energy dependence afests that the behavior of the work function is surface-
neutralization in the presence of surface adsorbates. structure related. When the iodine exposure is below 20

The neutral fractions of the I, Br, and Fe SSP’s for a fixeduA min, no significant change in the substrate<{1) LEED
exit angle of 12° from the surface normal are plotted in Figspattern is observed. At an iodine exposure of about 50
2(a) and Zb) against the final energy of the scattered Li. TheuxA min, a sharpc(1X 3) pattern is obtained. As the iodine
scattered energy, rather than the incident energy, is used heggposure is increased to 2Q@A min, the LEED pattern
since the neutralization is determined along the exit trajectransforms into a&(1Xx5) pattern. This is qualitatively con-
tory, and different amounts of energy are lost in scatteringsistent with the previous report$?° The iodine adatoms oc-
from the iron and halogen sites. Similar experiments wereupy different surface sites as the adsorbate coverage is
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FIG. 3. (Color onling (a) Work function (¢) and ratio of the FIG. 4. (Color onling (a) Work function (¢) and ratio of the

AES I(MNN)/Fe(LMM) peaks as functions of iodine exposure on AES Br(LMM)/Fe(LMM) peaks as functions of bromine expo-
Fe(110. Also indicated are the surface structures obtained bysure on FE110). Also indicated are the surface structures obtained
LEED. The work function value for clean B0 was taken as py | EED. The work function value for clean B4.0) was taken as
5.05 eV(Ref. 44. (b) Neutral fractions of the | and Fe SSP’s versus 5 o5 eV (Ref. 44. (b) Neutral fractions of the Br and Fe SSP’s
iodine exposure. ThéLi* beam was incident along the surface versus bromine exposure. TREi* beam was incident along the
normal, and the scattering angle was 168°. surface normal, and the scattering angle was 168°.

increased, which leads to the changes in the LEED patterri§ larger than that of Fe SSP at all exposure levels. Following
and the detailed shape of the work function curve. the largest Br exposures, the neutral fractions of the Br and
The neutral fractions of the | and Fe SSP'’s are shown irFe SSP’s stabilize, but at relatively smaller values than those
Fig. 3b) as a function of § exposure. They are nearly con- for I-covered F€110).
stant over the range of exposures employed, but do display We have also measured neutralization probabilities for
broad maxima in the exposure range of 50—1@0min. The  Li™ scattered from iodine and bromine adsorbed ofi6®.
shape of the work function curves are roughly “mirrored” in Figure 5 shows the neutral fractions of the I, Br, and Fe
the neutral fraction curves, which is consistent with the preSSP’s along with the work function curves, plotted against
diction of the RCT model that the neutral fraction goes in thethe halogen exposure. Also indicated are the surface-
opposite direction as the work function charfgé surpris-  structure symmetries obtained by LEED, which are consis-
ing feature of the data, however, is that the | SSP neutraient with previous result¥:*! The work function increases
fractions are considerably larger than those of the Fe SS#pon both | and Br adsorption on @€0), with the increase
over the entire iodine exposure rarfge. for Br/F&(100) being somewhat larger. All of the neutral frac-
Similar results are found for bromine adsorption ontions are nearly constant over the exposure range, but the
Fe(110), as shown in Fig. 4. The BtE(MM)/Fe(LMM) AES  neutral fractions of the halogen SSP’s decrease slightly as
ratio rapidly increases for exposures below 200min, also ~ more halogen is adsorbed. The halogen neutral fractions are
indicating a constant initial sticking coefficient. Thereafter,much larger than those of iron over the entire coverage
the ratio levels out, indicating that the sticking coefficientrange, similar to halogen-adsorbedE&).
drops dramatically. Note that halide island growth could oc-
cur at the largest bromine exposufespon Br adsorption,
the LEED pattern changes continuously. Accompanying the
surface structure change,goes through a minimum at a Br To gain insight into the charge transfer process at
exposure of about 10QA min. The variations in the neutral halogen-adsorbed surfaces, both the macroscopic work func-
fractions of the Br and Fe SSP’s follow the same trends asion change induced by the halogens and the modification of
the I/F€110 system. Similar to I/FE10), the most signifi- the LEP around each individual halogen adatom need to be
cant feature of Fig. 4 is that the neutral fraction of the Br SSReonsidered. For large-angle scattering, however, the projec-

IV. DISCUSSION
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(a) I/Fe(100) been previous_ly proposed, with sub;urface penetratign of the
0= 165 halogen leading to an outward-pointing dipole being the
sl I SSP most commort:’ For single-crystal surfaces, however, it has

: : 15 6.0 been found that halogens do not penetrate the lattice and
SO 1xt | ox2) | diffuse c(2x2) instead are most often _positio_ned3 6above the outermost sub-
ol 137 strate atoms at well-defined sit&%s3° Furthermore, it might
. ¢ be expected that halogen penetration would be enhanced on
X 30 : : 5.0 the more oper100) surfaces, but instead these surfaces gen-
= 3 erally show the expected increase in work funcfidhPen-
2 2 _ i Fe SSP 42 etration also fails to explain why larger work function de-
:_“f 10 P P | i 2 creases are caused by iodine adsorption, as opposed to other
= (b) Br/Fe(100) ~ halogeng since penetration should be reduced due to the
= O : : |63 lar ize of the iodine atom. The notion that the hal
= i P ger size of the iodine atom. The notion that the halogen
s oL W D i) adatom is internally polarized, thus leading to a combination
= : : =& of inward and outward dipoles, is consistent with the known
50 ! BrSSP Jss adsorption sites and can explain both the ion scattering and
i : = : work function data?%
Wk [ 5.0
" H : us A. Internal polarization of halogen adsorbates
] & 4 Internal polarization of halogens in the vicinity of a sur-
10 L i FeSSP L face is not a new idea. Realizing the difficulty of relating the

0 100 200 300 400 electronegativity of halogen adsorbates to the work function
Halogen Exposure (pA min) change, Pettersson and Bafysointed out that halogen ada-
toms on metal surfaces could polarize to a large extent. Their
and work function(d) versus } exposure on F&00). (b) Neutral cluster—mod_el study showed that the. polarization of both_ the
fractions of the Br and Fe SSP’s and work functiah) versus By halogen anion and the metal dramatlcally reduced the _d|pole
exposure on FA00). The Li* beam was incident along the surface Moment from that given by the unpolarized surface dipole.
normal, and the scattering angle was 168°. The surface structuréd'US, @ change in work function is not simply a measure of

obtained by LEED are also indicated. The work function value forthe adsorbate ionicity. Based on density-functional calcula-
clean Fé100) was taken as 4.67 e{Ref. 45. tions, Wu and Klepei§ proposed a multidipole model that

considers the internal charge distribution of a polarizable

tile only probes a very small region of the surface so that thdalogen adatom. Their results indicated that the charge redis
outcome is usually dominated by the local propertfe¥.In  tribution could be treated as the sum of three dipole layers.
addition, the relatively high energies used here further enThe outermost dipole results from the polarization of the
hance the sensitivity of ion scattering to the local electronidhalogen adatom by the field of the metallic surface and
structure. points outwards; the second, which is the expected inward-

At first, it may appear straightforward to explain the high pointing dipole, is due to the electronic charge transfer from
neutral fraction for scattering from the halogen by considerthe metal to the adsorbate; the third arises from the effect of
ing the increased electron density at the halogen site. Busmoluchowski smoothing in the near-surface region of the
photoemission shows that the occupied halogen-adsorbateetal. The overall work function change is thus determined
states lie well below the Fermi lev& .Because of the small by competition between the negative contributions of the
Li ionization potential, resonant electron transfer betweerfirst and third dipoles and the positive contribution of the
the halogen-induced states and the Li level is rather unlikelysecond dipole.
In fact, in all cases the neutralizing electron comes from the The multidipole model suggests that although the halogen
metal valence band. Thus, it is the local potential at the haloadatom carries an overall negative charge, this charge is not
gen site that makes the dramatic difference in the neutraliza4niformly distributed around the halogen ion cdsee Fig. 6
tion rate and not the density of electronic states. for a sketch. Such a region of electron depletion above the

Based on a simple consideration of the surface chargbalogen adatom is clearly visible in the electron density con-
distribution, the negatively charged halogen atom, along wittiour plots of Ref. 39 shown for Cl adatoms on metal sur-
its image charge in the substrate, should create an inwardaces, although this detail was not mentioned by the authors
pointing dipole. As a result, the potential should be larger inthemselves. As shown in these plots, a positive image charge
the vicinity of the halogen adatom as compared to a bargesides directly beneath the negatively charged halogen ada-
metal site. But the large neutral fractions of the halogertom. As a result, the negative charge surrounding the halogen
SSP’s suggest that the LEP is actually lower at the halogeion core is attracted toward its image charge in the surface,
sites. In addition, a negative halogen-induced dipole canndeaving a region of positive charge above the adatom.
explain the work function decrease observed ofLE@ and This comprehensive picture of halogen adsorbates is
many other transition-metal surfacts. adopted here to explain the neutral fractions observedin Li

Several explanations for the work function decrease hagcattering®> When backscattered alkali ions exit nearly

FIG. 5. (Color online (a) Neutral fractions of the | and Fe SSP’s
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v, rS I ,,,,,,,,, Vi 0
Ago Cs ‘ I,Brf”l@a‘-» 40 S e

—_—
(d
Fe @ @ é 30k —— 50 pA-'min
— g P[] 10onamin
's —¥— 450 pA'min
FIG. 6. (Color onling Schematic diagram illustrating the elec- g 20 L I I l 1 L 1
tron density associated with neutr&hg), positively charged = sol™® clean Fe Fe SSP
alkali (Cs), and negatively charged halogénBr) adsorbates on an E —#— 50 pA-min
Fe metal surface. The arrows show the outgoing trajectories of scat- 2 —A— 100 pA-min
tered Li, and dotted lines are drawn to indicate the surface along Z 40H~¥—40 pAamin

which charge formation occurs, as used in the calculations. This
diagram shows how these various charge distributions influence the
potential experienced by the projectiles. Note that in estimating the
local electrostatic field induced by the adatom, we neglect the con-
tribution of the image charges shown in the figure.

0 10 20 30 40 50 60 70
perpendicular to the surface, the particles “feel” the potential Exit angle (deg)
directly above the scattering site. Since there is an attractive

potential directly above the polarized halogen due to the out; FIG.' £ (C°|°.r onling (a) Neutral fractions of th.e | SSP versus
ermost dipole, the LEP at the top of a halogen adatom ithe exit angle(wnh respect to surface normafor L.| scattered at
’ 55° from iodine-covered F&00). (b) Neutral fractions of the Fe

Iowgr than that near an Fe surface atom'. The attract|ve.pc§SP versus the exit angle for Li scattered from clean and iodine-
tential lowers the energy level of the projectile, thereby in-

. LY o aEovered FEL00. The measurements were carried out for three io-
creasing the neutralization probability. As a result, the neutral;,o exposures, which were 50, 100, and 480min, respectively.

fractilons of the halogen SSP's are larger than those of the Fhe semiquantitative theoretical estimatidaee textare shown as
SSP’s. the dotted and dashed lines.

B. Comparison with alkali adsorbates enon that is not affected by neighboring adatoms. As the

The important role that an inhomogeneous LEP plays ihalogen exposure increases, the interaction between the ada-
charge exchange was previously shown by Li-ion scatteringoms may cause the second and third dipoles to become less
from alkali-covered metal surfacés’3At low alkali cover- ~ polarized, but this apparently does not affect the neutral frac-
age, the neutralization probability of the alkali SSP is alsdtions measured at normal exit angles.
much larger than that of the metal SSP. An alkali adatom
donates its valence electron to the surface and is adsorbed as
a positive ion(as illustrated in Fig. B thus creating an C. Angular dependence of the neutral fraction
outward-pointing dipole and lowering the potential in the

vicinity .Of _the adatom_. Consequently, the neutral'Z.""t'onpotential induced by the first halogen dipole plays a key role
probability is larger for ions scattere_d from_ the alkali sites. in neutralization. If the charge transfer were to occur more

In the sense Qf t_he outermost” dipole field, halogen ad'Eoward the side of the halogen atom, however, the repulsive
sorbate_s h_ave similar effects on charge exchange as alkalbtential induced by the second dipole should become more
but their differences become apparent as the adsorbate cobs

erage increases. As the coverage of alkali increases, the aﬁr-evalem' _Th|s can pe accomplished _by utilizing a more
razing exit angle, as illustrated by the tilted arrow of Fig. 6.

sorbates interact, which leads to a depolarization of the indi9 ) X ) o
vidual dipoles and a reduction of the inhomogeneities in thd1€nce; if the notion of internal polarization were correct, a

LEP2040As a result, the difference between the neutral fracreduced neutral fraction for scattering from the halogen site
tions of the alkali and metal SSP’s become smaller. At thevould be expected for a glancing exit trajectory.
highest coverages, the LEP approaches that of a uniform di- This effect was indeed observed for I-covered Fe surfaces
pole sheet and becomes nearly homogeneous. Accordingi¢hen the sample was tilted with respect to the TOF
the neutral fractions of the alkali and metal SSP’s becoméaletector’” In Fig. 7(a), the neutral fractions of the | SSP as a
nearly identicat?=14 function of the exit angle following three different iodine
For halogen adsorption, however, the polarization of theexposures are shown by the solid symbols. It is quite surpris-
halogen atonthe attractive potential of the first dipglées  ing that neutralization would decrease as the exit angle be-
very localized at the top of adatom. Since the differencecomes more grazing, as it is in conflict with any model for
between the halogen and substrate neutral fractions is neartharge transfer that considers the surface potential to be iso-
constant as the coverage changes, the internal polarizatidropic. For a polarized halogen adatom, however, the LEP
that leads to the outermost dipole must be a local phenonehanges sign as the angle is swept across the spherical sur-

For backscattering along a near-normal exit trajectory, the
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Cs/Fe(100) larger than that of the Fe SSP for near-normal ang!es, ar)d
100~ they gradually approach each other for more glancing exit
ok e trajectories. For Ag adatoms, the neutral fractions of the ad-

_____ sorbate and substrate SSP’s have nearly the same values at
g all angles. Ag atoms on metal surfaces form largely covalent
é O v bonds that are accompanied by very small charge
= |m— g displacement§! Thus, the surface dipole induced by a Ag
£ 60 —&— Fe SSP adatom is insignificant and there is minimal difference in the
E sob : | | | | : | LEP between the Ag and Fe sites, which gives rise to similar
= - neutralization rates.

3 j‘s’ [ Ag/Fe(100)
E 20 D. Semiquantitative theoretical estimate
z In order to clarify our interpretation of the experimental
23 results, we outline a semiquantitative theoretical estimate of
30 the influence of the adatom-induced electrostatic potential on
a5l : l’?egssss}f the neutralization probability of L'i ions scattered from sur-
face adsorbates. This analysis shows that the internal elec-
200 I L L | L I L tronic structure of the halogen adatoms does lead to the ob-
0 10 20 30 40 50 60 70 served neutralization behavior.
Exit angle (deg) The dynamics of resonant charge exchange is usually

modeled with the Newns-Anderson Hamiltonfr{3 Typi-

)gt?"y, the charge formation process is described by the en-
) i ) gy and virtual width of the valence level of the scattered
angle for(a) Cs-covered andb) Ag-covered FELOO. The corre projectile, and the time dependence of the level energy and

sponding Cs- and Ag-induced work function changes wete0 ev width produces nonadiabatic excitations in the atom-surface
and +0.18 eV, respectively. The scattering angle was 160°. The P es no N € alo

semiquantitative theoretical estimatiofsee text are shown as the SYS€M. While the energy of the valence level is mostly gov-
dashed lines. erned by the surface electrostatic potential, the width of the

valence level is determined by electron exchange between

) o _ o the atom and the metal surface. The width depends, for a
face that is probed by the exiting ion, as illustrated in Fig. 6.gjyen scattered particle, upon the substrate local density of
Thus, an increase in the exit angle can give rise to a reducstates(LDOS) at the Fermi level projected onto the scatter-
tion in the neutralization probability. Since the reduction injng site. In general, it is the width of the valence level, and
neutralization is nearly the same for various iodine covernot its energy, that determines the distance above the surface
ages, it appears as though any effects of adatom-adatom igt hich charge formation takes place. Under conditions in
teractions on the internal electronic distributions are miniyhich the substrate can be represented by a free electron gas,
mal. ) this distance is laterally independent and the relevant veloc-
_ The angular dependence of the Fe SSP is also affected by, component of the scattered particle is normal to the sur-
iodine exposure. Following a small exposuf® wAmin),  face. This would also be the case for an isolated adsorbate on
the Fe SSP neutral fraction increases with exit angle, aly syrface if it could be represented by a slowly varying LEP
though not as strongly as with the clean surface. Followingmmersed in the free electron gas and the adsorbate did not
larger iodine exposures, however, the Fe SSP neutral fractighotryde above the surface. If the adsorbate were situated
decreases somewnhat as the exit angle increases. This is bijove the surface, we can assume that the LDOS follows the
cause the exiting Li has a high probability of interaction with contour of the impurity, although the LDOS may not be lat-
nearby iodine adatoms following the large exposures. Thus, gra|ly independent in this case.
Li particle originally scattered from an Fe surface atom may ynder the approximation of a slowly varying LEP, the
encounter the delocalized repulsive potential of the negativionadiabatic neutralizatio can be well described by a

iodine (the second dipojeon its way out, thereby reducing gimple analytical solution of the Newns-Anderson Hamil-
its neutralization probability. tonian

We also investigated the angular dependence of the Li
neutralization rate for Cs- and Ag-adsorbed(1¥), as
shown in Fig. 8. The coverage of adsorbates was calibrated N=
by both AES and work function measurements, and was kept
low in order to make the LEP as inhomogeneous as possiblevhere AE is the potential difference between the substrate
In all cases, the neutral fractions increase monotonically foFermi level and the projectile ionization level, ad# is the
more grazing exit angles, as expected. Alkali adatoms fornpotential modification induced by the adsorbate. Bath
single outward-pointing dipoles at the surface, so that thend SE are taken at the location where the charge exchange
scattered Li does not experience a change in the sign of theccurs. The paramet& depends on the electronic structure
potential as the exit angle changes. The attractive potential af the substrate-projectile system, amdrepresents the rel-
the Cs site causes the neutral fraction of the Cs SSP to bevant velocity component of the scattered particle. The char-

FIG. 8. (Color onling Neutral fractions of Li * singly scattered
from adsorbate and substrate sites shown as functions of the e

p(—c:(AEJr S5E)
1—exg ——————

Ur

”x 100%, (1)
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acteristic dependence &f on 6E andwv,, as given by Eq. cal dipole moment of the iodine adatom and is equal to
(1), is analytically obtained from the Anderson Hamiltonian €* (I)d, wheree* (1) is the effective negative charge of io-
whether the ionization level is far below the Fermi level atdine andd is the dipole lengthr is again the distance from

all times or the ionization level is above the Fermi level atthe adatom to the point where the charge exchange takes
the surface and dips below the Fermi level during the emisplace, which should be on the order of the L$ 2lectron
sion, although the physical content of the prodG&E is  radius. We consider the iodine adatom to be protruding
different in these two cases. Thus, Ef) is also expected to above the surface, as indicated in Fig. 6. Unlike the Cs ada-
hold for intermediate cases. We have checked the applicabitom, however, the LEP around a halogen adatom is strongly
ity of Eq. (1) for the analysis of our data by comparing, in corrugated. This is due to the fact that the outward-pointing
certain instances, thW obtained from Eq(1) to theN ob-  dipole composed of the positive region at the top of the
tained by a complete solution of the Newns-Andersonadatom and the negative charge associated with the bulk of
Hamiltonian in the independent particle picttt®“*3and the adatom lies well above the surface. Thus, it is expected
found them to be comparable. that the LEP would change quickly with the exit angle. The

For scattering from a clean metal surface, the neutralizamost reasonable assumption in this case is that ionization
tion probability depends mainly on the normal velocity com-occurs at a fixed distance from the adatom, r.@s, constant
ponent of the outgoing particie*>as mentioned above. We as suggested by the dotted line surrounding the halogen ada-
neglect the parallel velocity effect as it was found to be smaltom in Fig. 6. The value o€ p* (I)/vr? can then be deduced
in Li scattering?® Using this assumption, the velocity in  from the neutral fraction data &= 0 in Fig. 7@a). Using this
Eqg. (1) can be expressed ascos6, wherev is the total value and assuming th&AE/v is equal to the value found
velocity and @ is the exit angle with respect to the surface for clean Fe, the angular dependenceéNofan be estimated,
normal. By using the measuréd value of the clean Fe sur- as is shown in Fig. (&) by the dotted line. Although the trend
face ford=0, CAE/v in Eq.(1) is found to be 0.34. Assum- is correct, the decrease bf with 6 is not as great as in the
ing that CAE/v is constant, the neutral fraction calculated experimental data.
from Eg. (1) is plotted versus the exit angle by the dashed In the real system, a negative imbalance of the iodine
line in Fig. Ab), which closely follows the experimental re- dipole charge is very likely to occur, as suggested schemati-
sult for clean Fe. cally by the shape of the halogen adatom in Fig. 6. This can

The angular dependence of the Fe substrate SSP neuttz taken into account by modifying SE(I) to
fraction in the presence of Cs, as shown in Fig)8can be [p* (1)/r?]cosé— &&*(1)/r, where Se*(l) represents the
interpreted in a similar manner by again assuming that thenagnitude of the charge imbalance. Under this assumption,
potential is laterally smooth. Due to Cs deposition, the workwe get a better agreement with the experiment, as shown by
function decreases by 1.1 eV ahdof the Fe SSP a#=0  the dashed line in Fig. (@). A fitting procedure yields
increases from 30% to 65%. This corresponds to an increag@p* (1)/vr?=0.69 andCde* (1)/vr =0.29. Assuming that
from CAE/v=0.34 for clean Fe t€CAE'/v=1.05 for Cs- the effective charge of iodine is equal to that of Cs, i.e.,
covered Fe. The resulting dependence of the Fe SSP neu-e* (I) =e*(Cs), the length ratia@/r is 86% and the charge
tral fraction, as predicted by E¢l), is shown in Fig. &) by  imbalance is 36%. These are physically reasonable results in
a dotted line. The calculated line matches the experimentalhich the dipole approximation is satisfied, becadse in-
data reasonably well. deed smaller than.

In scattering from the Cs adsorbates, the neutralization is Although this theoretical description is approximate, the
influenced by both the change of the work function, i.e., thegood agreement with the experimental data indicates that an
change ofAE to AE’, and the change of the local potential. iodine dipole on the surface with a charge imbalance pro-
Both of these changes are caused by the positive charge dfices a neutral fraction that decreases as the exit angle be-
the Cs atom. The value of the work function is laterally comes more grazing. Thus, the theoretical analysis has veri-
independent, whereas the local quani®y can be consid- fied our hypothesis concerning the origin of the angular
ered in its simplest form as the local potential induced by alependence of the | SSP neutral fraction.
positive charge lying above the surface, i.&E(Cs)
= e*(Cs)Ir, wheree*(Cs) is the effective positive charge
of Cs andr is the distance from the adatom to the point
where charge exchange takes place. If we use the assumptionThe neutralization of Li scattered from H&10 and
that the charge exchange occurs at a fixed disthircen the  Feg(100) surfaces was measured as a function of the incident
surface, i.e.r =1/cosé, then the termCSE(Cs)/(v cosé) is  ion energy, adatom charge and coverage, and the exit angle.
nearly angularly independent and we take it as a constant. Bye found that the sensitivity of ion scattering to the LEP
fitting the value ofN for the Cs SSP at=0, we obtain a change above different scattering sites can be greatly en-
value of 0.80 for the constant. The dashed line in Fig) 8 hanced by employing a relatively high incident energy and
indicates the corresponding calculated angular dependencdarge scattering angle. lodine and bromine adsorption ini-

For iodine adsorbates, the experimental evidence inditially deceases the work function of @40 and increases
cates that the adatom needs to be considered as an outwah& work function of FELO0). While the detailed shape of the
dipole positioned above the surface, rather than merely asl@logen-coverage dependence of the scattered Li neutral
negative point charge. The quant#§ therefore has a dipole fraction can be correlated to the halogen-induced work func-
character, i.e.sE(1)=[p* (1)/r?]Jcosé. p* (1) is the electri- tion change, the considerably larger neutral fractions of Li

V. CONCLUSIONS
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singly scattered from the halogen sites are caused by thiat it likely causes the anomalous work function changes
presence of a lower potential directly above a halogen adasbserved upon halogen adsorption. Overall, we showed that
tom. As the exit beam moves off-normal, the neutral fractionlow-energy ion scattering yields unique information on the
of Li scattered from iodine adsorbates decreases. This is igdatom electrostatic potential.

contrast to cesium and silver adsorbates where the neutral
fractions increase for more glancing exit trajectories. These
angular dependences are attributed to the nonuniform charge
distribution around the halogen adatoms induced by internal
polarization, which is further verified by a semiquantitative = The authors would like to thank Dr. Christine J. Wu for
theoretical analysis. Our results confirm the internal polarizathe helpful discussions, and the National Science Foundation
tion of halogen adatoms on metal surfaces and demonstrat&rant No. CHE-0091328or financial support.
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