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Chemical Bonding State of Chlorine on Ag{100} as Determined by
Angle-Resolved Secondary lon Mass Spectrometry

Che-Chen Chang* ( 3R3EE( ) and Chien-Hua Lung ( FEEEIE )
Department of Chemistry, National Taiwan University, Taipei, Taiwan, R.0.C.

The power of the angle-resolved ion desorption technique for straightforward characterization of sur-
faces is demonstrated. The structural sensitivity of secondary ion desorption has led to a successful appli-
cation of angle-resolved ion sputtering yield measurements to the determination of the C1 chemical bonding
structure on the Ag{100} surface. Angular distributions of the sputtered CI ions show that chlorine disso-
ciates at the surface to yield a bonding state of atomic form at the room teraperatore. Both the polar and the
azimuthal angle dependencies of the sputter intensity for Ag* and CI ions reveal that the Cl adatom is chemi-
sorbed high above the topmost substrate layer of Ag atoms. At all Cl exposures, the Ag-Cl bond is oriented
along the <100> azimuth with the adsorbate occupying a C, symmetry site, not an a-top, a bridge, or a high
symmetry site. Shadow-cone enhanced ion desorption spectra show that the geometrical structure of the C1
chemisorbed surface changes slightly as the exposure is increased.

INTRODUCTION

The determination of the adsorbate geomelry on solid
surfaces is central to the understanding of the role of chlo-
rine as a moderator' in the silver-catalyzed” heterogeneons
selective oxidation of ethylene to ethylene oxide. To meas-
ure the adsorbate geometry, a number of surface spectrosco-
pies have been developed, including low energy election
diffraction (LEED)," scanning tunneling microscopy,’ sur-
face extended x-ray absorption fine structure (SEXAFS),?
clectron stimulated desorption,® ion scattering spectrome-
try,” and angle-resolved secondary ion mass spectrometry
(SIMS).MY Among these techniques, the angle-resolved
SIMS approach is chosen in this study since the underlying
theory is simple and the sensitivity is high. Applications of
this technigue to the studies on the structural alterations as-
sociated with surface chemical reactions have proved highly
successful."’

This study is concerned mainly with the chemical
bonding state of the chemisorbed Cl on a Ag{100} surface.
It 1s known from LEED studies that at a coverage of more
than ~D.4 monolayer (ML), chlorine is chemisorbed at
room temperature on the Ag{100} surface to form a Cl sur-
face unit cell with its length on each side twice as large as
that of the substrate Ag unit cell (so-called the Ag{100}-
¢(2x2)-Cl structure).”  The adsorption saturates at 0.5
ML." Results of the surface structure analysis of Ag{100}-
¢(2x2)-Cl by LEED," angle-resolved ultraviolet photoelec-
tron spe(‘,lroscopy,15 He atom diffraction,'® SEXAFS,"*
thermodynamic adsorption isotherms,'” and by SW-Xa-
SCF calculations™ favor an adsorption geometry of Cl occu-

pying above the Ag substrate. However, in close agreement
with angle-resolved photoemission daia,” vesults from the
lingar-combination-of-atomic-orbitals (LCAQ) calcula-
tions™? favor a geometry, suggested by Rovida, et al.,” in
which the adsorbed Cl atoms (i.e., the Cl adatoms) and the
Ag atoms {rom the substraie are roughly coplanar.

The potential of SIMS in characterizing subtle chemi-
cal bonding configurations on the surface 1s expiored in the
present study. The contradictory arguments about the bond-
ing registry of Cton Ag{100} at room temperature is re-gx-
amined using angle-resolved SIMS mctheds. The study
also serves to explore the analytical capability of these sur-
face-sensitive methods in differentiating surface geomeiri-
cal structures of similar bonding symmetry. Our prelimi-
nary results™ from an initial study of the c¢(2x2)-Cl over-
layer on Ag{100} have shown that the sputtered Ag” ions
exhibit unique azimuthal angle distributions at different po-
lar angles of detection, .. The distribution is known to vary
with the bonding structure and with the height of the atom
above the surface.” Further, results from an angle-resolved
SIMS method operated in the mode of shadow-cone en-
hanced secondary ion desorption indicates that the Ag-Ci
bond-length is 2.60 + 0.04 A. This characterization ap-
proach has a surface sensitivity of about one monolayer."

The present study is aimed to explore at the atomic
level the Cl bonding state on the surface afier the Ag{ 100}
surface is exposed to Cl molecules. It employs 4 detailed
analysis of the angular dependence of the sputtered ion in-
tensity for revealing significant chemical information about
the reaction of chlorine with the surface. As the chlorine gas
is allowed 1o react with the Ag crystal, it may chemisorb on
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the surface as a molecule or decompose at some reactive
sites to form adatoms. Because of the presence of a variety
of active sites on the Ag{ 100} surface, the chemisorbed C1
species may bond on the surface at either a four-fold hollow
site, a bridge site, or an a-top site. With the chemisorption
geometry of Cl on the four-fold hollow site, the chlorine
species resides inside an interaction potential well among
four top-layer Ag atoms which are symmetrically positioned
on the Ag{100} surface around a Cy axis perpendicnlar to
the sutface. Atthis site, the Cl species may reside at the cen-
ter of the hollow site (i.e., at the Cs symmetry site) or off the
center (i.e., at ahigh-symmetry site). Further, the size of the
Cl species varies significantly with the amount of the charge
it carries, with the radius of a fully negatively charged CI
ion being about twice as large as that of a neutral Cl atom.
Thus, depending on the charge state of the Cl species on the
surface, the chemisorbed Cl may reside high above the sur-
face, occupy a top-layer interstitial site, or diffuse into the
Ag substrate. It is also expected that following the chemi-
sorption of Ci on the surface, a series of chemical reactions
may take place such that the Cl species may erode the sub-
strate, replace the top-layer Ag atoms, or form an overlayer
above the substrate. Many of these bonding aliernatives of
Clon Ag{100} have not been adequately examined and ad-
dressed before,

EXPERIMENTAL ASPECTS

All experiments are performed in a UHV angle-re-
solved scattering chamber that has been described in detail
elsewhere.”® The experimental conditions have also been
described previously.'® Briefly the background pressure is
about 2 x 10" torr, A 2 - 4 keV primary ion beam of 0.2 ~
5 nA with a beam cross-section <2 mm?® is focused on the
target crystal. The sputtered species are filtered through a
90 energy analyzer before entering a quadrupole mass
spectrometer. Both the energy analyzer and (he mass spec-
trometer are located in a rotation platform which allows
them to be positioned independently from the rest of the sys-
tem. The experimental parameters are defined in Fig, 1a. In
the azimuthal angle distribution, only high energy species of
20 £ 3 ¢V are collected to ensure that the resnlting distribu-
tion reflects better the chemical bonding geometry of the
surface.” Angular resolution of the energy and mass analyz-
ers is about £ 0.25% (polar) or £2° (azimuthal).

The Ag single crystal with a surface parallel to the
{100} crystal plane is oriented by Laue diffraction to within
0.5° and mechanicaliy polished to optical quality before be-
ing mounied on a copper sample holder. The surface is then
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cleaned in situ by cycles of heating and ion bombardment (2
keV, 0.5 ].LA/Cle). Surface cleanliness is monitored by
Anger electron spectroscopy and SIMS. Low energy elec-
tron diffraction is used to confirm the sample orientation
and to ensure a (1 x 1) surface order. The sample is cleaned
after about 90 minutes of data taking to ensure that the
measurernents are done on a fresh surface.

Orientation of the sample surface with respect to the
ion beam is controlled by a goniometer which allows inde-
pendent rotation of the crystal to any azimuthal angle and
tilt of the sample to vary the polar angle of the incident ion
beam, 6;. The definitions of the angles employed in this
work are shown in Fig. 1a. All polar angles will be given
with respect to the surface normal. Chlorine is deposited on
the surtace by exposing the sample crystal at room tempera-
ture to the chlorine gas of 99.999% purity, purchased from
Matheson. Exposures are determined by an uncorrected
pressure reading, expressed in torr, from a nude Bayard-
Alpert ionization gauge. An exposure of | langmuir (L) is
equivalent to the encounter with the surface of a gaseous
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Fig. 1. (a) Parameter definitions for the experiment. (b)
The Ag{100} surface with possible chemisorp-
tion sites. The open circle represents the top
layer Ag atom, the hatched circle the second layer
Ag atom, and the solid circle the Cl adsorbate.
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molecule at a partial pressure of 1 x 10° torr in one second.
In this study, the Cl partial pressure used for dosing ranges
from 5x 10 to 5 x 10™ torr and the exposing time from 100
to 500 seconds, depending on the amount of exposure to be
studied.

RESULTS AND DISCUSSION

The dependence of the secondary ion yield on the azi-
muth of incidence at various Cl exposures is shown in Fig.
2-4 for Ag” ions ejected from a Cl covered Ag{ 100} surface.
In these specira, ions which are cjected with high kinetic en-
ergies of 20 £ 3 eV are detected. The higher energy particles
generally leave early in the collision cascade before the
nearby surface atomic arrangement is perturbed. Thus, they
reflect better the registry of surface atoms.””® Both the
image potential belween the ejecting ion and its image
charge in the substrate and the coulomb potential among ad-
sorbates arc also too small to affect the departing trajecto-
ries of the ions with high kinetic energies.

The secondary ion azimuthal anisotropy can be corre-
lated with the geometrical structure of the surface.” As
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Fig. 2. Azimuthal angular distributions of Ag* ions from
a Ag{100) surface exposed at room temperature
to (a) 1.5 L, (b} 5.0 L. of chiorine. The surface is
bombarded by Ar* ions of 2 keV energy at an in-
cident angle of normal to the surface. The sput-
tered particles are collected at 84 =45".
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shown in Figs. 2 and 3, minimum Ag”* ion iniensities are
found to always appear along <110> azimuths, which corre-
spond to the directions of close-packed rows of atoms in the
surface plane of the substrate. lons emitted along these di-
rections are obstructed on their way out of the surface ex-
cept at small values of 6a. On the other hand, the intensity
profile of the sputtered Ag” ion is sensitive 1o the-Cl expo-
sure. At a Cl exposure of 1.5 L, the Ag” ion intensity arises
to its maximum along the <100> direction for 84 = 45" (see
Fig. 2a). It has been reported® that the ejecting trajectory of
the substrate ions from an adsorbate-covered surface is gov-
exned by a strong channeling effect exerted on the departing
substrate jons by their nearest-neighbor substrate atoms and
by those adsorbates along the ion departing trajectory. Fur-
ther, the LEED patterh obtained at this coverage is similar to
the one obtained from a clean surface, indicating that the ad-
sorbates are randomly distributed on surface reaction sites at
this exposure. Inspection of a model crystallite of Ag{100}
shows that, in addition 10 some high-symmetry adsorption
sites, there are three possible reaction sites which are of low
symmeiry. They are the a-top site, the bridge site, and the
four-foid hollow site (see Fig, 1b). A random adsorption of
C1 on the bridge site should cause the sputtered Ag’ ion to
depart from the surlace preferably along a <110> direction
of a deep interaction potential well. Similarly, occupation
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Fig. 3. Azimuthal angular distributions of Ag* ions from
a Ag{100} surface exposed at room temperature
to (a) 1.3 L, (b) 5.0 L of chlorine. The surface is
bombarded by Ar® ions of 2 keV energy at an in-
cident angle of normal to the surface. The sput-
tercd particles are collected at 8 =307,
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of Cl on the a-top site should block the departing Ag” ion
from proceeding along the <100> direction and cause the
measured peak position of the sputtered ions to be shifted
off the <100> azimuih. The observation of a maximum Ag'
ion intensity along the <10{> azimuth thus rules out the pos-
sibility of Cl adsorption at this coverage on either the bridge
or the a-top site.

At a Cl exposure of 5.0 L, a LEED pattern of ¢(2x2)
struciure is observed. The adsorption symmetry revealed in
the azimuthal angle spectrum of the sputtered Ag* jons (see
Fig. 2b} at this exposure is the same as that predicted by the
¢(2x2) LEED structure.” As shown in the spectrum, the
Ag’ ion intensity also arises to its peak along the <100> di-
rection. [t indicates that at this exposure the CI adsorbate
also bonds in the surface on a site other than the a-top or the
bridge site. Because of the similarity of the azimuthal angle
distributions at the 1.5 L and 5.0 L exposures of the Ag* ions
sputtered from the surface, the adsorption site of Cl at these
two exposures is believed to be identical. Further, the sym-
metry of the sputter intensity in these spectra indicates that
the C1 adsorbate does not occupy a high-symmetry site on
the surface but a C, symmetry site. However, these distribu-
tions do not reveal exactly how Cl is adsorbed. It may he
either above the surface on the hollow site’**
with the Ag atom of the substrate.' >

The relative height of the C1 adsorbate to the position
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Fig. 4. Azimuthal angular distribution of Ag* ions from
2 Ag{100} surface exposed at room temperature
10 5.0 L of chlorine. The surface is bombarded by
Ar* ions of 2 keV energy at an incident angle of
normal to the surface. The sputtered particles are
collected at 8= 60°. The amplification factor of

the Ag” inlensity relative to the intensity scale
used in Fig. 2bis 20.
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of the Ag atom on the surface may be understood by study-
ing the azimuthal dependence of the Ag™ 1on yield at 6, =
30°. At this small polar angle of detection from the surface
normal, the interaction of the ontgoing Ag” ion from the top-
most layer and its nearesi-neighbor atoms in the same layer
18 very weak. The ejecting ions are expected to be less ob-
structed at 85 = 30° than at 93 =45". It should resultin a
smaller azimuthal anisotropy.”** However, a strong anisot-
ropy is still observed in our spectrutn for the Ag” 1on ejecied
at 8= 30" from a Ag{100}-c(2x2)-Cl surface (see Fig. 3b).
The prominent feature in this spectrum is an ion intensity
profile of three yield maxima centered at the <100> azi-
muth. This feature can only be explained by the fact that the
Cl adsorbate is located above the topmost layer of Ag atoms
and that C1 occupies every other rows of Cs symmesiry sites
along the <100> direction. The triplet feature observed in
fig. 3b is due to two difterent ion ejection mechanisms. The
Ag ions ejected along the direction perpendicular to the line
connecting adjacent C1 adsorbates contribute to the spuiter
intensity at the <100> azimuth. However, the Ag ions
ejected parallel to the CI-Cl bond are partially blocked at B4
=3 by the overlayer Cl atoms. It results in maximum in-
tensities at azimuthal angles about 20° off the <100> direc-
tion. The blocking effect is insignificant at low exposures,
since most of the four-fold hollow sites on the surface are
uncccupied at this level of coverage. Thus, instead of exhib-
iting a sputter intensity profile with multiple maxima along
the <100> azimuth, the Ag* ion distribution at the low Ci ex-
posure (e.g., 1.5 L) exhibit a similar azimuthal angle spec-
trum (see Fig. 3a) at 84 = 30" as that obtained at 8, = 45°,
‘The observed chemical bonding of Cl above the Ag{100}
surface is in agreement with the results obtained by surface
extended x-ray absorption fine structure spectrometry,’”
The Ag® ions ejected from a c(2x2) AgCl-like mixed
layer surface will not result in an azimuthal distribution with
a peak intensity of multiple maxima. On this surface, the
chemisorbed Cl and the epitaxial Ag atoms occupy every
other rows of four-fold hollow sites atong the <100> crystal-
lographic direction. Further, most of the ejected atoms are
believed to originate from the top surface layer,” especially
in the case where the top layer has a close-packed structure.
The angular anisotropy of the Ag” ions ejecting from sub-
strate layers underneath the AgCl-like dense overlayer does
not contribute significantly to the observed Ag® ion az-
imuthal distribution. Thus, for Cl to be chemisorbed copla-
nar with the Ag atom on the surface, the Ag” jons emitted
from the AgCl overlayer may leave the surface relatively
free of the blocking effect. Due to the presence of the Cl ad-
sorbate nearby on the surface, the ejecting Ag® jons should
be somewhat driven to move along the <100> azimuth and
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give rise to a sputter intensity of a single maximum along
this direction. This prediction is in disagreement with what
is shown in Fig. 3b. Other possible overlayer geometries of
the Cl adsorbate, such as the a-top and the two-fold bridge
structures,'"**" will result in Ag* ion azimuthal distribu-
tions at 8y = 30 vastly different to that shown in Fig. 3b.

A large azimuthal anisotropy is observed for Ag® ions
sputtered from a Ag{ 100} -¢(2x2)-Cl surface at a polar angle
of detection from the surface normal. As shown in Fig. 4,
sputtering of Ag” ions at 84= 60" gives rise to sharp peaks of
intensity at about 20” off on the both sides of the <100> azi-
muth. With Cl adsorbates positioned at the C4 symmetry
site above the surface, the Ag* ion emitted at the large polar
angle along the <10{:> direction experiences a strong repui-
sive interaction with the overiayer Cl adsorbate. The inter-
action almost compietely blocks the emitted ion from pro-
ceeding along the <100> azimuth. However, therc exists a
narrow open channel between a C1 adsorbate and two top-
layer Ag atoms, one being located at the <110> direction
relative to the emitted atom and the other at <100, which
allows an ejecting top-layer Ag” ion to take off from the sur-
face. Since there is a narrow channel at about 20° oft the
<1002 direction on each side, two sharp peaks of sputter in-
tensity are thus oblained along each <100> azimuth.

The sputier intensity of the CI ions ejected from a Cl
covered Ag{100} surface is further studied as a function of
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Fig. 5. Azimuthal angular distribution of C¥ ions from a
Ag (100} surface exposed at room temperature to
0.5 L of chlorine. The surface is hombarded by
Ar® ions of 2 keV energy at an incident angle of
normal to the surface. The sputtered particles are
collected at 84=45".
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the azimuthal angle of detection. As shown in Fig. 5, the CI
ions are found to preferentially eject atong the <100 azi-
muth at a Cl exposure of 0.5 L. The preferential direction of
gjection can be understood if one considers the collision
cascade initiated by the incident energetic particle.” Both
the results from experimental measurements and that from
molecular dynamics simulations have shown’ that at low
coverages of adsorbates, the direction of ¢jection of the ad-
sorbed spectes is governed by the trajectory of the topmost
layer substrate atoms, not by the presence of surface chan-
nels. Since the topmost layer Ag atoms tend to eject along
the <100> direction, as revealed in Fig. 2a, these atoms
transfer their momentum to the adsorbates if they are lo-
cated along the path of the cmitting Ag atoms. The facl that
at 84= 45" a high sputter yield of CI' ions is observed at the
<100> azimuth (Fig. 5) indicates that at 0.5 L the Ag-Cl
bond is oriented along the <100> direction and the Cl adsor-
bate is above the topmost layer Ag atoms.

The dependence upon the azimythal detection angle of
the sputter intensity of the Cl ions ejected from a Cl covered
Ap{100} surface is found to be very sensitive to the CI ex-
posurc. As shown in Figs. 5 and 6a, the sputter intensity of
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Fig. 6. Azimuthal angular distributions of CI ions from
a Ag{100} surface exposed at room temperature
to 5.0 L of chlorine. The surface is bombarded by
Ar* ions of 2 keV energy at an incident angle of
normal to the surface. The sputtered particles are
collected at {a) 84 = 45°, (b) Ba= 60°. The ampli-
fication factor of the CI intensity shown for each
distribution is relative to the intensity scate used
in Fig. 5.
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the ¢jected C1 ions along the <100 direction changes from
amaximum to a minimum value as the exposure is increased
from (.5 L to 5.0 L. The shift of the peak position of the
spuiter intensity from the <100> to the <110> azimuth re-
sults from a change of the dominant ejection mechanism of
Cl ions as the Cl coverage on the surface is increased. It is
expected that at the saturation exposure of 5.0 L'> where a
c(2x2) LEED structure is observed, the surface channeling
cffect exerted by nearby Cl adsorbates dominates the C1 ion
ejection process. The open surface channe! formed by the
atoms nearest to the ejecting C1 species is along the <110>
direction for C1 chemisorbed on the C, symmetry site. On
the other hand, the epitaxial AgCl-like surface has open sur-
face channels along <100> azimuths. The observation of
minimum iniensities along <100> azimuths and maximum
intensities along <110> directions for Cl ions sputtered
from a Ag{100}-¢(2x2)-Cl surface confirms that at rocom
temperature Cl prefers to chemisorb above the Ag surface at
the C4 symmetry site at the saturation exposure.

In sharp contrast to what is observed for Ag” ions sput-
tered from the Cl covered Ag {100} surface, the CI ions ex-
hibit an azimuthal angle distribution of four-fold symmetry
at 84 = 6(0°. The distribution is similar to the one obtained
for CI' ions at 8, = 45°, except that the dependence of the
sputter intensity upon the azimuthal angle of detection is
weak. Because of the identical atomic arrangement of Cl
and Ag atoms in the AgCl-like mixed-layer adsorbate struc-
ture, the CI" and Ag” ions are expected to exhibit similar az-
imuthal angle dependence if they are ejected from a AgCl-
like epitaxial layer. The spectrum of four-fold symmetry,
instead of a spectral feature of the sputter intensity maxi-
mized at 20° off the <100> azimuth on each side, observed
in Fig. 6b for C1" ions emitted at 8 = 60° thus excludes again
the possibility of Cl forming an epitaxial AgCl-like struc-
ture on the surface when 5.0 L of it is exposed to Ag{100}.
Since the Cl adsorbate binds above the surface, the interac-
tion between the departing Cl species at 8s = 60° and the un-
derlying Ag atoms is too weak to result in an angular distri-
bution similar o that observed in Fig. 4.**

A single sputler intensity maximum observed at the
<110 direction in the azimuthal distribution of CI” ions also
reveals that chemisorption of Cl on the surface is in the
atomic form. If chemisorption causes Cl to occupy the four-
fold hollow site of the Ag{ 100} surface in the diatomic form
and with the C1-Cl bond oriented somewhat perpendicular to
the surface, one would expect 1o observe at 84 = 60° an az-
imuthal distribution of multiple intensity maxima along the
<110 azimuth for the C1" ion which ejects from the C1 atom
closer to the surface. The multiplicity of the sputicr inten-
sity would be due to the same ejection mechanism as the one
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that leads to the intensity peak of multipie maxima observed
in Figs. 3b and 4. If chemisorption gives rise to an ad-
molecule with the C1-Cl bond oriented somewhat parailel to
the surfacc, the bond would most possibly be arranged
either above the Ag-Ag bond along the <100> direction or
somewhat above the bridge site along the <110> direction.
Because of the directional force exerted by the surface chan-
nels, each Cl atom of the admolecule in either case would
each contribute 1o the azimuthal specirum at 6, = 60° an in-
dependent set of two sputter intensity maxima in the angular
range of 0° to 180°. The two sets of intensity maxima do not
overlap with each other since these two Cl atoms of the ad-
molecule would be displaced from the center position above
the hollow site. These predictions are not in agreement with
what shown in Fig. 6b. Thus, Cl is chemisorbed on the sur-
face in the atomic form.

The bonding geometry of the adsorbate on the surface
is also reflected in the polar angle distribution.”****"** This
distribution is sensitive to the take-off positions and the ef-
fective sizes of the ejecting species.””' Due to the blocking
effect at large angles of detection, the polar angle distribu-
tion for species ejected originally from the top surface layer
has a maximum sputter intensity at an angle close to the sur-
face normal. As shown in Fig. 7, the CI ion sputter intensity
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Fig. 7. Dependence upon the polar detection angle along
the <100> azimuth of the secondary ion yield of
Cl from a Ag{100} surface covered at room tem-
perature by about 0.5 monolayer of chlorine. The
surface is bombarded by Ar* ions of 2 keV encrgy
at an Incident angle of normal to the surface.



Chemical Bonding State of Chiorine on Ag{100}

exhibits a polar angle dependence with the maximum yield
occurring at an angle close to the surface normal for CI
chemisorbed on Ag{100} at the saturation exposure. We
nole that the sputter yield at 84= 0" cannot be measured with
our experimental configuration, since in our experiments
the primary particles are allowed to impinge on the surface
at normal incidence.

Similar polar angle distributions should be observed
for the Ag® and CI' jons ejected from a AgCl-like mixed
layer surface. However, the Ag” ions exhibit a polar angle
dependence, shown in Fig. 8, which has very low sputter in-
tensity at detection angles close to the surface normal. As
the polar angle of detection is increased from 8, = 0°, the
Ag" ion yield increases first and then decreases. The maxi-
mum yield occurs at a polar angle of about 48°. The pres-
ence of the maximum Ag” ion yield at a large polar angle of
detection indicates™ that Ag atoms do nol bind in the top
surface layer. The polar angle dependence of the sputter in-
tensity for both Ag* and CI' ions thus reveals that the Ci ad-
sorbate is chemisorbed high above the topmost substrate
layer of Ag atoms.

With shadow-cone enhanced SIMS,'*** (he decision
between the bonding structure of a simple Cl overlayer and
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Fig. 8. Dependence upon the polar detection angle along
the <100> azimuth of the secondary lon vield of
Ag? from a Ag{100]} surface covered at room
temperature by about 0.5 monolayer of chlorine,
The surface is bombarded by Ar* jons of 2 keV
energy at an incident angle of normal to the sur-
face.
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that of the AgCl-like mixed layer becomes quite straightfor-
ward. The shadow-cone enhanced SIMS technique has a
surface sensitivity of about one monolayer.'® It has been re-
ported that the maximum secondary ion intensity, duc to
shadow-cone enhanced ion desorption,™ is dependent on the
angie of incidence only. Itis independent of the angle of de-
tection or the angle between the ion gun and the detector, B,
for surface species ejected from the topmost atomic layer.
For the case of the adatom-covered surtace, it is expected
that only the ions efected from the adlayer exhibit the  in-
dependency. Shown in Fig. 9 are incident angle distribu-
tions of CI ions along <100> azimuth at ff = 25° and 35° for
3 keV Ar’ ions incident on a Ag{100)-c(2x2)-Cl surface.
The intensity of Cl ions sputtered from the surface is scen to
vaty as the angle of incidence 8 is changed from 07 ta 90°.
Due to the ion-focusing effect at the tail of the shadow
cone,” the intensity rises to peaks at 0; = 28.5° and 64.0°, as
0, is increased. The position of these intensity peaks in Fig.
Y is found to be independent of the angle . The changes as
a function of § in the relative inlensity of the peak at §; =
28.5% to that at 8, = 64.0° arise from a blocking of desorbing
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Fig. 9. Incident angle distributions along the <100> azi-
muth of Cl" ions from a Ag{ 100} surface covered
at rcom temperature by 0.5 monolayer of chlo-
rine. The angle between the ion gun and the de-
tector is selected as (a) 257, (b) 35", The surface
is bombarded by Ar* ions of 3 keV energy at an
incident angle of normal to the surface. The
spectra shown here are also taken at room tem-
perature.




152 J Chin. Chem. Soc., Vol. 43, No. 2, 1996

Cl species by other surface atoms, which occurs only at
large values of §; and small values of B.**

However, both the shadow-cone effect and the chan-
neling effect dominate the Ag” ion incident angle distribu-
tion. As shown in Fig. 10, the distributions exhibil intensity
maxima at different angles of incidence for different angles
B. In addition to the sputter intensity maxima obtained due
to shadow-cone enhanced ion desorption, as those seen in
the CI" ion angular distributions in Fig. 9, other peaks at
0;~71" for B = 25° and at 6;~18" and 63" for B = 35" are also
observed in the Ag" ton distributions. Calculation of the
shadow-cone shape using a Thomas-Fermi-Moliere poten-
tial* indicates that these new peaks may arise from both the
shadow-cone effect and the sputtering process in which the
ejected Ag” ions are channeled out of the surface. If one ex-
amines a three-dimensional model of the Ag{ 100} surface,
channels defined by both the substrate and the surface atoms
are observed along the <100> azimuth. There are two alter-
nating sets of nonequivalent atomic planes along this azi-
muth perpendicular to the Ag {100}-c(2x2)-Cl surtace. One
set of the planes is terminated by Cl adatoms on the surface
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Fig. 10. Incident angle distributions along the <100
azimuth of Ag* ions from a Ag{100} surface
covered at room temperature by 0.5 monolayer
of chlorine. The angle between the ion gun and
the detector is selected as (a) 257, {(b) 35", The
surface is bombarded by Ar* ions of 3 keV en-
ergy at an incident angle of normal to the sur-
face. The spectra shown here arc also taken at
Toom temperature.
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and the ejection direction of Ag® ions are governed by the
two Cl adatoms at the open end of the channel. The other set
of the planes is terminated by the topmost substrate layer Ag
atoms. The ejection direction of Ag” ions from this plane is
governed by the size of the hollow site formed by four Cl
adatoms in the overlayer and/or four Ag atoms in the top-
most substrate layer. The directional effect of these chan-
nels in the Ag- and Cl-terminated planes contributes to the
observed Ag’ iou angular distributions in different degrees
at different angles B, It thus results in the B-dependent spec-
tral features in Fig. 10. The B-dependency of the Ag” ion an-
gular distribution and the B-independency of the C1 jon dis-
tribution indicate that the chlorine atomic plane is above the
silver surface plane, which means that Cl chemisorbs as a
simple overlayer on the Ag surface. We note that the direc-
tional effect of the channels in the Ag{100}-c(2x2)-Cl sur-
face is not as strong as the one observed in the Ag{110}-
c(4x2)-Ci* system. Chlorine adsorption saturates at a
lower coverage of ~0.5 ML on the Ag{100} surface,
compared with a Cl saturation coverage of 0.75 to 1.0 ML
on the Ag{110}-c(4x2)-Cl surface.***' No shadow-cone en-
hanced desorption of Ag™ tons from the Ag{110}-c(4x2)-Ci
surface can be observed in the Ag” jon incident ion distribu-
tion.>

Changes in the chemical bonding structyre may occur
when the C1 exposure on the Ag{100} surface is increased.
Shown in Fig. 11 is an azimuthal angle distribution of Ag®
ions sputtered from a Ag{ 100} surface exposed to 25 L of
chlorine. The distribution has an intensity peak of three
maxima at 83 = 30°. Similar to that obtained for Ag’ ions
sputtered from the surface exposed to 5 L of chlorine, the
peak is centered at the <100> azimuth. However, the yield
of the Ag” jons ejected along the direction perpendicular to
the chemical bond between two overlayer Cl atoms along
the <100> direction, which contributes to the observed
maximum intensity at the <100> direction, is increased as
the exposure is increased from 5 L to 25 L. This indicates
that the height of the Cl adatom above the Ag surface may be
decreased due to the depolarization of the CI adsorbates at
increasing coverages. This observation is in agreement with
the results obtained from a study about the Cl reaction
chemistry on the Ag{110} surface.™

The decrease of the Ag-Cl bond length reflects a
change of the charge distribution in the bond as the reaction
between Ci and Ag proceeds on the surface. For example,
the radius of a neutral CI atom has a radius of 0.99 A,
whereas a fully charged CI” ion has aradius of 1.81 A. Since
the ionic or covalent characteristics of the adsorbate con-
trols the promoting role of Cl in the catalytic conversion of
ethylene (o ethylene oxide,*” the catalytic activity of the Cl-
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covered Ag surface may change accordingly. This may ex-
plain why Cl, which is highly negatively charged at low cov-
erages and slightly charged at high coverages, acts as a pro-
moter for ethylene epoxidation in small amounts and as a
toxic agent when its amount is increased. The decrease of
the amount of charge on the C1 atom at high cxposures is due
to an increase in interaction of surface Ag-Cl dipoles.

CONCLUSIONS

The specific experimental arrangements presented
here provide unique and straightforward approach to deter-
mine the chemical bonding of foreign species on the sur-
face. As illustrated in the study of the chemisorplion of a
catalytic moderator on surface, the arrangements ailow
SIMS to be operated as an angle-resolved technique, The
inherent versatility of the angle-resolved experiment makes
possible the studics of the surface structural alteration dur-
ing a chemical reaction. The operation theory is simple and
the sensitivity for surface characterization is high.

As shown in this study, the angle-resolved ion desorp-
tion technique may provide detailed information about the
identity of the bonding adsorbates, the site of the chemisorp-
tion, the relative height of the adsorbed specics, and the in-
teraction of adsorbates with the substrate. It may be used in
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Fig. 11. Azimuthal angular distribution of Ag* ions
from a Ag{100} surface cxposed at room tem-
perature to 25.0 L of chlorine. The surface is
bombarded by Ar” ions of 2 keV energy at an in-
cident angle of normal to the surface. The sput-
tered particles are collected at 853 = 30°. The
spectrum is shown here with the same intensity
scale as the one used in Fig. 3b,
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diffcrentiating surface structurcs of similar symmetry on the
adsorbate registry. Except that the angle of detection has to
be variable, the equipment requirement of this type of spec-
trometric measurements is no more than what is vsually
tound in an ordinary surface analysis system, i.e., an ion
gun, a mass spectrometer and a sample manipulator with
two rotational degrees of freedom.

Chlorine saturated Ag {100} exhibits a ¢(2x2) LEED
structure, At room temperature, it forms a chemisorbed
overlayer with Cl atoms bonding in the C4 symmetry sites
above the topmost Ag layer. Similar to the chemical activity
of halides on the Ag{110} surface, this chemisorbed Cl
overlayer may facilitate ethylene epoxidation on Ag{100}
surfaces. On the other hand, the Ag{ 111} surface, on which
a pseudo-AgCl{ 111} epitaxial layer is believed o form,®
has very low catalytic aclivity for ethylene oxide forma-
tion.** It is known that the ionic or covalent characteristics
of the chemisorbed overlayer may determine the reactivity
of the surface.” The characteristics of the overlayer is gov-
erncd by the specific adsorbate, the chemical state of the ad-
sorbate, the identity of the substrate, the reaction tempera-
ture, and the adsorbate coverage. The incrtness of the
Agl111} surface for catalysis may be associated with its
high surface atomic density and its small corrugation of the
reaction potential surface. Studies are underway to deter-
mine why the Ag{100} surface has lower catalytic activity
than the Ag {110} surface.
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