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Abstract: The reaction of methyl iodide with the Al(111) surface was studied by room-temperature scanning

tunneling microscopy (STM) and by first principles calcu

lations. It was found that at 300 K methyl iodide

decomposes on the Al(111) surface, forming methyl (CH3), methylidyne (CH), and adsorbed iodine. Methyl
groups are observed to occupy atop sites by STM. The occupation of the hollow site by methylidyne was
observed in STM measurements. Total energy density functional theory calculations have shown that methyl
species occupy atop Al sites (Ea = 45.3 kcal/mol), methylidyne species adsorb on fcc hollow sites (Ea =
155.0 kcal/mol), while individual iodine atoms can bind on both on-top or hollow sites with adsorption energies

between 54 and 56 kcal/mol.

|. Introduction

The interaction of the clean Al(111) surface with both
inorganic and organic molecules has been studied by many
surface science techniques and various theoretical methé&us.
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However, to the best of our knowledge, only simple adsorption
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successfully studied by STM. In contrast, chemical reactions
on the transition metal surfaces are well stud®et,and recent
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surfaces were summarized in reviews by Besenbatlaed
Chiang?®

Nontransition metal surfaces such as Mg and Al are interest-
ing because of their high reactivity as carbanions. These metals
are widely used in organic synthedtsand the mechanism of
these “Grignard-type” reactions remains to be investigated at
the level of atomic resolution. The surface chemistry of the alkyl
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As shown earlier by vibrational spectroscpy;Hsl adsorbs
on the Al(111) surface at 150 K as a mixture of undecomposed

only the valence electrons are represented explicitly in the calculations;
the electror-ion interaction is described by fully nonlocal optimized

molecules and the CH(a) and I(a) species. The CH(a) speciesUltrasoft pseudopotentials similar to those introduced by Vandéfgit.

were identified by a characteristic deformation mode at 760
cm L in addition, vibrational modes near 2960 chwere
attributed to C-H stretching modes of the CH(a) species. These
high-frequency modes could not be distinguished fromHC
stretching modes of species such asz@) At 300 K, there is

no indication of CHI molecular chemisorption. In the work
reported here, STM studies at 300 K and first principles

Periodic boundary conditions are used with the occupied electronic
orbitals expanded in a plangvave basis. The expansion includes all
plane waves whose kinetic energ$k?/2m < E., wherek is the wave
vector, m the electronic mass, arig. is the chosen cutoff energy.
This cutoff energy is chosen to ensure the convergence with respect to
the basis set. A cutoff energy of 350 eV has been chosen in these
studies. Thé-points are obtained from the Monkhor$?ack schem@.
Electron smearing is employed via the Methfesg&hxton techniqué,

calculations were employed to study the surface products of with a smearing widthy = 0.1 eV. All energies are extrapolatedTo

this reaction. High-resolution STM images revealed a mixture
of CHs(a), CH(a), and I(a) on the surface. Theoretical modeling

=0K.
The calculations have been done using the spin-polarized Perdew

provided the necessary information about the correspondingwang 91 (PW91) generalized gradient-corrected exchange-correlation
bonding energies and allowed an unambiguous Structura|functionalf‘lThroughout calculations, the total spin of the system has

assignment of the STM images.

Il. Experimental Section

The experiments were conducted in an ultrahigh vacuum (UHV)
system (base pressure 5 x 107! Torr) equipped with a room-
temperature STM (Omicron), an Auger electron spectrometer (AES,

model PHI 15-110), and a quadrupole mass spectrometer (UTI). The

Al(111) single crystals (10 mnx 5 mm x 1 mm) were cut from a
boule and oriented in an X-ray diffractometer. The crystals were

been allowed to relax. The effect of using a different exchange-
correlation functional on the adsorption energies has been also inves-
tigated by using the Perdew, Burke, and Ernzerhof (PBE) functidnal
as implemented in the commercial version of the software package
CASTEP (Cambridge Serial Total Energy Packa&gd)he pseudopo-
tentials used in this case are norm-conserving of the form suggested
by Kleinman and Bylandét and optimized using the scheme of Lin et
al*> The corresponding cutoff energies were 890 eV forGEH, and
individual C atoms and 450 eV for iodine species, respectively. The
optimization of different atomic configurations was performed on the

mechanically polished to produce the (111) surface plane orientation p4qis of 4 conjugate-gradient minimization of the total energy.

(£ 0.5°). To remove the surface stress and contaminants introduced

by the mechanical polishing, the samples were further electropolished IV. Results

in a mixture of HCIQ (3 mL), 2-butoxyethanol (80 mL), and absolute
ethanol (80 mL) at-25°C (U = +40 V, j = 0.075 Alcn?) for 45 s,

with the sample at positive potential. In UHV, the samples were cleaned
by Ar sputtering cyclesUWp = 2 kV, Ip = 10 4A) for up to 12 h and
annealed at 793 K for 5 miThe sputter cycles were repeated until
no oxygen traces were detected by AES.

Tunneling tips were electrochemically etched in KOH solution from
0.25 mm polycrystalline W wire, followed by electron bombardment
(500 eV) in UHV. To produce atomic resolution images on the
Al(111) surface, a combination of positive and negative voltage pulses
was applied while scanning in the STMAIl STM images were
acquired in the constant current mode. Methyl iodide (Sigma) was
purified as described in ref 21 and stored in a glass flask which was
wrapped with Al foil to exclude light. lodine crystals (Sigma) were

STM studies of adsorption on metal surfaces require high
quality images of the substrate in order to derive correct
information about adsorbate site occupafitidnfortunately,
metal surfaces are best imaged at low bias voltages, while
adsorbates show higher contrast in the STM images at much
higher bias voltage®:#6 That is why it is important to achieve
a compromise in both adsorbate and substrate imaging condi-
tions in order to determine site locations for adsorbed species.

Imaging Reaction Products.It was possible to find large
regions of the Al(111) surface free of defects, as shown in Figure
la. Surface carbon species were found on the Al(111) surface
and have been previously studied by ST0\X-ray photoelectron

transferred to a glass storage ampule under a nitrogen atmosphere andiffraction,*” and theoretical modelin:*°The STM image of

additionally purified by several freezgpump-thaw cycles. The
adsorption of CHl(g) and k(g) was accomplished using a collimated
molecular beam dosét,which was calibrated for conductance using
Ar. The calculated gas flux was corrected for geometrical effects
involving the dosercrystal spacing and the dimensions of the dder.
During dosing, a methyl iodide flux of 5.% 102 molecules/crhs

and an iodine flux of 4.4x 10*? molecules/cras have been normally

used. The crystal temperature was measured with a K-type thermocouple(37)

two impurity C atoms, shown in Figure 1b, is in a good
agreement with previous resufsThe apparent adsorbate size

in the STM image does not usually correspond to the geometry
of the adsorbate and is due to electronic effects which can easily
affect the neighboring substrate ato?#8! A carbon atom
adsorbed in the hollow site is imaged as a slight depression

Vanderbilt, D.Phys. Re. B 199Q 41, 7892.

mounted in a hole drilled into the edge of the crystal. After gas (38) Kresse, G.; Hafner, J. Phys.: Condens. Mattei994 6, 8245.

adsorption at 114 K, the crystal was heated in the manipulator up to
300 K before vacuum transfer into the STM.

Ill. Computational Method

The calculations performed in this study were done using the ab
initio total-energy VASP cod#& 3¢ This program evaluates the total
energy of periodically repeating geometries on the basis of density
functional theory and the pseudopotential approximation. In this case,
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Clean Al(111) STM Image and the Image of an
Adsorbed Carbon Atom

Figure 1. (a) Filled-state STM imagd = —0.100 V,| = 0.366 nA) of the clean Al(111) surface; (b) filled-state STM image< —0.100 V,| = 0.509
nA) of two C atoms adsorbed on hollow sites; (c) structural model of the C atom adsorbed on the hollow site, according to ref 46.

surrounded by three dark nearest neighbors (nn) and by threeFigure 3b and c, Species | is centered at atop Al adsorption
next-nearest neighbors (nnn) which appear brighter than thesite, while Species Il is located on a 3-fold hollow site, but the
substrate atoms (Figure 1b). A schematic diagram of the STM fcc and hcp sites were not distinguished in this work. Both
image for a carbon atom adsorbed in the hollow site is shown species are immobile at 300 K and no changes were noticed
in Figure 1c. On the basis of our ability to identify surface throughout the experiment.
carbon atoms, we were able to exclude carbon as a product of Species lll appears as bright low-symmetry immobile clusters
CHjsl decomposition on the Al(111) surface. of different sizes randomly distributed over the surface. To
After imaging the clean surface in the STM, we cooled the determine the identity of Species I, a separate experiment was
sample toTs = 114 K in the manipulator in front of the  carried out where elementary ioding)(lvas adsorbed on the
molecular beam doser. Methyl iodide was dosed on the surfaceAl(111) surface. Previous studies of iodine adsorption on the
for t = 180 s (total fluence= 1.1 x 105 CHzl/cm?), and the Al(111) surfac&? have shown that at 300 K the surface coverage
sample was then heated to 300 K before transferring it into the is comprised of a majority of Atl species and a minority of
STM stage. The STM image from decomposed methyl iodide adsorbed AH. The reaction mechanism of iodine monochloride
is shown in Figure 2. Three different types of adsorbate-induced (ICI) with the Al(111) surface was studied in ref 53. Since
images can be easily distinguished on this large-scale image.methyl iodide was adsorbed & = 114K, similar experimental
Two major image types are attributed to carbon-containing conditions were used for iodine adsorptidrs & 107 K, total
species, and their structures are best seen on the high resolutiofiluence= 1.3 x 105 I/cn?). Adsorbed iodine molecules are
image, Figure 3. Species | appears in the STM image as siximaged as a collection of bright clusters randomly distributed
hexagonally arranged bright aluminum atoms, surrounding the over the sample surface, as shown in Figure 4a. There is no
central aluminum atom, which is slightly darker than its nearest evidence of preferential iodine adsorption along the step edge,
neighbors, Figure 3a. Species Il is centered on a hollow site Figure 4a. Figure 4b shows a high resolution image of the same
surrounded by three dark aluminum atoms which are located clusters. It is impossible to distinguish, on the basis of STM
inside of a nonequilateral hexagon of nine bright aluminum images, whether iodine is adsorbed molecularly or dissociatively
atoms, Figure 3a. The crystallographic location of Species | and on the surface. Each individual bright image feature occupies
Il was determined by reference to the Al(111) lattice, as shown . .
by black and white reference circles in Figure 3a. As can be Eggg pones R lfg;‘g{ s g_‘jr&usnf‘n}‘gf’%_“é‘;r;g;y Discuss2000 117
seen from the structural model of these two species shown in 321.

14204 J. AM. CHEM. SOC. = VOL. 124, NO. 47, 2002
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Low Resolution STM Image Following CHal Species | and Il From CHsl + Al(111)
Adsorption on Al(111) at 300 K

: =

Species lll

Species |

Species Il

Figure 2. Multiple image types from Ck decomposition products (at
300 K) on the Al(111) surface. Filled-state STM image of 25.45.4
nm2 (U = —0.394 V,| = 0.299 nA, total fluence= 2.2 x 105 CHzl/cm?,
Ts = 114 K).
an area equivalent to approximately four aluminum atoms and
does not possess high symmetry (Figure 4b). This can be due
to adsorbatetip interactions during scanning and also due to a
large electronic perturbation of the surface by the adsofSate.
!t Shou_ld be also noted that species fromadsorptlgn are Figure 3. Species assignment. (a) Filled-state STM image of 6 nn?
immobile at room temperature. We assign Species Il as (U = —0.322 v, | = 1.609 nA) and triangulation diagram locating
adsorbed iodine of unknown stoichiometry. adsorption sites; proposed site model of (b) adsorbed methyl (Species 1)
Statistical analysis of the adsorbed species was performed@nd () adsorbed methylidyne (Species i) surface species.
on the large scale STM images, typically up to 83030 nn?,
Figure 2. The ratio between Species | and Species Il is close to
unity. However, the ratio of the number of Species Il to the
total number of Species | and Species Il is approximately 1:4.
This indicates that iodine forms larger clusters rather than
individual Al—I(a) adsorbed species. The errors in calculating
the number of different species are statistieak{ N9, and
they are not due to a misidentification of different species.
To assign the carbon containing Species | and Il and the
iodine containing Species I, theoretical calculations were used Ead= (NEagst Egap — Efagsrslan)/N )
to determine the adsorption energies and bonding geometries
of methyl (CHy), methylidyne (CH), and iodine atoms adsorbed The energy of the isolated adsorbate has been determined from
on the Al(111) surface. The corresponding results are describedcalculations in a large simulation box of dimensions 1.0
in the following section. 10.5 x 11.0 A and includes spin polarized corrections. The
Results of First Principles Calculations.Preliminary cal- same Brillouin-zone sampling has been used to calculate the
culations to benchmark the accuracy of our DFT calculations energies of the bare slab and of the adsorbalab systems.
have indicated that a very good agreement is obtained for the On the basis of full geometry optimizations of the atomic or
prediction of bulk equilibrium crystallographic parameters. For molecular species on the Al(111) surface, several major adsorp-
example, from minimizations of the total energy with respect tion configurations have been identified. In all these calculations,
to the volume and shape of the unit cell and to the atomic the top Al layer of the slab has been allowed to relax, while the
coordinates within the experimental determined space groupbottom layers of the slab have been frozen at the bulk optimized
symmetry, we have obtained an equilibrium Al lattice constant configuration. To clarify the nature of the adsorption sites for
of 4.044 A. This value is within 0.1% of the corresponding various species observed in our experimental data, we have
experimental number of 4.049 A. focused on the theoretical analysis of the C, CHzCGird iodine
All calculations for the adsorption of various atomic or species and clusters of iodine atoms adsorbed on the Al(111)
molecular species on Al(111) surface have been done using asurface. A summary of the geometric and energetic parameters

3 x 3 slab with four layers containing 36 Al atoms. For each
configuration we studied, the adsorption energy was determined
according to eq 2, wherEaqgs is the energy of the adsorbate
speciesFEsiap is the total energy of the slab in the absence of
the adsorbatefds-sian) IS the total energy of the adsorbate/
slab system, anll is the number of adsorbate species in the
supercell. A positiveE,qs corresponds to a stable adsorbate/
slab system.

J. AM. CHEM. SOC. = VOL. 124, NO. 47, 2002 14205
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Species Il From I2 + Al(111)

Figure 4. lodine clusters fromg adsorption (at 300 K) on the Al(111)
surface Ts = 107 K, total fluence= 1.3 x 10% I,/cn?). (a) Large scale
25.1x 24.9 nn# filled-state imagey = —0.693 V,| = 0.322 nA) and (b)
high resolution 10x 10 nn? filled-state image of the same clusteks £
—0.500 V,1 = 0.212 nA). These images are identical to those images
assigned to adsorbed | from GHlecomposition.

determined is presented in Table 1. Some representative atomi
configurations are depicted in Figure 5 for C, CH, andsCH

species and in Figure 6 for iodine species and clusters of iodine

atoms.

In the case of C isolated atoms, we have determined that the

most stable adsorption configurations correspond to the hcp an

fcc sites. Dependent on the exchange correlation functional used
the adsorption energies vary between 147 and 151 kcal/mol for

PW91 and 149156 kcal/mol for PBE functionals, respectively.
However, independent of the exchange-correlation functional

used, the C adsorption at the hollow hcp site is found to be the
most stable. In this case, the C atoms actually penetrate into

the lattice, as shown in Figure 5a, being positioned slightly

14206 J. AM. CHEM. SOC. = VOL. 124, NO. 47, 2002

Table 1. Calculated Equilibrium Distances and the Corresponding
Adsorption Energies for C, CH, CHs, and | Species on the Al(111)
Surface at Various Sites?

PW91 PBE
system fa-c)  Te-n) Ah® Eas  fa-—o fc-w Ah Eas
C: top 1.878 67.5
hcp 1.908 151.9 1.912 156.0
fcc 1.878 147.3 1.911 149.6
CH: gas phase 1.131

top 1.804 1.092—-0.287 82.6 1.814 1.083-0.191 72.3
hcp 1.985 1.101 0.158 147.1 1.974 1.097 0.135 1443
fcc 1.976 1.098 0.178 155.0 1.962 1.093 0.148 152.3
CHz: gas phase 1.084
top 2.001 1.099 0.679 453 1986 1.094 0.629 41.6

system (a1 Eags Ta-1) Eads

I: top 2.643 60.0 2.620 56.3

hcp 3.084 58.3 3.030 53.9

fcc 3.040 59.1 3.019 54.6

aAll lengths and energies are given in A and kcal/mol, respectively.
b Vertical displacements of the Al atoms involved in bindinghwat C atom.
Positive values refer to displacement toward the vacuum.

below the surface layer. However, the energetic difference

between the hcp and fcc sites is relatively small, so both sites
should be populated at room temperature. These results confirm
the earlier findings determined by Furthllen et al#8

For the case of the adsorption of glpecies (Species ),
we have identified a single adsorption configuration correspond-
ing to an atop site. In this state, the-AC separation is about
2.0 A. We also note a significant pull up from the surface toward
the vacuum of the Al atom involved in the bonding due to the
interaction with a CH radical. Additional calculations started
from the adsorption of Cklat the other two sites (hollow fcc
and hcp sites) and lead to the final adsorption at the atop site.
For the atop adsorption configuration of gHhe calculated
binding energies are 45.3 kcal/mol using PW91 and 41.6 kcal/
mol using PBE functionals, respectively.

In the case of CH species (Species 1), we have found a
stability orderE(fcc) > E(hcp) > E(top). The corresponding
adsorption energies vary from 155 (152.3) kcal/mol for fcc sites
to 82.6 (72.3) kcal/mol for the on-top sites, depending on the
type of functionals, PW91 or PBE, used. In the adsorption
process, several types of displacements are seen for Al sites
involved in bonding. For example, when adsorption takes place
on top of an Al atom, this atom is displaced by abeui.2 A
toward the bulk. A reversed type of atomic displacement is seen
for the other two adsorption configurations at hcp and fcc sites,
where the Al atoms involved in binding move outward toward
the vacuum by about 0.39.18 A. On the basis of these results,
it can be concluded that the most stable configurations of the
TH species correspond to adsorption at fcc hollow site.

Overall, both binding energies found in this study for CH
and CH species are smaller than the corresponding energies
determined for the isolated AICH and A-CHjs specie$* On
he basis of ab initio configuration interaction calculations,
dissociation energies of 68 kcal/mol for-ACHz; and 88 kcal/
‘mol for AI=CH were determined.

In the case of the isolated iodine atom, we have determined
that it can adsorb on the Al(111) surface at distances of about
2.7-3.0 A from the Al surface atoms (Figure 6 a). As indicated

(54) Fox, D. J.; Ray, D.; Rubesin, P. C.; Schaefer, H. F.JlIChem. Phys
198Q 73, 3246.
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Carbon-containing Species Chemisorbed on Al(111)
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Figure 5. Pictorial view of the equilibrium configurations for isolated C atoms, methyl, and methylidyne adsorbed on the Al(111) surface. (a) C atom on
3-fold hollow hcp site, (b) C atom on 3-fold hollow fcc site, (c) €bh an atop site, (d) CH on an atop site, () CH on a 3-fold hollow hcp site, (f) CH on

a 3-fold hollow fcc site.
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Figure 6. Pictorial view of the calculated equilibrium configuration of the iodine species adsorbed on an atop site (a). thdqutedent a top view of
the adsorption configurations of iodine atoms placed initially in various configurations on atop sites at two, three, and four neighbor sites.

in Table 1, the corresponding binding energies are very similar
for atop, hcp, and fcc sites with values between 58 and 60 kcal/ adsorption of both CE and L, on the Al(111) surface feature
mol or 54 and 56 kcal/mol, depending on whether the PW91 bright low-symmetry immobile clusters of different sizes, which
or PBE type of functional is used. These results suggest thatwere tentatively assigned to clusters of iodine atoms. To
all these surface sites can be populated by iodine atoms at roominvestigate the possibility of formation of such clusters theoreti-
cally, we have analyzed the case when several iodine atoms (

temperature.

As mentioned earlier, the STM images acquired after the
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= 2,4) adsorb at next neighbor sites. In this case, the positionsAl(111) surface. A schematic depiction of the image is shown
of the iodine atoms on top of the Al surface sites prior to in Figure 1c. Adsorption of carbon on the 3-fold hcp site is
optimization were taken from the results obtained for isolated observed. This result is also supported by our theoretical results,
atom calculations. A pictorial view of the final optimized which indicate that adsorption at the hollow hcp site is the most
configurations is given in Figure 6-d. Upon adsorption, we  stable configuration. The observed STM image is also in
find that some of the atoms are displaced from the atop agreement with previous wat¢8and can be clearly differenti-
configurations, so that the final lateral separations are 4.6 A ated from the images produced by &€& and CH(a) species.
for then = 2 case (Figure 6b), 4.2 A for the= 3 case (Figure The adsorption of a carbon atom on the 3-fold hcp site leads to
6c), and 4.3 A for then = 4 case (Figure 6d). For these lateral electronic interactions which propagate to the next-nearest
configurations, there is a slight variation of the binding energies neighbor sites.

from 59.1 kcal/mol for then = 2 case to 58.0 kcal/mol for the Reaction Products from CHsl Decomposition on Al(111).

n = 4 structure. The increase of the number of iodine atoms in Species | and species Il (Figure 2) are obtained from the STM
the supercell tm = 5 andn = 6 (not shown) leads to a decrease imaging of the surface at 300 K after exposure tosCat 114

of the lateral +1 separations with a corresponding decrease of K. In addition, a species related to iodine adsorption is also
the binding energies per iodine atom to 47 kcal/molrier 5 observed (Species lll), Figure 2.

and 39 kcal/mol fon = 6. These results suggest the possibility Species | is centered on an atop Al site, Figure 3a and b.
of iodine cluster formation on Al(111) surface, as also deduced This fact suggests that it should be assigned ta(@Hspecies
from the STM images. and that a single €Al bond would involve an atop site. This
assignment is also confirmed by our theoretical calculations,
which indicate the existence of stable €lpecies when

Clean Al(111) Surface Imaging by STM.After Al(111) was ~ adsorbed at the atop site.
first successfully imaged in STM with atomic resoluti&rit Species Il is centered on a 3-fold hollow site. It cannot be
was initially suggested by Chenthat anomalous corrugation ~ determined from the experimental STM images we obtained
on this surface can be due to the tip \W-orbitals, on the basis whether this is an hcp site or an fcc site. However, on the basis
of the perturbation theory approach. However, tip preparation Of our theoretical calculations, it can be concluded that the
techniques used to achieve an atomic resolution on the Al(111) CH(a) species should be stable and strongly bound to the
surfacé? require certain steps involving strong tipample  Al(111) 3-fold fcc hollow site. The presence of CH(a) species
interactions, where either an Al atom or a cluster of Al atoms ©On the surface was also demonstrated by the earlier vibrational
is transferred to the tip apex. This hypothesis is strongly spectroscopic studiés.
supported by the recent theoretical calculations performed by ~The combined STM results and theoretical data suggest the
Drakova et aP® and Hofer et af” Drakova et aff suggest that ~ €Xistence of several reaction mechanisms involved in the
the high corrugation amplitude is due to the local electron adsorption of CHl on the Al(111) surface. First, both Gtand
injection into 3p affinity resonances localized on top of the Al | species can be formed on the surface on the basis of eq 3.
surface atoms. As a result, the system responds dynamically to
the charge injection so these levels gain weight near the Fermi CHyl + (n+ DAl =~ Al=CH,+ Al I (n=10r3) (3)

level and become dominating in the tunneling process. Hofer The ind . 3 diff tiates bet th hen th
et al®” found that the tunneling distances necessary to achieve € indexn In €q S differentiates between the cases when the

atomic resolution on metal surfaces should be less than 5 A. adsorption of an iodine atom takes place on an atop () or

However, if the tip-sample separation decreases below 4.5 A, ona hOH_O_W hep or fee _S|ter(= 3). .

the probe can become unstable and both tip and sample come In f”‘dd'tlon’ CH species can be formed on the basis of the

into a contact regime. The theoretical findings obtained in these reaction shpwn In €q 4’. where= 1 orn = 3 correspond to.

studies are strongly supported by the experimental results. Wethe ads_orptlon of an iodine atom on an atop or at a hollow site,

noted that freshly prepared W tips fail to provide atomic respectively.

resolution on the AIl(111) surface. The resolution can be . —

drastically improved by applying higher biased|(> 3.5 V) CHyl +(n+ )AL= ALCH+ Al +Hy(g) (h=1or 3‘)1

of both polarities while scanning the sample surf&c@he )

highest value of the corrugation amplitude obtained on the cleanThe evolution of H(g) (eq 4) is reported from the work of

Al(111) surface is about 1.0 A, Figure 1a, using a bias voltage gthers20.23.24

of U = —0.1 V. However, imaging adsorbates with atomic  gpecies Il comprises a number of bright low-symmetry

resolution require higher bias voltages (updo= —0.9 V), clusters which are randomly distributed over the surface, as

which leads to a substantial decrease of the corrugation shown in Figure 2. Species such as-4(a) and Al may be

amplitude?®*#A corrugation amplitude of about 0.2 A provides  jnyolved, although the disturbance of the image by the tip makes

sufficient information necessary to distinguish between different 3 definitive study of Species I1l impossible. Such an assignment

adsorbate structures and to determine their geometrical locationjs a1so supported by our calculations, which indicate that

on the basis of the image symmetry with respect to the surfaceformation of iodine atoms or iodine clusters is possible.

lattice, as shown in Figure 3b. A decidedly non-Boltzmann ratio of Species | (§Ho
Carbon STM Image. Figure 1b shows the image of a carbon  Species Il (CH) indicates that the dissociation ofs&Ghito form

impurity atom which is infrequently observed on the cleaned CH(a) is controlled kinetically rather than thermodynamically.

V. Discussion

(55) Chen, J. CPhys. Re. Lett 1990 65, 448. (57) Hofer, W. A.; Fisher, A. J.; Wolkow, R. A.; Gtier, P.Phys. Re. Lett
(56) Drakova, D.; Doyen, GPhys. Re. B 1997, 56, R15577. 2001, 87, 236104.
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The formation of large immobile iodine clusters, which can be adsorb on an atop or a hollow hcp or fcc site with binding

formed as a result of the diffusion of individual mobile-Al energies of about 5456 kcal/mol. Additionally, iodine atoms
species, is strongly supported by the 1:4 ratio of the number of can be present on the surface as clusters.
Species Il to the total number of Species | and Species Il. These results show that the interaction of{Chlith Al(111)

is more complex than would be deduced for the overall reaction
(from the literature) shown in eq 1. The @d) species
Room-temperature STM and theoretical calculations were decomposes to a great extent to produce the CH(a) species. It
employed to study the decomposition of methyl iodide on the is likely that the CH(a) species acts to passivate the surface
Al(111) single-crystal surface. The following were deter- toward further reaction, leading to the product species shown
mined: (1) At 300 K, only CH(a), CH(a), and I(a) species are in eq 1.
present on the surface. (2) @d) and CH(a) are immobile. (3)
CHas(a) adsorbs on an atop Al site with a binding energy of
45.3 kcal/mol, and CH(a) adsorbs on a 3-fold fcc hollow site
with a binding energy of 155.0 kcal/mol. These species are easily
distinguished from adsorbed C atoms. (4) lodine atoms can JA0208761

VI. Conclusions
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