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Direct Observation of Chemical Bond 
Dynamics on Surfaces 

The dynamics of chemisorbed species as they swing to- 
and-f?o on their adsorption sites may be directly observed 
with electron-stimulated desorption. The observation of 
the thermal disorder in adsorbate chemical bond direc- 
tions, through studies of the thermal excitation of libra- 
tional modes, allows one to visualize the potential energy 
surfaces controlling the structure and dynamics of adsor- 
bates on single crystal metal and semiconductor surfaces. 
This information may be useful in understanding surface 
diffusion as well as the spatial aspects of surface chemical 
reactions. 

T HE BEHAVIOR OF THE CHEMICAL BONDS IN ADSORBED 

species is of central importance to all of surface chemistry. 
Indeed, the quest to understand chemical bonding at surfaces 

is one of the main driving forces in the field of surface science; much 
of current experimental and theoretical research is directed toward 
this general objective in one way or another. The understanding of 
surface bonding and reactivity has contributed immensely to the 
intellectual richness of the field of surface science. This knowledge 
has also had significant application to many diverse technologies that 
are controlled by surface phenomena. Among these are heteroge- 
neous catalysis, semiconductor processing, corrosion prevention and 
other electrochemical technologies, many areas of materials science, - 

and tribology. 

J. T. Yates, Jr., and R. D. Ramsier are with the Surface Science Center, Department of 
Chemistry, University of Pittsburgh, Pittsburgh, PA 15260. M. D. Alvey is at 6385 
Truman Street, Chino, CA 91710. M. J. Dresser is in the Depamnent of Physics, 
Washington State University, Pullman, WA 99164. M. A. Henderson is with BatteUe 
Northwest Laboratories, Post Office Box 999, Richland, WA 99357. M. Kiskinova is 
with Sincrotrone Trieste, Padiciano 99, 34012 Trieste, Italy. A. Szab6 is in the 
Department of Chemistry, University of Washington, Seattle, WA 98195. 

The dynamics of molecules as they bond to a surface intimately 
influences the course of various thermally activated surface chemical 
phenomena. When a molecule interacts with a surface, the following 
sequence of dynamically governed events takes place: (i) adsorption 
from the gas; (ii) energy dissipation from the newly formed 
adsorbate; (iii) adsorbate libration, rotation, and vibration on its 
adsorption site; (iv) adsorbate diffusion with possible reaction at a 
neighbor site; and (v) desorption. 

Modern experimental and theoretical methods of probing molec- 
ular dynamics have been applied to each of these categories of 
surface behavior, contributing both a classical (1) and a quantum 
mechanical (2) understanding of the elementary processes that 
determine the overall kinetics of chemical reactions on surfaces. 

This article is concerned with the direct observation of the 
dynamics of chemisorbed species. It describes our current ability to 
observe the librations and rotations of chemisorbed species on their 
adsorption sites through the observation of the spatial patterns of 
thermal disorder induced in chemical bond directions. For research 
purposes, we select the symmetry and structure of the adsorption 
sites to be studied by using single crystal substrates that expose 
crystal planes of known structure. The substrate site structure 
controls the symmetry and shape of the potential energy surface that 
governs the motion of the thermally excited adsorbed molecules. 
These thermally activated motions probe the entry channels along 
the reaction coordinate that lead to surface diffusion and to surface 
reactions. 

Adsorbed molecules, and also the atoms in the surface of a solid, 
may be studied in many ways with modern surface measurement 
techniques. Surface vibrational spectroscopy is one of the most 
powerful tools used to probe surface bonding (3). Information is 
sought about the vibrational modes and the forces coupling atoms 
and molecules on the surface. At the most primitive level of surface 
vibrational spectroscopy, observed frequencies of vibration are used 
as indicators of surface bond character through analogies to chem- 
ical group frequencies in molecules of known structure (4). More 
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Fig. 1. Digital ESDIAD apparatus for measurement of angular distributions 
of species originating from electron-stimulated desorption from a single 
crystal surface. A distribution pattern is displayed on the MCA. ADC, 
analog-digital converter. 

detailed interpretations consider intermolecular coupling phenom- 
ena between adsorbates as well as energy exchange between adsorb- 
ate and substrate (5, 6). Knowledge of dipole selection rules may 
often be used with the vibrational spectroscopies to obtain rough 
estimates of the surface bonding geometry of adsorbed species. 

Electronic surface spectroscopies are also used as probes of surface 
bonding. Photoelectron spectroscopy (PES) probes the final state 
energies of holes in the valence band (ultraviolet excitation) or in 
atomic core levels (x-ray excitation) (7) and has been used for the 
study of the energy and occupancy of valence and core-level orbitals 
at the surface of both clean and adsorbate-covered solids. Angular 
resolved ultraviolet PES (ARUPS) can be used to determine bond 
orientations in chemisorbed species with an accuracy of -10". This 
accuracy, however, is insufficient to study the angular disorder in 
chemical bond directions due to thermal excitation. Angular re- 
solved x-ray PES (ARXPS) has been used to measure adsorbate 
chemical bond directions with an accuracy of a few degrees (8),  but 
the method is generally used in only one plane perpendicular to the 
surface and has not been used for adsorbate dynamics studies. 
Another useful technique, near-edge x-ray absorption fine structure 
(NEXAFS or XANES), can also be used to estimate chemical bond 
directions at surfaces (9). An accuracy of -10" is the current 
limitation, also making this method inappropriate for bond dynam- 
ics studies. 

One method, digital ESDIAD (electron-stimulated desorption 
ion angular distribution) (lo), provides high precision (-lo) for 
measuring chemical bond directions, and hence bond dynamics, at 
surfaces. I t  relies on the electronic excitation of an oriented surface 
species by electron bombardment. The excited adsorbate ejects a 
molecular or atomic fragment (cation, anion, ground state, or 
electronically excited neutral) from the surface, along a direction 
nearly parallel to the direction of the bond being broken. These 
ejection directions are spatially imaged by single particle detection 
methods. Because the excitation and particle ejection processes are 
generally fast compared to the original nuclear motions in the 
adsorbate (rotation, libration, and vibration), ESDIAD effectively 
records a snapshot of the direction of the chemical bond being 
broken on a subpicosecond time scale for each molecule that 
produces a detectable particle. In a single experiment, ESDIAD can 
measure, as if superimposing many snapshots, the directions of 
millions of chemical bonds in an ensemble of adsorbed molecules on 
a single crystal as the molecules undergo their thermal motions. This 
composite ESDIAD image provides a statistical picture of the 
distribution of bond directions at a particular surface temperature. 
These images of the statistical distribution of the amplitudes of the 
low-frequency motions of adsorbed species provide a fascinating 

view of adsorbate dynamics not previously witnessed in such detail 
by other surface science measurement methods. 

The ESDIAD Method-Its Discovery and 
How It Works 

In 1974 it was found that simple adsorbed species on single 
crystal substrates could eject narrow beams of positive ions during 
electron-stimulated desorption (ESD) (11). The ion beams were 
often oriented in azimuthal directions corresponding to primary 
crystallographic directions on the substrate surface. It was postulat- 
ed that the directionality of the sharp beams of ions was caused by 
the rupture of directional adsorbate-substrate bonds by ESD. Many 
studies involving the ESDIAD method have since been published, 
and a comprehensive review of ESD has recently appeared (12). 
Although the acronym ESDIAD was originally proposed for cases 
of positive ion production, it is now also used in cases producing 
negative ions or electronically excited neutrals. Many of the early 
ESDIAD studies involved the photographic imaging of the ion 
angular distribution; these studies were inherently unsatisfactory for 
fine-grained investigation of the detailed shapes of ESDIAD beams 
(needed for bond dynamics studies). 

Such detailed ESDIAD studies are now possible by virtue of the 
better image quality associated with the single particle detection 
techniques of digital ESDIAD (10) (Fig. 1). The single crystal 
sample, containing adsorbed species, is exposed to a focused beam of 
electrons (1 mm2) from the electron gun. Particles ejected from the 
surface by ESD, as well as backscattered primary and secondary 
electrons, encounter a four-grid electrostatic lens array. By proper 
grid biasing, positive and neutral species produced by ESD pass 
through the grid system, striking the first of two microchannel plate 
(MCP) amplifiers. Electron cascades that follow produce about 106 
electrons in a pulse exiting the second MCP; this electron pulse is 
spatially coherent with each positive ion or electronically excited 
neutral species that hits the first MCP. This exiting electron pulse is 
accelerated into a resistive anode detector that determines the x and 
y coordinates of the pulse and, hence, the impact location on the first 
MCP of the single, particle event causing the pulse. A statistical 
distribution of the particle arrival positions for millions of ESD 
events is accumulated in the multichannel analyzer (MCA), and a 
three-dimensional (3-D) digital ESDIAD pattern is produced. The 
stored pattern may be processed by smoothing routines (13), and 
the subtraction of a background due to a signal caused by soft x-rays 
may be made (1 4). One can separate positive ions produced by ESD 
from electronically excited neutral species by using a suitable 
positive grid bias on one of the internal grids. By reversing the grid 
potentials, one can use the apparatus for low-energy electron 
diffraction (LEED), giving information about the crystal surface 
structure. This information is needed to interpret the meaning of the 
angular patterns observed in ESDIAD. 

Soon after the first ESDIAD measurements were reported, a 
number of theoretical models were advanced to explain the produc- 
tion of sharp ion beams in ESDIAD. Some of these models dealt 
with the repulsive potential experienced by the escaping positive ion 
(15); other models also considered initial-state effects associated 
with the adsorbate vibrational wave functions (16). In addition, 
both ion reneutralization and electrostatic image potential deflection 
of the escaping ions were quantitatively considered in the interpre- 
tation of ESDIAD patterns (1 7-20). 

Despite the complexity and diversity of various theories, all 
models support the general principle that ESD induces a Franck- 
Condon excitation in a surface species from a vibrationally smeared 
ground state to a repulsive electronic state, which causes a particle to 
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escape initially in a direction near the chemical bond direction. This 
process is illustrated in Fig. 2, where potential energy surfaces are 
schematically shown for the initial bond and for the ejected positive 
ion, A+, from the ruptured bond. Indeed, this schematic multidi- 
mensional picture is derived from earlier one-dimensional models 
for ESD given independently by Menzel and Gomer (21) and by 
Redhead (22), now called the MGR model. Electronic excitation by 
photons to produce directed ion beams was subsequently demon- 
strated by Madey et al. (23) and interpreted with the same models 
used for ESDIAD. These models for ESD and ESDIAD, considered 
together with a wealth of experimental studies (12), leave little 
doubt that ESDIAD may be used to image bond directions in 
adsorbed species and that the dynamics associated with nuclear 
motions (or the dynamical motion of chemical bond directions) is 
contained in the ESDIAD beam shapes. Several examples are 
discussed below in which ESDIAD has provided an exciting view of 
the thermal disorder of the chemical bond directions in interesting 
adsorbates on metal and semiconductor crystal surfaces. 

The Observation of the Rotation of an 
Adsorbed Molecule 

Adsorbates of C,, symmetry such as NH, and PF, have been 
extensively studied with ESDIAD and other techniques. These 
molecules offer the prospect, by virtue of surface bonding through 
the N or P atom to a surface atom, that they will project N-H or 
P-F bonds upward from the surface. ESDIAD imaging of these 
bond directions by observation of H+ or F+ ions would then yield 
the azimuthal orientation and the polar angle of the candidate 
bonds. In addition, molecules of this shape offer an opportunity to 
witness the thermal onset of molecular rotation about the vertical C, 
symmetry axis. 

Such measurements for PF, adsorption on Ni ( l l1 )  have in fact 
yielded the expected behavior (24). At low temperatures, PF, 
adsorbs as an azimuthally oriented molecule on top of Ni atom sites 
in the Ni ( l l1 )  surface, which, at full coverage, form a p(2 x 2) 
overlayer (Fig. 3A). This overlayer consists of two domains that 
contain differently oriented PF, molecules and when considered 
together involve six P-F aximuthal bond orientations. Thus, a 

Fig. 2. Schematic poten- 
tial energy surfaces for 
an adsorbed atom show- 
ing its excitation to a re- 
pulsive surface. Neutral- 
ization processes are 
effective in returning 
many A+ ions to lower 
states. One of two gen- 
erahzed coordinates par- 
allel to the surface is des- 
ignated q,. S, surface; A, 
adsorbate. 

PF NI(III) B 
Atp'siie Low-coverage PF3 High-coverage PF3 

ChhJvW 

Fig. 3. (A) (Right) The lattice 1 
site and the azimuthal orienta- 
tion of chemisorbed PF, on 
Ni ( l l1 )  in a p(2 x 2) over- 
layer. Two domains having dif- 
ferent azimuthal orientation are 
shown. (Left) Schematic view 
of the FC ESDIAD pattern 
from the two domains of ad- I 
sorbed PF,. (B) Direct observa- 
tion of adsorbate rotation 
through the effect of heating on 
the FC ESDIAD pattern of PF,. 
(a through c) A low coverage of 
PF, where lateral PF,-PF; in- ., d 

teractions are unimportant; (d through f )  a high coverage of PF, where 
intermolecular interactions prevent PF, rotation. The central F+ beam in ( f )  
corresponds to a tiny fraction of PF caused by electron impact dissociation of 
PF,. 

six-beam Ff ESDIAD pattern is found, as shown schematically on 
the left-hand side of Fig. 3A. Whether the observed azimuthal " 
orientations are due to intermolecular interactional effects at high 
coverage or to azimuthal adsorbate ordering by individual 
PF, . Ni( l l1 )  interactions was answered with ESDIAD studies at 
low PF, coverages, as shown on the left-hand side of Fig. 3B. At a 
surface coverage of OPF3 = 0.04 PF3/Ni, at which coverage PF, 
islands do not exist. a similar six-beam F+ pattern is also seen. The 
P-F azimuths accurately orient along the six possible close-packed 
Ni-Ni directions on the crystal surface at 85 K. Chan and Hoffmann 
have theoretically deduced by using extended Hiickel calculations 
that the atop-PF, site assignment and the observed azimuthal 

L - - 
orientations shown here are energetically favored for a single PF, 
molecule on Ni ( l l1 )  (25). 

The dramatic effect of gently heating and cooling the surface is 
shown in Fig. 3B, a through c. At 275 K, essentially complete 
azimuthal disorder in the P-F bond directions is observed, produc- 
ing a halo pattern from the six-beam F+ pattern. Azimuthal 
reordering of the isolated PF, species occurs on cooling back to 
85 K. Detailed quantitative studies of this temperature effect have 
yielded a rotational barrier height of 0.01 2 0.002 eV (0.2 2 0.05 
kcal/mol) for isolated PF, molecules (24). At high coverages of PF,, 
intermolecular effects between neighbor PF, molecules in p(2 x 2) 
islands (Fig. 3A) prevent molecular rotation (Fig. 3B, d through f). 
Heating the high-coverage layer to 275 K causes little azimuthal 
disorder, showing that molecular rotation is more strongly hindered at 
full coverage where p(2 x 2) PF, domains exist (Fig. 3B, d through 
f) (24). These studies led Zwanzig to consider statistical mechanical 
models for the rotation of interlocking surface rotors (26). 

The isolated PF, molecule first begins to rotate about the Ni-P 
axis as thermal energy is absorbed. Little rocking of the C, axis away 
from the surface normal is observed at 275 K as the tiny "propeller" 
molecules spin on the surface. These experiments represent a direct 
nonspectroscopic observation of the excitation of the rotation of an 
adsorbate on a surface. The rotation of PF, on Ni ( l l1 )  has also 
recently been observed to produce temperature-dependent infrared 
line shape changes (27). Isolated PF, molecules exhibit a small 
upward frequency shift of the symmetric PF, stretching mode upon 
rotational excitation. 
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Fig. 4. (Right) The lattice site and the PF2/Ni(lll) 
azimuthal orientation of chemisorbed Twofold bridge site 
PF, and PF on Ni( l l1) .  These species 
are produced by electron impact disso- 
ciation of adsorbed PF,. (Left) A sche- 
matic view of the F+ ESDIAD pattern PF/Ni (Ill) 

from a mixed layer of PF, and PF. Threefold br~dge 
site 

Adsorbed F does not yield an appreciable 
F+ signal. 

In contrast, ESDIAD studies of isolated PF, molecules on the 
hexagonally close-packed Ru(001) surface indicate that azimuthal 
rotation is not frozen out at 110 K, and only a Ff halo is detected 
(28). Ammonia, a well-studied surface molecule, has never been 
frozen azimuthally on a metal surface; even at 29 K an H t  halo is 
observed on Ni ( l l0 )  (29). However, freezing of NH, rotation by 
lateral electrostatic interaction between NH, and other neighbor 
species has been observed in several ESDIAD studies (30, 31). 

An interesting surface bonding effect that results from the removal 
of an H or an F atom from NH, or PF, has been observed by 
ESDIAD. NH, or PF, species, which are produced by relatively 
high levels of electron impact on their parent adsorbed molecules, 
are strongly bound and show new bond azimuths consistent with 
their individual mode of attachment to surface metal atoms (32, 33). 
For coordinatively unsaturated PF, (and PF), twofold and threefold 
Ni ( l l1 )  adsorption sites, respectively, are selected as shown in Fig. 
4. PF, and PF yield a new composite Ft  

slight broadening of CO+ and O +  ESDIAD beams occurs as the 
CO coverage on Ru(001) is increased, which was interpreted as 
indicating an increase of interadsorbate repulsions that caused the 
CO molecule to statically tilt an average of 5" from the surface 
normal at saturation coverage. 

New insights into CO libration and static tilting have been 
provided from studies of CO chemisorbed on Pt surfaces (37). In 
this case, in addition to ESD-induced C o t  and O t  ion production, 
copious yields of a metastable electronically excited species (a3.rr- 
CO, called COX) are observed. CO* is believed to be formed 
through a direct electronic excitation, not from C o t  reneutraliza- 
tion (37). Most importantly, COX trajectories are not significantly 
altered by electrostatic image effects from the substrate because CO* 
is a neutral species experiencing only weak dipole-image effects as it 
leaves the metal surface. Thus, the angular distribution of CO* 
closely matches the Pt-CO bond directions. The thermal broaden- 
ing of the CO*, 0 + ,  and C o t  ESDIAD beams are shown in Fig. 
5A at 0,, = 0.50 C o p t  (37). The widths of the three beams 
increase significantly because of the thermal excitation of CO 
librations, and a detailed calculation of the contribution of bond 
tilting to this broadening effect has recently been made (38). 

In the coverage regime above 0,, = 0.50 CO/Pt, static tilting of 
chemisorbed CO occurs in particular surface directions because of 
increased CO intermolecular repulsions as the coverage is increased. 
The ESDIAD behavior of the C o t  ion angular distribution in the 
high-coverage regime above 0,, = 0.50 is shown in Fig. 5B. The 

chemisorbed PF, and PF are theoreticallv 
3.u7/A\\ predicted to be the stable surface sites on 

Ni ( l l1 )  (25). Similar experimental results 8.2 ; 
have also been obtained for PF, and PF on 
Ru(001) (28). On the basis of these ideas, 
we have demonstrated that electron impact 
methods can be used to produce high sur- 
face coverages of unusual surface species 6.1 

such as NH, or N H  (32, 33). These species b 0 . 5 5  

are postulated to be the chemical intermedi- 
ates in the NH, synthesis on heterogeneous 
catalysts (34). This electron impact-induced 
synthetic route to adsorbed catalytic inter- 
mediates therefore provides the surface sci- 
entist with an unusual opportunity to exam- 
ine the properties of these important surface 
species in detail through the use of the many 
surface analytical probes currently available. 

Dynamic and Static Tilting of 
Adsorbates 

Studies of the chemisorption of diatomic 
molecules such as CO or N O  have provided 
new insights into the factors that may influ- 
ence the librational amplitude and the aver- 
age tilt directions of these molecules. Madey 
studied the librational motions of adsorbed 
CO using an apertured mass spectrometer 
for ion detection (35). For CO bound to 
atop sites on Ru(001), normally directed 
CO+ and O f  beams broadened as the sur- 
face temperature was increased from 90 to 
300 K. Menzel et al. (36) showed that a 

CO* (ai=-CO), O+, andv C o t  produced by ESD of 
chemisorbed CO on Pt( l l1) .  In each case, heating from 
90 to 300 K causes significant broadening of the angular 
distribution due to thermal excitation of librations in 
normally oriented chemisorbed CO. Om = 0.50. (6) 
Behavior of C o t  ESDlAD signal at coverages above 
O, ,  = 0.50 on Pt( l l1)  at 90 K. Static tilting of CO 
occurs in the directibn of the six Pt-Pt nearest ;ighbors 
to a Pt site. (C) Schematic of one of three equivalent 
domains formed in chemisorbed CO on Pt( l l1) .  Above 
O,, = 0.50, high-density domain boundaries containing 
atop-CO species form between lower density regions. 
Steric repulsions between close-packed CO molecules 
produce a tilt angle away from the normal (P = 6 O ) ,  

leading to the CO+ patterns shown in (B). 

0=0.66 Model structure for 
compressed CO layer 
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CO+ beams tilt away from the normal in six directions that 
correspond to the Pt-Pt nearest neighbor directions in the substrate 
surface plane. This is caused by triple domain formation of closely 
packed atop-CO species. One of the three domains is shown in Fig. 
5C; somewhat similar structures involving slightly higher CO 
coverages are reported by Persson et at. (39). Studies of CO* angles 
with ESDIAD reveal a Pt-CO tilt angle (P) of 6" as shown 
schematically in the lower right-hand comer of Fig. 5C. 
This work forms the basis for answering the important question of 

whether foreign atoms coadsorbed with CO influence the CO librational 
dynamics. In fact, both S and Se, at a coverage of 8 = 0.25, cause a 
significant sharpening of the CO* ESDIAD beams, which occurs 
because of repulsive steric effects between librating CO molecules and 
the adsorbed chalmgenide atoms. These effm may be related to 
catalytic poisoning; the poisons (S and Se) may limit the dynamical 
motions of the CO molecule, and hence the chemical reactivity (40). 
Electronic effects are also certainly involved in catalytic poisoning (41). 

Dynamics of Molecules Adsorbed on Defect 
Sites 

The use of single crystal substrates for studies of adsorbed species 
offers a rich opportunity to examine the molecular behavior of 
adsorbates on defect sites. Step defect sites, arranged in a periodic 
order, may be produced by cutting single crystals at known angles 
slightly inclined from the low index planes (42). Upon cleaning and 
annealing of the atomic-stepped crystals, one uses LEED to venfy that 
surface reconstruction of the stepped surface has not occurred, and 
one may then proceed to study adsorbed species on the defect step 
sites. Atomic step sites often act as traps for mobile adsorbed species 
(4345). In this case, one can deliver molecules spedcally to the 
atomic step sites, keeping the terrace sites fiee of adsorbed species 
(46). By careful control, the coverage of COY present exclusively on the 
parallel linear chains of step sites, may be adjusted at will. Assuming 
there are no interactions between molecules on neighboring steps, this 
permits the observation of independent linear arrays of adsorbed 
species; that is, one can see the detailed behavior of one-dimensional 
chemisorbed layers. 

Two schematic drawings of the (112) plane of Pt are shown in Fig. 

6A. The plane consists of three-atom-wide terraces of Pt(ll1) micro- 
facets separated by one-atom-high steps of Pt(001) orientation. The 
ESDIAD detector can be aligned perpendicular to the macroscopic 
normal to the crystal as shown in View 1. In View 2 the detector is 
rotated 20" in the downstairs direction. These two detector orienta- 
tions permit the observation of step and terrace CO bonding angles 
over their MI range. The variety of Pt-CO bonding angles observed 
as the CO coverage is increased from 0.19 C o p t  to 0.79 C o p t  is 
shown in Fig. 6B. The COX images are shown, which avoid image 
charge distortions of the trajectories of the escaping particles. In View 
2 (which images molecules on the step sites), initially, the only COW 
beam is a single beam that is oriented in a direction -20" from the 
normal to the macroscopic plane. This indicates that the adsorbed CO 
molecules on the step sites are inclined by about 20" in the downstairs 
direction. As the coverage increases, this beam is attenuated, and CO* 
beams inclined left and right by +13" appear. At stiU higher CO 
coverages, the left and right beams are extinguished, and two beams at 
0" and -38" develop, indicating tilt directions orthogonal to those 
observed at intermediate coverages. View 1 is arranged for the 
observation of CO molecules originating mainly from the terrace sites. 
At high coverages, a beam of CO* at +13" is characteristic of CO 
molecules tilting upstairs on the terrace sites, probably on Pt atoms 
directly adjacent to the step atoms. 

A model showing the structures proposed on the step sites (viewed 
by looking upstairs on the stepped crystal) is given in Fig. 6C. At an 
average coverage of G = 0.19 monolayer (ML), a (2 x n) unit cell is 
observed with LEED; this is due to a population of only a single type 
of CO species inclined -20" in the downstairs direction on the step 
sites. Here the step sites are one-half filled. As the steps fill to 
three-quarters coverage, corresponding to 8 = 0.24 ML, "aiplets of 
Con are formed, exhibiting CO* beams in three directions as CO 
molecules adjacent to the central molecule are inclined over empty 
sites in directions parallel to the steps, producing the beams at + 13". 
When the steps are completely filled @ > 0.56), a new set of CO tilt 
directions upstairs and downstairs is established. Development of a 
COX beam originating from the terraces can first be observed at a 
coverage of if = 0.34 ML, as shown in View 1 of Fig. 6B. This + 13" 
angle of inclination from the normal to the Pt(112) macroscopic plane 
indicates that CO molecules on the terrace sites are inclined upstairs 
from the step sites containing adsorbed CO species. 

Fig. 6. (A) Schematic view of the Pt(112) stepped 
surface. The ESDIAD detector sees either View 1 
(MCP parallel to the crystal face and normal to 
[112]) for studies of adsorbed CO species on the 
terrace sites, or View 2 (crystal face rotated 20" 
away from the analyzer axis) for studies of these 
species on the step sites. (B) Direct observation of 
Pt-CO bond directions with ESDIAD studies of 
the COX angular distributions. View 1 mainly 
shows CO on the terraces; View 2 mainly shows 
CO on the steps. As the CO coverage is increased, 
the step sites are filled first and exhibit orthogonal 
CO tilt directions with increasing CO coverage as 
shown in View 2. (C) Proposed structures of CO 
on the step sites on Pt(112). Tilt angles are in 
parentheses: (down the step, along the step). The 
steps are viewed from downstairs as the CO 
coverage is increased. 

A View 1 View 2 
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Fig. 7. (A) Method for sectioning a 
COY ESDIAD pattern to observe 
anisotropies in librational motion 
for chemisorbed CO (0.17 mono- 0o -200 -400 +200 0o -200 
layer) on Pt(112) step sites. (B) 
Cross sections of COX ESDIAD oatterns for increasing. temoerature for 

D L 

chemisorbed CO (0.06 monolayer) on step sites of Pt(112). The asymmetry 
in the up-down sections reflects the details of the interaction of the CO 
molecule with the Pt sites in its vicinity. 

The repulsions between CO molecules causing the tilting in various 
directions are an example of steric effects where overlapping electron 
clouds on adjacent molecules cause the repulsions. Calculations of the 
magnitude of the electrostatic repulsive energy due to dipole-dipole 
repulsions between adjacent CO molecules show that this repulsive 
energy is far too small to explain the angles observed experimentally (47). 
This experiment, involving linear arrays of chemisorbed molecules at low 
coverages, is an intriguing illustration of the intricate bondmg behavior 
that may be observed in fine detail with the ESDIAD method. 

The high-resolution capability of ESDIAD has been further exploit- 
ed in experiments designed to measure the thermally excited dynamics 
of CO adsorbed on the Pt step defect sites (46). For this purpose, CO 
adsorbed only in the downstairs tilted structure at low coverages on 
Pt(112) step sites was used. At the step sites the potential energy 
surfaces that govern the librational amplitudes of chemisorbed CO 
species are asymmetrical. Figure 7A illustrates how a CO* ESDIAD 
pattern from CO on the step site is analyzed in order to observe 
anisotropies in the librational motion. The measured pattern is sliced 
cross sectionally by planes perpendicular and parallel to the step edge 
direction. The cross sections of the ESDIAD patterns increase in 
width as the temperature is raised, indicating that thermal excitations 
are being observed (Fig. 7B). The cross-sectional profiles in the 
%p-down" direction are asymmetrical; the larger half-width is in the 
upstairs direction. The profiles in the "along" direction are symmetri- 
cal, as would be expected, because any step adsorption site is symmet- 
rical in its relation to neighboring Pt atoms along the step. 

Fig. 8. Strong asymmetries in 
librational amplitudes of 
chemisorbed NO on step sites 
of Pt(112) (from O +  
ESDIAD patterns). The larg- 
est amplitudes are observed in 
a direction perpendicular to 
the step-edge direction. This 
is due to bridge-bonding of 
NO to two Pt atoms on the 
step. 

Fig. 9. Dynamics of Si-CI bonds. (A) Symmetric dimer site in a single 
domain on Si(100) that contains Si-CI surface groups. Librational motion of 
the CI atom is schematically indicated; arrows indicate orthogonal domain 
directions. (B) Four-beam CI+ ESDIAD pattern from the superposition of 
two orthogonal classes of Si dimer domains on Si(100) at 120 K. (C) 
Contour diagrams of Clt ESDIAD patterns at two temperatures. The 
(reversible) thermal broadening of the four Clt beams into a distorted halo 
pattern is clearly seen. The Ft patterns have been compressed toward the 
normal by electrostatic means. 

One can interpret these results by considering the frustrated trans- 
lational modes of chemisorbed CO. These large-amplitude modes 
have a librational frequency with energy of about 0.006 eV (48). The 
largest librational amplitudes are observed with ESDIAD in the 
"along" direction and kdicate that at low coverages, the CO molecules 
have the softest frustrated translational modes in a direction parallel to 
the step edges. The smallest librational amplitudes are observed in the 
"dowitairs" direction and may reflect therepulsive interaction of the 
orbital electron cloud of the inclined CO molecule with electron 
density that has spilled out onto the terrace from the step site (49, 50). 
The high degree of freedom of frustrated translational vibrations 
parallelto the step edge may be an indication of the most favorable 
surface migration direction available to CO on the defect surface (46), 
but this hypothesis remains to be confirmed by other methods. 

Another interesting investigation of a diatomic molecule's interaction 
with the stepped Pt(112) surface is shown in Fig. 8. The result offers 
insight into the use of the ESDIAD method to observe adsorbate 
dvnynamics and to observe the state of hvbridization of adsorbates on their 
adsorption sites. At low coverages, NO forms a bridged bond with two 
Pt atoms on various Pt surfaces (51-54). This type of bonding at a step 
site would be expected to produce anisotropic frustrated translational 
motions, in which higher amplitude librations occur in the direction 
perpendicular to the plane of the adsorbed molecule compared to the 
in-plane direction. These expectations follow from cluster calculations of 
Richardson and Bradshaw (55). For the sp2-hybridized molecule bridge- 
bonded to two Pt step atoms, the direction of largest librational 
amplitude should be perpendicular to the step edge direction. 

Digital ESDIAD measurements (56) of this system have been 
carried out, yielding the expected result shown in Fig. 8. In this study, 
the 0+ species was analyzed, and a highly anisotropic ESDIAD 
pattern was observed. Cross sections through the pattern show an 
ellipticity of about 2.3. The long axis of the ellipse is aligned 
perpendicular to the step edge. The angular width of the pattern in 
both directions increases as the temperature is increased, indicating 
that thermallv excited molecular libEations in chemisorbed NO a& 
being observed. Control experiments showed that anisotropic electro- 
static image effem on Of ions could not produce the elliptical Of  
patterns observed from NO (56). Thus, ESDIAD was able to confirm, 
through observation of librational dynamics alone, that NO is bridge- 
bonded to step Pt sites. 

Application of ESDIAD to Adsorbates on 
Covalent Solid Surfaces 

The application of ESDIAD to the study of adsorbates on 
semiconductor surfaces is just beginning. Understanding adsorbate 
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bonding and dynamics on semiconductor surfaces is of great impor- 
tance because of the technological need to control chemical processing 
methods for electronic device fabrication. Semiconductors, in contrast 
to metals, are internally bonded by directed covalent bonds, and 
unsatisfied valencies (dangling bonds) project upward from the sur- 
face. It is here that adsorbates form highly localized chemical bonds to 
the surface. The first ESDIAD studies on a covalent surface, Si(100). . \ ,, 

concerned the adsorption of fluorine (57). More recently, -C1 groups 
produced by C1, chemisorption on Si(100)-(2 x 1) have been 
investigated with ESDIAD (58). A four-beam C1+ pattern is observed 
at low temperatures as shown in Fig. 9, B and C. These C1+ beams 
originate from Si-Cl covalent bonds, which are inclined from the 
surface normal in four specific directions at an angle of -30" from the 
surface normal. These four directions correspond to the orthogonal 
Si-Si surface dimer bond directions exposed on alternate terraces of 
Si(100); the steps and terraces are caused by slight misalignment of 
the crystal, and a symmetric dimer site in one domain is shown in Fig. 
9A. Recent NEXAFS measurements report the Si-Cl bond to be 
normal to the Si(100)-(2 x 1) surface, but the accuracy of these 
measurements is only * 10" (59). 

With gentle heat& the Si-Cl bond directions become signhcantly 
broadened as a result of the excitation of librational modes. This effect 
may easily be seen by comparison of Clf ESDIAD contour patterns 
obtained at two temperatures (Fig. 9C). Thermal broadening of the 
Clf beams results in  the conversion of the sharp four-beam~pattern 
into a pattern with Clf intensity in certain regions between the four 
beams, yielding a C1+ ESDIAD pattern resembling a distorted halo. 
Figure 9A shows one possible site structure (a symmetric Si dimer) 
containing adsorbed C1 species that undergo thermal disordering of 
the Si-CI bond directions at elevated temperatures. Recent high- 
resolution XPS studies of Si(100) (2 x 1) have shown that the clean 

\ , \  

surface consists of asymmetric Si, dimers having rather large differ- 
ences in electronic charge on the two Si atoms constituting the dimer 
site (60). 

Future Directions 
The ESDIAD technique is often usem for imapg  the chemical bond 

directions in adsorbates and also in imaging the thermal disorder that 
occurs in these bond directions. ESDIAD gives a detailed view of the 
motional freedom of adsorbed species on adsorption sites of known 
structure. Such information cannot be obtained at present even from 
atomic resolution techniques such as the scanning tunneling microscope 
(STM), the atomic force microscope (AFM), or the field ion microscope 
(FIM). If the mode of highest amplitude, as imaged with ESDIAD, 
corresponds to the preferred reaction coordinate for surface &ion or 
surface reaction, then ESDIAD potentially provides a way to spatially 
image the onset of activated diflbion or the spatial character of reaction 
processes on surfaces. This important and far-reaching hypothesis must 
be tested in the future for validity and generality. 

The current and future application of existing and new experimental 
methods to probe the dynamics of desorbing species produced by 
electronic excitation offers many rich opportunities for understanding 
adsorbate potential surfaces, surface photochemistry, and surface 
thermochemistry at a deeper level. The molecular- and atomic-level 
concepts derived from this information should prove usell in advanc- 
ing our ability to understand and control major technological areas 
dominated by surface chemistry. 
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