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Ion's Eve 

d Recoili 
View of 

Spectrometry: 
.rface Structure 

Recent developments in ion-scattering spectrometry have 
led to a surface crystallography that is sensitive to all 
elements, including hydrogen. Time-of-fight techniques 
for the detection of atoms scattered and recoiled from 
surfaces in simple collision sequences, together with cal- 
culations of shadowing and blocking cones, can be used to 
make direct measurements of interatomic spacings and 
adsorption sites within an accuracy of 50.1 angstrom. 
Time-of-flight detection of both neutrals and ions pro- 
vides the high sensitivity necessary for nondestructive 
analysis. Structures are determined by monitoring the 
angular anisotropies in the scattered primary and recoiled 
target atom flux. Such surface and adsorption site deter- 
minations find application in such fields as catalysis, thin 
film growth, and interfaces. 

CATTERING EXPERIMENTS HAD THEIR  ORIGINS I N  THE DE- 

velopment of modern atomic theory at the beginning of this 
century. As a result of both the Rutherford experiment on  the 

scattering of alpha particles ( H e  nuclei) by thin metallic foils and the 
Bohr theory of atomic stnicture, a consistent model of the atom as a 
small massive nucleus surrounded by a large swarm of light electrons 
was confirmed. It  was quickly realized that the inverse process, 
namely, analysis of the scattering pattern of ions from crystals, could 
provide information on composition and structure. This analysis is 
straightfonvard because the lunematics of energetic atomic collisions 
is accurately described by classical mechanics. Such scattering occurs 
as a result of the mutual Coulomb repulsion between the colliding 
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atomic cores, that is, the nucleus plus core electrons. The scattered 
primary atom loses some of its energy to the target atom. The latter, 
in turn, recoils into a forward direction. The final energies of the 
scattered and recoiled atoms and the directions of their trajectories 
are determined by the masses of the pair of atoms involved and the 
closeness of the collision. By analysis of these final energies and the 
angular distributions of the scattered and recoiled atoms, the 
elemental composition and structure of  the surface can be deci- 
phered. 

Ion-scattering spectrometry (ISS) with ion energies in the low 
kiloelectron volt range is the surface-sensitive analog of Rutherford 
backscattering spectrometry (RBS) (1).  RBS is sensitive to  long- 
range bulk structure through the use of ions in the million electron 
volt range. ISS as a surface analysis technique developed rapidly after 
the 1967 work of Smith (Z), which demonstrated surface elemental 
analysis. Interest in ISS as a technique for investigating surface 
structure grew quickly after the 1982 work of Aono et  nl .  (3 ) ,  which 
showed that the use of backscattering angles near 180" greatly 
simplified the scattering geometry and interpretation. In 1984, Ruck 
and his associates (4) demonstrated the high sensitivity of time-of- 
flight (TOF) detection of scattered particles for structural analysis. 
The recent coupling (5 )  of TOF methods with detection of both 
scattered and recoiled particles has led to  the development of time- 
of-flight scattering and recoiling spectrometry (TOF-SARS) as a 
tool for structural analysis. Several research groups (6-16) through- 
out the world are now engaged in surface structure determinations 
using some form of kiloelectron volt ISS. 

Basic Physics Underlying TOF-SARS 
Two basic physical phenomena govern atomic collisions in the 

kiloelectron volt range. First, repulsi\.e interatomic interactions, 
described by the laws of classical mechanics, control the scattering 
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and recoiling trajectories. Second, electronic transition probabilities, energetic ion makes a direct collision with a surface atom, the surface 
described by the laws of quantum mechanics, control the ion-surface atom recoils into a forward direction, as shown in Fig. 1. Both the 
charge exchange process. scattered and recoiled atoms have high, discrete kinetic energy 

Atomic collisions in the kiloelectron volt range. The dynamics of distributions. According to the laws of conservation of energy and 
kiloelectron volt atomic collisions are well described as binary momentum, the TOF of an incident ion of mass M1 and energy & 
collisions between the incident ion and surface atoms (17). When an that is scattered from a target atom of mass M2 into an angle 0 is 

given by 

\ 

Shadow 

Fig. 1. Schematic illus- 

I 
trations of (A) backscat- 

I 

C b 8  
tering and shadowing 

9 and (B) direct r e c o w  

- --- - blocking. The angular 
-,.ear+ \ \ 

notation is defined in the 
lower part of the dia- 

Forwardscattering Backscatbring gram; ae, incident ion 
and direct recoil angle. 

where L is the Aight distance, that is, the distance from target to 
detector. For cases where M1>M2, there is a critical angle 8, = sin-' 
(M21M1) above which only multiple scattering can occur. Recoils 
that are ejected from single collisions of the projectile into an angle 
+, that is, direct recoils, have a TOF given by 

As a result of the energetic nature of the collisions, only atomic 
species are observed as direct recoils, and their energies are indepen- 
dent of the chemical bonding environment. 

Interatomic potentials. Although scattering in the kiloelectron volt 
range is dominated by repulsive potentials, it is not simply a hard 
sphere or biiard ball collision, where there is a clean "hit" or "miss." 
The partial penetration of the ion into the target atom's electron 
cloud results in bent trajectories even when there is not a "head-on" 
collision. This type of interaction is well described by a screened 
Coulomb potential (17) such as 

where R is the internuclear separation and the Zi are the atomic 
numbers of the collision partners; + is a screening function that is 
determined by R, the screening radius R,, and a scaling parameter 

I 
erina 

522 SCIENCE, VOL. 250 

1 b 

Delay 

n I I  
Deflector 
vokage 

J Flg. 2. TOF-SARS specuometer system with 
schematic drawing of the vacuum chamber. Ab- 
breviations: A, ion gun; B, Wien ater; C, Einzel 
lens; D, pulsing plates; E, pulsing apemue; F, 

Stepping deflector plates; G, sample; H, electron multiplier 
motor detector with energy prefilter grid; I, electrostatic 

Plotter I wntrolier deflector; R, resistor; and C, capacitor. 



C; there are several good approximations for 4 (1 7). Using such a 
potential, one can determine the relation between the scattering 
angle 0 and the impact parameter p .  The p is defined as the minimum 
perpendicular distance from the target atom to the ion trajectory. A 
small \value of p corresponds t o  a near head-on collision and 
backscattering, and a large value corresponds to  a glancing collision 
and forwardscattering. Similarly, the recoiling angle 4 is also 
determined by p. 

Slladou~itl~q and blocking coties. Considering a large number of ions 
with parallel trajectories impinging on a target atom, the ion 
trajectories are bent by the repulsive potential such that there is an 
excluded volume, called the shadow cone, in the shape of a 
paraboloid formed behind the target atom as shown in Fig. 1. Ion 
trajectories d o  not penetrate into the shadow cone but instead are 
concentrated at its edges, in much the way that rain pours off an 
ullbrella. Atoms located inside the cone behind the target atom are 
shielded from the impinging ions. Similarly, if the scattered ion or 
recoiling atom trajectory is directed toward a neighboring atom, 
that trajectory will be blocked. For a large number of scattering or  
recoiling trajectories, a blocking cone will be formed behind the 
neighboring atom into which no particles can penetrate. 

The dimensions of the shadowing and blocking cones can be 
determined experimentally from scattering measurements along 
crystal azimuths for which the interatomic spacings are accurately 
known. This pro\rides an experimental determination of C and 
reliable cone dimensions. The cone dimensions can also be con- 
structed theoretically from the relation o f p  with 0 and + (17, 18). A 
universal shadow cone cunre has been proposed (19), and cone 
dimensions for common ion-atom combinations have been reported 
(20). Because the radii of these cones are of the sanle order as 
interatomic spacings, that is, 1 to  2 A, the ions penetrate only into 
the outermost surface layers. 

Scatterit~~q atrd recoilirtq atrisotropy caused by  shadowitr~q a t ~ d  blockin'q 
cones. When an isotropic ion fluence impinges on a crystal surface at 
a specific incident angle a,  the scattered and recoiled atom flux is 
anisotropic. This anisotropy is a result of the incoming ion's eye 
view of the surface, which depends on the specific arrangement of 
atoms and the shadowing and blocking cones. The arrangement of 
atoms controls the atomic density along the azimuths and the ability 
of ions to  channel, that is, to  penetrate into empty spaces between 
atomic rows. The cones determine which nuclei are screened from 
the impinging ion flux and which exit trajectories are blocked. By 
measuring the ion and atom flux at specific scattering and recoiling 
angles as a function of ion beam incident a and azimuthal 6 angles to  
the surface, one can obseme structures that can be interpreted in 
terms of the interatomic spacings and shadow cones from the ion's 
eye view. The anisotropy in the scattered and recoiled flux is best 
obsemed in scattering and recoiling strucn~ral contour maps, which 
are plots of the scattered or  recoiled intensity in a,&spacc. 

Ion-surface elecirotric tvansitions. Electron exchange (21) between ions 
or atoms and surfaces can occur in two regions: in region 1, along 
the incoming and outgoing trajectories where the particle is within 
angstroms of the surface, and in region 2, in the close atomic 
encounter where the core electron orbitals of the collision partners 
overlap. In region 1, the dominating processes are resonant and 
Auger electron tunneling transitions, both of which are fast 
(T < 1 0 1 5  s) .  Since the work functions of  most solids are lower 
than the ionization potentials of most gaseous atoms, kiloelectron 

scattered and recoiled species are predominantly neutrals as a 
result of electron capture from the solid. In region 2, as the 
interatomic distance R decreases, the atomic orbitals (AOs) of the 
separate atoms of atomic number Z I  and Z 2  evolve into molecular 
orbitals (MOs) of a quasi-molecule and finally into the A 0  of the 
"united" atom of atomic number ( Z l  + Z2).  AS R decreases, a 

Fig. 3. TOF spectra for 4-keV At-' 
scattering from (A) clean W(2 1 1 ) 
and from (C) the 0-chemisorbed 
W(211) surface and (8) 4-keV Ne' 
scattering from the H-chemisorbed 
W(211) surface. FS, fonvardscatter- 
kg ;  RS, backscattering; SS, single 
scattering collisions; MS, multiple 
scattering collisions. 

6 8 10 12 14 
Ttme of flight (ps) 

critical distance is reached at which electrons are promoted into 
higher energy MOs because of electronic repulsion and the Pauli 
exclusion principle. This can result in collisional reionization of 
neutral species. The fraction of species scattered and recoiled as ions 
is sensitive t o  atomic structure through changes in electron densit). 
along the trajectories. 

TOF-SARS Instrumentation 
An instrument for structural studies by ion scattering and recoil- 

ing should be capable of  continuous variation of the scattering 0, 
beam incident a ,  and crystal azimuthal 6 angles (see Fig. l) ,  
generation of a pulsed kiloelectron volt priman ion bcam of low 
fluence, efficient detection of both ions and neutrals, in sin1 low- 
energy electron diffraction (LEED), and operation in an ~rltrahigh- 
vacuum (<lo- ' '  torr) en\ironment. Figure 2 illustratcs the TOF- 
SAKS constn~cted at the University of Houston (22). The primary 
ion beam is a 1- to  5-keV rare gas ion source, which has a narrow 
energy spread, is mass-selected, is pulsed at 10 to  4 0  kHz with p ~ ~ l s e  
widths of 20 to 50 ns for an average ion current density of <1  
nNcm2, and has low angular divergence. The detector is a channel 
electron multiplier or channel plate that is sensitive to both ions and 
fast neutrals. The sample is mounted on a precision manipulator, 
and the angles a and 6 are computer-controlled tly means or  
stepping motors. The \relocities of the scattered and recoiled parti- 
cles are analyzed by measuring their flight times from the sample to  
detector, a distance of  1 m. An electrostatic deflector plate near the 
flight path allows deflection of ions for the collection of T O F  spectra 
of  neutrals as compared to that of ions plus neutrals. Standard 
timing electronics are used for data collection. T O F  spectra can be 
collected with a dose of ions per surface atom, making the 
technique relatively nondestructive. The system also has ports that 
contain standard surface analysis techniques such as LEEII, Auger 
electron spectroscopy ( U S ) ,  and x-rav photoelectron spectroscopy 
(XI'S). 
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Elemental Analysis from TOF-SARS 

TOF-SARS is capable of detecting all elements by either scatter- 
ing, recoiling, or both techniques. T O F  peak identification is 
straightforward by application of Eqs. 1 and 2. Collection of 
neutrals plus ions results in scattering and recoiling intensities that 
are determined by elemental concentrations, shadowing and block- 
ing effects, and classical cross sections. 

TOF spectra. Spectra from a clean tungsten surface and from O 
and H chemisorbed on that surface are shown in Fig. 3. For clean 
W(211), both the backscattering (BS) and forwardscattering (FS) 
spectra have sharp peaks at the T O F  positions predicted by Eq. 1. 
The absence of H, C, and O recoils in the FS spectrum indicates that 
the surface is clean and free of the normal atmospheric contami- 
nants, and specifically that it has <1% of a monolayer (ML) of these 
contaminants. The high background on the long TOF side of the 
peaks is attributable to  ions that have lost energy because of multiple 
collisions and penetration. When O is chemisorbed on  W(21  I ) ,  an 
O recoil peak O ( R )  is observed in the T O F  spectrum at the position 
predicted by Eq. 2. The O ( R )  peak is on  the long T O F  side of the 
Arf scattering peak. As the scattering angle 0 is reduced to smaller 
values, the recoil peak shifts toward lower T O F  until it appears on  
the low TOF side of the scattering peak. Such a case is shown for H 
chemisorbed on W(211), where the probe was a Ne' beam. One 
obtains the intensities necessan for structural analysis by integrating 
the areas of fixed time windows under these peaks. 

Structural Analysis from TOF-SARS 
The atomic strucnire of a surface is usually not a simple termina- 

tion of the bulk structure. A classification exists based on  the relation 
of surface to  bulk structure. A bulk truncated surface has a structure 
identical to  that of  the bulk. A relaxed surface has the symmetry of 
the bulk structure but different interatomic spacings. With respect to 
the first and second layers, lateral relaxation refers to  shifts in layer 
registry and vertical relaxation refers to  shifts in layer spacings. A 
reconstructed surface has a symmetry different from that of the bulk 
symmetry. TOF-SARS provides "real space" information on  the 
relative positions of all atoms in the surface region based on the 
classical concepts of shadowing and blocking cones. The cone 
dimensions can be calculated or calibrated from known interatomic 
spacings, and the analyses are not complicated by ion neutraliza- 
tion effects. The methods of  structural analysis will be delineated 
below. 

Barkscattering versus inciderit arigle a rcans. When an ion beam is 
incident on an atomically flat surface at grazing angles, each surface 
atom is shadowed by its neighboring atom such that only FS is 
possible; these are large impact parameter (p) collisions. As a 
increases in this shadowing mode, a critical value is reached 
each time the ith layer of  target atoms moves out of  the shadow 
cone, allowing for large angle BS or  small p collisions. If the BS 
intensity [(RS) is monitored as a function of a ,  steep rises with well- 
defined maxima are obsenred when the focused trajectories at the 
edge of the shadow cone pass close to the center of neighboring 
atoms (Fig. 4). From the shape of the shadow cone [the radius (r) as 
a function of distance ( t )  behind the target atom (Fig. l ) ] ,  the 
interatomic spacing (d) can be directly determined from plots of 
I(BS) versus a .  For example, by measuring along directions for 
which specific crystal azimuths are aligned with the projectile 
direction and using d = visin one can determine interatomic 
spacings in the first atomic layer. The spacing between the first and 
second lavers can be obtained in a similar manner from at.sh 
measured along directions for which the first- and second-layer 

Fig. 4. Representative 
plot of I ( @ )  versus a 
along the [ill] azimuth 
of W(211), using 4-keV 
Ar'. 

Incidental angle a (deg) 

atoms are aligned, providing a measure of the vertical relaxation in 
the outermost layers. 

Backscattering versus azin~uthal angle 6 rcans. Fixing the incident 
beam angle a and rotating the crystal about the surface normal while 
monitoring [(BS) provides a scan of the crystal azimuthal angles 6. 
Such scans reveal the symmetry of the crystal structure. For example, 
one can obtain the azimuthal alignment and synunetry of the 
outermost layer by using a low a value such that scattering occurs 
from only the first atomic layer. With higher a values, similar 
information can be obtained for the second atomic layer. One can 
detect shifts In the first layer-second laver registry by carefully 
monitoring the values for second-layer scattering along direc- 
tions near those azimuths for which the second-laver atoms are 
expected, from the bulk structure, to  be directly aligned with the 
first-layer atoms. The values will be maximum for those 6 
values for which the first- and second-layer neighboring atoms are 
aligned. 

Scatteriti,q structural cotitour map (SSCM). Data from the a and 6 
scans can be plotted together in the form of  a contour map of the 
I(BS) values in a,6-space. Such a SSCM for the clean W(211) 
surface is shown in Fig. 5 along with a model of the surface 
structure. The SSCM provides the following information. (i) It 
reveals the symmetry of the I(BS) data in a,6-space, thereby 
providing a fingerprint for a specific crystal face and type with minor 
perturbations due to relaxation and possible major perturbations 
due to  reconstruction. (ii) It shows what general regions of a,6- - - 
space contain interesting structures for more detailed investigation. 
(iii) Comparison of the clean-surface SSCM to that of the adsorbate- 
covered surface provides a qualitative determination of the adsorb- 
ate sites and detection of &y adsorbate-induced reconstruction or  
relaxation. 

Consider the details of Fig. 5 .  The ad,,h line at low a (Fig. 5B) 
corresponds to  shadowing of first-layer atoms by their first-layer 
neighbors; this line is symmetrical about 6 = Oo, as is the first atomic 
layer. I t  is consistent with first-layer interatomic spacings corre- 
sponding to the bulk truncated W(211) structure, showing that the 
surface is not reconstructed. Intense structures are observed at 
higher a resulting from subsurface-layer scattering; the intense 
peaks are due to  focusing of ion trajectories by first- and second- 
laver W atoms onto third- and fourth-layer W atoms and back out 
again. The asymmetry about 6 = 0' is a result of the lack of sym- 
metry between the first and underlying lavers. The diagonal orienta- 
tion of the line of intense peaks observed at higher a results from the 
fact that focusing onto subsurface layers for 6 < 0" occurs mainly at 
low a, while, for 6 > 0°, this focusing occurs only at high a. 

Forwardscattering versus azimuthal angle 6 scans. When the scattering 
angle 0 is decreased to a forward angle (<90"), both shadowing 
effects along the incoming trajectory and blocking effects along the 
outgoing trajectory contribute to  I(FS) patterns. The blocking 
effects arise because the exit angle P = 0 - a is small at high a 
values. The features of plots of I(FS) versus 6, with constant a and 8, 
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are determined by shadowing and blocking along the close-packed 
azimuths. Surface periodicity can be read directly from these features 
(23), as shown in Fig. 6 for P t ( l l0 ) .  Minima are observed at the 6 
positions corresponding to alignment of the beam along specific 
azimuths. These minima are a result of shadowing and blocking 
along the close-packed directions, thus providing a hrect reading of 
the surface periodicity. 

Relaxation ofthe W(211) suvface. From details of the above measure- 
ments (24, 25), it was determined that the W(211) surface had the 
symmetry of the bulk structure and, therefore, was not reconstruct- 
ed. Carell  analysis, however, showed that the surface interatomic 
spacings were different from those of the bulk structure, indicating 
that the surface was relaxed. The first layer-second layer registry, or 
lateral relaxation, was obtained from the determination of the 
maximum near the position expected for alignment of the first and 
second layers. The result shows that the lateral spacing from a 
second-layer atom to a first-layer atom along the [ l i i ]  
azimuth shifts by 4% from that of the bulk truncated surface. This 
shift brings the center of the first-layer atoms nearer to the 
symmetrical bridge position between two second-layer atoms. The 
first layer-second layer spacing, or vertical relaxation, was deter- 
mined from the I(BS) versus a scans along those azimuths 6 where 
the first- and second-layer atoms are aligned. The result shows that 
the vertical spacing between the two outermost layers is contracted 
by 9% from that of the bulk truncated surface (25). 

Recoiling versus incident angle a scans. Adsorbates can be efficiently 
detected if they are recoiled into FS angles 4 as shown in Figs. 1 and 
7. As a increases, the adsorbate atoms move out of their neighbor- 
ing atom shadow cones so that direct collisions from incident ions 
are possible. When the p value necessary for recoiling of the 
adsorbate atom into a specific 4 becomes possible in a single 
collision, adsorbate recoils are observed with the TOF predicted 
from Eq. 2. Focusing at the edge of the shadow cone produces sharp 
rises in I(R) as a function of a. By measuring ac, ,h  corresponding to 
the recoil event, we can directly determine the interatomic distance 

Fig. 6. I(FS) versus azi- 
muthal angle 6 for 
Pt( l l0)  in the (1 x 2) 
missing-row reconstruc- 
tion using Ar+ at a = 5" 
and 8 = 40", illustrating 
the surface periodicity. 

Azimuthal angle 6 (deg) 

Fig. 7. Representative 
plots of 1(R) versus a for 
both high (1.5 ML) and 
low (0.5 ML) 0 cover- 
ages on a W(211) sur- 
face. 

Incident angle (a) 

A &+go" 
of the adsorbate atom relative to its nearest neighbors fromp and the 
shape of the shadow cone 

Example plots of 0 I(R) versus a for two hfferent chemisorbed 
0 coverages on W(211) are shown in Fig. 7. Low-dose exposure 
forms a p(2 x 1) structure consisting of 0 5 ML coverage and high- 
dose exposure forms a p ( l  x 2) structure consistmg of 1.5 ML 
coverage. The notation (n x m) defines the ratio of the lengths of 
the surface and substrate unit cells. Sharp rises in I(R) appear at low 
a, and sharp decreases appear at high a. The rises are due to peaking 
of the ion flux at the edges of the shadow cones of neighbormg 
atoms, and the decreases are due to bloclung of recoil trajectories by 
neighbormg atoms. 

The critical a values for both shadowing, ac, ,h ,  and blocking, 
ac,bl ,  can be used to determine interatomic spacings. At high 
coverage, a c , s h  = 24' and = 42", which are considerably high- 
er and lower, respect~vely, than the values ac, ,h  = 16" and 
a c , b l  = 48" obtained at low coverage. This indicates that, as 0 
coverage increases, both the shadowing and blocking effects are 
enhanced as a result of close paclung of 0 atoms along this azimuth; 
this results from shadowing and blocking of 0 atoms by their 
neighbormg 0 atoms. The aC, ,h  and a c , b l  values correspond to 0 
atoms separated by a distance of two W lattice constants at low 
coverage and one W lattice constant at high coverage. 

Recorltng structural contour map (RSCM). Plots of 0 I(R) versus 6 
are symmetrical about 6 = On, indicating that the 0 atoms occupy 
positions that are symmetrical about the [Oli] azimuth. Plotting the 
I(R) data in a,6-space provides a recoiling structural contour map as 

Azimuthal angle (6) shown in Fig. 8. This RSCM is a fingerprint for 0 atoms on the 
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W(211) surface. The symmetry about 6 = O" eliminates the asym- 
metrical sites 3,4,6, 7, and 8 of Fig. 5. Comparison of I(BS) for the 
clean and 0-covered surface indicates that only site 5, the threefold 
site in which the 0 atom is bound to two first- and one second-layer 
W atoms, is consistent with all of the experimental data. The 0-W 
bond lengths, determined from detailed analysis (24, 26), are 1.83 
and 2.17 A to the first- and second-layer W atoms, respectively. 

Hydrogen on the W(211) suvface. The H RSCM in Fig. 8 exhibits 
only one ac, ,h value at low a, which is approximately constant at 4" 
for the region -85" < 6 < +85" and increases to ac , ,h  = 10" for 
6 = ?90°. This indicates that the H is located in rather high 
positions above the surface and that close packing of H atoms occurs 
along the 6 = 190" azimuths. A relatively flat region is observed in 
the center and background of the H RSCM, indicating that there is 
no H buried in subsurface layers that is accessible for recoiling at 
higher a. The symmetry of the RSCM about 6 = O" arises from an 
adsorption site that is symmetrical with respect to the [Oli] 
azimuth. The only H-atom positions that are consistent with all of 
the data are located within a band above the [ l i i ]  troughs. 
Shadowing and blocking of H atoms along the -85" < 6 < +85" 
directions is due to neighboring first-layer W atoms and along 
6 = 290" is due to neighboring H atoms. Observation (27) of H 
recoils with similar along all azimuths except 6 = *90° 
suggests that the H atom positions are delocalized along the troughs 
rather than in localized sites. Detailed analysis shows that the H is 
confined to a band located at 0.58 A above the troughs with an 
average H-H spacing equal to that of the W lattice. This result is in 
agreement with theoretical calculations (27, 28) of the electronic 
structure, which predict a broad probability distribution for the H- 
atom positions above the troughs due to thermally activated vibra- 
tional motion. 

Ion-Surface Electron Exchange from 
TOF-SARS 

Ion-surface electronic transition probabilities are determined by 
electron tunneling between the valence bands of the surface and the 
AOs of the ion. Such transition probabilities are highest for close 
distances of approach. An example of this is shown in Fig. 9 as a plot 

Azimuthal angle (8) 

Fig. 8. Recoiling struc- 
tural contour maps for 
the W(211)-p(1 X 2 ) - 0  
(A) and W(211)-H (B) 
surfaces. Contours of 
equal recoiling intensity 
I(R) are plotted as a 
function of a and 6. Azi- 
muths are defined as in 
Fig. 5. The critic+ shad- 
owing angles, a:,,,,, are 
indicated. 

I , I I I I I 

-30" 0" 30" 60" 
Azimuthal angle 8 (deg) 

Fig. 9. Scattered Ne+ ion fractions for 4-keV Ne+ impinging on a Ni(100) 
surface as a function of azimuthal angle 6.  

of the Ne+ ion fraction, that is, F = ions/(neutrals + ions), scat- 
tered from a Ni(100) surface. The F is highest along the [loo] 
azimuth where scattering is only from the first layer (second-layer 
atoms are shadowed). The F is lowest along the [110] azimuth 
where both first- and second-layer scatterings occur. The degree of 
neutralization is higher for second-layer scattering because the ion 
trajectories are close to several other atoms (both first- and second- 
layer ones). The symmetrical nature of the plot reflects the lattice 
periodicity. In general, low-scattered ion fractions F are observed 
when the ion trajectory goes through a region of high electron 
density near several atoms. Monitoring F at selected scattering 
geometries can serve as a probe of surface electron density. 

New Developments in Scattering for 
Surface Structural Analysis 

New developments in structural applications of ion scattering are 
occurring rapidly. Some examples of structures that have recently 
been solved through ion scattering and recoiling are as follows: 0 
on TiC(111) (I@, 0 on Fe(100) (IS), H on Pt(997) (6 ) ,  recon- 
struction of I r ( l l0)  (7, 29) and Au(l l0)  (8), As on Si(001) (9), 0 
on Ni( l l0)  (lo), 0 and C on W(001) ( I l ) ,  NiAl(110) and (100) 
(12), Ag on Si ( l l1)  (13), and Au on Si ( l l1)  (14). Aono et al. (30) 
have recentlv demonstrated coaxial ion scattering: in which the ion 

u 

beam goes through a hole in a channel plate detector, allowing 
detection of 180" scattering. Because this apparatus fits on a single 
flange, it is suitable for in situ monitoring of epitaxial film growth of 
atomic layers and for time-resolved analysis of dynamical surface 
processes. Williams et al. (31) have recently developed fast programs 
for computer simulation of scattering processes. These programs are 
extremely valuable in solving unknown structures because they allow 
comparison of experimental data to simulations based on proposed 
structural models. 

Role of TOF-SARS in the Myriad of 
Surface Science Techniques 

The TOF-SARS technique contributes to our knowledge of 
surface science through (i) elemental analysis, (ii) structural analysis, 
and (iii) analysis of electron exchange probabilities. We will consider 
the merits of each of these three areas. 

Elemental analysis. Although TOF-SARS is sensitive to all ele- 
ments, including H, the limited resolution of the TOF technique 
presents difficulties in resolving spectral peaks of high-mass elements 
with similar masses. The unique feature for elemental analysis is 
direct monitoring of surface H,-FO~ general qualitative and quantita- 
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tivc surface elcmcntal analyses, XPS and AES remain the techniques 
of choice. 

Stu irr l rn~l  i1trt11)l~ix. The major role of TOF-SARS is as a technique 
for analyzing surtice structure that is capable of  probing the 
positions ot'all elements a i t h  an accuracy of 50 .1  A. TOF-SARS is 
sensitive to short-range order-individual interatomic spacings 
along , ~ i n ~ u t h s .  It provides a direct measure of  interatomic distances 
in the first and subsurface layers and a measure of surface periodicity 
in real space. It  is complementan to LEED, which probes long- 
range order and minimum domain size of 100 to 200 A, and 
providcs a measurc of surface and adsorbate synlmetn in reciprocal 
space. Cc)upling TOF-SARS and LEED provides a powerful combi- 
nation for surfhce structure in\,estigations. The techniques of medi- 
um- and h i g h - r n c r ~  (Rutherford backscattering) ion scattering 
slunple subsurface and bulk structure and are not as surthce-sensitive 
as TOF-SARS. 

lotr-s~r~/;lcc~ r'leiirot~ r s r l ~ ~ ~ t ~ q r .  prol~ahil i t ie .~.  One of the unsolved prob- 
lems in the interaction of lo\v-energ ions ~v i th  surfaces is the 
mechanism of charge transfer dnd prediction of the charge composi- 
tion of the flus of scattercd, recoiled, and sputtered c ~ t o n ~ s .  The 
ability to collect spectrd of neutrals plus ions and only neutrals 
provides a direct measure of scattered and recoiled ion fractions. 
Plots of ion fractions in a,&-space provide electronic transition 
probabilin contour maps that are related to  surface electron density 
along the various azimuths. Consistency benveen such electron 
densit\. contours and the SSCMs provides a unique description of 
the surface electronic and atomic strucnlre. 

Conclusions and Future Developments 
Emphasis in this article h a  been placed on the physical concepts 

and applications of TOF-SARS rather than on quantitative descrip- 
tions of the phenomena. Future csperimental developments uill 
include the use of large channel plates or hemispherical grids for 
spatial resolution of particles ejected through a large solid angle, 
L~cilitating rapid and direct collection of an entire scattering x ld  
recoiling stmcnlral map. Improvements in optics \vill provide 
narrower ion pulse \vidths, resulting in enhanced time resolution of 
the spectra. Development of the simulations will m,&e computer 

modelinn of  surface structures routine. TOF-SARS 1s nonr  \\,ell " 
established as a technique for s u h c e  strucnlral analysis that \ \ r i l l  

have a significant impact in areas as diverse as thin film growth, 
catalysis, H embrittlement and penetration of materials, surface 
reactlon dynamics, and analvsis of interfaces 
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