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An overview is given of the use of low energy ion scattering as a probe

of surface structure with emphasis on work done using alkali ions. Various

schemes for extracting structural information from the ion energy and angle

distributions are discussed in terms of advantages and disadvantages of each.

The scattering potential which is the primary non-structural parameter needed

for analysis, is discussed in terms of recent experimental results. The

structure of clean and reconstructed surfaces are discussed, with examples of

measurements of layer relaxations on the Mo(lll) surface and missing row

reconstructions on the Au(llO) and Pt(llO) surfaces. Studies of adsorbate

covered surfaces are presented with respect to location of the adsorbate and

its effect on the structure of the underlying substrate. Finally, examples

are given which demonstrate the sensitivity of ion scattering to surface

defects and disordering on reconstructed Au(llO) and Pt(llO) surfaces and

unreconstructed Mo(lll) surfaces, and to ordering of adsorbates on Mo(OOl).
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1. Introduction

One of the most fundamental questions of surface science is that of

structure. In the last decade, there has been increasing use of low energy

ion scattering as a probe of surface structure. Initial work was done with

noble gas ions, but occasionally foundered because of uncertainties about the

effects of neutralization on the analysis. Ion neutralization probabilities

for noble gas ions are found to be energy and angle dependent which leads to

distortions in the energy and angle distributions of the scattered ions, the

very information which is used for structure analysis. A method to circum-

vent the problems of neutralization is to employ an analysis and detection

scheme for neutrals or of all charge states simultaneously, which can be done

using time-of-flight techniques. Another approach is to use ions which have

lower neutralization probabilities at solid surfaces. Alkali ions have this

property at surfaces with high work functions. This approach is generally

easier to implement than time-of-flight techniques especially if variable

detection angles are desired. As a result of gradual recognition of these

conditions, increasing number of low energy ion scattering studies are done

using alkali metals as probe ions.

In this paper recent examples of the application of ion scattering to

the analysis of surface structure will be discussed. This is not a

cumulative review since many important contributions are not included and

many subjects which bear on structure analysis by ion scattering are not

discussed. Specifically, there is little discussion of computer simulation,

experimental techniques, neutralization, the use of recoils or of the

definition of the energy regime associated with "low energy" ions. Most

cases cited employ alkali ions, but some interesting cases where noble gas

ions or scattered neutral particles have been used are also included.



2. Schemes for determining surface structure

The information about surface structure available from an ion scattering

experiment is contained in angle and energy dependence of the scattered ion

intensity. The scattering intensity for a given ion from a particular

surface is a function of two incident angles and initial energy and the two

exit angles and final energy. The experiment consist of measuring this

intensity as a function of some number of these six parameters. Mapping the

intensity throughout the entire six-dimensional space is impractical and

probably unnecessary, so the interesting question is what is the best path

through this space to extract the desired information? Three different basic

approaches can be identified and have been tried, each with advantages and

disadvantages.

2.1 Incident angle dependence

The approach which is probably the most popular and successful, is to

measure the scattered intensity versus incident angle. The ultimate experi-

ment is to measure the ion scattering intensity as a function of both polar

(t[») and azimuthal (<f>) angles of incidence. An example of this is shewn in

Fig. 1. Such "panoramic photograms" give qualitative information regarding

shadowing and blocking, clearly observable as "holes" in the map. The

position and size of these holes can be calculated for a given surface

structure (indicated by the circles in Fig. 1) and compared with the

experimental map. This correlation gives a test of the proposed surface

structure and allows rapid interpretation of the gross features of the map.

For obtaining structural parameters such as layer spacing or interlayer

distances, however, more quantitative information is needed. In addition

usually the only important regions of the map are at the critical angles

corresponding to the edges of the shadowing or blocking circles. In view of



this, usually a cut through the photogram is taken, usually either by varying

ty at constant <f> or by varying $ at constant ij». Examples of such cuts are

shwWn in Fig. 2 for a different surface, that of Mo(lll). The critical

shadowing (blocking) angles are those where the intensity abruptly increases

(decreases). The details of how shadowing and blocking leads to abrupt

cut-offs and to enhancements are described many places {see for example Ref.

3). The critical angles are dependent upon the spacing between adjacent

atoms in the same or different layers. If the surface structure is not

known, comparison of the critical angles with those for postulated structural

models can allow a selection of the best structure.

A further question which arises is what is the best total scattering

angle (exit condition) to use when measuring incident angle dependence? Aono
A

and coworkers have argued that an ideal choice is to use large scattering

angle (ideally 180°) and invoke the impact collision approximation. The

advantages to this approach are that (1) the detected icns exit along a path

which approximates the incoming path so blocking by other atoms need not be

considered and (2) the impact parameter for the 180° scattering is zero which

simplifies the analysis. However, it is occasionally useful to make use of

blocking conditions to eliminate contributions from layers below the first or

second. In addition, since very large scattering angles are generally

inaccessible, it is necessary to work at scattering angles £145°. In some

cases the impact parameter for this scattering angle is sufficiently large to

cause non-negligible error. The conclusion is that there are advantages to

using a scattering angle chosen to selectively block scattering from deeper

layers and then to correct for the impact parameter which can be done easily

and accurately.



Finally, a general comment about using incident angle dependence is that

the technique currently relies heavily on simple shadow cone analysis of

chain-like scattering. It is difficult to calculate intensities or to

estimate the effects of "non-ideal" scattering such as out-of-plane ("zig-

zag") trajectories. Computer simulation is generally impractical since a set

of trajectories is required for each new incident angle.

2.2 Exit angle distributions

A less frequently used approach in low energy ion scattering is to map

the scattered ion intensity as a function of exit angle for fixed incident

conditions. The principle advantage of this technique is that the results

can be more easily tested by full three dimensional computer simulation,

since there is only a single incidence condition. The disadvantage is that

the experiment is generally more difficult to implement. In addition, the

total scattering angle is not constant so that the cingle scattering energy «

varies with exit angle. This approach has been tried using a wide angle

retarding field analyzer and results in experimental blocking images as shown
5in Fig. 3. The results show blocking features which can be simulated. A

drawback is that the RFA is a high pass energy filter so all energies above

the cut-off energy are detected whereas the ideal experiment would be to

measure only the ions with energy near the (changing) single scattering

energy. Apparently no such data have been obtained to date.

2.3 Exit energy distributions

A third approach is to make use of the energy distributions of the

scattered ions. Within certain energy and angle regimes the energy

distributions for heavy ions, especially alkali ions, exhibit pronounced

multiple scattering features. The energies and intensities of these features

depend strongly upon the structure of the surface and the scattering



conditions. Computer simulation can be compared with experimental distribu-

tions, which allows assignment of the observed multiple scattering features

to various scattering mechanisms. The effects of adsorption on the

multiple scattering features can be used to determine adsorbate atom
g

locations.

3. Scattering potentials

The major non-structural parameter which enters into analyzing ion

scattering data is the scattering potential. A functional form of the

scattering potential is needed for computer simulations, computing shadow

cone radii or calculating critical angles. The effects of other non-struc-

tural factors such as neutralization and inelastic losses can usually be

ignored with some qualifications. As such, considerable effort has been

invested in determining an accurate description of the scattering poten-

tial.12'13

In analyzing incident angle dependence it is usually the shadow cone

radius which is of interest rather than the form of the scattering potential

(which determines the shape of the shadow cone). Therefore, the approach

which is often used is to determine a shadow cone radius directly by experi-

ment. The usual method is to use the impact collision approximation (large

scattering angles) and measure the critical shadowing angle associated with

the shadowing of first layer atoms by other first layer atoms, i.e., the Sll

feature. This can be done for various azimuths on a surface where the

inter-atom spacings between first layer atoms are known. By simple geometry

the shadow cone radius is obtained at a few different distances behind the

shadowing atoms. The shadow cone radius can then be interpolated between

points either using a linear fit, which seems to be sufficient at large



distances, or by fitting to a shadow cone computed on the basis of an analyt-

ical form of the scattering potential. This approach has been effectively

exploited by Aono and co-workers and by Niehus and Comsa. ' Oen has

derived an analytical expression for the shadow cone radius based on a

Thomas-Fermi-Moliere scattering potential. It is frequently more convenient

to evaluate this expression than to compute the shadow cone radius directly

using a functional form of the scattering potential. There are9 however,

limits to the range of validity of Oen's expression so and it is not accurate

for heavy icns at low energies, e.g., K below about 1 keV on inost metals.

It is not essential to make use of the impact collision approximation.

An alternative method is to measure the critical angle associated with Sll

for a variety of total scattering angles, incident energies, azimuths and ion

types, and compare the data to calculations based on various possible forms

of the scattering potential. An example of this approach is shown in Fig,
13 +

4. The measured critical angles are shown for Li at three different

energies and the experimental values are compared with curves calculated for

a proposed form of the scattering potential. From comparison with results

from Li+, Na+ and K+ from Mo(OOl) it was found that the potential proposed by

Ziegler, Biersack, and Littnark (ZBL) gave good universal agreement,

although a Thomas-Fermi-Moliere (TFM) potential gave comparable agreement if

the screening length was adjusted properly.

Whether a shadow cone radius is obtained by using the impact approxima-

tion, or whether a form of the potential is fitted to data, both approaches

are essentially identical. The same type of experimental information (the

critical angles) is used, and in ooth cases a known surface structure is

employed. The advantage of obtaining a scattering potential rather than

simply a shadow cone radius, is that with the potential form it is possible
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to calculate critical angles for any scattering angle. This can be used to

advantage when a blocking condition is to be exploited as shown in Section

4.1 below.

The screened Coulomb potentials such as the ZSL or the TFM seem to be

reasonably good models at "sufficiently high" energies. Experiments indicate

that a pairwise form of the potential breaks down at low energies. An
19example of this was .shown by Tenner and co-workers who showed, in agreement

with Hulpke and Mamr" that for 35 eV K on H(110) it is necessary to include

a potential term which depends upon the coordinates at the surface and not

just on the distance between ion and scattering center. In this study, the

energy distributions were measured as a function of exit direction and were

found to be characterized by prominent multiple scattering features. By

varying parameters in the scattering potential, they were able to fit the

distributions with those obtained from computer simulation. A comparison of

simulated and experimental results is shown in Fig. 5. The obtained

potential unfortunately does not seem to be universal since it did not give

good agreement for incident energies below 25 eV or above 45 eV.

4. Structure of clean surfaces

Clean surfaces can bs subdivided i..cc two structural groups, those which

reconstruct and those which do not. Those which do not reconstruct generally

exhibit only layer spacing relaxations and it is of interest to measure the

magnitude and sign of these relaxations and the depth to which they occur.

Those which reconstruct are usually identified by extra order beams in the

low energy electron diffraction (LEED) pattern, and are characterized by

relaxations parallel to the surface, or by a change in surface corrugation,

symmetry or inter-atom spacings compared to the bulk termination. In these



cases it is of interest to determine the best model of the surface structure

and then to measure the associated structural parameters. Ion scattering has

been applied to both reconstructed and unreconstructed surfaces.

4.1 Unreconstructed surfaces

An example in which ion scattering has been used to measure layer

relaxations is on the Ho(lll) surface. The ?.pproach was to use the incident

angle dependence and accurately measure the onset of shadowing and blocking.

Data* some of which is shown in Fig. 2, were collected in two related

azimuths, the [121] and the [211], chosen to reduce out-of-plane scattering.

The incident angle dependence exhibited shadowing and blocking features all

of which could be explained on the basis of an unreconstructed surface

structure. Features were observed which correspond to shadowing of first,

second or third layer atoms by first layer atoms (Sll, S21 and S31

respectively) and to corresponding blocking features (B21 ard B31). The

variations in the position of the observed features with total scattering

angle confirmed their,assignment.

The critical angles associated with the shadowing and blocking features

were carefully measured as a function of total scattering angle for both

azimuths. Using the scattering potential previously determined for Li on

Mo, it was possible to calculate the critical angles as a function of layer

spacing, taking into account the impact parameter associated with the scat-

tering angle. A plot which demonstrates this correlation is shown in Fig. 6.

The simplicity of the analysis is apparent, since the layer spacing

ultimately is determined by reading it directly off the curve. From analysis

of various factors, it was concluded that the precision of the determined
o

first layer spacing was about ± 0.02 A.
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Coirplications do arise, however, in the fact that at some scattering

angles there are contributions from deeper layers which bias the determina-

tion. These were eliminated by choosing the proper scattering angle such

that scattering from the unwanted deeper layers is blocked, analogous to the

double alignment condition occasionally used in medium high energy ion

scattering. The necessity of eliminating the contributions from deeper

layers demonstrates that the condition of the impact collision approximation

(large total scattering angle) is not always ideal.

These results demonstrate the feasibility of measuring layer spacings.

A limitation is that in general it is probably not possible to measure much

below the first inter-layer spacing, at least by the simple analysis used in

this case. In the case of open surfaces such as Mo(lll), the determination

of a second inter-layer spacing is possible. Also, in this case it was

reasonably assumed that there were no relaxations parallel to the surface, an

essential condition for the method to work. In cases where there is evidence

for such relaxations the analysis becomes more complex.

4.2 Reconstructed surfaces

Two examples of the use of alkali ion scattering to study reconstructed

surfaces are the Au{110) and Pt(llO) surfaces. Both of these surfaces are

characterized by a (1x2) LEED pattern, which is explainable by a variety of

models. Ion scattering hap been used in both cases to show that the correct

model in both cases is the missing row model. In this model, every second

<110> row is absent, leading to wide troughs running in the <110> directions.

The Pt(llO) surface has been studied using the incident angle dependence

within the impact collision approximation. In the missing row model the

spacing between first layer atoms is increased along any azimuth which

crosses the missing rows. This leads to a decrease in the critical angle of
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the Sll feature in these azimuths, compared to that expected for the unrecon-

structed surface. In addition, in the [112] azimuth which also cuts across

the missing rows, a new critical edge is expected which arises from shadowing

of second layer atoms on one side of the trough by first layer atoms on the

other side. These effects are observed in the incident angle dependence for

Pt(llO) by comparison with the critical angles expected by calculations and

also by comparison with data from the Cu(llO) surface which does not recon-

struct. Unlike other models considered, the missing row model predicts all

the observed edges and, importantly, only the observed edges,

The Au(llO) surface has been studied both by using the incident angle

approach and by examining the multiple scattering features present in the

energy distribution obtained from K scattering. The clean reconstructed

Au(llO) surface exhibits a multiple scattering feature which has maximum

intensity in an azimuth about 27° from the [HO] azimuth. The feature is

unusual because of its very high intensity and in that it has a large

relative energy indicative of collisions with three or more atoms. This

multiple scattering feature is uniquely associated with the reconstruction.

The experimental distributions were compared with those obtained by computer
22simulation for various models. Of all models tried, only the model of

23Moritz and Wolf was able to reproduce the observed energy distributions and

the energy and intensity of the "reconstruction" peak as shown in Fig. 7.

This model features a missing row reconstruction with relaxations of both the

first and second layer Au atoms. The multiple scattering feature is

characteristic of an identifiable class of trajectories involving collisions
24with first and second layer atoms on both sides of the troughs.

Or

The Au(llO) surface has more recently been examined by analyzing the

incident angle dependence as was done for the Pt(llO) surface. This surface
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exhibited critical angles similar to those observed for Pt(llO) suggesting

again the missing row model. The consistency of all these results gives

further confidence in the conclusions.

5. Structure of adsorbate covered surfaces

There is widespread interest in the structure of adsorbate covered

surfaces, and in particular the adsorbate bonding site and whether the

adsorbate induces structural changes in the underlying substrate.

Increasingly, low energy ion scattering has been employed to study adsorption

of light atomic adsorbates, such as oxygen, carbon and hydrogen on metal and

semi-conductor surfaces as well as metal layers on semi-conductor surfaces.

There are probably no conclusive studies of molecular adsorption.

5.1 Surface and subsurface adsorption

An early idea in the use of ion scattering was to make use of the

extreme surface sensitivity of ion scattering to distinguish between species

adsorbed above or below the first layers of the substrate. This surface

sensitivity is enhanced in noble gas scattering by neutralization effects,

but the same capability is retained in alkali or neutral scattering. An

example is given in Fig. 8 where Li ion scattering spectra are shown for

Mo(lll) surface which has been exposed to ethylene near room temperature.

A strong C peak near the kinematical single scattering for Li on C is

observed following adsorption below 360 K. Upon annealing this surface to

temperatures above 650 K, the carbon peak disappears. The Auger electron

spectrum from this surface indicates that the carbon is still present within
o

the surface region probed by that technique (top 5-10 A ) , although there is a

peak shape change indicative of a change in the chemical state of the carbon.
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Evidently, the anneal is causing the surface carbon to penetrate below the

surface, into a carbidic state. This transition from a surface to a

sub-surface location is difficult to detect by other techniques. The

transition is also marked by a change in the incident angle dependence of the

Li scattering from the Mo substrate, which suggests a disordering of the Mo

surface when the carbon passes below the surface.

Even this type of qualitative information can be of great use in under-

standing changes in reactivities or physio-chemical properties of a surfaces.

A similar result for oxygen on Pt(lll) using He ion scattering conclusively
71distinguished between chemisorbed and oxide states.

5.2 Adsorbate induced reconstruction

In many cases the adsorption of surface species such as hydrogen or

oxygen results in structural changes in the substrate. Adsorbate induced

reconstructions may be indicated by the occurrence of intense extra features

in the LEED pattern, but proving that these features are not due to adsorbate

ordering can be difficult. Ion scattering can clarify this point, as it has

in the H/Pd(110) system.28

Clean Pd(llO) converts from a (lxl) to (1x2) LEED pattern upon

saturation hydrogen adsorption at 120 K. Two possible models which have been

proposed for reconstruction are the missing row model in analogy with Pt(llO)

and Au(110) (Section 4.2) and the paired row model. In the latter model

surface <ll0> rows each shift an amount, <5, toward one another to form pairs.

There are therefore two separate atomic spacings of a -26 and a+2<5 between

surface atoms in the [001] azimuth (a is the Pd lattice constant and is

equal to the spacing between first layer Pd atoms in the unreconstructed

surface). These two spacings should be observable in the incident dependence

measured in the [001] azimuth. The Sll feature observed on the (1x2) surface
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should be split into two edges, one with a critical angle slightly higher and

one slightly lower than for the (lxl) surface. Recent experiments done with
28scattered neutral Ne confirm this expectation. The incident angle

dependence in the [112] azimuth was also consistent with the paired row model

and differed significantly from the analogous dependence for the Pt(llO)

surface which exhibits a missing row type reconstruction.

These results, therefore establish not only that the surface is recon-

structed, but also distinguishes between hypothetical models. Other work has

proven a missing row reconstruction occurs on (2x1) 0/Ni(110) * and (2x1)

0/Cu(110).31'16

5.3 Adsorbate locations

In the case of H on Pd discussed above the effects of scattering from H

is ignored with justification. Light adsorbates such as H, C, N, and 0 have

scattering cross sections that are small compared to metal substrates. The

single scattering from the adsorbate atoms (if it is kinemetically possible)

usually is weak and varies little with incident angle and therefore provides

no information about bonding site. If the adsorbates are above the plane of

first layer substrate atoms, they can not be shadowed by the heavier metal

substrate e.toms. Since the adsorbates cast weak shadows (or none if the ion

is heavier than the adsorbate) the critical features they cause are weak. If

one monitors single scattering from substrate atoms, there is no direct way

to distinguish shadowing by the adsorbates from shadowing by other substrate

atoms. In cases where critical features attributed to shadowing by
32

adsorbates are observed, they are either very weak or are nearly coinci-

dental with critical features observed on the clean surface.

These factors make difficult the determination of adsorbate location

using incident angle dependence. In spite of this there are cases where
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adsorbate atom locations have been determined. Using multiple scattering

features in the energy distributions it was determined that 0, C and S atoms
9 33adsorb at four-fold hollows on Mo(OOl). ' Fig. 9 shows energy

distributions obtained in the [110] azimuth for a clean and oxygen covered

Mo(001) surface. The K energy distribution from the clean surface exhibits

a strong double scattering peak which is efficiently blocked by adsorbates on

the four-fold site as shown schematically in Fig. 9. The adsorbate

efficiently absorbs energy by momentum transfer; slowing and/or scattering

ions in trajectories which would have lead to double scattering in the

absence of the adsorbate. The changes observed in the energy distributions

in other azimuths are consistent with adsorption at the four-fold site.

A particularly interesting case is that of a study of oxygen on stepped

Cu(410). An incident angle was chosen parallel to the surface terraces

(effectively i|»=0°). Using this unusual scattering condition the location of

oxygen atoms at step hollows was determined fairly precisely.

6. Structural order, disorder and defects

Any technique which exhibits sensitivity to structure at crystalline

surfaces will have some degree of sensitivity to ordering or structural

defects. These are subjects of interest to many surface scientists, and have

been studied by other structure sensitive techniques, especially LEED which

is inherently sensitive to long range ordering in either substrate, adsorbate

or in surface defects. The sensitivity of low energy ion scattering for

probing surface defects or short range ordering has been pointed out in

several papers.



16

6.1 Defects on clean surfaces

The sensitivity of ion scattering to surface defects was noted in very
or og

early studies with noble gas ions. ' In these and most subsequent

studies the defects were the result of sputter damage caused either by

the analyzing ion beam or by a beam used in cleaning the surface. The usual

experiments were to monitor some feature in the ion scattering as a function

of ion dose or during continuous bombardment as a function of annealing

temperature. •

The most commonly observed feature in the ion scattering which provides

information about defect concentration is the intensity at large scattering

angles for either grazing incident or grazing exit angles. Under these

conditions the single scattering intensity is theoretically zero for a

perfect non-vibrating surface because shadowing on incidence or blocking on

exit. However, surface vacancies or steps which result from ion beam damage

or from equilibrium disorder provide imperfections that result in measurable

single scattering intensity. A down-step contributes to scattering at

grazing exit angles, an up-step contributes at grazing incidence, while a

surface vacancy can contribute to both scattering conditions. Ordered

defects such as missing rows in certain types of reconstructions and

thermally or adsorbate induced defects such as facets also result in

scattering at angles below the critical cut-off angles for the corresponding

ideal surfaces.

In alkali ion scattering, defects can change the overall shape of the

critical cut-offs both by decreasing the enhancement due to flux peaking and

increasing the intensity from within the shadowing or blocking cones. An

example of this has been reported for Li scattering from Cu(llO). After

initial cleaning procedures the surface showed a sharp p(lxl) LEED pattern
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but had a weak surface peak (Sll) in the incident angle dependence.

Continued cycles of sputtering and annealing gradually sharpened the incident

angle dependence with no qualitative improvement in the LEED pattern. The

conclusion is that the ion scattering is a sensitive (although as yet

unquantified) test of the quality of a single crystal surface.

Another example of this phenomena is observed for a Mo(lll) surface

where the perfection of the surface was measured as a function of annealing

temperature. The incident angle dependence along the [2113 azimuth is

similar to that shown in Fig. 2 in that the critical angle for the Sll

feature occurs between 10-12° for 1 keV Li , depending upon scattering angle.

For e=70°, the intensity is maximum at an incident angle of about 10° and

drops off sharply at lower angles because all atoms of the ideal surface are

shadowed from scattering into the detector. The ratio of the intensity at

the peak to that from within the shadow cone, for example at 4° lower angle,

was used as an arbitrary measure of the perfection of the surface. This

ratio increases with decreasing surface defects. The dependence of this

ratio on annealing temperature is shown in Fig. 10.

In these experiments the Mo(lll) was sputtered with 1 keV Ar , incident

at about 30° with a total flux of about 3x10" ions/cm at temperatures

between 300-400 K. The damage induced by this sputtering was evident in the

incident angle dependence as a low value for the intensity ratio. The ratio

was then measured following 10 s anneals at successively higher temperatures.

Following each anneal the crystal was cooled back down to below 550 K before

measuring the ratio to assure that the thermal broadening of the edge would

always be the same. It is seen in Fig. 10 that at temperatures above 800 K

the surface mobility becomes sufficient that sputter defects begin to anneal
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away. This process occurs rapidly at 1100 K. The interesting point is that

at temperatures higher than 1100 K, the ratio decreases.

The decrease in the ratio above 1100 K is due to both a decrease in the

peak intensity and increase in the low angle intensity. Using AES it was

determined that impurities were not the cause of the ratio decrease at high

temperatures. A similar effect, though not as pronounced, was also observed

in the [110] azimuth. The ratio was also measured as a function of duration

of the anneal. It was found that for an anneal at 1100 K the ratio reached a

maximum intensity within about 10 s and decreased with longer anneals. For

anneals at 1000 K, the ratio reached a maximum value after about 100 s, and

then decreased with longer annealing.

These experiments are consistent with two competing processes, one the

annealing of sputter damage and the other the growth of thermally induced

defects. Thermal faceting is known to occur in W and other bcc metals, and

the (111) face is not the most stable crystal face. This face is known to

facet readily in the presence of adsorbates. LEED studies have been

unsuccessful at obtaining evidence for thermal faceting either on Mo(lli) or

on W(lll) * and in the present case no readily visible change in the

p(lxl) LEED pattern occurred between 1100 K and 1500 K. It is possible that

the ion scattering is sensitive to formation of random small "microfacets" of

(211) and (110) orientation. Although the number of such defects apparently

increases with increasing annealing temperature, they do not grow large

enough to be detectable by LEED. With further ion scattering experiments it

may be possible to determine the structure of the defects, determine their

size and number, and possibly to follow the kinetics of their formation.
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6.2 Order-disorder on clean reconstructed surfaces

The effects of ordering on ion scattering has been seen in the case of

Pt(llO) and Au(llO) surfaces which exhibit missing row type of surface

reconstruction (Section 4.2). The missing row model explains the (1x2) LEED

pattern resulting from the ordering of the missing rows. With increasing

temperatures, increasing numbers of defects in the periodicity of the missing

rows occur.

Niehus and Comsa * measured the intensity of single scattering of Na

ions from Pt(llO) at grazing angles smaller than the first critical angle

(Sll) where scattering occurs only from defects. They found nearly uniform

intensity due to defects when the plane of scattering cut across the missing

rows, but a very low intensity along the [llO] azimuth, i.e., along the

missing rows. These results are consistent with defects in the long range

ordering of the missing rows, but a high degree of ordering along the [HO]

chains.

It is particularly interesting to study this sort of ordering versus

temperature and this has been done for the Au(llO) surface. The occurrence

of the missing rows is manifested in K ion scattering as a characteristic

multiple scattering feature as discussed in Section 4.2. The intensity of

the multiple scattering feature was monitored as a function of temperature as

shown in Fig. 11. The Au(llO) surface undergoes a phase transition from

(1x2) to (lxl) at about 700 K. The phase transition is fairly sharp and
45readily observable with LEED. The ion scattering by contrast shows no

indication of an abrupt change near the transition temperature. Recent

measurements of features in the incident angle dependence also generally show

a temperature dependence but no abrupt change at the transition
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temperature. This paradox is resolved by considering that the (1x2) to

(lxl) phase transition is an order-disorder transition in which the ordering

in the missing rows is destroyed. The missing rows however are still present

above the transition temperatures and it is these short range defects that

ara observed in the ion scattering. This example illustrates the difference

between the long ranqe ordering sensed by LEEO and the short range inherent

in the ion scattering process.

6.3 Adsorbate ordering

Effects due to ordering in atomic overlayars are not widely reported in

ion scattering but in some cases they are observable. An example of this was

found for C and N adsorbate overlayers on the Mo(OOl) surface. Scattering

of \C ions along the [100] azimuth of the clean surface is dominated by

scattering from second layer atoms which is enhanced by the focusing effect

of the first layer Ho atoms. If a half monolayer of adsorbate atoms are

ordered on four-fold hollows of the Mo(100) as shown in Fig. 12, an

additional focusing by the adsorbate atoms can result in a further

enhancement of the ion scattering intensity. Under the incident conditions

shown in Fig. 12, both the adsorbate atoms and the first layer Mo atoms

divert ions flux onto the second layer Mo atoms. Under the proper exit

conditions (total scattering angle) further flux peaking occurs due to a

second adsorbate atom. All these factors lead to an enhancement of the

observed (single) scattering from second layer Mo atoms. The focusing

mechanism is predicted to depend upon the ordering of the overlayer since the

enhancement is dependent upon the configuration shown in Fig. 12. The

experimentally measured intensity depended upon incident angle, adsorbate

coverage and ordering (as determined independently by LEED) in a way which is

consistent with the above interpretation. It is seen that the ion scattering
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is sensitive to a short range ordered configuration spanning about four

lattice constants. Scattering conditions favorable for observing other such

ordered systems could possibly be found and used to study short range

ordering as a function of temperature or adsorbate coverage.

7. Summary and conclusions

The preceding has been an effort to illustrate through recent examples

the current capabilities of low energy alkali ion scattering as a probe of

surface structure. It is possible to roughly determine spacings and

orientations between surface atoms as a function of bulk crystal orientation.

This has proven to be sufficient to distinguish between different structural

models of reconstructed surfaces. For unreconstructed surfaces it is

possible to obtain first layer spacings with fairly high precision, although

deeper layer spacings have rot yet been accurately determined. Surfaces with

adsorbates are difficult, but it is possible in some cases to distinguish

between different adsorbate sites. The general problem of solving the

structure of adsorbate-covered surfaces with adsorbate-induced substrate

reconstructions, although clarified in some cases, is still a challenge.
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Figure Captions

Fig. 1. Single scattering inensity is shown as a function of incident

azimuthal and polar angle, <f> and \\>. The darkest regions correspond

to the highest intensity. [From Ref. 1]

Fig. 2. The single scattering intensity is shown as function of incident

polar incident angle, ,̂ for one particular azimuth. Each curve

corresponds to a different total scattering angle. Shadowing and

blocking features are labeled S and B, respectively. (From Ref.

23.

Fig. 3. The intensity of backscattered ions with energies greater than 0.3

E. are shown as a function of azimuthal and polar exit angles. The

lightest regions correspond to the highest intensity. The dark

regions are due to blocking and show the crystal four-fold symmetry

about the surface normal direction (labeled A ) . This blocking

image was obtained for 20 keV Li incident on Cu(OOl). [From Ref.

5]

Fig. 4. Experimentally measured .critical angles are shown as a function of

total laboratory angle for three different Li ion incident

energies. The curves give the values computed for a ZBL potential.

Fig. 5. Experimental (left) and simulated (right) scattered ion energy

distributions are shown as a function of polar exit angle, measured

from the surface normal. The results are shown for four different

exit azimuths. The ions are incident along the surface normal.
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Fig. 6. The calculated S21 critical angles are shown (curves) as a function

of contraction of the first inter-layer spacing for various total

scattering angles, 6, and for two different azimuths. The

experimentally measured critical angles at each e and azimuth are

shown as points. The data from the [l2l] azimuth and for the [211]

azimuth at 9 = 65° and 70° yield 612 = -0.18 ± 0.02. The data for

e > 80 in the [211] azimuth are adversely biased by contributions

from deeper layers or the effects of a blocking edge.

Fig. 7. Experimental K energy distributions (curves) are compared with

those computed (histograms) assuming a missing row surface

structure suggested by Moritz and Wolf. [From Ref. 22]

Fig. 8. The Li ion scattering spectrum is shown for a Mo(lll) surface

following adsorption of ethylene. Ethylene was adsorbed at

temperatures below 360 K and followed by an anneal to the indicated

temperatures.

Fig. 9. Scattered K ion energy distributions are shown for a clean (a) and

oxygen-covered (b) Mo(001) surface. The trajectories responsible

for the peaks in the energy distributions are shown schematically.

On a clean surface, single and double collision-type events are

observed. When oxygen is present, only ions which scatter from a

single Mo atom are observed. Those which would have been double

scattered are blocked by oxygen atoms which either deflect them or

cause significant energy loss.
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Fig. 10. The ratio of the intensity at the maximum of the Sll feature to

that of a 4° smaller incident angle is shown vs annealing

temperature of the clean Mo(lll) surface.

Fig. 11. The intensity of the multiple scattering feature, In^, is plotted

against surface temperature. To reduce thermal effects, intensity

is normalized to the single scattering intensity, I Q S, measured at

the same temperature and scattering conditions. (From Ref. 21]

Fig. 12. Two views are shown of ion trajectories on a Mo(001) surface with a

1/2 monolayer of oxygen atoms (large circles) located in every

other four-fold hollow.
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