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This review critically compiles all surface structures derived from low-energy electron
diffraction (LEED) crystallography reported in the refereed literature prior to January
1986. Over 250 investigations have been analyzed covering all types of surfaces including
clean and adsorbate-covered metal, semiconductor and other nonmetallic substrates. Par-
ticular attention is paid to developing and applying objective criteria that allow an estima-
tion of the reliability of a particular structural determination. The important experimental
and theoretical aspects of such investigations have been extracted into easily understood
tabular form supplemented by many figures and ancillary tables and complete references.
It is hoped that this compilation will provide a valuable resource both for the surface
science specialist and for those nonspecialists in other areas who need surface crystallo-

graphic data.
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1. Introduction
1.1. Background

In recent years there has been a trend towards an in-
creasing sophistication of research methods in fields as di-
verse as catalyst research, microelectronics, metallurgy, and
tribology. Many of the most dramatic advances in these
areas have come from the development of microscopic the-
ories of behavior resulting from the application of the meth-
ods and results of fundamental surface science studies.

The most basic information that we must acquire in
order to understand the surface characteristics of materials
is a detailed description of the geometrical arrangement of
atoms in a surface or adsorbed layer. Only when we know the
structure of the surface that we are dealing with can we em-
bark on an exploration of, for instance, its electronic proper-
ties. Such surface crystallographic data forms the corner-
stone upon which we can build the fundamental
relationships between structure and properties.

The premier technique for the determination of such
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surface structures over the last decade has been low-energy
electron diffraction (LEED)."> LEED patterns, which
only reveal the symmetry of the surface, and not the arrange-
ment of atoms within the surface unit cell, have been report-
ed frequently in the literature. However, it was only after the
development of new theoretical tools and more powerful
computers that it became possible to extract structural infor-
mation from the intensities of the diffracted beams on a rou-
tine basis.

From its beginnings in the early 1970s, LEED crystal-
lography has grown steadily in both the number of structural
determinations (well over 250 at the time of writing), and in
the complexity of the systems studied. As Fig. 1 shows, stud-
ies of complex reconstructed surfaces of metals, semicon-
ductors and alloys, and molecular adsorption systems are
becoming increasingly frequent. These types of systems re-
quire more accurate and faster data collection methods, and
often approximate theoretical approaches that allow us to
reduce the possible number of model structures.

Although other surface sensitive techniques are con-
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FIG. 1. Growth of LEED crystallographic determinations 1970-1985.

stantly being developed,® in terms of the existing database
LEED has provided more surface structures than all the oth-
er methods combined.

As we shall see, there are many aspects of the LEED
experiment, both practical and computational, that affect
the confidence level of the result. Unfortunately, unlike x-
ray diffraction, the experimental data cannot be directly in-
verted to yield a unique solution, and one must rely on trial
and error search procedures to find the best fit between ex-
perimental data and postulated models of the surface struc-
ture. Furthermore, there is as yet little agreement within the
LEED community as to the best way to compare theory and
experiment.

The literature contains several reviews, of varying de-
grees of completeness, listing the surface structures derived
from LEED measurements known at the time.*'® Nearly all
these compilations, however, are lists of structures with little
attempt to assess the reliability of the result. A notable ex-
ception to this generalization is a 1978 publication by Jona'®
which details some of the difficulties of this type of work, and
attempts some critical examination of published data. This
paper is limited in the amount of discussion possible due to
its brevity and tutorial nature and, of course, in the eight
years since its publication many new structures have been
announced.

The present critical compilation summarizes a large
amount of literature in an easily accessible and condensed
form. It provides a survey of surface structural results de-
rived from LEED data that has been critically examined,
based upon objective criteria, as to the accuracy and internal
consistency of the quoted results. It is hoped that this survey
will be a valuable resource not only for specialists in LEED

and other areas of surface science, but also for workers in
other disciplines that need surface structural data to under-
stand and extend their work, but lack the expertise to evalu-
ate the complex and interrelating factors that contribute to
the reliability of a structure quoted in the literature.

1.2. Scope and Organization

This review critically evaluates surface structures de-
termined by LEED crystallography reported in the refereed
literature since the inception of modern investigations,
roughly 1970, until January 1986. Articles published in un-
refereed conference proceedings or society bulletins are not
included. Investigations that reported LEED patterns but
made no intensity measurements, and hence cannot yield
definite structural information, are not considered. The only
exceptions to this latter rule are for certain complex semi-
conductor surfaces where full-scale LEED investigations
are not practical and semiquantitative intensity measure-
ments have value.

The main part of the review (Sec. 4) is divided into four
parts: A. Clean surfaces of metals and alloys; B. Adsorbate-
covered metal surfaces; C. Nonmetallic clean surfaces; and
D. Nonmetal/adsorbate systems.

The bulk of the information is presented in the form of
large tables, showing the most important experimental and
theoretical parameter values and a brief description of the
results of the study. This division allows a rather natural
separation such that no one Table becomes too unwieldy and
difficult to use. Part C covers nonmetallic elements, insula-
tors such as binary metal oxides, and simple and compound
semiconductors. Each part also has a number of accompany-
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ing notes, figures, and ancillary tables. These serve to am-
plify and clarify the brief descriptions given in the main ta-
bles.

For those readers who are not well versed in the prac-
tice of LEED crystallography, a brief review precedes the
main body of text. Readers not familiar with the fundamen-
tals of LEED are referred to standard texts."?

2. LEED Crystallography

A proper critical evaluation of a LEED crystallograph-
ic study involves a consideration of many different factors,
which may have complex interrelationships, that can affect
our confidence in the reported result. In order to best appre-
ciate the origins and effects of these influences, we will brief-
ly review the method of LEED crystallography in order to
illustrate the sort of difficulties that may arise. Many more
detailed reviews exist for the interested reader.!>*>1%11

Determining a surface structure by LEED crystallogra-
phy proceeds naturally in three stages: measurement, calcu-
lation, and comparison. Each of these stages has associated
with it certain problems that may affect the reliability of the
result and may involve judgements that may be open to more
than one interpretation.

2.1. The LEED Experiment

The LEED experiment is, at first glance, a rather simple
procedure. A beam of low-energy electrons, typically 25—
250 eV in energy, is directed from an electron gun onto the
surface of interest. Only those electrons that are elastically
reflected are allowed by a set of retarding grids to be dis-
played, most usually on a fluorescent screen. The difficulty
in the experiment arises in the process of preparing the sur-
face, choosing the experimental conditions and recording
the data.

The first goal of any surface science experiment is to
prepare the surface under consideration in the required
form. The single-crystal sample is usually cut from a rod or
boule, oriented and polished using standard metallographic
methods, and mounted on a manipulator. With care the ori-
entation of the polished crystal should be within 1°, or less, of
the desired plane. Few workers, however, explicitly state
that they check that the x-ray face, as found from a back-
reflection Laué photograph, is parallel to the polished opti-
cal face. This can be easily done using a small He—Ne align-
ment laser."”

The damage introduced during the cutting and polish-
ing processes is usually removed by cleaning the surface to
below some acceptable level of contamination, using ther-
mal, chemical, or ion-bombardment techniques. Chemi-
sorbed structures can then be obtained by adsorption.
Analytical techniques such as Auger electron spectroscopy
(AES) or x-ray photoelectron spectroscopy (XPS)'® can
reveal adatom concentrations at the level of a few percent of
a monolayer coverage and are indispensible adjuncts to the
LEED experiment. For the purposes of LEED crystallogra-
phy, however, the surface must be well crystallized in addi-
tion to being clean. In the absence of any well-defined quan-
titative measure of surface crystallinity, workers generally
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rely on a visual judgement of a low background coupled with
small, sharp diffraction spots to indicate a well-crystallized
surface.

The diffracted LEED beams are usually displayed on
the fluorescent screen of a typical postacceleration LEED
optics. Measurement of the display can be done in several
ways using the following:

(1) a Faraday cup; little used now because of its slow
and cumbersome nature, but it has the advantage of measur-
ing absolute intensities;

(2) aspot-photometer; has similar problems to the Far-
aday cup;

(3) photographs digitized by a densitometer,'® or T.V.
camera®®?!; care is needed for accurate film response;

(4) direct recording by a T.V. camera®** or a resistive
anode coupled to a microchannel plate**; very fast and easily
linked to computer supervision.

It is very important that the method of data collection
should be suitable to the problem under study. Increased
speed of data collection is increasingly becoming an impor-
tant goal, especially for the study of reactive and electron
beam sensitive adsorbate systems where the LEED data
must be collected within a short time period before the integ-
rity of the system is lost. Once collected, the data should be
normalized to constant incident beam current and be back-
ground subtracted.

2.2. Calculation of Diffracted Beam Intensities

The analysis of a surface structure is a trial and error
process involving a comparison of beam intensities calculat-
ed for a particular postulated surface model with those
found experimentally. Attempts to find a data inversion pro-
cedure that will result in a unique structural solution have
not met with great success.”>>® Accordingly then, one con-
structs a model that is consistent with the symmetry and
periodicity of the observed LEED pattern. Usually, Occam’s
Razor is applied and the initial models chosen are those in
which atoms occupy positions found in the bulk structure or
other high-symmetry environments. In cases where the posi-
tions of the atoms in the subsurface layers are not unique, or
reconstructions occur, then the situation is not so straight-
forward.

The nonstructural parameters that go into the theory of
low-energy electron scattering—phase shifts, inner poten-
tial, absorption, and Debye—Waller factors, also need to be
calculated or estimated. Phase shifts can be calculated easily
for a given potential, although the precise form of the poten-
tial that should be used is not always clear. Standard band-
structure potentials have been tabulated for most ele-
ments.?’ Fortunately, the sensitivity of the calculated
diffracted intensities to the values of the other nonstructural
parameters is not very high, and in practice, frequently only
the inner potential is included as a fitting variable.

Several computational schemes exist to find the energy
dependence of the intensities of diffracted LEED electrons.
The reader is referred to the many extensive reviews avail-
able.»>>!! Comparisons of the different major methods
show that they are in satisfactory agreement.*

Table 1 lists those schemes in common use. In the main
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TABLE 1. Schemes for the calculation of theoretical LEED beam intensities

TABLE 2. Reliability (R-) factors developed for LEED crystallography

Basic Examples R-factor Type Authors Reference
scheme in Tables Reference
VHT Several Van Hove, Tong, Elconin 46
Exact KKR 1,31 R, X ray Duke et al. 47
CHANGE 32 VAl Complex Zanazzi and Jona 48
THIN 33 P Log. deriv. Pendry 49
IS 34 A x-ray Adams et al. 50
' MI 35,36 R2 Metric dist. Phillip and Rundgren 51
Approximate RFS 1,11,37 R2
LD 1,11,37 M Other metrics Phillip and Rundgren 51
RSP 38
CSM 39
BSN 40
) . Qsb 41
Kinematical EII\FrA 1,2 tion of the degree of fit between theory and experiment.*+-?
o1 ﬁ These are listed in Table 2. While these factors go some way

BSN—beam set neglect
CHANGE/THIN—IBM program suite
CMTA—constant momentum transfer averaging
CSM—combined space method
CT-—convolution-transform
IS—inelastic scattering
KIN—kinematical theory
KKR—Korringa—Kohn-Rostoker
LD—1layer doubling

MI—matrix inversion
RFS—renormalized forward scattering
RSP—reverse scattering perturbation
QSD—quasidynamical method

they can be grouped into types based on kinematics, exact,
and approximate approaches. The kinematical methods
have the virtue of simplicity but are only suitable for certain
limited situations where a single-scattering approach is justi-
fied. The use of exact band structure methods have been
largely restricted to the IBM group. The approximate meth-
ods, most commonly seen in the CAVLEED and Van Hove-
Tong (VHT) embodiments, are popular because of their
speed and flexibility. Special precautions, such as the com-
bined-space method (CSM), allow them to be used in situa-
tions involving closely spaced atomic layers. The accuracy of
these methods does depend upon the choice of certain condi-
tions, such as the number of beams allowed to propagate
through the lattice, and must be borne in mind when assess-
ing such calculations. Some approximate methods have been
developed [e.g., quasidynamical method (QSD) and beam
set neglect (BSN)] to deal with complex adsorbates and
large unit cells.

2.3. Evaluation of Structural Models

Once the experimental data has been collected and the
corresponding calculations completed, it remains to decide
which model best fits the measured data. In the early days of
the technique, visual comparison was the norm. While the
eye has excellent sensitivity for distinguishing small details
between a pair of calculated and observed curves, it is very
difficult to assess the cumulative fit of many such pairs and it
can be hard to obtain agreement between different judges.

Several workers have attempted to construct reliability,
or R-factors that can provide a more quantitative descrip-

to providing a reliable indicator of the quality of fit, they all
suffer from one or more shortcomings—in that they overem-
phasize or ignore certain features of the data—such that
there is no agreed standard among workers in the field. Ina
rather thorough analysis of the operation of ten different R-
factors, including the popular ones due to Zanazzi and
Jona*® and Pendry,* Van Hove and Koestner®> showed
that none alone was really satisfactory. They showed that
probably the best course is to apply several different R-fac-
tors, which may be picked for their tendency to emphasize
certain aspects of the data, to the same data set and look for
trends of agreement between the various factors.

Despite this rather unsatisfactory state of affairs, it is
clear that use of such quantitative measures does allow for a
consistent evaluation of competing structural models and of
comparison of results from one laboratory to another. There
is little doubt that this is the way of the future and that there
will not only be improvements in the design of R-factors
themselves, but that predictor methods will be developed
that will allow us to find the global minimum R-factor, cor-
responding to the best-fit structure, with a minimum of com-
putational effort and maximum confidence.”

3. Evaluation Criteria

The methodology for critically evaluating LEED crys-
tallographic data will focus principally on the most critical
areas of the technique, the collection of data and comparison
of theory with experiment. With a few exceptions, most
workers have used tested and reliable computational
schemes, hence the exact method of calculation is not oftena
strong determinant of reliability.

Given the many diverse components that go into a com-
plete LEED crystallographic study, and the many factors
that can influence the reliability of a given result, it is diffi-
cult to come up with some simple numerical index that
would signify a “good” or “bad” structure. The most realis-
tic solution to providing a confidence level for a given result
is to draw up a list of criteria which would define a very
reliable study. In some instances such a criterion might in-
deed be numerical—a contamination level in percent of a
monolayer, or the number of independent beams used in a
comparison of theory and experiment. In other instances we
might be able to give a yes/no answer to questions like Is a
reliability factor used ?. Sometimes it may only be possible to
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reveal unquantifiable misgivings about some aspect of the
procedures—for instance doubts as to a careful avoidance of
disturbing effects such as electron beam damage.
Therefore, we will now examine the criteria to be used
in assessing the reliability of the experimental and model
evaluation procedures before attempting a synthesis of these
various factors into a confidence level for a given result.

3.1. Experimental Aspects

The preparation of the surface under study and collec-
tion of diffraction data are such a fundamental part of the
LEED experiment that it is incumbent upon us to make a
critical examination of the described procedures. As the me-
tallographic techniques for preparing a polished crystal slice
of a particular orientation are standard procedures, we as-
sume that the sample is oriented to within 1°, unless the auth-
ors note otherwise.

3.1.a. Criteria for Effective Surface Preparation

(1) Is AES, XPS or other surface analytical technique
used to monitor surface cleanliness, and/or adsorption?

(2) Is the contamination level below 5% of a mono-
layer? Are actual spectra shown, or, e.g., Auger peak ratios
noted, to backup this value?

(3) Is the surface highly crystalline? Are photographs
of LEED patterns provided?

To be fully assured of adequate surface preparation we
should be able to give an affirmative answer to all these ques-
tions. In fairness, however, it would be sufficient for an au-
thor to refer to a previous paper in which these details have
been covered.

3.1.b. Criteria for Reliable Data Collection

(1) Is the method of data collection suitable for the
system under study?

(2) Are contaminant buildup, electron beam effects,
etc., seen to be avoided?

(3) Has identical data been obtained from more than
one sample?

In reviewing both data collection and cleaning proce-
dures, it is somewhat difficult to know how to weight any
deficiencies found in these areas in the context of the whole
study. How much effect would a certain level of contamina-
tion have on the observed data and derived structure? How
much electron-stimulated desorption can we tolerate before
the results are invalidated? These questions are difficult to
answer with any degree of assurance and hence, while we
should record misgivings, it is unlikely that any but the most
major shortcomings could seriously compromise a struc-
tural result. It is particularly reassuring to find that closely
similar sets of experimental data have been measured from
more than one separately prepared sample.

3.2. Criteria for Comparison of Theory
with Experiment
Itis in the area of the comparison of the LEED intensi-
ties predicted from a model surface with experimental obser-
vations that we come to the criteria that, perhaps, might
most clearly distinguish between various studies. The major-
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ity of recent work uses reliable calculations and good experi-
mental practice, yet frequently there are noticeable varia-
tions in the amount, and the characteristics of the data used
for comparison with theory. In order to assess how varia-
tions of this nature affect our reliance in the derived result,
we shall present more criteria and then some arguments in
justification. These are the following:

(1) A numerical reliability factor or index used.

(2) Data taken for at least two angles of incidence.

(3) At each angle at least five distinct experimental
beams used for comparison, including a high percentage of
nonintegral beams, if present.

(4) Only beams with at least an energy range of 40 eV
and having some structure included in the analysis.

(5) Atleast one beam at each angle should have a beam
index greater than 1.

(6) The inner potential should be varied systematically
in combination with structural parameters.

(7) Several surface structural models should be exam-
ined, possibly including changes in more than one interlayer
spacing, registry shifts and, in molecular systems, adsorbate
stoichiometry.

(8) Any estimated error should be consistent with the
demonstrated procedures.

Let us review these criteria in some detail; they are
based upon the author’s own experience and the work of
Jona'® and Van Hove and Koestner.’? First, it is clearly
preferable to have the work of comparing many sets of ex-
perimental and theoretical data done in an objective and
consistent manner by computer. The lack of agreement
between LEED workers as to what constitutes a good reli-
ability factor means that it is difficult to find many studies
that use exactly the same index. Hence it is not usually possi-
ble to use R-factor values to distinguish between differing
results found by different groups. However, R-factors do
have a very important role to play in finding an internally
consistent best-fit structure for a particular set of experimen-
tal data.

Regardless of the form of any factor, or factors, used,
there will be some sort of linkage between the total amount
of data compared and the reliance that we can place on the
answer having the best fit. Criteria 2-4 above attempt to
define the minimum amount of data that is needed in to
reach a reasonable confidence level in a structure determina-
tion. These criteria are arbitrary but are based on the results
of personal experience and conform with published ideas."

Many studies rely heavily on data taken at normal inci-
dence. Using such data is convenient computationally, be-
cause of the savings in time and storage possible due to sym-
metry. However, the number of independent sets of data that
can be extracted from normal incidence data is far smaller
than that at some arbitrary angle because many beams are
made identical to one another by these same symmetry ele-
ments. Thus, in order to obtain a sufficiently large data set, it
is really necessary to take data, at the least, at two angles of
incidence.

However, this criterion must be used with some care as
occasions arise where the surface structure is too complex
for full-blown dynamical LEED calculations except under
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conditions of optimal symmetry. In such cases there is little
point in recording data at off-normal incidence.

We use a lower limit of ten distinct beams as represent-
ing a criterion for a reasonable dataset. In the cases where
fractional-order beams exist from, e.g., an overlayer, a high
proportion, such as half, of the measured data should be
such beams. This will ensure that the analysis reflects prop-
erties of the overlayer, and not primarily the substrate,
which may be the case if predominantly integral-order data
is analyzed. Furthermore, it is obvious, but bears restating,
that there is little point in analyzing beams that are of ex-
tremely short range, or possess little in the way of structural
features that can be matched to theory.

In criterion 5, we take account of the fact that higher
order beams are generally more difficult to match during a
structure analysis.!® Hence, this criterion suggests that at
least one beam at a given angle should be from beyond the
first shell in reciprocal space.

The sixth criterion is to check that the fit between the-
ory and experiment is not distorted by an improper treat-
ment of the inner potential. As this nonstructural parameter
is unknown a priori, it is generally estimated as the sum of the
Fermi energy plus the work function. To a good approxima-
tion, the effect of varying this parameter upon intensity-en-
ergy curves is to produce a rigid shift of the energy scale.
Hence, the elaborate LEED calculations need not be repeat-
ed for different values of the inner potential, but the effect
can be simulated during comparison of theory and experi-
ment by translating the intensity-energy curve along the en-
ergy axis.

The problem that frequently arises is that changes in
this nonstructural parameter, and changes in a structural
quantity, such as a bond length, are coupled together. Thus
the value of the structural parameter producing the best fit
between the observed and calculated data may change if the
value of the inner potential is altered. What is more, this
change may vary in unpredictable ways between different
beams. Thus it is important that this parameter is varied over
a wide range of values during the comparison stage of analy-
sis. Contour plots having the inner potential as the y axis, the
structural parameter as the x axis, and the degree of fit, as
measured by an R-factor, as the contour, work very well for
this purpose.®

Criterion 7 is intended to address the difficult problem
of deciding when enough different structural models have
been tested to give us confidence that we are not resting in
some local minimum of the parameter space, but are truly at
the global minimum of the system. In the simpler systems we
have some guides. For example, for a FCC(100) surface that
shows a (1 1) LEED pattern, experience has shown that it
is unlikely, but possible, that the surface is reconstructed.
Even in such simple systems, complications such as varia-
tions of the interlayer spacings of the second or deeper layers
deserve to be tested. The more complex the system under
study, the more structural models that need to be tried, par-
ticularly in molecular adsorbate systems in which we may
not be sure of the stoichiometry. Once again, we cannot, in
reality, assign any hard and fast numbers to this criterion. Its
role will be essentially a negative one; in cases where, for

instance, only a very small number of models were tested, it
would have an impact in the total estimation of the reliability
of the determination.

An eighth possible criterion refers to the error limits on
their results quoted by some authors; thus a bond length may
be reported as being within 0.1 A of a certain value. This
value may result from the step used in the variation of a
structural parameter such as a layer spacing or bond length,
or may be derived from an interpolation of a grid of R-factor
results. Here this criterion will again be used in a negative
sense; that is, it will be noted if the quoted error does not
appear to be consistent with the data and procedures de-
scribed in the paper.

3.3. Overall Assessment of Reliability—a Caveat

Having enunciated several criteria for estimating the
degree of confidence we find in a particular structure deter-
mination, it remains to try to find a way to wrap all these
different factors into one overall assessment of the confi-
dence level of the structure. As discussed earlier, this is very
difficult to do because of the varied nature of the different
criteria and the lack of a numerical basis for distinguishing
conflicting results.

Accordingly, as detailed below, this critical compila-
tion presents the reader with a rather complete picture of a
study in a very condensed form in a series of tables. Each
tableis arranged so as to allow the reader to easily and quick-
ly find a structure. Furthermore each table is accompanied
by a large number of explanatory notes, figures, and ancil-
lary tables. Thus, at a glance, the reader will be able to tell to
what extent this study- has fulfilled the criteria laid out
above.

Cognizant of the difficulties already alluded to in for-
mulating an overall level of confidence in a study, the review-
er has attempted an objective synthesis of the many factors
contributing to the reliability of a LEED analysis. This over-
all rating system ranks as follows.

A—the large majority of the criteria listed above were
met.

B—most of the criteria were met but the study has some
shortcomings that lessen its reliability.

C—a number of serious omissions or deficiencies suffi-
cient to cast doubt on the reliability of the study.

The user of this compilation should be wary of taking
these ratings as more than a guide. It is possible that the
structures produced by some studies rated as C may well be
correct. Our experience and knowledge of related systems,
or corroborating evidence from other techniques, may lessen
the need for, for instance, a large database in some investiga-
tions. What the rating in such a case shows is that this partic-
ular study does not meet the criteria laid down above. These
criteria are intended as a generally applicable set that allow
us to assess the methodology of the experiment, not the accu-
racy of the final result.

It is equally possible that some studies that fulfill all the
criteria necessary for an A rating in this compilation may not
derive the correct surface structure. This is a particular
problem in LEED investigations where trial and error
searches for the best-fit structure are the order of the day. An
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A-rated study may have been superbly performed, but sim-
ply have not covered a sufficiently large fraction of the vol-
ume of model parameter space to discover the structure that
lies at the global minimum.
4. Surface Structure Compilations
4.1. Organization of the Tables

The Summary Tables A-D (Tables 3, 8, 13, and 20) are
organized so that a particular structure can be readily found.
Within each Table the entries are arranged with the follow-
ing priorities:

(1) alphabetically by substrate;

(2) numerically by the surface plane Miller indices, i.e.
(100) before (110) before (111);

(3) alphabetically by adsorbate, when present;

(4) size of the unit cell,i.e. (1X 1) before (2X 1) before
(2% 2). [Here, we arbitrarily assign p(2 X 2) higher priority
than ¢(2X2).]; and

(5) chronologically by date of publication.

When an entry contains a dash, this indicates that this
information was not specified. A query indicates that the
value of the parameter in question was discussed but not
clearly defined.

To avoid confusion, the references for each Table are
arranged immediately following and are labeled by the iden-
tification letter of the Table. Hence the tenth reference for
Table 8 (Summary Table B) would be referred to in the text
as B10. The general references for the review are separately
gathered together at the end of the review in Sec. 6, and do
not carry any identifying letter.

As some structures are too complex to be easily sum-
marized in a table, the reader is then directed from the main
tables to an associated set of explanatory notes, figures, and
ancillary tables.

Below are listed explanations of some of the symbols
used as table headings and abbreviations that may be en-
countered in the body of the tables.

Number of samples: (S)

The number of experimental samples from which data
was taken.
Crystallinity: (Crys.)

The degree of surface crystallinity reported as high
(H), moderate (M), or low (L). When photographs are
reproduced then P appears in parentheses.

Analytical method: (Anal. method or Anal. meth.)

AES—Anuger electron spectroscopy.

EELS—Electron energy loss spectroscopy.

XPS—X-ray photoelectron spectroscopy.

When spectra are reproduced then S appears in parentheses.
Contamination level: (Contamn. level or Cont. level)

The reported level of surface contamination in percent
of a monolayer. Low indicates an unspecified “clean” state.
Data collection: (Data coll.)

F—Faraday cup; SP—spot photometer; P-MD—pho-
tographic/microdensitometer; P-TV—photographic/TV;
and TV—direct TV.

Number of angles: (Angs.)

The number of angles of incidence at which data was

taken.
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Normal (Off norm. ):

The number of beams measured at normal (off-nor-
mal) incidence, first integral, then fractional-order beams.
In parentheses the number of beams measured with an index
> 1.

Range:

The total number of beams used with an energy range
>40eV.
Calculation: (Calc.)

Some of the less common methods are listed below.
Others are listed in Table 1 and discussed in Sec. 2.2.

CAVLEED = Cavendish Laboratory Suite.

DLEED = diffuse LEED.**

SPLEED = spin-polarized LEED.**

VHT = Van Hove/Tong Suite."'

Number of models: (Mods.)

The number of models explored. Here, we take one
model to be distinguished from another by an atomic ar-
rangement in which something other than a vertical inter-
layer separation has changed. As interlayer separations are
trivial to vary, it makes little sense to count structures that
differ only by a small change in such a spacing as a “‘model.”
R-factor:

See Sec. 2.3 and Table 2.

Inner potential: (Vor)

The value of the best fit, or assumed, inner potential in
electron volts. A notation of E-dep indicates an energy de-
pendent inner potential was used.

Overall rating: (Rating)

A—C as described above.
Adsorption site: (Ads. site)

See Sec. 4.3.b and Fig. 7.

4-F = fourfold coordinate site, e.g., FCC(100).

3-F(1) = threefold coordinate site with an atom direct-
ly below in the next layer, e.g., FCC(111).

3-F(2) = threefold coordinate site with no atom di-
rectly below in the next layer, e.g.,, FCC(111).

2-F(S) = twofold coordinate short-bridge site, e.g.,
FCC(110).

2-F(L) = twofold coordinate long-bridge site, e.g.,
FCC(110).

1-F = onefold coordinate site.

Bulk interlayer spacing: (Bulk d)

The value of the inner layer spacing in the bulk materi-
al (;\).

Overlayer spacing: (d0)

The value of the distance of an overlayer from the sub-
strate in the normal direction (A). Error in parentheses
where given.

Interlayer spacings: (5di%)

The value of the vertical interlayer spacing beween the
first and second layers, etc., expressed in terms of percentage
changes from the bulk value. A notation of (*) for this entry
indicates that the bulk value was assumed. Error in paren-
theses where given.

Bond lengths:

Values of bond lengths in angstroms with the identity of

the atoms in the bond. Error in parentheses where given.
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4.2.c. Notes—Clean metal surfaces

Clean metal surfaces were the earliest types of system to
be studied by LEED crystallography and interest persists to
the present day. Most studies have focused on the low-index
faces of the face-centered cubic (FCC) metals. The body-
centered cubic (BCC) materials W, Fe, and Mo have also
received attention while only a few surfaces, almost exclu-
sively the basal (0001) planes, of the hexagonal close-
packed (HCP) metals have been studied.

Figure 2 shows the arrangement of surface atoms for
some ideal low-index planes of these three systems. Here the

) heplO0O!)

th fec (10)

) bee (100)

top and bottom parts of each panel show top and side views,
respectively. Thin-lined atoms lie behind the plane of thick-
lined atoms. Dotted lines represent atoms in bulk positions;
displacements are shown by arrows. While many metal sur-
faces closely resemble a truncated bulk lattice, some surfaces
exhibit reconstructions that can involve vertical and lateral
displacements of atoms from their bulk positions.

Table 3 (Summary Table A) reveals that sometimes a
wide range of results and reliability ratings appear for the
same surface. This is largely a result of the various investiga-
tions occurring over a time period of up to 15 yr. Some early
studies appeared before many of the critical factors affecting
the reliability of LEED experiments were understood. Nev-
ertheless, later studies with more data and assisted by R-
factors have often shown that the original studies were in
essence correct. This is particularly in the case of simple
surfaces like A1(100) where later studies refined, but did not
alter the sense of, the older results.

In the case of the complex reconstructions of the (100)
and (110) surfaces of Au, Ir, and Pt, it is only relatively
recently that approximate LEED theory and the collection
of large experimental databases have enabled investigators
to at least narrow down the range of possible surface struc-
tures.

) fcc (100)

(¢) bce (1O}

(h) fcc (31

Q! bec(iin

Fi1G. 2. Schematic diagram of the ideal structures of some simple low-index surfaces of metals. In each panel the top and
bottom parts are top and side views, respectively (from Ref. 13). Reprinted with the permission of Springer [G. A.
Somorjai and M. A. Van Hove, Adsorbed Monolayers on Surfaces (Springer, Berlin, 1981), Figs. 6.1 and 6.2].
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TABLE 4. Structural parameters derived for metal surfaces exhibiting multilayer relaxations

Surface Bulk d (A)® 8dy, (%) 8dy; (%) 6d;s (%) 8dys (%) Reference
FCC
Cu(100) d, = 1.808 —1.14+04 +1.74+0.6 A35
Al(110) d, = 1.432 — 844038 +50+1.0 —164 1.1 +02+1.1 Al5,A17
—~85+10 +50+1.1 422413 + 1.6 Al6
Cu(110) d, =1.278 — 85406 +2.3+0.8 — 09409 -084+09 A38
—-9.1 +2.3 A37
Ni(110) d, =1.246 — 87+0.5 +3.0+09 —-05+4+0.7 AT71
— 844038 +31+10 A68
—-~98+1.8 +38+1.8 A69
Al(311) d, =1.221 —133+10 +88+1.5 A20
d, =2.158 0
Ni(311) d, = 1.063 - 159+ 1.0 +414+15 — 16+ 16 AT72
d, = 1.878 - 0.8+1.9 —~ 14419 —~05+32
BCC
Fe(100) d, =1.433 -5 +2 +5 +2 A45
Ta(100) d, =1.652 —11 +1 A90
V(100) d, =1.519 —67+15 +10+13 A92
Fe(210) d, =0.641 —22.0+4+4.7 —11.1+4.7 +17.0+ 4.7 +4.8+47 A48
d, =1.923 +71+16 + 14426 0.0+2.6 +4.04+2.6
Fe(211) d, =1.170 — 1044 2.6 +54426 —13+34 A49
d, = 1.655 — 145118 +22+18
Fe(310) d, =0.906 —16.1+33 + 126+ 3.3 —40+44 A50
d, =1.813 +72+28 + 16428

“x axes are located along the following directions: FCC(311)-(233), BCC(210)-{120), BCC(211)-(111), BCC(310)-{130).

4.2.c.1. Aimost Ideal Low-Index Surfaces

The (100) and (111) surfaces of FCC metals and the
BCC(110) and HCP(0001) surfaces have high-density
close-packed arrays of atoms. With only a few exceptions,
such surfaces do not reconstruct, or their topmost interlayer
spacing alter by no more than 5% of the bulk value, usually
in the form of a contraction. The accuracy of the modern
determinations is usually within 1% to 2% of an interlayer
spacing. R-factors are in general use, but some authors still
use short databases that limit the reliability of their results.

u.92) 192) .92) (192)  {BULK)
200 192 198 206  EXP.

%s O34 %23 %
EXP  (BULK)

/.\(-\ 050 (0641)

[
<t 12
(\ﬂa N7 1 9 037 e
e

dyy 075 (0641
dan 061 (0641

(ZIO)]

<210>

{100} siwe view oF re {210}

[[X 11} tan  (suLk)
4.2.c.2. Multilayer Relaxed Low-Index Surfaces '-:; '-: Expr
The more open FCC(110) and BCC(100) surfaces of 30>
sevc?ral'l metals ha‘ve.been found to gxhibit damped oscilla.tory i \ /f \ or e
variations of their interlayer spacings extending sometimes 30 . % 07 (0306
up to four layers into the interior of the crystal. Such investi- o 1 0%
gations require a careful approach in order to detect such » % OO to%08)
small structural changes. In particular, they require large

amount of reproducible data, and careful attention to the
details of optimization of nonstructural parameters and scat-
tering potentials. A summary of results for such surfaces can
be found in Table 4.

4.2.c.3. Relaxed High-Index Surfaces

High-index surfaces offer more possibilities for the re-
laxation of atoms away from their bulk positions. In the FCC
metals only the (311) surfaces of A1,Ni and Cu have had
their structures determined. The studies for A1*?° and Ni*"
are high-reliability investigations which showed a strong
multilayer relaxation. In the Cu case,*** the authors did not
explore this possibility.

Jona et al.A**2% studied a range of less-symmetrical
high-index faces of Fe using R-factors and a large database.
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{100} SIDE VIEW OF Fe {310}

.05

123

F1G. 3. Schematic diagram of the relaxed structures of (a) Fe(210), (b)
Fe(211), and (¢) Fe(310). (from Refs. A48-A50). Reprinted with
the permission of AIP [Phys. Rev. B 31, 1929 (1985)—Fig. 5; J.
Phys. C 17, 371 (1984)—Fig. 5; Phys. Rev. B 29, 5402 (1984)—
Fig. 5].
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y ¢{001]

z2[110]

4,078

FI1G. 4. Schematic diagram of the missing-row model of the (2 1) recon-
structed (110) surface of Au, Ir, Pd, and Pt (from Ref. A24). Re-
printed with the permission of North~Holland [Surf. Sci. 163, L655
(1985)—Fig. 1].

They found parallel and perpendicular relaxations, down to
the fifth layer, of up to 22% for Fe(210) (although this
surface has a small bulk interlayer spacing of 0.641 A). The
structures of Fe(210), (211), and (310) are shown in Fig. 3
and details of the structural parameters in Table 4.

4.2.c.4. Reconstructed Surfaces

A. Ay, Ir, Pd, and Pt(110)

All three of these surfaces exhibit a (2 X 1) reconstruc-
tion that is thought to involve a “missing row” of atoms in
the [ — 110] direction in the surface leading to a doubling of
the unit cell in the [001] direction as shown in Fig. 4. The Au
surface structure seems to be the best established*** with a
large contraction of the first layer, a lateral pairing displace-
ment of the second layer and a buckling of the third layer
(see Table 5). The Ir study 3 found the missing row model
with a similarly large contraction of the first layer spacing to
produce a slightly better fit than a row-pairing or buckled
surface model. The Pd~7¢ and Pt*"® investigations could not
resolve conflicting model structures satisfactorily, but tend-
ed to favor missing-row arrangements. In some cases, e.g.,
Pd(110) these types of reconstructions only occur in the
presence of small amount of alkali adsorbate.

B. Ir and Pt(100)
There have been two studies of the (5X 1) reconstruc-

TABLE 5. Structural parameters for the (2X 1) reconstructed (110) surfaces of Au, Ir, and Pt. (Parameters are defined in Fig. 4. Distances are in A with

percentage changes relative to bulk values in parentheses.)

d, d, 8z, M, Reference
Au(110) 1.15 1.35 0.23 0.07 A24
(—20%) (+2%) (+2%)
Ir(110) 1.16 AS5S
(—15%)
Pt(110) 1.7 1.38 0.05 A78
(+23)
fcc ¢100) : buckl!ed hexagonal top layer

tvo-bridge

top/center

FIG. 5. Schematic diagram of the hexagonal model for the reconstructed (100) surfaces of Ir and Pt
(from Ref. AS53). Reprinted with the permission of North-Holland [Surf. Sci. 127, 347
(1983)—Fig. 9].
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TABLE 6. Structural parameters for the hexagonal model of the reconstruct-
ed ( 100) surfaces of Ir and Pt (Parameters are defined in Fig. 5. Distances
are in A with percentage changes relative to bulk values in parentheses.)

d, &d Reference
Ir(1X5) 20 0.48 AS3
(+10%)
Pt(141/—15) 2.0 0.5 AS2
(—9%)

tion of Ir using large datasets.*"*°2 The preferred structure
has a buckled top layer that is quasihexagonally closepacked
and involves bridge sites resting on a bulk lattice, as shown in
Fig. 5. The Pt(100) surface shows a complex LEED pattern
indexed as (14 1/ — 1 5). Van Hove et al.*>? carried out a
simplified analysis for this complicated system and found
reasonable agreement for a similar contracted hexagonal
top-layer structure with less buckling, but rotated by about
0.7°. Further details are provided in Table 6.

C. W(100)

The normal (1< 1) W(100) surface undergoes a tran-
sition to a reconstructed c(2X2) form below 300 K. Two
studies using rather small databases®!°*#1% and, in one case
R-factors,*!** have found good agreement with a model in
which lateral displacements of atoms in the [110] direction
form a zig-zag row structure, together with a contraction of
the first layer spacing by 6%. This model, which has p2 mg
symmetry, is shown in Fig. 6.

4.2.c.4. Alloy Surfaces

Only four alloy surfaces involving (Ni,Al) and
(Pt,Ni) appear in the LEED crystallographic litera-

FIG. 6. Schematic diagram of the W (100) c(2X2) reconstructed surface
structure (from Ref. A104). Reprinted with the permission of Per-
gamon [Solid State Commun. 25, 375 (1978)—Fig. 1].

tureA!1%-A112 - Ap interesting aspect of these studies is the
ability of LEED to not only yield structural information but
to also allow a direct estimation of the relative composition
of each layer to which the technique is sensitive (Table 7).
We can contrast this to the compositional information pro-
duced by, for instance, AES which is averaged over the sam-
pling depth of the electrons and must be subjected to decon-
volution procedures in order to extract layer-by-layer
compositions.

TABLE 7. Composition of the surface layers of some alloys determined by LEED

Theoretical Experimental
composition composition
Alloy A B A B
AB, Layer (%) (%) (%) (%) Reference
NiAl(100) 1,2 50 50 50 50 All10
Ni; A1(110) 1 50 50 50 50 Alll
or 100 0
2 50 50 100 0
or 100 0
PiNi(111) 1 50 50 88 12 All2
2 50 50 9 91
3 50 50 65 35
Pt Ni, (111) 1 78 22 99 1 Al12
(x =0.78, 2 78 22 30 70
y=1022) 3 78 22 87 13

J. Phys. Chem. Ref. Data, Vol. 16, No. 4, 1987
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4.3.c. Notes for Adsorbate-Covered Metal Surfaces

There have been a wide variety of LEED studies of spe-
cies adsorbed on clean metal surfaces. The reliability of in-
vestigations varies quite widely, from modern R-factor as-
sisted studies with a large database to older work relying on
visually fitting only a few diffraction beams. Most adsor-
bates studied adsorb as atomic species in high-symmetry co-
ordination sites on the surface, sometimes resulting in recon-
struction of the metal surface itself, or incorporation as an
underlayer. Molecular adsorbate studies are less numerous,
being confined to CO and simple hydrocarbons adsorbed
primarily on Group VIII metals.

4.3.c.1. Atomic Adsorption on High-Symmetry Sites

In the main, atomic species adsorbed on low-index sur-
faces have been found to occupy the high-symmetry sites

(0) fcc(111), hep{OO01): hollow site

shown in Fig. 7. In this figure adsorbate atoms are drawn
shaded, while dotted lines represent clean surface atomic
positions and arrows show atomic displacements due to ad-
sorption. These adsorption sites are expressed in Table 8
(Summary Table B) as x-F, meaning x-fold coordinate, con-
sidering only the first shell of nearest neighbors. In some
cases, alternate sites of the same coordination are distin-
guished by the presence or absence of an atom directly below
in the next atomic layer, e.g., 3-F(1) and 3-F(2) sites on an
FCC(111) surface, or by the arrangement of metal atoms
making up thesite, e.g., 2-F(S) and 2-F(L)—short and long
2-F bridge sites on an FCC(110) surface.

4.3.c.2. Adsorption-Induced Surface Reconstruction

Changes in the geometry of substrate atoms due to ad-
sorption fall into three classes: alteration, usually removal,
of a reconstruction or relaxation pre-existing on the clean
surface, underlayer formation, or the formation of a new
reconstruction of the metal atoms.

®L %
Ao

(b) bee(110): 3-fold site

(¢c) tec(100): holiow site

{d) bcc (100): hollow site

(¢) fcc(110): center long-and -short
bridge sites
FIG. 7. Schematic diagram (top and side views) of high-symmetry adsorption sites on low-index surfaces of metals (from Ref. 13). Reprinted with the
permission of Springer [G. A. Somorjai and M. A. Van Hove, Adsorbed Monolayers on Surfaces (Springer, Berlin, 1981), Figs. 6.1 and 6.2].

(f) hep (OOO01): underiayer
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TABLE 9. Relaxations of metal first interlayer spacings upon adsorption [ Expressed as percentage changes (8d, ) from the bulk value.]

éd, (%) 6d; (%)
clean after ad-

Metal surface Adsorbate sorption Reference
Co(100) —4 c(2x2) -0 0 B17
Cu(100) 0 c(2x2) —Cl +25 B19
Fe(100) —1 (Ix1)-0 +175 B31
Mo(100) —10 c(2%2) —S Oto —5 B39

- 11 (1X1)—Si Oto —5 B30

Ni(100) 0 p(2x2)—-C + 8.5 B41
Ni(110) —84 c(2x2) -8 + 10 B69
W(100) -6 ¢(2X2) —CON 0 B91
—5t0 -7 p(1x1) —2H -2 B92

A. Alteration of a reconstruction or relaxation

The removal of a clean surface reconstruction upon ad-
sorption is quite common. Typical examples include the re-
moval of the (1X5) reconstructions (see Table 3) of
Ir(100) and Pt(100) by the adsorption of O,5%¢ and Cs,B"*
resBpgictively, and the (2X2) W(100) reconstruction by
0.

Those metals that show significant relaxations of their
surface layers (see Table 3) also often have those relaxations
changed by adsorption. They are summarized in Table 9.
Most often the substrate atoms tend to revert to a structure
more closely resembling that of the bulk, although in at least
one case, that of Ni(110) c(2x2)-S,B% the multilayer re-
laxation observed on the clean surface appears to change
sign and increases in magnitude upon adsorption.

B. Formation of a new reconstruction

There are a few well-documented cases of structural
determinations which reveal that adsorbates can induce a
reconstruction of a metallic substrate. In the cases of
Fe(110) p(2Xx2)-SP** and Ni(100) (2x2)-C (p4g),B* al-

FiG. 8. Model of the Fe(110) (2X2)-S structure: (a) the unreconstructed
surface and (b) the reconstructed surface (from Ref. B34). Re-
printed with the permission of AIP [Phys. Rev. Lett. 46, 731
(1981)—Fig. 1].
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though the adsorbate atoms reside in the expected fourfold
hollow sites, they induce a 2 X2 reconstruction which en-
larges that hollow by contracting other hollows.

In the Fe case, adsorption of a 1/4 monolayer of S
atoms leads to a lengthening of the two shorter bonds and a
decrease in the two longer bonds to its surrounding atoms
until the displaced atoms jam (as fixed by bulk hard-sphere
radii) as shown in Fig. 8. The (2X2) structure on the
Ni(100) surface is produced by a 1/2 monolayer of C and
here parallel displacements of Ni atoms stop short of jam-
ming (Fig. 9), but do lower the symmetry from p4m to pdg
as is observed experimentally.

Another high-quality LEED study showed that the
(1x2) LEED pattern seen after hydrogen adsorption on
Ni(110)B¢ could not be solved satisfactorily, but that a
missing-row construction of the type seen for Ir(110) (see
Table 3) with H atoms adsorbed in the missing row gave an
encouraging fit. A study of O on Cu(100)®* that used a
small dataset and did not use R-factors suggested that the O
atoms are incorporated in a coplanar Cu-O surface layer.

C. Underlayer formation

The LEED literature contains four quite reliable stud-
ies that provide instances of adsorbate species on metals that
penetrate below the topmost layer of metal atoms to form an
underlayer. The derived structural parameters are given in
Table 10. In the Al/O,B** Ti/N,%® and Zr/OP® systems,
adsorbate atoms occupy octahedral interstitial holes in the

FIG. 9. Model of the reconstructed surface of the Ni(100) (2X2)-C system

(from Ref. B43). Reprinted with the permission of North-Holland
[Surf. Sci. 87, 357 (1979)—Fig. 4].
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TABLE 10. Structural parameters for metal-adsorbate systems showing underlayer formation [The distance of the adsorbate atom from the topmost metal
layer (d, ), the metal surface interlayer separation (d, ) and the metal-adsorbate bond-length are given in A. The change of the metal interlayer spacing (8d, )

is expressed in % of the bulk value. }

Underlayer d, &d, dM—-X)
System site (A) (A) (%) (1°\) Reference
Al(111) (1X1)—=-0O 0, -0.3 1.99 —15 B15
Ta(100) (1X3)—-0O Ty —1.55 3.05 -5 2.0 B87
Ti(0001) (1X1)—N O, —1.22 2.44 4.6 2.09 B90
Zr(0001) (2x2)-0 0,° — 137 2.74 6.6 2.31 B96

2Reconstructed Ta surface.
®Zr surface layers FCC rather than HCP.

lattice, illustrated for Ti/N in Fig. 10. However, in the Zr/O
case, a structure in which the uppermost layers of Zr had
rearranged to an FCC structure produced a better fit with
experiment. The structure derived for Ta(100) (1X3)-
OP# featured O atoms in underlayer quasitetrahedral holes
with a reconstructed surface layer of buckied chains of Ta
atoms with a lateral contraction of the Ta-Ta distance (Fig.
11).

4.3.c.3. Molecular Adsorbates

A.CO

Reliable LEED structure determinations have been
carried out for CO adsorption on a few surfaces of mainly
Group VIII metals. After some debate in the Ni(100) case,
it now seems to be generally accepted that CO bonds perpen-

F1G. 10. Model of the Ti(0001) (13X 1)-N structure (from Ref. B90). Re-
printed with the permission of North-Hoiland [Surf. Sci. 60, 445
(1976)—Fig. 12].

dicularly to the surface through the C atom, usually in a 1-F
configuration. Structural details are given in Table 11.

The most complex system is that studied by Van Hove
et al ¥ in which 3/4 monolayer coverage of CO on the
Rh(111) surface involves one bridge and two near-top sites,
Fig. 12. In this figure the large circles represent Rh atoms
with dotted ones being outside the plane of the paper. Small
dotted circles represent C and O atoms satisfying an hexag-
onal overlayer of 3/4 coverage, while small full circles repre-
sent optimum positions. In this structure the near-top site is
asymmetrical, yielding a bent Rh—C-O species. The near-
top molecules are forced sideways by about 0.53 A duetothe
bridge-bonded molecules 2.85 A away.

B. Hydrocarbons

A few structures of hydrocarbons adsorbed on Group
VIII metals have been performed. The most reliable of these
extremely difficult and time-consuming studies are probably
the recent work on Pt(111) and Rh(111) from Van Hove et
al B76B80.B81 The C,-C, olefins and acetylene all appear to
bond to these two surfaces similarly,?® in that the olefin de-
hydrogenates to form an alkyne species bonded perpendicu-
larly above a 3-F(2) site on the FCC surface with strong
metal-carbon bonding as evidenced by the short bond
lengths (see Table 12). The best characterized is ethylidyne
shown in Fig. 13.

On Ni(111) acetylene is thought to bond parallel to the
surface over a bridge site,””® while on Ni(100) it is thought
to be bonded at a tilt angle of 50° over the same site.?*
However, these latter studies are of lower reliability.

A single study of benzene adsorption on Rh(111),

B81

0 (010}
@6’@0" Tyt
(100} nl:.d_,“
N NN, N

FIG. 11. Model of the (1X3)-O structure on Ta(100) (from Ref. B87).
Reprinted with the permission of North-Holland [Surf. Sci. 152,
409 (1985)—Fig. 7).

J. Phys. Chem. Ref. Data, Vol. 16, No. 4, 1987
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TABLE 11. Structural parameters for CO molecularly adsorbed on various metal surfaces [In all cases the CO is thought to be bonded perpendicularly
through the C atom. The separation of the overlayer C atom from the topmost metal layer (d, ), and the metal-carbon and carbon-oxygen bond length are in

(A). In all cases the substrate was assumed to be unaffected.]

Metal Adsorption d, d(M-C) d(C-0)
surface Structure site (;\) (A) (A) Ref.
Cu(100) c(2X2) 1—F 1.90 1.90 1.13 B20
Ni(100) c(2X2) 1—-F 1.72 1.72 1.13 B46-49
Pd(100) c(2v2 X v2)R45 2—-F 1.36 1.93 1.15 B72
Rh(111) V3Ixv3))R30 1—-F 1.95 1.95 1.07 B82
(2X2)-3CO 1—-F 1.94 1.94 1.15 B83
2—F 1.52 2.03 1.15
Ru(0001) (v3xV3)R30 1-F 2.00 2.00 1.10 B86

FI1G. 12. Schematic diagram of the Rh(111) (2X2)-3CO surface structure showing projections onto the
surface plane (bottom) and onto a mirror plane of the structure (top) (from Ref. B83). Reprint-
ed with the permission of North-Holland [Surf. Sci. 129, 482 (1983)—Fig. 1].

J. Phys. Chem. Ref. Data, Vol. 16, No. 4, 1987
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TABLE 12. Structural parameters for hydrocarbons adsorbed on various metal surfaces [ The metal-carbon and carbon-carbon bond lengths are in (A) and
the angle of tilt of the C-C axis () in degrees. Figures in square parentheses indicate direction of molecule or tilt. In all cases the substrate was assumed to be
unaffected. ]

System Adsorption d(M'—C) d(C:C) [
site (A) (A) (deg) Reference
Ni(100)c(2X2)CH, 4-F 2.20 1.20 50 B4
[o11]
Ni(111)p(2X2)C, H, 2-F 2.10 1.50 0 B70
[11-2]
Pt(111) (2X2)C,H, 3.F(2) 2.00 1.50 90 B77
(ethylidyne) C, H,
Rh(111)(2Xx2)C,H, 3-F(2) 2.03 1.45 90 B80
(ethylidyne)
Rh(111)(31/31)C¢H, 3-F(2) 2.35 1.25 0 B81
1.60

yielded a structure in which the benzene molecules lie flat
over the 3-F(2) site with a possible planar ring distortion R ) 2t
and alternating C-C bond lengths (see Table 12 and Fig. S Nt = t -

. . . / \ 3 3 kY
14). The large size of the unit cell necessitated an approach { | || ) i 1 !
using approximate LEED theory which nevertheless seems NN TN TN T T T

i/ Y Y Y t \ Y

to give impressive results.

hep
holiow
31
Rh (-7 3) C
fce {111} + CoH4 (ethyhdyne) 13'C6Me

FIG. 13. Proposed structure for the (2X2) ethylidyne structure on FIG. 14. Proposed structure for benzene adsorbed on Rh(1 11) shoyvixllg in-

Rh(111) (Ref. B80). Reprinted with the permission of North— plane distortion (from Ref. B81). Reprinted with the permission of

Holland [Surf. Sci. 121, 321 (1982)—Fig. 6]. AIP [Phys. Rev. Lett. 51, 778 (1983)—Fig. 11.
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4.4.c. Notes on Clean Nonmetallic Surfaces

LEED studies in this class have concentrated, not su-
prisingly, upon semiconductor substrates, particularly Si
and the III-V and IV-VI compound semiconductors, to-
gether with a few studies of binary oxides.

4.4.c.1. Si and Ge(100)

The cleaved Si(100) surface exhibits a (2X1) LEED
pattern indicative of a reconstruction. Adsorption of hydro-
genresultsina (1< 1) pattern that has been shown to be due
to an essentially truncated bulk structure.*' The (2X1)
reconstruction has been the subject of a number of stu-
dies.©*>*! The latest and most reliable studies in terms of
the size of the database and the use of R-factors are those of
Yang et al.°*° and Holland et al.°®' A schematic of this
surface is shown in Fig. 15 and the values of the structural
parameters from these two studies listed in Table 14. The
two structures share many similarities; both involve asym-
metric dimers, where atoms such as Si,; and Si,, come clos-
er together, with strains extending several layers into the
material. The principle difference is that in the model of Hol-
land et al.°*' the dimers lie along the x axis, while the Yang
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FiG. 15. Schematic diagram of the asymmetric dimer geometry of the
(2% 1) structure of Si(100). (a) projection of the 2 X 1 unit cell
on {110} plane of bulk Si (a, = 7.68 A, a, = 5.44 &) (b) Projec-
tion of the 2X1 unit cell on the {001} plane of bulk Si (a, = 3.84
A) (from Ref. 58). Reprinted with the permission of North-Hol-
land [Surf. Sci. 140, L269 (1984)—Fig. 1].

et al. model©*® has buckled dimers which have equal and
opposite nonzero y displacements. Holland et al.®>! claim
that a buckled dimer model does not fit with ion-scattering
data.

Ge(100) may have a similar structure.*'

TABLE 14. Atomic geometry of the Si(100) (2X 1) structure [Parameters
are defined in Fig. 15. (From Ref. C51).]

Holland et al.® Yang et al.®
Atom 5x &y oz 5x Sy bz
Siy 0.500 0 0250  0.650 —0300  0.045
Si, —090 O 0614 —0750 0300  0.445
Siy, 0094 O 0.022 0.060 —0.100 0.136
Siy, —-0.105 O —0.055 —0.102 0.100 0.136
Siy, —0016 O 0.146 0 0 0.208
Si;, —-0002 O - 0.131 0 0 —0.152
Siay 0026 0 0112 0 0 0.100
Si, —00%2 0 —0100 0 0 —0.100
*Reference C51.
®Reference C50.
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FIG. 16. Schematic diagram of the buckled 7-bonded chain model for the
(2% 1) structure of Si(111) showing a side view (Ref. C63). Re-
printed with the permission of AIP [Phys. Rev. B 30, 2257
(1984)—Fig. 1].

A.Si(111)

The Si(111) surface cleaved in vacuum shows a (2X 1)
LEED pattern that evolves to a (7X7) structure after an-
nealing. The surface relaxes to a (1X1) structure if
quenched at high temperatures, stabilized by Te or laser an-
nealed. All these structures have been the subject of intense
investigation.

The (1X 1) and (7 X7) structures show experimental
and presumably structural similarities, which have lead
some authors©>® to doubt that the (1X 1) structureis simply
bulklike as earlier thought.<*>->*

Many models involving buckling,
1ar®®? and 7-bonded chains,“> and conjugated chains
have been proposed to account for the (2 X 1) LEED pattern
observed from cleaved Si(111). The most recent study using
a relatively large normal incidence database and an R-factor
analysis by Himpsel et al.°®* favors a modified 7-bonded
chain model in which the outer chain is buckled with an

C57,C58,C61  olecu-

C63

TABLE 15. Atomic geometry for the buckled m-bonded chain model of
(2x 1)Si(111) {The x,y,z coordinates (A) refer to the [ —12—1],
[ — 1011, and [111] directions shown in Fig. 16 with the origin at a third
layer atoms of the truncated bulk lattice (from Ref. C63).}

Atom x y z
1 1.09 1.92 —3.90
2 4.45 0.0 —3.93
3 2.21 0.0 —-3.21
4 5.54 1.92 —3.08
5 222 0.0 —0.89
6 5.54 1.92 —0.69
7 0.09 0.0 —0.02
8 3.24 1.92 —0.09
9 0.95 0.0 2.18
10 2.34 1.92 2.11
11 4.34 1.92 3.37
12 5.46 0.0 2.99

J. Phys. Chem. Ref. Data, Vol. 16, No. 4, 1987
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FIG. 17. Triangular checkerboard structure for the Si(111) (7 X7) surface
(from Ref. C69). Reprinted with the permission of North-Hol-
land [Surf. Sci. 147, 663 (1984)—Figs. 1 and 2].

overall compression. This structure is detailed in Fig. 16 and
Table 15.

The (7 X 7) reconstruction of Si(111) has such a large
unit cell that full-scale multiple scattering LEED calcula-
tions are not practicable and investigators have had to rely
upon kinematical approximation methods. Much evidence
concerning this surface has come from other techniques than
LEED and will be the subject of a forthcoming review.>” The
latest study by McRae®® favors a triangular checkerboard
structure (Fig. 17) of dimers formed by pairing surface Si
atoms with stacking faults that produce a roughly 50:50 mix-
ture of AaBb|A and AaCa|A stacking sequences. The topo-

Fi1G. 18. Schematic diagram of the Si(111) (7X7) structure (from Ref.
C69). Numbers index atomic layers. (a) Plan view showing join-
ing of double layers at the edge of a triangular island. Dimers are
formed by pairing atoms common to each pair of five-membered
rings. (b) Plan view showing the apex structure of a hole in a 12-
membered ring. Reprinted with the permission of North-Holland
[Surf. Sci. 147, 663 (1984)—Figs. 1 and 2].
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ZINCBLENDE (110)

(o] [007]
[110]

@ ANION
O CATION 1 )

T,

2
Scu

F1G. 19. Schematic diagram of the relaxed zincblende (110) surface (from
Ref. 59). Reprinted with the permission of North-Holland [Surf.
Sci. 168, 1 (1986)—Fig. 1].

logical requirements of joining double layers across the sub-
unit boundaries leads to the prediction of a 6.3 A deepholeat
the apex of the subunit as shown in Fig. 18(a). In addition
there are arrays of alternating dimers and deep holes along
the subunit sides [Fig. 18(b)].

B. The zincblende structures [GaAs(110)-type]

The structure of the (110) cleavage faces of a large
number of zincblende semiconductors have been studied,
principally by Duke and co-workers. Nearly all these studies
have fulfilled most of the criteria for highly reliable LEED
determinations. In all cases, a large amount of normal inci-
dence data was measured, but, given the complexity of the
structure of this type of surface, it is probably not reasonable
to expect investigators to able to utilize off-normal incidence
data.

These surfaces are nonpolar and, unlike the Si surfaces,
in all cases the surface unit mesh is the size and symmetry
expected for a truncated bulk structure. However, it was
soon discovered that GaAs(110), the first member of this
series to be investigated, was in fact reconstructed in a subtle
manner. Although the details of the GaAs structure took
some time to resolve, the major structural elements are now
well established.

A schematic diagram of the GaAs(110) structure is
reproduced in Fig. 19. The surface is relaxed from its bulk
configuration through bond rotations (w) in the first bilayer
of about 27°, which induce vertical and horizontal displace-
ments of surface atoms, resulting in a small contraction of
the top bilayer towards the bulk. The effect spreads into the
second layer where smaller bond rotations occur in the op-
posite sense. This type of reconstruction actually serves to
conserve the bulk bondlengths to within a few percent.

The (110) surfaces of most semiconductors of this type
have been found to have GaAs-type structures. Table 16
shows the details of their structures. Bond rotations vary
only by 5°. The first layer vertical shear, (8, + &, ) in Table
16, and the bond rotation angle increase with the lattice con-
stant of the crystal. Although not listed in Table 16, the
(1010) surfaces of ZnO and Te have a similar structure.
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TABLE 16. Atomic geometries of zincblende (110) surfaces determined by LEED crystallography [Parameters are defined in Fig. 19 (After Ref. 59).]

Lattice
constant 8, 8, 8, 8. w
a,(A) Layer (A) (A) (A) (A) (deg) Ref.
AIP 5.450 1 10.06 10.57 ~021 —024 a
2 10.04 10.04 - e 25.2
AlAs 5.660 1 10.04 10.61 —-0.33 —0.49 c2
2 10.06 10.06 0.0 0.0 27.3
CdTe 6.480 1 10.18 10.64 —039 —0.61 c6
2 10.09 10.09 0.0 0.0 30.5
GaAs 5.654 1 10.14 10.51 ~0.33 —049 C8-13
2 10.06 10.06 0.0 0.0 27.3
GaP 5.451 1 10.09 10.54 —032 —047 C16-19
2 0.0 0.0 0.0 0.0 21.5
GaSb 6.095 1 10.22 10.55 —038 —0.58 C20
2 0.0 0.0 0.0 0.0 30
InAs 6.058 1 10.22 10.56 —0.13 —0.57 Cc22
2 10.07 10.07 0.0 0.0 31
InP 5.869 1 10.06 10.63 —034 —0.54 C23-C24
2 10.07 10.07 0.0 0.0 28.1
InSb 6.478 1 10.18 10.60 —038 —0.58 25
2 10.09 10.09 0.0 0.0 28.8
ZnS 5.409 1 10.07 10.55 —0.20 —0.20 C76
2 0.0 0.0 0.0 0.0 25
ZnTe 6.089 1 10.16 10.55 -0.36 —0.54 C79-C80
2 10.03 10.03 0.0 0.0 28

As

FIG. 20. Schematic diagram of the vacancy buckling model of the (2X2)
reconstruction of GaAs and GaP(111) (from Ref. C15): (a) top
view and (b) side view. Reprinted with the permission of AIP
[Phys. Rev. Lett. 52, 1693 (1984)—Figs. 1and 2].

OG-

There may however, be exceptions to this rule. The
structure of ZnSe may have a structure with large (29°) or a
small (4°) bond rotation.

C. The (111) surfaces of GaAs and GaP

These surfaces are monopolar and consist in the bulk of
alternating planes of the Group III and V elements. Both
surfaces show a (2X2) reconstruction which Tong et
al.©'>€" have ascribed to a vacancy buckling structure in
which a quarter of the surface Ga atoms are missing and the
surface Ga—X bilayer is almost co-planar as shown in Fig. 20.

TABLE 17. Atomic displacements from bulk positions for the vacancy buck-
ling model of the (2X2) reconstructed surfaces of GaAs and GaP(111)
[Notation as defined in Fig. 20 (from Refs. C15 and C19).]

Vertical dis-
placement (A)
up{ +), Lateral dis-
Atoms down( — ) placement (;\)
GaAs(111)

First Ga (missing)
bilayer Ga (A,B,C) —0.706 0.10

As (a,c,d) 0.04 0.28

As (d) —0.08 0.0
Second Ga (open) 0.01 0.0
bilayer Ga (hatched) 0.0 0.0

As (not shown) 0.0 0.0

GaP(111)

First Ga (missing)
bilayer Ga (A,B,C) —0.746 0.136

P (a,c,d) 0.04 0.115

P(d) —0.05 0.0
Second Ga (open) 0.02 0.0
bilayer Ga (hatched) —0.09 0.0

P (not shown) 0.0 0.0

J. Phys. Chem. Ref. Data, Vol. 16, No. 4, 1987
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TABLE 18. Interlayer distances in the vacancy buckling structure for the
(2X2) reconstruction of GaAs and GaP(111) [Distances are in A and
defined in Fig. 20 (from Refs. C15 and C19)].

TABLE 19. LEED results for the (100) surface of some divalent metal oxi-
desa. [Relaxation and rumple are defined in terms of the fractional anion
and cation core displacements e, and e, with relaxation = 0.5(e, +¢,)
and rumple = (e, — e, ) as a percentage of the bulk interlayer spacing

d, d, d, d, ds dg (from (Ref. 60).]
GaAs 0.07 0.20 2.48 2.44 0.83 0.74 Relaxation Rumple
GaP 0.0 0.09 2.49 2.38 0.62 0.61 (%) (%) Reference
CaO(100) —~1to —3 Oto +2 C5
MgO(100) Oto —3 Oto +35 C32
NiO(100) Oto —3 —5t0 +5 C37
Oto —3 Oto —3 C39

These views show three atomic layers; A,B,C are surface
layer Ga atoms while a,b,c, and d are As atoms in the layer
below. In the third layer Ga atoms are shown by open and
hatched circles.

In this model of the reconstruction vertical and lateral
displacements of atoms persist into the second bilayer as de-
tailed in Tables 17 and 18. These studies also relied on nor-
mal incidence data.

4.4.c.2. Other Nonmetallic Substrates

Most other LEED investigations on nonmetallic sub-
strates have centered on layer compounds and cubic binary
oxides.

Both MoS, and NbSe, have been the subject of a R-
factor assisted study, though it was somewhat limited in the
extent of the database. **“35 Both materials remained unre-
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constructed except for a small narrowing of the Van der
Waals gap.

The (100) surfaces of the oxides of Ca, Mg, and Ni have
been examined > 3> using large databases and R-factors.
These neutral NaCl-type surfaces might be expected to show
differential relaxations or rumplings, driven by the different
polarizabilities of the two ions. The LEED calculations were
not very sensitive to the choice of starting wavefunction
(ionic or neutral atom) or muffin-tin radii used in the con-
struction of the phase shifts compared to small changes in
structural parameters. A summary of these results is given in
Table 19.
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4.5.b. References to Table 20—Nonmetal/adsorbate systems

!C.G. Shaw, S.C. Fain, Jr., M.D. Chinn, and M.F. Toney, Surf. Sci. 97, 128
(1980).

2N.J. Wu and A. Ignatiev, Phys. Rev. B 28, 7288 (1983).

3A. Kahn, D. Kanani, J. Carelli, J. L. Yeh, C. B. Duke, R. J. Meyer, and A.
Paton, J. Vac. Sci. Technol. 18, 792 (1981).

“C.B. Duke, A. Paton, W.K. Ford, A. Kahn, and J. Carelli, Phys. Rev. 26,
803 (1982).

5C.B. Duke, C. Mailhot, A. Paton, K. Li, C. Bonapace, and A. Kahn, Surf.
Sci. 163, 391 (1985).

68.J. White and D.P. Woodruff, Surf. Sci. 63, 254 (1977).

S.J. White, D.P. Woodruff, B.W. Holland, and R.S. Zimmer, Surf. Sci. 74,
34 (1978).

%Y. Terada, T. Yoshizuka, K. Oura, and T. Hanawa, Surf. Sci. 114, 65
(1982).

‘W.S. Yang, F. Jona, and P.M. Marcus, Phys. Rev. 28, 7377 (1983).

4.5.c. Notes on Nonmetal/Adsorbate Systems

Compared with the metals, studies of adsorption struc-
tures on nonmetals are rare. This may well be due to the
difficulty of solving the structures of many clean nonmetal
surfaces, e.g., GaAs, Si (see Sec. 4.4). As Table 20 shows,
other than a couple of studies on physisorption and interca-
lation into graphite, investigations of such systems is limited
to semiconductor systems. Moreover, many of these systems
do not result in chemisorbed structures of the type frequent-
ly seen in the metals.

The only investigations which employed reasonably
large datasets involve GaAs and InP substrates (Table 20,
Refs. 3-5) and refer to epitaxial-type adsorption experi-
ments where atomic adsorbates such as Al, Sb replace sur-
face atoms on top of an unrelaxed substrate. The H-Si stud-
ies (Table 20, Ref. 6; Table 20, Ref. 7) really are clean
surface studies in that the scattering properties of the H
atoms were not included.
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