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REVIEW ARTICLE 

Adsorbate-induced reconstruction of surfaces: an atomistic 
alternative to microscopic faceting? 
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Physics Department, University of Warwick, Coventry CV4 7AL, UK 

Received 25 Febnwry 1994, in find form 21 April 1994 

Abstract. There is increasing evidence thar there exists a class of adsorbate-induced 
reconstructions of m t j l  surfaces in which the outennost substrate layer (or layers) and the 
adsorbed species adopi an almost identical geometry oh surfam of several different orienhtions 
of the same substrate; on one orientation rhis involves little or no substrate distortion, but on the 
others, major reeDnStiuction is required. Them is also evidence that the 3asorption smctwe on 
the unreeonshucted orientation &ace may have P parbcularly low surface free eneigy. "his 
type of reconstruction therefore appears to offer an atomistic aitemative to the more microscopic 
phenomenon of adsorbate-induced faceting. By reviewing the existing smc~ral &formation 
concerning the adsdrbate smctEres of S on Ni, Cu and pt C and N on Ni and Cu and 0 
on Cu, the evidenie for this id&, and for son6 eomplemen~ry panems of adsorbate-induced 
reconstruction, are discussed. These data on the long-range-ordered phases on the (100). (111) 
and (110) faces of these matetihis are compared with the limited d m  available on the influence 
of the adsorbates bn the anisotbpy of the surface free energy, 01 9-plot. 

1. Introduction 

Whilst the phenomenon of adsorbateinduced reconstruction of well characterized single- 
crystal surfaces is not a hewly recognized effect, recent work has identified an increasing 
number of examples arid is leading to the conclusion that it is far more widespread than 
had previously been thought [1,2]. To some extent this changed perception is a result 
of overcoming early preconceptions, and of increasing confidence in structural methods. 
In particular, many early quantitative structural studies of surfaces did not consider the 
possibiliry that substrate reconshction might be involved, whilst in others 'simple' caies 
were sought deliberately to test the methods. Adsorbate-induced reconstruction can take 
a variety of fdrms [1,2]. At the lowest level of surface modification, adsorbates often 
influence the subtle changes in atomic layer spacings that occur close to the surface of a 
clean substrate. At the other end of the spectrum of surface disruption, multilayer "iface' 
compound formation can occur (e.g. surface halide formation [3]). Surface reaction with an 
ambient gas (or liquid) can also give rise to compound formation in which the layer thickness 
is restricted not by the thermodynamics, but by the kinetic flow of reactive ingredients to 
the reacting interface. 

Here we concentrate on adsorbate-induced reconstructions that involve major disruption 
of at least one outermost layer of the substrate, typically changing the substrate species 
atomic density in this layer, but that fall short of bulk (multilayer) compound formation. 
A particular object of this paper is to survey the evidence suggesting that one class of 
adsorbate-induced substrate reconstructions may have much in common with, but provide 
an atomistic-scale alternative to, the more microscopic phenomenon of adsorbate-induced 

0953-8984/94/316067+28$19.50 @ 1994 1OP Publishing Ltd 6061 



6068 D P Woodruff 

faceting of surfaces. These reconstructions are those in which a surface phase is formed, 
comprising both adsorbate and substrate layer(s), which but for slight distortions is identical 
on several different crystal faces of the substrate material. There is now considerable 
qualitative, and some quantitative, evidence for the existence of quite a number of these 
structures. One such example concerns the adsorption of S on Ni surfaces. It is well known 
that on Ni(100) S forms a half-monolayer c(2 x 2) chemisorption structure in which the S 
atoms occupy fourfold-coordinated hollow sites on an essentially unreconstructed (although 
possibly distorted [4]) substrate (see figuro l(a)). However, at least one structure formed 
by S adsorption on Ni(l11) appears to result from a reordering of top-layer Ni atoms to a 
(distorted) Ni(lW)-like square mesh in which S atoms also occupy the hollow sites [5-1 I]  
(see figure l(h)). In effect, the topmost layer of the Ni(ll1) is therefore the same as in 
Ni(100)c(2 x 2)s.  It is perhaps a matter of semantics as to whether this is described as 
a ‘surface compound’ or a chemisorption Structure, but by contrasting this behaviour with 
that of S on Cu surfaces (see section 3.1.2) we believe a clear distinction can he drawn. 

a b 
Figure 1. Thetopviews of models of the (a) Ni[lOO)c(ZxZ)-S and (b) Ni(111)(5 J3xZ)rect.S 
structures. In each case the larger shaded balls represent the Ni atoms and the smaller shaded 
balls represent the S atoms. In the case of the Ni(l 11)(5J3 Y 2)rect. phase, for which the 
pseudo-(100) reconstruction model is shown. the outermost reconstructed Ni atoms are shown 
lighter thm the substrate atoms. and the edge of the cluster is shown devoid of the Ni and S 
averlayer. The unit meshes are superimposed on each model. 

Our object in this paper is to compare and contrast this behaviour with the far longer 
recognized, and more macroscopic, form of adsorbate-induced surface reconstruction, 
namely the phenomenon of faceting. Any structural transformation is, of course, driven 
by energy lowering, but faceting on macroscopic surfaces does require large-scale atom 
transport. Reconstruction of the top one or two monolayers of a substrate offers a potential 
route to surface-energy lowering that was not considered in  earlier (pairwise bonding) 
theories of surface stability, and i t  is interesting to consider its potential generality, and 
indeed to try to establish whether such structures are true minimum-energy phases or whether 
they are simply metastable. 

In order to set this idea in  perspective, a small range of adsorption structures is surveyed, 
which provides examples of essentially three different classes of reconstruction. One of 
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these involves the particularly stable chemisorption phases described above. The other two 
involve structural phases that relate closely to elements of stable bulk compound structures: 
in the case of S on Cu, for example, the reconstructed surface phases appear to be based 
on the full three-dimensional character of the bulk compound, but for the case of 0 on 
Cu the key structural element common to both the surface reconstructions and many bulk 
compounds is that of one-dimensional chains. 

The organization of the material is as follows. In section 2, the established background 
to surface free-energy anisotropy and its relationship to the equilibrium shape of small 
particles is briefly reviewed. A specific example of Pt surfaces and effect of adsorption 
of S on them is included. In addition, the development of this background to the stability 
of macroscopic surfaces to faceting transitions is described. and some of the'key questions 
concerning the role of alternative surface reconstructions are introduced. This is followed 
in section 3 by reviews of a series of case studies of specific adsorption systems, choosing 
examples in which there is limited information available on both chemisorption-induced 
surface reconstructions and on grosser structural changes (faceting). The quality of the 
structural information in these examples varies considerably, from speculation based on the 
observed surface periodicity alone to full quantitative structure determinations. Nevertheless, 
by looking at a small range of structures, clear patterns can be discerned in this fragmentary 
data base. The set of model systems chosen is certainly not exhaustive, but is rather chosen 
to be illustrative. In section 4 some of the general features, including some of the problems 
of interpretation, are discussed. 

2. Surface free energy and structural modifications 

2.1. The y-plot and the equilibrium shape of small particles 

In equilibrium, the shape of a solid particle is determined by the criterion of minimizing 
the total surface free energy. If the surface (Gibbs) free energy, y. were independent of 
orientation, as in a liquid, this would clearly result in a spherical shape. In the case of a 
solid, which has an anisotropic y ,  this leads to a shape in which orientations of low surface 
free energy are more prominent, despite the increase in total surface area that results from 
this shape. Formally, the requirement is to minimize the integral y(n)  dS over the whole 
body, where y(n)  is the surface free energy as a function of the direction of the surface 
unit normal n and dS is an element of surface area. The graphical solution to this problem 
is known as the Wulff construction and was first proposed in 1901 [U]. Starting from a 
plot of the surface free energy y ( n )  in polar coordinates (the y-plot) one constructs a series 
of planes perpendicular to the radius vectors at the point at which these intersect the y-plot. 
The inner envelope of these planes gives the shape of the minimum-surfaceenergy body. 

A substantial body of older experimental literature exists concerning the y-plot and 
equilibrium shapes. One route to determining portions of the y-plot [13] is to measure 
the equilibrium shape of small particles. Typically. these measurements have been made 
at high temperature (say S&90% of the absolute melting point) and with small particles 
(micrometre scale or, using electron microscopy, much smaller) in order that the substantial 
mass transport needed to establish the equilibrium shape can occur. Clearly the existence 
of singular minima (cusps) in the y-plot at low-Miller-index faces leads to facets at these 
orientations and also to gaps in the experimental y-plot near these orientations. Portions 
of the y-plot~can also be obtained by various kinds of intersecting-boundary method [14] 
in which the angles of intersection (in equilibrium) can be used to determine the balance 
of surface tension forces. An added complication in such studies is the role of the 'torque 
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Figure 2. The experimentd y-plot for Pt (dashed line) and the implied equilibrium shape (full 
line) (after Myhm and MeLean 114,151). 

terms', forces representing the desire of the surface to move to an orientation of lower 
surface free energy as determined by the local gradients of the y-plot. 

As an example of experimental measurements of y-plots we describe briefly some results 
for clean and adsorbatecovered Pt. In figure 2, an experimental y-plot is shown for Pt (based 
on measurements at 1500T) together with the inferred equilibrium particle shape [14, IS]. 
These data were obtained through studies of twin boundary grooves on macroscopic foils 
by optical (interference) microscopy, a method requiring atomic movements over distances 
of many micrometres; in such a situation equilibration can only be achieved in reasonable 
times at high temperatures. The results show the deepest cusp in the y-plot for the (111) 
orientation, with a shallow cusp at (100). The observation of the lowest free energy for the 
close-packed (1 11) surface is consistent with expectations from simple pairwise interaction 
models. 

Direct measurements by electron microscopy of the equilibrium shape of very small 
Pt particles (- 100 A) in the presence of chemisorbed S [16], on the other hand, show 
the particles to be cubic, with (100) faces exposed, clearly indicating that under these 
circumstances the deepest cusp in the y-plot occurs for the (100) orientation. These 
experiments involved equilibration at 500°C in a 100 ppm partial pressure of HzS in Hz, 
the much lower temperature being adequate for rapid equilibration of such small particles. 
It is therefore tempting to interpret this large difference in anisotropy as due entirely to 
the S adsorption. In comparing the results of these two experiments we should recognize, 
however, that there is a rather substantial difference between the temperatures at which they 
were performed, so that not all the differences are associated with the S adsorption. Elevated 
temperatures do affect the y-plot and the associated equilibrium shape via disordering, 
which reduces the depth of the cusps, and also, at least on high-Miller-index surfaces, by 
roughening transitions, which can entirely remnve such cusps [12,17]. For this reason, 
the equilibrium shape of clean Pt at lower temperature would probably show additional, 
or larger, facets than those implied by the data of figure 2. Such effects can, of course, 
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be related to the surface entropy, but there have been very few examples of attempts to 
measure this quantity for any surfaces. 

In fact similar electron-microscopy studies of small Pt particles grown or annealed in Hz, 
Nz and air at 500°C indicate that the true clean-surface y-plot at this lower temperature may 
also shown the deepest cusps at (100) [IS]. In particular, in an Hz atmosphere essentially 
cubic particles were seen, albeit with significant (1 IO) corner facets; the Hz atmosphere is 
commonly used in such studies to prevent the build-up of contaminant adsorbates, as this 
gas removes surface C and 0 at elevated temperatures but should not itself have substantial 
residence time on the surface [18-201. This particular set of measurements seemed to 
indicate that adsorption of contaminants greatly reduces the magnitude of the anisotropy 
of the y-plot, but this is clearly not the case for the S chemisorption situation. Despite 
the ambiguity in the exact details of the clean Pt surface y-plot [21], which may therefore 
differ significantly from that shown in figure 2, at least at lower (- 500°C) temperatures, it 
seems clear that on the S-covered surface the (100) cusp corresponds to by far the deepest 
cusp, as only this orientation is present on the (cubic) equilibrium-shape particles. Not only 
do these results show that adsorption can modify the y-plot, but they also indicate that the 
chemisorption structure formed by S on Pt(l00) has a particularly low surface energy. The 
electron microscopy results actually show that the (100) facets of the small particles show 
a simple c(2 x 2)s chemisorption structure, which is not believed to involve any substrate 
reconstruction [23]. 

2.2. Faceting and reconstruction 

Whilst the equilibrium shape of small particles is readily related to the form of the anisotropy 
of the surface free energy, most modern surface-science experiments are conducted on large 
(- 1 cm) flat thin crystals and clearly cannot be expected to reach their true equilibrium 
shapes in any available experimental time scale. Under certain circumstances, however, 
a flat surface can lower its energy by developing a ‘hill-and-valley’ structure, typically 
involving faceting. For example, a vicinal surface close to a low-index face having a 
particularly low  surface^ free energy may break up into large regions of the low-index facet 
connected by other suitable faces; as in the case of the equilibrium shape itself, a decrease 
in the total surface free energy can still be associated with an increase in the total surface 
area. The criterion for this instability has been investigated by Herring [Z], who showed 
that any surface orientation not represented on the equilibrium shape of a small particle (as 
given by the Wulff construction) is unstable to this kind of transition. This means that the 
equilibrium shape can have a real relevance for studies of macroscopic flat single-crystal 
surfaces as commonly used in surface science, despite the fact that such crystals clearly 
cannot adopt completely thii ideal equilibrium shape. 

In practice, faceting of single-crystal surfaces is not very commonly observed in surface- 
science studies. There are at least two possible reasons for this. The first is that most such 
studies are conducted on low-Miller-index surfaces, and whilst chemisorption may lead to 
a significant increase in the anisotropy of the y-plot, cusps are probably very often retained 
at these low-index orientations, which then remain on the equilibrium shape. On the other 
hand, the results described in the previous.section for the PUS system would imply that 
faceting should occur on Pt(ll1) and (110) surfaces in the presence of adsorbed S, because 
neither of these orientations appear on the equilibrium shape. On the (111) face a stable 
chemisorption structure involving no significant reconstruction is seen, albeit at the lower 
coverage of 0.33 ML [26], although a more complex structure is seen at higher coverage 
[U-291. On Pt(ll0) adsorbed S gives rise to a range of lange-range-ordered structures 
[27-301 for which detailed structural analyses are not available. The possibility that some 
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form of substmte reconstruction could be involved on both surfaces will be reconsidered 
in detail in subsection 3.1.3. In neither case, however, do there appear to be reports of 
observations of faceting. 

The second reason for the relatively rare observation of faceting, however, may be that 
the surfaces studied are not generally allowed to adopt their equilibrium morphology. For 
several years there were strongly voiced objections to reconstruction models of sudaces 
(e.g. missing-row models of FCC (110) metal surfaces) based on the idea that the mass 
transport needed to form the reconstructions could not occur at the temperature at which 
these reconstructive transitions occur (which can be as low as room temperature). We now 
know, from STM results in particular (e.g. [32]), that this mass transport involving only 
atoms of the surface layer, and using step edges as sources or sinks of atoms, can occur 
quite easily. Faceting, however, requires mass transport on a far more massive scale. In 
particular, if one low-index face facets to another facet angles in the range 3545" (or 
higher) are required, so the depth of the facets (and of the mass transport required) must be 
comparable to the lateral dimensions, which for diffraction techniques, at least, need to be 
of the order of 100 8, to be observed. Despite this, there are reports of adsorbate-induced 
faceting being observed on macroscopic flat single-crystal surfaces at temperatures as low 
as 133 K [33]. More generally, however, it is entirely possible that some apparently stable 
chemisorption structures studied in surface science are only metastable, and that a faceted 
surface represents the true equilibrium state. 

In this context of the stability or metastability of chemisorption swuctures, we wish to 
highlight the class of adsorbate-induced surface reconstructions in which one low-index face 
adopts a surface layer in which atoms of the substrate species occupy a mesh very similar 
to that of another (unreconstructed) low-index face. The examples we shall consider here 
all involve square (100)-like layers forming on (111) and (110) FCC substrate surfaces, such 
as the Ni(lll)/S example mentioned in section 1. Of course, reconstruction only occurs 
because the free energy of the new structure is lower than that of a simple unreconstructed 
chemisorption structure on this face. If the outermost substrate layer(s) are involved in 
significant changes in position parallel to the surface (and in surfacedensity changes), the 
free energy can be regarded as composed of two terms, one associated with the interface 
between the vacuum and the reconstructed layer, and one (purely derived from strain energy) 
between the substrate and the reconstructed layer. If the reconstructed layer is identical 
in structure to that of the low-index face it reproduces, it is clear from this separation 
that the total surface free energy of this reconstructed face must be larger than that of 
the unreconstructed face whose structure it mimics (which has no associated substrate- 
reconstlucted overlayer strain energy). However, the reconstructed overlayer is invariably 
a slightly distorted version of the unreconstructed face, so the vacuum-solid interfacial free 
energy could be lower on the reconstructed face. On the other hand, this distortion is 
brought about to relieve the interfacial strain, so it seems likely that the reconstructed face 
will normally have a higher surface free energy than the unreconstructed face it mimics. 

This raises an interesting question: is the reconstruction a true equilibrium state, or is it 
simply metastable, a faceted surface having an even lower free energy? Alternatively, does 
the reconstruction lower the surface free energy sufficiently that the surface becomes stable 
to faceting to a hill-and-valley structure, only part of which has a lower specific surface 
free energy? (In this case it is likely that the pseudo-(IOO) reconstructed face will itself 
correspond to a cusp minimum on the y-plot, so we would expect nearby vicinals to facet 
to this reconstructed low-index face). Eventually, if the (100)-faceted surface does have the 
lower energy, what is the energy barrier preventing the transformation? The most obvious 
answer to this would be the extra edge energy needed in the early stages of the transition 
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when the facets are very small-this is equivalent to the usual nucleation problem in two- 
and three-dimensional growth. 

3. Adsorbate-induced reconstruction: case studies 

3.1. S adsorption structures 

As examples of different kinds of behaviour we consider three different representative 
metals, Ni, Cu and Pt. Note that most of the S adsorption structures discussed here were 
formed via the interaction of H2S with the metal surface, although a few studies used 
molecular beams of S. However, as we are concerned here with the stability of the structural 
phases and not the reaction chemistry, these details will not be discussed extensively. 

3.1.1. NYSsystcms. The case of Ni(lll)/S has already been mentioned in section 1, and 
represenls one of the very first cases of a proposal, by the BP research group [5,6], of 
surface reconstruction to generate a surface phase essentially identical to that of a simple 
unreconstructed chemisorption structure of another face ((100)). S adsorption structures on 
Ni surfaces have been studied extensively, typically by HzS dissociation over the appropriate 
surface, but also by dissociation of thiols and other compounds, and by segregation of 
dissolved S to the surface. In all cases a variety of,surface temperatures for adsorption and 
annealing have been investigated. A summary of the various long-range-ordered structures 
seen on the three low-index faces of Ni in the presence of adsorbed S is given in table 1. 
In general the Wood notation [34] is used for these phases, but where possible ambiguities 
exist, the matrix notation [35] is also shown. Such ambiguity arises when the included 
angle of the new surface mesh differs from that of the substrate mesh. In particular, some 
rectangular mesh structures are seen on the (1 11) face, and in these cases 'rect.' is added 
to the modified Wood notation to show the included angle is 90". In the case of the matrix 
notation for the (1 11) surface, the matrix is based on the use of primitive translation vectors 
separated by 60", as seems to be most commonly used in the literature, rather than the 
120" used in formal definitions of the two-dimensional Bravais net. Approximate S surface 
coverages are also given in monolayers (ML) defined as one adsorbate atom per substrate 
atom in a layer parallel to the surface. Because these coverage units differ for the three 
orientations considered, coverages are also expressed in common units of (100) monolayers. 
The coverages shown are the nominal saturation coverages, typically based on the assumed 
or proven structure, but generally supported (to lower precision) by quantitative experimental 
measurements. In most of the systems described in this paper, such coverage calibrations 
have been by Auger electron spectroscopy or XPS; in the paaicular case of S on Ni, most 
of these measurements (by the Paris group of Oudar and coworkers [28-31,49,56] were 
calibrated using radioactive S species. 

On the (100) surface only the simple overlayer mesh structures ( ~ ( 2 x 2 )  and ~ ( 2 x 2 ) )  are 
formed, and quantitative structural analyses by LEED, SEXAFS and photoelectron diffraction 
(e.g. C364.21) are all in general agreement that S adsorbs into the maximally coordinated 
(fourfold) hollow sites with no significant substrate reconstruction (although it seems 
possible that there are small (less than about 0.1 A) distortions of second-layer substrate-atom 
locations). Similar simple overlayer structures involving the maximally coordinated hollow 
site have been found to correspond to the Ni( 11 1) (2 x 2)-S, Ni(ll1) (J3 x ,/3)R30"-S 
and Ni(lIO)c(2 x 2)-S structures [7,43-48]. On these surfaces, however, there is a range 
of other structures seen, including the larger mesh structures on Ni(lll), which are thought 
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Table 1. Long-rangeoIdered strocnues formed by S adsorption on Ni surfaces 

Phare Coverage 

Surfact Wood Matrix (ML) ((lOO)-equivdent MI.) 

Ni(100) p(2 x 2) 0.25 0.25 
C(2 x 2)  0.50 0.50 

Ni(ll1) (2x2)  0.25 0.29 
(J3  x J3)R30" 0.33 0.38 

I 0.22 0.26 

" I 0.40 0.46 

(843 x2)rect. I:8 0.41 0.47 

7 -2 c(5J3 x 9)rect I-z , 
1-5 10 

(543  x 2)recL 

Ni(ll0) c(2 x 2) 
P(5 x 2) 
C(8 x 2) 
P(3 x 2) 
nfbx 1\ 

0.50 0.35 
0.60 0.42 
0.63 0.44 
0.67 0.47 
n% 0 %  

likely to derive from coincidence lattice structures, which might involve reconstruction (e.g. 
( 5 4 3  x 2) rect.). 

The complexity of these large unit mesh structures on Ni(l11) makes it difficult to obtain 
unique quantitative structural assignments. Edmonds etal [6], however, have shown that the 
three structures they observe after higher-temperature treatments or at higher chemisorption 
coverages can all be accounted for geometrically by slightly distorted Ni(100) overlayer 
structures. In particular, a (1 1 I)c(5,/3 x 9)rect. structure (correctly identified but described 
ambiguously as (J39 x ,/39)R16" in terms of an oblique mesh in the original work), 
formed by heating the (111)(2 x 2) phase, can be associated with a Ni(llO)p(2 x 2)- 
S overlayer, whilst the two other phases, normally referred to as (111)(5J3 x2)rect. 
and (111)(8,/3 x 2)rect., can be accounted for by outmost layers being modifications of 
Ni(IOO)c(2 x 2 ) s  overlayers. Somewhat similar models were also proposed in the early 
work of Perdereau and Oudar [49]. 

The Ni(lll)(5J3 x 2)rect.S phase has been the subject of several more recent 
experiments. In particular, two independent SEXAFS studies [7,8] have given strong 
quantitative support to this pseudo-(100) reconstruction model (figure 101)). Recent STM 
images, which show 'troughs' in this structure, have been interpreted as indicating a quite 
different, missing-row, model [9], bufthis alternative model is inconsistent with the SEXAFS 
results [lo], and it has been suggested that the pseudo-(100) reconstruction model can 
be reconciled with the STM images by including, for example, the effect of corrugation 
in the reconstructed overlayer [IO, 111. This large surface mesh structure is too complex 
for a full quantitative structure analysis by these methods, but a very recent surface x- 
ray diffraction study [148], which is able to obtain a far more complete picture, confirms 
the essential local square geometry of the pseudo-(100) reconstruction, but finds quite a 
large distortion similar to that seen in the Ni(lO0)(2 x 2 W  phase discussed below in 
subsection 3.2. In addition to this work on the (5J3 x 2)rect. phase, semiquantitative 
LEED results from c(5J3 x 9)rect. structures formed by C and N adsorption on Ni(ll1) 
(also described in subsection 3.2) support the pseudo-(100) reconstruction model for these 
phases and thus suggest that a similar model may be appropriate to this structure formed 
by S adsorption. This all lends credence to the complete set of proposed structures based 
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on modifications of this model. Note that under more extreme S exposure conditions 
Edmonds et al have observed further LEED pattems consistent with true (hulk-like) nickel 
sulphide overlayers forming, distinguishing the reconstructed chemisorption structures from 
true compound formation. 

a b 
Figure 3. Perspective v i e w  of models of the (a) Ni(lIO)c(2 x 2-S and (b) Ni(110)(4 x 1 ) s  
suuctu~s, looking along theclose-packed (110) azimuth. In each c a e  the larger shaded balls 
represent the Ni atoms and the smaller shaded balls represent the S atoms. 

On the Ni(ll0) surface the simple c(2 x 2) overlayer structure (figure 3(a)) is replaced 
at higher coverages by a series of structures associated with splitting of LEED beams and 
apparent compression of the S submesh along the (110) surface direction, the final saturation 
structure at room temperature being the p(3 x 2) phase [49]. The p(4 x 1) structure is only 
formed after exposure at elevated temperatures. Recent sm studies of these structures 
reveal that the room-temperature phases up to p(3 x 2) do not involve any apparent mass 
transport of Ni atoms and must therefore be simple overlayers rather than reconstructed 
phases [50,51]. By contrast. the p(4 x 1) does appear to involve such reconstruction, and 
indeed a combination of STM [52] and surface x-ray diffraction [53] has provided an explicit 
model for this structure. This structure (figure 3(b)) has an outermost layer comprising 0.50 
ML of Ni atoms, with S adsorbed in the hollow sites on the double rows that form the 
outermost layer, but additional S is adsorbed on the lower layer in  sites that are remarked 
[54] to be very similar to those on Ni(100); in effect, the reconstruction provides microscopic 
(100) facets on which the S atoms are adsorbed. n u s ,  although this structure is certainly not 
a simple pseudo-(100) reconstruction, as proposed for the high-coverage (1 Il)-face phases, 
the local structure after reconstruction has much in common with that on Ni(100). 

One further piece of evidence indicating an exceptional stability for the Ni(100)c(2 x 2)- 
S surface structure comes from results on S adsorption on NiO(100) surfaces, for which 
there is evidence from both qualitative LEED and quantitative SEXAFS studies that a surface 
phase comprising a pseudo-Ni(lOO)c(2 x 2)-S structure occurs on this surface despite being 
incommensurate [54,551. 

On the (1 11) face the overlap in coverage range associated with the simple overlayer and 
reconstructed phases raises interesting problems concerning the true equilibrium structures 
and the role of elevated temperatures. The Ni(ll1)(2 x 2)-S and Ni(J3xJ3)R3Oo-S phases 
correspond to nominal coverages of 0.25 ML and 0.33 ML (in (1 11) monolayers), but the 
reconstructed phases cover the range 0.22-0.41 ML, which straddles these values. The most 
obvious implication of the fact that the complex phases are formed by heating is that the 
simple S-overlayer structures are not the true minimum-energy structures. In this context 
it is interesting that there are relatively few reports of the (J3 x J3) phase being seen, 
suggesting its ‘stability’ range of coverage and temperature may be narrow. 
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In contrast to these extensive studies of the long-range-ordered phases formed on the 
three low-index faces, there do not appear to have been any detailed direct surface free- 
energy measurements made on this system, nor studies of equilibrium shapes of small 
particles or faceting. In fact, Edmonds et a1 [6] did report the observation of 'weak facets' 
on both Ni(100) and (111) after annealing at the highest temperatures (1200 K) following 
S treatments. They give no details of the nature of these facets, but it is certainly possible 
that at such elevated temperatures in WHY, they may well result from selective evaporation 
rather than from an equilibrium-shape-driven phenomenon. Perdereau and Oudar [49] also 
comment on faceting of the nominal Ni( 11 1) face, apparently even at room temperature, 
for slight misorientations of the surface, but give no details of this behaviour. 

Table 2. Long-range-ordered suuctures formed by S adsorption on Cu surfaces. 

Phase Coverage 
, ,  , , , ,  

Surface Wood Mahix (ML) ((IOO)-eauivalent ML) 

Cu(100) P(2 x 2) 0.25 0 2 5  

(4'17 x J17)R14' 0.47 0.47 

0.25 0.29 
0.33 0.38 
0.43 0.50 

CU(ll0) 4 2  x 2) 0.50 0.35 
compression via p(S x 2) 
and c(8 x 2) to p(3 x 2) 0.67 0.47 

3.1.2. Cu/S systems. Similar studies of S chemisorption structures on Cu surfaces [56], 
summarized in table '2 using the same format as for table 1, reveal a somewhat different 
picture. On all three low-index surfaces there is evidence for simple small-unit-mesh 
overlayer structures as well as for more complex higher-coverage phases which are thought 
to involve substrate reconstruction; it has been suggested, and this suggestion has been 
supported by rather limited quantitative investigations, that these reconstructed faces all 
adopt structures similar to those of bulk sulphides. 

Of the three simple (proposed overlayer) phases, (100)p(2 x 2). (lll)(J3 x ,/3)R30° 
and (11O)c(2 x 2), only the Cu(l00)p(2 x 2 w  phase has been studied extensively by 
quantitative methods, and there is a clear consensus that a simple S overlayer with the S 
atoms occupying the hollow sites is involved r57-671 (as for Ni(100)p(2 x 2fiS). Although 
there is no evidence for true substrate reconstruction in this phase, the more recent and more 
detailed analyses [60,64-67] do indicate that the four Cu atoms around the adsorbed S atom 
move away from the hollow parallel to the surface by a small amount (0.04 A) to 'open up' 
the hollow. It is also interesting to note that, in c o n a t  to the situation for Ni(100)/S, no 
c(2 x 2)s phase is formed on Cu(100). 'The extensive literature on the Cu(IOO)p(2 x 2 ) s  
phase bears witness to the stability and ease of preparation of this phase; by contrast, the 
Cu(lll)(,/3 x J3)WW-S phase is not always seen in studies of S adsorption on Cu(ll1) 
[68,69], suggesting that it may have a narrow range of stability in temperature and coverage 
(like the Ni( 11 1)(,/3 x ,/3)R30"S phase). 

At higher coverages, ($7 x J17)R14" and (J7 x J7)R19" stuctures are formed on 
Cu(100) and Cu(ll1) respectively, and on Cu(l10) there appears to be a range of structures 
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involving continuous ‘compression’ of the overlayer mesh along the (100) azimuth with 
increasing coverage, terminating in a (3 x 2) structure. In the original paper by Domange 
and @udar [56] all of these structures were proposed to involve a mixed CdS overlayer 
having a geometry similar to that of different crystal planes of CuS2. 

Figure4. The top view of amodel of the Cu(l I1)(J7x Figure 5. The top view of a model of the 
J7)R19’-S structure. The larger shaded balls represent Cu(IOO)(J17 x J17)R14’-S structure. The larger 
the Cu m m s  and the smaller shaded balls represent the shaded halls represent the Cu atoms and the smaller 
S atoms. The outermost reconstructed Cu atoms in the shaded balls represent the S atoms. The outermost 
‘surface sulphide’ are shown lighter than the substrate reconstructed layer Cu atoms are shown lighter than the 
atoms. The unit mesh is superimposed. substrate atoms. and the edge of the cluster is shown 

devoid of the Cu and S averlayer so that the registry 
cm he seen. The unit mesh is superimposed. 

On the (1 11) face the only quantitative structural investigation is a combined SEXAFS and 
standing x-ray wavefield absorption study of the Cu(lll)(J7 x J7)RlY-S phase, which 
concluded that the data were compatible with the sulphide model, and which provided some 
detailed structural parameter values (figure 4) [69]. STM studies [70] of the formation of 
this structure have confirmed that reconstruction is involved, and that the outermost layer 
comprises + ML of Cu atoms and 5 ML of S atoms, consistent with the preferred sulphide 

model. These STM studies also identified an additional transitional phase, I which 
probably accounts for earlier ‘complex’ LEED patterns involving a coexistence of two surface 
phases; here the STM allows the periodicity of local domains to be isolated, but no specific 
model for the structure of this phase is currently available. 

On the (110) face, the only quantitative study is the application of SEXAFS [71] to 
a ‘diffuse c(2 x 2)’ phase, and to a range of the higher-coverage’ ‘compression’ phases. 
Somewhat surprisingly, this work concluded not only that the S occupies the hollow site 
in the c(2 x 2) phase, as might be expected, but that at the higher coverages the SJ2u 
bondlength and bond angles were unchanged. There are also rather interesting STM results 
[72] for these structures. In particular, they find that during the ‘compression’ range, there 
is significant Cu atom mass transport on the surface, indicating that sulphide (i.e. mixed 
CulS) surface phases may be involved in some of these structures, although the net transport 
in producing the intermediate p(5 x 2) phase was apparently zero, leading to the suggestion 
that this particular phase, at least, may involve only a S overlayer. Notice that the same 
unit mesh occurs on Ni(1 IO) in the presence of S ,  but in this case no net Ni mass transport 

4 1  

- I  419 
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is seen to be associated with its formation. In the STM study, the final highest-coverage 
structure was a c(S x 2) phase; the p(3 x 2) was not observed (in common with a more 
recent LEED study [73]). 

Although there is no quantitative study of the higher-coverage S phase on Cu(lOO), it 
is interesting to note that the model suggested for this (J17 x J17)R14"-S structure 1561 
actually involves a square-mesh Cu overlayer with a submesh dimension of 3.72 A and S 
atoms located in the hollow sites (figure 5). The fact that this mesh is slightly larger than 
that offered by the Cu(100) surface (3.61 A), but is smaller than the Cu-Cu distance in 
CuSz (3.94 A), is consistent with the slight hollow enlargement found in the LEED structure 
determination of the unreconstructed Cn(100)(2 x 2)s structure, and with the absence of 
a Cu(IOO)c(2 x 2 ) s  phase. On the other hand, we note that the reconstructed sulphide 
overlayer in the Cu(ll)(fl x J7)R19"S structure has a hexagonal, rather than rectangular 
mesh (and is believed to be based on a hexagonal, rather than an almost square Cu submesh), 
so that the situation is quite different from that of Ni/S. The evidence therefore supports the 
view that the stable reconstructed high-coverage phases in the CdS system are essentially 
different 'single' layers of a common stable bulk compound, and not reconstruction to an 
especially stable chemisorption structure. 

The difference between the C d S  system and those of Ni/S and PUS is also highlighted 
by older studies of the effect of S adsorption on the y-plot for Cu surfaces. In particular, 
Mykura 1741 has used the 'torque-term method' 113,141, which specifically investigates the 
gradient of the y-plot around the cusps at the low-index faces, to study this problem at a 
temperature of 830°C. While the (111) face of the clean surface is found to have the lowest 
surface free energy on clean Cu is expected for an FCC metal, similar measurements in  a 
partial pressure of HzS showed that the (110) developed the lowest surface free energy, 
and indeed the (100) surface actually acquired a m i m u m  in the y-plot, as witnessed by a 
negative gradient of y with respect misorientation angle away from (100). Faceting of (1 10) 
vicinals to (110) was observed in the presence of S adsorbates, as might be expected from 
these results, although the anticipated break-up into a hill-and-valley structure of the (100) 
surface was not observed, possibly due to kinetic limitations. These results indicate that 
the Cu(100) surface, far from being the most stable structure in the presence of adsorbed 
S, is actually potentially unstable, and that the far more open-packed (110) face becomes 
the lowest-energy structure. Further s-upport for this view is contained in more recent LEED 
studies of (110) vicinal surfaces, which were also found to facet to (110) at high coverages 
of S [73]. 

The structural results for the three low-index faces we have discussed above can only 
cast limited light on this finding of minimum surface free energy for the (110) face, although 
the fact that a continuous range of high-coverage S or sulphide structures is seen on this 
surface suggests that the corrugation, and thus perhaps the absolute value, of the overlayer- 
substrate interfacial energy is particularly low on this surface. 

3.1.3. Pt/S systems. Finally, we return to a brief discussion of the structural data on the 
PUS system, for which we have clear evidence from the equilibrium-shapc data [I61 (as 
discussed in section 2) that the (100) face has a p&ticularly low surface free energy in the 
presence of S. Indeed these data imply that the (110) and (1 11) faces should be unstable to 
faceting to (100) when S is adsorbed. 

The long-range-ordered smctures seen as a result of S adsorption on the low-index faces 
of Pt [26-311 are summarized in table 3. On the (100) face, (100)p(2x 2) and (100)c(2 x2 )  
phases are seen, and while there are no quantitative analyses of these structures, their 
similarity to many other FCC(100) adsorption phases leads us to anticipate simple hollow- 
site overlayer structures. Of the three distinct long-range-order phases identified on the 
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Table 3. Long-mgeadered smcNres formed by S adsorption on Fi surfaces. 

Phase Cavmge 

Surface Wood Mahix (M?) ((100)equivalent ML) 

Pt(100) p(2 x 2) 0.25 0125 
C(2 x 2) 0.50 0.50 

Pt(ll1) (2x2) 
(J3 x J3)R3Oo 

(J3 x 7)reet. 

Pt(ll0) c(6 x 2) 
P O  x 3) 
P(4 x 3) 
c(2 x 4) 
O(4 x 4) 

0.25 0.29 
0.33 0.38 

4 -1  I 0.42 0.48 

0.33 0.23 
0.50 0.35 
0.67 0.47 
0.75 0.53 
0.81 0.57 

(1 11) face ((2 x 2), (213 x J3)R30" and c(J3 x 7)rect.), only the Pt(1 ll)(J3 x J3)R3Oo-S 
phase has been studied quantitatively (by LEED [26]) with the expected result that it is a 
simple overlayer structure involving S atoms in the hollow sites. We can reasonably expect 
that the Pt(ll1)(2 x 2 ) s  phase has a similar local geometry. In the formal report of the 
c(J3 x 7) rect. phase [27], no attempt was made to propose a structural model, although 
the fact that the structure is lost on modest heating (to 300'e) indicates it may,be the 
same phase interpreted by others as a~'compressed hexagonal' overlayer of S [28,29]. The 
surface coverage is essentially identical to that of the Pt(IOO)c(2 x 2 t S  structure, so it is 
tempting to consider the possibility that it involves an outermost-layer reconstruction to a 
pseudo,(lOO)c(Z x 2) structure. It is possible to devise such models, but fitting the surface 
mesh appears to require either a lower S coverage, or substantial compression (13%) of 
the Pt-Pt nearest-neighbour distance in one direction (which is compensated by a 17% 
expahion in the perpendicular direction): The ideally termidated Pt(100) surface is, of 
course, in a state of such high tensile sucace stress that it undergoes a reconstruction to 
allow an increase in Pt atom surface density, but in the resulting close-packed ov&rlayer the 
Pt-Pt nkest-neighbour distance is only 4% less than that of the bulk 1221. Moreover, the 
lack of thermal stability of the c(J3 x 7)rect. phase also contrasts with the behaviour of 
the S reconstructed overlayers found on Ni and %U surfaces. On balance therefore, it seems 
unlikely that this structure does involve a pseudo-(100) reconstruction. 

Finally, the adsorption of S on Pt(100) has been found to produce a succession of long- 
range structures at increasing S coveraged(6 X 2), p(2 x 3), p(4 x 3), c(2 x 4), p(4 x 4); 
these structures have been interpreted in terms of regular arrays of S vacancies in an ideal 
S monolayer [31], although there is no quantitative structural analysis of any of them. As 
we shail see in the following section, (110)(2 x 3) structures also form on Cu and Ni 
surfaces as a result of N adsorption, and there is hard evidence in these cases to support 
the iilea that they are pseudo-(100) surface-phase reconstructions, so one might propose a 
similar structure for the Pt(110)(2 x 3 ) s  phase. Such a model, however, would then need 
to be reconciled, with appropriate modification, with all the other 'compression' phases, 
perhaps by considering similar regular vacancy and adatom modifications. In the absence 
of hard experimental evidence to distinguish such models, there seems little justification for 
pursuing this speculation. 

3.I.4. Summary of S adrorption results. We may summarize the evidence concerning S 
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adsorption of the three principal low-index faces of Ni, Cu and Pt as follows: 

(i) There are many examples of higher-coverage large-surface-mesh structures, which 
can be best understood in terms of commensurate overlayers of smaller submesh 
('coincidence lattice structures'), for which models involving an overlayer comprising both 
S and metal atoms seem probable. 

(ii) On Ni surfaces the absence of such complex structures on the (100) face, and the 
presence of several such structures on the (1 11) face, which can be accounted for in terms 
of a pseudo-(100) surface chemisorption structure, indicates that the (100)-S chemisorption 
structures are particularly stable and probably do form the basis of the (111) surface 
reconstruction phases. There is quantitative support for one of these models. Moreover, 
on Ni(l10) the final highest-coverage phase does involve a kind of microfaceting to (loo), 
with S atoms in the fourfold-coordinated hollow sites thus formed. Unfortunately, there are 
no complementary data on the role of S adsorption on the y-plot to provide direct evidence 
of the relative surface free energies. 

(iii) On Cu surfaces, there is evidence for high-covcrage reconstruction on all three 
low-index faces, but the proposed mixed Cu/S overlayer phases do not have a common 
two-dimensionai structure. Rather, they appear to correspond to different orientation slices 
through a common bulk sulphide phase. There is specific (SEXAFS and NISXw) quantitative 
support for the reconstruction of the (111) face. y-plot data indicate the (110) surface has 
the lowest energy in the presence of S, and indeed appropriate vicinals are found to facet 
to this orientation. 

(iv) On Pt surfaces the behaviour is far more similar to that of Ni in that on Pt(100) only 
simple overlayer structures are seen, whereas on the other two faces there are larger surface- 
mesh structures indicating reconstruction. However, the evidence for possible pseudo-(100)- 
face reconstructions on Pt surfaces is not very persuasive. Equilibrium-shape measurements 
show that the (100) face, with S adsorbed in the (2 x 2) and c(2 x 2) phases, is the lowest- 
energy structure. Indeed, the equilibrium-shape data indicate that both (111) and (1 10) 
surfaces should be unstable to faceting to (100) in the presence of adsorbed S, although 
this has not been observed in experiments on macroscopic crystal surfaces. The evidence 
therefore indicates that while the (100) chemisorption structures, as on Ni(100), have the 
lowest energy, i t  is not favourable to reconstruct the other low-index-orientation surfaces to 
this local structure, and faceting is the preferred route to energy lowering. 

(v) The (lOO)c(Z x 2) chemsorption structure, which is thought to form the low-energy 
phase and the basis of most of the pseudo-(100) reconstruction structures on Ni. does not 
occur on Cu(lOO), which instead itself reconstructs at a fractionally lower S coverage (albeit 
to a similar expanded square pseudo-(100)c(2 x 2) structure). 

3.2. C and N adsorption structures 

We now consider the case of C and N adsorption phases on Ni and Cu surfaces. The 
Ni/C system is of especial interest not only because a rather subtle and extensively studied 
reconstruction is induced o n  the (100) face, but also because- on the (1 11 )  face large- 
surface-mesh structures were seen and also interpreted in terms of pseudo-(lOO)-surface 
reconstructions in the early work of the BP group [5,6]. Published information on the long- 
range-ordered structures seen on Ni surfaces resulting From chemisorbed C and N layers is 
summarized in table 4; this table does not include multi-layer graphitic overlayer structures, 
which effectively involve 'bulk' solid/solid interfaces. C overlayer structures have typically 
been prepared by the dissociation of small hydrocarbon molecules (e.g. acetylene) or CO 
on the surface. N structures have been formed either by the dissociation of N-containing 
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Table 4. Long-rmge-ardered svuctures formed by C and N adsorption on Ni and Cu surfaces. 

Phase Coverage 

Surface Wood Mmix iML)  irIWi-eouivnlenr ML) 

Ni(100) p(2 x Z)-C 0.50 0.50 
p(2 x 2)-N 0.50 0.50 

0.44 0.52 NiUl I )  c(5J3 x 9)rect.X 

I 0.44 0.52 c(5J3 x 9)rect.-N 

‘(2 x 6)’incomm. -0.40 -0.46 

1-2 7 

1-2 7 
7 -2 

Ni(II0) (2 x I)-C 
(4 x 5 1 4  
(2 x 3kN 

0.791 0.561 
0.791 0.56? 
0.67 0.47 

Cu(l00) c(2 x 2)-N 0.50 0.50 

Cu(ll1) ‘(1.48 x 1.44)rect.’-N 0.41 0.41 

Cu(1 IO) (2 x 3)-N 0.67 0.41 

molecules (mainly NH, but also acetonitrile) or by low-energy N ion bomabardment and 
annealing; molecular N2 does not dissociate at Ni or Cu surfaces. 

By far the greatest attention has been devoted to the Ni(100)p(2 x 2) phases formed by 
both C and N. because the C-induced s[Tucture was the first clear example of adsorbate- 
induced reconstruction on a metal surface [75],  and there have been considerable efforts 
to try to understand the underlying mechanisms of the reconstruction. In both structures 
the adsorbate forms a c(2 x 2) mesh but the atoms penetrate the hollow sites (to adopt 
sites that are almost coplanar) and the nearest-neighbour Ni atoms move out and round 
the hollow in alternate clockwise and anti-clockwise movements to enlarge the penetrated 
hollow (figure 6). The mechanism is variously seen as associated with adsorbate interactions 
with the second-layer atoms directly below, or in the relief of the surface stress (the Ni atoms 
moving closer together in groups of four) [76-851. The interrelationship of electronic and 
mechanical interactions is such that it is difficult to clearly identify a single cause, but 
the basic reconstruction is well established, with the initial qualitative LED symmetry 
arguments 17.51 being supported by quantitative LEED, SEXAFS and photoelectron diffraction 
data [75,86-901. Notice that the nominal saturation coverage of these phases is 0.50 ML; the 
p(2 x 2) unit mesh is larger than the adsorbate submesh due to the Ni surface reconstruction, 
and contains two adsorbate atoms per unit mesh. 

The nature of this reconstruction on the Ni(100) face is, of course, far more subtle 
that any of the S-induced reconstructions discussed in the previous section. In the present 
case, the Ni atom density in the surface is conserved, and the atomic displacements are 
relatively small. Indeed there is considerable evidence that the resulting chemisorption 
phase is extremely stable and of low energy. In particular, on Ni( 11 I),  the far more complex 
c(5J3 x 9)rect. phase, which is induced by adsorbed C. can be best understood in terms of 
a reconstruction of the outermost layer to a pseudo-(100)(2 x 2) structure. Notice that the 
c (5d3  x9)rect. mesh is the same one as seen as a result of S adsorption on Ni(l11) at a lower 
coverage and attributed to a reconstruction to a slightly distorted Ni(100)p(2 x 2 ) s  (0.25 
ML) structure. The basic model is therefore the same for the C and S structures on Ni(ll1); 

. ~ 
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Figure 6. The top view of B model of the Ni(100)(2 x 

the Ni atoms and the smaller shaded balls represent the 
S atoms. The outermost reconstructed layer Ni atoms 
are shown lighter (and with a slightly reduced radius). 
The unit mesh is superimposed. 

2)-C p4g StNCIUTe. The !%er Shaded balls represent 

the main difference is that the coverage is twice as large for C (twice as many fourfold- 
coordinated hollows occupied), while it is also possible that the C structure involves Ni 
atoms displacements parallel to the surface if the 'clock' reconstruction of the true Ni(100) 
structure of figure 6 persists on the (111) surface. This same surface mesh is also seen 
in the presence of adsorbed N produced via a variety of molecular decomposition routes 
[ 11,91,92]. Figure 7 shows the basic model involved in all of these structures: in figure 7(a) 
a layer of Ni adatoms on the nominal (100)(2 x 2) mesh is shown to demonstrate the basic 
match of periodicity of the pseudo-(100) overlayer and the ( I  11) substrate. In figure 7(b), 
a complete pseudo-(l00) NI layer is superimposed on the same substrate, together with 
0.5 ML (in (100) units) of adsorbed atoms in the hollow sites. The overlayer suhmesh in 
this structure is effectively (IOO)c(2 x 2), but an S (2 x 2) overlayer structure can be obtained 
by simply removing alternate adsorbate atoms. Similarly, although the adsorbate coverage 
of figure 7(h) matches that of the C and N slructures, no 'clock' distortion of the outermost 
layer is included. This can clearly be introduced with no change to the basic overlayer 
substrate registry. 

Despite the appeal and consistency of these models, the large surface mesh makes it 
difficult to perform fully quantitative structural analyses by most conventional methods. 
The difficulty of such measurements is also hampered by the multiple overlayer domains, 
which result from the absence of the three-fold rotational symmetry of the substrate in the 
overlayer structure. Nevertheless, Gardin et a1 [ I l l  have recently carried out measurements 
of L E D  diffracted beam intensities from the C- and N-induced c(5J3 x 9)rect. structures, 
specifically from single overlayer domains on selected areas of the sample, and compared 
these to the data from the (100)(2 x 2) structures produced by the same adsorbates. In 
particular, they measured intensities of beams occurring at scattering angles consistent with 
those of the (100)(2 x 2) structure, and find substantial similarity. On this basis they argue 
that the pseudo-(100) reconstruction model is strongly favoured. These results actually 
strongly imply another aspect of the structures which we have so far neglected: LEED 
intensities are determined by coherent interference of scattering from the outermost three 
or so atomic layers, so the model of figure 8(b) can only he reconciled with these LEED 
results if several atomic layers ofpseudo-(100) Ni structure are involved, and not simply 
the outermost layer implied in our discussions so far. The attenuation of the (Ill)-related 
diffraction beams seen in these experiments is consistent with this idea. In this respect, 
we should note that the STM studies of the Ni(l11)(5J3 x 2)rect.-S structure do indicate 
that only the top Ni layer is reconstructed [91. On the other hand, reconstructions of the 
clean faces of several rare-earth metals appear to involve similar multilayer reconstructions 
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a b 
Figure 7. The top views of models of the Ni(l1 l)c(5,/3 x 9)rect.X StNCtUre. (a) simply shows 
an Ni overlayer with one Ni atom per pseuda-(100)(2 x 2) mesh to establish the match of the 
periadicities. (b) shows the full S tNCNE.  The larger shaded balls represent the Ni atoms and 
the smaller shaded balls represent the C atoms. The outer" reconsmcted layer Ni aoms me 
shown lighter (and with a slightly reduced radius), and in (b) the overlayer is omitted an the 
edge for clarity. The primitive unit mesh is supenmposed. 

to expose apparent (Oool) surfaces [93,94], so the suggestion of multilayer reconstruction 
to the structure of another face is not unique. 

a b 
Figure 8. The top views of two possible models of the Ni( l10)(4 Y 5 k C  structure both based on 
the same pseudw(100) reconsmetian. (a) simply shows P high- (0.6) ML) coverage C smnure, 
which matches the basic symmelry requirements [98]. while (b) is a lower-coverage modification, 
which could account for published STM images of this surface [IOI]. The larger shaded balls 
represent the Ni atoms and the smaller shaded balls represent the S atoms. The ontermost 
reconstructed layer Ni atoms are shown lighter (and with a slightly reduced radius), and in (b) 
the overlayer is omitted fmm the lower edge for clarity. The unit mesh is superimposed. 
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One additional phase seen with N adsorption on Ni(100) is described as '(2 x 6)'-N, 
It has recently been suggested [ I  I ]  that this is actually not a true commensurate phase, but 
rather (2 x L), although the apparent incommensurate character may be due to antiphase 
domain boundary effecls; this phase is often found to coexist with the c(5J3 x 9)rect.-N 
structure. It is proposed [ I  I] that the (2 x 6)  structure is a slight modification of the same 
pseudo-(100) reconstruction; in particular, while the (5J3 x 2) phase involves a matching 
of ten (21l)(l l l)-atom rows with eight (110)(100) rows of the pseudw(100) overlayer, 
a commcnsurate (2 x 6) structure can be provided by a model in which six (21 I ) (  I1 1)- 
atom rows of the substrate are matched by five (110)(100) rows of the overlayer. Notice 
that these matches lead to scope for 8% relaxation of the pseudo-( 100) overlayer in the 
(54'3 x 2)  phase compared with only 4% for a commensurate (2 x 6) phase. The extra 
scope for relaxation may be especially important for the (5J3 x 2 ) s  reconstruction in view 
of the recently discovered large-amplitudc 'clock' reconstruction of this overlayer [ 1481, but 
may be less important for the C and N overlayers, for which 'clock' reconstructions can be 
accommodated even on the unrelaxed (100) face. 

On Ni(llO), the close similarity of the N and C adsorption phases is lost. I n  the case 
of C adsorption there appear to be two phases, (2 x 1) and (4 x 5) 195-1001, having similar 
coverage and being prepared at slightly different temperatures, although the exact coverage 
seems to be in doubt and one intermediate value based on Auger electron spectroscopy [97] 
is used in table 4. The understanding of the structure of these two phases is currently very 
limited. Papagno et al [99] have proposed that local threefold-coordinated C adsorption sites 
are involved in the (2x 1) phase, but this suggestion seems to be based more on speculation 
as to the likely nature of the local bonding than on actual experimental evidence from the 
angle-resolved valence-band photoemission they performed. Similarly, the recent study of 
the (4 x 5) phase by Paolucci et al [98] was also directed towards elucidation of the valence 
electronic structure, although these authors did note the systematic absence of certain LED 
beams characteristic of a glide symmetry in the structure [ 1011 (similar to that identified from 
the (100)(2 x 2-C structure [75]). They proposed a structure that possesses the appropriate 
symmetry based on local distortions of the surface to (100)-like square clusters, but with 
no change in the outermost layer Ni atom density. The C coverage in their model is rather 
low (0.20 ML), and although the experimentd determinations of the coverage are far from 
consistent, this value is much lower than the saturation coverages on the other faces. Recent 
STM images [loo] also show the glide symmetry line along the surface (110) direction, and 
show asperities on an approximately square mesh, but with dark troughs along the surface 
(1 IO) direction with the periodicity of the surface mesh. No structural interpretation has 
yet been offered by the authors of this paper. 

Two possible models based on a pseudo-(100) reconstruction having the appropriate 
mesh and symmetry are shown in figure 8: the model in figure 8(a) has a coverage in 
this case of 0.6 ML (0.42 ML in (100) units), much more similar to the value on the other 
faces. This structure comprises two extra Ni atom rows (a total of seven) per unit mesh 
relative to the five rows of the (110) substrate, leading to an Ni-Ni periodicity parallel to 
the surface just 1% larger than that on the ideal (100) surface. The odd number of atom 
rows, however, can only match the pseudo-c(2 x 2) adsorbate periodicity by introducing 
a 'dislocation' across the centre of the unit mesh, which brings about the glide symmetry 
and slightly reduces the adsorbate coverage relative to the (100) surface structure. This 
saturation coverage is also reasonably close to the 0.5 ML implied by the (2 x 1) structurc 
(for which one might reasonably assume a coverage of one C atom per unit mesh). The 
alternative model shown in figure 8(b) attempts to offer an explanation for the STM images 
by rearranging the C atoms on the pseudo-(100) overlayer into different hollow sites; the 
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particular model shown here has a lower C coverage of 0.4 ML, but the exact model needed 
to interpret the STM images actually depends considerably on the electronic structure and 
on the extent of any corrugation of the pseudo-(100) overlayer on the (110) substrate. The 
occupation of nearest-neighbour hollows in the model of figure 8(b) could also be expected 
to induce additional distortions. 

The fact that the (2 x I )  structure is reported to lead to rather diffuse LEED pattems (and 
has not been seen in all studies), coupled with the fact that the (4 x 5 )  structure is produced 
at higher temperatures, both suggest that the (4 x 5 )  may be the more stable, lower-energy 
structure and that reconstruction, such as those suggested in figure 8, is probably involved. 

While the structure of the Ni(l IO)< structures is still in the realms of speculation, 
the situation for N adsorption on both Ni(ll0) and Cu(ll0) is significantly clearer. On 
both of these surfaces a single (2 x 3pN phase is seen, presumably having the same basic 
structure on each surface. The first proposal as to the structure involved, for the Cu(ll0) 
surface, was supported by limited experimental studies using both low-energy ion scattering 
and photoelectron diffraction [102-1041, and is shown in figure 9. This model involves 
one extra ‘added row’ of Cu atoms to a total of four to match the three rows per unit 
mesh of the underlying substrate. The overlayer then has a simple pseudo-(100)c(2 x 2) 
structure. This model has been disputed as a result of STM ObservatiOnS, in particular, which 
show regular troughs interpreted as being due to missing (rather than added) rows. Further 
low-energy ion-scattering measurements also appeared to lend support to this missing-row 
model [105,106], while preliminary LEED results appeared to favour a quite different model 
having missing rows perpendicular to those ‘seen’ in STM [107]. A full quantitative surface 
x-ray-diffraction investigation, however, shows clearly that the added-row model of figure 9 
is correct, but there is a considerable corrugation of the reconstructed layer perpendicular to 
the surface, which can account for the STM and ion-scattering results [1081. Recent further 
STM results [lo91 suggesting different structures at different N coverages would appear to 
be reconcilable with the same basic Cu surface reconstruction. Very recent high-energy ion- 
scattering results [I 101 provide further clear support for the added-row model of figure 9. 

Figure 9. The top view of B model of the Cu(l10)(2 v 
I t N  (pseudo-(IOO)) structure. The larger shaded balls 
represent the Cu atoms and the smaller shaded balls 
represent the N atoms. The outermo~t reconstructed 
layer Ca atoms are shown lighter, and the overlayer 
is omitted on the edge for clarity. The unit mesh is 
superimposed. 

The remaining structures formed by N adsorption on Cu surfaces are also summarized 
in table 4. Note that because Cu surfaces are generally unable to dissociate hydrocarbons 
or CO, there appears to be no literature on the adsorption phases that may be formed by 
C on Cu surfaces. One report [11 I] of the result of direct C deposition on (100) vicinals 
reported only graphitic structures, and while faceting did occur on heating, the surfaces still 
showed LEED patterns best described by a graphitic overlayer. 
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On the Cu(100) surface a simple c(2 x 2 p N  phase is formed, and this has been analysed 
by L E D  and shown to comprise the usual hollow-site adsorption structure, although the N 
atoms are very close to coplanar to the top Cu atom layer [ 112,113]. Evidently this can 
be achieved on Cu(100) without the need for the reconstruction that occurs on Ni(100). On 
the other hand, recent STM images [ I  141 suggest the situation may actually be slightly more 
complicated than this. In particular. these images show much of the surface covered with 
islands, which are interpreted as (100) CuzN structures with a Cu-Cu spacing actually 5% 
larger than that in the Cu(100) surface on which they lie. The size of the islands relates 
to the distance over which the nitride and metal surfaces are commensurate. The curious 
thing about this result is that the authors report a sharp c(2 x 2) LEED pattern, whereas the 
high surface coverage of the nitride (in the areas imaged by STM) would be expected to 
give far more complex LEED patterns, albeit with the strong features reasonably close to 
the half-order diffraction beams. One possibility is that the majority of the surface seen by 
L E D  is a true c(2 x 2) structure, as investigated quantitatively by this technique [I 12, 1131, 
and that the nitride islands are a more advanced state of nitridation, even, perhaps, involving 
more than one layer of the nitride structure. 

On Cu( 11 I), no quantitative structural studies of N adsorption have been made, but there 
is a report of an ordered structure seen in LEED [ 1151, which appears to be incommensurate, 
but has been explained in terms of a slightly distorted square mesh of dimensions slightly 
larger than that of the (lOO)c(Z x 2) mesh: the implied Cu square mesh is 1.04 x 1.02 times 
larger than that on (100). The proposed interpretation is therefore of a pseudo-(lOO)c(2 x 2) 
reconstruction for this face, in common with that demonstrated for the (110) surface. The 
authors of this paper remark that this square-mesh Cu structure with coplanar N atoms that 
appears to form the basis of the surface structure of all three low-index faces of Cu is very 
similar to that of the (100) face of the bulk compound C q N i  [116]. 

Although there appear to be no detailed studies of the y-plot for any of these adsorption 
systems, one rather interesting observation of faceting does deserve comment. A study of 
the adsorption of N on Ni(210) [33] actually observed this surface, exposed at 77 K, to 
start to facet to (100) and ( I  10) faces at temperatures as low as 148 K, the (110) surface is 
found to display the (2 x 3) phase discussed above, but the (100) face is reported to show a 
structure described as (6J2 x J2)R45’. If we recall that the (100)c(2 x 2) phase is actually 
more correctly described as (lOO)(J2 x J2)R45”, we see that this structure reported on 
the (100) facets appears to be a superstructure of the basic c(2 x 2) phase. Whether this 
larger periodicity relates to the constraints of preferred facet sizes, or to some other cause, is 
unknown. The result is interesting, however, in showing that the reconstructed ( I  10)(2 x 3) 
phase clearly provides a local deep minimum in the y-plot for this system. 

In summary, therefore, we see that there is a significant body of evidence supporting the 
idea that most, if not all, of the most stable structures at high coverage produced by N and C 
adsorption phases formed on Cu and Ni surfaces involve reconstruction to square-submesh 
surface phases, basically having the c(2 x 2) structure of the (100) faces. Although. in 
the case of Cu-N, this structure is also closely related to that of a bulk compound, the 
situation is quite different from the C d S  situation of the previous section in which different 
two-dimensional C u S  structures are seen on each face, which correspond to different 
orientations of the bulk compound. Moreover, there is direct evidence that the (2 x 3)-N 
reconstruction on Ni(ll0) does, indeed, provide a low-surface-free-energy phase relative to 
any possible adsorption structures on nearby vicinal surfaces. 

3.3. 0 adsorption on Cu surfaces 

Finally, as an example of a rather different situation, we summarize the results of 
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experiments on the chemisorption of 0 on Cu surfaces. We chose this example partly 
because there was an early suggestion of a pseudo-(100) reconstruction of the (111) face 
in this system. but also because the results now highlight a rather different case of a bulk 
structural element appearing to dominate the behaviour. We do not consider 0 adsorption 
on Ni surfaces, because in this system thin multilayers of epitaxial bulk oxide start to form, 
even at room temperature and under low-vacuum conditions (although simple, small-unit- 
mesh, overlayer chemisorption phases also exist) [117]. By contrast, on Cu surfaces ‘bulk‘ 
oxides can only be grown under more extreme conditions of temperature and pressure, 
and under typical UHV exposure conditions and at modest temperatures, only chemisorption 
structures are formed. This system is also of interest because it is one of the few for which 
there is a significant amount of published work concerning adsorbate-induced faceting under 
good vacuum conditions. 

Table 5. Long-rangeordered srmcturcs formed by 0 adsorption on Cu surfaces, 

Phase Coverage 

Surface Wood Mmix (ML) ((100)equivalenr ML) 

Cu(l00) (2J2 x J2)R4So 0.50 0.50 

CU(ll1) C(8 x 8) 

Cu(ll0) (2 x I )  0.50 0.35 
c(6 x 2) 0.67 0.47 

I 0.49 0.57 2 1  

‘ - 2  3 

Table 5 summarizes the long-range-ordered structures known to be produced on the 
three low-index faces of Cu due to 0 chemisorption structures. Good quantitative structural 
information is available for both the (100) and (110) surface stxuctures, although the 
understanding of the (110)(2 x 1) phase came first. Specifically there is now a wealth of 
evidence from many techniques that this involves a ‘missing-row’ structure with alternate 
Cu atoms missing along the (110) closepacked rows, and the 0 atoms occupying the 
long-bridge sites (figure 10(a)) [118-123]. Strictly, we now h o w  from STM studies of 
the formation of this structure [32,124] that it is really an ‘added-row’ model, but the 
actual equilibrium structure is identical in either of these descriptions, and the missing- 
row description remains clearer. Although there has been some controversy concerning the 
exact 05” and Cu-Cu outermost layer spacings, it is clear that the 0 atoms lie quite close 
(c 0.3 A) to coplanar with the outermost Cu atoms. The more complex (110)c(6 x 2)-0 
phase, which requires much higher 0 exposures, has proved more difficult to solve (see, 
e.g., [125,126]), but there is a rather detailed analysis, based particularly on surface x-ray 
diffraction, which indicates that the basic structural element of Cu-o-Cu chains is retained 
in the more substantial reconstruction [127]. In particular, while the ( 2 x  1) structure contains 
one (100) azimuth Cu-O-Cu chain per unit mesh (with two (100) Cu rows in the substrate 
in the same mesh), the c(6 x 2) contains two such overlayer chains per three substrate rows. 
Above these Cu-O-Cu chains, one additional Cu atom per primitive unit mesh (two for 
each c(6 x 2) unit) bridges pairs of adsorbed 0 atoms. 

On the Cu(100) surface, the smcture of chemisorbed 0 has proved to be a long- 
standing problem, although there is now rather clear convergence over most aspects of the 
structure (see [lZS] and references therein). For many years a c(2 x 2) phase was believed 
to exist at a coverage of 0.50 ML and was widely attributed to hollow-site adsorption with 
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Figure 10. Perspective views of models of the (a) Cu(110)(2 x IN, (b) Cu(lOO)(ZJZ x 
JZ)R45'-0 and (c) Cu(410)-0 stmctum, looking along the open (100) azimuth and the 
associated Cu-O-Cu chains. In each case the larger shaded balls represent the Cu atoms the 
smaller shaded bdls represent the 0 atoms. 

a Cu-0 layer spacing of about 0.8 A, very similar to the situation for 0 adsorption on 
Ni(IO0). There is now very serious doubt, however, as to whether such a phase exists 
[129], and while there is certainly a low-coverage phase at room temperature and below, 
the main stable chemisorption phase is recognised to be the (2J2 x J2)R45" structure, 
which corresponds to a coverage of 0.50 ML. Moreover, the main feature of this structure 
(figure 10(b)) [128,13&13SJ is that, like the (110) surface, it involves missing Cu rows; 
in this case, only every fourth (100) row is missing, and the mechanism does indeed 
involve removal rather than addition of Cu atoms [133]. The 0 atoms i n  this structure 
adopt sites essentially coplanar with the outermost Cu layer, and occupy the sites that were 
fourfold-coordinated hollows prior to the row removal; they are thus nominally threefold 
coordinated, although the distance to the second-layer Cu atom below is similar, whereas 
some relaxation of atoms along the missing-row edge may occur, so the adsorbate atoms 
can he viewed as either twofold, threefold, or fourfold coordinated! The basic structure 
around the 0 adsorbates is, in any case, very similar to that on Cu(llO), with essentially 
linear Cu-O-Cu-0 chains being formed. 

On the Cu( 11 1) surface the situation is far less clear. Most studies (even those providing 
local structural information [ 136, 1371) report no long-range-ordered 0 induced phases on 
this surface, and only a loss of order is usually seen in LEED, although there axe reports of 
ordered phases with complex LEED patterns and large-surface-mesh structures [138-142]. 
In particular, Judd et al [ 1401 report a I I LEED pattern, which they comment can be 
described in the Wood notation only by c(8 x 8) containing eight primitive unit meshes, for 
which the unit mesh is a slightly distorted version of a (100)(2,/2 x 2,/2)R45" structure. 

2 1  

-2 3 
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On this basis they propose that the structure actually involves a pseudo-( 100) reconstruction, 
presumably to the (2J2 x J2)R4S0 structure, which requires two unit meshes to come into 
registry with the underlying ( I  1 I )  surface. This structure was produced by room-temperature 
exposure, although improved ordering was achieved by annealing to 100°C. Although this 
model appears to fit our pattern of pseudo-(100) reconstructions on (111) surfaces, the fact 
that we now know that the Cu( 100)(2& x ,h)R45"-0 structure actually involves missing 
rows means that the plausibility of this simple interpretation seems more doubtful. 

Recent STM studies of 0 adsorption on Cu(l1 I), coupled with other techniques including 
high-energy ion scattering [141,142] have identified two quite different complex structures 

I 1 (using the 60" having unit meshes given in the matrix notation by I 
included-angle substrate mesh as described earlier). Detailed models for these structures 
have been developed, both of which are proposed to be based on (111) sections through 
the bulk, slightly distorted structure of CuzO, but involving a total of five atomic layers. 
It is notable that these structures were prepared using exposure at 400"C, and subsequent 
annealing at up to 5OO0C, and it appears that they represent the earliest stages of 'bulk' 
oxide epitaxy (similar to the three-layer oxide structures seen on Ni). As such they probably 
fall outside our chosen area of concern in the present review. 

The basic picture to emerge from 0 chemisorption studies of the three low-index surfaces 
of Cu is thus that a common structural element is certainly present on both (1 IO) and (100) 
surfaces, namely the essentially linear Cu-O-Cu chains with a Cu-Cu spacing corresponding 
to that in a (100) direction in hulk Cu. The fact that this direction does not occur (and 
thus this spacing is not available) on the ( I  11) surface offers a simple reason why simple 
ordered structures do not seem to form on this face. Moreover, the face that both Cu( 110) 
and Cu(100) undergo Cu-atom-density-changing reconstructions on 0 adsorption indicates 
that these chemisorption structures are unlikely to form the basis of a reconstruction of the 
( 1  11) surface. 

Surface-energy studies [74] of the influence of 0 on Cu surfaces by the torque-term 
method actually find increasingly deep cusps in the y-plot at the (100) and (1 1 I)  surfaces, 
with the (1 11) cusp being deepest, but these measurements were conducted to 1000°C, when, 
as we have already remarked above, the results may well be dominated by surface oxide 
epitaxy rather than simple chemisorption. However, even room temperature UHV studies 
show a tendency of some Cu surfaces to facet in the presence of 0. In particular, (100) 
vicinals facet to (410) [ I  11,143,1441. The special stability of the (410) under 0 exposure 
has attracted some attention. An early structural study using x-ray photoelectron diffraction 
[I451 appears to identify the first 0 adsorption site on this surface as on the step edges to 
produce a local structure we now recognize as identical to that on the edge of missing rows 
i n  the Cu( IOO)(Zd2 x J2)R4S0-0 structure. In fact, the similarity of the terrace width on 
the (410) face and the size of the Cu(I00)(2& x &)R45"-0 unit mesh was remarked on 
in early studies of adsorption on the (410) face [ 11 I], and the apparent preference for 0 
atoms to adopt the step-edge sites was one of the key ideas leading to the suggestion (prior 
to the availability of experimental evidence) that the Cu(100)(2,/2 x J2)R45"-0 structure 
involved missing rows (see [128] and references therein). On the other hand, the fact that 
this (100) surface does produce such step-edge sites through its reconstruction argues against 
the need for faceting to achieve such sites. In fact recent STM studies [I461 indicate that 
the (410) surface also has a missing row on the terraces in the presence of adsorbed 0, 
producing a structure that effectively comprises step-edge sites (next to the missing row) 
and true isolated Cu-GCu chains like those on Cu( l l0)  along the edges of the terraces 
(figure lO(c)). The evidence is therefore that even the faceting behaviour is determined by 
the strong preference for the special local chain geometry of the adsorbed 0. 

I 8 
1 and I -8 .I -4 s 
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4. General discussion and conelusions 

This survey of the sub-monolayer adsorption structures of S on Ni, Cu and Pt surfaces, N 
and C on Ni and Cu and 0 on Cu, has identified at least four distinct types of structure for 
which there appear to be reasonable quantitative structural evidence. There are as follows: 

(i) In most cases, at least one, typically the lowest-coverage phase, comprises a simple 
commensurate overlayer with adsorption in the maximally coordinated site of the particular 
face being studied. 

(ii) On the (1 11) faces most systems show strong evidence for one or more reconstructed 
phases at higher coverages, while there is evidence for similar behaviour on many of the 
(100) faces, but far fewer examples on (100) where a simple c(2 x 2) overlayer is generally 
the saturation phase. This is the class of adsorption structure that has attracted the greatest 
attention so far using quantitative methods. 

(iii) With the exception of CdO, these reconstmctions on the (11 I )  and (110) faces fall 
into two categories: 

(a) pseudo-(100) reconstructions having a local geometry similar to the overlayer phase 

(b) structures associated with single or double layers of bulk compounds, the orientation 
on the (100) face (Ni/S, NdC, N f l ,  CUM) and 

and symmetry of the bulk compound layers matching those of the substrate (CdS). 

(iv) The Cut0 case is a special one in that even the lowest-coverage well ordered 
structures on all three low-index faces reconsnuct, and the key common element of the 
reconstructed phases is the incorporation of 0 into Cu-O-Cu chains with a periodicity 
equal to that of the (100) direction in Cu. The tendency for Cu to bond to pairs of 0 atoms 
is also a feature of bulk copper oxides (e.g. cuprate-Cu20 [ 149]), and the Cu-0 chains are a 
characteristic feature of the bulk structure of many of the cuprate ‘ceramic’ superconductors 
(see, for example, [150, 1511 and references therein). Evidently the energetic preference 
for this almost one-dimensional structural element is carried over into the chemisorption 
structures. 

In effect we therefore identify three different types of preferred stable structural element 
that form the reconstructed surfaces, which can be nominally described as two, three and one 
dimensional. In the pseudo-(100) reconstructions, the stable structure is sufficiently similar 
on several different orientations of substrate to imply that the bonding within this layer 
evidently dominates over considerations of energetic matching to the underlying substrate 
and we can loosely describe this as two dimensional. In the second category, a structure 
forms that is effectively a thin section of a (distorted) three-dimensional bulk-compound 
phase, but different sections form on different orientations of surface so the substrate epitaxy 
plays a key role. Finally, in the Cu-0 case a common nominally one-dimensional structural 
element appears to dominate the stability of both surface and bulk-compound phases. Notice 
that the ‘two-dimensional’ structure may, as in the case of N on Cu, also correspond to a 
geometry very similar to that of a particular section through the associated bulk compound; 
one might deduce that this orientation of the compound represents a particularly low-surface- 
energy face to which faceting of the compound would occur, but there seems to be no 
evidence to support or refute this suggestion. 

Within the full set of structural phases presented in tables 1-5 and discussed in the text 
there are, of course, many for which the detailed structure remains a matter of speculation, 
and in the most complex reconstructions there are real difficulties in finding techniques 
suitable for their complete solution. Nevertheless, there is sufficient evidence to support 
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the main points of the above summary, even if the generality of the conclusions remains 
unclear. 

Because surface reconstructions (like any other structural phase) are determined by 
energy minimization, we have tried to collate some matching information on direct 
measurements of relative surface free energies, but such information is sparse. The clearest 
case seems to be the Pt/S case, for which equilibrium-shape measurements provide clear 
evidence that the (100) surface in the presence of the (2 x 2w and c(Z x 2)-S phases has a 
deep cusp in the y-plot. The implication of this result is that other low-index faces should 
probably facet in equilibrium. Unfortunately, the data on the S adsorption phases on Pt are 
sparse, but it appears that there may be no stable reconstructions on any of the faces. It 
may be, of course, that it is precisely the inability of the (111) and (110) faces to adopt 
structures similar to that on (100) which leads to the absence of these orientations on the 
equilibrium shape. 

Of the other systems considered, the only clear and relevant information on the y- 
plot originates from the observation that Ni(210) surfaces facet to (110) in the presence of 
adsorbed N, and that the facets show the Ni( 110)(2x3)-N structure, which we are reasonably 
sure, by analogy with the same phase on Cu, does have apseudo-(100) reconstruction. Here, 
at least, is clear evidence not only that the (100) chemisorption structure must have a very 
low energy to produce the (1 10) reconstruction, but also that the reconstructed face does 
provide a reasonably deep local cusp in the y-plot. In this case, at least, the evidence is 
therefore also that the pseudo-(100) structure is stable rather than metastable. 

Any attempt to understand these phenomena in greater depth needs input from both 
theory and experiment. There is no doubt that many of the structural phases discussed 
here, for which the structures proposed remain largely speculation, could be solved by 
further experiments. Even the large-unit-mesh structures may be tackled by surface x-ray 
diffraction. There is also considerable scope for further experiments on the role of adsorption 
under well defined conditions on the y-plot; small-particle equilibration experiments are 
particularly attractive and while electron microscopy has already been shown to be effective 
in their study, STM holds great promise for similar studies. Answering the key question of 
whether a surface reconstruction is truly stable to possible faceting transitions is often not 
simple, however, because the high temperatures needed to ensure equilibrium is reached 
in a reasonable time may well lead to desorption or desegregation of an adsorbate. Here, 
theoretical work could prove crucial. Recent total-energy calculations of specific examples 
of both complex clean-surface reconstructions and adsorbate-induced reconstructions show 
that the methods are now available for such work (e.g. [ l ,  1471). Moreover, while such 
calculations would not, of course, separate out the interfacial strain energy in a pseudo- 
(100) reconstruction, some understanding of the separate components in the total energy 
can be obtained from calculations based on hypothetical substrate structures of varying 
periodicity. By a combination of such new experiments and calculations one might therefore 
expect to establish more clearly whether the trends discussed here are, indeed, a basis for 
understanding a range of adsorbateinduced surface reconstructions. 
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