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I. Introduction
The study of surfaces and surface processes has

developed greatly over the last 30 years.1,2 New
techniques are continually being developed to study
ever more complex aspects of clean surface properties
and of surfaces with adsorbates. The most funda-
mental piece of information available from a surface
science investigation is the location of atoms at the
interface: surface crystallography.
A surface represents a highly asymmetric environ-

ment, with both the coordination and the electronic
structure of the surface atoms being modified from
their bulk values. As a result, the structure of the
surface may be very different from a simple bulk
termination model. This modification may take the
form of relaxations and displacements, where inter-
layer and intralayer spacings are altered, or more
dramatic modifications involving large-scale mass
transport of atoms across the surface leading to
radical changes in coordination of surface atoms, and
in the surface layer symmetry.
Although such effects have been identified for clean

metal surfaces3 it has been traditional for the surface
layer to be modeled as a rigid, bulk-terminated layer
in studies of adsorption; the so called “checker board”
model. Primarily this assumption was made because
the available methods of structure determination,
and in particular the state of LEED,4 were incapable
of handling the greater complexity inherent in the

problem once surface layers are allowed to recon-
struct. An a posteriori rationale for this approach is
that it is often the case that the adsorbate layer in
some way returns the surface layer to its ideal bulk-
terminated coordination.
This picture has now changed. In particular, new

techniques1,2,5,6 are available which allow the full
determination of the geometry of not just the
adsorbed layer, but also of the surface atoms in the
interface region. On the basis of the results of clean
surface studies, the top few layers of the metal (the
interface region) are generally found to be involved
in a reconstruction. This work has led to the rigid
lattice model being replaced by a picture of a mobile,
plastic surface capable of responding to the presence
of adsorbate atoms or molecules through structural
modifications.
We begin our review by looking at clean metal

surfaces and identifying the simplest class of recon-
struction, relaxation of the top few metal layers.
With a few exceptions, this type of behavior can be
understood in terms of a local valence electron
density model. We will then turn to more complex
classes of reconstruction involving mass transport,
and hence changes in packing density, within the
surface layers comprising the clean metal surface.
Again, such effects can be understood within the
framework of relatively simple local electron density
models.
Studies of adsorbate atoms and molecules are less

advanced than clean surface studies since the in-
crease in complexity leads to a great increase in the
number of parameters which need optimizing in a
structural study. However, significant progress has
been made, and we will review a few of the results,
ideas and trends seen in the literature.
Finally, we will turn to consider the next genera-

tion of surface crystallographic studies by identifying
some of the problems which still exist, and some of
the great challenges remaining within this active and
lively field. In a short review of this length, we
cannot hope to comprehensively review all surface
structures determined to date. Such a list is already
available elsewhere.7 Instead, we have selected
representative examples of interesting and challeng-
ing structural determinations to illustrate the ideas
being discussed.

II. Relaxation and Reconstruction of Clean Metal
Surfaces

In this section we review the results of structural
studies of clean reconstructed metal surfaces. Re-
constructions can be divided into a number of classes.
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The majority of materials undergo a simple relax-
ation in which only the interlayer spacings change
(section II.A). However, a number of surfaces un-
dergo more dramatic changes. These may involve
lateral displacements of atoms, within the surface
layers (section II.B), or a change in the surface layer
atomic density (section II.C). The most widely known
reconstruction is probably the fcc {110} missing row

reconstruction (section II.D) which displays all of
these effects within the top three surface layers.

A. Relaxations
The relaxation of the outermost layer of a metal

surface away from its ideal bulk-terminated position
was first identified by low-energy electron diffraction8
in studies of the relatively open {110} surfaces of fcc
metals (Al{110}9,10 and Cu{110}11). This was found
to be a contraction of ∼10% for both surfaces, and
such contractions are now recognized as a near
universal property of virtually all metal surfaces.
Subsequent reanalysis of the above structures3,12-14

by LEED has shown that relaxation effects can
extend several layers into the material. The results
of the reanalysis of Al{110} by Andersen et al.14 are
shown in Figure 1. The relaxation appears to be
oscillatory in nature, with the oscillations decaying
rapidly into the bulk. These studies have been
concentrated on the relatively open, low coordination
number {110} surfaces of fcc metals. However,
recent advances in surface crystallographic tech-
niques5 mean that the much smaller relaxations of
close-packed surfaces can now be resolved (e.g
Rh{111},15 Figure 2).
At the heart of these effects is the redistribution

of electron density, which occurs at the surface, and
can be thought of as due to a desire of the atoms to
reside in an area of optimum local electronic density.
Finnis and Heine16 first suggested that the electron
density of the surface would relax to produce a
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Figure 1. Cross sectional view through the Al{110}14
surface showing the damped oscillatory nature of the
changes in interlayer spacing.

Figure 2. (a) Plan view of the fcc {111} surface. Cross
sectional views through (b) the Rh{111} and (c) the Pt{111}
surfaces showing the damped oscillatory nature of the
changes in interlayer spacing and the anomalous expansion
of the first interlayer spacing of Pt{111}.
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smoother distribution, as if it possessed surface
tension. This redistribution of electron density gives
rise to a net inward force on the surface atoms
causing the observed contraction of the first to second
interlayer distance. Subsequently, Landman et al.
showed that the redistribution of electronic density
will extend over several layers, giving rise to the
observed damped oscillatory nature of the relax-
ation.17

These results can be visualized within the frame-
work of effective medium theory.18 The coordination,
and consequently the electron density, around the
surface atoms is reduced by the loss of neighboring
atoms necessary to create the surface. Consequently,
the surface layer atoms are relaxed inward, to
increase their local embedding charge density. With-
out further relaxation this would leave second layer
atoms in a relatively high region of local electron
density, and consequently the second to third layer
spacing is increased compared to the bulk spacing,
lowering the local electron density to the optimum
value and giving rise to an expansion. This same
argument can then be extended into the bulk, giving
rise, together with electron shielding, to the observed
damped oscillatory nature of the relaxations.
However, there are a number of apparently anoma-

lous results which indicate an expansion of the first
to second layer distance relative to the bulk inter-
layer spacing. Such effects have been reported by
LEED for Pt{111},19 Pd{100},20 Rh{100},21 and
Pd{111}.22 Two of these studies (Pd and Rh) are
characterized by relatively poor agreement between
theory and experiment, but in the study of Pt{111}
there is excellent agreement, suggesting that the
expansion is a real effect (Figure 2). In order to
provide a possible explanation for these effects it is
necessary to extend the simple picture presented
above by including the effects of the d electrons.
The bulk lattice constant of transition metals is a

balance between the outward pressure, exerted by
the delocalized sp electrons, and an inward force due
to the localized d electrons.23 In the simple case of
contraction, the sp electrons spill over into the
vacuum producing a net inward force due to the d
electrons. Methfessel et al.24 used this model to
examine the contraction of the 4d metal surfaces. The
contraction is found to be a minimum (close to 0%)
for Pd due to the nearly complete occupancy of the
metal d band. However, experiment shows an ex-
pansion of 3%, which must therefore be due to some
other physical effect. Quinn et al.20 suggest the
possibility of magnetic moment effects or even the
possibility of interstitial hydrogen expanding the
lattice. For Pt{111}, Materer et al.19 suggest that the
expansion is due to a weakening of the interlayer
bonding in favor of intralayer bonding. Such an
argument is consistent with the high value of surface
stress calculated for Pt{111},25 and with the fact that
at high temperature Pt{111} reconstructs through an
isotropic compression of the surface layer.26 At room
temperature Au{111} shows a similar increase in the
atomic density of the surface layer,27 accompanied by
an expansion of the first interlayer spacing. The
measured expansion for Pt{111} of 1.3 ( 0.4%19 is
in close agreement with the 1.25% expansion calcu-

lated by Feibelman et al.28 using first principles local
density functional theory. A full explanation of the
few observed expansions must await further total
energy calculations.

B. Displacive Reconstructions at Constant Layer
Density
In addition to relaxation of the interlayer spacings

some surfaces undergo displacive intralayer lateral
relaxations within surface layers, lowering the layer
symmetry but not the density.
Within this class of displacive reconstructions the

low temperature c(2×2) reconstruction of W{100}
was the first to be discovered and is now the most
extensively investigated. From an analysis of the
observed space group symmetry of the LEED pattern
Debe and King found that surface layer W atoms are
laterally displaced to produce a zigzag atomic ar-
rangement,29 shown in Figure 3. Subsequently, a full
LEED study supported this model and gave a lateral
displacement of 0.16 Å accompanied by a contraction
of the first to second layer distance by 6%.30 On the
basis of theoretical studies it was suggested that the
reconstruction of W{100} was actually a multilayer
process31,32 which was subsequently experimentally
confirmed.33-35 The structure, now firmly estab-
lished, involves a displacement of the topmost layer
of W atoms by 0.24 Å with a displacement of the
second layer atoms in the same direction by about
20% of this value.
Fu and Freeman31 proposed that these second layer

displacements are driven by a combination of sym-
metry lowering and elastic strain. The displacement
of the first layer atoms causes them to roll on top of
the second layer atoms, giving rise to a large strain
which can be relieved by a small displacement of the
second layer atoms. The reconstruction is driven by
electronic effects in the first layer and by strain
effects in the second layer. Again, we have an
example of a damped reconstruction extending into

Figure 3. A plan view of the c(2×2) reconstruction of
W{100}. In (a) the displacement tendencies of the atoms
away from their ideal bulk terminated positions are
indicated, while (b) displays the final two layer Debe-King
structure resulting from these displacements.29,34,35
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the bulk of the material, suggesting that such effects
should be considered the rule for all materials. In a
metal the influence of the surface is fully attenuated
within about four layers.
While the structure of the multilayer reconstruc-

tion and the mechanism behind the second layer
reconstruction are well understood, there is still some
uncertainty over the exact nature of the electronic
driving mechanism behind the reconstruction of the
first metal layer.36

C. Changes in Surface Layer Atomic Density

Large-scale surface reconstructions producing
changes in the surface layer density were first
identified on Pt{100}.37 The first layer of Pt recon-
structs from the square lattice of an fcc {100} surface
into a near hexagonal arrangement leading to the
surface being known as the hex phase.38 Subse-
quently other fcc {100} surfaces have been shown to
undergo similar reconstructions (Au{100}39,40 and
Ir{100}41). These reconstructions are again related
to optimal embedding charge density, surface stress,
and the redistribution of surface electronic density.
Models have been proposed for all these surfaces

on the basis of LEED patterns. The reconstruction
of Au{100}, described as c(26×68), is thought to
involve a buckled hexagonal Au layer sitting on top
of an unreconstructed substrate layer.40 A similar
model has been proposed for both the hex and hex-R
reconstructions of Pt{100} (Figure 4) which differ
only in a rotation of the hexagonal layer relative to
the underlying substrate.46,47 The Ir{100}-(1×5)
reconstruction is similar, involving a slight distortion

of the top layer away from a perfect hexagonal
overlayer.46,47

The interpretation of the LEED patterns led to
models in which only one layer of the metal is
reconstructed. This picture has been supported by
high-energy ion scattering measurements,48 which
show that only one layer of the metal is significantly
displaced from bulk positions. The reconstructions
are driven by the need for surface atoms to relocate
into a region of higher electron density. Whereas
with some metals this is achieved by a simple
contraction of the first to second interlayer distance,
in this class of metals the surface stress is reduced
by increasing the embedding charge density in a
reconstruction with a more dense, fcc {111}-like
arrangement in the top layer. The fcc {111} surface
is thermodynamically the most stable, and it is also
the smoothest surface. In the absence of reconstruc-
tion, surface atoms behave as if the surface experi-
ences surface tension. Opposing this contraction and
rearrangement is the resulting loss of optimal bond-
ing between the first and second metal layerssthe
interlayer resistance. The mismatch between top
and second layers gives rise to a buckling of the
reconstructed hexagonal layer, which for Ir{100} has
been measured by LEED to be 0.48 Å,49 and for
Pt{100} has been measured by He diffraction,50 and
in the STM images of Behm et al.51 and most
strikingly of Borg et al.,52 to be 0.4-0.5 Å (Figure 5).
The buckling of these surfaces suggests that the

reconstruction will actually extend several layers into
the surface since the second layer atoms are in far
from ideal surroundings. This will presumably in-
volve relaxation and buckling effects, but the full
determination of the reconstructed surface structures
of Pt{100} and Au{100} is currently beyond inves-
tigation, by experiment or theory, due to the large
size of the surface unit cell.
This simple picture of the reconstruction of some

fcc {100} surfaces into close-packed, fcc {111}-like
planes under the action of surface stress, overcoming
the interlayer resistance, also underlies the room
temperature reconstruction of the already close-
packed Au{111} surface. Here the contraction and
buckling of the topmost layer have been resolved by
both He diffraction53 and STM.54 This surface un-
dergoes a uniaxial contraction of 4%.46,47

As with simple relaxations, the driving force behind
these effects is the redistribution of surface electronic
density, which gives rise to a high surface stress in
the unreconstructed surfaces. Total energy calcula-
tions55 have shown that reconstruction is likely when
the in-plane surface stress is high, and the interlayer
resistance is small. High surface stress is created
by a depletion of the surface d electron density
causing a reduced antibonding contribution at the
surface. This is particularly important for the 5d
metals where relativistic effects deplete the d electron
density in favor of sp occupancy. As a result of this
stress, surface atoms undergo a change in intralayer
bonding rather than a change in interlayer bonding.
The relief of the surface stress lowers the total
energy; in the case of Pt{100} recent microcalorimet-
ric measurements56 show that the reconstructed hex

Figure 4. A plan view of the reconstruction of Pt{100}-
hex to the (1×1) phase induced by CO. The adsorbate is
not shown. The darker shaded atoms represent the recon-
structed hex surface, the lighter shaded atoms represent
the unreconstructed (1×1) surface, and the unshaded
atoms a second layer of (1×1) surface, above the surface
plane, generated by the reduction in surface atomic density
as the (1×1) surface is generated from the hex. The
dynamics of the transition from hex to (1×1) follow a
strongly nonlinear power law,42 which is an important
factor in the oscillatory reactions of CO on Pt{100}.43-45
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phase is 20 ( 3 kJ (mol Pt)-1 lower in energy than
the (1×1) surface. The change in atomic density for
the reconstructed {100} surfaces of Pt, Ir, and Au is
around 20%, showing that large-scale mass transport
is involved. Finally, we note that these reconstruc-
tions are limited to the late 5d metals, for which
surface stress is high and the interlayer resistance
is low. A similar mechanism lies behind the recon-
structions of the already close-packed Au{111} and
Pt{111} surfaces discussed in section II.A.

D. Missing Row Reconstruction of fcc {110}
Surfaces
A well-known class of reconstructions sharing some

similarities with each of the above two classes is the
missing row reconstruction of fcc {110} surfaces. The
{110} surface is the most open of the widely studied
low Miller index fcc surfaces. Consequently, it has
the lowest surface layer atomic density and the
highest surface energy, making it the most likely to
reconstruct. In the case of Ir, Pt, and Au the clean
{110} surface spontaneously reconstructs, giving rise
to the (1×2) missing row reconstruction.57-60 This
model was first proposed by Chan et al.59 to explain
the (1×2) periodicity observed in the LEED pattern
of clean Ir{110} and consists of a surface in which
every other row in the 〈110〉 direction has been

removed, although recent STM data has shown that
the structure may be rather more complex.61 The
{110} surface of the 3d metals (Ni and Cu) and 4d
metals (Ag and Pd) appear to be stable to this
reconstruction, but the missing row reconstruction
can be stabilized by a small quantity of alkali
adsorbate.62-64

Again, this is a multilayer reconstruction, with
pairing of atoms in both the second and fourth
layers65 and rumpling in the third (Figure 6). On
Au{110} this pairing involves lateral displacements
of the atoms by ∼0.05 Å in both layers. The third
layer is buckled by 0.24 Å and the topmost layer is
strongly relaxed, with a contraction of the first to
second layer distance of 20%. These effects seem to
be consistent for all missing row-type reconstructions,
with Pt{110} undergoing a multilayer reconstruction
of a very similar nature.66-68 Consequently, the
missing row reconstructions show all three effects
discussed above: a relaxation of the first to second
interlayer distance; a change in the surface layer
atomic density; and a displacive reconstruction of the
second and fourth layers parallel to the surface;
accompanied by a buckling of the third layer.
Removal of close-packed rows of material from the

{110} surface produces ribbons of {111}-like micro-
facets across the surface, which have been imaged

Figure 5. STM Image of the Pt{100}-hex phase, with the corrugation along [1h5] shown in the line profile. (Reprinted
from ref 52. Copyright 1994 Elsevier.)
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directly by STM.69,70 The creation of these {111}
microfacets has often been cited as the driving force
for the missing row reconstruction. The bonding in
these systems is again a competition between the
localized repulsive interaction of the d electrons and
the bonding nature of the delocalized sp electrons.
The creation of a missing row structure, with its
smooth fcc {111} microfacets, allows the sp electrons
to become more delocalized, lowering the electronic
kinetic energy, without increasing the number of
nearest neighbor broken bonds and thus leading to
an increase in the bonding character of these sur-
faces,71 suggesting that the missing row structure is
associated with a lowering of the surface electronic
density. The lower electronic density found for 4d
metals provides a possible explanation of their stabil-
ity toward this class of reconstruction. This may also
explain the observations that alkali metals, at low
coverages, induce missing row reconstructions, since
the addition of an alkali metal atom to the surface
leads to an increase in the s electron density at the
unreconstructed surface, which is then lowered back
to an optimum value by the development of the
missing row reconstruction. However, this model
predicts that the surface should be more stable with
larger facets, suggesting that (1×n) reconstructions
should become increasingly stable with increasing n,
contrary to observation. The overriding stability of
the (1×2) surface has a different origin.
Theoretical investigation of the missing row recon-

struction supports the multilayer nature of the
process.71 These mutilayer relaxations provide a
route to the alternative driving mechanism. Row
pairing in the second layer creates open channels into
which the remaining top layer atoms can relax,

restoring their local valence electron density and
producing a 20% contraction of the first interlayer
spacing. The first and second layers then together
create a compact, high-density surface resembling the
rumpled top layer on Pt{100} hex. The missing row
reconstruction is thus stabilized as it creates, through
the multilayer relaxations, the most dense atomic
packing possible at a {110} surface. The buckling of
the third layer further lowers the surface energy.
These similarities with the Pt{100} hex reconstruc-
tion suggest that the driving force for the combined
row pairing and missing row reconstruction is again
the high surface stress of the late 5d transition
metals.

E. Summary of Clean Surfaces Effects
The above demonstrates that the concept of a rigid,

bulk-terminated surface lattice is no longer tenable.
The surface is a dynamic environment with atomic
displacements occurring several layers into the bulk
region. Most surfaces undergo a straightforward
multilayer relaxation (section II.A) driven by the
movement of surface atoms into new locations which
restores their local optimum electron density. Dis-
placive reconstructions, which preserve the overall
atomic density of the surface layer, can also occur
(section II.B). Surface stress plays a critical role in
the large-scale surface reconstructions, involving
layer density changes, for Pt, Au, and Ir. Here, the
surface atoms are rearranged to optimize the local
charge density by modifying the in-plane bonding as
well as the interlayer bonding (section II.C). These
effects often occur in combinations. W{100} shows
displacive effects and relaxation effects, while the
most dramatic example is seen in the fcc {110}
missing row reconstructions (section II.D), in which
all three effects occur.
The stability of the close packed fcc {111} surfaces

is well demonstrated, although Au{111} does un-
dergo a reconstruction to an even more close-packed
top layer at room temperature. This stability can be
seen as another unifying theme running though
several surface reconstructions. The fcc {100} pseudo
hexagonal reconstructions and the fcc {110} missing
row reconstructions involve the surface producing
more close packed surface layers, thereby reducing
the deficit in electron charge density at surface
atomic positions.

III. Adsorbate-Induced Reconstructions
While a great deal of work has been devoted to

studies of clean surfaces and clean surface recon-
structions, adsorbate-induced reconstructions have
received less attention to date. The introduction of
an adsorbate introduces extra degrees of freedom into
the problem and hence greatly complicates the struc-
tural analysis. However, progress has been made in
this field and is reviewed here.
The formation of a chemical bond between a

surface layer metal atom and an adsorbed molecule
will clearly alter the local embedding charge density
experienced by the metal atom. It must therefore be
expected that the clean metal surface structure is
altered by chemisorption and will be critically de-

Figure 6. The missing row reconstruction on fcc {110}
surfaces, showing, in (a), the second layer row pairing and
third layer buckling. The top layer also relaxes downward
producing a relatively smooth surface, shown in b.78 All
fcc {110} missing row reconstructions exhibit similar
effects, even those induced by the presence of adsorbates
on stable clean (1×1) surfaces.
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pendent on the nature and density of the adlayer. In
general metal surface layer atoms should restructure
into lower density arrangements to reduce the local
charge density.

A. Atomic Adsorbates
Atomic adsorbates represent potentially the sim-

plest form of overlayer on metal surfaces. Conse-
quently, reconstructions induced by atomic adsor-
bates have received more attention than molecular
adsorbates. The first observations of the restructur-
ing of clean surfaces by atomic adsorbates, made in
the late 1970s, were of displacive structural changes
on W{100}, where H adatoms were found to produce
a rotation of the Debe-King clean surface structure,36
and on Ni{100}, where carbon adatoms were found
to produce a clock reconstruction. These are both
described in more detail in section III.A.2 below.
Since that time a substantial range of adsorbate-
induced reconstructions have been studied; including
relaxation as a class of reconstruction, the phenom-
enon is universal for chemisorbed species.

1. Adsorbate-Induced Reconstructions of fcc {110}
Surfaces

Although some clean fcc {110} surfaces are un-
stable with respect to layer density reconstructions
(section II.D.), the clean {110} surfaces of Ni, Cu, Pd,
and Ag are not, but they do show the large relax-
ations expected for atomically rough surfaces (section
II.A).11-13,72-77 However, these surfaces restructure
with a wide range of atomic adsorbates,78 demon-
strating that the clean surfaces are only just stable
with respect to these reconstructions.
Exposure of the clean {110} surfaces of Ag, Pd, Cu

and Ni to alkali metal atoms gives rise to (1×2)
structures.62-64,79 Hayden et al.62 suggested that this
was the result of a reconstruction rather than due
to the formation of an ordered overlayer and further
suggested that the adsorbate-induced structure, on
Ag{110}, was the missing row model (section II.D).
The alkali adsorbate occupies the channels created
by the removal of close-packed rows from the surface.
Similar effects have been observed for Cs adsorbed
on Pd{110},63 and detailed LEED studies77 have
conclusively demonstrated that the (1×2) structure
on Pd{110} is virtually identical to the clean surface
missing row structures, again involving multilayer
effects.
Two mechanisms have been suggested for these

alkali-metal-induced reconstructions. The first model
stresses the importance of long-range effects and was
proposed by Ho and co-workers as an extension of
their work on clean surface reconstructions.71,80 It
again implies that the reconstruction is induced by
the increased delocalization of the s electron density
possible at the reconstructed surface. A second model
has also been proposed which stresses the importance
of short range effects.64,81 Within this model, the
reconstruction is driven by the higher adsorption
energy of an alkali metal atom on the reconstructed
surface. This model has the advantage of explaining
the coverage dependence of the reconstruction. At
low coverages (1×2) and (1×3) structures are stabi-
lized by the increased heat of adsorption; the (1×3)

structure has deeper channels created by the removal
of three close packed rows of the substrate. The
structure is highly corrugated and has even been
observed on the clean Pt{110} surface.68,69 On the
reconstructed surface, the large alkali metal atoms
have a higher number of nearest neighbors and hence
a higher adsorption energy. This increase in adsorp-
tion energy is enough to stabilise these structures
with respect to the (1×1) structure. At higher
coverages, the increase in adsorbate-adsorbate re-
pulsion causes the adsorption energy to fall, and the
surface reverts to an alkali overlayer on an unrecon-
structed substrate. It is important to realize that
both of these effects operate simultaneously and
indeed are different manifestations of the same
process. This should be born in mind when consider-
ing all models of surface reconstruction; a combina-
tion of long-range and short-range effects will play a
role in determining the driving force behind the
observed effects.
It is important to note that the adsorbate-induced

missing row reconstruction is not a universally
observed phenomenon on fcc {110} surfaces. Adsorp-
tion of atomic oxygen onto Ni and Cu {110} surfaces
gives rise to a (2 ×1) added row reconstruction.82-95

The removal of alternate Cu atoms along [11h0]
produces missing rows running in the [001] direction,
i.e. perpendicular to the close-packed rows and to the
missing rows discussed previously, and the adsorp-
tion of oxygen atoms in long bridge sites leads to a
structure made up of added Cu-O chains along
[001].84-93 A quantitative LEED study on the O-Cu
system shows that multilayer relaxations are again
important92 (Figure 7). A similar structure has been
found for the O-Ni system.94,95

This structure may appear surprising since it
involves an increase in the number of broken nearest
neighbor bonds and places oxygen atoms in appar-
ently unfavorable long bridge positions. However the
driving force behind its formation is the increase in
the copper-to-oxygen bond strength that it provides.
The low coordination of the Cu atoms in the Cu-O
chains causes the filled d band to shift upward

Figure 7. The Cu{110}-(2×1)-O structure, with Cu-O-
Cu chains running across the surface, and missing rows of
Cu atoms perpendicular to the close packed rows.92 The
large circles are the Cu atoms, with successively deeper
layers being represented by darker shading. The small
black circles are the oxygen atoms. There is also a small
pairing displacement in the second layer of d ) 0.03 Å.
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toward the Fermi level, causing the antibonding
states formed in the interaction with the adsorbed
O 2p states, to shift above the Fermi level. This
lowering of the occupancy of the antibonding eigen-
states gives rise to an increase in the O-Cu bond-
ing.93
The reconstructions discussed above are driven by

the increase in the adsorbate-substrate bond strength
on the reconstructed surface and the change in the
local valence electron density at the surface metal
atoms caused by bonding to the adatoms.
LEED I(V) analyses96,97 have shown that the ad-

sorption of atomic hydrogen on Ni and Pd{110}
produces another form of reconstruction. At low
temperatures (<200 K) coverages in excess of 1 ML
induce a paired row reconstruction of the substrate
(Figure 8), in which lateral displacements of the top
layer atoms by 0.3 ( 0.05 and 0.2 ( 0.05 Å are
observed for Ni{110} and Pd{110}, respectively.
Although the individual chemisorption energy is
lower on the reconstructed surface, the reconstruction
creates more adsorption sites, allowing the total
adsorption energy to increase, which drives the
formation of the metastable (1×2) row paired struc-
ture. The paired row reconstruction involves only
small atomic displacements so that the activation
energy for the process is low and it occurs even at
low temperatures. It is therefore surprising to note
that STM studies98,99 of the thermodynamically fa-
vored streaked (1×2) phase have suggested that
large-scale mass transport is involved in the forma-
tion of this phase. The reconstruction is observed to

be a combined missing row and added row structure.
The local character of the reconstruction means that
isolated 〈110〉 rows of Ni atoms are pulled out of the
surface, creating {111} microfacets. EELS,100 em-
bedded atom method calculations,101 and time-of-
flight scattering and recoiling spectroscopy (TOF-
SARS)102 measurements all suggest that the hydrogen
atoms occupy 3-fold sites on the inclined {111}
microfacets of the missing and added rows.
Atomic nitrogen adsorption on Cu{110} gives rise

to a (2×3) LEED pattern. This structure has been
analyzed by a variety of techniques103-105 and has
been shown to consist of a pseudo Cu{100}-c(2×2)
overlayer (Figure 9). The overlayer is corrugated by
0.52 Å, with the N atoms virtually coplanar with the
first layer Cu atoms. Three of the four nitrogen
atoms within the unit cell are 5-fold coordinated
(being bonded to a second layer Cu), while the final
N atom is 4-fold coordinated. The driving force
behind this reconstruction is thought to be the large
energy gain for adatoms occupying high coordination
sites. The increase in adsorption energy associated
with the creation of such a site is again sufficient to
overcome the energy lost in reconstructing the clean
surface. However, a detailed mechanism for this
reconstruction requires further theoretical work.
The last three examples serve to illustrate the

complexities involved in adsorbate systems. Al-
though virtually all fcc {110} surfaces reconstruct to
the (1×2) missing row structure under certain spe-
cific conditions, this is not a universally observed
rule. Some systems undergo much more complex
reconstructions. The governing principle in these
systems is the balance between the increase in
adsorption energy of the adsorbate on the recon-
structed surface and the corresponding loss of energy
created by the surface assuming a nonideal config-
uration. This energy balance is extremely delicate,
giving rise to the wide variety of unusual surface
structures observed.

Figure 8. The hydrogen induced paired row reconstruc-
tion of Ni{110}.78 Part a shows the direction of the pairing
displacements of the top layer atoms; b shows a plan view
of the reconstructed surface, while c shows a cross sectional
view. Hydrogen atoms have been omitted for clarity.

Figure 9. The Cu{110}-(2×3)-N structure.105 The small
dark circles represent the N atoms, the white circles
represent the pseudo-{100} layer, and the shaded circles
represent the underlying {110} substrate. Part a shows a
plan view of the surface, while b displays a cross sectional
view through the surface. The outermost, {100}-like, layer
is buckled by 0.52 Å by the registry mismatch with the
second layer.
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2. Atomic Adsorbates on Other Metal Surfaces
The affinity of N for high coordination sites men-

tioned above, which drives the (2×3)-Cu{110} recon-
struction, is a widely observed phenomenon. On
most {100} surfaces, atomic adsorbates occupy 4-fold
hollow sites, usually inducing some form of relaxation
and buckling; an example is Ni{100}-p(2×2)-O (Fig-
ure 10).106 However, O on Cu{100} gives rise to a
structure more similar to the Cu{110}-(2x1)-O
structure.84-93 Again, the O atoms induce a missing
row-type reconstruction, with every third row in the
〈010〉 direction missing. As in the case of Cu{110},
the oxygen atoms again occupy positions of relatively
low coordination giving rise to a (2x2×x2)R45°
structure shown in Figure 11.107 The driving force
behind this reconstruction is presumably similar to
that observed for the Cu{110} surface, although
confirmation of this must await further theoretical
investigation.
Although atomic adsorbates will usually occupy

4-fold hollow sites on {100} surfaces, they may also
induce local reconstructions. On the basis of the
observed symmetry of the LEED pattern produced
by the Ni{100}-(2×2)-C system, Onuferko et al.
proposed a so called “clock reconstruction” model

(Figure 12).108 In this model, the C atoms are again
adsorbed in 4-fold hollow sites, but induce a displace-
ment of the surrounding Ni atoms. These atoms
move away from the adsorption site, and rotate about
it, opening up the site without significantly altering
the Ni-Ni spacing in the top layer (increased by just
4%). Detailed analysis of this system109-113 supports
this model and shows that the C atom is nearly
coplanar with the surrounding Ni atoms. The dis-
tance between the C and the second layer Ni atom is
1.99 Å, close to the in-plane value of 1.82 Å.112 Hence,
the C atoms are nearly 5-fold coordinated, and it is
this trend to adopt or create the highest coordination
site which again drives the reconstruction. This
mechanism is supported by effective medium calcula-
tions, which suggest that the optimum density at a
C atom is very high.114 A similar reconstruction is
responsible for the Ni{100}-(2×2)-N structure.111,115,116
However, as shown in Figure 10, O does not induce

a clocklike reconstruction. Instead, the O atom
occupies a 4-fold site, with the second layer Ni atom
directly below the adsorption site displaced down-
ward away from the adsorbate, suggesting an anti-
bonding interaction.106 Wenzel et al.116 suggest that
the different occupancy of the 2p orbitals is respon-
sible for the different behavior exhibited by C, N, and
O. The filled 2pz orbital of O does not contribute to
the bonding with the surface, whereas for C and N
this orbital has a bonding interaction with the second
layer Ni atom. This explanation has been supported
by the theoretical work of Reindl et al.117 Conse-
quently, although the vast majority of atomic adsor-
bates on {100}-type surfaces occupy 4-fold hollow
sites, the exact details of the adsorption geometry
may be complicated, with some adsorbates managing
to induce reconstructions producing pseudo 5-fold
coordinated sites on the surface.

Figure 10. The Ni{100}-p(2×2)-O structure.106 Part a
shows a plan view and b a cross-sectional view. The small
dark circles are the O atoms, the larger white circles are
the first layer Ni, and the shaded circles are second layer
Ni atoms. The Ni atom labeled “C” is displaced upward by
0.055 Å while atom “A” (directly below the O atom) is
displaced downward by 0.045 Å. The downward displace-
ment of atom “B”, given as 0.005 Å, is beyond the accuracy
of the technique. This produces an overall buckling of the
second layer by about 0.1 Å.

Figure 11. A plan view of the Cu{100}-(2x2×x2)R45°-O
structure.107 The local bonding geometry of the O atoms
on the step edge is similar to that found in the Cu{110}-
(2×1)-O structure (Figure 7).

Figure 12. The Ni{100}-(2×2)-C structuresthe clock
reconstruction. In part a the displacement tendencies of
surface atoms away from the ideal 4-fold fcc {100} positions
are indicated. Part b displays the resulting structure.112
The small dark circles are the C atoms while the larger
circles are the Ni atoms of the first and second layers.
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The {100} surface of a bcc metal, such as W, has a
lower atomic density compared with the fcc surface,
and is well known to be unstable with respect to
displacive reconstructions, such as the low-temper-
ature zigzag structure of the clean surface (section
II.B). Low coverages of atomic hydrogen lead to a
change in the nature of the lateral displacements.
King and Thomas118 first suggested that alternate
pairs of W atoms are shifted toward each other along
〈100〉 producing W dimers, which form a favorable
close-bridge H adsorption site. The dimer model has
been supported by a recent LEED investigation,35
which identified the lateral shift to be 0.235 ( 0.045
Å, comparable in magnitude to that observed for the
clean surface zigzag reconstruction. In the case of
atomic N adsorption, the more open nature of the
W{100} surface allows the the adsorbate to adopt
pseudo 5-fold coordination in a simple c(2×2) over-
layer structure first proposed by Griffiths et al.119 In
a reanalysis, using tensor LEED, Bessent et al.120
found the N adatom to be 2.13 ( 0.05 Å above the
second layer W atom, and 2.27 ( 0.05 Å from the
surface layer atoms, of the hollow site, confirming the
pseudo-5-fold coordination of the adsorption site. The
structure is shown in Figure 13. This study also
identified a large buckling of the second substrate
layer, reflecting the change in local valence electron
density that a N adatom brings to a surface site. At
coverages between 0.3 and 0.4 ML the fractional
order spots are observed to split into quartets, which
have been assigned121 to the formation of a contracted
domain structure. The atoms forming the 4-fold site
are thought to be uniformly displaced toward the N
atom producing islands of more densely packed
surface W atoms, on which the N atoms are closer to
true 5-fold coordination. This structure, identified
in 1981, is remarkably similar to the (2× 3) Cu{110}
reconstruction described above and shown in Figure
9.
Indeed, this drive to occupy high coordination sites

is so strong that it may drive reconstructions of fcc
{111} surfaces. Just as N produces a pseudo {100}
overlayer on the Cu{110} surface, S and C on
Ni{111} also induce a pseudo {100}-(2×2) overlayer
structure, illustrated in Figure 14.122-128 The major-
ity of quantitative studies performed to date have

concentrated on the (5x3×2) 0.4 ML S phase. SEX-
AFS measurements give coordination numbers con-
sistent with 4-fold adsorption sites,122,123 while a
combined STM and X-ray diffraction study suggested
that the pseudo {100} layer is further reconstructed
into a clock-like pattern.124 It has also been sug-
gested that fluctuations in the Ni-Ni spacings may
occur.125,126 Recent HREELS and SXPS data127 sup-
ports both these models, suggesting that the over-
layer is indeed a modified form of a {100}-like layer.
The c(5x3×9)rect structures produced by the adsorp-
tion of C and N on Ni{111} appears to be a similar
structure. On the basis of LEED I(V) fingerprinting,
in which similarities in the I(V) curves from different
structures are taken to suggest similar local geom-
etries, Gardin et al.128 have suggested that the local
environment of the C atoms must be very similar to
that found for the Ni{100}-(2×2)-C systemsthe clock
reconstruction. This example serves to illustrate the
multidisciplinary nature of surface science, with a
wide variety of techniques being needed to make
sense of complex surface problems.
In some respects this reconstruction is the converse

of the Pt{100}-hex reconstruction. In that example,
a hexagonal layer is formed on top of a square lattice,
whereas here, a square lattice is formed of top of a
hexagonal layer. However, when the Pt{100}-hex
phase is exposed to most adsorbates the hexagonal
top layer reverts to a square layer, lifting the
reconstruction. This hexagon to square transition is
presumably similar to the process occurring on the
Ni{111} surface where again there is a hexagon to
square transition in the presence of an adsorbate.
The adsorbate increases the local charge on a metal
atom, hence in both cases the metal surface is
induced to move to a lower atomic density structure
restoring the local valence electron density at the
surface atoms to the optimum value.

3. Summary of Atomic Adsorbates
The added complexity produced by the introduction

of an adsorbate onto the surface has been demon-
strated. A few general observations can be made. Fcc
{110} surfaces are generally unstable to reconstruc-
tion, with adsorbates, but the exact form of the

Figure 13. A perspective view of W{100}-c(2×2)-N, with
a coplanar top W layer and a buckled second W layer.120

Figure 14. Plan view of the proposed model for sulfur or
carbon on Ni{111}. A square fcc {100}-like overlayer is
formed sitting on top of an fcc {111} substrate, and rotated
with respect to it.128 Small filled circles, S or C adatoms;
unfilled circles, top layer Ni atoms; shaded circles, second
layer Ni atoms.
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reconstruction is difficult to predict. A number of
adsorbates produce missing row reconstructions, but
Cu{110} seems to undergo a wide variety of different
reconstructions. These could also occur on other
{110} surfaces.
In general, atomic adsorbates tend to favor high

coordination adsorption sites which on fcc {100}-type
surfaces implies 4-fold hollow sites. Indeed, some
adsorbates induce reconstruction of the {100} surface
to produce 5-fold coordinated sites, by a clock rotation
of top layer metal atoms. This is also observed on
some fcc {111} surfaces, where atomic adsorbates
may induce reconstructions resulting in 4-fold or even
5-fold sites.
The exact form of the surface geometry is produced

by a balance between the energy gained by the
surface adopting a less than ideal configuration and
the increase in adsorption energy of the adsorbate.
This may be a very fine balance, and gives rise to a
wide variety of unusual structures.

B. Molecular Adsorbates
The complication added to the structural analysis

of atomic adsorbate systems, mentioned previously,
is increased in the case of molecular adsorbates. This
is reflected by the uncertainty that surrounds the
earliest structural determinations of molecular ad-
sorbate induced reconstructions. However, in the
last five years much progress has been made, and
structural analyses of simple molecular adsorbate
systems can now be approached with the same degree
of confidence as the atomic adsorbate systems re-
viewed above. Since one of the aims of surface
science is to understand adsorbate-substrate inter-
actions relevant to surface catalyzed reactions, the
goal for surface crystallography has to be to extend
these studies to larger molecular adsorbates.
The strong influence that molecular adsorbates can

exert on surface structure is demonstrated by the
observed lifting of the Pt{100}-hex reconstruction by
a number of molecules.129 For the case of CO, the
dynamics of the reconstruction to a (1×1) surface
have been shown to follow a strongly nonlinear power
law,42 which plays a critical role in the oscillatory
nature of the oxidation of CO on Pt{100}.43-45 Here,
adsorption heat measurements demonstrate that the
heat is considerably highers215 kJ mol-1son the
(1×1) surface than on the hex surface without
reconstruction, on which it is only 105 kJ mol-1.56
This difference in adsorption heat is clearly the
driving force for the lifting of the hex reconstruction.
As has so often been the case in surface science130

it was carbon monoxide which provided the starting
point for studies of molecular induced reconstruction
of initially unreconstructed surfaces. The first con-
clusive report of a substantial molecular induced
reconstruction was provided by Raval et al.131 on the
basis of RAIRS measurements of CO adsorbed on
Pd{110}. The results provided further evidence of
the tendency of fcc {110} surfaces to reconstruct, as
previously discussed in sections II.D and III.A.1.
Three adsorption phases, identified as disordered
(1×1), (4×2) and (2×1)p1g1, are formed as the CO
coverage is increased. The high temperature (>250
K) required for the (4×2) phase to develop implies

the existence of a significant activation barrier,
suggestive of substantial surface reconstruction. For
comparison, temperatures in excess of 280 K are
required for the diffusion of Pt atoms necessary
to develop the missing row reconstruction of
Pt{110}.132,133 On the basis of a LEED I(V) finger-
printing analysis134 the underlying Pd substrate was
identified as showing the missing row reconstruction
discussed in sections II.D and III.A.1. The IR stretch-
ing frequency of CO suggests adsorption at a short
bridge site, and the driving mechanism for the
reconstruction was proposed to be the higher heat of
adsorption of CO on the reconstructed surface131,134
(Figure 15). The missing row reconstruction allows
more molecules to occupy the favored 2-fold sym-
metric short-bridge sites on the {111}-faceted slopes,
that have been described previously, while the con-
trapositioned geometry of these slopes allows the CO
charge clouds to be directed away from each other,
reducing intermolecular Pauli repulsion. At cover-
ages above 0.75 ML it is not possible to maintain the
favored 2-fold occupancy and avoid unfavorable CO-
CO interactions. For this reason the reconstruction
is lifted, with alternate CO molecules being tilted in
opposite directions, while still occupying the favored
2-fold sites, on the (1×1) substrate, giving rise to a
(2×1)p1g1 phase. The differential heat of CO ad-
sorption falls substantially as this occurs.131

Despite the comparative simplicity of CO as a
molecular adsorbate there has been substantial
debate concerning the structure of this system.135 In
a tensor LEED study of the high coverage (2×1)p1g1
phase136 the CO molecules were reported to be
adsorbed in atop sites, and to be tilted by 11 ( 4°
with respect to the surface normal, in contrast with
the assignment from the RAIRS study by Raval et
al.131 and LEED measurements for the Ni{110}-
(2×1)-CO surface phase,137 which both favored 2-fold
bridge site occupancy. However, recent local density
approximation total energy calculations138 and pho-
toelectron diffraction data139 both show a strong
preference for the 2-fold site, challenging the findings
of the tensor LEED study and supporting the original
RAIRS assignment.

Figure 15. Plan view of the proposed model for the
Pd{110}-(4×2)-CO phase. The surface exists in a recon-
structed missing row structure, with CO molecules (shown
as smaller circles) occupying 2-fold symmetric, short-
bridged sites on the, contrapositioned, {111} faceted
slopes.131
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This example illustrates that even with a simple
molecule, such as CO, the structural analysis of
molecular adsorbate systems is far from straightfor-
ward. It also demonstrates that molecules, as well
as atoms, can induce large-scale reconstructions of
the substrate.
Like the atomic adsorbates discussed in section

III.A.2 molecules have also been found to induce
displacive reconstructions. In a reanalysis of ethyli-
dyne (CCH3) adsorbed on Rh{111}, by tensor LEED,
Wander et al. found the first evidence of such a
molecule-induced reconstruction.140 The ethylidyne
molecule is found to adsorb upright in hcp 3-fold
hollow sites. The three neighboring Rh atoms are
displaced radially outward from the site by 0.05 (
0.05 Å and lifted out from the surface by 0.12 ( 0.04
Å. The displacement of the Rh atom below the
ethylidyne in the second layer is beyond the accuracy
of the technique, being reported as an outward lift
of 0.01 ( 0.05 Å (Figure 16). Substrate atoms local
to the adsorbate are returned to a bulk-like coordina-
tion, and consequently relax to bulk-like positions to
reduce the local charge density back to the optimal
value. The fourth Rh atom of the top layer, which is
not bonded to the ethylidyne, remains at its clean
surface position, leading to a buckling of the outer-
most surface layer.
One of the current aims of surface crystallography

is to obtain reliable structural information for larger,
catalytically relevant, molecules and molecular frag-
ments. One of the problems with such adsorbate
systems is that they frequently do not form ordered
overlayers, whereas conventional LEED analysis is
dependent on long-range order. One approach to
solving this problem has come in the form of the
development of diffuse LEED.141,142 One of the first
applications of this technique was a study of the
adsorption of benzene on Pt{111} by Wander et al.143
In this study benzene was found to adsorb at a 2-fold
bridge site and shows a strong boatlike distortion

from planarity, with bond lengths of 1.63 ( 0.05 Å
and 1.45 ( 0.10 Å. Comparing these values with the
C-C single bond length of∼1.54 Å indicates that this
represents a substantial distortion of the benzene
molecule. The values should also be compared with
the gas-phase bond length of 1.397 Å and the value
determined by NEXAFS for benzene on Pt{111} of
1.40 ( 0.02 Å.144 LEED studies of disordered over-
layers now generally employ the more reliable diffuse
LEED I(V) technique.145-148 While such substantial
distortion of benzene has been reported for coadsorp-
tion with CO on Rh{111}149 it contrasts with the
findings of recent LEED studies of pure benzene on
Ru{001}150 and Ni{111}.151 On Ru{001} benzene
adsorbs in a hcp 3-fold hollow site, with only a small
crown-like distortion of the ring. Surprisingly, the
substrate shows a large contraction of the first
interlayer spacing, attributed to adsorption of a
π-donor. On Ni{111}, the benzene ring shows a small
expansion, but retains its planar character, and the
first layer of the substrate is strongly buckled due to
changes in the local valence electron density. The
full structure is shown in Figure 17.
Another example of a catalytically important ad-

sorbate is formate (HCOO), which does not form
ordered overlayers on Cu{110} and Cu{100}, systems
of relevance to methanol synthesis. Photoelectron
diffraction studies152,153 have shown that the formate
molecule adsorbs in a short bridge site, with the
oxygen atoms close to atop positions. LCAO-LDF
calculations153 indicated that the short-bridge site
was 20 kcal mol-1 more stable than the cross-bridge
site (Figure 18), in agreement with an earlier calcu-
lation by Wander and Holland,154 and provided a trial
geometry for the photoelectron diffraction calculation.
The LDF calculation suggests that the short-bridge
site is more favorable as it facilitates strong σ-bond-
ing, whereas the cross-bridge site is π-bound. This
study indicates the increasingly important role that
total energy calculations will play in the determina-

Figure 16. The p(2 × 2) structure of ethylidyne (CCH3)
on Rh{111},140 shown in (a) plan view, and (b) in cross
sectional view. The white atoms relax away from the
substrate by 0.12 ( 0.04 Å, the lightly shaded atoms
remain at the clean surface positions, and the darker
shaded atoms represent the second Rh layer. Figure 17. The structure obtained for Ni{111}(x(7)×

x(7))R19°-C6H6, in plan and cross section.151
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tion and rationalization of molecular adsorbate struc-
tures.
It has previously been mentioned that one of the

aims of surface science is to try to understand surface
catalysed reactions. An example where local struc-
tural information goes some way to achieving this
aim is the dehydrogenation of ethylene to acetylene
on Ni{111}. Using photoelectron diffraction Bao et
al. were able to determine the geometry of ethylene
and acetylene adsorbed on Ni{111}.155-157 In both
cases the molecule is adsorbed parallel to the surface,
ethylene occupying an aligned bridge site with the
carbon atoms approximately above surface nickel
atoms, whereas acetylene occupies a cross-bridge site,
with the carbon atoms in inequivalent 3-fold hollow
sites (Figure 19). This information allowed the
authors to propose possible mechanisms by which the
dehydrogenation of ethylene may proceed.156,157 Of
course, care must be taken to avoid overinterpreta-
tion, as the determination of stable, static structures
is only a very indirect guide to structural transitions
in dynamic chemical transformations.

A major challenge for surface crystallography is to
obtain reliable information of this kind for a wide
range of surface catalyzed processes, a goal which
necessitates structural studies of a large number of
increasingly complex molecular adsorbates.

IV. Summary
In this review we have demonstrated that the rigid

lattice picture of surfaces has now been firmly
replaced by that of a mobile, plastic surface which
responds to changes in surface environment through
structural modifications. These structural modifica-
tions may take the form of simple interlayer relax-
ations, displacive intralayer reconstructions, recon-
structions involving large scale atom transport, or a
combination of all of these effects. On clean surfaces
these modifications are associated with the redistri-
bution of surface electronic density, and extend over
several layers of the surface region. Atomic adsor-
bates have been shown to have an affinity for high
coordination number adsorption sites, and both long-
and short-range effects play important roles in driv-
ing the reconstruction of the substrate in these
systems, the resulting structure being determined by
the balance between the increase in the adsorption
energy on the reconstructed surface, and the increase
in the surface energy caused by the adoption of a less
than ideal configuration. Molecular adsorbates also
induce reconstructions, and the challenge to surface
crystallography is to extend the structural informa-
tion that is available for molecular adsorbates to a
larger number of catalytically relevant species.
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J.; Baberschke, K.; Ibach, H. Phys. Rev. B 1987, 36, 7689-7692.
(117) Reindl, S.; Aligia, A. A.; Bennemann, K. H. Surf. Sci. 1988, 206,

20-28.
(118) King, D. A.; Thomas, G. Surf. Sci. 1980, 92, 201-236.
(119) Griffiths, K.; King, D. A.; Aers, G. C.; Pendry, J. B. J. Phys. C

1982, 15, 4921-4931.
(120) Bessent, M. P.; Hu, P.; Wander, A.; King, D. A. Surf. Sci. 1995,

325, 272-278.
(121) Griffiths, K; Kendon, C.; King, D. A.; Pendry, J. B. Phys. Rev.

Lett. 1981, 46, 1584-1587.
(122) Warburton, D. R.; Wincott, P. L.; Thornton, G.; Quinn, F. M.;

Norman, D. Surf. Sci. 1989, 211/212, 71-81.
(123) Kitajima, Y.; Yokoyama, Y.; Ohta, T.; Funabashi, M.; Kosugi,

N.; Kuroda, H. Surf. Sci. 1989, 214, L261-L269.
(124) Foss, M.; Feidenhans'l, R.; Nielsen, M.; Findeisen, E.; Johnson,

R. L.; Buslaps, T.; Stensgaard, I.; Besenbacher, F. Phys. Rev. B
1994, 50, 8950-8953.

(125) Woodruff, D. P. Phys. Rev. Lett. 1994, 72, 2499.
(126) Ruan, L.; Stensgaard, I.; Besenbacher, F.; Laegsgaard, E. Phys.

Rev. Lett. 1993, 71, 2963-2966.
(127) Mullins, D. R.; Huntley, D. R.; Overbury, S. H. Surf. Sci. 1995,

323, L287-L292.
(128) Gardin, D. E.; Batteas, J. D.; Van Hove, M. A.; Somorjai, G. A.

Surf. Sci. 1993, 296, 25-35.
(129) Morgan, A. E.; Somorjai, G. A. Surf. Sci. 1968, 12, 405-425.
(130) Yates, J. T., Jr. Surf. Sci. 1994, 299/300, 731-741.
(131) Raval, R.; Haq, S.; Harrison, M. A.; Blyholder, G.; King, D. A.

Chem. Phys. Lett. 1990, 167, 391-398.
(132) Hofmann, P.; Bare, S. R.; King, D. A. Surf. Sci. 1982, 117, 245-

256.
(133) Jackman, T. E.; Davies, J. A.; Jackson, D. P.; Unertl, W. N.;

Norton, P. R. Surf. Sci. 1982, 120, 389-412.
(134) Hu, P.; Morales de la Garza, L.; Raval, R.; King, D. A. Surf. Sci.

1991, 249, 1-7.
(135) Raval, R. Surf. Sci. 1995, 331-333, 1-10.
(136) Wander, A.; Hu, P.; King, D. A. Chem. Phys. Lett. 1993, 201,

393-398.
(137) Hannaman, D. J.; Passler, M. A. Surf. Sci. 1988, 203, 449-462.

(138) Hu, P.; King, D. A.; Crampin, S.; Lee, M.-H.; Payne, M. C. Chem.
Phys. Lett. 1994, 230, 501-506.

(139) Locatelli, A.; Brena, B.;Lizzit, S.; Comelli, G.; Cautero, G.;
Paolucci, G.; Rosei, R. Phys. Rev. Lett. 1994, 73, 90-93.

(140) Wander, A.; Van Hove, M. A.; Somorjai, G. A. Phys. Rev. Lett.
1991, 67, 626-628.

(141) Pendry, J. B.; Saldin, D. K. Surf. Sci. 1983, 145, 33-47.
(142) Saldin, D. K.; Pendry, J. B.; Van Hove, M. A.; Somorjai, G. A.

Phys. Rev. B 1985, 31, 1216-1218.
(143) Wander, A.; Held, G.; Hwang, R. Q.; Blackman, G. S.; Xu, M.

L.; de Andres, P.; Van Hove, M. A.; Somorjai, G. A. Surf. Sci.
1991, 249, 21-34.
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