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Theoretical Study of Noble-Metal (100) Surface Reconstructions
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Using first-principles calculations, in conjunction with modeling techniques, we show that the top layer
of the Au(100) surface will transform to a close-packed structure while that of Ag(100) will not. Our
calculations provide some insight into the microscopic origin of the diff'erence in stability between 4d and
Sd fcc metal (100) surfaces.

PACS numbers: 68.35.Bs, 68.35.Md, 73.60.Aq

The low index surfaces of Sd fcc metals Ir, Pt, and Au
exhibit amazingly complex reconstructions not present in
the surfaces of the isoelectronic 4d transition metals. '

Qn the Au(100) surface a c(28x68) reconstructed pat-
tern showed up in LEED experiments. ' Subsequent
scanning tunneling microscopy and He-ion scattering
experiments support the interpretation of the atomic
geometry as a contracted hexagonal-close-packed surface
layer superimposed on the square lattice of the inner lay-
er substrate atoms. Very similar transformations are ob-
served in Ir(100) and Pt(100). Although numerous
theoretical works have studied this phase transition, up
to now there has been no good basic understanding of the
physical mechanism driving this perplexing reconstruc-
tion, nor is there a clear explanation of why the recon-
struction does not occur on the (100) surfaces of the cor-
responding 4d metals Rh, Pd, and Ag.

Recent experiments indicate that although clear
Pd(100) does not reconstruct, the addition of just one
monolayer of Pt is sufficient to give a reconstructed top
layer. This and the incommensurate nature of the
reconstruction suggest that the reconstruction is driven
mainly by atomic interactions within the surface layer.
Thus, although a complete ab initio study of the (100)
reconstruction is not feasible because of the huge unit
cell of the reconstructed surface, a lot can be learned
about the reconstruction by studying the properties of
atomic monolayers. For transition metals near the end
of the row, the d bands are nearly completely filled.
Thus the d charge distribution is nearly spherical and
directional bonding is not important. The main eA'ect of
the substrate is to provide an electron background
through which the surface atoms on the top layer in-
teract with one another and we can get a very good
description of the interactions between the surface atoms
by replacing the substrate with a jellium surface of ap-
propriate electronic density. In the present paper, we re-
port the use of ab initio calculations to study the ener-
getics of Au and Ag monolayers in isolation and on jelli-
um surfaces. Using the results of these calculations, a
two-dimensional Frenkel-Kontorowa-type (FK) model
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FIG. 1. Energy change per atom for Au and Ag monolayers
in close-packed arrangement as a function of the percentage
contraction of surface area per atom. Note that the energy
gain is reduced substantially if a nonrelativistic potential is
used for Au. For Figs. 1-3, the reference point (0%) is the
area occupied by one surface atom on an ideal (100) surface.

is constructed to give a detailed picture of the structure
of the reconstructed surface. Through our calculations
we obtained important physical insights on the basic
physics of the reconstruction on the Sd transition-metal
(100) surfaces.

The 6rst-principles calculations are done within the
local-density-functional formalism with the Hedin-
Lundqvist form of local exchange correlation. Norm-
conserving pseudopotentials'o are used and the wave
functions are expanded in a tnixed basis set" comprising
of plane waves and localized orbitals. This method has
been very successful in describing both bulk and surface
structural properties of Au' and other transition ele-
ments. For monolayers and slab calculations described
below, 15 k points in the irreducible Brillouin zone are
used. '

Our calculations for isolated monolayers show that it
is energetically favorable for both Au and Ag mono-
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FIG. 2. The energy change per atom for hexagonal Au and
Ag monolayers on jellium (r, 1.9) as a function of the per-
centage contraction of area per atom.

layers to transform from square to hexagonal-close-
packed arrangements and to increase the surface density
by reducing the surface area per atom. (For Au, the
contracted hexagonal monolayer is 0.37 eV/surface atom
lower in energy than the contracted square monolayer
and the corresponding number for Ag is 0.23 eV/surface
atom. ) In Fig. 1, we plot the energy gained by contrac-
tion with the layer in close-packed arrangement. Au
gains substantially more energy (about 2.5 times) than
Ag in the contraction process. In reality, the Au top lay-
er transforms not in isolation but in a nonuniform elec-
tron sea provided by the substrate atoms. The simplest
way to include this substrate effect is to repeat the calcu-
lations with the monolayer placed on the surface of a jel-
lium slab with the appropriate charge density. ' The en-
ergetics of a hexagonal layer of Au and Ag on top of jel-
lium are presented in Fig. 2. The distance of the top
monolayer from the jellium edge has been determined by
energy minimization for each point on the curves and the
energy of the jellium slabs have been subtracted, so that
the energy plotted denotes the atomic interactions within
the surface layer in the background of a jellium surface.
The results are qualitatively the same as those of the
monolayer: Both Au and Ag prefer close-packed ar-
rangement with higher atomic density than the (100)
square ideal overlayer, but Au contracts more and gains
more energy than Ag.

Although the monolayer gains energy by contraction,
the reconstruction will not occur unless the energy
gained by the contraction and transformation to close-
packed structure is greater than the energy lost (the
"mismatch" energy) as the top layer loses registry with
atoms in the underlying layers. We can obtain a reason-
able estimate of this mismatch energy with calculations
performed for (100) slabs in which the uncontracted top
layer is displaced laterally with respect to the underlying

layer. Specifically, the effect of substrate registry is ex-
pressed in the form of a periodic square-lattice potential
with energy per surface atom in the form

E(R) -g p Ge'G R

G

where G's are the two-dimensional (2D) reciprocal-
lattice vectors and R=(x,y) is the position of an atom
on the top layer. If we truncate (1) beyond the first star
of nonzero G vectors, we obtain

E(x,y) -Eo+ cos x + cos y, (2)
8' 2z 2z
4 a a

where a is the lattice constant of the 2D square lattice.
As 8' E(a/2, a/2) —E(0,0), it can be obtained from
first-principles calculations by computing the energy
needed to slide the top layer by (a/2, a/2). For Au and
Ag, W- —,

' [E(shifted)-E(ideal)t, where E(ideal) is the
total energy of a five-layer (001) slab and E(shifted) is
that of a five-layer slab with top and bottom layers shift-
ed by (a/2, a/2). ' All interlayer distances are fully re-
laxed with Hellmann-Feynman forces. ' Our calculation
shows that Ag has a slightly larger mismatch energy
than Au (36.8 and 39.3 mRy per surface atom for Au
and Ag, respectively). The fact that the energy gained
by the top layer transformation is substantially larger for
Au than for Ag, while the energy lost in displacing the
top layer is actually larger in Ag already offer us a fairly
clear indication of why Au reconstructs but Ag does not.

A recent study, ' based mainly on charge analysis, has
questioned the role of d electrons in the Au reconstruc-
tion. Analysis of our results shows that the d electrons
actually play an important role in determining the
difference between Au and Ag. For transition metals
with a nearly full d band, a substantial part of the bond-
ing forces between atoms comes from the hybridization
of the d and s electrons in the solid. This d-s hybridiza-
tion is weaker in the 4d transition metals than in the 5d
transition metals. The microscopic origin for this
difference can be traced to strong relativistic effects in
the Sd metals which lowers the energy of the s states
bringing the s band closer to the d band and enhances
the d-s hybridization. Another factor is that the better
screening and slightly larger core sizes make the Sd elec-
tronic states more extended than the 4d. The stronger
bonding already shows up in the bulk properties: The 5d
metals have stiffer bulk moduli and larger cohesive ener-
gies than their 4d counterparts. ' For the surface, we
have repeated our monolayer calculation using a nonre-
lativistic pseudopotential for Au. The energy gained in
contraction of the Au monolayer is substantially reduced
when the calculation is done with a nonrelativistic rather
than the scalar relativistic pseudopotential (see Fig. 1).
Parallel calculations for the other low indexed faces indi-
cated that the missing-row reconstruction for the
Au(110) surface is also suppressed for nonrelativistic
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(3)

where q is the fractional decrease in area per atom, N is
number of atoms per unit area on the ideal uncontracted
surface (q 0), d(q) is the energy change per atom, in-

Au. Since the surface density of atoms changes in the
transformation process, the proper quantity that governs
the reconstruction is the change in surface energy per
unit area, which can be written as

S(q) -N [d(q)+qZ, ]/(1 —q),

eluding both the energy of the transformation from
square to hexagonal and the area contraction by a frac-
tion q and the mismatch energy, and E, is the surface
energy per surface atoin of a fully relaxed (1 x 1) sur-
face. We found from our five-layer' slab calculation
that E, 51.5 mRy for Au and E, 42.9 mRy for Ag.
d(q) can be extracted from our first-principles results
within a 2D FK-model description of the energetics of
the top layer. Within this model, the energy change
d(q) can be written as

d (q; [R]) -g e (R; —RJ )+ g cos
8'

jJ 1

2x
x; +cos 2Ã

a
(4)
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FIG. 3. Surface-energy change (per surface atom) for Au
and Ag as a function of the percentage area contraction ac-
cording to Eq. (3) in the text.

where R; (x;,y;) is the position of the ith surface atom,
with the average area per surface atom depending on q
(the fractional contraction) and a [the surface lattice
constant of the original square (100) surface]. The first
term describes the energy change due to intralayer in-
teraction and the homogeneous part of the interaction of
the top layer with its substrate, while the second term
describes the energy change due to a change of registry
of the top layer with respect to the underlayers. The 2D
FK model describes a situation in which a layer has a
different preferred bond length (and in this case, also a
different symmetry) with respect to a potential dictated
by the underlying layers. The system will find its
ground-state configuration by optimizing between the
strain energy (first term) and the potential energy
(second term). Since our monolayer on jellium calcula-
tions include completely the intralayer interaction and
the interaction of the top layer with a homogeneous sub-
strate, they should give a good representation of the first
term in (4). ' With a 2D mesh of 61 x 61 atoms, and the
total area constrained to correspond to a given contrac-
tion q, the R s are relaxed according to Eq. (4) to deter-
mine the lowest-energy configurations and the corre-

sponding d(q)'s, which are then used in Eq. (3) to find
the change in surface energy. Results are plotted in Fig.
3. We found it is indeed energetically favorable for Au,
but not Ag, to reconstruct. At the energy minimum, the
Au layer is basically a hexagonal layer, slightly distorted
by the underlying potential, and has a contraction of
21%, which agrees well with experimental results.

We should emphasize that the explicit form of Eq. (4)
is one approximation and using our monolayer on jellium
results for the first term in (4) is another. However, the
final conclusion does not depend on these assumptions.
The single most important distinction between Au and
Ag is that the top (100) layer of Au gains more energy
in contraction and rearrangement. This is mainly due to
the more extended nature and stronger participation in

bonding of Au d orbitals which can be traced to relativis-
tic effects and the fact that Au has a bigger core. This
distinction is not specific to Ag and Au, and also applies
to other 4d and 5d fcc metals, so that it is quite natural
for similar (100) surface reconstructions to occur in 5d
metals Ir and Pt but not in the corresponding 4d metals
Rh and Pd. The encouraging results obtained here sug-
gest that we can use the surface interatomic interactions
deduced from our monolayer on jellium calculations to
investigate the structure of Au and Ag monolayers on
various substrates. We are also considering applications
in surface dynamical studies.
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From the variation in relaxation of the interlayer spacings
of the slab as the surface layer is laterally displaced, we can es-
timate the corrugation of the reconstructed surface. We found
that the corrugation of the surface layer is about 0.7 A com-
pared with —0.5 A from helium scattering experiments (Ref.
3) and 0.47 A from model simulations (Ref. 5). However, in

contrast with Ref. 5 we found that the corrugation is confined
mainly to the first layer and decays very rapidly into the bulk.
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