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Ab initio calculations for bromine adlayers on the Ag„100…
and Au„100… surfaces: Thec„2Ã2… structure
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Ab initio total-energy density-functional methods with supercell models have been employed to calculate the
c(232) structure of the Br-adsorbed Ag~100! and Au~100! surfaces. The atomic geometries of the surfaces
and the preferred bonding sites of bromine have been determined. The bonding character of bromine with the
substrates has also been studied by analyzing the electronic density of states and the charge transfer. The
calculations show that while the fourfold hollow-site configuration is more stable than the twofold bridge-site
topology on the Ag~100! surface, bromine prefers the bridge site on the Au~100! surface. The onefold on-top
configuration is the least stable configuration on both surfaces. It is also observed that the second layer of the
Ag substrate undergoes a small buckling as a consequence of the adsorption of Br. Our results provide a
theoretical explanation for the experimental observations that the adsorption of bromine on the Ag~100! and
Au~100! surfaces results in different bonding configurations.
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I. INTRODUCTION

Anion adsorption on metals can strongly modify surfa
morphology and electronic structure and chemical reactiv
It is therefore of great scientific and technological impo
tance. In particular, the halide-adsorbed noble-metal syst
play a significant role in electrochemistry. From the fund
mental point of view, halide-adsorbed noble-metal surfa
are important model systems for adsorption on metal s
faces with formation of ordered two-dimensional adsorb
structures. It is thus not surprising that the adsorption
halides on noble metals has been extensively investigate

The systems we selected to study are the Br-chemiso
Ag~100! and Au~100! surfaces. The adsorption of bromin
on the Ag~100! and Au~100! surfaces both in vacuum and i
solution have been widely studied by experiments1–12and by
classical simulations.13–16 Experimentally, bromine has bee
found to form different bonding structures on the Ag~100!
and Au~100! surfaces. While bromine chemisorbed on t
Ag~100! surface occupies the fourfold hollow site~hereafter
referred to asH4), the most stable chemisorption structu
on Au~100! is the configuration with bromine at the twofol
bridge site ~hereafter referred to asB2). These different
chemisorption structures have been verified by various
perimental measurements.1–4,6–12However, theoretical stud
ies have not yet reproduced these different adsorption be
iors.

Kleinherberset al. performed angle-resolved photoemi
sion, low-energy electron-diffraction~LEED!, and x-ray pho-
toemission measurements for the interaction of halides w
Ag surfaces.1 They found that the adsorption of Cl, Br, and
on the Ag~100! surface in vacuum all resulted in the form
tion of a c(232) overlayer with the adsorbates in theH4
sites. Usingin situ surface x-ray scattering, Ockoet al. stud-
ied the adsorption of bromide on an Ag~100! electrode. They
observed a disordered phase at lower coverages and a
0163-1829/2002/65~15!/155406~9!/$20.00 65 1554
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deredc(232) phase at a coverage of half a monolayer.2 The
Br was determined to bond at theH4 site in both thec(2
32) and disordered phases. The atomic geometry of the
Ag~100!-c(232) surface was further investigated by End
et al. with the in situ x-ray-absorption fine-structure~XAFS!
method.4 TheH4 site was confirmed to be the bonding site
bromine. The disordered phase of the Br/Ag~100! surface at
lower bromine coverages was also recently further inve
gated experimentally.3 In that study, it was suggested th
while most of the bromide ions occupy theH4 sites, there are
additional bromide ions adsorbed slightly off theH4 sites.

The LEED data reported by Bertel and Netzer6 and Bertel
and coworkers7 have shown that the chemisorption of Br o
the Au~100! surface in vacuum results in the rearrangem
of the top-layer Au atoms of the original clean reconstruc
Au~100!-(5320) surface and the formation of an unreco
structed (131) substrate structure. Several ordered str
tures of the Br adlayer, includingc(232), (A2
34A2)R45°, andc(432)R45°, were obtained after bro
mine exposure on Au~100! surfaces, with the former two
structures being metastable. It was concluded from the
perimental data that Br adsorbed at theB2 site on the
Au~100! surface in all the observed phases. This is in co
trast to the case of the Br-adsorbed Ag~100! surface. Under
electrochemicalin situ conditions, surface x-ray scatterin
and scanning tunneling microscopy~STM! experiments
showed that bromide adsorbed on the unreconstru
Au~100!-(131) surface forms a commensuratec(A2
32A2)R45° structure and an incommensuratec(A2
32p)R45° (p<2A2, depending on the applie
potential!.8,9,11,12 In this case, too, the bromide ions we
determined to reside at theB2 sites.

In contrast to the considerable progress of the experim
tal measurements, theoretical studies employingab initio
methods to these systems are still at an early stage. Se
groups have performedab initio Hartree-Fock~HF! and
©2002 The American Physical Society06-1
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SANWU WANG AND PER ARNE RIKVOLD PHYSICAL REVIEW B65 155406
density-functional-theory~DFT! calculations for the Br/
Ag~100! and Br/Au~100! interfaces using cluste
models.17–20While these investigations have provided use
information about the interaction between Br and the s
faces, as we discuss below, many of the results are no
sufficiently accurate. For example, the preferred bonding
of Br on the Au~100! surface was incorrectly predicted byab
initio DFT cluster calculations, which showed that Br wou
prefer to bond at theH4 site on both the Ag~100! and
Au~100! surfaces.18 Similarly, ab initio HF studies with
small clusters predicted the bridge site as the preferred
sorption site for Br on Ag~100!.19 Given that these calcula
tions with small clusters cannot reproduce such a fundam
tal property as the binding site, all other results~e.g., energy
barriers! obtained from such calculations for both the B
Ag~100! and Br/Au~100! systems are questionable.

Here, we present results of total-energy DFT calculatio
in which we used supercell models for the Ag~100! and
Au~100! surfaces. The detailed atomic structures and e
tronic properties of the chemisorbed surfaces and the
ferred bonding site of the adsorbate have been determi
Our theoretical approach has reproduced the different be
ior of Br on the Ag~100! and Au~100! surfaces. The mos
stable adsorption sites for Br chemisorbed on the Ag~100!
and Au~100! surfaces are determined by our calculations
be theH4 and theB2 sites, respectively. Our results are
excellent agreement with the experimental data. The
tained results for the electronic properties also enable u
analyze the nature of the bonding between Br and the s
strates and understand the different adsorption behavior o
on the Ag~100! and Au~100! surfaces.

The remainder of this paper is organized as follows.
Sec. II, we outline in detail the computational method a
the supercell models that we used. In Sec. III, we present
discuss the results for bulk, clean~Sec. III A!, and adsorbed
surfaces~Sec. III B!. The adsorption geometries and atom
relaxations are discussed in Sec. III B1, and the electro
properties and bonding character in Sec. III B2. We also g
comparisons of our results with previous calculations a
experimental data. Finally, in Sec. IV, we summarize
main results of our calculations.

II. METHOD AND MODEL

On the Ag~100! and Au~100! surfaces, there are three di
ferent symmetric adsorption sites, known asH4 , B2, andT1
~on-top! sites. These three sites are shown in Fig. 1. We h
studied ac(232) structure in which Br forms an adlaye
with a coverage of half a monolayer on the surface for e
of the three bonding configurations.

The metal surface is modeled by repeated slabs with fi
seven, and nine metal layers separated by a vacuum re
equivalent to five or seven metal layers. Each metal laye
the supercell contains two metal atoms. Br is adsorbed s
metrically on both sides of the slab. All the metal atoms w
initially located at their bulk positions, with the equilibrium
lattice constant of the bulk determined by our calculation

The calculations were performed within densit
functional theory, using the pseudopotential~PP! method and
15540
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a plane-wave basis set. The results reported in this pa
were obtained using the Viennaab initio simulation package
~VASP!.21–23 The exchange-correlation effects were trea
with the generalized gradient-corrected exchange-correla
functionals ~GGA! given by Perdew and Wang.24,25 We
adopted the scalar-relativistic Vanderbilt ultrasoft pseudo
tentials supplied by Kresse and Hafner26,27. A plane-wave
energy cutoff of 20 Ry and 56 specialk points in the irre-
ducible part of the two-dimensional Brillouin zone of th
c(232) surface were used for calculating both the B
Ag~100! and Br/Au~100! surfaces. Optimization of the
atomic structure was performed for each supercell via
conjugate-gradient technique using the total energy and
Hellmann-Feynman forces on the atoms.28 All the structures
were fully relaxed until the change in total energy w
smaller than 1 meV between two ionic steps. The conv
gence of the total energies was checked with different val
of the plane-wave cutoff and different numbers of speciak
points. A series of test calculations with different slab thic
nesses~from five to nine metal layers! and vacuum-gap
widths ~equivalent to five and seven metal layers! were also
carried out to check convergence. The calculations on wh
this paper is based represent approximately 300 CPU h
on an IBM SP2 computer.

III. RESULTS AND DISCUSSION

A. Bulk and clean surface

We first present the calculated properties for bulk silv
and bulk gold, and the relaxed but unreconstructed cl
Ag~100! and Au~100! surfaces.

Calculations for bulk Ag and Au were conducted with 40
specialk points and cutoff energies ranging from 20 Ry to
Ry. The total-energy convergence with respect to the cu
energy was shown to be within a few tenths of 1 meV. W
obtained lattice constants of 4.17 Å and 4.18 Å for bulk A
and Au, about 2.0% and 2.5% larger than the correspond
experimental values29 at room temperature, respectively. Pr
vious total-energy DFT calculations at the GGA level fou

FIG. 1. Schematics of an adatom at~a! the fourfold hollow (H4)
site,~b! the twofold bridge (B2) site, and~c! the on-top (T1) site on
the unreconstructed Ag~100! and Au~100! surfaces.
6-2
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lattice constants between 4.13 Å and 4.19 Å for bu
Ag,30–37 and between 4.19 Å~Ref. 38! and 4.20 Å~Ref.
37! for bulk Au. Our results are in good agreement w
these calculations.

The properties of the clean Ag~100! and Au~100! surfaces
were calculated using supercells containing a seven-la
metal slab and a vacuum gap equivalent to seven bulk-m
layers. A 131 surface cell was used with 66 specialk points
in the surface Brillouin zone. The kinetic energy cutoff f
the calculations was 20 Ry. All the layers except for t
central one were relaxed. Surface reconstruction was
considered.

The surface energies for the Ag~100! and Au~100! sur-
faces obtained from our calculations are 0.43 eV/atom
0.47 eV/atom, respectively. Both results are in good agr
ment with recent pseudopotential GGA calculations by
and Scheffler, who reported the corresponding values of 0
and 0.45 eV/atom.31,38 A recent calculation with linear-
muffin-tin-orbital ~LMTO!-GGA methods, however, ob
tained much larger values of 0.65 and 0.90 eV/atom for
unrelaxed Ag~100! and Au~100! surfaces, respectively.37 The
reason for the large discrepancy from the other GGA res
is not clear. Pseudopotential local-density approximat
~LDA !,31,38 LMTO-LDA, 39–41 and linearized augmented
plane-wave LDA~Refs. 42–44! calculations have provided
values of 0.59–0.7 eV/atom, and 0.69–0.72 eV/atom for
surface energies of the Ag~100! and Au~100! surfaces, re-
spectively. These DFT-LDA values for the surface energy
generally larger than those calculated with the DFT-GG
calculations reported in this paper and Refs. 31 and 38. T
is consistent with the previous observation24 that LDA sur-
face energies are normally larger than the correspond
GGA values due to the different treatment of the exchan
correlation functional. The calculated values for the surfa
energies are thus seen to be quite sensitive to the comp
tional method and the form of the exchange-correlation fu
tional.

Table I shows the results of the surface relaxation. Wh
no significant structural relaxation is found for either surfa
the Ag~100! surface shows a slightly more relaxed geome
than the Au~100! surface. Both surfaces show an inward r
laxation of the top layer and slight outward relaxation of t
second and third layers. LEED measurements46 showed in-
significant relaxation of the Ag~100! surface withDd12/d0
5061.5% andDd23/d05061.5%, whereDd12 and Dd23
are the changes in spacing between the top and the se
layer and between the second and the third layer, andd0 is
the bulk interlayer distance. Our results are thus in go
agreement with the experimental data, and basically con
tent with otherab initio calculations, the results of which ar
also listed in Table I for comparison.

B. Br-adsorbed Ag„100… and Au„100… surfaces

1. Relaxations and energetics

The results of our calculations for the Br/Ag~100!-c(2
32) and the Br/Au~100!-c(232) surfaces are shown i
Tables II and III. If not otherwise indicated, the results r
ported in this section~and in Tables II and III! were calcu-
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lated with a cutoff energy of 20 Ry, 56 specialk points, and
supercells containing a nine-layer metal slab with a vacu
region equivalent to seven metal layers. In-plane relaxati
of the top-layer metal atoms were found to result in chan
in the distance between Br and its nearest-neighbor m
atoms and of the total-energy difference between two diff
ent configurations within only 0.01 Å and a few meV, r
spectively. The effects of in-plane relaxations are thus ne
gible, and such relaxations were not considered in
calculations for the Br-adsorbed surfaces.

Table II shows total-energy differences between differ
bonding configurations of both surfaces. Each structure
optimized. We found that while the total energy of theH4
configuration is lower by 213 meV than theB2 configuration
for the Br/Ag~100! surface, it is higher by 58 meV for the
Br/Au~100! surface. TheT1 configuration for both surfaces i
found to be higher in total energy than both the correspo
ing H4 andB2 configurations. Thus, we conclude that whi
Br adsorbed on the Ag~100! surface prefers theH4 site, it is
adsorbed at theB2 site on the Au~100! surface. This conclu-
sion is in agreement with experimental observations.1–4,6–12

It is interesting to note that the magnitude of the tot
energy difference between theH4 andB2 structures for Br/

TABLE I. Relaxation of the clean Ag~100! and Au~100! sur-
faces.Ddi j is the change of the interlayer distance andd0 is the
corresponding distance in the bulk.

Dd12/d0 ~%! Dd23/d0 ~%! Dd34/d0 ~%!

Ag~100!
This work 21.8 0.7 0.2
PP-GGAa 21.4
PP-LDA a 22.2 0.4
PP-LDA b 21.3 1.0 0.8
LMTO-LDA c 21.9
Expt.d 061.5 061.5

Au~100!
This work 21.3 0.3 0.2
PP-LDA e 21.2 0.4
LMTO-LDA f 21.0

aReference 31.
bReference 45.
cReferences 39–41.

dReference 46.
eReference 38.
fReferences 40,41.

TABLE II. Total-energy differences~in eV per unit cell! be-
tween different configurations of the Br/Ag~100!-c(232) and Br/
Au~100!-c(232) surfaces, obtained from calculations with sup
cells containing a nine-layer slab and a seven-layer vacuum reg
a cutoff energy of 20 Ry, and 56 specialk points.

EH4
2EB2

@Br/Ag~100!# 20.213
EH4

2ET1
@Br/Ag~100!# 20.557

EB2
2ET1

@Br/Ag~100!# 20.344

EH4
2EB2

@Br/Au~100!# 10.058
EH4

2ET1
@Br/Au~100!# 20.244

EB2
2ET1

@Br/Au~100!# 20.302
6-3
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TABLE III. Relaxation of theH4 , B2, andT1 configurations of the Br/Ag~100!-c(232) and Br/Au~100!-
c(232) surfaces. Also shown are the vertical distance (dz , in units of Å! between Br and the plane of th
centers of the top-layer atoms on the surface, and the distance (d, in units of Å) between Br and its
nearest-neighbor metal atom~s!. The change in spacing between layersi and j is denoted byDdi j . When
sublayers are present, the changes are denoted byDdi j andDdi j8 , with Ddi j being the larger in magnitude.d0

is the same as in Table I. The computational details are the same as in Table II.

dz d Dd12/d0 ~%! Dd128 /d0 ~%! Dd23/d0 ~%! Dd238 /d0 ~%! Dd34/d0 ~%!

Br/Ag~100!-H4 1.91 2.82 20.6 0.1 0.8 0.1 20.0
Br/Ag~100!-B2 2.16 2.61 20.9 0.5 0.2
Br/Ag~100!-T1 2.48 2.48 10.4 27.7 0.2 20.1

Br/Au~100!-H4 2.01 2.89 21.6 0.2 1.4 20.3 0.4
Br/Au~100!-B2 2.18 2.62 20.9 0.4 0.3
Br/Au~100!-T1 2.46 2.46 21.2 20.5 0.5 0.4
ue
r

on
e

e
th

nd

n
-

s
-

es
in

al
a

ce

c

fo

a
th

the
ace
er

nd

ur-
-
ri-
or
the

of
al-
f

th

nd
ere

tal
Å,

e
rcell
that
rly.

t of

ut-
re-

er-

me-
Ag~100! is significantly larger than the corresponding val
for the Br/Au~100! surface. This suggests that diffusion of B
on the Au~100! surface may occur much more easily than
the Ag~100! surface since the total-energy difference b
tween the most stable configuration~the global minimum!
and the less favorable configuration~probably a saddle point!
is directly relevant to adsorbate diffusion.

Previous theoretical studies employing cluster mod
also determined the preferred bonding sites of Br on
Ag~100! and Au~100! surfaces, as mentioned in Sec. I.Ab
initio HF calculations showed that Br would prefer to bo
at theB2 site on the Ag~100! surface~by 370 meV/adatom
over theH4 site and by 570 meV/adatom over theT1 site!.19

This is inconsistent with both our DFT-supercell calculatio
and the experimental data.1–4 DFT cluster calculations pre
dicted that the binding energy of Br at theH4 site on both the
Ag~100! and Au~100! surfaces was larger than at theB2 and
T1 sites by 120 meV for Ag~100! @89 meV for Au~100!# and
202 meV for Ag~100! @202 meV for Au~100!#, respectively.18

The prediction for the Br/Ag~100! surface is consistent with
experimental results.1–4 However, the result that Br prefer
to bond at theH4 site on the Au~100! surface is in disagree
ment with experimental measurements,6–12 as well as with
our results. We believe that the main problem is that th
previous calculations were limited to small clusters, conta
ing only up to 13 metal atoms. It is well known that a sm
metal cluster has a very different electronic structure than
extended metal surface, yielding very significant differen
in adsorbate binding energies and reaction pathways.47–50

Large clusters or extended surface models~e.g., supercell
models! are therefore needed to simulate real metal surfa
accurately.

The structural parameters of the optimized geometries
the H4 , B2, and T1 configurations of the Br/Ag~100! and
Br/Au~100! surfaces are presented in Table III. The vertic
distances (dz) between the Br centers and the plane of
centers of the top-layer atoms were calculated to be 1.91
on the Ag~100! surface and 2.01 Å on the Au~100! surface
for the H4 structure, 2.16 Å on Ag~100! and 2.18 Å on
Au~100! for the B2 configuration, and 2.48 Å on Ag~100!
and 2.46 Å on Au~100! for the T1 structure. While the val-
ues ofdz for theB2 andT1 configurations of the Br/Ag~100!
15540
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surface are very close to the corresponding values for
Br/Au~100! surface, the distance between Br and the surf
in theH4 configuration is observed to be significantly long
~by 0.1 Å) on Br/Au~100! than on Br/Ag~100!. Accuratein
situ XAFS measurements for Br/Ag~100! in NaBr solution
by Endoet al. showed that the bond length between Br a
its four nearest-neighbor Ag atoms in theH4 configuration is
2.8260.05 Å, and the distance between the Br and the s
face is 1.9460.07 Å.4 Our results (2.82 Å and 1.91 Å, re
spectively! are thus in excellent agreement with the expe
mental data, provided that the solution has only a min
influence on the bond lengths between the adsorbate and
surface.

The bond lengths between Br and Ag and Au clusters
varying size have been obtained with both HF and DFT c
culations. Illaset al., using the HF method with a cluster o
five Ag atoms simulating theH4 configuration of the
Ag~100! surface, obtained a value of 3.43 Å for the leng
of the BruAg bond.20 Pacchioni19, also using the HF
method with slightly larger clusters, found that the bo
lengths between a Br ion and the surface Ag atom w
3.24 Å, 2.97 Å, and 2.94 Å in clusters of Br2-Ag13 ~mod-
eling theH4 structure!, Br2-Ag8 ~simulating theB2 geom-
etry!, and Br2-Ag13 ~representing theT1 configuration!, re-
spectively. Ignaczak and Gomes18 performed DFT
calculations with clusters containing a Br ion and 12 me
atoms and determined the bond lengths to be 3.2 Å, 3.0
and 2.9 Å for the H4 , B2, and T1 configurations of
Br2-Ag12 and Br2-Au12 clusters, respectively. All of thes
values are much larger that those obtained from our supe
calculations and the XAFS measurements, suggesting
small clusters do not represent the metal surfaces prope

The B2 configuration of the Br/Ag~100! surface shows a
very similar relaxation of the surface metal layers as tha
the same configuration for the Br/Au~100! surface. Both un-
dergo an inward relaxation of the top layer and slight o
ward relaxations of the second and third layers. Similar
laxed structures are also found for the clean Ag~100! and
Au~100! surfaces~see Table I!.

Our calculations show that the second metal layer und
goes a small buckling with the adsorption of Br in theH4
configurations. The atoms in the second layer that are im
6-4
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TABLE IV. Convergence checks for the total-energy differences~in units of eV per unit cell! between
different configurations with respect to the cutoff energy (Ecut , in units of Ry!, the number of metal layers
(Nm) in the supercell, the thickness of the vacuum region (Nv , in units of number of bulk metal layers!, and
the number ofk points in the surface Brillouin zone (Nk).

Ecut Nm Nv Nk EH4
2EB2

EH4
2ET1

EH4
2EB2

EB2
2ET1

Br/Ag~100! Br/Ag~100! Br/Au~100! Br/Au~100!

20 5 7 20 20.191 20.526 10.061 20.282
20 7 7 20 20.222 20.556 10.048 20.285
20 7 7 36 20.211 20.552 10.056 20.291
30 7 7 36 20.212 20.552 10.057 20.291
20 7 5 36 20.210 20.550 10.057 20.289
20 7 7 56 20.210 20.551 10.059 20.294
20 9 7 56 20.213 20.557 10.058 20.302
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diately below theH4 sites are observed to shift slightly u
towards the surface, while the other atoms in that layer s
up only by the on order of 0.001 Å and hence essentia
keep their bulk positions. The spacing between these
sublayers is found to be 0.02 Å and 0.04 Å for the B
Ag~100! and Br/Au~100! surfaces. The distance between
and the second-layer metal atom just below it is still
larger than the bond length between Br and its near
neighbor metal atoms in the top layer. Thus a pseudofive
coordination, which has been observed inc(232) overlayer
structures on bcc metal surfaces,51,52 does not exist for the
Br/Ag~100! and Br/Au~100! surfaces. This buckling may
give rise to an effective Br-Br interaction, mediated throu
the surface strain field. The top metal layer in theH4 con-
figurations still shows a slight inward relaxation, similar
the cases of the clean surfaces and theB2 configurations.

The top metal layer of theT1 configuration of the Br/
Au~100! surface also shows a small buckling. The Au ato
in the top layer that are bonded to Br are observed to unde
a larger inward relaxation than the other half of the Au ato
in the top metal layer. The corresponding buckling is, ho
ever, very large for theT1 configuration of the Br/Ag~100!
surface. The distance between the two sublayers form
from the top Ag layer is 0.75 Å, indicating a zigzag surfa
reconstruction.

Finally, in Table IV, we show results of convergen
checks for the total-energy differences. Such checks are
ticularly important for the Br/Au~100! surface due to the
small value of the total-energy difference between theH4
andB2 configurations. Calculations with a higher cutoff e
ergy ~30 Ry! obtained total-energy differences within 1 me
of those from calculations with a cutoff energy of 20 R
Increasing the number of specialk points from 36 to 56,
increasing the slab thickness from seven to nine metal lay
and increasing the vacuum region in the supercell from
to seven layers, all changed the results by only a few m
Supercells with five metal layers are seen to cause erro
the total-energy differences of;30 meV for Br/Ag~100!
and ;10 meV for Br/Au~100!. The use of 20 specialk
points also causes an error of;10 meV. Therefore, it is
necessary to employ supercells with at least seven metal
ers and 36 specialk points for obtaining the total-energ
differences with errors smaller than 10 meV. The distan
15540
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between Br and its nearest-neighbor metal atoms were
checked. We found that the changes in these distances
smaller than 0.01 Å over the ranges of cutoff energies
tween 20 and 30 Ry, numbers ofk points between 20 and 56
and numbers of metal layers between five and nine in
supercells, indicating that the bond lengths are not very s
sitive to the choice of computational parameters.

2. Electronic properties and bonding character

In order to understand the differences between the bo
ing of bromine on the Ag~100! and Au~100! surfaces better,
we calculated the total electronic density of states~DOS!, the
DOS projected onto individual atoms and specific atom
states, and the charge transfer between bromine and the
strate.

Figure 2 shows the total DOS for the Br-adsorb
Ag~100! and Au~100! surfaces. For comparison, the tot
DOS for the clean relaxed Ag~100! and Au~100! surfaces are
also shown. The peaks of the DOS curves for the clean
faces represent the main features of thes andd states of the

FIG. 2. Total density of states for the clean relaxed and
Br-adsorbed Ag~100! and Au~100! surfaces. The Fermi level is at
eV. In this figure, as well as in Figs. 3 and 4, the curves are obta
from calculations with supercells containing a seven-layer slab
a seven-layer vacuum region, a cutoff energy of 20 Ry, and
specialk points.
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substrates and remain essentially at the same positions w
bromine atoms are adsorbed. New states are, however, fo
to be located at between215 eV and213 eV relative to
the Fermi level in the DOS curves of the Br-adsorb
Ag~100! and Au~100! surfaces. These states are predom
nantly the bromine 3s states with small contributions from
thes andd states of the substrate, as seen from the curves
the DOS projected onto the specific atomic states of the
sorbate and the substrate~shown in Fig. 3!. Significant
changes of the total DOS in the higher energy range clos
the Fermi level~above22.5 eV and21.5 eV for the Br/
Ag~100! and the Br/Au~100! surfaces, respectively! are also

FIG. 3. The density of states projected onto the Br 3s, Br 3p,
Ag 5s, Ag 4d, Au 6s, and Au 5d states for theH4 , B2, and T1

configurations of the Br-adsorbed Ag~100! and Au~100! surfaces.
15540
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FIG. 4. The density of states projected onto Br for theH4 , B2,
andT1 configurations of the Br-adsorbed Ag~100! and Au~100! sur-
faces~a! over a larger energy range (216 eV to 2 eV! in which
both the 3s and 3p states are shown, and~b! over a smaller energy
range (28 eV to 2 eV! where only the 3p states are presented
Also shown in~a! is the DOS projected onto Br without adsorptio
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observed when the DOS curves for the clean surfaces
compared with those for theH4 , B2, andT1 configurations
of the Br-adsorbed surfaces~see Fig. 2!. The electronic states
in the higher energy range are composed mostly of the
mine 3p states and the Ag 4d ~or Au 5d) states, with some
contributions coming from the Ag 5s ~or Au 6s) states~see
Fig. 3!.

In Fig. 4, we show the DOS projected onto bromine
the systems before and after adsorption. The results for
systems before adsorption were calculated by employing
supercell of a seven-layer slab and a seven-layer vac
region. A bromine layer with ac(232) periodicity was kept
fixed in the middle of the vacuum region~located at;7 Å
above the surface! so that there was essentially no interacti
between Br and the substrate. The peaks located in the lo
and higher energy ranges in the projected DOS before
sorption are due to the Br 3s and 3p states, respectively. Th
slight broadening of the 3p states reflects the weak 3p-3p
interaction between neighboring bromine atoms. When b
mine is adsorbed, both the 3s and 3p states shift down in
energy due to the bonding between bromine and the s
strate. A broadening of the Br 3p states is also observed an
can be attributed to the hybridization of the brominep
states with thes and d bands of the substrates~see Fig. 3!.
The Br 3s states are also seen to mix slightly with thes and
d states of the substrate~see also Fig. 3!. The hybridization
of the Br 3s and 3p states with the electronic states of th
substrate suggests covalent bonding between bromine
the Ag~100! and Au~100! surfaces.

The bonding of Br with the Ag~100! and Au~100! surfaces
is also found to be associated with a charge transfer from
substrate to Br. To obtain a rough estimate of the cha
transfer, we calculated the change of the charge for a
mine atom upon adsorption by integrating the difference
the corresponding charge densities over a sphere with a
dius of 1.28 Å around the atom.53 We found that 0.15 and
0.14 electrons were transfered from the Ag~100! and Au~100!
surfaces, respectively, to the bromine atom. The amoun
the charge transfer was found to be basically the same fo
H4 , B2, andT1 configurations. These results are consist
with the data for the DOS projected onto the Br atom.
integrating the 3p contributions up to the Fermi level, w
observe that more 3p states are occupied in the Br-adsorb
surfaces than in the systems before adsorption~see Fig. 4!. A
recent periodic GGA calculation with a local basis set for
adsorption of chlorine on the Ag~111! surface also found tha
a slight charge (;0.2 electrons! was transferred from the
Ag~111! substrate to the chlorine atom.54 Experimental mea-
surements of the electrosorption valency of Br adsorbed
Ag~100! report values of approximately20.70 to
20.75,5,13,15,16corresponding to a residual charge of 0.25
0.30 electrons on the adsorbed Br. These values are co
erably larger than our calculated charge of 0.15 electro
The discrepancy may be due to the fact that our calculat
were performed for systems in vacuum. In an electroche
cal environment, the net charge associated with the adsor
might be very different from that in vacuum, due to solv
tion. However, the discrepancy might also be attributed
15540
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inaccuracies in the theoretical and experimental meth
used to estimate the charge.

The difference in the bonding strength of the bromi
with the substrate between the different configurations
rectly affects their relative stability. Based on our DOS da
we provide a qualitative explanation of the difference
bonding strength between theH4 andB2 configurations. The
Br 3s and 3p states in the Br/Ag~100!-H4 configuration are
significantly lower in energy than in the Br/Ag~100!-B2 con-
figuration~see Fig. 4!. In addition, the intensity of the lowe
part of the 3p states~below approximately23 eV) is larger
for Br/Ag~100!-H4 than for Br/Ag~100!-B2. Both facts sug-
gest a stronger bonding for theH4 configuration on Ag~100!.
This is expected since there are more direct bonding ne
bors for the bromine atom at theH4 site. On the other hand
the Br 3s states in the Br/Au~100!-H4 configuration are only
slightly lower in energy than in the Br/Au~100!-B2 configu-
ration. While the Br 3p states extend over almost the sam
range in energy for the Br/Au~100!-H4 and -B2 configura-
tions, they have slightly larger intensity in the lower pa
~below ;22 eV) and smaller intensity in the higher pa
~above;22 eV) for the Br/Au~100!-H4 configuration than
for the Br/Au~100!-B2 configuration. While theH4 configu-
ration thus has a stronger covalent bonding for both the
adsorbed Ag~100! and Au~100! surfaces, the difference in
bonding strength between theH4 and the correspondingB2
configurations is smaller for the Au~100! surface than for the
Ag~100! surface. This is probably due to the fact that the A
6s and 5d electrons are more delocalized than the Ag 5s and
4d electrons, and the bonding strength is expected to be
sensitive to the bonding sites for substrates with more d
calized electrons. In addition to the stronger covalent bo
ing, the Coulomb attraction resulting from the charge tra
fer in the H4 configuration is also stronger than th
correspondingB2 configuration for both the Br/Ag~100! and
Br/Au~100! systems, due to the shorter distance between b
mine and the surface in theH4 configuration~see Table III!.

It is clear that there is a delicate competition between
attractive and repulsive interactions in each configuration
particular, the core-core repulsion between bromine and
substrate, which is irrelevant to the electronic DOS b
makes a contribution to the total energy of the system, in
H4 configuration is stronger than in theB2 configuration.
The core-core repulsive energy is calculated as an Ew
sum28,55 ~see the third column of Table V!. The total energy,
as determined in our DFT calculations, contains as sepa

TABLE V. Differences~in eV per unit cell! of two energy con-
tributions to the total energy between theH4 andB2 configurations.
Ee andEcc are the electronic and core-core Coulomb contributio
respectively. Also shown is the total-energy difference (EH4

tot

2EB2

tot). The results are obtained from calculations with superc
containing a seven-layer slab and a seven-layer vacuum regio
cutoff energy of 20 Ry, and 36 specialk points.

EH4

e 2EB2

e EH4

cc 2EB2

cc EH4

tot2EB2

tot

Br/Ag~100! 2429.230 1429.018 20.212
Br/Au~100! 2371.156 1371.213 10.057
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parts the electronic and the core-core Coulomb contributio
Differences of the electronic and the core-core contributi
to the total energy between theH4 and theB2 configuration
are presented in Table V. We note that consideration of
electronic contributions alone does not properly address
opposite order of the total-energy difference~i.e., the
binding-energy difference! between theH4 andB2 configu-
rations for the the Br/Ag~100! and Br/Au~100! surfaces. The
core-core interactions need to be included. For both the
Ag~100! and Br/Au~100! surfaces, the electronic contributio
favors theH4 configuration, while the core-core contributio
favors theB2 configuration. In the Ag~100! case, the core-
core energy, which is higher forH4 than forB2, is more than
compensated by the lower electronic energy for theH4 con-
figuration, resulting inH4 being the preferred bonding sit
for Br on Ag~100!. For the Br/Au~100! system, however, the
lower electronic energy for theH4 configuration only par-
tially compensates the higher core-core energy for
Au~100!-H4. As a result, theB2 configuration is lower in
total energy than theH4 configuration for the Br-adsorbe
Au~100! surface. The small magnitudes of the total-ene
differences, compared to the individual electronic and co
core contributions, strongly emphasize the need for very
curate energy calculations and careful convergence chec

IV. CONCLUSIONS

The theoretical approach of supercell models combi
with first-principles total-energy DFT pseudopotential me
ods has reproduced experimental measurements of pref
adsorption sites for Br-chemisorbed Ag~100! and Au~100!
surfaces.

We have shown that while the hollow-site configuration
more stable on the Br/Ag~100! surface~by 210 meV/adatom
over the bridge-site structure!, the bridge-site configuration
is more stable than the corresponding hollow-site struc
eld
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by 60 meV/adatom on the Br/Au~100! surface. The calcula-
tions also predict that the onefold on-top configuration is
least stable structure on both surfaces~560 meV and 300
meV higher than the corresponding most stable structure
the Br/Ag~100! and Br/Au~100! surfaces, respectively!.
Other aspects of the geometries of the Br/Ag~100! and Br/
Au~100! systems have also been determined and are sh
to be in excellent agreement with the available experime
data.

The bond between Br and the substrate is found to
covalent with a slight polarization due to a small char
transfer from the substrate to the bromine. The chem
bonding between Br and the substrate is shown to be st
ger in the H4 configuration than in theB2 configuration.
Compared with the Br/Ag~100! surface, however, the Br
Au~100! surface exhibits a reduced difference in the bond
strength between theH4 and B2 configurations. The core
core Coulomb interaction is found to be higher for theH4
configuration than for theB2 configuration. The detailed bal
ance between the electronic and the core-core contribut
to the total energy determinesH4 andB2 as the the preferred
bonding site on the Ag~100! and Au~100! surfaces, respec
tively.

Our work demonstrates that the use of extended sur
models and careful convergence checks are critical for
taining reliable information on the Br/Ag~100! and Br/
Au~100! systems fromab initio calculations.
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