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H-induced reconstructions on Pd„110…
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The ~110! surface of many transition metals undergoes reconstructions either on the clean substrate or
induced by adsorbates. The reconstructions can be induced by a variety of strongly bound adsorbates, e.g., H,
O, S, and alkali-metal atoms. In this work, H/Pd~110! is chosen as a prototype of such reconstructions. The
pairing-row and missing-row reconstructions are studied in a wide range of coverages,u50.5– 1.5 ML, by
using density-functional theory with the local-density approximation and the generalized gradient approxima-
tion. The driving force for the reconstructions is also analyzed in detail. The pairing-row reconstruction is
driven essentially by the repulsion between the hydrogen atoms adsorbed in the same trough while the driving
force for the missing-row reconstruction is the better adsorbate-substrate interaction on the reconstructed
surface.@S0163-1829~98!02919-1#
th
er
c

ia
an
la
sit
ec
o

r
ica
on

d
a
a

ti-
ce

d
on
ng
ss
g
o

on

f
e

r-

on.
ion
rate

ex-
at-

hed.
e
ugh
of H

n
ble

mi-

n-

the

l-
the

or-
nt a
or-
n
age
da-
he
ade
ion

e
on-
e
driv-
I. INTRODUCTION

Understanding molecular-surface interaction is one of
key issues for surface science and, in particular, for het
geneous catalysis. Surface crystallography has eviden
that a rigid substrate approximation is not always appropr
to describe surface reactions. The chemisorption of react
can make dramatic modifications of the substrate, e.g., re
ations and/or reconstructions that create new reactive
and sometimes close some active centers for certain sp
as happening in some surface oscillatory reactions. It is n
well known that the~110! surface of many fcc transition
metals undergoes reconstructions either spontaneously o
duced by adsorbates. However, there is still little theoret
insight gained to understand the driving force of the rec
structions. In the present work, the H/Pd~110! system is cho-
sen to serve as a prototype for the reconstructions induce
a strongly bound adsorbate. Moreover, this system has m
important applications, e.g., catalysis of hydrogenation re
tions and hydrogen storage.1,2

Now, it is established from experimental inves
gations3–11 that the chemisorption of hydrogen can indu
two types of reconstructions on the Pd~110! surface: pairing-
row and missing-row. Early experimental works were ma
by a variety of techniques: low-energy electron diffracti
~LEED!,3,6–8 He-scattering and low-energy-ion-scatteri
spectroscopies,4,5 and high-resolution electron-energy-lo
spectroscopy ~HREELS!.9 Recently, scanning-tunnelin
spectroscopy~STM! ~Refs. 10 and 11! has been also used t
study H-induced reconstructions on Pd~110!. It was con-
cluded from early experimental results that reconstructi
take place at coverages higher thanu51 monolayer~ML !.
Only very recently, experimental evidence has appeared
the missing-row reconstruction in a large range of hydrog
coverages.11 Another important piece of experimental info
mation is that the missing-row reconstruction takes place
570163-1829/98/57~19!/12482~10!/$15.00
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higher temperatures than the pairing-row reconstructi
This is a clear indication that the missing-row reconstruct
is an activated process. Now, the way in which the subst
reconstructs has been deduced unambiguously from the
perimental studies. However, the structure of hydrogen
oms on the reconstructed surface is not so well establis
This is essentially due to the difficulty to ‘‘see’’ directly th
hydrogen atoms by most experimental techniques. Altho
some conjectures have been made, the exact structures
atoms on the reconstructed Pd~110! surface remain an ope
problem. One issue of the present work is to find out sta
adsorption patterns on the reconstructed substrate byab ini-
tio calculations.

Theoretical studies have also been carried out. Se
empirical calculations were made for the clean Pd~110! and
its missing-row reconstruction.12 Ab initio calculations were
performed for low-index clean and H-covered unreco
structed surfaces of palladium.13–22 In a very recent paper,23

Tománek, Wilke, and Scheffler have reported a study on
H-induced polymorphism of Pd~110! which results from the
H-induced pairing-row and missing-row reconstructions. A
though a few common issues are addressed also in
present work, we will show that some interesting and imp
tant issues are overlooked in Ref. 23. Here, we prese
more thorough investigation and show that the polym
phism of Pd~110! induced by the chemisorption of hydroge
is even richer and it takes place not only at the high cover
as reported in Ref. 23 but also at lower coverages. A fun
mental theoretical issue is what is the driving force for t
reconstructions. Previous theoretical efforts have been m
on this problem in the case of the missing-row reconstruct
of transition-metal surfaces induced by alkali metals.24,25 Ja-
cobsen and Norskov24 advocated that the driving forc
comes from the higher chemisorption energy upon a rec
structed substrate. An alternate view25 is based on the charg
transfer between the adsorbate and the substrate and the
12 482 © 1998 The American Physical Society



57 12 483H-INDUCED RECONSTRUCTIONS ON Pd~110!
TABLE I. Sufarce energy and geometry of unreconstructed Pd~110!. Ddi j : relaxation of the spacing
between thei th and j th layers.

Present work
LDA GGA Tománek et al.23 LMTO17 Experimental

Dd12 ~%! 29.1 28.6 28.2 25.3 25.161.5a; 2662b; 25.762c

Dd23 ~%! 13.3 13.7 10.7 12.961.5a; 1162b; 10.562c

s ~eV! 1.476 1.089 1.27d; 1.1e 1.33

aReference 7.
bReference 36.
cReference 37.
dLDA value.
eGGA value.
lt
ta
an
ns
H
a

na

he

n
to

ef
to
o

b-
ot
in

ui

b
i

u
i
d
fo
an
ed

of
c

y

lso
e
ies
ns.
e-
n-

the
tly
ble

to

ow
ore-
rgy

ate

uc-
can

the
th
i-
d
er
the
re-

face
ing force is attributed to the effect of the electric field resu
ing from this charge transfer. Compared to the alkali-me
atoms, the hydrogen atom has very different atomic size
electronegativity. So, it is not clear at all if the conclusio
from the previous works apply also to account for the
induced reconstructions. This is another issue to be
dressed in this work.

II. THEORETICAL APPROACH

The approach used in this work is the density-functio
theory with the local-density approximation~LDA ! and the
generalized gradient approximation~GGA! implemented in
the ViennaAb initio Simulation Program~VASP!.26,27 The
exchange-correlation functional we used for the LDA is t
Perdew-Zunger parametrization28 of the quantum Monte
Carlo simulation of Ceperley and Alder,29 and for the GGA
the functional known as Perdew-Wang91.30 With the use of
Vanderbilt’s ultrasoft pseudopotentials,31,32 the wave func-
tions are expanded in plane waves. Thanks to the efficie
of the ultrasoft pseudopotentials, we are able to use a cu
energy equal to 200 eV for the plane-wave basis. Car
check calculations are carried out and show that this cu
energy leads to 1 mRy convergence for cohesive and ads
tion energies. Recently, we have applied this approach
study the chemisorption of H and the dissociation of H2 on
the Pd~111! surface.21,22 Satisfactory results have been o
tained. For the present work, we use the same pseudop
tials as used in the previous works. The details concern
the pseudopotentials can be found in Ref. 21. The Brillo
zone integration is made on a 93531 grid of Monkhorst-
Pack specialk points.33 To model surfaces, we adopt the sla
supercell approach. Test calculations were carried out w
slabs up to nine Pd layers. The results of these test calc
tions show that well converged results can be obtained w
a slab of seven Pd layers and a vacuum space correspon
to five ideal bulk Pd layers. We present only the results
this size of cell. The calculation of Hellmann-Feynm
forces allows full geometry optimizations to be perform
easily.

III. RESULTS AND DISCUSSIONS

A. Clean Pd„110… surface

Previousab initio studies on the low-index surfaces
palladium and the adsorption of hydrogen on these surfa
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have been made with several different approaches.13–23 In
particular, the clean Pd~110! surface has been studied b
Methfessel, Hennig, and Scheffler17 with the full-potential
linear-muffin-tin-orbital~FP-LMTO! method. In the work on
the chemisorption of H on the unreconstructed Pd~110! sur-
face by Toma´nek, Sun, and Louie,16 results for the clean
Pd~110! surface have been reported as well. We started a
by the clean Pd~110! surface but focused on examining th
possibilities of its eventual reconstructions. The possibilit
considered are pairing-row and missing-row reconstructio
A variety of geometries with different paired distances b
tween @11̄0# Pd rows are examined. No pairing-row reco
struction is found for the clean Pd~110! surface. The forces
on the tentatively paired rows always bring them back to
unreconstructed structure. While LDA predicts a sligh
more stable missing-row structure, GGA gives a more sta
unreconstructed structure by 5 meV~per unit cell!. Up to
now, no experimental evidence exists forspontaneous
missing-row reconstruction of the clean Pd~110! surface.
However, Dhanaket al.34 have shown that (132) and (1
33) missing-row structures of the clean Pd~110! surface can
be prepared by oxygen adsorption. The important point
note in the results of Dhanaket al. is that when oxygen is
removed after inducing the reconstruction, the missing-r
reconstructed structures on the clean surface remain. M
over, it has been reported that a small step-formation ene
is found experimentally on the clean Pd~110! surface.35

These experimental results together with our result indic
clearly a strong proclivity of the clean Pd~110! surface for
the missing-row reconstruction. So, this missing-row str
ture should be considered as a metastable state which
compete with the unreconstructed one. Our results for
clean Pd~110! surface are summarized in Table I along wi
some experimental results7,36,37 and some previous theoret
cal estimations.17,23 We find oscillating relaxations as foun
experimentally. The contraction of the topmost interlay
spacing is somewhat overestimated. Taking into account
experimental errors, the overall agreement between our
sults and the experimental ones is satisfactory. The sur
energys is defined as

s5~Eslab2NatomEbulk!/2,

where Eslab is the total energy of the slab,Ebulk the total
energy of the bulk crystal per atom, andNatom the number of
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12 484 57LEDENTU, DONG, SAUTET, KRESSE, AND HAFNER
atoms in the slab. There is also a good agreement betw
our results and those of the other theoreti
investigations.17,23

B. Chemisorption of H on unreconstructed Pd„110…

All the experimental studies have indicated that the s
face concentration of hydrogen plays an important role in
H-induced reconstruction. Atu51 ML, a (231) superstruc-
ture of hydrogen atoms is formed on the unreconstruc
Pd~110! surface. A proposed arrangement of H atoms for t
structure is shown in Fig. 1~a!. Besides this zigzag chai
arrangement, there is of course the (131) H straight chain
arrangement with all the H atoms occupying also the thr
fold sites @see Fig. 1~b!#. Previously, Toma´nek, Sun, and
Louie16 have carried outab initio calculations for the chemi
sorption of hydrogen on Pd~110!. Their study is limited to
the (131) unreconstructed surface for a variety of adso
tion sites except the threefold one as shown in Figs. 1~a! and
1~b!. In fact, the threefold site is the most stable on the
31) unreconstructed substrate. We have carried out calc
tions for both the structures@Figs. 1~a! and 1~b!# and found
that the zigzag chain structure is more stable than the stra
chain by 29 meV/H~LDA !. This is in entire agreement with
experiments.4,7 This zigzag superstructure can be accoun
for in the following way: the electron transfer from the su
strate to H atoms creates dipoles localized near the ad
bates. The electrostatic interaction between these dipole
repulsive. The zigzag arrangement of H atoms on one h
keeps the adsorbates as far away as possible and on the
hand makes the screening of the electrostatic interac
done more efficiently by the intervening Pd atoms. The
two effects decrease all the dipole-dipole repulsion betw
the adsorbates. The results for the stable (231) H/Pd~110!
superstructure are given in Table II. The adsorption ene
per adsorbate,Ead, is defined in such a way that it can b
directly compared to experimental results,

FIG. 1. Top view of H adsorption patterns on the unreco
structed Pd~110!, u51 ML. ~a! (231) H/Pd~110! superstructure;
~b! (131) H/Pd~110!. The unit cells used for calculation are ind
cated.
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Ead5$E@Pd~110!#1NHE@H2#/22E@H/Pd~110!#%/NH ,
~1!

where NH is the number of hydrogen atoms in the sla
H/Pd~110!. It is well known that the error of LDA forE@H2#
is quite large. For calculating the LDA value ofEad given in
Table II, we have used the experimental value ofE@H2#. The
LDA adsorption energy thus obtained is in very good agre
ment with the GGA value and the experimental result.38 The
bond distance between H and Pd atoms is somewhat un
estimated. Nevertheless, it is worth noting that the local
vironment of the threefold site is similar to that on th
Pd~111! surface where the Pd-H distance is 1.8 Å.39 The
adsorption of H reduces the amplitude of the substrate re
ation compared to that of the clean surface. This is a qu
general effect of chemisorption on the substrate relaxat
Dd12 and Dd23 are in good agreement with the experime
results. For comparison, the results of Toma´nek et al.23 are
also put in Table II. The energetic results in Ref. 23 a
expressed in terms of the clean surface energy,Es

0, and the
surface energy of the H-covered surface,Es ~see Ref. 23 for
their precise definitions!. These surface energies are relat
to the adsorption energy defined in Eq.~1! by Ead52(Es

0

2Es). There is a qualitative agreement between our res
and those of Toma´nek et al.

C. H-induced pairing-row reconstruction

At the coverageu51 ML, we have studied an attempte
pairing-row reconstruction as shown in Fig. 2~a!. This struc-
ture can be obtained from the zigzag chain@Fig. 1~a!# in a
straightforward way by pushing some@11̄0# Pd rows to-
gether. However, no stable reconstructed structure of
kind was obtained. The forces exerted on the approac
rows bring them back to the unreconstructed structure. W
the coverage is increased tou51.5 ML, the threefold sites in
Fig. 2~a! are saturated, and a reconstruction as shown in F
2~b! takes place. As we have mentioned in the Introductio
it is not easy to determine the arrangement of H atoms
experimental techniques. Different conjectures have b
made. Rieder, Baumberger, and Stocker4 have proposed a
pairing-row structure as shown in Fig. 2~c!. From our calcu-
lations, this pairing-row structure cannot exist. The structu
shown in Fig. 2~c! can be obtained from that shown in Fig
2~b! by separating the paired rows and pushing them aw
continuously until the structure given in Fig. 2~c! is reached.
In doing this, the pushed rows are exerted by large for
which always bring them back to the pairing-row structu
given in Fig. 2~b!. To interpret their STM results, Yoshi

-

TABLE II. Adsorption energy and geometry of the superstructure (231)H/Pd(110), u51 ML.
dH : height of H with respect to the top Pd layer.dH-Pd: distance between H and Pd atoms.

Ead ~eV/H! dH ~Å! dH-Pd ~Å! Dd12 ~%! Dd23 ~%!

Present work LDA 0.497 0.29 1.80 22.4 12.7
GGA 0.494 0.25 1.81 21.9 13.2

Tománek et al. ~Ref. 23! 0.64a 1.8 23.2 11.4
Experiment~Ref. 7! 0.5b 0.660.1 2.060.1 22.2 12.9

aCalculated accordingEad52(Es
02Es).

bReference 38.
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57 12 485H-INDUCED RECONSTRUCTIONS ON Pd~110!
nobu, Tanaka, and Kawai10 have suggested recently th
structure shown in Fig. 2~d! for the pairing-row reconstruc
tion. A structure with threefold hydrogen atoms placed
subsurface sites was also proposed for the pairing-
reconstruction.2 This structure looks exactly the same as F
2~b! from the top and Fig. 2~e! provides a side view to show
clearly this arrangement. We have also carried out car
searches for these two structures but it turned out that n
of them corresponds to a true energy minimum. In their
cent paper,23 Tománek, Wilke, and Scheffler have reported
pairing-row structure atu51.5 ML as depicted in Fig. 2~f!.
In this adsorption pattern, 1 ML of H atoms are adsorbed
the threefold sites as in Fig. 2~b! and the other 0.5 ML on the

FIG. 2. Top view@exceptionally~e! is a side view# of different
H adsorption patterns on the pairing-row reconstructed Pd~110!, u
51 ML for ~a! andu51.5 ML for ~b!–~f!.
n
w
.

ul
ne
-

n

long bridge sites@see Fig. 2~f!#. We did not find that this
structure is stable. In fact, it is a saddle point and a sli
displacement leads the H atom to slide to the fourfold s
So, the only stable structure we have found for the pairi
row reconstruction atu51.5 ML is that shown in Fig. 2~b!.
This is also the generally accepted structure of the H-indu
pairing-row reconstruction of Ni~110!.40 The results of the
pairing-row reconstruction are summarized in Table III. T
distance between the fourfold H atom and the nearest
atom on the top layer is equal to 2.11 Å, which is comp
rable to the H-Pd distance of the fourfold H on a Pd~100!
surface.41 In fact, the fourfold label is the generally used on
despite the fact that the distance between the H atom and
second-layer Pd atom just beneath is much shorter~see Table
III !. The height of the H atom on the threefold site is reduc
by 0.09 Å compared to that in the (231) H/Pd~110! super-
structure. A quite important buckling distortion is observ
for the second Pd layer. This buckling is characterized by
distance BU~see Fig. 3!. It is interesting to note that the
buckling together with the height adjustment of the threef
H atoms takes place in such a way to keep the H-Pd dista
of the threefold site around 1.80 Å as in the case of (231)
H/Pd~110!. The distance between the paired rows on the
Pd layer is reduced~D l 1 in Table III! by 0.68 Å with LDA
and 0.74 Å with GGA. This reduction is overestimated co
pared to the experimental estimation.6 We observe also an
opposite lateral shift on the third Pd layer,D l 350.04 Å
~LDA !; 0.22 Å ~GGA!. Although this lateral shift of the third

FIG. 3. Side view of the structure given in Fig. 2~b!.
-
rst
TABLE III. Results of the H-induced (132) pairing-row reconstruction,u51.5 ML. dH : height of
H over the threefold site. dH8 : height of H over the fourfold site. dH-Pd: distances between the three
fold H atom and the first and second Pd layers.dH-Pd8 : distances between the fourforld H atom and the fi
and second Pd layers.

Present work
Tománek

et al. ~Ref. 23!
Experiment

~Ref. 6!LDA GGA

Ead ~eV/H! 0.460 0.469
dH (Å) 0.20 0.16
dH8 (Å) 0.14 0.09
dH-Pd (Å) 1.79; 1.79 1.82; 1.81
dH-Pd8 (Å) 2.11; 1.81 2.13; 1.83 1.97a

BU ~Å! 0.25 0.28 0.15 0.1560.05
D l 1 (Å) 20.68 20.74 20.64 20.4060.05
D l 3 (Å) 10.04 10.22
d12 (Å) and Dd12 1.43; 14.4% 1.47;15.0% 1.3760.03
d23 (Å) and Dd23 1.39; 11.3% 1.42;11.8% 1.4760.03
d34 (Å) and Dd34 1.40; 12.5% 1.45;13.8% 1.3760.03

aReference 41.
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12 486 57LEDENTU, DONG, SAUTET, KRESSE, AND HAFNER
Pd layer has been anticipated by Kleinleet al.,6 they did not
take it into account in their fittings of LEED intensity/energ
(I /V) profiles to determine the geometry parameters. T
surface layer reorganization due to the reconstruction p
duces also a perpendicular relaxation involving more s
strate layers. This can be seen fromDd12 to Dd34. The varia-
tion tendency fromDd12 to Dd34 given by our calculation
does not agree well with that found experimentally. The r
son for this disagreement is unclear and certainly needs t
clarified by further investigations.

After finding out the stable structure of the pairing-ro
reconstruction, an important question we can ask is wha
the driving force for the reconstruction? Intuitively, one c
think that the pairing-row reconstruction results in a bet
interaction between the fourfold H atoms and the Pd ato
on the approached rows.42 In order to examine this hypoth
esis, we have made an analysis of the reconstruction b
decomposition of interaction energies. The analysis can
schematized in Fig. 4. We started from two frozen substra
one with the unreconstructed structure and the other with
reconstructed one. The threefold and fourfold H atoms
separately adsorbed on the two frozen substrates to a
their contributions. Here, the underlying assumption is t
these contributions can be considered as additive. We h
found that the difference between the adsorption energy
the reconstructed surface and that on the unreconstructed
has nearly a perfect additivity. The interaction energy is
creased quite similarly for the threefold~0.22 eV! and the
fourfold ~0.20 eV! sites. The contribution from the threefol
site is, however, dominant due to the fact that there are
threefold sites in the unit cell. It turns out that the pairin
row reconstruction is mainly driven by the release of t
dipole-dipole repulsion between the threefold H atoms on
two neighboring chains in the same trough. From this ana
sis comes another interesting thing. It is easy to see~Fig. 4!
that the interaction between the substrate and the threefo
atoms alone can already overcompensate the energy co
reconstructing the substrate. This implies that a pairing-r
reconstruction such as that shown in Fig. 5 should exis
our analysis is valid. To check this, calculations were carr
out to look for such a reconstruction atu51 ML. Remark-
ably, we indeed found it and its existence shows that
decomposition analysis is not only explanatory but also p

FIG. 4. Interaction energy decomposition analysis of the driv
force for the pairing-row reconstruction atu51.5 ML.
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dictive. The results for this reconstruction are given in Ta
IV. This pairing-row structure is nearly degenerate energ
cally ~only 30 meV/H higher from LDA! with the zigzag
(231) superstructure on the unreconstructed substrate@Fig.
1~a!#. The most marked geometry difference between
pairing-row reconstruction atu51 ML and that at u
51.5 ML is that the@11̄0# Pd rows are less paired at th
lower coverage. To our knowledge, this pairing-row reco
struction atu51 ML has never been reported. We think
deserves some experimental investigations. If the pairi
row reconstruction atu51 ML and that atu51.5 ML can
coexist as different patches on Pd~110!, the quite large dis-
agreement onD l 1 between our calculated values and t
experimental estimation might be partly understood. In t
case, the experimental result is an average value ofD l 1’s for
the patches atu51 ML and u51.5 ML. We emphasize tha
this is just a speculation which cannot account totally for
discrepancy and hope that it will motivate further experime
tal investigations. The fact that the stable pairing-row str
ture atu51 ML is that given in Fig. 5 instead of that show
in Fig. 2~a! provides further support to our conclusion th
the driving force is the dipole-dipole repulsion between a
sorbates rather than the better interaction between the f
fold H atoms and the substrate. Otherwise, the struc
given in Fig. 2~a! would be more stable.

D. H-induced missing-row reconstruction

Experimental investigations6,10,11 have shown that the
chemisorption of hydrogen can induce (132) and (133)
missing-row reconstructions. In this work, we will restri
ourselves to the (132) missing-row reconstruction. To ou
knowledge, no experiment has been able to show the
rangement of H atoms on the reconstructed surface. U
missing-row reconstruction,~111! facets are created. As it i
known that on the Pd~111! surface the most stable site is th
threefold one, we will consider only different adsorption pa

g

FIG. 5. H-induced pairing-row reconstruction atu51 ML.

TABLE IV. Results of the H-induced (132) pairing-row re-
construction,u51.0 ML.

Present work~LDA !

Ead ~eV/H! 0.467
dH (Å) 0.28
dH-Pd (Å) 1.78
BU ~Å! 0.16
D l 1 (Å) 20.46
D l 3 (Å) 10.10
d12 (Å) and Dd12 1.34;22.1%
d23 (Å) and Dd23 1.40;12.2%
d34 (Å) and Dd34 1.38;10.7%
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57 12 487H-INDUCED RECONSTRUCTIONS ON Pd~110!
terns with H atoms occupying the threefold sites. Three ty
of threefold sites are indicated in Fig. 6. Site 1 has t
neighbor Pd atoms from the top layer and the other Pd a
from the second layer, site 2 has one Pd atom from the
layer and two Pd atoms from the second layer, and sit
involves two Pd atoms from the second layer and the o
Pd atom from the third layer. Several structures formed fr
some combinations of these sites atu51 ML are considered.
In Table V, the energetic stability of these structures
given, which can be explained essentially by the dipo
dipole repulsion between the adsorbates if the screenin
the electrostatic interaction by the@11̄0# rows is taken into
account. Two structures~118 and 128! are more stable than
the zigzag (231) superstructure and the three others ha
about the same stability. The adsorption pattern 118 is the
most stable one and is more stable by 62 meV/H than
(231) superstructure. So it is the most stable struct
among all the adsorption patterns we have consideredu
51 ML. In fact, the zigzag (231) superstructure corre
sponds to a metastable state and there is a sufficient en
barrier between it and the most stable missing-row struc
so that the (231) superstructure has been experimenta
observed. Experimental investigations6,10 indeed show that
the missing-row reconstruction takes place at higher te
peratures and that once it occurs, it remains even when
system is brought back to a lower temperature. This indica
that the missing-row structure corresponds to a lower ene
minimum. The results obtained in the present work confo
perfectly with this. The geometry of the 118 structure is pre-
sented in Table VI. We see that the H atom is adsorbe
fact in a pseudothreefold site. The first value fordH-Pd is the
distance between the H atom and the Pd atom on the
layer and the other value for the distance from the H atom
the second-layer Pd. For the missing-row reconstruct
there is only a very slight buckling distortion on the third P
layer, BU50.03 Å. We obtain also a lateral shift on the se
ond Pd layer. This lateral shift is a contraction of the distan
between two@11̄0# rows just below the missing row. Onl
very small perpendicular relaxations are observed.

We have also studied a missing-row structure atu
51.5 ML. The considered adsorption pattern is 118 ~the

FIG. 6. Different adsorption patterns of hydrogen on t
missing-row reconstructed Pd~110!, u51 ML.

TABLE V. LDA adsorption energy of different hydrogen ad
sorption patterns on the missing-row reconstructed Pd~110!, u
51 ML.

Adsorption pattern 1 18 1 28 2 28 1 38 1 3 3 38

Ead ~eV/H! 0.559 0.511 0.496 0.491 0.481 0.35
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most stable one atu51 ML! with an added H atom placed a
the site 3~Fig. 6! in order to keep large distances between
atoms to minimize their repulsion. We found that this stru
ture is more stable by 40 meV/H than the pairing-row stru
ture in Fig. 2~b!. In their recent work,23 Tománek, Wilke,
and Scheffler have considered only one H-induced miss
row structure, which corresponds to the adsorption patt
denoted by 2284 in our notation given in Fig. 6. This struc
ture is reported to be also more stable than the pairing-
structure atu51.5 ML.

It was believed that hydrogen can induce missing-row
constructions only at high coverages. However, as we h
seen earlier, the clean Pd~110! has already a large tendenc
to reconstruct. It can be expected that a small gain in ads
tion energy will be sufficient to stabilize the reconstruct
substrate. Therefore, we have also studied a missing-row
construction atu50.5 ML. The considered adsorption pa
tern is shown in Fig. 7. This structure has been recen
found experimentally for the oxygen induced (132)
missing-row reconstruction of Pd~110!.43 Comparing with
the same adsorption pattern on the unreconstructed subs
we found again that this missing-row structure is more sta
by 35 meV/H ~LDA !. In a very recent work, Kampshof
et al.11 have found experimental evidence for missing-ro
reconstructions of Pd~110! induced by hydrogen at coverage
lower thanu51 ML. Our results here supply further ev
dence fromab initio calculations.

It is well known that (132) and (133) missing-row
reconstructions can be induced also by alkali metals. Pr
ous efforts have been made to study the driving force
these reconstructions.24,25 Fu and Ho25 have proposed an
electron-donation mechanism to account for the alkali-me
induced missing-row reconstruction on the~110! surface of
3d and 4d fcc metals. In this mechanism, the driving force
attributed to the electron transfer between the adsorbates
the substrate and the effect of the electric field thus crea

TABLE VI. Adsorption energy and geometry of 1 18 adsorption
pattern on the missing-row reconstructed Pd~110!, u51 ML.

Present work
LDA GGA

Ead ~eV/H! 0.559 0.564
dH (Å) 0.24 0.19
dH-Pd (Å) 1.82;1.79 1.85;1.80
BU ~Å! 0.03 0.03
D l 2 (Å) 20.10 20.11
d12 (Å) and Dd12 1.36;20.7% 1.41;10.6%
d23 (Å) and Dd23 1.36;20.9% 1.39;20.6%

FIG. 7. Adsorption pattern of hydrogen on the missing-row
constructed Pd~110!, u50.5 ML.
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FIG. 8. Local DOS’s of the H-covered (132) missing-row surface~full line! at u51 ML, of the same adsorption pattern as in the M
structure but on the unreconstructed surface~dot line! at u51 ML, and of the clean unreconstructed surface~dash line!. ~a1!–~j1! Projections
localized on the first-layer Pd atom.~a2!–~j2! Projections localized on the second-layer Pd atom.~k! Projection on the H atom.
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near the substrate. The main conclusion is that the (132)
reconstructed structure is stabilized when the electron tr
fer takes place from the adsorbates to the substrate and
(131) unreconstructed structure is stabilized when the
verse electron transfer occurs. The results we obtained in
present work show clearly that this mechanism does not
ply to the system considered here. In the adsorption pro
studied here, the electron transfer takes place from the
strate to the adsorbates. Moreover, a recent experime
study43 has shown that oxygen~a quite electronegative ele
ment! can induce also (132) missing-row reconstruction
Although the electron-donation mechanism proposed by
and Ho25 accounts quite well for some reconstructions
duced by alkali metals, the nature of the driving force
more subtle than what can be described by this sim
mechanism. In the next subsection, we are going to prov
evidence from the analysis of the electronic structures
reveals that the driving force comes essentially from the b
ter adsorbate-substrate interaction on the reconstructed
face.

E. Electronic structure—Microscopic nature
of the adsorbate-substrate interaction

A detailed analysis of the modifications of electron
structure resulting from reconstructions is carried out to
derstand better the microscopic nature of the driving force
Fig. 8, the local density of states~DOS! for the missing-row
reconstructed structure (118) atu51 ML ~full line! is plotted
and compared with that of the same chemisorption pat
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but on the unreconstructed substrate~dot line! and that of the
unreconstructed clean surface~dash line!. In Fig. 8 and all
subsequent ones for DOS, the energy origin correspond
the Fermi level obtained for the unreconstructed cle
Pd~110! and the changes in work function are taken in
account when plotting DOS’s of different H-covered su
faces. The local DOS’s presented in Fig. 8 show clearly
orbitals involved in the adsorbate-substrate interaction. Ths
orbital of the hydrogen atom interacts mainly with the 4dxy ,
4d3z22r 2, and 5s of the two neighbor Pd atoms on the fir
layer @see Figs. 8~d1!, 8~a1!, and 8~i1!# and to a less exten
with 4dx22y2, 5px , and 5py . The interaction of the H atom
with its neighbor Pd atom on the second layer takes pl
essentially between thes orbital of H and the 4dyz of the Pd
atom @see Fig. 8~c2!#. The results given in Fig. 8 show
clearly that there is an overall shift of energy levels towa
lower energies in the case of the chemisorption on the rec
structed substrate compared to the case of that on the u
constructed one. This is the evidence that the adsorbate
teracts better with the reconstructed surface.

The local DOS’s for the pairing-row reconstruction
u51.5 ML are presented in Fig. 9~full line!. For compari-
son, the results for the same adsorption pattern on the u
constructed substrate~dot line! are also plotted as well as th
local DOS’s of the clean Pd~110! ~dash line!. The DOS’s
localized on the Pd atom of the first layer are presented
Figs. 9~a1!–9~j1!, which are not very different from thos
given in Figs. 8~a1!–8~j1!. The local DOS’s for the second
layer Pd atom bonding to the threefold H atom are given
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FIG. 9. Local DOS’s of the H-covered pairing-row surface~full line! at u51.5 ML, of the same adsorption pattern as in the PR struct
but on the unreconstructed surface~dot line!, and of the clean unreconstructed surface~dash line!. ~a1!–~j1! Projections localized on the
first-layer Pd atom.~a2!–~j2! Projections localized on the second-layer Pd atom coordinated with the threefold H atom.~a2!–~j2! Projections
localized on the second-layer Pd atom coordinated with the fourfold H atom.~k! Projection on the threefold H atom.~k! Projection on the
fourfold H atom.
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Figs. 9~a2!–9~j2!. Here, some new feature appears: besi
its interaction with 4dyz , the s orbital of the threefold H
atom interacts now also with the 4dx22y2 orbital. This is
essentially due to the important buckling of the second
layer, which moves up the row bonding to the threefold
atoms and allows this orbital interaction to take place. F
ures 9~a28!–9~j28! show the DOS’s localized on the secon
layer Pd-atom bonding to the fourfold H atom. Here, we
that the orbital interactions take place between thes orbital
of H and the 4d3z22r 2 and the 5s of Pd. The results pre
sented in Fig. 9 do not give indication for a better interact
of the adsorbate with the reconstructed substrate. This ca
considered as a support to our conclusion made in Sec.
that the driving force for the pairing-row reconstruction
mainly due to the electrostatic adsorbate-adsorbate repul
It is to note that such adsorbate-adsorbate interaction
hardly be evidenced in the density of states.

Finally, the local DOS’s for the (231) zigzag superstruc
ture of H on the unreconstructed Pd~110! are presented in
Fig. 10 ~full line! together with those of the (131) straight
chain adsorption structure~dot line! as well as those of the
clean substrate~dash line!. The interaction of the hydroge
atom with the second-layer Pd atom takes place between
s orbital of the hydrogen and the 4dyz , 4d3z22r 2, and 5s of
the Pd atom in a quite similar way to the previous cases.
the interaction of the H atom with the Pd atom on the fi
layer, the overlap between thes orbital of the H atom and the
es
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4dxy of the Pd atom plays again an important role@see Fig.
10~d1!#. Moreover, this orbital interaction imposes differe
constraints for the signs of the wave functions of the hyd
gen atoms as shown in Fig. 11. For the (131) straight chain
arrangement, the signs of the wave functions alternate
neighboring H atoms@see Fig. 11~b!# while the signs of the
wave functions of H atoms remain the same on the (231)
zigzag chain@see Fig. 11~a!#. The alternating sign pattern
unfavorable for the bonding with 4d3z22r 2 and 5s of the Pd
atoms but favorable for the bonding with 5px in the arrange
ment depicted in Fig. 11~c!. The results given in Fig. 1
confirm the bonding picture we describe here. Figures 10~a1!
and 10~i1! show clearly that the zigzag chain structure yie
more stabilizing interaction of thes orbital of the H atom
with 4d3z22r 2 and 5s of the Pd atom while its interactio
with 5px is more stabilizing for the (131) straight chain
arrangement@see Fig. 10~g1!#. The (231) zigzag arrange
ment on one hand decreases adsorbate-adsorbate rep
and on the other hand allows the hydrogen atoms to inte
favorably with more orbitals of the Pd atoms on the fi
layer. This is why the zigzag chain arrangement is m
stable than the straight chain.

IV. CONCLUSIONS

In the present work, we have studied in detail the che
sorption of hydrogen on the~110! surface of palladium byab
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FIG. 10. Local DOS’s of the (231) zigzag chain superstructure of H atoms on unreconstructed Pd~110! ~full line! at u51 ML, of the
(131) straight chain arrangement of H atoms on the unreconstructed Pd~110! ~dot line! at u51 ML, and of the clean unreconstructe
surface~dash line!. ~a1!–~j1! Projections localized on the the first-layer Pd atom.~a2!–~j2! Projections localized on the second-layer P
atom.~k! Projection on the H atom.
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initio calculations. A quite unique character of the Pd~110!
surface is that it does not undergo spontaneous recons
tions like Pt and Ir but has a large proclivity to reconstru
This tendency is reflected through the quasidegenerate e
getic stability of the unreconstructed (131) substrate and
the (132) missing-row reconstructed clean surface. Atu
51 ML, we find that the most stable chemisorption patte
on the unreconstructed substrate is a (231) superstructure
with H atoms arranged in zigzag chains around the@11̄0# Pd
rows. The results obtained in this work allow us to und
stand why this (231) superstructure is more stable than t
(131) straight chain adsorption pattern. On one hand,
(231) zigzag arrangement decreases the adsorb
adsorbate repulsion resulting from the partial electron tra
fer from substrate to adsorbates and, on the other hand
analysis of electronic structure shows that in the zigz
structure, the hydrogen atoms can interact favorably w
more orbitals of the substrate.

In the literature, various adsorption structures have b
proposed for the hydrogen-induced pairing-row reconstr
tion on Pd~110!. We have examined carefully a large varie
of geometries for the pairing-row reconstruction and iden
fied only one stable pairing-row structure atu51.5 ML.
Moreover, we show that the chemisorption of hydrogen c
induce also a pairing-row reconstruction atu51 ML. The
issue concerning the origin of the driving force for th
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pairing-row reconstruction is addressed in two ways:~i! an
energetic analysis to estimate the different contributio
from threefold and fourfold H atoms and~ii ! an analysis
based on the electronic structure. These analyses allow u
conclude that the H-induced pairing-row reconstruction
essentially driven by the repulsion between the H-atoms
sorbed in the same trough.

FIG. 11. Interactions ofs orbital of the H atom with~a! 4dxy of
the first-layer Pd atom in a zigzag chain pattern,~b! 4dxy of the
first-layer Pd atom in a straight chain pattern,~c! 5px of the first-
layer Pd atom in a straight chain pattern.
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57 12 491H-INDUCED RECONSTRUCTIONS ON Pd~110!
It was believed that the chemisorption of hydrogen
duces missing-row reconstruction only at high coverages
the present work, we have studied the H-induced miss
row reconstruction in a large range of surface concentrat
of the hydrogen fromu50.5 ML to u51.5 ML and found
out a rich variety of missing-row reconstructed structures
fact, this rich polymorphism is due to the large proclivity
the clean Pd~110! surface to reconstruct. So, the chemiso
tion of a small amount of hydrogen can already stabilize
reconstructed substrate. The (132) missing-row reconstruc
tion creates~111! facets on which various nearly degenera
adsorption patterns can be formed. This is another factor
accounts for the H-induced polymorphism. The analysis
the electronic structure clearly shows that the driving fo
ls
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for the missing-row reconstruction is the better adsorba
substrate interaction on the reconstructed surface.
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