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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(R#0) is chosen as a prototype of such reconstructions. The
pairing-row and missing-row reconstructions are studied in a wide range of covefagH—-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[S0163-182608)02919-1

[. INTRODUCTION higher temperatures than the pairing-row reconstruction.
This is a clear indication that the missing-row reconstruction
Understanding molecular-surface interaction is one of thés an activated process. Now, the way in which the substrate
key issues for surface science and, in particular, for heterareconstructs has been deduced unambiguously from the ex-
geneous catalysis. Surface crystallography has evidencgmkbrimental studies. However, the structure of hydrogen at-
that a rigid substrate approximation is not always appropriatems on the reconstructed surface is not so well established.
to describe surface reactions. The chemisorption of reactanthis is essentially due to the difficulty to “see” directly the
can make dramatic modifications of the substrate, e.g., relattydrogen atoms by most experimental techniques. Although
ations and/or reconstructions that create new reactive site®me conjectures have been made, the exact structures of H
and sometimes close some active centers for certain speciatoms on the reconstructed (B0 surface remain an open
as happening in some surface oscillatory reactions. It is noyroblem. One issue of the present work is to find out stable
well known that the(110) surface of many fcc transition adsorption patterns on the reconstructed substragbhini-
metals undergoes reconstructions either spontaneously or itie calculations.
duced by adsorbates. However, there is still little theoretical Theoretical studies have also been carried out. Semi-
insight gained to understand the driving force of the reconempirical calculations were made for the clear{lAd) and
structions. In the present work, the H{Rd0) system is cho- its missing-row reconstructiotf. Ab initio calculations were
sen to serve as a prototype for the reconstructions induced tperformed for low-index clean and H-covered unrecon-
a strongly bound adsorbate. Moreover, this system has marstructed surfaces of palladiuhi;??In a very recent papér,
important applications, e.g., catalysis of hydrogenation reacfomanek, Wilke, and Scheffler have reported a study on the
tions and hydrogen storagé. H-induced polymorphism of Ri10 which results from the
Now, it is established from experimental investi- H-induced pairing-row and missing-row reconstructions. Al-
gationd~!! that the chemisorption of hydrogen can inducethough a few common issues are addressed also in the
two types of reconstructions on the (Bd0) surface: pairing- present work, we will show that some interesting and impor-
row and missing-row. Early experimental works were madeant issues are overlooked in Ref. 23. Here, we present a
by a variety of techniques: low-energy electron diffractionmore thorough investigation and show that the polymor-
(LEED),®58 He-scattering and low-energy-ion-scattering phism of Pd110) induced by the chemisorption of hydrogen
spectroscopie$® and high-resolution electron-energy-loss is even richer and it takes place not only at the high coverage
spectroscopy (HREELS.® Recently, scanning-tunneling as reported in Ref. 23 but also at lower coverages. A funda-
spectroscopySTM) (Refs. 10 and 1lhas been also used to mental theoretical issue is what is the driving force for the
study H-induced reconstructions on (Rti0). It was con- reconstructions. Previous theoretical efforts have been made
cluded from early experimental results that reconstructiongn this problem in the case of the missing-row reconstruction
take place at coverages higher th@m 1 monolayer(ML).  of transition-metal surfaces induced by alkali met4t& Ja-
Only very recently, experimental evidence has appeared fatobsen and Norské® advocated that the driving force
the missing-row reconstruction in a large range of hydrogercomes from the higher chemisorption energy upon a recon-
coverages® Another important piece of experimental infor- structed substrate. An alternate vféis based on the charge
mation is that the missing-row reconstruction takes place atransfer between the adsorbate and the substrate and the driv-
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TABLE |. Sufarce energy and geometry of unreconstructed F@l. Ad;;: relaxation of the spacing
between theth andjth layers.

Present work

LDA GGA Tomaeketal® LMTOY Experimental
Ady, (%) -91 -86 -8.2 -5.3 -51*15, —-6+2% —57+2°
Adys (%) +33  +37 +0.7 +2.9+1.5 +1+2% +05+2°
o (eV) 1.476  1.089 1.2 1.1 1.33

%Reference 7.
bReference 36.
‘Reference 37.
dLDA value.
€GGA value.

ing force is attributed to the effect of the electric field result-have been made with several different approac¢hes.in
ing from this charge transfer. Compared to the alkali-metaparticular, the clean Rdl10) surface has been studied by
atoms, the hydrogen atom has very different atomic size anlethfessel, Hennig, and Scheffléiwith the full-potential
electronegativity. So, it is not clear at all if the conclusionslinear-muffin-tin-orbital(FP-LMTO) method. In the work on
from the previous works apply also to account for the H-the chemisorption of H on the unreconstructed1R6) sur-
induced reconstructions. This is another issue to be adace by Tomaek, Sun, and Loui&® results for the clean

dressed in this work. Pd110 surface have been reported as well. We started also
by the clean PA.10) surface but focused on examining the
Il. THEORETICAL APPROACH possibilities of its eventual reconstructions. The possibilities

considered are pairing-row and missing-row reconstructions.

The approach used in this work is the density-functionala variety of geometries with different paired distances be-
theory with the local-density approximatidhDA) and the  tween[110] Pd rows are examined. No pairing-row recon-
generalized gradient approximatié@GA) implemented in  struction is found for the clean PHLO) surface. The forces
the ViennaAb initio Simulation Program{(VASP).?**” The  on the tentatively paired rows always bring them back to the
exchange-correlation functional we used for the LDA is theunreconstructed structure. While LDA predicts a slightly
Perdew-Zunger parametrizatfdnof the quantum Monte more stable missing-row structure, GGA gives a more stable
Carlo simulation of Ceperley and Aldétand for the GGA  unreconstructed structure by 5 meyer unit cel). Up to
the functional known as Perdew-Wang¥1Wwith the use of now, no experimental evidence exists fepontaneous
Vanderbilt's ultrasoft pseudopotentigfs3® the wave func- missing-row reconstruction of the clean (RH0 surface.
tions are expanded in plane waves. Thanks to the efficiencMowever, Dhanalet al>* have shown that (¥2) and (1
of the ultrasoft pseudopotentials, we are able to use a cutofk 3) missing-row structures of the clean(®#0) surface can
energy equal to 200 eV for the plane-wave basis. Carefube prepared by oxygen adsorption. The important point to
check calculations are carried out and show that this cutoffiote in the results of Dhanadt al. is that when oxygen is
energy leads to 1 mRy convergence for cohesive and adsorpemoved after inducing the reconstruction, the missing-row
tion energies. Recently, we have applied this approach tgeconstructed structures on the clean surface remain. More-
study the chemisorption of H and the dissociation gfdt  over, it has been reported that a small step-formation energy
the Pd111) surface?"?* Satisfactory results have been ob- is found experimentally on the clean ®d0) surface®
tained. For the present work, we use the same pseudopoteThese experimental results together with our result indicate
tials as used in the previous works. The details concerninglearly a strong proclivity of the clean PdLO) surface for
the pseudopotentials can be found in Ref. 21. The Brillouinthe missing-row reconstruction. So, this missing-row struc-
zone integration is made on ax%Xx1 grid of Monkhorst-  ture should be considered as a metastable state which can
Pack speciak points33 To model surfaces, we adopt the slab compete with the unreconstructed one. Our results for the
supercell approach. Test calculations were carried out witltlean Pd110) surface are summarized in Table | along with
slabs up to nine Pd layers. The results of these test calculgome experimental resuft£*” and some previous theoreti-
tions show that well converged results can be obtained witlgal estimations”-**We find oscillating relaxations as found
a slab of seven Pd layers and a vacuum space correspondiggperimentally. The contraction of the topmost interlayer
to five ideal bulk Pd layers. We present only the results forspacing is somewhat overestimated. Taking into account the
this size of cell. The calculation of Hellmann-Feynman experimental errors, the overall agreement between our re-
forces allows full geometry optimizations to be performedsults and the experimental ones is satisfactory. The surface
easily. energyo is defined as

IIl. RESULTS AND DISCUSSIONS
0= (Egjab— NatonEbui) /2,

A. Clean Pd(110 surface

Previousab initio studies on the low-index surfaces of where Eg, is the total energy of the slalky, the total
palladium and the adsorption of hydrogen on these surfacesnergy of the bulk crystal per atom, aNg;,, the number of
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Eai={E[PA 110) ]+ N4E[H,]/2— E[H/PA 110 ]}/Ny,
(1)

where Ny is the number of hydrogen atoms in the slab
H/Pd110). It is well known that the error of LDA foE[ H,]
is quite large. For calculating the LDA value Bf4 given in
Table Il, we have used the experimental valu€&pif,]. The
LDA adsorption energy thus obtained is in very good agree-
ment with the GGA value and the experimental restiEhe
bond distance between H and Pd atoms is somewhat under-
estimated. Nevertheless, it is worth noting that the local en-
vironment of the threefold site is similar to that on the
ent betwedf(11D surface where the Pd-H distance is 1. &%The
theoretmaladsorpt'on of H reduces the amplitude of the substrate relax-
ation compared to that of the clean surface. This is a quite
general effect of chemisorption on the substrate relaxation.
Ad;, and Ad,; are in good agreement with the experiment
results. For comparison, the results of Toreket al are
All the experimental studies have indicated that the suralso put in Table Il. The energetic results in Ref. 23 are

face concentration of hydrogen plays an important role in thexpressed in terms of the clean surface eneEgSy,and the
H-induced reconstruction. =1 ML, a (2X 1) superstruc- surface energy of the H-covered surfaEg,(see Ref. 23 for
ture of hydrogen atoms is formed on the unreconstructetheir precise definitions These surface energies are related
Pd110 surface. A proposed arrangement of H atoms for thigo the adsorption energy defined in Ed) by E &~ 2(E°
structure is shown in Fig. (&). Besides this zigzag chain —E). There is a qualitative agreement between our results
arrangement, there is of course thex(1) H straight chain  gnd those of Tormaek et al.

arrangement with all the H atoms occupying also the three-
fold sites[see Fig. 1b)]. Previously, Tomaek, Sun, and
Louie'® have carried ouab initio calculations for the chemi-
sorption of hydrogen on R#l10). Their study is limited to At the coverageh=1 ML, we have studied an attempted
the (1X1) unreconstructed surface for a variety of adsorp-airing-row reconstruction as shown in FigaR This struc-
tion sites except the threefold one as shown in Figg.dnd  ture can be obtained from the zigzag chfffilg. 1(@)] in a
1(b). In fact, the threefold site is the most stable on the (1straightforward way by pushing sonid10] Pd rows to-

X 1) unreconstructed substrate. We have carried out calcul@ether. However, no stable reconstructed structure of this
tions for both the structurgd$igs. 1@ and ib)] and found kind was obtained. The forces exerted on the approached
that the zigzag chain structure is more stable than the straigihbws bring them back to the unreconstructed structure. When
chain by 29 meV/HLDA). This is in entire agreement with the coverage is increased e 1.5 ML, the threefold sites in
experiment$:’ This zigzag superstructure can be accountedrig. 2(a) are saturated, and a reconstruction as shown in Fig.
for in the following way: the electron transfer from the sub- 2(b) takes place. As we have mentioned in the Introduction,
strate to H atoms creates dipoles localized near the adsoit-is not easy to determine the arrangement of H atoms by
bates. The electrostatic interaction between these dipoles éxperimental techniques. Different conjectures have been
repulsive. The zigzag arrangement of H atoms on one hanmhade. Rieder, Baumberger, and Stofkeave proposed a
keeps the adsorbates as far away as possible and on the otlpaiiring-row structure as shown in Fig(c2 From our calcu-
hand makes the screening of the electrostatic interactiotations, this pairing-row structure cannot exist. The structure
done more efficiently by the intervening Pd atoms. Theseshown in Fig. Zc) can be obtained from that shown in Fig.
two effects decrease all the dipole-dipole repulsion betwee@(b) by separating the paired rows and pushing them away
the adsorbates. The results for the stablx (3 H/Pd110)  continuously until the structure given in Fig(c® is reached.
superstructure are given in Table Il. The adsorption energyn doing this, the pushed rows are exerted by large forces
per adsorbateE,, is defined in such a way that it can be which always bring them back to the pairing-row structure
directly compared to experimental results, given in Fig. Zb). To interpret their STM results, Yoshi-

FIG. 1. Top view of H adsorption patterns on the unrecon-
structed PL10), #=1ML. (a) (2X1) H/Pd110 superstructure;
(b) (1x 1) H/Pd110). The unit cells used for calculation are indi-
cated.

atoms in the slab. There is also a good agreem
our results and those of the other
investigations.’23

B. Chemisorption of H on unreconstructed Pd110

C. H-induced pairing-row reconstruction

TABLE II. Adsorption energy and geometry of the superstructurex {2H/Pd(110), 6=1 ML.
dy: height of H with respect to the top Pd layerd,, pq: distance between H and Pd atoms.

Eaq (€V/IH) dy (A) dupg (R)  Adgp (%) Adys (%)

Present work LDA 0.497 0.29 1.80 —2.4 +2.7

GGA 0.494 0.25 1.81 -1.9 +3.2
Tomanek et al. (Ref. 23 0.64 1.8 -3.2 +1.4
Experiment(Ref. 7) 0.5° 0.6+£0.1  2.0:0.1 -2.2 +2.9

3Calculated according,=2(E2—E,).
bReference 38.
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FIG. 2. Top view[exceptionally(e) is a side view of different
H adsorption patterns on the pairing-row reconstructed F@l, 6
=1 ML for (a) and #=1.5 ML for (b)—(f).

12 485

O T
Qﬁ?‘?‘%ﬁi

[110] !
|

[001]
FIG. 3. Side view of the structure given in Figtb2

long bridge sitedsee Fig. #)]. We did not find that this
structure is stable. In fact, it is a saddle point and a slight
displacement leads the H atom to slide to the fourfold site.
So, the only stable structure we have found for the pairing-
row reconstruction ab=1.5 ML is that shown in Fig. @).

This is also the generally accepted structure of the H-induced
pairing-row reconstruction of X110.*° The results of the
pairing-row reconstruction are summarized in Table Ill. The
distance between the fourfold H atom and the nearest Pd
atom on the top layer is equal to 2.11 A, which is compa-
rable to the H-Pd distance of the fourfold H on a(FaD)
surface*! In fact, the fourfold label is the generally used one
despite the fact that the distance between the H atom and the
second-layer Pd atom just beneath is much shé¢sts Table
[II). The height of the H atom on the threefold site is reduced

nobu, Tanaka, and Kawdi have suggested recently the by 0.09 A compared to that in the §21) H/Pd110 super-

structure shown in Fig. (&) for the pairing-row reconstruc-

structure. A quite important buckling distortion is observed

tion. A structure with threefold hydrogen atoms placed onfor the second Pd layer. This buckling is characterized by the
subsurface sites was also proposed for the pairing-rowlistance BU(see Fig. 3. It is interesting to note that the
reconstructiorf. This structure looks exactly the same as Fig.buckling together with the height adjustment of the threefold
2(b) from the top and Fig. @) provides a side view to show H atoms takes place in such a way to keep the H-Pd distance
clearly this arrangement. We have also carried out carefudf the threefold site around 1.80 A as in the case ok (9
searches for these two structures but it turned out that nond/Pd(110. The distance between the paired rows on the top
of them corresponds to a true energy minimum. In their rePd layer is reduce¢Al, in Table Ill) by 0.68 A with LDA

cent papef? Tomanek, Wilke, and Scheffler have reported a and 0.74 A with GGA. This reduction is overestimated com-

pairing-row structure ab=1.5 ML as depicted in Fig. (®).

pared to the experimental estimatiiWe observe also an

In this adsorption pattern, 1 ML of H atoms are adsorbed oropposite lateral shift on the third Pd layekl;=0.04 A
the threefold sites as in Fig(l® and the other 0.5 ML on the (LDA); 0.22 A(GGA). Although this lateral shift of the third

TABLE lll. Results of the H-induced (X 2) pairing-row reconstructio=1.5 ML. dy:
height of H over the fourfold site. d,_py:

H over the threefold site. d/;:

height of
distances between the three-

fold H atom and the first and second Pd layerd;, 4: distances between the fourforld H atom and the first

and second Pd layers.

Present work

Tomanek Experiment

LDA GGA et al. (Ref. 23 (Ref. 6
E.q (eV/H) 0.460 0.469
dy (A) 0.20 0.16
dj (A) 0.14 0.09
dy.pg (A) 1.79; 1.79 1.82; 1.81
d{ypg (R) 2.11; 1.81 2.13; 1.83 1.97
BU (A) 0.25 0.28 0.15 0.150.05
Aly (A) —0.68 -0.74 —0.64 —0.40+0.05
Alg (A) +0.04 +0.22
dq, (A) and Ady, 1.43; +4.4% 1.47;+5.0% 1.37-0.03
dys (A) and Ad,, 1.39; +1.3% 1.42;+1.8% 1.470.03
das (A) and Adg, 1.40; +2.5% 1.45;+3.8% 1.370.03

8Reference 41.
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Pd(110) with geometry in
(1x2) pairing row H/Pd(110)
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Pd(110) with geometry in J | _
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' | FIG. 5. H-induced pairing-row reconstruction @t 1 ML.
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#0.256! | 1 on fourfold site ZM dictive.. The results for this rec_onstruction are given in Table
! 0456 IV. This pairing-row strueture is nearly degenerate energetl-

| H on fourfold site! cally (only 30 meV/H higher from LDA with the zigzag

_— (2% 1) superstructure on the unreconstructed substFate
energies in ¢V 1(a)]. The most marked geometry difference between the

per unit cell pairing-row reconstruction at=1 ML and that at 6

=1.5ML is that the[110] Pd rows are less paired at the
lower coverage. To our knowledge, this pairing-row recon-
struction atd=1 ML has never been reported. We think it
Pd layer has been anticipated by Kleiwteal.® they did not deserves some experimental investigations. If the pairing-
take it into account in their fittings of LEED intensity/energy 'OW reconstruction av=1ML and that atf=1.5 ML can
(11V) profiles to determine the geometry parameters. Th&oexist as different patches on (Bd0), the quite large dis-
surface layer reorganization due to the reconstruction prg@dreement oml, between our calculated values and the
duces also a perpendicular relaxation involving more sub&xperimental es_t|mat|on mlgh_t be partly understood. In this
strate layers. This can be seen frdm;, to Ads,. The varia-  C3S€; the experimental result is an average valuhlgé for
tion tendency fromAd,, to Ads, given by our calculation the patches a#=1ML and §=1.5 ML. We emphasize that
does not agree well with that found experimentally. The reatlis is just a speculation which cannot account totally for the
son for this disagreement is unclear and certainly needs to HliScrepancy and hope that it will motivate further experimen-
clarified by further investigations. tal |nvest|gat|on_s. The f_act that t'he st.able pairing-row struc-
After finding out the stable structure of the pairing-row {Ureé até=1ML is that given in Fig. 5 instead of that shown
reconstruction, an important question we can ask is what i} Fig- 2@ provides further support to our conclusion that
the driving force for the reconstruction? Intuitively, one canth€ driving force is the dipole-dipole repulsion between ad-
think that the pairing-row reconstruction results in a betterSorbates rather than the better interaction _between the four-
interaction between the fourfold H atoms and the Pd atom{!d H atoms and the substrate. Otherwise, the structure
on the approached row.n order to examine this hypoth- 9iven in Fig. Za) would be more stable.
esis, we have made an analysis of the reconstruction by a
decomposition of interaction energies. The analysis can be D. H-induced missing-row reconstruction
schematized in Fig. 4. We started from two frozen substrates: Experimental investigatiofid®!! have shown that the
one with the unreconstructed structure and the other with th@hemisorption of hydrogen can induceX2) and (1x 3)
reconstructed one. The threefold and fourfold H atoms argsissing-row reconstructions. In this work, we will restrict
separately adsorbed on the two frozen substrates to assgs§selves to the (X 2) missing

FIG. 4. Interaction energy decomposition analysis of the driving
force for the pairing-row reconstruction at=1.5 ML.

o ; o , o experiment has been able to show the ar-
these contributions can be considered as additive. We ha"r’ﬁngement of H atoms on the reconstructed surface. Upon

found that the difference between the adsorption energy Ofyissing-row reconstructiori111) facets are created. As it is
the reconstructed surface and that on the unreconstructed ORBown that on the RA11) surface the most stable site is the

has nearly a perfect additivity. The interaction energy is iNeefold one, we will consider only different adsorption pat-
creased quite similarly for the threefol@.22 eV} and the

fourfold (0.20 eV) sites. The contribution from the threefold  tAgLE Iv. Results of the H-induced (£2) pairing-row re-
site is, however, dominant due to the fact that there are tw@gnstruction,6=1.0 ML.
threefold sites in the unit cell. It turns out that the pairing-

row reconstruction is mainly driven by the release of the Present workLDA)
dipole-dipole repulsion between the threefold H atoms on the

two neighboring chains in the same trough. From this analyEad (€V/H) 0.467

sis comes another interesting thing. It is easy to(§eg 4)  du (A) 0.28

that the interaction between the substrate and the threefold #.pa (A) 178
atoms alone can already overcompensate the energy cost @b (A) 0.16
reconstructing the substrate. This implies that a pairing-rowAl; (A) —0.46
reconstruction such as that shown in Fig. 5 should exist ifAl; (A) +0.10

our analysis is valid. To check this, calculations were carriedi,, (A) andAd, 1.34;-2.1%
out to look for such a reconstruction 81 ML. Remark-  d,; (A) and Ady, 1.40:+2.2%
ably, we indeed found it and its existence shows that outi,, (A) andAds,, 1.38+0.7%

decomposition analysis is not only explanatory but also pre
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TABLE VI. Adsorption energy and geometry of 1 adsorption
pattern on the missing-row reconstructed Pd), 6=1 ML.

Present work

LDA GGA
E,q(eV/H) 0.559 0.564
dy (A) 0.24 0.19
[001] d A . .
wpd (A) 1.82:1.79 1.85:1.80
FIG. 6. Different adsorption patterns of hydrogen on the BU (A) 0.03 0.03
missing-row reconstructed PdL0), 6=1 ML. Al, (A) —-0.10 -0.11
di» (A) andAd,, 1.36-0.7% 1.41+ 0.6%
terns with H atoms occupying the threefold sites. Three type§2s (A) and Adyg 1.36;:-0.9% 1.39;-0.6%

of threefold sites are indicated in Fig. 6. Site 1 has two
neighbor Pd atoms from the top layer and the other Pd atom
from the second layer, site 2 has one Pd atom from the to
layer and two Pd atoms from the second layer, and site g::
involves two Pd atoms from the second layer and the othe(rit
Pd atom fro_m the third layer. Several structures for.med frorr1ure is more stable by 40 meV/H than the pairing-row struc-
some combinations of these sitesvat 1 ML are considered. ture in Fig. 2b). In their recent worl Tomanek, Wilke,

n Table v, the energetic .stability of fthese structures iSand Scheffler have considered only one H-induced missing-
given, which can be explained essentially by the dipole

. . . "~ row structure, which corresponds to the adsorption pattern
dipole repulsion between the adsarbates if the screening b i b

the electrostatic interaction by th&10] rows is taken into enoted by 224 in our notation given in Fig. 6. This struc-

, ture is reported to be also more stable than the pairing-row
account. Two structuredl1l’ and 12) are more stable than structure atd=1.5 ML.

the zigzag (1) superstructure and the three others have It was believed that hydrogen can induce missing-row re-
about the same stabil_ity. The adsorption patterh islthe constructions only at high coverages. However, as we have
most stable one and is more §tab|e by 62 meV/H than thgeen earlier, the clean Ad.0 has already a large tendency
(2x1) superstructure. So it is the most stable_ SUUCIUrg, reconstruct. It can be expected that a small gain in adsorp-
among all the adsorptlpn patterns we have considerei at tion energy will be sufficient to stabilize the reconstructed
=1ML. In fact, the zigzag (X1) superstructure corre- g pqirate Therefore, we have also studied a missing-row re-

sponds to a metastable state and there is a sufficient energy«iruction aty=0.5 ML. The considered adsorption pat-
barrier between it and the most stable missing-row structurg, . i« shown in Fig. 7. This structure has been recently

so that the (X 1) superstructure has been experimentallyfound experimentally for the oxygen induced X2)
observed. Experimental investigatiéri8 indeed show that missing-row reconstruction of PH0%® Comparing with

the mlssmg—r(;)vxa reconstruction takes place at hlgher: M6 same adsorption pattern on the unreconstructed substrate,
peratures and that once It occurs, it remains even when Mge fong again that this missing-row structure is more stable
system is brought back to a lower temperature. This |nd|cate5y 35 meV/H (LDA). In a very recent work, Kampshoff
that the missing-row structure corresponds to a lower energy; -1 have found éxperimental evidence for missing-row
minimum. The results obtained in the present work conform.,.onstructions of RA10 induced by hydrogen at coverages

perfectly with this. The geometry of the 1&tructure is pre- lower than §=1 ML. Our results here supply further evi-
sented in Table VI. We see that the H atom is adsorbed ijace fromab initio .calculations. PPY

fact in a pseudothreefold site. The first value ipfpy is the It is well known that (x2) and (1x3) missing-row
distance between the H atom and the Pd atom on the firgL.onstryctions can be induced also by alkali metals. Previ-
layer and the other value for the d|_sta_nce from the H ato”_‘ Qus efforts have been made to study the driving force for
the second-layer Pd. For the missing-row reconstructionyace reconstructio®2 Fu and H&® have proposed an
there is only a very slight bl.JCkI'ng distortion on the third Pd electron-donation mechanism to account for the alkali-metal-
layer, BU=0.03 A. We obtain also a lateral shift on the Sec-jn,ced missing-row reconstruction on teL0) surface of
b o ust bel he missi I %d and 4d fcc metals. In this mechanism, the driving force is
etween two[110] rows just below the missing row. Only ,iibyted to the electron transfer between the adsorbates and

very small perpendicular relaxations are observed. the substrate and the effect of the electric field thus created
We have also studied a missing-row structure éat

=1.5ML. The considered adsorption pattern is’ lthe

ost stable one at=1 ML) with an added H atom placed at
e site 3(Fig. 6) in order to keep large distances between H
oms to minimize their repulsion. We found that this struc-

TABLE V. LDA adsorption energy of different hydrogen ad-

sorption patterns on the missing-row reconstructed1P@, 0 [170]

=1ML.

Adsorption pattern 11 12 22 13 13 33 (001]

E.q(eV/H) 0.559 0.511 0.496 0.491 0.481 0.359 FIG. 7. Adsorption pattern of hydrogen on the missing-row re-

constructed Pd10), 6=0.5 ML.
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FIG. 8. Local DOS'’s of the H-covered ¢2) missing-row surfacéfull line) at 6=1 ML, of the same adsorption pattern as in the MR
structure but on the unreconstructed surfal line) at =1 ML, and of the clean unreconstructed surfédash ling. (al)—(j1) Projections
localized on the first-layer Pd atorfa2—(j2) Projections localized on the second-layer Pd attknProjection on the H atom.

near the substrate. The main conclusion is that th&Zl  but on the unreconstructed substrétet line) and that of the
reconstructed structure is stabilized when the electron transmreconstructed clean surfatdash ling. In Fig. 8 and all
fer takes place from the adsorbates to the substrate and tkebsequent ones for DOS, the energy origin corresponds to
(1X1) unreconstructed structure is stabilized when the inthe Fermi level obtained for the unreconstructed clean
verse electron transfer occurs. The results we obtained in theg110) and the changes in work function are taken into
present work show clearly that this mechanism does not apgccount when plotting DOS's of different H-covered sur-
ply to the system considered here. In the adsorption proceggces. The local DOS's presented in Fig. 8 show clearly the
studied here, the electron transfer takes place from the SuBgpitals involved in the adsorbate-substrate interaction.sThe
strategto the adsorbates. Moreovgr, a recent ex_penmentg}bitm of the hydrogen atom interacts mainly with thesg,
study’ has_shown that oxygefa_qu_lte electronegative _ele- 4ds,2_,2, and 5 of the two neighbor Pd atoms on the first
et can nduce a0 (12) IS o1 1ECONSILCKN. . yer[See Figs. @), Bad,and )] and (0 a e extr

9 prop Y "ith 4dy2_y2, 5py, and . The interaction of the H atom

and HJ® accounts quite well for some reconstructions in-" ... /
duced by alkali metals, the nature of the driving force isW'th its neighbor Pd atom on the second layer takes place

more subtle than what can be described by this Simplgssentially between theeorbital of H and the 4, of the Pd

mechanism. In the next subsection, we are going to providé‘tom [see Fig. 80.2)]' The result; given in Fig. 8 show
(Elearly that there is an overall shift of energy levels toward

evidence from the analysis of the electronic structures tha\ ies in th f the chemi i h
reveals that the driving force comes essentially from the betOWEr ENErgies In the case of the chemisorption on the recon-
ructed substrate compared to the case of that on the unre-

ter adsorbate-substrate interaction on the reconstructed Sl,ﬁ't- o . )
face. constructed one. This is the evidence that the adsorbate in-

teracts better with the reconstructed surface.
_ ) _ The local DOS's for the pairing-row reconstruction at

E. Electronic structure—Mlcros_copm nature #=1.5 ML are presented in Fig. @ull line). For compari-

of the adsorbate-substrate interaction son, the results for the same adsorption pattern on the unre-

A detailed analysis of the modifications of electronic constructed substratdot line) are also plotted as well as the
structure resulting from reconstructions is carried out to unfocal DOS'’s of the clean R#10) (dash ling. The DOS’s
derstand better the microscopic nature of the driving force. Idocalized on the Pd atom of the first layer are presented in
Fig. 8, the local density of stat¢®OS) for the missing-row  Figs. 9al)—9(j1), which are not very different from those
reconstructed structure (lat =1 ML (full line) is plotted  given in Figs. 8a1)—-8(j1). The local DOS'’s for the second-
and compared with that of the same chemisorption pattertayer Pd atom bonding to the threefold H atom are given in
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FIG. 9. Local DOS’s of the H-covered pairing-row surfdédl line) at =1.5 ML, of the same adsorption pattern as in the PR structure
but on the unreconstructed surfa@wt line), and of the clean unreconstructed surfégash ling. (al)—(j1) Projections localized on the
first-layer Pd atom(a2—(j2) Projections localized on the second-layer Pd atom coordinated with the threefold HaBprGj2) Projections
localized on the second-layer Pd atom coordinated with the fourfold H atgn®rojection on the threefold H atortk) Projection on the

fourfold H atom.

Figs. 9a2-9(j2). Here, some new feature appears: besidedd,, of the Pd atom plays again an important ridee Fig.
its interaction with 4l,,, the s orbital of the threefold H 10(d1)]. Moreover, this orbital interaction imposes different
atom interacts now also with thed¢ > orbital. This is  constraints for the signs of the wave functions of the hydro-
essentially due to the important buckling of the second Pdjen atoms as shown in Fig. 11. For the{1) straight chain
layer, which moves up the row bonding to the threefold Harrangement, the signs of the wave functions alternate on
atoms and allows this orbital interaction to take place. Figneighboring H atomgsee Fig. 11b)] while the signs of the
ures 9a2)—9(2') show the DOS'’s localized on the second- wave functions of H atoms remain the same on thx (2
layer Pd-atom bonding to the fourfold H atom. Here, we seeaigzag chairf{see Fig. 11a)]. The alternating sign pattern is
that the orbital interactions take place betweengt@bital  unfavorable for the bonding withdg,2_,2 and 5 of the Pd
of H and the 4l,,2_,2 and the 5 of Pd. The results pre- atoms but favorable for the bonding witlp5in the arrange-
sented in Fig. 9 do not give indication for a better interactionment depicted in Fig. Xt). The results given in Fig. 10
of the adsorbate with the reconstructed substrate. This can lw®nfirm the bonding picture we describe here. Figurdal0
considered as a support to our conclusion made in Sec. lll @nd 1@i1) show clearly that the zigzag chain structure yields
that the driving force for the pairing-row reconstruction is more stabilizing interaction of the orbital of the H atom
mainly due to the electrostatic adsorbate-adsorbate repulsiowith 4ds,2_,2 and 5 of the Pd atom while its interaction
It is to note that such adsorbate-adsorbate interaction cawith 5p, is more stabilizing for the (¥ 1) straight chain
hardly be evidenced in the density of states. arrangemenisee Fig. 1y1)]. The (2x1) zigzag arrange-
Finally, the local DOS’s for the (& 1) zigzag superstruc- ment on one hand decreases adsorbate-adsorbate repulsion
ture of H on the unreconstructed ®dO) are presented in and on the other hand allows the hydrogen atoms to interact
Fig. 10 (full line) together with those of the (1) straight favorably with more orbitals of the Pd atoms on the first
chain adsorption structur@ot line) as well as those of the layer. This is why the zigzag chain arrangement is more
clean substratédash ling. The interaction of the hydrogen stable than the straight chain.
atom with the second-layer Pd atom takes place between the
s orbital of the hydrogen and thedd,, 4d3,2_,2, and 5 of IV. CONCLUSIONS

the Pd atom in a quite similar way to the previous cases. For
the interaction of the H atom with the Pd atom on the first In the present work, we have studied in detail the chemi-

layer, the overlap between tlseorbital of the H atom and the sorption of hydrogen on th@ 10 surface of palladium bgb
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FIG. 10. Local DOS'’s of the (1) zigzag chain superstructure of H atoms on unreconstructeédldfull line) at =1 ML, of the
(1X1) straight chain arrangement of H atoms on the unreconstructéd®@ddot line) at #=1 ML, and of the clean unreconstructed
surface(dash ling. (al)—(j1) Projections localized on the the first-layer Pd atda®—(j2) Projections localized on the second-layer Pd
atom. (k) Projection on the H atom.

initio calculations. A quite unique character of the(PtD) pairing-row reconstruction is addressed in two waysan
surface is that it does not undergo spontaneous reconstruenergetic analysis to estimate the different contributions
tions like Pt and Ir but has a large proclivity to reconstruct.from threefold and fourfold H atoms an@) an analysis
This tendency is reflected through the quasidegenerate endrased on the electronic structure. These analyses allow us to
getic stability of the unreconstructed X1) substrate and conclude that the H-induced pairing-row reconstruction is
the (1X2) missing-row reconstructed clean surface. At essentially driven by the repulsion between the H-atoms ad-
=1 ML, we find that the most stable chemisorption patternsorbed in the same trough.

on the unreconstructed substrate is a<{@ superstructure
with H atoms arranged in zigzag chains around[t#] Pd
rows. The results obtained in this work allow us to under-
stand why this (X 1) superstructure is more stable than the
(1X1) straight chain adsorption pattern. On one hand, the
(2x1) zigzag arrangement decreases the adsorbate-
adsorbate repulsion resulting from the partial electron trans-
fer from substrate to adsorbates and, on the other hand, the
analysis of electronic structure shows that in the zigzag
structure, the hydrogen atoms can interact favorably with
more orbitals of the substrate.

In the literature, various adsorption structures have been
proposed for the hydrogen-induced pairing-row reconstruc-
tion on Pd110. We have examined carefully a large variety
of geometries for the pairing-row reconstruction and identi-
fied only one stable pairing-row structure ét=1.5ML. FIG. 11. Interactions of orbital of the H atom with(@) 4d, of
Moreover, we show that the chemisorption of hydrogen canhe first-layer Pd atom in a zigzag chain patte(i, 4d,, of the
induce also a pairing-row reconstruction @1 ML. The first-layer Pd atom in a straight chain pattefa), 5p, of the first-
issue concerning the origin of the driving force for the layer Pd atom in a straight chain pattern.

[0o1] (v)
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It was believed that the chemisorption of hydrogen in-for the missing-row reconstruction is the better adsorbate-
duces missing-row reconstruction only at high coverages. Iisubstrate interaction on the reconstructed surface.
the present work, we have studied the H-induced missing-
row reconstruction in a large range of surface concentrations
of the hydrogen fromp=0.5 ML to 6=1.5 ML and found
out a rich variety of missing-row reconstructed structures. In  This work has been undertaken within the GdR-
fact, this rich polymorphism is due to the large proclivity of Dynamique Moleulaire Quantique Appligeeala Catalyse,
the clean PEL10) surface to reconstruct. So, the chemisorp-a joint project of CNRS, Technische Universitien, and
tion of a small amount of hydrogen can already stabilize thenstitut Franais du P&ol. Computer time on the Cray C98
reconstructed substrate. TheX2) missing-row reconstruc- has been allocated for the present work by IDRIS of CNRS
tion createg111) facets on which various nearly degeneratethrough Project No. 950609. Work at the Technische Univer-
adsorption patterns can be formed. This is another factor thaita Wien has been supported by the Bundes Ministerium fu
accounts for the H-induced polymorphism. The analysis ofWissenschaft und Forschung through the Center for Compu-
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