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Chemisorption of H on Pd(111): An ab initio approach with ultrasoft pseudopotentials
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An ab initio study based on local-density-function@DF) theory is presented for the chemisorption of
hydrogen on the Rd11) surface. Our calculation uses the Vienal initio molecular-dynamics program
(VAMP) based on(i) finite-temperature LDF(ii) exact calculation of the electronic ground state and
Hellmann-Feynman forces after each ionic move, &ifiid ultrasoft pseudopotentials for the electron-ion
interaction. Complete geometry optimization for different adsorption sites are carried out. The energetic sta-
bility of the adsorption site correlates with the coordination number of the site. The larger the coordination
number, the more stable the site. Both geometries and the electronic structure obtained from our theoretical
calculations are in good agreement with experimental re#6163-182606)02924-4

[. INTRODUCTION sorption of H on palladium surface is the first elementary
step of these reactions. Because of its importance, a large
In the last years, considerable progress has been made amount of work has been devoted to hydrogen-palladium
guantum-mechanicab initio calculations applied to mate- systems by both experimental and theoretical approaches
rial science' The advances in this field come essentially (see Refs. 25 and 26 for review$/uch experimental infor-
from a few crucial ingredients: efficient calculation of the mation is now available for these systems. This makes them
electronic ground state based on either the Car-Parrinellquite ideal candidates for thorough theoretical investigations.
method or conjugate-gradient technique$;’and the devel- Low-energy electron-diffractiofLEED) measurements have
opment of optimized first-principle pseudopotentfai¥’ The  been made for low-index clean palladium surfaces, e.g.,
efficiency of these methods has been quickly proven in théd111), Pd110, and Pd100) and for hydrogen adsorption
study of semiconductorg§see Refs. 1 and 15-17 for re- on these surfaceé€-3'By using thermal desorption spectros-
views). However, metallic systems are more difficult to treat.copy (TDS), the energy of adsorption can be determiffed.
There are several additional difficulties related to the characthe change of the work function upon hydrogen adsorption
teristics of metals. The lack of an energy gap between thean be measured at different coverdg& Combined with
valence and conduction bands leads to a nonadiabaticityDS, these measurements allow us to determine how the
problem, and is a source of instability in the numerical meth-adsorption energy varies with the hydrogen coverage. While
ods. Transition metals have another particularity: the localthe compact(111) surface of palladium is not much per-
ized character ofd electrons makes the norm-conservingturbed by the adsorbate, experimental studies have shown
pseudopotentials for these electrons very rapidly varyinghat adsorbate-induced reconstruction can take place for the
functions. This hampers seriously the efficiency of method$d110) surface®?> On the P@111) surface, some low-
which use a plane-wave basis for expanding wave functionsoverage ordered H phases are also observed experimentally,
The early remedy of this problem is to use a mixed basi®.g.,p(v3Xv3)R30° andc(v3Xv3)R30° patterns, as well
consisting of plane waves and localized orbiflsr of a  as their order-disorder phase transitidh$! The electronic
localized-orbital basit’ Vanderbilt proposed another ap- structures of clean and hydrogen-covered palladium surfaces
proach, the so-called ultrasoft pseudopotential mefA&e-  have been studied by means of ultraviolet photoelectron
cent work'?!=?* has shown that this approach opens veryspectroscopy and electron-energy-loss spectrostopy.

promising perspectives for extendiadp initio studies to the There are some theoretical studies of chemisorption of
“problematic” elements in the Periodic Table, i.e., first-row hydrogen on various palladium surfad8s® Early work
elements containing 2 electrons and transition metals. was based on semiempirical approaches like

In the present work, the chemisorption of hydrogen on embedded-atofd or embedded-cluster methotfs}* or the
transition-metal surface(PP11) is addressed bgb initio cal-  effective-medium modé#°%5 which are all based on the
culations with ultrasoft pseudopotentials. The study of thesame basic idea. Despite of their simplicity, these techniques
hydrogen-palladium system is both technologically and fun-are capable of describing the general features of hydrogen
damentally important. The high ability of palladium to ab- chemisorption on various transition metals. However, the ap-
sorb hydrogen makes it a very good medium for hydrogerplication of these methods necessitates the fitting of some
storage. In catalysis, e.g., Fischer-Tropsch hydrogenation renodel parameters against experimental results. Theoretical
actions, palladium is a good catalyst. The dissociative adinvestigations have been made also by modeling the surface
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by finite size cluster&*°It has been shown that some prop- made. Then the Fermi energy, eigenlevel occupancies,
erties converge slowly with the system stZé\ certain num-  charge density, and potential are updated using efficient mix-
ber of ab initio calculations for the chemisorption of hydro- ing routines. The band-by-band minimization and the sub-
gen on some transition metals have also been carried oupace diagonalization alternate until convergence is reached.
Louie and co-workers have addressed a variety of interestingihe geometry optimization is carried out by using again the
problems of hydrogen-palladium systems by using ap-<onjugate-gradient method. After each geometry update, an
proaches based on pseudopotentials combined with eitherextrapolation of wave functions is made to improve the input
mixed basis or a localized-orbital baéfs*’ By using the for the next step. The electron-ion interaction is modeled by
linear augmented plane-wave method, Hamann nadd@i-  pseudopotentials. Optimized nonlocal ultrasoft pseudopoten-
tio studies of adsorbate vibrations on transition-metatials are used. The pseudopotential optimization procedure
surfaces?® Very recently,ab initio calculations in a plane- has been described elsewh&tdzor systems of large size,
wave basis of H dissociation on noble-metdCu(111)]°>* e.g., more than 15 atoms, the real-space projection technique
transition-metal [Pd100],°>°® and alloy surfaces proposed by King-Smith, Payne, and $into handle the
[NiAI (110] (Ref. 57 have been published. In these calcula-nonlocal part of the pseudopotential furnishes a considerable
tions, the electron-ion interaction is described by relativelygain in computational efficiency. All the above features of
hard norm-conserving pseudopotentials, leading to very higthe computation techniques are implemented in the recently
computational effort and convergence problems. It is theredeveloped Viennaab initio molecular-dynamics program
fore interesting to investigate the possibility to use ultrasof'VAMP). A more detailed description of the program can be
pseudopotentials. Constrained by computational cost, mo$ound in the paper by Kresse and HaffigéiThis approach

of the ab initio calculations up to now are carried out for has been applied successfully to a variety of problems in
high coveragesp=1. While the results obtained from the condensed-matter physi€§%-"°

studies in high-coverage cases furnish already valuable infor-

mation, it is also desirable to be able to treat lower-coverage IIl. RESULTS AND DISCUSSIONS
cases. It is believed that hydrogenation reactions take place )
at low hydrogen coverages, since there must be some adsorp- A. Pseudopotentials

tion sites left for the other reactants. Surface diffusion behav- In our approach, the electron-ion interaction is described
ior also depends on the adsorbate concentration. Therefore iy pseudopotentials. The norm-conserving concept intro-
is very useful to obtain also results for low adsorbate conduced by Hamann, Schier, and Chiangplays a central role
centrations. In this paper, it will be shown that with the ef-in constructing modern pseudopotenti&l$’ With the help
ficiency gained from recent progress in computational methef the Friedel sum rule, it can be shown that the norm-
ods, we are now able to perform complete geometryconserving condition improves the transferability of the
optimizations for determining a quite detailed potential mappseudopotential. While the norm-conserving requirement as-
of hydrogen chemisorbed on a ®d1) surface at9=3. sures the highly desirable transferability, at the same time it
Our theoretical approach is described in Sec. Il. Resultémposes a quite rigid constraint on the pseudo-wave-
are presented in Sec. Il along with discussions. Conclusionfunctions. It is now well known that the norm-conserving
are summarized in Sec. IV. pseudopotentials for transition metals are relatively “hard.”
Consequently, the basis size will be very large if the wave
functions are expanded in plane waves. Thus the study of
Il. THEORETICAL APPROACH large systems, e.g., solid surfaces modeled by a slab super-

Our approach is based on density-functional th&iin cell, can become almost impo_ssible computationally. The so-
the framework of the local-density approximatighDA).  called ulf[r%soft pseudopotentials were recently proposed by
We use the exchange-correlation functional determined b anderblltz_ 'to reconcile these conflicting aspects: accuracy,
Ceperley and Alde® In practice, it is the parametrization of transferability, and plane-wave convergence. In this method,
Perdew and Zung® for this functional which is imple- shqrt_-range augmentation functions are introduced for de-
mented. To avoid the instability coming from the level cross-SCfPing the charge density, and the norm-conserving re-
ing and quasidegeneracies in the vicinity of the Fermi levefitirement is no longer applied uniquely to the pseudo-wave-
in metallic systems, fractional occupations of the eigenstate®INctions but to the augmentation functions and the pseudo-
are allowed. This can be done by using finite-temperaturé"ave'f“”Ct'on_s together. This allows us to generate very soft
local-density, functional theory where the free energy is thé?Seudopotentials, and to use a much lower cutoff energy for
variational functionaf? In this way, the Fermi surface can be th€ Plane-wave expansion than in the case of the usual norm-
smeared by Gaussian or Fermi-Dirac broadening. The tectfOnServing pseudopotentials. The augmentation functions are
nique of Methfessel and Paxfdnfor the Fermi-surface defined as
broadening also allows for an accurate calculation of _ ,AE AE
HeIImann—?:eynman forces. Thie-space sampling is per- Qij(r) =N 4] (r)—¢f’5(r)¢f5(r), @
formed by using the speci& points method proposed by where ¢"E(r) and ¢°Xr), respectively, are all-electron and
Monkhorst and Pack The Kohn and Sham equation is pseudo-wave-functions. In practicé,c(r) is pseudized by
solved numerically by a double-iteration procedure. First, ausing a high-quality norm-conserving pseudo-wave-function.
preconditioned conjugate-gradient methdd applied, for In the ultrasoft pseudopotential method introduced by
one band each time, to improve the eigenvalues and wavwéanderbilt, several reference energies can also be included.
functions at a fixed potential. Once all the considered bandm this work, an ultrasoft pseudopotential for palladium has
are swept, a subspace diagonalization among these bandshisen generated from the reference electron configuration
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C. Clean Pd111) surface

For the study of surfaces, we adopt the slab supercell
approach. The solid slabs are separated by a vacuum layer
S -4.98 corresponding to five ideal bulk palladium layers. This is a
2o sufficiently large distance to avoid the interaction between
m the slab and its periodic images. Test calculations are carried
-5.02 out for several slab thicknesses: five, seven, and nine Pd

layers(always with a five-layer vacuumThe difference be-
tween the surface energies obtained for five- and nine-layer
+ slabs is only 26 meV/atom. Hence a five-layer system is
sufficient for energetics. Here the Brillouin-zone integration
3.75 3.8 3.85 3.9 3.95 4 is made on a 89x1 grid of Monkhorst-Pack specidt
points. The surface energy is defined as

) ) ) 0= (Esjab— NatonEbui) /2, 2
FIG. 1. Cohesive energy as a function of the lattice constant for

bulk Pd. The arrow indicates the experimental value of the latticaVhere Egjp is the total energy of the slalEy,, the total
constant. energy of the bulk crystal per atom, aNg,,,the number of

atoms in the slab. We find 0.75 eV/atom for the five Pd
. layers and five vacuum layers system. Recently, Methfessel,
9le0
4d°5s'5p”. For s and p components, NOrM-CONSENVING pennig  and Scheffler made a systematic study of 4

pseudopotentials are_ constructed at the following cutoff radi{ransition-metal surfaces using the full-potential linear-
and reference energieR; s=1.1113 A andR; ,=1.4288 A, yffin-tin-orbital (LMTO) method’® They have obtained
and e;=—4.63 eV ande,=—1.36 eV. For thed component, o 68 eV/atom for a Rd11) surface with a seven-layer slab.
an ultrasoft pseudopotential is generated at two reference e@uyr result agrees well with the full-potential LMTO resullt.
ergies: €5,=—6.93 eV ande;,=—8.16 eV with a cutoff Since VAMP allows for an analytical calculation of the
radiusR, 4=1.4288 A. The pseudized augmentation functionforces, a geometry optimization can be readily carried out.
is generated at the same reference energies with a cutofhis provides the possibility to make thorough study of sur-
radius of 1.0584 A. The ultrasoft pseudopotential of hydro-face relaxations. For the PHl1) surface, we find that there
gen is generated from the reference electron configuratiois no relaxation. This agrees well with experimental resiflts.
1s'2p® at Ry;=0.6615 A with reference energies;=—6.36  In contrast to surfaces having more open structures like
eV, &,=—9.52 eV, ande,=—3.40 eV. The pseudized aug- Pd110 or Pd100), the compact Rd11) surface undergoes
mentation function is generated with a cutoff radius equal tc@ very small relaxation, if there is any. In the work of Meth-
0.4233 A. For a more detailed discussion of the ultrasoffessel, Hennig, and Scheffiét,an extremely small inward
pseudopotentials and all technical aspects, we refer the intefelaxation of 0.1% is reported.

ested reader to the paper by Kresse and Hdfher. The local density of statg®OS) is a very helpful tool for
examining the reorganization of electronic structure when a

surface is formed. We define the local DOS by

a(A)

B. Bulk palladium

In the present work, plane waves with a cutoff energy D(E.r)=2> f dr O(R—|r—ra) ¢ (N i(NF(E-Ey,
equal to 200 eV are used to expand wave functions. The ' 3
special points method proposed by Monkhorst and Pask
applied to carry out the Brillouin-zone integrations. For bulk wherer , is the position of the atom around which local DOS
face-centered-cubic Pd, ax®x9 grid is used for k-space is calculated, 6(x) is the Heaviside function, and
sampling. Gaussian smearing with a widh0.4 eV is used 6#R—|r—r,|) delineates a sphere of radi® aroundr,.
for the fractional occupancy of eigenlevels. The result correThroughout this work, we use the Wigner-Seitz radiusRor
sponding to the zero temperature can be obtained by takinghe indexi is a compact notation of all quantum numbers
the limit 5~0 analytically’* The variation of the cohesive which specify the wave functions. The summation over
energy with the lattice constant is shown in Fig. 1. From thisincludes the Brillouin-zone integration as well as the sum-
plot, we find the equilibrium lattice constam=3.876 A, in  mation over bandst(E—E,) is the fractional occupancy of
excellent agreement with the experimental value 3.8% A. the levelE; . In this work, we use the first-order expression
The bulk modulusB;=2.25x10" dyn/cnf agrees reason- of Methfessel and Paxton fé(E—E;).®® In Fig. 2, the local
ably well with the measured valueB;=1.81x10'2  DOS for the first four layers of a nine-layer slab is presented.
dyn/cnf,’? and the theoretical valug;=2.15<10'2dyn/cnf ~ The local DOS on the fourth-layer atom is essentially the
reported by Tomanek, Sun, and Lotliaising the Hedin- same as the bulk DOS. It can be seen clearly that the pertur-
Lundquist exchange, correlation functional. However, thebation does not go deeper than three layers. For the atom on
cohesive energy is overestimated by 30%, iE(theory  the surface layer, the eigenstates near the Fermi level are
=5.07 eV andE(experiment=3.89 eV. This overbinding, more populated. This reflects the broken bonds of the surface
manifested in the cohesive energy and the bulk modulus, is atoms, and the resulting increase in the energy of the bond-
characteristic failure of the LDA and must be attributed toing state. Louie has studied the electronic structure of
the nonlocal contribution to the exchange-correlation energyPd111) surface by using a pseudopotential method based on
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n;j(E) (states/(eV atom))

FIG. 2. Local densities of statag(E) for clean Pd111): (a)
first layer, (b) second layer(c) third layer, and(d) fourth layer.

a mixed basié* Our result compares well with his result.

Recently, Eichleet al.>® carried outab initio calculations for
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FIG. 3. Surface band structure for clean(PHl). The shaded
zone is the band structure of the bulk projected onto (thEl)
surface Brillouin zone. Surface states are presented by dots: darker
dots present states with 90% localization, brighter dots states with
75% localization in the two top layers. Energies are measured rela-
tive to the Fermi level.

reactivity since they are involved in most surface chemical
reactions. Surface states can be determined by examining the
degree of localization of wave functions on surface layers. In
this work, the top and the first subsurface layers are taken as
surface layers. Hence there are four layers being considered
as surface layers for a slab, two on each side. While a five-
layer slab is sufficient to obtain results for the energetics, a
nine-layer slab is necessary for properly determining the
band structure of surface states. Such a band structure for the
clean P@111) surface is presented in Fig. 3 along with the
bulk Pd band structure projected on the surface Brillouin
zone. For determining the surface states given in Fig. 3, we
have used a criterion of 90% and 75% localization of wave

rhodium surfaces. The comparison between the present woflinctions in the surface layers to define surface states. The
and that of Eichleet al. shows that many similarities can be darker points in this figure correspond to more localized
found between Rd11) and RH111).
It is well known that some localization of electrons takesbeen determined by Loufé,but the way in which the sur-
place near a solid surface. This leads to the so-called surfadace states are characterized was not described. The surface
states. These surface states characterize the surface chemigahd structure we have found with the criterion given above

states. The surface-state band structure @filPH has also

TABLE |. Surface states on clean @d1).

Theoretical energyeV)

Symmetry Experimental Ultrasoft Norm-conserving
points energy (eV) pseudopotential pseudopotential LCAQOC
r >-0.3 -0.2 -0.07
-2.2 -2.3 -2.0 —-2.28
-4.9
K >-0.3 -0.2 -1.0 —0.49
-1.2
-2.1 -2.3 -1.9 —1.44
-34
M -1.0 -3.0 -3.8 —4.16
—4.5

3Eberhardt and co-workers, Refs. 37 and 38.

bPresent work.
Bisi and Calandra, Ref. 74.
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be obtained from the experimental results of the ionization
potential of the hydrogen atom and the dissociation energy of
H,. Our calculated value is of an error about 3%. The effect
of this error on the adsorption energy will be discussed be-
low.

Now, let us see first the results for monolayer coverage
[6=1, (1x1) surface geometily At this coverage, several
high-symmetry adsorption sites are studied. In Fig. 4, a top
view of the Pd111) surface is given, where the high-
symmetry adsorption sites are indicated. There are two types
of threefold sites: one called the fcc site, the other the hcp
site. The difference between them is that there is a palladium
atom below the hcp site in the second layer and below the
fcc site in the third layefi.e., an adatom placed at the fcc site
continues the bulk lattige

FIG. 4. Schematic presentation of(#11) surface and the dif- The calculations of the energetics and the geometry opti-
ferent adsorption sites of high symmetry. The arrows represent thmizations are carried out on asymmetric slabs, i.e., five Pd

basis vectors of the2x2) surface unit cell, the vertical line the path |ayers and a five-layer vacuum with H adsorbed on one side.
along which the adsorption energies have been calculated. The adsorption energy can be defined by

on-top bridge hcp fce

has the same general features as that determined by Louie, E.=E[Pd 111)]+E(H,)/2—E[H/Pd 111)]. (4)
apart from some details concerning mainly the projected
bulk band structure. A surface band structure can be deteifhe results for adsorption energies and the optimized geom-
mined experimentally by angle-resolved photoelectron specgtries are summarized in Table Il. The results given in Table
troscopy. Experimental results obtained with this techniquél are obtained from complete geometry optimizations, i.e.,
have been published by Eberhardt and co-wokefdor a  Pd atoms are also allowed to relax. For these high-symmetry
clean Pd111) surface, and for H/RA11). The comparison sites, the H-induced relaxation is extremely small. The three-
between our results, experimental measurements, and twold sites are the most stable, and the fcc site is slightly more
other theoretical results is given in Table | for a few specialstable than the hcp site. It can be noted that the adsorption
symmetry points irk space. There is a very good agreementenergy increases with the coordination number of the adsor-
between our results and the experimental ones. bates, i.e., the on-top site is the least stable one, and the
bridge site has an intermediate value of adsorption energy.
The adsorption energy as defined in E4).can be measured
by a thermal desorption method. Using this technique Con-
In this work, the ultrasoft pseudopotential is used also forad, Ertl, and Latt® have foundE,4=0.45 eV/atom for the
hydrogen. Technical details concerning the construction ofdsorption energy of H on a Pdll) surface at very low
this pseudopotential have been given at the beginning of thisoverages. Our theoretical result for the fcc site overesti-
section. With the ultrasoft pseudopotential some propertiemates the adsorption energy by 0.44 eV compared to the
of the hydrogen molecule +have been calculated. We ob- experimental value. Since the adsorption energy here is quite
tain 0.765 A for the bond length, in good agreement with thea small quantity, it is particularly hard to determine it accu-
experimental value of 0.74 A. For the total energy of Me  rately from the subtraction of several large numbers. As we
find —30.73 eV when a cutoff enerdy. =200 eV is used have seen, there is a relative error of 3% in the calculation of
for the expansion of wave functions. Due to the particularitythe energy of H. Although this is not a large relative error,
of the hydrogen atom which has only one electron, the exthe absolute error is 0.93 eV. This can have quite a large
perimental value of the total energy o, H-31.66 eV, can effect on the results for the adsorption energy. In Table I,

D. Hydrogen adsorption on the Pd111) surface

TABLE Il. Adsorption energyE,4 and adsorption site geometries.

fcc site hcp site bridge site on-top site
E.q(eV) experimert  0.45
theory 6=1 0.89G0.425° 0.8300.369 0.691(0.226 0.301—-0.169
6=1/4  1.1530.689 1.1170.652  0.8700.409 0.4780.013
H-metal experimertt 0.85+0.05 0.80-0.05 1.0:0.1 1.4+0.1
spacing(A)
theory 6=1 0.86 0.86 1.03 1.55
6=1/4 0.81 0.82 0.98 1.54

8Christmann, Ertl, and Schober, Ref. 27.

®The number in parentheses gives the adsorption energy corrected for the LDA error in the binding
energy of the H molecule.

‘Felter, Sowa, and van Hove, Ref. 31.
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TABLE lll. Surface states of H/RA11) (monolayer coverage

0.2 ¢
E a .
015 F Theoretical energyeV)
é 0.1 ;_ Symmetry Experimental Ultrasoft Norm-conserving
S 005 F Points energy (eV) pseudopotential pseudopotentifl
= E
> of r -12 ~1.4 -13
)
< b -3.1 -3.2 -3.2
Q -7.9 -8.2 -75
s
g -1.0 -0.8 -0.8
) E ¢ -2.8 -3.0 -2.8
2F -35
- -5.9 —6.1 -6.3
1 M -4.1 -0.4 —0.6
F -6.4 —6.8 —6.8
{ | | | 1
-10 -5 0 ®Eperhardt and co-workers, Refs. 37 and 38.

bPresent work.
E-Ef (eV)
N Figure 5 shows the local DOS for hydrogen on the fcc
FIG. 5. Local densities of state§(E) for H/P11D) at 6=1  gjte as well the DOS’s for the first and second palladium
(monolayer coverage(a) H on the fcc site(b) first Pd layer, and  |avers. The most salient feature here is that a split-off peak
(c) second Pd layer. appears in the local DOS on the first Pd layer. A concomitant
change in this local DOS is the depletion of levels near the
we also give results for the adsorption energy obtained by-ermi level. This indicates clearly the participation of these
correcting the 3% error in the energy of H'hese results are  |evels in forming the chemisorption H-Pd bond. From Fig. 5,
put in parentheses. We see now that the results for the thregne can also observe that the H-Pd bond is quite localized.
fold sites compare much better with the experimental resultThe |ocal DOS on the second layer is almost unmodified
Hence the error in the binding energy of, lif the main  compared to that of the clean surfatee Fig. 2 Hence
source of errors in the adsorption energy calculations. This ignly the nearest neighbors are directly involved in the chemi-
a result characteristic for the LDA. A variety of high sym- sorption bond formation. This is why there is almost no dif-
metry adsorption site geometries have been determined Bgrence between the results for fcc and hep sites. The ultra-
Feltel’, SOWa, and van Ho%by f|tt|ng the LEED intensity' violet photoe'ectron Spectra of H/Hd_l) have been
voltage curves. Some of their results for metal-H spacing arg@ptained experimentally by Conrad al 3> and Demutf® in-
also listed in Table II. Here the metal-H spacing is defined aglependently. The experimental value for the position of the
the distance between the H atom and the plane of the fifshydrogen—induced split-off peak is 6.5 eV below the Fermi
layer surface atoms. Our results are in very good agreemefével. Our result of 6.55 eV beloWE is in excellent agree-
with their results. ment with experiment.
In Fig. 6, the surface-state band structure is presented for
H on the fcc site. The band-structure calculation presented in

40, this figure is made with a symmetric slab consisting of nine
. Pd layers and two H atoms, one on each side. The lowest
2 .. band is the H-induced band which has a bandwidth of about
= 0 .. 2.0 eV. Again, we see that this state is a very localized one,
o boo ‘. ce oles ..-0" i.e., 90% localization on surface layers. The experimental
L -2 .:; . .-" determination of the band structure has been published by
= oo ‘ “*rgeegect’, Eberhardt and co-workefé® and theoretical calculations
B e o oo°’ Seee by Louie™ and Bisi and Calandré. A very good agreement
» is observed again between our result, the experimental one
Ceecee.,, Jessssees and the previous theoretical results. In Table Ill, the com-
-8 * LT .,.v" parison is made at some special points of the surface Bril-
louin zone.
K r M In this work, we have also studied hydrogen chemisorp-

_ tion at a lower coverage, i.ef=1/4. As we have mentioned
FIG. 6. Surface band structure for HI2d1), H on fcc site, and  in Sec. |, hydrogenation reactions take place at low hydrogen
6=1. The shaded zone is the band structure of the bulk projectegoverages_ Some sites must be unoccupied by H and remain
onto the(111) surface Brillouin zone. Surface states are presenteyccessible for the other reactant. Therefore, it is also impor-
by dots: darker dots present 90% localization and brighter dots 75%nt to study the low-coverage cases. For this purpose, a
localization in the H layer and the two top Pd layers. (2x2) supercell is considered. Now each layer contains four
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on-top site the palladium atoms in the slab. The positions of Pd atoms
0.8 »y are allowed to adjust themselves when the hydrogen atom is
] displaced along the path. On the section between the two
067 bridge site threefold sites which passes through the bridge site, no ge-
S 0.4 \# ometry change of palladium atoms is found. However, on the
2 ] section connecting the fcc site to the on-top site and that
. 0-2‘: between the hcp and on-top sites, some quite large displace-
0] ments of palladium atoms are found. To be concrete, let us
] 4\ 'f describe what we have observed for the section connecting
-0.29 hcp site fec site hcp site the hcp site to the on-top site. Up to the middle point be-
_0'4:....|..|.|....]....|............|.. tween the hcp and the on-top site, the first-layer palladium
-1 0 1 2 3 4 5 8 atoms undergo a displacement parallel to the surface which
r(A) follows the displacement of the hydrogen. After the middle

point, no such displacement of palladium atoms is observed.
FIG. 7. Potential-energy profile for a hydrogen atom on aWhat happens when the hydrogen atom is displaced from the
Pd111) surface calculated along the path sketched in Fig. 4. Thdcc site toward the on-top site is very similar. We can under-
coverage is; of a monolayer(¢=0.25. stand this geometry change in the following way. If the po-
sitions of the Pd atoms are kept fixed, the coordination num-
palladium atoms. The energetics and geometry optimizationser of the hydrogen atom changes from 3 to 1 when it is
are again made on the asymmetric slab consisting of five Pdisplaced from a threefold site toward the on-top site. Due to
layers and one adsorbate layer. A symmetric slab of nine Pthe weakening of H-Pd interaction related to the decrease of
layers and H layers on both sides is used for the bandthe coordination number of the hydrogen, the energy of the
structure calculation, always with a vacuum corresponding teystem increases. If a displacement of neighboring Pd atoms
five ideal bulk Pd layers. This symmetric slab contains a totafollowing the hydrogen displacement can occur, the local
of 36 Pd atoms. All calculations for th@x2) supercell are environment of the hydrogen with a threefold site is more or
made with a X3X1 Monkhorst-Pack grid fok-space sam- less recovered. In this way, energetic stability can be im-
pling. proved on one hand, but on the other hand the distortion of
The geometries of high-symmetry adsorption sites and th@d-Pd bonds between the first and the second layers in-
adsorption energies are summarized in Table Il together witlsreases the system energy. Therefore, the final optimized ge-
the results ford=1. The ordering of the site stabilities re- ometry results from the balance of these two factors. When
mains the same as fa@r=1. From Table Il, one can see that the hydrogen is placed halfway between the hcp and on-top
the adsorption energies for all the sites increase when thgites, the first Pd layer undergoes a displacement of 0.5 A in
surface concentration of the adsorbate is decreased. This irthe direction of the hydrogen displacement, and the second
plies that the adsorbate-adsorbate interaction is of a repulsived layer a displacement of 0.2 A in the same direction. This
character. Even a#=1, the H-H distance is already suffi- geometric deformation of the surface does not go deeper into
ciently large so that the direct H-H interaction is weak.the bulk. After the midpoint, the displacement of the Pd layer
Hence the lateral H-H interaction is mediated by the surfaceneeded to even partially recover the local threefold environ-
palladium atoms, i.e., so-called through-bond interactions. ment would become large. The resulting large distortion of
Besides the high-symmetry adsorption sites discussethe Pd-Pd bond between the first and second layers makes
above, we have also carried out calculations for some addsuch a displacement very unfavorable. This is why no sur-
tional points on the path which connects the high-symmetrface layer displacement is found between the midpoint and
sites. Such a path is indicated in Fig. 4 by the vertical line inthe on-top site. A very similar argument can be developed to
the (2x2) cell. The minimum-energy profile along this path understand why there is no Pd-layer displacement when the
is presented in Fig. 7. To determine this profile, thandy  hydrogen atom is displaced from the hcp site to the fcc site
coordinates of the adsorbate are held fixed at a chosen poiwia the bridge site. Here the situation is a bit different. Over
on the path, and the height of the adsorbate is optimized tall this section, the coordination number of the hydrogen is
minimize energy. During this optimization, the positions of never reduced to less than 2. Hence the stability gained from
the Pd atoms in the first three layers are also allowed t¢he local environment recovering is smaller, which cannot
relax. We see, from Fig. 7, that the two threefold sites ofcompensate for the energy rise from the Pd-Pd bond distor-
different types are separated by an energy barrier of 0.28 e\ion. Therefore, there is no displacement of the palladium
The saddle point is situated at the bridge site. This is a quitsurface layer in this case.
moderate energy barrier. Hence hopping of the adsorbed hy- In Fig. 8, the local DOS’s on the hydrogen atom and the
drogen between the threefold sites can take place rapidly. Rd atoms on the surface layer are presented for the adsorp-
somehow surprising result is that the on-top site is not ariion on the fcc, bridge, and on-top sites. Substantial modifi-
energy maximum but a local minimum. The barrier betweenrcation is found only on the atoms directly involved in chemi-
the fcc site and the on-top site amounts to 0.75 eV. Theresorption bonding. Hence the split-off peak appears on three
fore, the surface diffusion of the hydrogen at low temperaPd atoms in the case of the fcc site and only on two Pd atoms
tures takes place by doing zigzag hoppings between thi the bridge-site case. There is no split-off peak in the case
threefold sites. of the on-top site. As the coordination number decreases, the
In the calculations made to obtain the energy profile giveradsorbate-substrate interaction decreases. As a consequence,
in Fig. 7, complete geometry optimizations are performed fotthe H-Pd bonding level is raised in energy. From Fig. 8, we
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The surface-state band structure for (8 2) supercell is

30.2

E a J0.15 shown in Fig. 9 for the case of the H atom at the fcc site.
g j\ :2(1)5 When the size of the unit cell is increased, the Brillouin zone
2 4 INEN shrinks. Due to the band folding resulting from the Brillouin-
z EH a2 a3 a4 zone shrinking, the projected bulk band structure has a dif-
e /\/M A/M w ferent appearance from that shown in Fig. 6 fgia 1) unit
NIV ILY N cell. Here we again observe a very localized surface state
0 5 o0 EEr V) resulting from H-Pd bonding. The width of this band is re-

duced compared to that in the casefsfl shown in Fig. 6.
The decrease of the bandwidth is due to the larger distances
b 302 between the hydrogen atoms at low coverage.
=0.15
o1

o,
EUES IV. CONCLUSIONS
2

3F

E bl b3 ba
2e In this paper, we have shown that recent advances in com-
b3 N putational techniques now allow one to perform very de-
B

tailed ab initio studies of chemisorption on transition metals.

m(E) (states/(eV atom))

0 5 0
E-EF (eV) The ultrasoft pseudopotential is a very efficient method to
treat the quite localized electrons. Electron localization in
2 e _gfs surface states and adsorbate-substrate bonds is adequately
§ D described. The use of ultrasoft pseudopotentials allows us to
< Jo0s expand the wave functions in a basis of plane waves even in
£ 3 o A T o o the case of transition metals. One important advantage of the
- 2k plane-wave expansion is to allow for an analytic calculation
Elt= /\AM \A \A of the Hellmann-Feynman forces. This greatly facilitates the
gfnalll L. geometry optimization. _
E-Ef (V) For the chemisorption of hydrogen on (Bd1), we find

that the adsorbate-substrate bonding energy correlates with

FIG. 8. Local densities of stateg(E) for H/Pd111), #=1/4:  the coordination number of the adsorption site. The threefold
(@ H on the fcc site ang2x?2) cell, (b) H on the hep site, ant)  sites, i.e., fcc and hcp sites, are the most stable ones. Due to
H on the on-top site. In each panel the top figure represents thghe localized feature of the adsorbate-surface bonding, the
DOS on the H atom, and the lower panels labeled 1-4 are the DOfgc and hcp sites have very similar stabilities. They are sepa-
on the four inequivalent Pd atoms in tk&x2) cell. rated by a moderate energy barr(mE=028 eV for 6= A_Ji)

via the twofold bridge site. The on-top site is the least stable.
see clearly that the split-off peak is shifted toward the FermiNevertheless, it corresponds to a local-energy minimum. The
level as the coordination number of the adsorbate decreasemnergy barrier between a threefold site and the on-top site is
This shift is so large in the case of the on-top site that thenuch higher than that between the two threefold sites via the
H-Pd bonding level is no longer characterized by a split-offbridge site. Hence it can be inferred that the diffusion of the
peak. Only the shoulder at the bottom of theand indicates hydrogen on the surface takes place essentially by zigzag
the presence of the H-Pd bonding level in this region. hopping among the threefold sites.

The optimized geometries of different adsorption sites
agree well with the experimental results by LEED. The elec-
tronic structure is also determined accurately by our ap-
proach. The calculated surface band structures for both clean
2 Pd111) and H/Pd111) are in good agreement with the ex-
perimental results obtained from angular-momentum-

N OfFs sesftesess . resolved photoelectron spectroscopy. The most salient modi-
L 3 e . fication of electronic structure by chemisorption is the

L%‘ sese AXE XL ! appearance of a split-off peak in the eigenvalue spectrum.

i _al® e There is an excellent agreement between our calculation and
e ere the experimental result for the position of the split-off peak.

~6lee Although some overestimation of cohesive and adsorption

00..... ....0000 . . . o .

¢0ceccogecccsce? energies due to the local-density approximation is found, our

-8 theoretical approach gives an overall satisfactory description

K T M of chemisorption on transition-metal surfaces. This opens

very attractive perspectives for the study of elementary

FIG. 9. Surface band structure for HI2d1), H on the fcc site, Chemical processes at surfaces.
and 6=%. The shaded zone is the band structure of the bulk pro- An important point to be emphasized is that although the
jected onto thé111) surface Brillouin zone. Surface states are pre-chemisorption of H on Rd11) has been previously studied
sented by dots: darker dots present 90% localization in the H an@t monolayer coverage, our results are the first for a surface
the two top Pd layers, and brighter dots 75% localization. coverage as low ag=3. This is made possible by the effi-
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ciency of our technique, which allows us to study a largeWe would expect that the changes in the DOS near the Fermi
(2x2) surface cell for a relatively thick slab of five layers. In energy reflects some change in the chemical reactivity of the
comparison with the monolayer coverage, we find that=at  surface.

1 the energetic preference of the fcc site over the other high-
symmetry adsorption sites is reduced for the hcp site, but
increased for the bridge and on-top siteg Table Il). The
increase of the energy barrier for the migration between fcc i
and hcp sites at reduced coverage is a useful piece of infor- COmputer time on Cray C98 has been allocated for the
mation for studying adsorbate diffusion. We also find thatPresent work by IDRIS du Centre National de la Recherche

the reduced coverage leads to a lower equilibrium adsorptioncientifique through Project No. 950609. Work at the Tech-
height of the H atomiby about 0.05 A We have also stud- NiSche UniversiaWien has been supported by the Bundes
ied in detail the changes in the surface electronic structure dfinisterium fir Wissenschaft und Forschung through the
reduced coverage. In particular, we find that the amplitude ofenter for Computational Material Science. Bilateral coop-
the H-induced splitting from the Pd conduction band is re-eration has been supported within the framework of the
duced, and that at lower coverage the H-induced depletioAustro-French Agreement on Scientific and Technical Coop-
near the Fermi level is strongly reducédf. Figs. 5 and 8  eration(Project No. 95.44.13
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