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An ab initio study based on local-density-functional~LDF! theory is presented for the chemisorption of
hydrogen on the Pd~111! surface. Our calculation uses the Viennaab 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, and~iii ! 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 results.@S0163-1829~96!02924-4#

I. INTRODUCTION

In the last years, considerable progress has been made in
quantum-mechanicalab initio calculations applied to mate-
rial science.1 The advances in this field come essentially
from a few crucial ingredients: efficient calculation of the
electronic ground state based on either the Car-Parrinello
method2 or conjugate-gradient techniques,1,3–7and the devel-
opment of optimized first-principle pseudopotentials.8–14The
efficiency of these methods has been quickly proven in the
study of semiconductors~see Refs. 1 and 15–17 for re-
views!. However, metallic systems are more difficult to treat.
There are several additional difficulties related to the charac-
teristics of metals. The lack of an energy gap between the
valence and conduction bands leads to a nonadiabaticity
problem, and is a source of instability in the numerical meth-
ods. Transition metals have another particularity: the local-
ized character ofd electrons makes the norm-conserving
pseudopotentials for these electrons very rapidly varying
functions. This hampers seriously the efficiency of methods
which use a plane-wave basis for expanding wave functions.
The early remedy of this problem is to use a mixed basis
consisting of plane waves and localized orbitals18 or of a
localized-orbital basis.19 Vanderbilt proposed another ap-
proach, the so-called ultrasoft pseudopotential method.20 Re-
cent work7,21–24 has shown that this approach opens very
promising perspectives for extendingab initio studies to the
‘‘problematic’’ elements in the Periodic Table, i.e., first-row
elements containing 2p electrons and transition metals.

In the present work, the chemisorption of hydrogen on a
transition-metal surface P~111! is addressed byab initio cal-
culations with ultrasoft pseudopotentials. The study of the
hydrogen-palladium system is both technologically and fun-
damentally important. The high ability of palladium to ab-
sorb hydrogen makes it a very good medium for hydrogen
storage. In catalysis, e.g., Fischer-Tropsch hydrogenation re-
actions, palladium is a good catalyst. The dissociative ad-

sorption of H2 on palladium surface is the first elementary
step of these reactions. Because of its importance, a large
amount of work has been devoted to hydrogen-palladium
systems by both experimental and theoretical approaches
~see Refs. 25 and 26 for reviews!. Much experimental infor-
mation is now available for these systems. This makes them
quite ideal candidates for thorough theoretical investigations.
Low-energy electron-diffraction~LEED! measurements have
been made for low-index clean palladium surfaces, e.g.,
Pd~111!, Pd~110!, and Pd~100! and for hydrogen adsorption
on these surfaces.27–31By using thermal desorption spectros-
copy ~TDS!, the energy of adsorption can be determined.28

The change of the work function upon hydrogen adsorption
can be measured at different coverage.28,29 Combined with
TDS, these measurements allow us to determine how the
adsorption energy varies with the hydrogen coverage. While
the compact~111! surface of palladium is not much per-
turbed by the adsorbate, experimental studies have shown
that adsorbate-induced reconstruction can take place for the
Pd~110! surface.32 On the Pd~111! surface, some low-
coverage ordered H phases are also observed experimentally,
e.g.,p()3))R30° andc()3))R30° patterns, as well
as their order-disorder phase transitions.33,34 The electronic
structures of clean and hydrogen-covered palladium surfaces
have been studied by means of ultraviolet photoelectron
spectroscopy and electron-energy-loss spectroscopy.35–39

There are some theoretical studies of chemisorption of
hydrogen on various palladium surfaces.40–49 Early work
was based on semiempirical approaches like
embedded-atom42 or embedded-cluster methods,40,41 or the
effective-medium model43,50,51 which are all based on the
same basic idea. Despite of their simplicity, these techniques
are capable of describing the general features of hydrogen
chemisorption on various transition metals. However, the ap-
plication of these methods necessitates the fitting of some
model parameters against experimental results. Theoretical
investigations have been made also by modeling the surface
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by finite size clusters.48,49 It has been shown that some prop-
erties converge slowly with the system size.52 A certain num-
ber ofab initio calculations for the chemisorption of hydro-
gen on some transition metals have also been carried out.
Louie and co-workers have addressed a variety of interesting
problems of hydrogen-palladium systems by using ap-
proaches based on pseudopotentials combined with either a
mixed basis or a localized-orbital basis.44–47 By using the
linear augmented plane-wave method, Hamann madeab ini-
tio studies of adsorbate vibrations on transition-metal
surfaces.53 Very recently,ab initio calculations in a plane-
wave basis of H2 dissociation on noble-metal@Cu~111!#,54

transition-metal @Pd~100!#,55,56 and alloy surfaces
@NiAl ~110!# ~Ref. 57! have been published. In these calcula-
tions, the electron-ion interaction is described by relatively
hard norm-conserving pseudopotentials, leading to very high
computational effort and convergence problems. It is there-
fore interesting to investigate the possibility to use ultrasoft
pseudopotentials. Constrained by computational cost, most
of the ab initio calculations up to now are carried out for
high coverages,u>1. While the results obtained from the
studies in high-coverage cases furnish already valuable infor-
mation, it is also desirable to be able to treat lower-coverage
cases. It is believed that hydrogenation reactions take place
at low hydrogen coverages, since there must be some adsorp-
tion sites left for the other reactants. Surface diffusion behav-
ior also depends on the adsorbate concentration. Therefore, it
is very useful to obtain also results for low adsorbate con-
centrations. In this paper, it will be shown that with the ef-
ficiency gained from recent progress in computational meth-
ods, we are now able to perform complete geometry
optimizations for determining a quite detailed potential map
of hydrogen chemisorbed on a Pd~111! surface atu51

4.
Our theoretical approach is described in Sec. II. Results

are presented in Sec. III along with discussions. Conclusions
are summarized in Sec. IV.

II. THEORETICAL APPROACH

Our approach is based on density-functional theory58,59 in
the framework of the local-density approximation~LDA !.
We use the exchange-correlation functional determined by
Ceperley and Alder.60 In practice, it is the parametrization of
Perdew and Zunger61 for this functional which is imple-
mented. To avoid the instability coming from the level cross-
ing and quasidegeneracies in the vicinity of the Fermi level
in metallic systems, fractional occupations of the eigenstates
are allowed. This can be done by using finite-temperature
local-density, functional theory where the free energy is the
variational functional.62 In this way, the Fermi surface can be
smeared by Gaussian or Fermi-Dirac broadening. The tech-
nique of Methfessel and Paxton63 for the Fermi-surface
broadening also allows for an accurate calculation of
Hellmann-Feynman forces. Thek-space sampling is per-
formed by using the specialk points method proposed by
Monkhorst and Pack.64 The Kohn and Sham equation is
solved numerically by a double-iteration procedure. First, a
preconditioned conjugate-gradient method4 is applied, for
one band each time, to improve the eigenvalues and wave
functions at a fixed potential. Once all the considered bands
are swept, a subspace diagonalization among these bands is

made. Then the Fermi energy, eigenlevel occupancies,
charge density, and potential are updated using efficient mix-
ing routines. The band-by-band minimization and the sub-
space diagonalization alternate until convergence is reached.
The geometry optimization is carried out by using again the
conjugate-gradient method. After each geometry update, an
extrapolation of wave functions is made to improve the input
for the next step. The electron-ion interaction is modeled by
pseudopotentials. Optimized nonlocal ultrasoft pseudopoten-
tials are used. The pseudopotential optimization procedure
has been described elsewhere.14 For systems of large size,
e.g., more than 15 atoms, the real-space projection technique
proposed by King-Smith, Payne, and Lin65 to handle the
nonlocal part of the pseudopotential furnishes a considerable
gain in computational efficiency. All the above features of
the computation techniques are implemented in the recently
developed Viennaab initio molecular-dynamics program
~VAMP!. A more detailed description of the program can be
found in the paper by Kresse and Hafner.66 This approach
has been applied successfully to a variety of problems in
condensed-matter physics.7,66–70

III. RESULTS AND DISCUSSIONS

A. Pseudopotentials

In our approach, the electron-ion interaction is described
by pseudopotentials. The norm-conserving concept intro-
duced by Hamann, Schlu¨ter, and Chiang8 plays a central role
in constructing modern pseudopotentials.8–14 With the help
of the Friedel sum rule, it can be shown that the norm-
conserving condition improves the transferability of the
pseudopotential. While the norm-conserving requirement as-
sures the highly desirable transferability, at the same time it
imposes a quite rigid constraint on the pseudo-wave-
functions. It is now well known that the norm-conserving
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
large systems, e.g., solid surfaces modeled by a slab super-
cell, can become almost impossible computationally. The so-
called ultrasoft pseudopotentials were recently proposed by
Vanderbilt20 to reconcile these conflicting aspects: accuracy,
transferability, and plane-wave convergence. In this method,
short-range augmentation functions are introduced for de-
scribing the charge density, and the norm-conserving re-
quirement is no longer applied uniquely to the pseudo-wave-
functions but to the augmentation functions and the pseudo-
wave-functions together. This allows us to generate very soft
pseudopotentials, and to use a much lower cutoff energy for
the plane-wave expansion than in the case of the usual norm-
conserving pseudopotentials. The augmentation functions are
defined as

Qi j ~r !5f i
AE~r !f j

AE~r !2f i
ps~r !f j

ps~r !, ~1!

wherefAE~r ! and fps~r !, respectively, are all-electron and
pseudo-wave-functions. In practice,fAE~r ! is pseudized by
using a high-quality norm-conserving pseudo-wave-function.
In the ultrasoft pseudopotential method introduced by
Vanderbilt, several reference energies can also be included.
In this work, an ultrasoft pseudopotential for palladium has
been generated from the reference electron configuration
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4d95s15p0. For s and p components, norm-conserving
pseudopotentials are constructed at the following cutoff radii
and reference energies:Rc,s51.1113 Å andRc,p51.4288 Å,
andes524.63 eV andep521.36 eV. For thed component,
an ultrasoft pseudopotential is generated at two reference en-
ergies: ed,1526.93 eV anded,2528.16 eV with a cutoff
radiusRc,d51.4288 Å. The pseudized augmentation function
is generated at the same reference energies with a cutoff
radius of 1.0584 Å. The ultrasoft pseudopotential of hydro-
gen is generated from the reference electron configuration
1s12p0 atR050.6615 Å with reference energieses,1526.36
eV, es,2529.52 eV, andep523.40 eV. The pseudized aug-
mentation function is generated with a cutoff radius equal to
0.4233 Å. For a more detailed discussion of the ultrasoft
pseudopotentials and all technical aspects, we refer the inter-
ested reader to the paper by Kresse and Hafner.14

B. Bulk palladium

In the present work, plane waves with a cutoff energy
equal to 200 eV are used to expand wave functions. The
special points method proposed by Monkhorst and Pack64 is
applied to carry out the Brillouin-zone integrations. For bulk
face-centered-cubic Pd, a 93939 grid is used for k-space
sampling. Gaussian smearing with a widthd50.4 eV is used
for the fractional occupancy of eigenlevels. The result corre-
sponding to the zero temperature can be obtained by taking
the limit d→0 analytically.71 The variation of the cohesive
energy with the lattice constant is shown in Fig. 1. From this
plot, we find the equilibrium lattice constant,a53.876 Å, in
excellent agreement with the experimental value 3.89 Å.72

The bulk modulusBT52.2531012 dyn/cm2 agrees reason-
ably well with the measured valueBT51.8131012

dyn/cm2,72 and the theoretical valueBT52.1531012 dyn/cm2

reported by Tomanek, Sun, and Louie47 using the Hedin-
Lundquist exchange, correlation functional. However, the
cohesive energy is overestimated by 30%, i.e.,E~theory!
55.07 eV andE~experiment!53.89 eV. This overbinding,
manifested in the cohesive energy and the bulk modulus, is a
characteristic failure of the LDA and must be attributed to
the nonlocal contribution to the exchange-correlation energy.

C. Clean Pd„111… surface

For the study of surfaces, we adopt the slab supercell
approach. The solid slabs are separated by a vacuum layer
corresponding to five ideal bulk palladium layers. This is a
sufficiently large distance to avoid the interaction between
the slab and its periodic images. Test calculations are carried
out for several slab thicknesses: five, seven, and nine Pd
layers~always with a five-layer vacuum!. The 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
is made on a 93931 grid of Monkhorst-Pack specialk
points. The surface energy is defined as

s5~Eslab2NatomEbulk!/2, ~2!

whereEslab is the total energy of the slab,Ebulk the total
energy of the bulk crystal per atom, andNatom 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,
Hennig, and Scheffler made a systematic study of 4d
transition-metal surfaces using the full-potential linear-
muffin-tin-orbital ~LMTO! method.73 They have obtained
0.68 eV/atom for a Pd~111! surface with a seven-layer slab.
Our result agrees well with the full-potential LMTO result.

Since VAMP allows for an analytical calculation of the
forces, a geometry optimization can be readily carried out.
This provides the possibility to make thorough study of sur-
face relaxations. For the Pd~111! surface, we find that there
is no relaxation. This agrees well with experimental results.30

In contrast to surfaces having more open structures like
Pd~110! or Pd~100!, the compact Pd~111! surface undergoes
a very small relaxation, if there is any. In the work of Meth-
fessel, Hennig, and Scheffler,73 an extremely small inward
relaxation of 0.1% is reported.

The local density of states~DOS! is a very helpful tool for
examining the reorganization of electronic structure when a
surface is formed. We define the local DOS by

D~E,ra!5(
i
E dr u~R2ur2rau!c i* ~r !c i~r ! f ~E2Ei !,

~3!

wherera is the position of the atom around which local DOS
is calculated, u(x) is the Heaviside function, and
u~R2ur2rau! delineates a sphere of radiusR around ra .
Throughout this work, we use the Wigner-Seitz radius forR.
The indexi is a compact notation of all quantum numbers
which specify the wave functions. The summation overi
includes the Brillouin-zone integration as well as the sum-
mation over bands.f (E2Ei) is the fractional occupancy of
the levelEi . In this work, we use the first-order expression
of Methfessel and Paxton forf (E2Ei).

63 In Fig. 2, the local
DOS for the first four layers of a nine-layer slab is presented.
The local DOS on the fourth-layer atom is essentially the
same as the bulk DOS. It can be seen clearly that the pertur-
bation does not go deeper than three layers. For the atom on
the surface layer, the eigenstates near the Fermi level are
more populated. This reflects the broken bonds of the surface
atoms, and the resulting increase in the energy of the bond-
ing state. Louie has studied the electronic structure of
Pd~111! surface by using a pseudopotential method based on

FIG. 1. Cohesive energy as a function of the lattice constant for
bulk Pd. The arrow indicates the experimental value of the lattice
constant.
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a mixed basis.44 Our result compares well with his result.
Recently, Eichleret al.69 carried outab initio calculations for
rhodium surfaces. The comparison between the present work
and that of Eichleret al.shows that many similarities can be
found between Pd~111! and Rh~111!.

It is well known that some localization of electrons takes
place near a solid surface. This leads to the so-called surface
states. These surface states characterize the surface chemical

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 Pd~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
functions in the surface layers to define surface states. The
darker points in this figure correspond to more localized
states. The surface-state band structure of Pd~111! has also
been determined by Louie,44 but the way in which the sur-
face states are characterized was not described. The surface
band structure we have found with the criterion given above

FIG. 2. Local densities of statesni(E) for clean Pd~111!: ~a!
first layer,~b! second layer,~c! third layer, and~d! fourth layer.

FIG. 3. Surface band structure for clean Pd~111!. The shaded
zone is the band structure of the bulk projected onto the~111!
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.

TABLE I. Surface states on clean Pd~111!.

Symmetry
points

Experimental
energya ~eV!

Theoretical energy~eV!

LCAOc
Ultrasoft

pseudopotentialb
Norm-conserving
pseudopotentiala

G .20.3 20.1 20.2 20.07
22.2 22.3 22.0 22.28

24.9
K .20.3 20.2 21.0 20.49

21.2
22.1 22.3 21.9 21.44

23.4
M 21.0 23.0 23.8 24.16

24.5

aEberhardt and co-workers, Refs. 37 and 38.
bPresent work.
cBisi and Calandra, Ref. 74.
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has the same general features as that determined by Louie,
apart from some details concerning mainly the projected
bulk band structure. A surface band structure can be deter-
mined experimentally by angle-resolved photoelectron spec-
troscopy. Experimental results obtained with this technique
have been published by Eberhardt and co-workers37,38 for a
clean Pd~111! surface, and for H/Pd~111!. The comparison
between our results, experimental measurements, and two
other theoretical results is given in Table I for a few special
symmetry points ink space. There is a very good agreement
between our results and the experimental ones.

D. Hydrogen adsorption on the Pd„111… surface

In this work, the ultrasoft pseudopotential is used also for
hydrogen. Technical details concerning the construction of
this pseudopotential have been given at the beginning of this
section. With the ultrasoft pseudopotential some properties
of the hydrogen molecule H2 have been calculated. We ob-
tain 0.765 Å for the bond length, in good agreement with the
experimental value of 0.74 Å. For the total energy of H2, we
find 230.73 eV when a cutoff energyEcut5200 eV is used
for the expansion of wave functions. Due to the particularity
of the hydrogen atom which has only one electron, the ex-
perimental value of the total energy of H2, 231.66 eV, can

be obtained from the experimental results of the ionization
potential of the hydrogen atom and the dissociation energy of
H2. 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
@u51, ~131! surface geometry#. At this coverage, several
high-symmetry adsorption sites are studied. In Fig. 4, a top
view of the Pd~111! 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 layer~i.e., an adatom placed at the fcc site
continues the bulk lattice!.

The calculations of the energetics and the geometry opti-
mizations are carried out on asymmetric slabs, i.e., five Pd
layers and a five-layer vacuum with H adsorbed on one side.
The adsorption energy can be defined by

Ead5E@Pd~111!#1E~H2!/22E@H/Pd~111!#. ~4!

The results for adsorption energies and the optimized geom-
etries are summarized in Table II. The results given in Table
II are obtained from complete geometry optimizations, i.e.,
Pd atoms are also allowed to relax. For these high-symmetry
sites, the H-induced relaxation is extremely small. The three-
fold sites are the most stable, and the fcc site is slightly more
stable than the hcp site. It can be noted that the adsorption
energy increases with the coordination number of the adsor-
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 Eq.~4! can be measured
by a thermal desorption method. Using this technique Con-
rad, Ertl, and Latta28 have foundEad50.45 eV/atom for the
adsorption energy of H on a Pd~111! surface at very low
coverages. Our theoretical result for the fcc site overesti-
mates the adsorption energy by 0.44 eV compared to the
experimental value. Since the adsorption energy here is quite
a small quantity, it is particularly hard to determine it accu-
rately from the subtraction of several large numbers. As we
have seen, there is a relative error of 3% in the calculation of
the energy of H2. Although this is not a large relative error,
the absolute error is 0.93 eV. This can have quite a large
effect on the results for the adsorption energy. In Table II,

FIG. 4. Schematic presentation of a~111! surface and the dif-
ferent adsorption sites of high symmetry. The arrows represent the
basis vectors of the~232! surface unit cell, the vertical line the path
along which the adsorption energies have been calculated.

TABLE II. Adsorption energyEad and adsorption site geometries.

fcc site hcp site bridge site on-top site

Ead ~eV! experimenta 0.45
theoryu51 0.890~0.425!b 0.830~0.365! 0.691~0.226! 0.301~20.164!

u51/4 1.153~0.688! 1.117~0.652! 0.870~0.405! 0.478~0.013!
H-metal
spacing~Å!

experimentc 0.8560.05 0.8060.05 1.060.1 1.460.1

theoryu51 0.86 0.86 1.03 1.55
u51/4 0.81 0.82 0.98 1.54

aChristmann, Ertl, and Schober, Ref. 27.
bThe number in parentheses gives the adsorption energy corrected for the LDA error in the binding
energy of the H2 molecule.
cFelter, Sowa, and van Hove, Ref. 31.
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we also give results for the adsorption energy obtained by
correcting the 3% error in the energy of H2. These results are
put in parentheses. We see now that the results for the three-
fold sites compare much better with the experimental result.
Hence the error in the binding energy of H2 is the main
source of errors in the adsorption energy calculations. This is
a result characteristic for the LDA. A variety of high sym-
metry adsorption site geometries have been determined by
Felter, Sowa, and van Hove31 by fitting the LEED intensity-
voltage curves. Some of their results for metal-H spacing are
also listed in Table II. Here the metal-H spacing is defined as
the distance between the H atom and the plane of the first-
layer surface atoms. Our results are in very good agreement
with their results.

Figure 5 shows the local DOS for hydrogen on the fcc
site, as well the DOS’s for the first and second palladium
layers. The most salient feature here is that a split-off peak
appears in the local DOS on the first Pd layer. A concomitant
change in this local DOS is the depletion of levels near the
Fermi level. This indicates clearly the participation of these
levels in forming the chemisorption H-Pd bond. From Fig. 5,
one can also observe that the H-Pd bond is quite localized.
The local DOS on the second layer is almost unmodified
compared to that of the clean surface~see Fig. 2!. Hence
only the nearest neighbors are directly involved in the chemi-
sorption bond formation. This is why there is almost no dif-
ference between the results for fcc and hcp sites. The ultra-
violet photoelectron spectra of H/Pd~111! have been
obtained experimentally by Conradet al.35 and Demuth36 in-
dependently. The experimental value for the position of the
hydrogen-induced split-off peak is 6.5 eV below the Fermi
level. Our result of 6.55 eV belowEF is in excellent agree-
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
this figure is made with a symmetric slab consisting of nine
Pd layers and two H atoms, one on each side. The lowest
band is the H-induced band which has a bandwidth of about
2.0 eV. Again, we see that this state is a very localized one,
i.e., 90% localization on surface layers. The experimental
determination of the band structure has been published by
Eberhardt and co-workers,37,38 and theoretical calculations
by Louie45 and Bisi and Calandra.74 A very good agreement
is observed again between our result, the experimental one
and the previous theoretical results. In Table III, the com-
parison is made at some special points of the surface Bril-
louin zone.

In this work, we have also studied hydrogen chemisorp-
tion at a lower coverage, i.e.,u51/4. As we have mentioned
in Sec. I, hydrogenation reactions take place at low hydrogen
coverages. Some sites must be unoccupied by H and remain
accessible for the other reactant. Therefore, it is also impor-
tant to study the low-coverage cases. For this purpose, a
~232! supercell is considered. Now each layer contains four

FIG. 5. Local densities of statesni(E) for H/Pd~111! at u51
~monolayer coverage!: ~a! H on the fcc site,~b! first Pd layer, and
~c! second Pd layer.

FIG. 6. Surface band structure for H/Pd~111!, H on fcc site, and
u51. The shaded zone is the band structure of the bulk projected
onto the~111! surface Brillouin zone. Surface states are presented
by dots: darker dots present 90% localization and brighter dots 75%
localization in the H layer and the two top Pd layers.

TABLE III. Surface states of H/Pd~111! ~monolayer coverage!.

Symmetry
Points

Experimental
energya ~eV!

Theoretical energy~eV!

Ultrasoft
pseudopotential

Norm-conserving
pseudopotentialb

G 21.2 21.4 21.3
23.1 23.2 23.2
27.9 28.2 27.5

K 20.3
21.0 20.8 20.8

21.6
22.8 23.0 22.8

23.5
25.9 26.1 26.3

M 24.1 20.4 20.6
26.4 26.8 26.8

aEberhardt and co-workers, Refs. 37 and 38.
bPresent work.
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palladium atoms. The energetics and geometry optimizations
are again made on the asymmetric slab consisting of five Pd
layers and one adsorbate layer. A symmetric slab of nine Pd
layers and H layers on both sides is used for the band-
structure calculation, always with a vacuum corresponding to
five ideal bulk Pd layers. This symmetric slab contains a total
of 36 Pd atoms. All calculations for the~232! supercell are
made with a 33331 Monkhorst-Pack grid fork-space sam-
pling.

The geometries of high-symmetry adsorption sites and the
adsorption energies are summarized in Table II together with
the results foru51. The ordering of the site stabilities re-
mains the same as foru51. From Table II, one can see that
the adsorption energies for all the sites increase when the
surface concentration of the adsorbate is decreased. This im-
plies that the adsorbate-adsorbate interaction is of a repulsive
character. Even atu51, the H-H distance is already suffi-
ciently large so that the direct H-H interaction is weak.
Hence the lateral H-H interaction is mediated by the surface
palladium atoms, i.e., so-called through-bond interactions.

Besides the high-symmetry adsorption sites discussed
above, we have also carried out calculations for some addi-
tional points on the path which connects the high-symmetry
sites. Such a path is indicated in Fig. 4 by the vertical line in
the ~232! cell. The minimum-energy profile along this path
is presented in Fig. 7. To determine this profile, thex andy
coordinates of the adsorbate are held fixed at a chosen point
on the path, and the height of the adsorbate is optimized to
minimize energy. During this optimization, the positions of
the Pd atoms in the first three layers are also allowed to
relax. We see, from Fig. 7, that the two threefold sites of
different types are separated by an energy barrier of 0.28 eV.
The saddle point is situated at the bridge site. This is a quite
moderate energy barrier. Hence hopping of the adsorbed hy-
drogen between the threefold sites can take place rapidly. A
somehow surprising result is that the on-top site is not an
energy maximum but a local minimum. The barrier between
the fcc site and the on-top site amounts to 0.75 eV. There-
fore, the surface diffusion of the hydrogen at low tempera-
tures takes place by doing zigzag hoppings between the
threefold sites.

In the calculations made to obtain the energy profile given
in Fig. 7, complete geometry optimizations are performed for

the palladium atoms in the slab. The positions of Pd atoms
are allowed to adjust themselves when the hydrogen atom is
displaced along the path. On the section between the two
threefold sites which passes through the bridge site, no ge-
ometry change of palladium atoms is found. However, on the
section connecting the fcc site to the on-top site and that
between the hcp and on-top sites, some quite large displace-
ments of palladium atoms are found. To be concrete, let us
describe what we have observed for the section connecting
the hcp site to the on-top site. Up to the middle point be-
tween the hcp and the on-top site, the first-layer palladium
atoms undergo a displacement parallel to the surface which
follows the displacement of the hydrogen. After the middle
point, no such displacement of palladium atoms is observed.
What happens when the hydrogen atom is displaced from the
fcc site toward the on-top site is very similar. We can under-
stand this geometry change in the following way. If the po-
sitions of the Pd atoms are kept fixed, the coordination num-
ber of the hydrogen atom changes from 3 to 1 when it is
displaced from a threefold site toward the on-top site. Due to
the weakening of H-Pd interaction related to the decrease of
the coordination number of the hydrogen, the energy of the
system increases. If a displacement of neighboring Pd atoms
following the hydrogen displacement can occur, the local
environment of the hydrogen with a threefold site is more or
less recovered. In this way, energetic stability can be im-
proved on one hand, but on the other hand the distortion of
Pd-Pd bonds between the first and the second layers in-
creases the system energy. Therefore, the final optimized ge-
ometry results from the balance of these two factors. When
the hydrogen is placed halfway between the hcp and on-top
sites, the first Pd layer undergoes a displacement of 0.5 Å in
the direction of the hydrogen displacement, and the second
Pd layer a displacement of 0.2 Å in the same direction. This
geometric deformation of the surface does not go deeper into
the bulk. After the midpoint, the displacement of the Pd layer
needed to even partially recover the local threefold environ-
ment would become large. The resulting large distortion of
the Pd-Pd bond between the first and second layers makes
such a displacement very unfavorable. This is why no sur-
face layer displacement is found between the midpoint and
the on-top site. A very similar argument can be developed to
understand why there is no Pd-layer displacement when the
hydrogen atom is displaced from the hcp site to the fcc site
via the bridge site. Here the situation is a bit different. Over
all this section, the coordination number of the hydrogen is
never reduced to less than 2. Hence the stability gained from
the local environment recovering is smaller, which cannot
compensate for the energy rise from the Pd-Pd bond distor-
tion. Therefore, there is no displacement of the palladium
surface layer in this case.

In Fig. 8, the local DOS’s on the hydrogen atom and the
Pd atoms on the surface layer are presented for the adsorp-
tion on the fcc, bridge, and on-top sites. Substantial modifi-
cation is found only on the atoms directly involved in chemi-
sorption bonding. Hence the split-off peak appears on three
Pd atoms in the case of the fcc site and only on two Pd atoms
in the bridge-site case. There is no split-off peak in the case
of the on-top site. As the coordination number decreases, the
adsorbate-substrate interaction decreases. As a consequence,
the H-Pd bonding level is raised in energy. From Fig. 8, we

FIG. 7. Potential-energy profile for a hydrogen atom on a
Pd~111! surface calculated along the path sketched in Fig. 4. The
coverage is14 of a monolayer~u50.25!.
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see clearly that the split-off peak is shifted toward the Fermi
level as the coordination number of the adsorbate decreases.
This shift is so large in the case of the on-top site that the
H-Pd bonding level is no longer characterized by a split-off
peak. Only the shoulder at the bottom of thed band indicates
the presence of the H-Pd bonding level in this region.

The surface-state band structure for the~232! supercell is
shown in Fig. 9 for the case of the H atom at the fcc site.
When the size of the unit cell is increased, the Brillouin zone
shrinks. Due to the band folding resulting from the Brillouin-
zone shrinking, the projected bulk band structure has a dif-
ferent appearance from that shown in Fig. 6 for a~131! unit
cell. Here we again observe a very localized surface state
resulting from H-Pd bonding. The width of this band is re-
duced compared to that in the case ofu51 shown in Fig. 6.
The decrease of the bandwidth is due to the larger distances
between the hydrogen atoms at low coverage.

IV. CONCLUSIONS

In this paper, we have shown that recent advances in com-
putational techniques now allow one to perform very de-
tailedab initio studies of chemisorption on transition metals.
The ultrasoft pseudopotential is a very efficient method to
treat the quite localizedd electrons. Electron localization in
surface states and adsorbate-substrate bonds is adequately
described. The use of ultrasoft pseudopotentials allows us to
expand the wave functions in a basis of plane waves even in
the case of transition metals. One important advantage of the
plane-wave expansion is to allow for an analytic calculation
of the Hellmann-Feynman forces. This greatly facilitates the
geometry optimization.

For the chemisorption of hydrogen on Pd~111!, we find
that the adsorbate-substrate bonding energy correlates with
the coordination number of the adsorption site. The threefold
sites, i.e., fcc and hcp sites, are the most stable ones. Due to
the localized feature of the adsorbate-surface bonding, the
fcc and hcp sites have very similar stabilities. They are sepa-
rated by a moderate energy barrier~DE50.28 eV foru51

4!
via the twofold bridge site. The on-top site is the least stable.
Nevertheless, it corresponds to a local-energy minimum. The
energy barrier between a threefold site and the on-top site is
much higher than that between the two threefold sites via the
bridge site. Hence it can be inferred that the diffusion of the
hydrogen on the surface takes place essentially by zigzag
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
Pd~111! and H/Pd~111! are in good agreement with the ex-
perimental results obtained from angular-momentum-
resolved photoelectron spectroscopy. The most salient modi-
fication of electronic structure by chemisorption is the
appearance of a split-off peak in the eigenvalue spectrum.
There is an excellent agreement between our calculation and
the experimental result for the position of the split-off peak.
Although some overestimation of cohesive and adsorption
energies due to the local-density approximation is found, our
theoretical approach gives an overall satisfactory description
of chemisorption on transition-metal surfaces. This opens
very attractive perspectives for the study of elementary
chemical processes at surfaces.

An important point to be emphasized is that although the
chemisorption of H on Pd~111! has been previously studied
at monolayer coverage, our results are the first for a surface
coverage as low asu51

4. This is made possible by the effi-

FIG. 8. Local densities of statesni(E) for H/Pd~111!, u51/4:
~a! H on the fcc site and~232! cell, ~b! H on the hcp site, and~c!
H on the on-top site. In each panel the top figure represents the
DOS on the H atom, and the lower panels labeled 1–4 are the DOS
on the four inequivalent Pd atoms in the~232! cell.

FIG. 9. Surface band structure for H/Pd~111!, H on the fcc site,
and u5

1
4. The shaded zone is the band structure of the bulk pro-

jected onto the~111! surface Brillouin zone. Surface states are pre-
sented by dots: darker dots present 90% localization in the H and
the two top Pd layers, and brighter dots 75% localization.
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ciency of our technique, which allows us to study a large
~232! surface cell for a relatively thick slab of five layers. In
comparison with the monolayer coverage, we find that atu5
1
4 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 sites~cf. Table II!. The
increase of the energy barrier for the migration between fcc
and hcp sites at reduced coverage is a useful piece of infor-
mation for studying adsorbate diffusion. We also find that
the reduced coverage leads to a lower equilibrium adsorption
height of the H atom~by about 0.05 Å!. We have also stud-
ied in detail the changes in the surface electronic structure at
reduced coverage. In particular, we find that the amplitude of
the H-induced splitting from the Pd conduction band is re-
duced, and that at lower coverage the H-induced depletion
near the Fermi level is strongly reduced~cf. Figs. 5 and 8!.

We would expect that the changes in the DOS near the Fermi
energy reflects some change in the chemical reactivity of the
surface.
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