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The full three-dimensional potential energy surface of H oflP#) has been calculated with periodic
band-structure computations using the generalized gradient approximation of density-functional theory. The
fcc hollow site was found to be most stable, followed by the hcp hollow site. Excellent agreement with
experimental values of the adsorption energy and the vibrational frequencies was achieved. Subsurface occu-
pation at low coverages and low temperatures is ruled out by our results, but there are no or very low barriers
for hydrogen reaching the subsurface region from the molecular gas phase, thus direct absorption is feasible at
high coverages. Different ordered structures of the adsorbed hydrogen were considered, and we found that two
structures withy3x \'3R30° symmetry are most stable at low temperatures, in agreement with experiment.
Results for the adsorption energies and effective hydrogen-hydrogen interactions showed that only fcc hollow
sites were occupied on the ordered structures, also in agreement with expefBH0d6i3-18208)06935-5

[. INTRODUCTION mann, Ertl, and Schober, who found that & 1 structure is
formed at room temperatuté.The combined experimental
Palladium was the first element observed to form a metaind theoretical work by Eberhardt, Louie, and Plummer con-
hydride, and the palladium-hydrogen system has been thotiuded that this structure is formed by hydrogen populating
oughly studied because of its suitability as a hydrogen storthreefold surface sitesFelteret al'® then discovered that at
age model systerh.* In addition, the interaction of H with |0 temperatures two ordered structures witk/3

Pd surfaces has drawn much attention in connection with, J3R30° symmetry are found at coverages=1 and ®
hydrogenanon. catalysis, electroly5|§, and hydro.gen purifica £. Occupation of the fcc hollow and octahedral subsurface
tion, so there is now a large collection of experimental datg ~>

. ; . : 6(OSS sites was shown in a LEED study to be most probable,
and theoretical studies covering the systetiHydrogen in- ) :
. : ) . but hep hollow site occupation could not be completely ruled
teracting with low index surfaces of palladium shows a va-

riety of different interesting physical effects, making the sys-O.Ut'13 (For an explanatlonlgnd visualization .Of the different
tem interesting also from a purely academic point of view.SI€S: S€€ Fig. 1LHsuet al= used He scattering, and found
There are still some remaining experimental and theoreticdfs» Symmetry at coverage 1, indicative of one distinct ad-
ambiguities in the palladium-hydrogen system, and this paSOrption site. This changed @, symmetry when lowering
per addresses problems concerning subsurface occupatidh€ coverage tg, and the authors explained this by quantum

site preference, and ordered structures of hydrogen at théelocalization at the unit cell level.
Pd111) surface. Theoretical investigations into the H Pd111) system

It was experimentally established by Conratlal. and  started with semiempirical models. Both the self-consistent
Engel and Kuipers that hydrogen easily dissolves into bulkpseudopotential mixed-basis calculation of Eberhatchl®
regions of palladium through the densely packed 11iand the embedded atom methd&AM) of Daw and
surface®” Other experiments by Eberharet al. indicated ~ Baskes’ found a very small energetical difference between
the existence of a subsurface site that was irreversibly popdhe two different hollow sites on the surface. Within the
lated when heating the crystal up to room tempereﬁﬁrm EAM the subsurface sites are energetically just as favorable
contrast to this, Gdowski and co-workers found that even a@s the hollow sites on the surface, and the observad
low temperatures, regions below the subsurface layer ar& \/3R30° symmetry was in this formalism explained by
available for absorptiot'* and another experimental study occupation of subsurface sit&s:® This was qualitatively
concluded that subsurface sites probably are energeticalljifferent in the tight-binding model approach by Ezzehar
more favorable than the surface sité<relter, Sowa, and et all® They found that the fcc adsorption site is most stable,
Hove quantified this by means of low-energy-electron-followed by the OSS site and the hcp site. With increasing
diffraction (LEED) measurements and dynamical LEED machine power and novel computational methods, it has re-
techniques, and showed that a subsurface to surface occupzently become possible to calculate the adsorption energies
tion fraction of 0—60 % at a temperature of 100 K is consis-by using theoretically more advanced methodsbérmand
tent with their experiment Hennig used the full-potential linear muffin-tin orbital

The adsorbed layer of hydrogen on(Ptil) was experi- method, and found that the hcp site was most stable, fol-
mentally examined by means of LEED already by Christ-lowed by the fcc and OSS sité$By employing ultrasoft
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et al. used the recursion method in the tight-binding model,
and considered occupation of fcc hollow and subsurface oc-
tahedral site$* They found that the pair interaction between
nearest-neighbor fcc sites was attractive, while that between
second-nearest-neighbor fcc sites was repulsive. An ordered
structure with such properties would exhibikl symmetry.

This paper deals with the detailed structure of the poten-
tial energy surfacéPES of atomic hydrogen at the PHl1)
surface. In Sec. Il we present the method used in our calcu-
lations. The resulting PES is presented in Sec. lll; here we
find the preferred adsorption site, calculate the vibrational
frequencies, and compare our results with experiments and
other theoretical studies. We also study the influence of cov-
erage and lattice relaxations on the adsorption energies. Sec-
tion IV deals with the interaction between hydrogen atoms at
the Pd111) surface. We first find the energetically preferred
ordered structure of chemisorbed hydrogen, and finally we
study the effective interaction between hydrogen atoms using

FIG. 1. The surface unit cells considered in this paper: the 15 ,/3x \/3R30 ° unit cell. Section V concludes.
x1 (solid), 3% 3R30° (dasheyl and 2x2 (dotted surface

cells.H andF denote the hcp and fcc threefold hollow sites, respec-
tively (sometimes called the octahedral and tetrahedral surface
siteg. Directly below the hcp site and above a metal atom in the  We have used thebF-BAND prograni>?®to perform total
second layer is the tetrahedral subsurfdE8S) site, and directly  energy calculations of hydrogen adsorbed/absorbed at a
below the fcc site and above a metal atom in the third layer is thehree-layer semi-infinite Pd slab with periodicity in two spa-
octahedral subsurfad®SS) site. T is the top site above a surface tig| dimensions. Results for both the local density approxi-
atom, andB is the bridge site between the fcc and hep sites. Theyation (LDA) and the generalized gradient approximation
tria_mgle (_encloses the minimal region containing all symmetrically(GGA) of density-functional theoryDFT) with scalar rela-
unique sites. tivistic effects included through the zeroth-order regular ap-
proximation(ZORA) equation can be obtained with this pro-
pseudopotentials and the local density approximation, Dongram. We refer to a previous paper for details concerning the
et al. found that the fcc site is more stable than the hcp sitgprogram and choice of basis $étWe showed there that the
by 60 meV?! Paul and Sautet worked within the generalizedGGA gave very good results compared to known experimen-
gradient approximation of density-functional theory, andtal quantities. The LDA gave both quantitatively and quali-
found that the hcp site was 170 meV less stable than the fogtively different results than seen in experiments, so we use
site and also 60 meV less stable than the bridge®site. the GGA throughout this paper. We also discussed the num-
Interaction between hydrogen atoms on thé€1Rd) sur-  ber of layers used in the calculations in the previous paper,
face has been treated theoretically in a number of studies. Asnd found that it is sufficient to use three layers in order to
already mentioned, Dawt al. successfully reproduced the get acceptable results.
observedy/3x \/§R30 ° ordered structures at low tempera- We use three different surface unit cells in our calcula-
tures. In addition to the near degeneracy of the adsorptiortions: 1x 1, \/3x \3R30 °, and 2x2; all shown in Fig. 1.
absorption sites, the EAM showed no difference betweenn order to compare adsorption energies from calculations
second- and third-nearest-neighbor interaction—it was thesing different unit cells, it is crucial that our results are
postulation of occupation of subsurface sites that led to th@roperly converged, and we have performed extensive tests
correct ordered structure prediction. The embedded clusteo ensure this. Table | shows the largest errors connected
calculations of Muscat predicted ax2 symmetry of the with the most important parameters with respect to conver-
ordered structure, in conflict with experimeRtsEzzehar gence of the calculations. For the<1l surface unit cell they

y, (112)

II. CALCULATIONAL METHOD

TABLE I. The table gives the changes in the adsorption enekyy (vhen performing more accurate
calculations. KSPACE 5 and (at least 15 and 28 integration points in the irreducible wedge of the surface
Brillouin zone are compared with KSPACE 7 and(&t least 28 and 45 integration point&CCINT 4.5 is
compared with 5.0, and the basis set is compared with a basis set with three more Slater-type(sebitals
Ref. 27. The total integration error has been calculated with the assumption that the three error contributions
are statistically independent.

Parameter choice Maximal error By, (meV)
KSPACE ACCINT KSPACE ACCINT Basis sets Total

1x1 7 45 10 5 29 31
J3x+/3R30 ° 5 4.5 34 27 18 47
2X2 5 45 10 33 23 41
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have been performed on a slab with hydrogen placed in the Pd T I 5 E
top-layer plane at the transition state between the fcc anc f; 2
OSS sites, which is quite similar to the geometry with largest 5 5
errors in Ref. 27. The fcc site has been used to check th(%
convergence of the calculations using tf@x y3R30 ° and E& 15 fec hep top
2X 2 surface unit cells. The ACCINT parameter is a general 5
integration parameter that governs a large number of othe 5
. . =]
parameters related to the real space integraéfidhlt is .2
scaled so that the integration accuracy is of the order of% 05 Ny bridge
10 ACSNT. The KSPACE parameter governs the number of € | ,., 1o o
integration points in the surface Brillouin zone. A small sur- 0 : v
face unit cell gives a large surface Brillouin zone and vice - 5 - 5 i - :

versa, thus smaller surface unit cells need a larger number ¢
points in thek-space integration to obtain the same precision.
KSPACE 5 and 7 correspond to at least 15 and 28 integration g 2 The adsorption energyE() of some high-symmetry
points in the irreducible wedge of the surface Brillouin zonegjtes as a function of the height above the surfadeo@lculated
respectively (The number of integration points is dependentysing the 21 surface unit cell. The curve marked “fcc” shows
on the symmetry of the input geomefr\More integration  the adsorption energy above, at, and below the fcc site, thus also
points mean largek-space integration accuracy, but also giving the results for the octahedral subsurf4GS9 site and a
more demanding calculations. The error connected with ustetrahedral “bulk” site. The curve marked “hcp” correspondingly
ing a basis set that is smaller than the one giving results closgives results for both the hcp and TSS sites. The energy levels
to the basis set limff is also given. The total estimated error corresponding to a hydrogen atom and one of the hydrogen atoms
in the electronic structure calculations is listed in Table I,in a hydrogen molecule removed infinitely far from the surface are
and we see that in all cases it is below 50 meV. also marked with lines.

The optimized lattice constant was previously found to be
3.95 A at the GGA levet/ but in order to compare more through the full three-dimensional PES for all sites above the
easily with experiments and other theoretical treatments, weyrface with the coordinate restricted o= Zeq. We imme-
have used the experimental vaitief 3.89 A in our calcula-  giately see that the adsorption energies at the equilibrium

Height above the surface (A)

tions on a rigid lattice. heights for the fcc and hcp sites are of the same size, both
clearly below the adsorption energy at the equilibrium height

ll. THE PES OF H ON Pd (111) for the bridge site. The equilibrium height above the surface

o . is 0.87 and 0.95 A for the fcc and hcp sites, respectively.

A. The rigid lattice This is consistent with the experiment of Felter, Sowa, and

The calculations have been performed using three differvVan Hove? who foundzg,=0.80+0.10 A with their LEED
ent unit cells on the RA1l) surface: the k1,3 studies. The fcc site is about 50 meV more stable than the
X \/3R30 °, and 2<2 unit cells. The surface unit cells and hcp site. The bridge site, midway between the two hollow
some high symmetry sites are shown in Fig. 1. Since the costites, is approximately 170 meV above the fcc site—this is
of the calculations strongly depends on the size of the unithe barrier to surface diffusion for a rigid lattice. The barrier
cell, we have first calculated the full three-dimensional PES0 subsurface penetration is high and approximately the same
using the X 1 unit cell, corresponding to covera@e=1. A for the two sites, about 0.85 eV above the bottom of the
range of values of the height above the surfadeas been surface wells. Considering the experimental findings that hy-
calculated for 16 symmetrically unique sites on the surfacedrogen dissolves through the surface even at low

corresponding to 54 sites in thexal unit cell. (The sym- temperature$? we anticipate that surface motion must be
metrically unique sites lie within the triangle shown in Fig. important to lower this barrier. We come back to this in Sec.

absorption energy of more than 100 different geometries waBigher in energy than the other sites; none of them are stable

calculated through compared to free molecular hydrogen. We shall see that this
is also changed when taking lattice motion into account.

E.= Esorm(Pd+ H) = Eform(Pd) — 2 Eping(H2), (1) The equilibrium distance between the hydrogen atom and

its closest metal atoms varies with the coordination. For a
whereE;,, is the formation energy of the hydrogen coveredhydrogen atom at the top site, with coordination 1, the equi-
and bare slabs. The binding energy of the hydrogen moleculibrium distance is 1.54 A. For the bridge site, with coordi-
(Epingd Was previously calculated to be 4.80 eV at the nation 2, the equilibrium distance is 1.73 A, and for the hcp
GGA level?” For brevity, we shall simply refer t&, as the and fcc sites, both with coordination 3, the equilibrium dis-
“adsorption energy.” Thus, negative adsorption energiestances are 1.85 and 1.81 A, respectively. The TSS site has its
correspond to the adsorbed hydrogen atom being energegquilibrium position close to the geometrical one, and the
cally stable with respect to the free hydrogen molecule.  Pd-H distance here is 1.68 A. From Fig. 2 we see that the

In Fig. 2 thez dependence of the adsorption energy of theadsorption energy curve is quite flat around the OSS site.
four most important sites in theX1 surface unit cell is The minimum absorption energy is obtained with
plotted. The adsorption energies at the equilibrium hezght = —0.90 A, corresponding to a distance of 1.82 A between
are listed in Table Il, and Fig. 3 shows a two-dimensional cuthe H atom and the three closest Pd atoms in the top layer.
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TABLE Il. The adsorption energie() in eV at the equilibrium height for different sites as defined in
Eqg. (1). Our values are compared with some other recent results.

This work BAND 2 vAmP P vAsP®  FP-LMTO® Expt.©
Coverage 1 z 3 1 z 1 3 z 1 z <0.7
fcc —-0.39 —-0.54 -0.44 —-0.21 —-0.46 —0.43 —0.69 —0.50 —0.30 —0.37 —0.46-0.02
hcp —0.34 —0.47 —-0.41 -0.04 -0.36 —0.37 —0.65 —0.45 —-0.32 —0.43
bridge -0.21 -0.39 -0.32 -0.10 —0.32 —-0.27 —0.41 -0.33 0.01 -0.17
top 0.02 -0.12 0.37 0.18 0.16 —0.01 0.16
0SS 0.17 0.02 0.09 —-0.15 —-0.23 -0.29
TSS 0.33

8ADF-BAND DFT calculations within the GGA by Paul and SaufRef. 22. The lattice is rigid, and three and
two layers are used for the coverages 1 gndespectively.

bViennaab initio molecular-dynamics program DFT calculations with ultrasoft pseudopotentials within the
LDA by Dong et al. (Ref. 21). The LDA values have been corrected for half the error in binding energy of
the H, molecule, 465 meV. The lattice is fully relaxed, and five layers have been used.

“Viennaab initio simulation program DFT calculations with ultrasoft pseudopotentials within the GGA by
Donget al. (Refs. 29 and 30 The values are taken from Ref. 30. The lattice is fully relaxed, and five layers
have been used.

The full-potential linear muffin-tin orbital method by ber and HennigRefs. 20 and 31 The lattice is
relaxed, and seven layers have been used.

€Conrad, Ertl, and LattéRef. 6. The coverage was not measured directly, but through the change in the work
function.

(The geometrical OSS site is a&=—1.12 A.) There is also almost energetically degenerate; this probably makes delo-
a local minimum az= — 1.19; then the distance is 1.98 A to calization more viable. An interesting future study would be
the three closest Pd atoms in the second layer. to perform similar calculations on a more elaborated PES
The vibrational frequencies were next calculated througtthat does not show the near degeneracy of the hollow sites.
simple harmonic fits for the three spatial degrees of freedom In Fig. 4 we show a comparison of the adsorption energy
of the hydrogen atom, and the results are listed in Table llifor coverages 1 ang for 12 adsorption sites witlz= 2z,
At first sight, our results seem to be in quite good agreemerdlong a line connecting two top sites. The adsorption ener-
with experiment, within 8% of the experimental values if we gies of the® =  coverage are lowered by 120 and 180 meV
consider our best numbers. We believe, however, that this isompared to the saturated surface, but there are also small
partially fortuitous, since our harmonic fits might be a ratherqualitative differences. While the top site is the least stable
crude approximation. Rick and Doll have shown that anharadsorption site fo® =1, it has become a local minimum for
monic effects could be important and that the vibrationally® =%, 10 meV lower than the neighboring site. Since our
excited wave function is nonlocalized—their more thoroughcalculations only are converged to within 47 meV, we should
calculations using the full periodic Hamiltonian gave lower be careful not to put too much emphasis on this result, but a
frequencies than their harmonic approximatiémeverthe-  local minimum was also found by Doreg al?* on a surface
less, they used the EAM in which the fcc and hcp sites argvith ® =%. This suggests that DFT indeed shows a local
minimum in the adsorption energy for the top site at low

1.5 coverages. We have also calculated the adsorption energy for
1 . I
TABLE lIl. The frequencies of the vibrational modes of hydro-
< 05 gen on the PA11) surface as calculated by a harmonic fit. Our
;\:\ results are compared with some other theoretical results and with
= 0 experiment. All the frequencies are measured in tm
> 05 This work Rick, Dol  Expt.?
Site fcc hcp hollow
-1 coverage 1 1/3 1 1/3 1 high
15 s v 1054 987 884 1000
z, (110 (A) V| 711 715 684 668
Yy 686 670 971 774

FIG. 3. A contour plot of the adsorption energy based on calcus=
lations using the X1 surface unit cell. The coordinate is con- °Reference 34.
strained to be the equilibrium height above the surfagg, The ®References 32 and 33.
contour spacing is 40 meV. Thexil surface unit cell is outlined; °The coverage was not measured directly, but the hydrogen expo-
its corners are placed on top sites. sure was 2 langmuirs, and the incidence angle was 57 °.
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TABLE IV. The effect of relaxation on the adsorption/
absorption energie€(,) for some chosen sites on the surface. Two
different types of relaxations are studied: top layer relaxation of the
saturated Pd surfac®(=1) and in-plane relaxation using th8
x \/3R30 ° unit cell @ = %). The adsorption energies of both the
rigid (rig.) lattice and the relaxe¢rel.) lattice are listed. We have
considered four different sites: the fcc hollow, the octahedral sub-
surface(0S9, the transition state between the fcc and OSS sites
(tst—directly below fcc withz=—0.1), and the bridggbrg) sites.

For the top layer relaxation the outwards relaxation is given both in
A and in % of the bulk interlayer distance, and for the in-plane
fec relaxation only the amplitude of the relaxation coordinate has been
0 1 2 3 4 given.
Surface coordinate, 2 (A)

Adsorption energy (eV)

Lattice Relaxation

FIG. 4. The adsorption energy along a path connecting two top constant AX E, AE,
sites in the(110 direction (see the inset figujfor the coverages Coverage a(A) A % eV meV
0=1and®= % Thez coordinate is constrained to be the equilib- -
rium distance from the surfaces,. fce rig. 1 3.95 —-043

fcc rel. 1 3.95 0.074 3.2 —-0.44 11
some of the sites with coveradeusing a 2< 2 surface cell, OSS rig. 1 3.95 0.00
and the results are summarized in Table Il. All our results forOSS rel. 1 3.95 0.25 11.0-0.13 126
the surface with coverag® = ; are energetically less stable OSS rig. 1 4.14 0.03
than those for®=3%. This is not surprising, since experi- tst rig. z 3.89 0.25
ments have found a/3x /3R30 ° ordered structure with tst rel. z 3.89 0.091 —0.04 289
coverages at low temperatures, and no ordered structuresyrg rig. i 3.89 ~0.39
corresponding t@® = ;. We shall investigate this further in brg rel. 1 3.89 0.0 039 0

the next section.
Comparing our results in Table Il to Paul and Saétete

find rather large discrepancies, taking into account that wnt picture than ours; they also find two threefold adsorption
have used the same program. This is most probably due togtes with approximately the same adsorption energy and the
bug in the Madelung summation that existed in an oldelyigge site clearly above the hollow sites, but their results
version of the progrant;*®we have found quantitatively and syggest that the hcp site is most stable. Nevertheless, they
qualitatively different results than they even when using thestate in the paper that “almost no differences between the
same basis set and integration parameters. adsorption energies of the two threefold positions can be
In Ref. 21 the LDA results showed the usual strongdetected.?® They found that the OSS site is much more
overbinding, and the authors found that this was primarilystaple than our static results, but they have performed relax-

due to the calculated error in binding energy of therhbl-  ation of the lattice. We shall see in the next section that this
ecule. We have hence used their modified values in Table lis important for the subsurface site.

and in this way our results show reasonable agreement. But
there are still some discrepancies: all our sites are less stable _
than theirs, except the top site, which is more stable by 140 B. Relaxations
and 100 meV @ =1 and3$). The largest difference is for the A number of previous calculations have shown that sur-
hollow sites,®=3%, which are both about 250 meV less face motion play an important role in the energetics of hy-
stable in our calculations than in their modified values. Wedrogen on surfacetsee, for example, Refs. 18,20 and).21
tried instead to compare the unmodified results of Ref. 21Since the ADF-BAND program in its current implementation
with our LDA results(not listed in the table and found that is not capable of calculating forces, all relaxations must be
the discrepancies still are there, but to a smaller extent. Thdone by hand. This makes full relaxation of all the sites
largest difference is still for the fcc and hcp sitéd=7, unattainable, and we have to limit the number of geometries
which now are both about 170 meV less stable in our LDAto study. We have chosen two different kinds of surface re-
calculations than in theirs. The discrepancy is still quitearrangements: top-layer relaxation for the fcc and OSS sites
large, but this can be caused by the fact that we have usdtb see the effect of relaxations on the adsorption energy on
different calculational schemes, a different number of layersthe most stable surface and subsurface ssigesl in-plane
or that their results are given for a fully geometry optimizedrelaxation for the transition state between the fcc and OSS
lattice whereas our results are for a rigid lattice. Two latersites and at the bridge sitéo see the effect on the barrier
studies by Dong and co-workéfs® presented GGA calcu- between the surface and subsurface sites and between two
lations of the same system with a cover&ye 3. Thisis not  surface sites The results of the calculations are shown in
directly comparable to our results in Table Il, but we can sedfable IV.
that the trend is still that they get more stable threefold hol- We first consider top-layer relaxation of the surface with
low sites and a less stable top site than we do. But in alhydrogen chemisorbed at the fcc site. To find the energy
cases, our results agree on the relative stability of the sitesminimum, we have to compare the lattice with the GGA
The results of Lber and Hennif show a slightly differ-  optimized lattice constang=3.95 A. With this lattice con-
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stant, the adsorption energy at the fcc site changes fromsurface plane. We need at least three surface atoms in the
—0.39 to —0.43 eV for®=1. This energy is further de- unit cell to perform this stretch, and have used t{ie
creased by 11 meV when the top layer has an outwards re< \/3R30 ° unit cell in our calculations. This relaxation is
laxation of 0.074 A, which is 3.2% of the interlayer separa-reminiscent of the stretch involving four surface atoms in our
tion. We have in our calculations kept the hydrogen-previous study considering the effect of surface motion on
palladium distance constant and varied the distance betwedhe direct subsurface absorption of HThe result of the
the two topmost layers. lber and Hennig found that the top stretching is presented in Table IV: when the three surface
layer relaxation was 3.5% and 1.0% for the hcp and fcc siteatoms each have moved 0.095 A, the adsorption energy at
respectively?’ the transition state has changed to its minimum value of

When considering the octahedral subsurface site, the pic=0.04 eV, down from 0.25 eV. This means that the region
ture is a little bit more complicated. First, the absorptionbelow the surface can be reached at low temperatures with-
energy of the OSS site is dependent on the lattice constant. ¢fut any other barrier than the barrier to dissociative adsorp-
we use the GGA optimized lattice constant for bulk Rd ( tion, which is either very low or nonexisteft®*3" This
=3.95 A), the absorption energy changes from 0.17 to 0.0felps to explain how hydrogen can be found below the sur-
eV. In Ref. 27 we found that the optimized lattice constantface at 115 K. Gdowsket al'* found that when the surface
for palladium hydride is 4.14 A; the absorption energy of theis saturated with H, further deposition of hydrogen leads to
OSS site with this lattice constant is 0.03. In the calculationdirect absorption of H without equilibration in the chemi-
of this absorption energy we have used the value oforption well. We have shown that the effective barrier to
Erom(Pd) with a=3.95 A, since a pure Pd lattice wita  such absorption is low enough to allow for direct absorption
=4.14 A is unphysical. With all three lattice constants weat low temperatures. Our simple surface model is not capable
found that the preferred distance between the hydrogen atoff describing how hydrogen goes further into the metal and
and the nearest palladium atoms is about 1.8§ttfus, as how the hydride phase is created, but the low barrier to direct
already mentioned above, the hydrogen atom is shifted awa§ubsurface penetration makes our results compatible with
from the geometrical OSS sjteWhen studying top-layer Ref. 11.
relaxation for the OSS site we have therefore kept this dis- We have also studied in-plane relaxation of the bridge
tance constant and used the GGA optimized lattice constaffansition state, but as shown in Table 1V, no relaxation
a=3.95. The minimum energy was found for an outwardcould be found. We considered a symmetric stretch of the
relaxation of 0.25 A, which is 11% of the interlayer separa-two closest metal atoms, and we first tried to keep the
tion; the absorption energy is then0.13 eV. Lder and hydrogen-metal distance constant and then the height of the
Hennig found an outwards relaxation of 6.28&ven though hydrogen atom above the surface constant. Denal. did
we have found quite large changes in the absorption energyot find any relaxation of the bridge site eittféThis means
due to lattice relaxations, we have not been able to show thdhat the barrier to surface diffusion should be about 170 meV
the octahedral subsurface site is as stablaagredicted by (not including zero-point energy effegtat the relaxed sur-
the EAM (Refs. 15 and 1§ or more stable thafas sug- face as well.
gested by Eberhardt, Greuter, and Plurfintite fcc hollow We have not considered any other relaxations, although
site on the surface. It is possible that other kinds of rearrangthere are surely more to find. For example, Det@l. found
ment of the lattice than considered here could lead to a moréhat hydrogen placed at sites between the hollow sites and
stable subsurface site, and that our choice of working wittthe top site provoked a relaxation of the top-laparallel to
only three layers affects the results. Buthes and Hennig the surfacé’ Taking this into account would lower some of
found with the lattice relaxed that the OSS site was at leaghe sites near the hollow sites, and thus lower the frequency
90 meV less stable than the fcc sifewe believe that this of the parallel vibrations. Apart from this, we believe that we
supports our results implying that subsurface sitesrare  have found the most important effects of surface rearrange-
populated at low temperatures and low coverage. Zero suinents on the energetics of our simple system, namely the
surface occupation is consistent with the LEED studies ofhanges in adsorption energies of the most stable surface and
Felter, Sowa, and HovE.And, as we will see in Sec. IV A, Ssubsurface sites and the changes in diffusion barriers on the
our results indicate that thg3x 3R30 ° phases found by surface and down to the subsurface site.
Felter et alX® can occur without subsurface occupation be-
cause of the energy difference between the fcc and hep sites.  1V. HYDROGEN-HYDROGEN INTERACTIONS

With increasing coverage and temperature, the subsurface
sites are going to be accessible by means of further relax-
ations and thermal motion. But how can our results be con- In the preceding section we saw that the adsorption en-
sistent with the findings of Gdowski, Stulen, and Felfer, ergy depends on the coverage. The experimental findings of
which showed that hydrogen can penetrate into the lattice &fonrad, Ertl, and Latta did not show such a dependency;
115 K? To answer this question, we have studied how th¢hey found that the adsorption energy was0.456
activation energy to subsurface penetration is affected by the- 0.022 eV per hydrogen atom in the whole region covered
lattice motion. by the experiment.The molecular-beam experiment of En-

We have performed in-plane relaxation of the surface atgel and Kuipers did, however, find some evidence that the
oms with the hydrogen atom at the transition state from fcadsorption energy varied, and found by using a simple model
to OSS, which is situated directly below the fcc site wath that E, varied from —0.47 eV at low coverages to
=—0.1 (see Fig. 2 The relaxation is chosen to be a sym- —0.39 eV at high coveragésThe latter experiment was
metric stretch of the three closest palladium atoms in theperformed at temperatures of 250 K and above, while our

A. Different coverages
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TABLE V. Ordered structures of H on PHL1) that have been
studied. The adsorption energy is per hydrogen atom.

Nearest Number of  Adsorption

Structure ® neighbor neighbors enerdgV)
1x1 1 2nd 6 —-0.40
1x2 1 2nd 2 -0.43
V3X\3R30°-1H 3 5th 6 —0.54
V3X\BR30°-2H 2 2nd 3 —0.46
V3X\3R30°-4H 3 1st 3 -0.14
2Xx2-1H 1 6th 6 —-0.44
2Xx2-2H 1 3rd 3 -0.39
2x2-3H 3 2nd 4 -0.41

FIG. 5. The six nearest neighbors of an fcc site when both fcc

and hcp sites are considered. If only fcc sites were considered, th%alculated using all three unit cells, and we see that it varies

three nearest fcc neighbors would correspond to our second, fiftr\ll,wth less than 20 ”.‘eV? this .ShOWS tha.t it is meaningful to
and sixth nearest neighbors. The X1, 2x2-2H, \3 compare results using the dlffererl1p unit cells. The smallest
% \3R30 °-1H, and 22-1H ordered structures are made up of coverage t_hat we have cglculatedzl,sconstructed by sixth
second, third, fifth, and sixth nearest neighbors, respectively. _nearest neighbors. The distance between the hydr,oge” at.oms
is then 5.5 A, and we should expect the hydrogen interaction
calculations are at zero temperature. We do not know of anfP b€ quite small at this distance. We see that two of the
experiment measuring the adsorption energy for H on Pd tructures in Fig. 6 are more stable thz_in this, namely_the two
lower temperatures, where the orderg@ix y3R30 ° struc- J3X+/3R30 ° structures. Our calculations thus predict that_
tures appear. those structur_es shoulq be favored at low _temperatures, in
Since we are only able to calculate the adsorption energ ccordance with expenme?'ﬁ.F_eIte.ret al. obtained more or
using periodic structures, we do not get out the effectivd®SS the same results as we did with the EAM, but they found
two-particle interactions of the hydrogen atoms without thethat the 12 and both the/3x y3R30 ° structures all were
use of unattainably large surface unit cells. We are, howevefdually stablé>*® Since they also found that four different
able to directly compare the stability of different orderedSites were energetically nearly degenerdte, hcp, OSS,
structures, and through this make comparisons of some dig"d TS$, they had to postulate subsurface occupation and
ferent multiparticle interactions. Figure 5 shows the neares¢Se equilibrium Monte Carlo simulations to recreate the ex-
neighbors of an atom placed at an fcc site. To be able tgerimentally observed ordered structures. o
describe different kinds of ordered structures, we take into We want to discuss the pair- and many-particle interac-
account both the fcc and hep sites; thus the second, fifth, an#Pns in more detail, and have listed results for some of the
sixth nearest neighbors correspond to the nearest, next ne&@lculated structures in Table V. We take as our starting
est, and third nearest fcc sites, respectively. point the 2<2-1H structure with®=3. For the sake of
We have calculated the adsorption energy of some differcompanson, we deﬂne for n0_VV the interaction at th|S d|S'
ent ordered structures, and plotted it as a function of cover@nce(5.5 A) to be zero. We first note that of the four or-
age in Fig. 6. The adsorption energy for coverage 1 has bediered structures composed of second nearest neighbors, the
1X1 structure is the least stable. This structure has the larg-
est number of neighbors, suggesting that the second-nearest-
04 o neighbor interaction is repulsive. But we have already seen
' that the 3x /3R30 °-2H structure @ =2) is more stable
than our low coverage limit, indicating that this structure
consists of attractive interactions. Since this structure is also
constructed of second nearest neighbors, it is thus not
enough to know the two-particle interactions to predict stable

-0.45

2 X2

Adsorption energy per atom (eV)

05 * V3 xV3R30° periodic structures. Nevertheless, a comparison of the other
Alx2 ordered structures should at least reveal some clues about
0.5 how the pair- and many-particle interactions are related. The
' mx1 2% 2-2H structure @ = 3) is built up of third nearest neigh-

bors; thus every second occupied site must be a hcp site. We
see that this structure is relatively unstable, but this is prima-
rily due to the less stable hcp site. If we compensate for the
FIG. 6. The adsorption energy per hydrogen atom as a functiofiCP Site being about 50 meV less stable than the fcc site, we
of the coverage for different ordered structures. The circles, pointind that the effective third-nearest-neighbor interaction is
triangle, and rectangle designatex2, y3x3R30°, 1x2, and  almost zero compared to our low coverage limit. Of all the
1x1 ordered structures, respectively. The 2 ordered structure ordered structures, thg3x 3R30 °-1H(@ =1%) is by far
has been calculated by using th& 2 surface unit cell. the most stable. It is constructed by fifth nearest neighbors,

0.4 0.6 0.8 1
Coverage, ©
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In Fig. 7 we have shown some of the resulting interaction
energies. We see that the effective interaction is the largest
along the ‘a” path, which is across the bridge and towards
the hcp sites. When heading towards the top (@ggh “c” ),
the interaction is the smallest. Studying the electron charge
of the adsorbed hydrogen atom, which is lowest at the top
site and highest at the fcc site, we see the following trends.
All the sites along curve 4" have higher electron charges
on the hydrogen atom than the sites along cureg”*'sug-
gesting a larger electrostatic repulsion between the hydrogen
atoms when considering sites along cuna ™ The electron
charges on the hydrogen atoms on the sites along cuove “
lie between those for curved"” and “c,” and as we see
from Fig. 7, the interaction energies along curd@’also lie
in the middle. We further see that placing, ldt another fcc

FIG. 7. The interaction enerdyn [defined in Eq(2)] between site gives the lowest interaction, about 160 meV. This agrees
a H atom placed at the fcc site and a second hydrogen atom placéd.

in a\/§>< \/§R30 ° unit cell. The inset figure shows the geome'[ries;wIth t\?_e dlff?rence of 80 meV per atom between the two
the white disks are the H atoms at the fcc sites, whereas the point‘@x 3R30 ° structures that can be read out from Table V

are the positions of the second atom. We have plotted points alon@ Fig- 6. Two other sites have almost just as By as the

Interaction energy (eV)

1 1.5 2 2.5
Distance from H atom (A)

three directions, marked bya,” ** b,” and *‘ c.” All symmetri- Cc site, but they have such high adsorption energies that

cally unique sites lie within the region enclosed by the lines markedh€y are improbable to populate. The interaction energy of

by “a” and ““ c,” and the dashed lines. the hcp site is almost 0.5 eV, thus ruling out first-neighbor
occupation.

so our results suggest that the fifth-nearest-neighbor interac- Since the fcc site is most stable, the best way of placing
tion is quite attractive. If we compare these results with Ez4wo atoms in they3x y3R30 ° unit cell is in two fcc sites.
zeharet al,?* we find quite large differences. They used theWe have also considered other possibilities, such as placing
tight-binding method, and found that the fifth-nearest-one of the atoms subsurface and the other in a fcc or hep site,
neighbor pair interaction was repulsive, while the secondbut since the subsurface sites are so much higher in energy,
nearest-neighbor interaction was found to be attractive byll these possibilities are much less stable than the configu-
more than 100 me¥* This was independent of surface or ration with two fcc sites. We conclude that our results clearly
subsurface occupation, and the same trend was observéply that two fcc sites should be occupied in thé
when they considered trimer and tetramer interactions. Theik V3R30 ° unit cell when the coverage ¥ Subsurface oc-
results are thus consistent with X1 ordered structure. Our cupation at low temperatures is ruled out at this coverage.
results show an attractive fifth-nearest-neighbor interaction The details of the hydrogen interaction would be of im-
and a repulsive second-nearest-neighbor interaction, with thgortance in a dynamical study of hydrogen diffusion on the
J3xBR30°-2H structure as an exception of the Pd111) surface, and we have work in progress on this
latter—we have thus predicted both the experimentally obsubject®®

served\/3% \/3R30 ° structures with our adsorption energy

calculations. V. CONCLUSIONS

We have used periodic density-functional calculations
within the generalized gradient approximation to investigate
We now turn to the detailed structure of the hydrogen-in detail the potential energy surfa¢@ES of hydrogen at-

hydrogen interaction on th¢3x \/3R30 ° surface cell. We oOms at the PA11) surface. We have constructed the full
have calculated the adsorption energy for a number of corthree-dimensional PES using a1 surface unit cell(cov-
figurations with® =2 and one of the H atoms placed at the €erage®=1), and in addition calculated the adsorption ener-
fcc site. By comparing configurations with and without a gies at the equilibrium geometries for some sites using the
second H atom, we have found the interaction energy defined3x V3R30 ° and 2<2 surface unit cells(coverages®
as =1 and ;). We found that the fcc hollow site is preferred,
with an adsorption energy varying with coverage from
Eini=Ea(Pd+H,+H,)— E (Pd+H,) —E,(Pd+H,), —0.54t0—0.39 eV. The hcp hollow site is between 40 and
(2) 70 meV less stable, and the bridge site between the hollow
sites is from 140 to 170 meV above the fcc site. Outward
whereE,(Pd+H,+H,) is the adsorption energy for two hy- relaxation of the palladium top layer lowered the adsorption
drogen atoms (Hand H,) adsorbed on the slab, and energy at the fcc site by 11 meV. The subsurface sites were
E.(Pd+H,/H,) is the adsorption energy for one hydrogen not found to be stable compared to free molecular hydrogen
atom (H/H,) absorbed on the slab. ik always placed at on the rigid surface, but relaxation of the surface lowered the
the fcc site, and |lis placed at one of the sites shown in the adsorption energy of the octahedral subsurface site
inset figure of Fig. 7E;,; thus gives a measure of the effec- to —0.13 eV. The low stability of the octahedral subsurface
tive interaction between two H atoms compared to the mossite as compared to the fcc site rules out subsurface occupa-
stable structure,/3x \/3R30 °-1H. tion at low temperatures and low coverages. But surface mo-

B. Interactions on the \/3x \/3R30 ° unit cell
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tion makes the region below the surface available directlydrogen interaction energy is sensitive to the bonding
from the molecular gas phase without any other barriers thanoordination of the hydrogen; the higher coordination, the
the possible barrier to dissociative adsorption—this meanhigher repulsion. We found that the ordered structures with

that direct absorption of hydrogen is possible at high covery/3x \/3R30 ° symmetry have all the hydrogen atoms lo-
ages. Our harmonic fit to the PES gave a perpendicular virgted at fcc sites.

brational with frequency 1054 cnt, and two parallel fre-
quencies of 711 and 686 ¢, in good agreement with
experiment?

To study the hydrogen-hydrogen interaction we calculated
the adsorption energy of hydrogen atoms using different pe- We thank Pier Philipsen for valuable discussions, Evert-
riodic structures, and found that two ordered structures wittian Baerends for his comments on the manuscript, and Jo
J3X/3R30 ° symmetry are preferred at zero temperatureAmundsen for his outstanding computer support. The calcu-
in accordance with experimefitWe also studied the inter- lations have been carried out under a grant of computer time
action between hydrogen atoms using {f8x y3R30 ° sur- by the Norwegian Research Council. The authors were also
face unit cell, and the results suggest that the effective hyfinanced by the Norwegian Research Council.
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