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The formation of ordered hydrogen overlayers an the close-packed surfaces of fcc and hcp metals

is investigated. %e consider hydrogen adsorption on seven metals {Ti,Co, Ni, Cu, Ru, Rh, and Pd)
and we assume that the hydrogen atoms are adsorbed in the threefold hollaw sites. We examine the
question of site preference between the fcc and hcp sites and find substantial differences in binding

energies between the two sites for all but one of these metals (Ni). The interaction energies between

adatoms are then calculated. It is found that the multiple-adatom interactions can, to a high degree
of accuracy, be written as the sum of the relevant pair interactions. Short-range interactions involv-

ing adatoms located at nearest-neighbor sites are found to be extremely repulsive indicating that
nearest-neighbor exclusion is a prerequisite in the choice of the ordered overlayer. Long-range in-

teractions {up to sixth neighbor) are found to be non-negligible and play an important role in deter-
mining which ordered overlayer is most likely to be formed. Information regarding the stability of
different structures was obtained from considerations of the ground-state energies of a number of
plausible ordered structures. The results for each metal are analyzed and compared to experiment,
whenever possible. Excellent agreement with experiment is found far H/Ni{111) but a less satisfac-

tory state of affairs is recorded for H/Pd{111).

I. INTRODUCTION

The adsorption of hydrogen atoms on transition- and
noble-metal surfaces has recently been the object of an
ever-increasing number of studies. ' The experimental
data on such systems is considerable, ranging from mea-
surements of such quantities as binding energies2 and
changes in work function, to the characterization of the
electronic structure of the chemisorbed system3 and also
to the determination of the geometry of the chemisorbed
layer.

These experimental studies have been supplemented by
calculational schemes designed to throw some light upon
the nature of the hydrogen-metal chemical bond.
Amongst the most commonly used techniques is the so-
called layer-type calculation, in which a layer of adatoms
is made to interact with a substrate film consisting of a
small number of metal layers. The two-dimensional band
structure of the film is then determined and in some cases
the total energy of the chemisorbed system is also calcu-
lated. Some of the more commonly used band structure
schemes are the hnearized augmented plane-wave
(LAP&) method ' and the pseudopotential method.
Another school of thought employs the cluster concept in
which one adatom is made to interact with a small num-
ber of metal atoms. The energy spectrum of the cluster is
then derived, as well as such quantities as binding ener-
gies, vibration frequencies, and equilibrium distances.
Apart from the very large computational effort which
both these approaches require, further limitations are en-
countered in the strong degree of idealization which is
present in both methods. For example, the layer-type cal-
culations only treat the high coverage limit of chemisorp-
tion. The main limitation of the cluster concept concerns
its isolated nature. Not only are the long-range effects of

the hydrogen-metal bond neglected, there is the further in-
troduction of unwanted surface effects at the extremity of
the cluster where ideally more metal atoms ought to be.

Another approach to the subject is to consider the more
natural problem of a single adatom interacting with a
semi-infimte host which is represented by an effective
medium which in its simplest form takes on the appear-
ance of a homogenous electron gas. Effects due to the
nonuniformity of the substrate electron density are calcu-
lated in perturbation theory within the region close to the
adatom. Outside this region, the metal potential is treated
exactly, but the adatom is now treated as the perturbation.
This scheme has been used to obtain potential energy
curves for various hydrogen-metal systems. 9

None of the above-mentioned models treats the problem
of adatom-adatom interactions explicitly. Clearly, these
interactions are present in the layer-type calculations, but
no information as to their relative strength can be ob-
tained. A knowledge of these quantities is of paramount
importance in the description of the order-disorder transi-
tions which are known to exist for certain
hydrogen —transition-metal systems. '0

The interaction between adatoms on a substrate surface
is made up of many contributions. There is, in the first
instance, the direct interaction arising from the overlap
between the orbitals of the different adatoms. This in-
teraction is of extremely short range, being significant for
adatom-adatom separations of the order of molecular
bond lengths. Another contribution to the interaction is
the van der %aal's attraction between atoms which
represents the dominant contribution for rare-gas phy-
sisorption on surfaces, but which is negligible in the case
of chemisorbed species on metal surfaces. There is also an
electrostatic interaction between dipoles which arise when
adsorbing atoms gain from (or lose to) the substrate a sub-
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stantial amount of charge, as is the case in alkali adsorp-
tion on metals. However, in hydrogen chemisorption, the
transfer of charge between adatom and substrate is small,
resulting in a negligible electrostatic contribution to the
interaction. The most important contribution to the in-
teraction between adatoms is an indirect interaction which
arises from the mutual coupling of the adatom valence
shells through the substrate valence band. Theoretical
studies of this problem exist, most of which use a molecu-
lar orbital or Anderson model description as the starting
point. "

We shall, in the following, be mainly interested in those
chemisorption systems in which the substrate surface is
the close-packed surface of fcc or hcp transition metals.
Dissociative chemisorption of the hydrogen molecule
occurs on all these transition metals. ' Hydrogen-induced
states have been observed in angle-resolved ultraviolet
photoemission spectroscopy (ARUPS} experiments for
most of these metals [Ti, ' Co, ' Ni, Ru, Pd, ' ' and Pt
(Ref. 3)]. Further, although there is an activation energy
barrier for dissociation on Cu(111), a similar hydrogen-
induced structure also exists for the adsorption of atomic
hydrogen on Cu(111). Ordered hydrogen overlayers
have been observed on Ni and Pd (111) surfaces. For
H/Ni(111), low-energy electron diffraction (LEED) exper-
iments ' have shown the presence of a (2X2) structure
which is attributed to the formation of a honeycomb over-
layer with the hydrogen atoms occupying both types of
threefold hollow sites [see Fig. 1(d}]. The H—Ni separa-
tion was also derived and found to be equal to 1.84 A.
The (2X2} structure was observed over a fairly wide
range of hydrogen coverages, centered around 6=—,', and
the transition temperature was given as T=270 K. For
H/Pd(111), LEED data shows the presence of two
(~3X~3) structures, centered at hydrogen coverages of
8= —,

'
and —', . The transition temperatures for the two

phases are, respectively, 90 and 105 K. These two struc-
tures are attributed to the formation of the ordered over-
layers depicted in Figs. 1(c) and 1(fl where only one type
of threefold hollow site is occupied. For the close-packed
surfaces of rhodium, ruthenium, and platinum,
LEED experiments show no extra LEED spots, which
may be interpreted in terms of a (1X1) hydrogen over-
layer or in terms of a disordered hydrogen layer.

It appears that for these substrate surfaces, the most
probable adsorption sites for the hydrogen adatoms are
the threefold hollow sites. For H/Ni(111), a comparison
between the theoretical and experimental intensity-
versus-voltage curves obtained in the LEED measure-
ments showed that both types of hollow sites were equally
likely to be occupied. Minimizations of the hydrogen-
metal binding energy in vmious theoretical models ' also
tend to favor the threefold hollow sites at the expense of
bridge or atop sites, although a great deal of mobility of
the hydrogen adatoms on the surface has been hinted
at 29, 30

If one assumes that the hydrogen atoms occupy the
threefold hollow sites, then the network of sites is a
honeycomb lattice. However, since there are two types of
site (the fcc and the hcp sites) and since a priori one type
of site may be considerably more favorable to the hydro-

gen atoms than the other, the honeycomb lattice should be
decomposed into two interpenetrating triangular lattices.

The most probable ordered structures on a honeycomb
lattice are illustrated in Fig. 1. [Note that only the (7X 7)
and (2X2) structures of Figs. 1(b) and l(d) require occu-
pation of both types of site.] We have assumed that the
nearest-neighbor interaction is infinitely repulsive, on ac-
count of the very short H—H distance encountered in
such cases (di ——a/W6 for fcc crystals or di ——a/v 3 for
hcp crystals in terms of the lattice parameters of these
crystals, giving distances around 1.5 A for most metals).
Calculations of pair interactions between hydrogen ada-
toms indicate very repulsive interactions at such dis-
tances. 3'32 In order to determine which ordered over-
layers are most likely to be formed on the substrate sur-
face, one needs to know the various interactions between
the adatoms as well as the difference in binding energy be-
tween the different sites on the surface. In fact, the
lattice-gas Hamiltonian is simply given by

H iJ,N= —(e+—p) g n; —g van;nj

t
ufjgn njnk 'ke y n

i~j+k

p is the chemical potential, N the number of occupied
sites in the lattice. n; =0 or 1 according to whether site i
is empty or occupied. e and @+he are the hydrogen bind-
ing energies to the two different types of site. The sum-
mations are over all lattice sites except for the last sum-
mation which is over only half the sites. u;j is the pair in-
teraction energy between the hydrogen adatoms at site i
and j. u,jk is a three-body interaction term which ac-
counts for the nonpairwise interactions linking atoms i, j,
and k—in other words the energy corresponding to three
occupied at sites i, j, and k is given by —u;j —vjk—uk' —u;jk. Higher-order terms may also be included in
the Hamiltonian, although one would expect the higher-
order terms to be vanishingly small.

We present in the following a method for calculating
he and the various interaction energies. We have illus-
trated in Fig. 2 the two types of threefold hollow sites (fcc
and hcp), the pair interactions p; between two ith-
nearest-neighbor sites (i =1—6), the triangular interac-
tions t~ linking three adatoms located at the vertices of
the jth smallest equilateral triangular (j =1,2, 3), and the
hexagonal interactions hk linking six adatoms at the ver-
tices of the kth smallest regular hexagon ( k =1—4). It is
clearly seen that t&, t2, and t3 are associated with the

M mm ma3INm m3m

FIG. 1. Possible ordered overlayers on honeycomb lattice.
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agonal interactions on close-packed surface of fcc and hcp met-

als. Solid circles represent surface atoms, dashed circles
represent subsurface atoms.

(1X1), (~3X~3), and p(2X2) structures of Figs. 1(h),
1(c), and 1(a), res ectively; h2, ii3, and h4 are associated
with the (~3X 3), (2X2), and (7X7) structures of Figs.
1(f), 1(d), and 1(b},while a combination of Iii and ti leads
to a Kagome arrangement associated with the p(2X2)
structure of Fig. 1(g}. Ii i is not associated with any of the
ordered structures illustrated in Fig. 1, since we have im-

posed at the outset nearest-neighbor exclusion.
The method employed is an embedded cluster model,

which has been presented in detail elsewhere. Prelimi-
nary results for H on Ni(111) have already baal pub-
lished. In addition to these results, we also present re-
sults for hydrogen adsorption on the close-packed surfaces
of Ti, Co, Cu, Ru, Rh, and Pd. The formalism is briefly
described in Sec. II, and the results and discussion follow
in Sec. III.

II. FORMALISM

As discussed in the Introduction, the important quanti-
ties relating to order or disorder on the surface are the

5E'= ——I [5g(E}—5ii(E)]dE, (2)

where 5„(5il ) is the integrated change in density of states
introduced by one hydrogen adatom occupying the fcc site
(site A) or the hcp site (site 8), i.e.,

—15s(E)= arg 7sOO, s00 g 7sOOilm (T )ilm, jl'm'
2 i,j

& &pl'm, sOO (3)

where s =A,B The su. mmation is over all the metal sites
in the cluster and their orbital and azimuthal quantum
numbers I and ni. The scattering matrix elements are
given by

difference in binding energy between hydrogen atoms ad-
sorbed in fcc or hcp hollow sites and the various interac-
tion energies linking two or more adatoms. In order to
calculate these quantities, we represent both the adatoms
and the metal atoms by spherically symmetric potentials
inscribed within muffin tins. For the metal atoms self-
consistent bulk band structure potentials were chosen, 5

while for the hydrogen atoms the potential was
parametrized in such a way that it produced a doubly oc-
cupied bound state just below the bottom of the sp band
when immersed in bulk jellium, as observed in first-
principles calculations for a H proton in jellium of density
ps & 1.9 a.u. The potential outside the muffin tins is as-
sumed to be constant except for a planar infinite discon-
tinuity which represents the surface potential. It is then
found that the change in the sum of one-electron energies
upon moving the hydrogen adatom from the fcc to the
hcp site is given by

film, jl'm'

-i5,
Sil5li5mm +45 g i IPPP [hP(kRil)F('m (Rii} ( —1)'+ h—i-(kRgg)I"i'm-(RJ )],

sin5; l lsl It

where 5; l are the i-dependent phase shifts produced by
the potential inside the muffin tin centered on site i, R,j is
the vector joining site i to site j and R+~ is the vector join-
ing i to the image of j in the plane of the infinite barrier,
hl are the spherical Hankel functions, and III q- are the
Gaunt integrals.

Clearly 5E' represents only the change in the sum of
one-electron energies as the hydrogen atom is moved from
the fcc to the hcp site and not the difference in binding

energy he between the sites. One way to calculate he is to
use the effective-medium model s which basically tells us
that he is made up of the two terms

be=5E'+&& ((n„))—&+ ((n )),

(n)= J bp(r)n(r}dr f her(r)dr, (7)

where u is taken as a sphere of radius 2.5 a.u. and n (r} is
represented as a superposition of atomic charge densities

where

hE (n}=&K"' (n) an—
and &A'" (n) is the binding energy of the hydrogen im-
purities to a homogeneous electron gas of density n and
an is an electrostatic term with a, a constant, (n, ), (ns )
are the average charge densities taken over the hydrogen-
induced electrostatic potential b,y at the fcc and hcp site,
respectively, i.e.,
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5'"'(E)= —arg {det[X'"'(E) ]I,
2

X'"' is an ( n Xn) matrix whose elements are given by

(n)
ps prn goo X [TpoO ilm( T )iimjl'm'~jl'ng', qOQ j ~

ij ll'

(9)

(10)

obtained from atomic tables. hq(r) is ««ated with

the assumption that the hydrogen-induced charge density
is zero.

If more than one hydrogen adatom is present on the
substrate surface, then the interaction energy between the
adatoms is given by the following relation:

y(n) (I) E E E 8
r=1

where 5, is given by (2) for different positions
r =1,2, . . . , n which one adatom occupies and 5'"' is the
corresponding quantity for the n interacting hydrogen

atoms, i.e.,

atoms. The difficulty with this approach is that there is
no symmetry at either of the two sites and consequently
the cluster size is limited. Another approach one could
use is to consider different clusters for each site and thus
to calculate the binding energies separately. The clusters
can be constructed shell by shell. One starts with the
three atoms closest to the adsorption site; one then intro-
duces the nearest neighbors, next-nearest neighbors, and
so on. The advantage of this approach is that the symme-
try of the adsite (symmetry 3) may be used to reduce the
size of the matrix T considerably. The disadvantage of
this approach is that the binding energy of the hydrogen
atom to the two different sites is calculated using two dif-
ferent clusters, in which case, effects due to the different
cluster configurations may be introduced.

In the calculation of the multiple adatom interactions,
we have used the symmetry of the adatom ring as much
as possible and constructed clusters accordingly. The 19-
atom cluster illustrated in Fig. 4(a) was used to calculate

and the sum is again over all metal sites in the cluster and
their orbital and azimuthal quantum numbers. Clearly
V'"' corresponds to the different p s for n =2, t~'s for
n =3, and hk's for n =6 (see Fig. 2).

The equation for V'"' is exact to first order in the
change in charge density induced by an adatom at the
sites of the others. The effects due to these changes in

charge density have been discussed within the effective
medium theory for hydrogen adsorption on the (100) faces
of Ni and Pd.~

In order to calculate these quantities, one needs to
specify the cluster of metal atoms. In the calculation of
he we have considered the following procedure of con-
structing the cluster. We have calculated the binding en-

ergies of an atom in an fcc site and then in an hcp site on
the same cluster and subtracted. The cluster used is illus-

trated in Fig. 3 and comprises the three atoms closest to
both hollow sites as well as the nearest neighbors to the
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FIG. 3. Cluster used in calculation of hydrogen binding-

energy difference bebveen fcc and hcp sites. Solid circles
represent surface atoms and dashed circles subsurface atoms.

FIG. 4. Clusters used in calculation of many-adatom interac-
tions. (a) For calculation of h~, h3, h4, t&, and t3 {b}for calcu-
lation of h2 and t2.
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the triangular interactions ti and t3 {symmetry 3) as well
as the hexagonal interactions Iii, hi, and h4 (symmetry
6). For the interactions tz and hz we used the 12-atom
cluster, illustrated in Fig. 4{b) (symmetry 3). For the pair
interactions, very little symmetry is present and both clus-
ters ~ere used.

III. RESULTS AND DISCUSSION

A. Site preference

Results for the difference in binding energy between the
fcc and hcp sites are collected in Table I, for different dis-
tances of the adatom to the surface. d represents in fact
the distance of the hydrogen atom from the jellium edge,
i.e., the plane half-way between the surface and what
would have been the next plane above the surface. We
have indicated the relative contributions arising from the
one-electron term 5E' and the other term arising from
the change in electron density at the adsite:
5E2=bF ((n„))—bE ((nz)). One notices that 5E is
always negative. This is not surprising since the electron
density at the fcc site is smaller than that at the hcp site.
One also notices in general rather small values of 5E2,
which have only a rather limited influence on the final re-
sult for be.

As regards 5E', one notices in all cases very small vari-
ations with d. Large energy differences between the two
sites are recorded in all but ane case, namely, that af nick-
el where very small values af 5E' were obtained. In most
cases, the fce site is more favorable to the hydrogen ada-
toms than the hcp site. One exception is that for
H/Cu(111) where a preference for the hcp site is recorded.
These results are in partial agreement with our awn previ-
ously published results~' where different clusters were
used. In particular two distinct clusters were used for the
calculation of the two binding energies at the different
sites. The major differences between the two sets of re-
sults are for Cu and Pd where in our previous work, very
small values of 5E' were obtained. '

We thus flnd that in most cases there is a substantial
preference of the hydrogen adatoms for one of the hollow
sites (the fcc site for Ti, Co, Ru, Rh, and Pd and the hcp
site for Cu), implying that for these metals it is very un-

likely that any of the ordered structures requiring simul-
taneous occupation of the two types of hollow site [the
(7X7) and (2X2) structures of Figs. 1(b}and 1(d}]will be
formed. The one exception is for Ni„where basically no

preference is shown for either type of site and thus one
cannot, at this stage, discriminate between any of the or-
dered structures illustrated in Fig. 1.

The results for Ti(0001) are in excellent agreement with
the results from other calculations, ' ' where it was found
that the fcc site is preferred to the hcp site by an energy of
0.2 eV.

S. Multiple-adatom interactions

We begin with a short description of the results for the
quantities 5'"' which represent the integrated change in
density of states, with respect to E, when n interacting
adatoms are introduced onto the metal cluster. Plotted in
Fig. 5 is the particular case 5' ' for six adatoms in the
hexagonal ring arrangement: hi of Fig. 1(d} for the
Ni(111) surface and for d =0. In the inset, we have also
plotted the various companents in the symmetry decom-
position of 5' '. Also plotted is the corresponding quanti-
ty for six noninteracting adatoms, i.e.,

6

b,{E)=+5,(E).

One notices that the hydrogen-induced resonance which
is due to the coupling of the ls orbital of the adatom with
both the sp and d bands of the substrate is split into a
series of resonances when the adatoms are allowed to in-

teract with one another. Due to symmetry reasons, there
are four of these resonances, two of which are doubly de-

generate. Although quite substantial, this splitting is less
pronounced than in cases where the adatoms are even
closer together. One also notices quite important differ-
ences between 5'6' and b, in the region spanned by the Ni
d bands and in particular in the lower part of the d band,
indicating that d states from this energy region have a
strong influence on the interadatom bonds.

In Fig. 6, the same quantities are plotted for the hexag-
onal ring arrangement h2 of Fig. 1(f). Comparing the two
sets of results one observes, first of all, a larger splitting of
the hydrogen-induced resonance in the case of h 2 which is
due to the closer proximity of the adatoms in this arrange-
ment. One also observes in this case less inarked differ-
ences between b, and 5' ' in the d-band region implying a
less-pronounced participation of the d bands in the cou-
pling between the adatoms. In order to better illustrate
the differences between the two sets of results, we have
plotted in Fig. 7(a} the difference curves 5' ' —b, in both

TABLE I. Difference in binding energy: he between the fcc and hcp hollow sites (in meV) for vari-

ous values of d {in a.u.}. Contributions to he arising from one-electron term 5E and effective medium

term 5E are given in parentheses as (5E'+5E ).

T1
Co
Ni
Cu
RQ

Rh
Pd

0.0

—92 ( —89—3)
-49 {-33-16)
—13 {1—14)

50 {55—5)
—137 ( —126—11)
—109 ( —100—9)
—91 (91+0)

—92 ( —90—2)
—45 {—31—14)
—9 (3—12)
51 (54—3)

—137 ( —127—10)
—105 ( —98—7)
—88 {—88+0)

0.2

—91 ( —90—1}
—42 ( —30—12)
—7 (3—10}
52 (53—1}

—136 ( —129—7)
—101 ( —96—5)
—86 ( —86+0)
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10

0
0 01 02

FIG. 5. Integrated change in density of states 56, arising
when six interacting hydrogen adatoms, arranged in an h3 con-
figuration, are made to interact with the Ni cluster (solid curve)
with corresponding quantity for six noninteracting H atoms
(dashed curve). In the inset are represented the four different
symmetry components of 5 [5 =5q +2(5s+5c }+5Dj.

nearest-neighbor hollow sites on the surface. This is in
agreement with experimental data which shows that the
hydrogen saturation coverage on the Ni(111) surface is
equal to 1 and thus far smaller than the value of 2 which
occupation of all the threefold hollow sites would entail.
This therefore reinforces our original assumption of
nearest-neighbor exclusion in our description of the most
plausible ordered overlayers which are likely to be formed
on the substrate surface (see Fig. 1). As regards the hi
ring, the interaction is small in magnitude and oscillates
around 0 for varying values of d. The hs ring gives a
pronounced attractive interaction (by far the most attrac-
tive of the four hexagonal rings), which is in accord with
the LEED findings of Ref. 24. Finally, the h4 ring gives
rise to a very small attractive interaction. As far as the
triangular rings are concerned, one notices a very attrac-
tive interaction for the ti configuration and small repul-
sive interactions for the other two configurations. It
should be emphasized that a direct comparison of the two
sets of results (for the hexagonal and triangular rings) is a
little misleading, since, when taken over a whole layer,
each hexagonal ring contributes two hydrogen adatoms,
whereas each triangular ring contributes only half an ada-
tom.

In order to interpret these results further, it proves use-
ful to decompose the interaction energies into their con-

these cases.
In Fig. 7(b) we plot the corresponding quantities for the

triangular rings in the arrangements of it, &2, and &3 ~

expected the largest splitting of the hydrogen-induced res-
onance is for the case where the adatoms are closest to-
gether (i.e., the ti configuration) and it decreases with in-
creasing interadatom distance. On the other hand, one
notices rather large disturbances in the d band for the t&

configuration, indicating once more that the couphng be-
tween the hydrogen atoms in this configuration is strongly
influenced by the Ni d states.

I.et us now turn to the interaction energies. Collected
in Table II are the values of V' ' for the hexagonal rings
h; (i =1—4) and V(s' for the triangular rings t;
(i =1—3), for H/Ni(111) and for different values of d.
One notices very large repulsive interactions for the small-
est hexagonal ring hi, in which the adatoms are at

01 02

],EF

I

03 E {a.u-)

(b}

10

1

01
i

02 03

EF

E {a.u. )

0.1

I

0.2 03

FIG. 6. Corresponding quantities for six H atoms arranged
in an h~ configuration (5 =5~+26~).

PIG. 7. (a} Difference curves: 5 —g,. 5;, for the cases illus-

trated in Fig. 5 (solid curve} and Fig. 6 (dashed curve). (b)
Difference curves: 5 —+,. 5;, for the triangular ring arrange-
ments tl {solid curve), t2 {dash-dotted curve), and t3 (dashed
curve).
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TABLE II. Multiple-adatom interactions (in meV) for six adatoms in hexagonal rings and three ada-

toms in triangular rings for H/Ni(111) for different values of d (in a.u.).

t'2

0
0.1

0.2

2164
1736
1187

—23
—3

12

—5
4

8
13
17

—53
—49
—45

I8 pN= —ep$—ni —gu~n;n —beg n; (12)

and ep ——e+p. The ground-state energies of each of the
ordered structures illustrated in Fig. 1 can be obtained
quite simply and we find

Uz ———(op+ 3@6)/8,

Uii ———(2'+ 6@4—he) /14,

Uc= —(eo+3ps)/6

UD —— (2ep+ 3p—i+ 6@6—b,e)/8,

stituent pair interactions. We have calculated the pair in-
teractions for two adatoms in up to sixth-nearest-neighbor
hollow sites. Results for the H/Ni(111) system are col-
lected in Table III. As a first and very important observa-
tion, we remark upon the excellent agreement which exists
between the 3 (or 6) adatom interactions and the relevant
sums of pairwise interactions (e.g., for the h2 ring we take
the sum of pair interactions corresponding to 6pz
+6p5+ 3@6,etc.).

In fact all the information which has been obtained al-

ready by consideration of the hexagonal and triangular
rings is contained in Table III. We notice very repulsive
nearest-neighbor interactions (pi} which are at the origin
of the nearest-neighbor exclusion, strongly attractive
sixth-neighbor interactions (p6) which are at the origin of
the formation of the ordered structures of (2X2) symme-

try, fairly attractive third-neighbor interactions (ps)
which stabilize the graphitic (2 X 2) overlayer, slightly
repulsive second-neighbor interactions (p2 ) which act
against the ordered structure of (1X1) symmetry and
negligible fourth- and fifth-neighbor interactions which
eliminate the possibility of formation of structures of
(~3X~3) and (7X7) symmetry.

A consideration of the pairwise interactions therefore
gives us all the information required to arrive at general
conclusions regarding the formation (or not) of ordered

hydrogen overlayers on metal surfaces.
The lattice-gas Hamiltonian [Eq. (1)] can thus be sim-

plified to take account of only the pairwise interactions:

U.= ("+-~i+i 5+3l 6)/4,

U~ = &o/3—(p2+—&p5 +ps)/2

UG ———3(ep+ 2@z+2ps +3@6)/8,

UH (+0+312+3P5+3ii6)/2

If one uses the p values of Table III and the b,e values
of Table I one finds that the (2 X 2) graphitic structure is
the most stable over a wide range of ep. The only effect
which might change this state of affairs would be the in-
troduction of a fairly repulsive b,e which would act
against the honeycomb (2X2) structure [see Fig. 1(a)] and
in favor of the triangular (2X2) structure of Fig. 1(a), the
rectangular (2X 1) structure of Fig. 1(e), and the Kagome
(2X2) structure of Fig. 1(g}.

The experimental results of Christmann et al showed.
the presence of an ordered structure of (2X2) symmetry
over a wide range of coverages between e=0.2 and 0.6.z

Theoretical derivations of the phase diagram of the transi-
tion temperature versus hydrogen coverage, using a
renormalization-group calculation, have shown that, for
a model with nearest-neighbor exclusion (p, = + ao ),
second-neighbor repulsion (p2 &0},and no further neigh-
bor interactions (p; =0, i & 2}, the range of hydrogen cov-
erages is far narrower than in the experimental case
(0.45 (8~0.52}. A more recent calculation, also using
renormalization-group theory, but including up to sixth-
neighbor interactions, shows a much wider range of hy-
drogen coverages where the (2X2) structure may be
formed. Long-range interactions are thus of great impor-
tance in the description of the experimental phase dia-
gram, as they are also seen to be in the present work.

We now consider other systems specifically. We start
with the case of H/Ti(0001). We recall first of all that a
pronounced preference for the fcc site was recorded (see
Table I} and this will act against the formation of the
honeycomb structures of (7X7) and (2X2) symmetry [see
Figs. 1(b) and l(d)]. The pair interactions for different
values of d are given in Table IV. If one uses these values
in the expressions for the ground-state energies, one finds
that the (1 X 1) structure [see Fig. 1(h)] is the most stable
of those illustrated in Fig. 1, for all values of ep.

We now consider H/Co(0001). The results for the pair

TABLE III. Pair interactions (in meV) for H/Ni{111) for dif-
ferent values of d (in a.u.). TABLE IV. Pair interactions for H/Ti(0001).

0
0.1

0.2

400
310
220

—6
—5

0
0.1

0.2

—8
—8
—8

p3

—30
—27
—26

—13
—11
—10

ps
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TABLE V. Pair interactions for H/Cow, '0001}. TABLE VII. Pair interactions for H/Ru(0001).

0
0.1

0.2

p6

—18
—17
—15

0
0.1

0.2

p4 ps

—13
—13
—13

interactions are collected in Table V. These are very simi-
lar to those for H/Ni(111) (see Table III}. The main
difference between the two chemisorption systems are
with respect to the b,e values. Whereas for Ni typical
values were small (i.e., & 10 meV), for Co, b,e is found to
be about five times larger. This has important conse-
quences with respect to which structures are formed on
the surface. The graphitic (2X2} structure is no longer
the most stable, and one finds from the ground-state ener-

gies that for different values of eo (i.e., for different cover-

ages), the triangular (2X2), the rectangular (2X1) and
the Kagome (2X2) structures may be formed, before the
saturated ( 1 X 1 ) structure is fofflled.

For H/Cu(111), one finds again a fairly large value of
b,e, but this time the preference is for the hcp site. The
pair interactions for this system are collected in Table VI;
one finds that these are generally small, indicating
perhaps a tendency for none of the ordered structures il-
lustrated in Fig. 1 to be formed. Substituting these values
in the expressions for the ground-state energies, one finds
that the two structures of (v 3 Xv 3) are marginally more
stable than any of the other structures.

We now consider H/Ru(0001). The binding-energy
difference between the fcc and hcp sites is the largest one
found for the seven metals studied here. The pair interac-
tions are tabulated in Table VII. Substitution of the pI
values in the expressions for the ground-state energies
shows that the (1X1}structure [see Fig. 1(h)] is the most
stable for all values of eo.

For H/Rh(111), the situation is reminiscent to that
found for H/Co(0001). The results for the pair interac-
tions are collected in Table VIII. The repulsive be acts
against the graphitic (7X7) and (2X2) structures. The
large attractive p6 favors the structures of (2X2) and
(2X1) symmetry. The repulsive pq ensures that the
(1 X 1) structure is not formed over all H coverages. Sub-
stituting for the p values in the expressions for the
ground-state energies shows that the triangular p(2X2),
the rectangular (2 X 1), and the Kagome (2X2) structures
are at different hydrogen coverages the most stable of the
structures illustrated in Fig. 1.

Finally, let us consider the case of hydrogen on palladi-
um. This system has been the object of a number of re-
cent investigations. The LEED study of Felter and Stulen

shows the presence of two ordered superstructures of
(v 3XW3} symmetry which they attribute to the forma-
tion of the ordered overlayers depicted in Figs. 1(c) and
1(f). The embedded-atom calculation of Foiles and
Daw show that the structure of (~3XV 3) symmetry
have indeed lowest energy, especially if the hydrogen
atoms are made to occupy subsurface octahedral sites.
The notion that hydrogen atoms penetrate below the sur-
face has also been advanced by Chan and Louie~ in their
attempts to interpret the ARUPS results of Ref. 3. In
these experiments, a marked difference between the spec-
tra recorded at low temperatures and those taken at room
temperature was observed. At low temperatures ( T & 150
K) the spectra showed the presence of a hydrogen-induced
state located below the metal d bands and a rearrange-
ment of states within the d band. At room temperature,
the spectra were more reminiscent of those obtained for
the clean Pd(111) surface, although the presence of the
hydrogen atoms was detected at or near the surface. Chan
and Louie's interpretation of these results is that at low
temperatures, the hydrogen atoms adsorb above the sur-
face in the threefold hollow sites and form an ordered
(1 X 1) layer, whereas at higher temperatures the hydrogen
atoms penetrate below the surface and occupy subsurface
octahedral sites, in which case the calculations show that
the hydrogen-induced state has no d character. On the
other hand, Chubb and Davenport give a different inter-
pretation of the photoemission results. In this work, they
attribute the differences in the photoemission spectra to a
decrease in hydrogen coverage as the temperature is
raised. Our own tentative interpretation is that the hy-
drogen atoms may occupy different sites on the surface,
and that considerable mobility of the H atoms may be ex-

pected.
Assuming that the hydrogen atoms are adsorbed in the

threefold hollow sites, we have calculated the difference
he in binding energy between the fcc and hcp sites, which
is given in Table I, as well as the pair interactions which
are tabulated in Table IX. The large value of b,e rules out
the two graphitic structures of (7X7) and (2X2) symme-
try [see Figs. 1(b) and 1(d)]. The only fairly attractive in-

teraction is p6, while pq is repulsive and p3, p4, and p5
are practically zero. Substitution of these results in the
expression for the ground-state energies shows that the

TABLE VI. Pair interactions for H/Cuc, '111). TABLE VIII. Pair interactions for H/Rh(111).

0
0.1

0.2

p6

0
0.1

0.2

p3

0
—1

0

—21
—21
—20
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TABLE IX. Pair interactions for H/Pd(111}.

0
0.1

0.2

p2

10
11
12

—1

0
1

ps

—10
—10
—9

structures of (2 X 2) symmetry are more stable than any of
the others and one would expect that at different values of
eo, the triangular (2)&2), the rectangular (2X 1), and the
Kagome (2X2) structures may be formed. These results
are in disagreement with the LEED data of Ref. 25. The
very small values recorded for ps and the comparatively
much larger values of ps are responsible for our con-
clusions. We have also calculated many adatom interac-
tions in the hope that the many-body contributions might
correct the trend, but these corrections proved to be ex-
tremely small and exerted no influence on the final order-
ing of the different structures. The present model, which
showed remarkable agreement with experiment for
H/Ni(111), falls short of agreement with the experimental
findings for H/Pd(111).

In trying to determine the reasons for this discrepancy,
we have looked at various possibilities which might have
an infiuence on the results. We have looked at the possi-
bility that the hydrogen atoms are not adsorbed in the
threefold hollow sites above the surface. In particular, we
have looked at the possibility that the H atoms are located
in bridge sites, which proved to be rather attractive to the
H atoms. io The lattice which is available for occupation
by the hydrogen atoms is a Kagome lattice instead of the
honeycomb lattice encountered for center-site adsorption.
The situation in this case is rather more complex than
that experienced for the honeycomb lattice and we have
by no means considered all the possible ordered overlayer
configurations which may arise on that lattice. Neverthe-
less, we did look at the structures of (~3X~3) syinmetry
and found these not to be in any way more attractive than
other structures. We have also considered the possibility
that subsurface sites are occupied, but found that these
sites were considerably more repulsive to the hydrogen
atoms than were surface sites.

Finally, we considered the possibility of a uniform re-
laxation of the surface. Some changes in the calculated
values of the different p's were recorded. In particular, it
was found that a uniform contraction of the surface plane
resulted in a reduction of the attractive interaction p6 and
a reduction of the repulsive interaction pz, with very little
change in the values of the other interactions. The gradu-
al decrease in p6 makes it more difficult for the structures
of (2 X2) and (2 X 1) symmetry to be formed, however the
lack of any attractive p5 would still act against the forma-
tion of structures of (i/3 X~3) symmetry. An outward
relaxation of the surface results in the opposite effect,
namely, p6 becomes more attractive and thus the struc-
tures of (2 X 2) and (2X 1) symmetry are even more stable
than in the unrelaxed case. Finally, we note that the mag-
nitude of this effect is rather small and one would need a

substantial contraction ( & 10%) of the surface plane in
order for the values of p& and p6 to become comparable.
Such a large contraction would seem rather unrealistic in
the case of a close-packed surface of a transition metal.
We must thus rule out relaxation of the surface as a possi-
ble explanation of the discrepancy between our results and
the experimental data.

Other possible reasons for the discrepancy include the
inadequacies of the present model, amongst which we
note the fact that bulk band structure muffin-tin poten-
tials were used to describe the metal atoms, i5 while the
clusters of metal atoms included surface atoms only.

IV. CONCLUSION

We have presented a model for the calculation of in-
teraction energies between H adatoms on the close-packed
surface of fcc and hcp transition and noble metals. As-
suming that the H adatoms occupy threefold hollow sites,
then the important parameters regulating the formation of
ordered overlayers on the surface are the difference in
binding energy h,e between the fcc and hcp hollow sites
and the various interaction energies between the adatoms.
The values of he were found to be fairly large for most of
the metals studied here and could thus not be neglected in
the description of the stability of the various ordered
structures. This meant that ordered overlayers requiring
the simultaneous occupation of both types of hollow sites
were found to be rather unstable. The exception was for
H/Ni(111) where very small values of be were recorded
and where the most stable structure was a honeycomb
structure in which both types of hollow sites were occu-
pied.

Calculation of multiple-adatom interactions showed
that these may be written, to a high degree of accuracy, as
the relevant sum of pair interactions, thereby indicating
that multiple-adatom effects are small and should not
play an important role in the description of the stability of
the overlayers. Nearest-neighbor interactions were found
to be very repulsive in all cases, indicating that only or-
dered structures with nearest-neighbor exclusion could be
formed. Long-range interactions were found to be non-

negligible, especially in the case of the sixth-neighbor in-

teraction, which proved to be at the origin of the greater
stability of a number of ordered overlayers with (2)&2)
symmetry.

The stability of the most plausible ordered overlayers
on a honeycomb lattice was analyzed through comparison
of the ground-state energies of the various structures.
Comparison with experiment was made whenever possi-
ble. Excellent agreement with the experimental data for
H/Ni(111) was obtained, but major discrepancies with the
data for H/Pd(111) were also found.
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