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Hydrogen adsorption on the~101̄0! surfaces of Ru and Re leads to the formation ofc(232)-3H
phases. As determined by quantitative low-energy electron diffraction~LEED! and density
functional theory calculations, hydrogen atoms, as expected, occupy threefold coordinated hcp sites
along the densely packed rows and the unexpected short-bridge sites along the ridges in both
c(232) phases. The Ru and Re substrates reconstruct only weakly and in a very similar fashion
under hydrogen chemisorption. Most notably, there is a buckling in the third substrate layer of about
0.06 Å. Probably~though not outside the limits of error!, there are also slightly lateral displacements
~0.02 Å! of top-layer substrate atoms which are bridge-coordinated to hydrogen. The metal–
hydrogen bond lengths determined for both surfaces correspond to hydrogen radii in the expected
range of 0.4–0.7 Å. ©1998 American Institute of Physics.@S0021-9606~98!01320-8#

I. INTRODUCTION

In the past, numerous studies were devoted to the inter-
action of hydrogen with metal single-crystal surfaces,
whereby, less frequently, adsorption geometries were also
determined~for reviews, see Refs. 1–5!. Various quantitative
structure determinations using low-energy electron diffrac-
tion ~LEED! and helium or neon diffraction~see, e.g., Refs.
5–7! disclosed that hydrogen atoms frequently prefer high-
symmetry and high-coordinated adsorption sites. For hex-
agonal or nearly close-packed surfaces, such as fcc~111!,
hcp~0001!, and bcc~110!, or for close-packed microfacets on
more open surfaces, such as fcc~110!, these are the threefold
coordinated hollow sites. Up to now, only for bcc~100! sur-
faces twofold symmetric bridge sites were identified for the
H-saturated 131 phases on W~100!,8–10 Mo~100!,10,11 and
Mox Re12x(100).12 In the submonolayer regime, the bridge-
bonding hydrogen atoms induce a dimerlike reconstruction
of W~100!9,10 and Mo~100!.10,11

Hydrogen adsorption is usually accompanied by a modi-
fication of the geometric arrangement of substrate atoms.
This effect ranges from the mere alteration of layer spacings,
i.e., of the substrate’s multilayer relaxation, over relatively
weak substrate reconstructions with small displacements of
atoms to severe bond breaking reconstructions which may
even include the removal of substrate atoms.5,13 In the latter
two cases, the LEED intensities of the fractional order beams
are governed by the substrate reconstruction, and therefore,
the intensities are much larger than those expected from hy-
drogen scattering alone.

In view of the tendency of hydrogen to occupy high-
coordinated sites, it is interesting to investigate H adsorption
on more open surfaces with their variety of differently coor-
dinated adsorption sites. Such a surface is that of hcp~101̄0!
which is displayed in Fig. 1 with its two possible termina-
tions. On Re(101̄0) and Ru~101̄0! hydrogen atoms order into
a c(232) structure at coverageuH53/2 which transforms
into a (131) structure at saturation coverage (uH52).14–16

The strong LEED intensity of the fractional-order beams of
bothc(232)-3H phases already indicates that at least some
H-induced local displacements of the substrate atoms must
be involved. The similarity between the chemically rather
different metals extends also to the thermal desorption states
of hydrogen, indicating that the H metal bondings are of
comparable strengths at Re(1010̄) and Ru~101̄0!. From these
considerations it was proposed that the local adsorption ge-
ometry of the c(232)-3H phases on Re(1010̄) and
Ru~101̄0! surfaces should be very much alike.16 Recalling
that hydrogen atoms prefer to reside in high-coordinated
sites, a tentative structure model was suggested16 which al-
lows for vertical displacements of single substrate atoms in
the top layer to account for the strong LEED intensities of
fractional order beams. Yet, this model was based on quali-
tative arguments rather than on a quantitative structure deter-
mination. In the present paper we close this gap and report
on quantitative LEED analyses of thec(232)-3H phases on
Re(101̄0) and Ru~101̄0! which are supplemented by some
first-principle calculations. It turns out that the picture of
hydrogen adsorption described above is incomplete and that
hydrogen atoms occupy threefold and twofold coordinated
sites.

a!Author to whom correspondence should be addressed. Electronic mail:
over@fhi-berlin.mpg.de; Fax:1149-30-84135106.
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II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Both the LEED experiments and the intensity analyses
were carried out in different laboratories for the two surfaces.
We therefore provide some details about the experiments and
the data analyses separately for the two adsorption systems.
The density functional theory~DFT! calculations were per-
formed only for the H-Ru~101̄0! system. Both the Ru and Re
sample consisted of small~area ;1 cm2! single-crystal
wavers of 5 N purity, x-ray oriented and cut to within 0.5°
and mechanically polished.

A. Hydrogen adsorption on Re „101̄0…

The chamber contained four-grid backview LEED op-
tics, a HREEL spectrometer, and a Kelvin probe for work
function measurements. Rather high temperatures achieved
by indirect heating had to be applied for the chemical clean-
ing of the Re sample through oxygen/hydrogen treatment.
The clean surface was characterized by a sharp LEED pat-
tern with a very low background as well as by Auger spectra
which did not exhibit any indications of S, C, or O impuri-
ties. After preparation, the crystal was cooled to about 120 K
and exposed to 15 L hydrogen. This was sufficient to pro-
duce the optimum coverage for the formation of the
c(232!-3H phase.15,16 The fractional-order LEED spots
were well visible exhibiting an energy averaged~50–400
eV! intensity level of about 6% with respect to integral-order
beams. The LEED IV curves were collected at a sample
temperature of about 120 K using a computer-controlled
video technique.17 Unfortunately, because of restrictions im-
posed by the sample holder, the exact adjustment of normal
incidence of the primary beam was not possible. While the
direction of incidence could be adjusted to fall within the
~0001! plane, the incidence angle within that plane with re-
spect to the surface normal could only be estimated (u
'3.4°). Moreover, upon varying the energy, it was not pos-
sible to keep this angle strictly constant because of residual

magnetic and/or electric fields. As a consequence, the degen-
eracy of beams symmetrically equivalent at normal incidence
is lifted, yielding a rather large cumulative width of the data
base. For the clean surface the total energy range was 3900
eV by measuring 16 symmetrically inequivalent beams in the
energy range 50–400 eV. For thec(232)-3H phase 13
symmetrically inequivalent integral-order and nine half-order
beams were analyzed corresponding to a total data base of
3280 eV. Of course, not knowing the precise angle of inci-
denceu and its variation with energy required extra compu-
tational work, i.e.,u and its energy dependence had to be
treated as independent fit parameters during the analysis.
This was performed only once for the clean surface, and the
result was used for the subsequent analysis of the
c(232)-covered phase.

The intensity analysis was performed using the Barbieri/
Van Hove symmetrized automated tensor LEED package,18

in which the perturbation method tensor LEED19 is com-
bined with an R factor directed automated search
algorithm.20 Atomic scattering was described by relativisti-
cally calculated phase shifts which were corrected for ther-
mal vibrations. These were considered by independent varia-
tion of the Debye temperatures of the first two substrate
layers and using the bulk value~430 K! for deeper layers.
Hydrogen was assumed to vibrate with the same amplitude
as top substrate layer atoms which is equivalent to Debye
temperatures of about 2500 K. For the nominally clean sur-
face the data were calculated up to 400 eV requiring a total
of 11 phase shifts, for the analysis of the hydrogen-covered
phase 10 phase shifts proved to be sufficient up to 300 eV.
The use of renormalized forward scattering~RFS!21 in the
mentioned program package required to treat the close
spaced pairs of layers in the~101̄0! surface~see Fig. 1! as
composite layers. Special care was taken not to leave the
validity range of tensor LEED during the search procedure.
Whenever the algorithm found a structure with one or more
atoms having moved away from the reference position~s! by
more than 0.02 Å~Re atoms! or 0.05 Å ~H atoms!, a new
reference calculation at the new position~s! was performed.
In this way, errors due to the tensor LEED approximation are
largely avoided. For the quantitative comparison of experi-
mental and calculated data and for directing the search, again
the PendryR factor RP ~Ref. 22! was used.

B. Hydrogen adsorption on Ru „101̄0…

The LEED experiments for this adsorption system were
conducted in an ultrahigh vacuum chamber with a base pres-
sure 1310210 mbar and equipped with four-grid LEED op-
tics, a cylindrical mirror analyzer for Auger electron spec-
troscopy~AES!, and the usual facilities for surface cleaning
and characterization, as described in more detail elsewhere.23

The sample was cleaned by argon ion bombardment at 1 keV
followed by cycles of oxygen adsorption and thermal desorp-
tion in order to remove surface carbon, the main contaminant
at the surface. Final traces of oxygen were removed by flash-
ing the surface to 1530 K, resulting in a sharp (131) LEED
pattern. Thec(232)-3H phase was prepared by exposing
the clean surface to 1.1 L hydrogen at 110 K. Using a video-
LEED system,17 intensity spectra were recorded at a sample

FIG. 1. Hard-sphere model of the hcp~101̄0! surface~numerical interlayer
spacings are given for Re!. For Ru the values are 0.78 and 1.56 Å, respec-
tively.
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temperature of 110 K and at normal incidence of the primary
electron beam for both the clean and adsorbate-covered sur-
face.

For the clean surface it turned out that the LEED IV
curves changed substantially within a few minutes which is
of the order of the data acquisition time. As AES measure-
ments indicate a clean surface, we conclude that the change
of LEED intensity is very likely due to adsorption of hydro-
gen which is inevitably present in the residual gas. Therefore
we recorded an additional set of data at 430 K, a temperature
where hydrogen is not adsorbed anymore at the surface. The
LEED IV curves of thec(232)-3H phases turned out to be
largely unaffected by residual gas contamination. They were
taken for two fractional and five integral-order beams. The
resulting cumulative data bases were 2165 eV for the clean
surface and 1050 eV for the hydrogen-coveredc(2
32)-3H phase.

For the full-dynamical analysis of the LEED data a pro-
gram developed by Moritz24 was applied. Besides standard
computational schemes for the calculation of intensities it
uses a least-squares optimization scheme25 in order to per-
form the simultaneous and automated refinement of struc-
tural ~and nonstructural! parameters. The degree of agree-
ment between calculated and experimental data was
quantified by the Pendry reliability factorRP ~Ref. 22! which
was also the functional to be minimized in the optimization
scheme. The scattering from Ru and H atoms was treated by
using up to nine phase shifts which were corrected for ther-
mal vibrations, employing Debye temperatures of 420 K for
Ru and 950 K for H held constant during the analysis. The
phase shifts have been successfully used in previous
LEED analyses of O/Ru(0001),26 H/Ni(110),27 and
H/Pd(110).28 The intensity analysis was carried out in two
steps. First, an exhaustive grid search over a wide range in
parameter space was conducted for thec(232)-3H phase
with the unrelaxed substrate and the hydrogen atoms located
in various positions~see below!. In the next step, starting
from the optimum parameter values found by the grid
searches, automated structure refinements were carried out.
Apart from the first three layer spacings, lateral and vertical
displacements of Ru atoms in the first, second, and third
layer as well as of H atoms~preserving the corresponding
local symmetry of the adsorbate! were refined.

The density functional theory calculations are similar to
those of the related work of oxygen on Ru~101̄0!.29 For com-
pleteness we repeat the main details. We employed the gen-
eralized gradient approximation~GGA! of Perdewet al.30

for the exchange correlation functional. The action of core
electrons of ruthenium on valence electrons is replaced by a
norm-conserving, fully relativistic pseudopotential using the
scheme of Troullier and Martins31 with core radii r c

l 50.2

52.48 bohr andr c
l 5152.78 bohr, and thes component was

used as the local component in the Kleinman–Bylander fully
separable construction.32 For hydrogen the plain 1/r potential
was used. In thec(232) cell we were not able to employ
the samek-point sampling as in the earlier calculations, so
we did the calculations for both a clean and a hydrogen cov-
ered surface using 12 Monkhorst–Pack points33 in the irre-
ducible Brillouin zone~IBZ! of the c(232) cell, equivalent

to 24 points in the IBZ of the (131) cell. To stabilize the
Brillouin zone integration, the occupation numbers were
broadened using a Fermi function with a width of 0.1 eV; the
total energies were extrapolated to the case of no broadening.
The surface was modeled using the supercell approach with
eight layers of Ru~101̄0! and placing hydrogen on one side
of the slab. The calculation scheme allows for the automated
relaxation of electrons and atoms, where we relaxed the po-
sitions of the H atoms and the atoms in the top two Ru
layers, keeping the lower five Ru layer spacings fixed at the
bulk values.

III. RESULTS FOR THE ‘‘CLEAN’’ SURFACES

As evident from Fig. 1, two terminations are possible for
an hcp~101̄0! surface due to its double layer structure. As
both the Re and Ru crystals have similar lattice parameters
@a(Re)52.775 Å, a(Ru)52.695 Å, c(Re)54.449 Å,
c(Ru)54.274 Å34#, the interlayer surface corrugations char-
acteristic of the two terminations also resemble each other.
This is about 0.8 Å for the termination by a double layer
~termination ‘‘A’’ in Fig. 1! and about 1.6 Å for the termi-
nation by half a double layer~termination ‘‘B’’ in Fig. 1!.
From earlier work on Re(1010̄),35 Co~101̄0!,36 and
Be~101̄0!37 we anticipated that only the double layer termi-
nation with the smaller corrugation will be stable. Since for
Ti~101̄0! the simultaneous presence of both terminations was
reported,38 we tested both terminations for Ru and Re.

A. Clean Re „101̄0…

As already mentioned, the precise angle of incidence and
its possible energy dependenceu(E) area priori not known
from experiment. Consequently, we had to determineu(E)
within the course of the structure determination, a procedure
we applied only to the clean surface and whose results were
then used for the hydrogen-covered phase. As the LEED data
were taken at low temperatures, the surface was presumably
slightly hydrogen contaminated. Therefore, the analysis of
the data is only meant to retrieve the surface termination and
the dependenceu(E).

Focusing first on the double layer termination, we per-
formed a coarse determination of the angle of incidence. As
the experimental estimation isu0'3.4°, in a first step, the
angle was held constant but then varied around this value in
steps of 0.2°. The variation of the first two interlayer dis-
tances and of the surface Debye temperatures produced a
best-fitR factor RP50.24 for u052.2° and the topmost Ru
layer spacing contracted by 5%, while the second spacing
turned out to be already bulklike~bulk values: d12

50.797 Å, d2351.593 Å!. This small value for contraction
is indicative of some hydrogen contamination. When apply-
ing the same analysis to the half double layer termination, an
R factor of onlyRP50.63 was achieved. This rules out the
presence of domains with that termination, as suggested in
earlier work for Co~101̄0!.36

Eventually, we introduced an energy dependence of both
V0r and u, taking advantage of the large data base which
allowed us to fit the two parameters in steps of subsequent
energy intervals of 50 eV. The found values fit well toV0r
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being proportional to 1/AE as also obtained in analyses of
other surfaces~see, e.g., Ref. 39!. The angle of incidence
finally decreases linearly with energy forE,200 eV and ap-
proaches the constant valueu52.2° for E.200 eV. In the
considered energy range~50–400 eV!, this dependence
comes close to a 1/AE, consistent with the presence of some
residual magnetic field. By introducing the energy depen-
dences ofV0r and u, the minimumR factor is further re-
duced toRP50.20, without affecting the best-fit structural
parameters.

B. Clean Ru „101̄0…

As expected, the analysis of data taken at 110 K showed
~cf. Sec. II A! that the surface is somewhat affected by re-
sidual gas adsorption. This is concluded from the result of an
almost unrelaxed surface which is in clear contrast to the
substantial contraction found for the first layer spacing of Re
and Co in earlier investigations.35,36 Yet, the double layer
termination was clearly favored (RP50.25). The termina-
tion by half a double layer produced a very poor agreement
between theory and experiment (RP50.67), so that a coex-
istence of both terminations can also be ruled out. The LEED
data set taken at 430 K~without residual gas contamination!
improved the best fit for the double layer termination to the
level of RP50.18, yielding a relaxation of the first and sec-
ond layer spacings by 1061.5% and12.562.5%, respec-
tively ~bulk spacings:d1251.562 Å, d235781 Å!. These
values are in reasonable agreement with previous results
found for Re,35 Co,36 and Be.37

In the DFT calculations, the clean Ru surface was mod-
eled using an eight-layer slab, and the two first substrate
layers were relaxed. As expected~due to higher coordination
of surface atoms and smaller surface corrugation!, the short
termination is energetically favored by 41 meV/Å2 over the
long-terminated surface. The surface energy of the short ter-
mination is calculated as 176 meV/Å2 which is '15%
larger than our DFT-GGA surface energy for the Ru~0001!
surface (154 meV/Å2). The relaxations of the first and sec-
ond layer turned out to bed12/d05213.7% andd23/d0

520.7%, thus, a slightly larger inward relaxation is ob-
tained than from the LEED intensity data (d12/d0

'210%).

IV. RESULTS FOR THE HYDROGEN-ADSORBED
PHASES

The hcp~101̄0! surface offers several high-symmetry
sites for hydrogen atoms to reside in. Since for both
Re(101̄0) and Ru~101̄0! the LEED IV curves of integral-
order spots do not change very much upon H adsorption, we
expect that the surface termination remains unchanged. Con-
sidering threefold and also twofold coordinated sites for hy-
drogen, we are left with six plausible and essentially differ-
ent models having three H atoms in thec(232) unit cell ~H
coverage of 3/2!. These models are illustrated in Fig. 2
where two further models were added. In model No. 7 the
occupation of on-top sites is allowed because this configura-
tion maximizes the lateral distances between H atoms. In
model No. 8 ‘‘half’’ adatoms, i.e., scatterers of half the hy-

drogen scattering strength, are introduced. This model can be
envisioned as a variant of either model No. 1 with strongly
vibrating bridge atoms or model No. 2 with hydrogen atoms
statistically sitting on one or the other flank of the densely
packed rows. Each of the eight models was thoroughly tested
in the course of the analyses.

Moreover, the analyses had to account for the experi-
mental observation that for both the Re and Ru substrates the
superstructure spot intensities were on a quite high level, i.e.,
about 5%–10% of the integral-order beam intensities on the
energy average. This cannot originate from mere hydrogen
scattering but rather points towards some substrate recon-
structions. Evidence of H-induced reconstructions is also
provided by the fact that the superstructure beams are visible
even at higher energies where the hydrogen scattering be-
comes practically negligible. Although the reconstruction
must be relatively weak according to the still low level of
superstructure spot intensities, there is no way to fit the data
quantitatively without introducing H-induced displacements
of the substrate atoms. Preliminary LEED calculations for
the Re(101̄0) surface in which hydrogen scattering was com-
pletely neglected indicated already that a substantial contri-
bution of the substrate to the intensities of half-order spots
comes from a vertical buckling in the third substrate layer.
Though this buckling, by symmetry arguments, is compatible
only with models No. 1, No. 2, No. 3, No. 6, and No. 8, we

FIG. 2. Structural models tested to retrieve thec(232)-3H structure on the
~101̄0! surfaces of Ru and Re.
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considered it also for the other models. Displacements of
atoms in the first two layers, both in-plane and vertical to the
layer, were also allowed in the analyses. Since the integral-
order spot intensities are only little affected by the weakly
scattering hydrogen and by the slight substrate reconstruc-
tion, the main source of information about thec(232)-3H
phase is related to the half-order spot intensities.

A. The phase Re „101̄0…-c „232…-3H

The same energy-dependent angle of incidence and inner
potential as determined for the clean surface were used for
the c(232)-3H phase, allowing only an additional constant
shift for the inner potential. As starting reference structures
for the different models we used the bulklike terminated sub-
strate~double layer termination! with hydrogen at ideal high
symmetry positions and hard-sphere radii ofr Re51.38 Å and
r H50.53 Å. During the search any variation of the hydrogen
coordinates was allowed as long as the symmetry of the ad-
sorption site was preserved. This means that H atoms in on-
top or bridge positions were allowed to shift only vertically,
while atoms in quasi-threefold sites could move within a
plane normal to the densely packed Re rows. Furthermore,
the positions of Re atoms in the first three layers were opti-
mized as far as those were supported by the respective ad-
sorption models. For instance, no first layer buckling was
tried for model No. 1, while a lateral pairing along the
densely packed rows was considered.

The best-fit PendryR factors achieved for the subset of
half-order spots areR50.35, 0.66, 0.49, 0.89, 0.72, 0.63,
0.76, and 0.43 for the eight investigated models~in the se-
quence displayed in Fig. 2!. Obviously, this favors model
No. 1. The variance of theR factor amounts to var(RP)
50.08, i.e., all models withR.0.43 can be ruled out. The
all-beamR factors areRP50.30, 0.37, 0.35, 0.44, 0.39, 0.38,
0.41, and 0.32. The variance of the latter is, due to the large
data base, as small as var(RP)50.04, so that model No. 1 is
also favored on the basis of theoverall R factor. The only
model that is close to the best-fit model No. 1 concerning the
R factor is model No. 8. However, this model is simply a
variant of model No. 1: All atomic positions are the same
within the error limits except the positions of the two ‘‘half’’
hydrogen atoms. Although in the starting configuration the
hydrogen atoms were placed in the threefold coordinated
sites, the fit procedure led to a separation of the ‘‘half’’ at-
oms by 0.48 Å with the same height as for the bridge atom in
model No. 1. This may be interpreted as due to thermal
vibrations of the bridge bonded atoms simulated by ‘‘split
positions’’.40 Altogether ~although at a relatively high
R-factor level!, we can identify the structure of
Re(101̄0)-c~232!-3H to be that of model No. 1 in Fig. 2. A
more detailed picture of the best-fit structure is displayed in
Fig. 3, which also defines the structural parameters to be
refined. The numerical values determined are compiled in
Table I. Experimental and best-fit spectra are displayed in
Fig. 4 for a selection of beams.

The best-fit structure found can be described as follows.
Two out of three hydrogen atoms in thec(232) unit cell
adsorb on quasi-threefold coordinated sites at the flank of the
densely packed rows of the substrate in the first layer, attach-

ing two Re atoms in the topmost layer and one in the second
layer. The bond length to first layer Re atoms is 1.85
60.40 Å, that to the second layer Re atoms is 2.02
60.50 Å. This corresponds to hydrogen radii of 0.47 and
0.64 Å, respectively. The third H atom occupies the remain-
ing first layer bridge sites with a H–Re bond length of 1.92
60.20 Å, yielding a hydrogen radius of 0.54 Å. The hydro-
gen radii retrieved here~although with large error bars!
match well within the range of values found in the literature
~about 0.4–0.7 Å3,5,13!. The first layer rhenium atoms are
shifted pairwise towards the bridge hydrogen position by
0.02 Å, whose value, however, falls within the limits of the
statistical errors as derived from the variance of theR factor.
The interlayer distances in the substrated12 andd23 ~as de-
fined with respect to the center of mass plane for buckled
layers! are practically bulklike, i.e., the layer relaxation
found for the clean surface is lifted by the adsorption of
hydrogen as frequently observed for other hydrogen adsorp-
tion systems.5,13 On the other hand, we find the next layer
spacingd34 contracted by 0.05 Å. Such a contraction can be

FIG. 3. Top and side view of the resulting best-fit structures being almost
identical for Re(101̄0)-c(232)-3H and Ru(101̄0)-c(232)-3H. In order
to visualize the important features of the structure, buckling and layer dis-
tances do not scale but are exaggerated.

TABLE I. Numerical values of the best-fit model parameters as defined in
Fig. 3 @bulk values for interlayer spacings of Re~Ru! are d125d34

50.797(0.78) Å andd2351.593(1.56) Å#.

Method LEED LEED DFT

substrate Re Ru Ru

dHy ~Å! 1.88 2.23 2.18
dH3 f ~Å! 0.76 0.97 0.77
dHbr ~Å! 1.36 1.4 1.23
p ~Å! 0.02 0.02 0.03
b ~Å! 0.06 0.06 0.00
d12 ~Å! 0.79 0.83 0.80
d23 ~Å! 1.6 1.55 1.59
d34 ~Å! 0.74 0.69 0.80
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excluded for the clean surface, as was checked by additional
test calculations. The contraction is accompanied by a rela-
tively strong buckling of 0.06 Å in the third layer which,
however, is just at the boarder of the error limits. As com-
pared to the clean surface, it seems that H atoms adsorbed in
threefold sites push adjacent Re atoms in the third layer in-
wards, while H atoms in bridge sites do not alter the posi-
tions of the respective third layer Re atoms.

B. The phase Ru „101̄0…-c „232…-3H

The search strategy which had been proven successful
for the Re(101̄0)-c(232)-3H surface was also adopted for
Ru(101̄0)-c(232)-3H. In theanalysis we considered only
the fractional-order beams and one integral-order beam in
order to enhance the sensitivity of the analysis~cf. discussion
of the Re(101̄0)-c(232)-3H phase! with respect to the
structure parameters related to thec(232) unit cell. The
optimumR factors for this subset of beams were 0.30, 0.42,
0.36, 0.47, 0.55, 0.38, 0.51, and 0.35 for the models given in
Fig. 2. Again model No. 1 is favored. The numerical values
of the best-fit structural parameters defined in Fig. 3 are sum-
marized in Table I; the experimental versus best-fit LEED IV
curves are displayed in Fig. 5 for a selection of beams. The
best-fit structure found is very similar to that of the Re case.
The bond length of the quasi-threefold coordinated H atom
to first layer ruthenium atoms is 2.0160.40 Å, while that to
the second layer ruthenium atoms amounts to 2.06
60.50 Å. This corresponds to hydrogen radii of 0.65 and
0.70 Å, respectively. The third H atom again occupies re-
maining first-layer bridge sites with a H–Ru bond length of
1.9560.20 Å which corresponds to a hydrogen radius of
0.60 Å. The adsorbate-induced displacements of substrate
atoms are virtually identical to those found for the H/Re
phase, i.e., first layer substrate atoms are shifted pairwise
towards the bridge hydrogen position by 0.02 Å, and there is
a relatively strong buckling of 0.06 Å in the third layer. The
interlayer distancesd12 and d23 are practically bulklike,

while, again similar to H/Re, the spacingd34 is contracted
~by 0.09 Å!. Except for the effective hydrogen radii, which
for threefold coordinated sites on Ru are smaller than on Re,
the results for H/Re and H/Ru are virtually identical, lending
further support to the unusual bridge adsorption site of H.

DFT-GGA calculations were performed only for the
structure model No. 1 to save computer time. The structural
parameters are summarized in Table I together with the
LEED results. The agreement is considered very good, espe-
cially regarding the error bars of experiments and that the
nucleus of hydrogen, a proton, was treated as pointlike in the
DFT calculations, i.e., the zero point vibrations were not
included. The third layer was not allowed to relax and, thus,
the magnitude of the buckling is not available. However, the
forces parallel to the surface normal on the two atoms in the
third layer were in opposite direction, thus supporting the
LEED geometry.

In order to elucidate the change of work function with
increasing hydrogen coverage,3 we performed further DFT
calculations for the coverages one and two in a 131 cell.
The (131)-2H ~hcp-hcp! phase has been observed experi-
mentally in contrast to the (131)-H phase which was stud-
ied by DFT to extract information on the bonding and site
preference at lower coverages. The results are compiled in
Table II: For the case of one H atom per (131) unit cell,
hydrogen atoms prefer adsorption in twofold coordinated
sites. The same configuration was reached on relaxing the
electronic system and the atomic coordinates even when the
hydrogen atom was initially positioned at the hcp site ob-
tained from the (131)-2H structure. The results in Table II
and the charge density differences~cf. Fig. 6! explain the
trend in work function: Hydrogen, a more electronegative
element than ruthenium, acts as an acceptor and therefore
increases the work functions. For Ru~101̄0! the highest value
of the work function at about coverage one is most likely
related to hydrogen atoms sitting in~quasi-! bridge sites. At
coverage two both of the hydrogen atoms reside in hcp sites
exhibiting a smaller dipole moment and, although the num-

FIG. 4. Selected best-fit spectra of Re(1010̄)-c(232)-3H. TheR factor
averaged over all beams is 0.30~0.28 and 0.35 for integral and half-order
beams, respectively!. Solid and dashed lines represent experimental and
theoretical data, respectively.

FIG. 5. Selected best-fit spectra of Ru(1010̄)-c(232)-3H. TheR factor
averaged over all beams is 0.23~0.20 and 0.30 for integral and half-order
beams, respectively!. Solid and dashed lines represent experimental and
theoretical data, respectively.
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ber of atoms in the cell increases, the work function is lower
than at coverage 3/2. The fact that the change in work func-
tion at Ru~0001! is much smaller, although the height of the
hydrogen atom above the surface is similar, suggests the hy-
drogen atom to be more negative on Ru~101̄0! than on
Ru~0001!.

V. DISCUSSION AND CONCLUSION

There do not exist very many structural analyses of H
superstructures on anisotropic row-and-trough surfaces such
as fcc~110!, bcc~211!, or hcp~101̄0!.2,13 With Ru being a
platinum group metal, it is tempting to compare its hydrogen
adsorptive behavior with Ni or better its 4d congeners Rh or
Pd. On none of these surfaces hydrogen orders into ac(2
32) lattice, rather zigzag or linear chains with (231)
and/or (132) periodicity are formed. While a strong
pairing-row reconstruction occurs on Ni~110!27 and
Pd~110!,28 there is a less pronounced (132) buckling recon-
struction found for Rh~110!.41 In all these cases, no evidence
of bridge site occupation was found.27,28,41These findings are
supported by vibrational loss measurements: As demon-

strated for the pairing-row reconstruction Ni~110!-~132!-3H
phase by applying selection rules for both dipole and impact
electron scattering,42 there is such a high tendency of the H
atoms to choose a site with threefold coordination that the
hydrogen atoms even refuse available~quasi-! fourfold sites
and prefer to reside in threefold sites. For H adsorption on
the Rh~110! surface, vibrational loss measurements revealed
that the H atoms adsorb in the quasi-threefold coordinated
sites provided by the~111! microfacets on the Rh~110!
surface,43 in agreement with the LEED results.41

Previous and more recent HREELS measurements per-
formed with both H/Ru~101̄0!14,44 and H/Re(101̄0)45 may
provide further clues on the local symmetry of the H adsorp-
tion site. Unfortunately, the evidence of all available
HREELS results is not too revealing due to low cross sec-
tions for dipole as well as for impact excitations of the H
surface vibrations. The loss intensities, especially for the Re
surface, are rather low, and for none of the observed vibra-
tional bands is there a clear-cut identification of aC2v sym-
metry ~which one would expect for H atoms adsorbed in
bridge positions!. There is still another puzzling feature con-
cerning the cross section for vibrational excitation. A hydro-
gen atom which resides in a bridge position on top of a Ru
~Re! row sticks out considerably. For such a situation a
rather strong excitation by the low-energy electron wave in
the HREELS experiment was found for H/W~100!,9 and con-
sequently, an intense loss feature was observed. This, how-
ever, is not encountered in the present case where just those
vibrations which appear along with thec(232) structure at
coverageu53/2 are particularly weak. Yet, the cross section
for the energy-loss process might depend on the details of
the electronic properties of the surface.

Nevertheless, the LEED and DFT data presented here
are internally consistent, and the reliability factors are satis-
factory. From the eight different surface geometries chosen
~Fig. 2! model No. 1 in each case comes closest to experi-
ment, while model No. 5~which has been previously
proposed16! yields a much worseR factor, in particular for
half-order spots. With this high probability of model No. 1
being the real surface structure, we have shown that~i! the
influence of H atoms on rather corrugated surfaces@such as
hcp~101̄0! planes# can lead to even third layer buckling ef-
fects, and~ii ! H atoms can occupy bridge sites, which under-
lines that the high melting point metals Ru and Re rather

TABLE II. Hydrogen coverageQ, coordinations, adsorption energyEads, work function changeDF, and
H-Ru distances in different overlayer structures of Ru~101̄0! @and Ru~0001!: last row#. The adsorption energy
is calculated with respect to a hydrogen atom in gas phase. Ru~1! denotes the outermost layer Ru atoms and
Ru~2! the second layer atoms. In thec(232)-3H structure, the distances of hydrogen atoms to Ru~1! and Ru~2!
at both sites~hcp and short bridge! are indicated. The energies are in electron volts and the distances in
angstroms. The experimental values ofDF for H-Ru~101̄0! are 0.42, 0.36, and 0.25 eV for H coverages of 1.0,
1.5, and 2.0, respectively~Ref. 3!.

Structure Q s Eads Df zH-Ru(1) dH-Ru(1) dH-Ru(2) dHbr-Ru(1)

(131)-H 1 2 2.79 0.79 1.04 1.85 2.39
c(232)-3H 3/2 31312 2.73 0.64 1.2310.77 1.95 1.92 1.83
(131)-2H~hcp-hcp! 2 313 2.71 0.36 0.76 1.91 1.94

Ru~0001!-~131!-1H 1 3 2.86 0.08 1.02 1.91

FIG. 6. Change in the electron density due to hydrogen chemisorption on
Ru~101̄0! @Ru(101̄0)-c(232)-3H surface# with respect to the clean
Ru~101̄0! surface and an unsupported H overlayer. Large filled circles are
Ru atoms, and small filled circles represent the hydrogen atoms. Left side: A
cut of the difference electron density along the densely packed Ru rows in
the @12̄10# direction intersecting the hydrogen atom in the short bridge site
~cf. Fig. 3!. Right side: A cut of the difference electron density map perpen-
dicular to the densely packed rows crossing the hydrogen atoms in hcp sites
and the bridge site~cf. Fig. 3!. Solid lines indicates electron accumulation
while the dashed line indicates electron depletion. Clearly, the hydrogen
atoms act as electron acceptors in the Ru(1010̄)-c(232)-3H system. The
Ru–H bonding appears covalent.
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resemble the refractory metals molybdenum and tungsten,
where H atoms were reported to occupy bridge sites.8–12One
reason why apparently a site with reduced coordination is
chosen seems to be the competition between the local energy
gain ~which calls for the occupation of a highly coordinated
site! and the mutual H–H interactions~which favor an over-
all homogeneous distribution of the H atoms within the ad-
sorbed layer!. Our results suggest that@at least for thec(2
32) phase with coverage 3/2# a nearly homogeneous distri-
bution of H atoms, with a maximum of high coordination
sites occupied, represents the most favorable situation.

An alternative explanation why the bridge site is occu-
pied by hydrogen could emerge by comparing our results
with those of recent LEED calculations for H/Be~0001!46 and
DFT calculations of H/Al~111!.47 On both surfaces hydrogen
adsorption is predicted to proceed in bridge sites. The driv-
ing force to occupy bridge sites is even so strong that both
close-packed surfaces undergo a reconstruction into a ()

3))R30° vacancy structure, as it has been identified for K
adsorption on Al~111!48 and which is related to the particular
sp2 hybridization at the substrate surface. It may be that the
s-p charge density at Ru~101̄0! and Re(101̄0) ~in for low-
coordinated substrate atoms! plays an equally important role
as on Al~111! and Be~0001!. Of course we are aware of the
fact that Re and Ru are typical candidates ofd metals rather
than ofs-p metals. However, the bonding state of hydrogen
is about 5 to 6 eV below the Fermi level and there thes-p
charge density dominates the total~energy resolved! charge
density.

To elucidate the electronic reasons behind the bridge site
occupation, detailedab initio calculations are required. Pre-
liminary DFT calculations for the H–Ru~101̄0! system with
a (131) unit cell indicated that the energy difference be-
tween bridge sites and threefold hcp sites is actually very
small, i.e., of the order of several 10 meV, so that bridge site
occupation is not that disfavorable, as one might expect at
first glance~cf. Table II!. As a consequence, the delicate
energy balance may be governed by a minimization of the
mutual H–H repulsion which may, in turn, determine the
actual arrangement of the hydrogen atoms. Using structure
model No. 1, as predicted here by LEED, total energy cal-
culations were performed for the Ru(1010̄)-c(232)-3H
phase in order to determine the structural parameters~the
values are collected in Table I, right column!. The DFT re-
sults are in good agreement with the LEED results. The sen-
sitivity of DFT calculations to the hydrogen position may be
considered higher than that of LEED, and therefore the H
positions provided by DFT~which differ from the LEED
predictions! can be regarded as more reliable. The effective
radius of threefold coordinated hydrogen is about 0.6 Å and
that of bridge bonded hydrogen 0.5 Å. Both values agree
quite nicely with values found on Re(1010̄). The experimen-
tally observed maxima in the work function changes of the
H-Ru~101̄0! system as a function of the H coverage can be
traced back to hydrogen atom occupying bridge sites. On
Ru~101̄0! chemisorbed hydrogen atoms act as an electron
acceptor.

In summary, our LEED analyses~in combination with
the DFT calculations! of the c(232)-3H phases on the

~101̄0! surfaces of both Re and Ru below 200 K and at a
hydrogen coverage of 3/2 yield rather surprising features:
Both threefold and bridge sites are occupied by the H atoms,
and reconstruction effects are apparently restricted to a third
layer buckling, along with a slight displacement of those
substrate row atoms which are ‘‘clamped together’’ by a
bridging H atom.
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