LEED structure analysis of the clean and (2 1)H covered Pd(110) surface
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From an analysis of the low-energy electron diffraction (LEED) intensities we have
determined the oscillatory distortion of the topmost interlayer spacings of the clean and the
(2 1)H covered Pd(110) surface as well as the exact adsorption geometry in this latter
structure, which is formed at 7' < 180 K at a coverage of 6;; <1.0. An R-factor analysis was
used for quantitative comparison with the experimental data. The oscillatory distortion of the
clean surface—d,, = — 5.1 + 1.5%, d, = + 2.9 + 1.5%, d,, at its bulk value of 1.37 A
(with R factors R, = 0.22, R;; = 0.14)— is found to be reduced by the H adlayer to
dy= —22+415%,d,; = + 2.9 + 1.5%, and d,, = bulk value. The H atoms are adsorbed
on quasi-threefold sites with equal distances of 2.0 + 0.1 A to the two nearest Pd neighbors in
the topmost and the closest Pd atom in the second layer, leading to an effective radius of the H
atom of ry = 0.6 + 0.1 A. The long-bridge adsorption site, (octahedral) subsurface sites, or a
hydrogen induced reconstruction via a lateral displacement of topmost Pd atoms by more than
+ 0.1 A can clearly be ruled out. These structural data, which are in good agreement with
those of ordered H,, structures on Ni(110) and Fe(110), characterize the (2 X 1)H structure
on Pd(110) as being a typical adsorbate structure. There is no indication of either direct
occupation of distinct subsurface or of near surface adsorption sites in this structure, nor does

it open up channels for surface penetration, e.g., by a strong distortion of the topmost Pd
substrate layers. In contrast to Ni(110) and Rh(110) the island growth of the (2X 1)H
structure on Pd(110) indicates predominantly attractive, indirect adatom—-adatom interactions
which, however, are of distinctly different nature than those causing island formation in the

Pd-hydride phase.

I. INTRODUCTION

The most characteristic feature of palladium with re-
spect to its interaction with hydrogen is its preeminent abi-
lity of hydrogen absorption leading to bulk dissolution at
lower concentration (a-hydride) and the formation of a
nonstoichiometric hydride (S-hydride, PdH,) at higher
concentration saturating at PdH. These phenomena in con-
sequence were subject of a vast number of studies, an over-
view can be found in Ref. 1. Based on these results it has
become clear that H adsorption can be regarded as a first
step for its subsequent diffusion into the bulk. The exact
mechanism for the onset of bulk diffusion of adsorbed hy-
drogen is not yet known, it has been shown that it can be
enhanced by a surface reconstruction on Pd(110),%* where-
as on Pd(111) recent theoretical and experimental work led
to the prediction of an easy and reversible transition of hy-
drogen atoms from adsorption sites into distinct subsurface
sites and back,”® followed by a slow, activated population of
near surface absorption sites® as occupied on Pd(110).>*1°
The formation of subsurface hydrogen species as an interme-
diate step for diffusion into the bulk has been also proposed
for H/Ru(001) by Yates et al."! A detailed investigation by
VLEED (very low energy electron diffraction), however,
showed no indication for the formation of subsurface lay-
ers.'? Basic prerequisite for the further understanding of
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these processes is the exact knowledge of the hydrogen ad-
sorption geometry on Pd surfaces, which in contrast to that
of the bulk hydrides is so far unknown. We present here
results of a LEED structure analysis of the (2 X 1)H struc-
ture on Pd(110) which also is the first example for a struc-
ture determination of an H/Pd-adsorption complex. Hydro-
gen adsorption on Pd(110) was first investigated at 7>>300
K by Conrad et al.,"® who reported the formation of a strong-
ly disordered (1X2) structure indicated by streaked extra
spots in the LEED pattern at the [m, (2n + 1)/2] positions.
In a later LEED study extending the temperature range
down to 130 K Behm et al. reported a (2 X 1) structure as an
additional ordered phase,** which was confirmed by Rieder
et al. using He diffraction.*® This phase is characterized by
missing diffraction beams at the [ (2n + 1)/2,0] position at
normal incidence, indicative of the existence of a glide sym-
metry plane in [ 110] direction and thus of a minimum con-
centration of two H,, atoms per (2X 1) unit cell. From the
rather low intensities of the extra beams in the LEED pat-
tern this structure was attributed to an ordered H adlayer, in
contrast to a hydrogen induced reconstruction of the Pd sub-
strate. Similar structures have equally been found on
Ni(110)*'® while in none of the series of lattice gas struc-
tures on Rh(110) such a glide symmetry plane has been
observed.!” He-diffraction measurements with Ni(110)
and Pd(110)*!° led to the conclusion of a zig—zag arrange-
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ment of the adsorbed H atoms on threefold coordinated sites
along the close-packed metal rows in [110] direction, in
agreement with data from vibrational spectroscopy'® and
the results of semiempirical calculations.'® A recent LEED
analysis of the (2X 1)H-Ni(110) finally could determine
not only the nature of the adsorption sites but also the quan-
titative geometry of the adsorption complex including the
distortions of the interlayer spacings between the first three
substrate layers.'® The finite probing depth of the low energy
electrons?®—in contrast to more surface sensitive techniques
like He-beam diffraction—is not only responsible for the
complexity of a LEED based structural analysis, but also
allows to exactly determine the entire set of surface struc-
tural parameters. Based on the knowledge of these param-
eters not only the bonding geometry of the adsorbate is
accessible, but also the adsorbate induced variation in the
substrate structure can give valuable information concern-
ing the substrate—adsorbate interaction and—in this con-
text—about the transition from adsorption to bulk dissolu-
tion.

Il. EXPERIMENTAL

The experiments were performed in a standard stainless
steel UHV chamber with a base pressure of 1.5 X 10~ '° Torr
following bakeout, equipped with a four grid LEED optics, a
cylindrical mirror analyzer for Auger electron spectroscopy
(AES), a vibrating Kelvin probe for work function measure-
ments (Ag), and a quadrupole mass spectrometer for ther-
mal desorption spectroscopy (TDS). Sample preparation
consisted of repeated argon ion bombardment/annealing cy-
cles until no further contaminants were detected by AES.
Spurious amounts of carbon on the surface which are hardly
detectable in AES due to the overlap of the C-KLL peak at
275 eV with the Pd-MNN peak at 282 eV, were reacted off by
sequential heating cycles (900 K) with small amounts of
coadsorbed oxygen.

The final cleanliness of the surface was judged from the
shape of the H, TD spectra and the amount of the work
function change during hydrogen adsorption [220 mV in the
(2 1)H structure] both of which reacted very sensitively
to small amounts of carbon contamination. The LEED in-
tensities were collected by a computer interfaced Video sys-
tem,?! the angle of incidence was controlled and adjusted by
comparing the intensity/voltage (I /¥) curves of symmetri-
cally equivalent beams. For oblique incidence this angle was
determined by reflection of a laser beam to + 1°, but in these
calculations this angle has been tested as well. The final ex-
perimental data have been obtained by averaging the I/V
spectra from equivalent beams.

The (2X 1)H structure was produced by exposing the
surfaceat 130 K to 0.3 L (1 L = 10~ Torr s)H, which was
determined from measurements of the coverage dependence
in the (2 X 1)H related beams to represent the optimum cov-
erage for this structure.> While at lower coverages the
(2% 1)H exists in islands, higher coverages cause a transi-
tion into the (reconstructed) (1X2) structure.’ Due to the
high sticking coefficient of H, on Pd(110) rapid measure-
ments were required in order to avoid background adsorp-
tion of H, and slow conversion into the (1X2) structure.

From the absence of any detectable intensity at the position
of the (intense) beams of the (1 X 2) structure contributions
from that structure could be ruled out.

lll. CALCULATIONS

Before starting the intensity analysis for the adsorbate
system we have investigated the clean surface. In that case
the analysis is based on the comparison of 7 (9) nonequiva-
lent beams at normal (off-normal) incidence within an ener-
gy range from 40 to 240 eV. The first three interlayer spac-
ings were variable parameters [Fig. 1(c)]. On the hydrogen
covered sample only one adsorption site—H adsorbed on
quasi-threefold sites [Fig. 1(a)]—was tested following our
experiences with the analogous Ni(110) system.' In that
case a significant modification of the fractional order I/V
curves resulted for H adsorbed on the long bridge sites'®
[Fig. 1(b)] which would lead to a significantly worse agree-
ment also in the present case. Two data sets at off-normal
incidence were used, one at 8 = 7° and ¢ = 0", the other at
6 = 8.5°and ¢ = 90°. In total 3 (13) integral orderand 1 (35)
nonequivalent fractional order beams were used at normal
(off-normal) incidence in an energy range of40to 180eV.In
this case the lateral (H, ) and vertical (H, ) displacement of
the H atoms with respect to the topmost Pd atom represent-
ed two more variable parameters [Fig. 1(c)]. The reduced
energy range was chosen because of the length of the compu-
tations on the one hand and the negligible intensity of the
fractional order beams at higher energies on the other side.
The reliability of the intensity analysis with a reduced energy
range was tested on the clean Pd surface, evaluation of the
I/V curves only in the 40 to 180 eV energy range did not
affect the resulting structural parameters.

The LEED calculations itself were performed by using
the layer doubling scheme to describe the interlayer multiple
scattering.?? For the adsorbate covered surface the topmost
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FIG. 1. Models of the (2 1)H-Pd(110) structure: (a) for H atoms on
quasi-threefold sites, top view; (b) for H atoms on long-bridge sites, top
view; (c) side view illustrating the structural parameters; (d) geometry of
the local Pd;—H adsorption complex.

J. Chem. Phys., Vol. 87, No. 10, 15 November 1987



Skottke et a/.: Analysis of H covered Pd(110) 6193

layer of Pd atoms and the H atoms were treated as a com-
bined layer.?” Multiple scattering within this entity was cal-
culated in angular momentum space, since for distances be-
low ~0.7 A between these layers this is more efficient. The
number of angular momentum components as well as the
number of atoms within the unit cell could be reduced by
using symmetry adapted functions, since the summation
over symmetrically equivalent positions in a unit cell can be
performed prior to inversion of the matrix.”?

Electron scattering by the Pd ion cores was described by
up to eight phase shifts. Two different sets of phase shifts
were used, one of them was obtained from a self-consistent
band structure potential,>* the other one was obtained from
a superposition of relativistically calculated atomic poten-
tials and the phase shifts were spin averaged.”® Though in
general the resulting intensities did not differ significantly, a
few characteristic features [e.g., the 64 eV doublet in the
(0,1) beam ] could only be reproduced by using the latter set.
In consequence all calculations reported here refer to those
relativistic phase shifts. For the hydrogen atoms a muffin-tin
potential was constructed from a fictitious H crystal with an
atomic radius of 0.53 A (1 a.u.) by symmetrizing the overlap
between neighboring atoms. This approximation has pre-
viously been successfully applied in structural analyses of
the H/Fe(110)2° and the H/Ni(110)!% systems. The real
part of the inner potential was taken as constant to V,,

= - 10 eV within the Pd and H layers. This value was

found for the clean surface and is not corrected for work
function differences between the surface and the LEED gun
filament. An attempted fit to an energy dependent theoreti-
cal function by a procedure successfully tested on Cu (100)%”
did not yield a unique result. For the imaginary part we
choose V,; = 0.85 (E + V,, )", thermal vibrations are ac-
counted for by a Debye temperature of 274 K for all Pd and
the H atoms. The effect of a reduced surface Debye tempera-
ture for the Pd atoms in the topmost layer (6, = 194 K) was
tested and found to be negligible. The agreement between
experimental and calculated 7 /V curvesis expressed in terms
of R factors as introduced by Zanazzi and Jona (R, )*® and
by Pendry (R, ).”

IV. RESULTS

For the clean surface the optimum structure was ob-
tained with the third interlayer spacing, d,,, at its bulk value
of 1.37 A. The R-factor contour plots in Fig. 2 reflect the
response of the R factors upon variation of d,, and d,;, with
d,, atits bulk value. Both R factors reach their minima—R,,

=0.22 and R;; = 0.14—at basically identical structures,
definedbyd,, = 1.30 A and d,, = 1.41 A. From a statistical
analysis the error bars are estimated to + 0.02 A or
+ 1.5%. Compared with the bulk interlayer separation we
find an oscillatory distortion of the first two spacings by
— 5.1+ 1.5% and + 2.9 + 1.5%, respectively. The kind of
agreement achieved is illustrated in Fig. 3 which depicts the
experimental I /V data together with the “best model” of
calculated 7 /¥ curves. The sensitivity of the I /V curves
towards even relatively small structural changes is evident
from the set of curves in Fig. 4. For each beam it demon-
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FIG. 2. (a) (Pendry) R-factor contour plot for the clean Pd(110) surface
upon variation of d,, and d,; (d;, = 1.37 A =bulk value) 0.22 <R,
<0.47; (b) (Zanazzi-Jona) R factor as in (a) 0.14 < R,, <0.34.

strates the effect of varying the topmost interlayer separation
(upper triple from bottom to top: d,, = 1.24, 1.30, 1.37 A)
whiled,; is kept constant at 1.40 A and of varyingd,, (lower
triple from bottom to top: d,; = 1.34, 1.40, 1.47 A) while
d,, =1.30 A. The experimental data are included for com-
parison as the middle curve.

For the adsorbate covered surface the analysis was split
upinto three steps. The calculated 7 /¥ curves of the integral
order beams turned out to be rather insensitive with respect
to the position of the H atoms, which had also been observed
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FIG. 3. Experimental (lower) and theoretical (upper) I /¥ curves calculat-
ed close to the best model of the clean Pd(110) surface (d,, = 1.30 A, d,,
= 1.40 A, d,, =137 A =bulk value); (a) normal incidence; (b) off-nor-
mal incidence: 8 = 7.0°, ¢ = 0.0°.
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FIG. 4. Response of calculated 7/V curves on Pd(110) upon variation of
topmost (d, ) or second (d,, ) interlayer spacing while the other respective
one is kept constant. From bottom to top: dy, = 1.30 A/d,; = 1.34 A, 1.30
A/1.40 A, 1.30 A/1.47 A, experimental data, 1.24 A/1.40 A, 1.30 A/1.40
A, 1374/140A.

for the ordered H,, structures on Fe(110)?° and Ni(110)'¢
and which is due to the low scattering power of the H atoms
(Fig. 5). Therefore the Pd-Pd interlayer spacings could be
determined independently to a good approximation just
from the integral order beams. In turn the position of the H
atoms was determined from the 1 /V data of the fractional
order beams only using the previously determined Pd-Pd
interlayer spacings. Due to the relatively independent effects
of the structural parameters of Pd and H atoms, respectively,
the process of finding the minimum R factor in the multidi-
mensional space has been simplified in this way. Finally all
positions were optimized independently using the entire data
set.

Figure 6(a) represents the response of the Pendry R
factor, calculated over all beams at normal incidence, on the
variation of d, and d,, at a fixed position of the H atoms
(H, =134,H, =0.64). The minimum of R, = 0.23 for
these beams is reached ford,, = 1.34 Aandd,; = 1.40A.In
a separate analysis the minimum R factors for all beams at
oblique incidence (Rp = 0.37, R,; = 0.19) were obtained
for d,, = 1.34 A and d,, = 1.41 A, almost identical to the
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FIG. 5. Response of calculated J /¥ curves of the integral order beams upon
variation of the lateral (H, ) or vertical (H,) position of the H atoms while
the other respective parameter and the Pd lattice (d,, = 1.354,d,, = 1.41
A) are kept constant (off-normal incidence). From bottom to top: (a) Ex-
perimental data, calculated curves with H, = 0.6 A, H,=09,1.1,13,15,
1.7 A; (b) experimental data, calculated curves withH, = 1.3 A, H, =03,
0.45, 0.60, 0.75, 0.90 A,

above result on the data set at normal incidence. Compared
to the clean surface the contraction of the topmost interlayer
spacing is reduced from — 5.1+ 1.5% to —2.2 + 1.5%,
while the relaxation of the second one + 2.9 + 1.5% is not
affected within the error limits of our analysis. The third
interlayer spacing d,, remains at its bulk value.

Based on these structural parameters of the substrate
the position of the H atoms was determined. Figure 7 shows
I /V curves of extrabeams calculated at constant Pd spacings
close to their optimum values, d,, = 1.35 A, d,; = 1.41 A,
while the position of the H atoms was varied. The range of H
positions which was scanned systematically is indicated in
Fig. 1(c). Test calculations for subsurface sites as shown in
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FIG. 6 (Pendry) R-factor dependence of the (2 X 1)H-Pd(110) structure
upon variation of two structural parameters while the remaining ones are
kept close or at their optimum value: (a) Contour plot of the R factor as a
function of the first two Pd interlayer spacings (H, = 1.3 A, H, = 0.6 A)
averaged over all beams at normal incidence (0.23 < Rp <0.48); (b) con-
tour plot of the R factor as a function of the position of the H atoms (d,,
=1.35 4, d,; = 1.41 A) averaged over all beams at off-normal incidence;
(c) contour plot of the R factor as a function of the vertical position H, of
the adatom at a fixed lateral position H, = 1.3 A averaged over the frac-
tional order beams only at 8 = 8.5° @ = 90° (upper curve) and at normal
incidence (lower curve) [d,, and d,, asin (b)]; (d) as (b), but averaged
only over all fractional order beams at oblique incidence.
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Fig. 1(c) yielded a considerably worse agreement. Occupa-
tion of octahedral sites—on the long-bridge position as well
as in subsurface position underneath the short bridge sites of
the topmost layer of Pd atoms—can likewise be ruled out
from symmetry reasons. Such structures do not exhibit the
glide symmetry plane required by the LEED pattern. A con-
tour plot of Ry (for all beams at off-normal incidence) as a
function of H, and H, at fixed Pd interlayer spacings is re-
produced in Fig. 6(b). The minimum values of R, = 0.37
and Ry, =0.19 result for an adatom position at H,
=13+0.1AandH, =0.6+0.1 A.

This is confirmed by a separate evaluation of the frac-
tional order beams only which react more sensitively to the
position of the H atoms. From Fig. 6(d) it becomes clear
that there is no additional minimum at lower values of H,.
Higher values can be ruled out from the more extensive vari-
ation of H, at one particular value of H,~H, = 1.3 A—as
shown in Fig. 6(c) for half-order beams at normal incidence
(lower curve) and at & = 8.5°, ¢ = 90° (upper curve).

If the y/z coordinates of the H atom are converted into
Pd-H bond lengths to the three neighboring Pd atoms, near-
ly equal values of 2.0 + 0.1 A are obtained, i.e., the H atom is
indeed adsorbed at a threefold site formed by two Pd atoms
from the topmost layer and one Pd atom from the layer un-
derneath [Fig. 1(d)]. Using the bulk value of 1.37 A for the
atomic radius of the Pd atoms we obtain 0.6 + 0.1 A for the
effective radius of the H atoms.

In addition to these lattice-gas structures where the ex-
tra beams result solely from an ordered H adlayer also a
hydrogen induced (2 X 1) reconstruction was tested. From
symmetry arguments only an alternating lateral displace-
ment of the topmost Pd atoms would be possible (Fig. 1).
The relative intensity and the 7 /¥ profile of the fractional
order beams calculated for a lateral displacement of Pd
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atoms of + 0.3 A clearly rule out any such reconstruction
involving more than 0.1 A lateral displacement of the Pd
atoms and thus confirm the assignment of the ordered H
adlayer as the origin of the extra beams in the LEED pattern.

V. DISCUSSION

The structure of the clean Pd(110) very much resem-
bles that of comparable fcc(110) surfaces which equally ex-
hibit a oscillating distortion of the topmost interlayer spac-
ing (Table I). This has been explained recently in a simple
electrostatic model as a general surface effect, which, how-
ever, is most strongly present on “open” surfaces due to their
smaller interlayer distance.*> The structure obtained here is
also in good agreement with results of a recent LEED struc-
ture analysis for the same surface by Barnes ez al., who deter-
mined these distortions to —6+2% for d,, and

+ 1 4 2% for d,;.*° From a technical point of view, it has
also become clear that palladium is just at the verge of be-
coming a “high Z ” material which requires the use of a rela-
tivistic scattering potential: A few features in the I /¥ curves
could only be reproduced by using that kind of potential, in
contrast, e.g., to our recent experience with nickel, !¢

Starting point for the discussion of the hydrogen cov-
ered surface is the comparability to other H,, /fcc(110) sys-
tems or, taking the question around: Is there anything spe-
cial in the structure of the adsorbed H adlayer on Pd(110)
which could be correlated to the absorption properties of the
H/Pd system? The formation of a (2<X 1)H superstructure
has so far been reported for Ni(110)'4¢ and Pd(110)**1°
and has also been interpreted theoretically in terms of a
strong attraction between the H atoms within the zig-zag
rows in [110] direction.!* On Cu(110) in contrast only a
disordered H adlayer has been found at temperatures down
to 100 K.*%*7 A closer look reveals distinct differences with-

TABLEI. Oscillatory contraction of the topmost two interlayer separations
d,; and d,, for clean and adsorbate covered fcc(110) surfaces.

Surface d;(%) d,3 (%) References
Ni(110) —844+08 +31+10 31

—98+18 +38+138 32

—874+15 +304+06 33

—85+15 +35+15 16
Ni(110) + (2x1)H —45+15 +50+15 16
Ni(110) +¢(2Xx2)S +10.2 —32 34
Cu(110) —824+06 +25+408 35

— 8.5 +2.9 36

—179 +24 37

— 5.3 +23 38
Cu(110) + “(1x1)”H —0.8 + 2.8 39
Pd(110) —60+2 + 1042 40

—51+15 4+29+15 this work
Pd(110) + 2x 1)H —22415 +29+15 this work
Ag(110) —57 +2.2 41

— 8.0 42
Al(110) — 8.6 + 5.0 43

— 8.5 +5.5 44
Rh(110) 741 +241 30
Rh(110) 4+ (1X1)H —2+41 30

in the systems exhibiting a (2 X 1)H superstructure: While
on Ni(110) the (2 X 1)H structure is formed last in a whole
series of lattice gas structures [for Ni(110) all seem to exhib-
it the zig-zag-line configuration],"*” with Pd(110) the
(2 1)H structure is the only ordered overlayer structure
and exhibits the characteristics of an island growth behavior,
i.e., it can be attributed to predominantly attractive interac-
tions within the H adatoms in that structure. Similar interac-
tions between H adatoms have also been reported for
H/Pd(100)*® and one could speculate whether they origi-
nate from similar grounds as the attractive interactions be-
tween H atoms in neighbored octahedral sites in bulk palla-
dium.*® But in contrast to the indirect electronic interactions
between H atoms on the surface the attraction between ab-
sorbed H atoms are attributed to an elastic deformation of
the Pd lattice,* refuting this speculation.

The adsorption site itself also follows a tendency of
small atoms like H,, to adsorb in highly coordinated sites as
equally been found for Fe(110),2¢ Pt(111),%° Ni(111),%!
Pd(100),%* and Ni(100).%® This strong tendency towards a
high number of coordinating metal atoms at favorable dis-
tances might even cause the H atom to switch from a four-
fold adsorption site on Pd(100) into a quasi-threefold site
off-center, as predicted in recent calculations.!® Embedded
atom calculations for H/Pd(111) also revealed the threefold
site to be most favorable, in those calculations, in addition,
(threefold) subsurface sites were found to be equally favor-

able within the ordered (/3 X+/3) R 30° phase,>” which could
clearly be ruled out as an adsorption site for the present
(2 1) structure on Pd(110). Calculations of the full adia-
batic potential energy surface of the H/Ni(110) system,
which were performed by Nordlander et al.>* following the
“effective medium” scheme®” resulted in a very smooth po-
tential along the troughs of the (110) surface with minima at
the quasi-threefold and the long-bridge sites, respectively.
The latter, however, can be clearly ruled out on the basis of
the present analysis. If single H atoms were delocalized also
on Pd(110), the indirect attractive interactions between
neighbored adatoms across a metal atom would force them
into localized adsorption sites.

The resulting local geometry of the Pd;—H adsorption
complex and the Pd-H distance of 2.0 + 0.1 A are very close
to the structure of the stoichiometric Pd-8-hydride (NaCl-
type lattice, Pd-H: 2.013 A3%). The atomic radius ry

= 0.6 4 0.1 A is slightly larger than those reported in recent
studies of H/Fe(110)?% and H/Ni(110),' r,; = 0.47 4+ 0.1
A.On Ni(111), in turn, where also threefold sites are occu-
pied in the (2 X 2)H structure, a Ni-H bond length equiva-
lent to 7y = 0.6 A had been determined.”! In view of the
error limits associated with the results of the above LEED
studies—caused by the rather weak effect of especially the
lateral position H, of the H atoms upon the LEED I/¥
curves—they are still considered to be in agreement with a
basically uniform radius of the H,, species rather than to
reflect chemical differences between them. This interpreta-
tion is corroborated by the identical corrugation amplitudes
of 0.26 A measured by He diffraction on the (2 X 1)H struc-
tures on Pd(110)*!° and Ni(110).!* Also the Ni-H distance
for H atoms in (the octahedral holes of) Ni-hydride, Ni—

J. Chem. Phys., Vol. 87, No. 10, 15 November 1987



Skottke et al.: Analysis of H covered Pd(110) 6197

H = 1.88 A orry; = 0.63 A% falls into this range. The values
calculated by Muscat'® for H/Ni(110), r; = 0.39 A, and
for H/Pd(110), r; =0.43 A, are significantly lower and
describe a hydrogen atom more similar to that in the
H,Ni,(CsHs), complex, which from its local geometry re-
sembles H,, on a threefold site (r; = 0.44 A).58

The adsorbate induced modification of the Pd surface
also does not indicate any peculiarity. A (lateral) recon-
struction of the lattice by more than 0.1 A can clearly be
ruled out. The changes in the oscillatory distortion of the
interlayer spacings caused by the presence of the adsorbate
very much resemble those found in other H adsorbate layers:
Obviously the H adlayer tends to partially offset the distor-
tion of these spacings caused by the surface truncation of the
bulk and this effect is the more pronounced the larger the
distortions are for the clean surface. For Fe(110) with no
resolvable distortion on the clean surface, H,, is also report-
ed not to modify the substrate structure.?® On Ni(110),
Rh(110), and Cu(110) in contrast, which exhibit signifi-
cant distortions in their clean state by — 8.5/ + 3.5,'¢

— 7/ 4+ 2%, and — 9.4/ + 4.9%,% the H adlayer causes
significant changes towards a more bulk-like structure,
namely to —4.5/+5%,° —2/40%,° and

— 0.8/ + 2.8%.% It should be pointed out that in all these
cases the first interlayer spacing is much more affected than
the second one, as expected.

In the context of hydrogen adsorption these results can
be interpreted in the way that the (2 X 1)H phase is by all
structural standards characterized as a typical ordered over-
layer. There is no structural evidence for any preformation
of penetration paths for H atoms which might facilate disso-
lution. Such paths could be opened up, e.g., by a strong H
induced deformation of the topmost Pd substrate layers or
by the rapid population of subsurface sites even at low tem-
peratures as proposed for H/Pd(111).” The present struc-
ture can rather serve as proof that for H/Pd(110) adsorp-
tion and absorption process can be strictly separated.'>°

The occupation of subsurface sites is apparently favored

only by the hydrogen induced (1X2) reconstruction of the

surface. The lattice distortion in this “row pairing” recon-
struction,®*®! which is equally well known also for

Ni(110)'**¢ must be strong enough to open up channels for

the subsequent population of distinct subsurface sites as well
as for the onset of slowly filling absorption sites in the near-
surface region.>!° At elevated temperatures 7> 200 K the

(2 X 1)H structure disorders and subsequently converts into

(a poorly ordered) (1X2) reconstructed phase, the

(2 X 1)H thus is metastable with respect to this latter struc-

ture, again closely resembling the behavior of Ni(110).6%%3

At these higher temperatures the process of bulk dissolution
is fast enough to effectively compete with the adsorption
process under most experimental conditions.*®

VI. CONCLUSIONS

In this LEED intensity analysis of the clean and
(2X 1)H covered Pd(110) surface we have confirmed that
the H atoms occupy quasi-threefold adsorption sites, as sug-
gested previously, and have determined the actual geometry
of the local Pd, —H adsorption complex: From the (reduced)

oscillatory distortion of the topmost interlayer spacings d,,:
—51+15% to —22+15%, d,;: +29+1.5% to
+ 2.9 + 1.5%, d,, at its bulk value of 1.37 A, and from the

lateral (H, ) and vertical (H, ) displacement of the H atoms

with respect to the topmost Pd atoms—H, = 1.3 + 0.1 and

H, = 0.6 1 0.1 A—the Pd—H distances turn out to be equal

within the limits of accuracy, namely 2.0 + 0.1 A leading to

an effective hydrogen radius of 7, = 0.6 4 0.1 A. A hydro-
gen induced reconstruction of the lattice by a lateral dis-
placement of topmost Pd atoms by more than 0.1 A can be
ruled out, the extra beams are caused by diffraction in the
ordered H adlayer. This phase is characterized as a typical
overlayer structure without any indication for the onset of
surface penetration, e.g., by lattice distortion or occupation
of subsurface sites/near surface absorption sites. The pre-
dominantly attractive, indirect adatom-adatom interaction
leading to this structure are of distinctly different nature
than the attractive interaction between neighbored adsorbed

H atoms in the hydride phase, which are attributed to an

elastic lattice deformation.
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