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Low-energy-electron dift'raction (LEED) I-V curves have been measured for H adsorbed on

Pd(111) in the (&3X&3)R30'-2H structure, which occurs at a coverage e= 3. The measurements

are compared to calculations using dynamical LEED techniques. Twenty-one distinct geometry

types were investigated, each one with metal-interlayer relaxations allowed and the distance of the

H atom above (or below) the top Pd layer varied. The metal-interlayer spacings that we find are
within error bars of those of the clean surface. Agreement between theory and experiment was
achieved for structures with one of the two H atoms in the unit mesh in a threefold hollow surface
site, above third-layer metal atoms (denoted "A +"). The second H resides either in the same type
of site or in another type of threefold site, such as the hollow surface site above second-layer metal
atoms B+ or the subsurface sites between first- and second-layer metal atoms, A —or B —.We
find that good reliability factors R are achieved for subsurface occupation fractions up to 60%. The
results are consistent with the embedded-atom-method prediction of substantial subsurface H and
with previous electron-stimulated desorption measurements.

INTRODUCTION

The interaction of hydrogen with metal surfaces con-
tinues to attract a considerable amount of theoretical and
experimental attention, as recent reviews of the field at-
test. ' Palladium is particularly interesting because of
its ready ability to form bulk phases with H, namely the
solid solution or a phase and the hydride or P phase.
These phases have been observed and characterized by
many techniques including, recently, surface science
studies in ultrahigh vacuum (UHV). Crucial to the un-
derstanding of the mechanism of hydride formation is the
transition from adsorption at a surface site to a bulk site
in an underlying layer.

Eberhardt et aI. postulated penetration of H below
Pd(111) (Ref. 3) as an explanation of the loss of H-
induced features in the ultraviolet-photoemission spec-
troscopy (UPS) spectrum upon heating the specimen to
temperatures less than the onset of desorption. A de-
crease in electron-stimulated desorption (ESD) yield un-
der these circumstances has also recently been observed
by Kubiak and Stulen and interpreted as either desorp-
tion or difFusion into regions many layers below the sur-
face. Daw and Foiles have used the embedded-atom
method (EAM) to predict the structure of H/Pd(111);

the calculated structures agree with the symmetry of the
low-energy-electron-diffraction (LEED) patterns and with
the corresponding disordering temperatures. Their cal-
culations indicate that subsurfaces sites (i.e., sites be-
tween the first and second layers of the substrate), as well
as surface sites, are populated even during low-
temperature adsorption. At low temperature (75 Ic ) and
a coverage of 6=2/3, approximately 33%%uo of the ad-
sorbed H is predicted by the EAM to be on the surface in
threefold hollow sites above third-layer metal atoms and
67% to be subsurface in octahedral sites between the first
and second metal layers (in the present work these sites
are denoted A + and A —,respectively). As the temper-
ature is raised, the distribution approaches complete ran-
domization (50%%uo surface and 50%%uo subsurface), so more
H is on the surface and a higher ESD yield is expected.
Kubiak and Stulen found such an increase in the ESD
yield between 75 and 150 K.

The present work was strongly motivated by the pre-
dictions of the EAM and explores by dynamical LEED
intensity analysis the possibility of subsurface H on
Pd(111) for the structure at e= —', , which is identified by
the notation (&3X&3)R30-2H. This structure is the
second of two superstructural arrays found for H on
Pd(ill). Both arrays have (&3X&3)R30 symmetry,
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but the first contains one H atom in the unit mesh with a
coverage (9=—, while the second contains two at &=-—'. .
Both structures disorder at relatively low temperatures,
85 and 105 K, respectively. However, because cooling is
more easily performed with liquid nitrogen (77 K) than
with liquid helium (4 K) and because sample holders
inevitably contain a few degrees of cooling losses, the
second structure is considerably easier to observe than
the first and was therefore chosen for this initial work.

PREVIOUS DFTKRMINATIONS OF RELATED
STRUCTURES

In these cases, as well as in the present work and the
Ni(111)/H (Ref. 14) study, the structures analyzed were
for coverages and conditions where substrate reconstruc-
tion did not occur. That is, the fractional order beams
were very weak (only of the order of —,'„ the average in-
tensity of the integral order beams). When substrate
reconstruction does occur, the fractional beams are much
brighter and the information contained by their
intensity-voltage (I V) s-pectra are dominated by the
scattering from the substrate, making it difIicult to locate
the weakly scattering H atoms by LEED.

Vibrational spectroscopy (mainly high-resolution
electron-energy-loss spectroscopy) has been applied to
many H adsorption systems. For threefold symmetric
substrates, the technique has been applied to H on
Ni(111), Ru(0001), ' Rh(111)," Pd(111), ' and
Pt(111).' Generally, threefold hollow-site adsorption
was inferred by postulating a reasonable force-constant
model and comparing the number and symmetry of the
vibrational modes to experiment. Usually, the technique
does not permit a determination of bond length although
in one case, Pt(111), a H—metal bond length of 1.76 A
was suggested. " It should be realized that, because of its
small mass, hydrogen is relatively delocalized on these
surfaces, i.e., the zero-point motions are on the order of 1

A parallel to the surface. "'"' As in the case of thermal
motion, we focus our discussion on the average nuclear
positions.

Because of the postulates and assumptions irivolved in
vibrational studies, it is important to try to determine the
adsorption structure by other means and to determine
specifically the H—metal bond length. This has been
done for Pt(111) (Ref. 16) by helium-atom dift'raction, for
Ru(0001) (Ref. 17) by very-low-energy electron di(fraction
(VLEED), for Ni(111) by LEEI3 (Ref. 14), and for
Ni(111) and Pd(100) by transmission-ion channeling. ' '
In the He-diA'raction work, a Pt—H bond length of 1.9 A
was deduced with threefold hollow adsorption. In the
VLEED work, H was found to sit in the threefold hollow
site with the Ru—H bond length 1.91 A at saturation and
decreasing by 0.1—0.2 A at lower coverage. For
Ru(0001)/H only (1 X 1) and disordered structures have
been analyzed to date, although a (2X2) or (2X 1) struc-
ture was observed below 60 K. In the channeling study
of Pd(100), it was deduced that the hydrogen was in the
fourfold hollow site, with a Pd—H bond length of 2.00
and 1.97 A for the c(2X2) and 1X1 structures, respec-
tively. For Ni(111), it has recently been deduced with the
same technique that for the (2 X 2)-2H ordered structure,
both types of threefold hollow sites are equally populated.
This generally confirms the original LEED ' work on
Ni(111) which was the first structural determination of H
adsorbed on a surface. The nickel —H bond was found to
be 1.84+0.06 A using LEED and 1.65+0.05 A using
transmission-ion scattering.

Other LEED structural determinations have been per-
formed with H on Co(1010) (Ref. 20) on W(100) (Ref. 21)
and on the (110) surface of Fe, Rh, ' Pd, and Ni.

KXPFRIMENTAL DETAILS

The UHV chamber and video LEED system have been
used in previous, low-temperature work (20 K) concern-
ing H/Pd(111) (Ref. 26) but have not been described.
Briefly, the stainless-steel chamber contains three layers
of p-metal magnetic shielding internal to the vacuum en-
velope and routinely achieves a base pressure in the low
10 "Torr range with an ion pump. Final sample clean-
ing was accomplished by argon-ion bombardment at 1

keV with ihe sample at 900 K. The argon was kept pure
by intermittent flashing of a titanium subliminator, and a
small turbo pump was used to remove it from the
chamber before turning on the ion pump. Cleanliness
was verified by Auger-electron spectroscopy. The sample
temperature was measured by a Chromel-Alumel thermo-
couple spot-welded to the edge of the sample and was
constant at 82+1 K. The chamber pressure was less than
2X 10 ' Torr during I-V measurement. Molecular hy-
drogen was dosed by backfilling the chamber at
(1—2) X 10 Torr until the maximum intensity for the
(v'3 X v'3)R 30 structure was reached.

The video camera is a silicon intensified target type
(RCA Model TC 1030/H-SIT) and is operated without
automatic gain. A Digital Equipment Corporation
LS/11 computer, in conjunction with a computer-
automated measurement and control (CAMAC) crate,
ramps the voltage of the electron gun and records
incident-electron-beam current (0.4 pA or less for frac-
tional beams, 0.1 pA or less for integral beams) and spot
intensity. The spot intensity is obtained from an Imaging
Technologies inc. Model IP 512 board set inserted in the
LS/11 host computer. Usually, six difterent spots are
tracked and their intensities measured during a single
voltage ramp. The ramp is composed of 1-eV steps 2.3
sec in length during which 32 video frames are acquired.

Normal incidence of the LEED beam was used. Inten-
sities were measured in the form of I-V curves for the
(1,0) beam from approximately 50—300 eV, (0,1) from
50—300 eV, (1,1) from 170—300 eV, (2,0) from 200—300 eV,
(0,2) from 185—300 eV, ( —,', —,

'
) from 25—200 eV, ( —,', —', ) from

70—220 eV, and ( —,', —", ) from 130—205 eV, together with
most of their symmetrically equivalent counterparts.
Symmetrically equivalent I-V curves were averaged to-
gether. The total-energy ranges for inequivalent integral
and fractional spots were 845 and 400 eV, respectively.
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THEORY

The multiple-scattering methods used to calculate the
LEED intensities are well established and have been de-
scribed fully. ' The atomic scattering potentials were
represented by phase shifts. Ten Pd phase shifts used pre-
viously were employed together with ten H phase
shifts. The real part of the inner potential ( Vo) was as-
sumed to be 10 eV, and was allowed to vary in 2-V steps
by a rigid shift of the energy scale for the comparison of
theory and experiment. A homogeneous imaginary part
of the muon-tin constant of —5 eV was used. The bulk
Debye temperature used was 270 K, with an enhance-
ment factor of 1.4 for the surface mean-square vibrational
amplitudes. In the case of two H atoms in the same
plane, the layer-diffraction matrices were generated using
reverse-scattering perturbation, since scattering from H
is weak. In the absence of Pd reconstruction (which was
not considered), all of the other layers are Bravais-lattice
layers. The layers were stacked by renormalized forward
scattering.

Agreement between theoretical and experimental I-V
spectra is quantified by five reliability (R) factors and
their average, which include the reduced Zanazzi-Jona R
factor (RRzi), the Pendry 8 factor (RpE), and three oth-
ers Ros, R i, and Rz. ' This set of five has been applied
in many previous LEED studies. R factors for integral
and fractional beams were investigated together and sepa-
rately. In the latter case, agreement in Vp and in op-
timum geometry is required and demanded for a legiti-
mate structural solution. The various geometries con-
sidered are described in the following sections.

CLEAN Pd(111)
Since clean Pd(111) does not reconstruct, it is only

necessary to consider relaxations, i.e., changes in the
spacing between layers. As in a previous clean Pd(111)
study, we varied the top two interlayer spacings as well
as the bulk interlayer spacing independently. Interlayer
spacings are expressed as deviations from the standard
bulk value of 2.246 A, which assumes a cubic lattice con-
stant of 3.89 A. The first two parameters (Ad, z and
b,dz3) were varied from the bulk value by —0.10 to
+0.10 A in 0.025-A steps, and the third (b,db„,k ) over the

a
same range in 0.05-A steps. A minimum R factor of
0.166 was found for bd, 2=+0.025 A, Ad23=0. 00 A,
and Ad34 0.00 A, with errors of +0.05 A. Because this
was a pronounced R-factor minimum, and the corre-
sponding geometry agrees within error bars with the
clean, room-temperature Pd(111) surface geometry ob-
tained previously by LEEl3, no further structural varia-
tions for the clean surface were'examined. As has been
noted before, the expansion of the last Pd layer is unusu-
al; most clean metal surface have the outermost layer
spacing bulklike or contracted. However, the magnitude
of the expansion is small: +0.025 A corresponds to an
expansion of only 1.1%%uo and is within the error bars of an
ideal truncation of the bulk.

The apparent, and unusual, expansion of the last metal
layer for the clean Pd(111) surface both in the room-
temperature study, as well as the present work at low
temperature, deserves some discussion. Expansion of the

palladium lattice is well known for bulk PdH . When
hydrogen is absorbed into bulk palladium to saturate the
o.-Phase PdHpp3 the interlayer sPacing increases from

a
2.2465 to 2.2482 A near room temperature corresponding
to an expansion of 0.08%. Continued absorption, in
the range x=0.03 to approximately 0.60, takes place in
the two phase region of coexistence of a (solid-solution)
and P (hydride) phases. The interlayer spacing for the f3
phase in this region is 2.3244 A or an expansion 3.5% rel-
ative to the pure metal. Further expansion occurs in the
pure /3 phase for sioichiometries larger than 60% hydro-
gen. Thermal expansion is small, only about 0.2% from
100 to 300 K. Predictions of the embedded-atom method
also indicate hydrogen-induced expansion (relative to the
clean termination). In the EAM formalism, the outer-
most metal layer embeds itself into a higher electron den-
sity by moving toward the second layer, thereby lowering
the energy. For Pd(111), the EAM calculates a contrac-
tion of the top layer spacing by 0.07 A, 3%,' as H is added
to the surface, the calculated contraction is reduced, so
that at 0=

—,', the outermost layers of Pd are separated by
approximately the bulk value.

In view of the expansion of the bulk upon the introduc-
tion of hydrogen and the predicted expansion at the sur-
face with hydrogen, one possible explanation to consider
for the experimental observation of a slightly expanded
layer on the "clean" surface is that H is inadvertently
present. However, if H is indeed present on our clean,
cold sample, it is not present in sufhcient quantity to form
ordered arrays since fractional beams are observed only
after intentiona1 dosing from the gas phase. The anneal-
ing temperatures and times that have been used are well
above conditions for rapid decomposition of the solid-
solution and hydride phases and for the desorption of the
chemisorbed state. It is unlikely that there could be a
state of hydrogen near the surface that would survive
these annealing procedures. The cool-down times of ap-
proximately two minutes or less do not permit adsorption
of much residual hydrogen at the system pressure im-
mediately following cleaning anneals, 2 X 10 ' Torr. In
any case, it is important to remember that the measured
expansion and predicted contraction are small, on the or-
der of a few percent, and are within the errors of theory
and experiment.

RDERED HYDROGEN ADSORPTION STRUCTURE

With the adsorption of H, only slight changes were ob-
served in the integral-order I- V curves, and the
fractional-spot intensities were quite weak. This suggests
that any reconstruction (i.e. , lateral rearrangement of the
metal atoms) is small and that the metal-metal interlayer
distances do not change appreciably from the clean case.
We therefore have concentrated on the location of the H
atoms in our structural search. The Pd layers were not
allowed to reconstruct, and Pd-Pd interlayer distances
were varied near their values for the clean surface.

A model of the Pd(111) surface with an outline of the
(V3 X i 3)R 30' unit mesh is shown in Figs. 1 (top view)
and 2 (side view). The three outermost layers of Pd
atoms are labeled according to the "abc" stacking se-
quence of an fcc lattice. Six different types of high-
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FIG. 1. Arrangement of the three outermost layers of
Pd(111) in the fcc stacking arrangements, abc. The
(&3X &3)R 30 unit mesh is outlined. The various sites con-
sidered are shown, top, bridge, and threefold. The latter are
designated A +, A —,B +, and B —,where the + and —sym-
bols designate surface and subsurface (between first and second
metal layers) sites and A and B designate above third- (a) and
second- (b) layer metal atoms, respectively.

symmetry sites need to be considered. They are the top
site, the bridge site, and four types of threefold symmetri-
cal sites. The latter are classified as type A (above an a-
type metal atom —a Pd atom in the third metal layer) or
B (above a b-type metal atom —a Pd atom in the second

FIG. 2. As in Fig. 1, except side-on view. The figure is in the
(011) plane and contains one of the sides of the (&3X &3)R30'
unit mesh.

metal layer). For both A and 8 types there are two sites,
namely above the surface (designated with + and called
surface site) and between the first two metal layers (desig-
nated with —and called subsurface site). The g +,
3 —,8 +, and 8 —sites can also be referred to as the
tetrahedral surface, octahedral subsurface, octahedral
surface, and tetrahedral subsurface sites, respectively.

First we consider "single-site" geometries, i.e., those
with all the H in the same site. Double occupancy in a
molecular sense is excluded since the adsorption is disso-
ciative. Thirteen possibilities are listed in Table I. There

TABLE I. Single-site (&3X&3)R30 structures considered. Information concerning interlayer
0

spacings is reported in two rows, in units of A. The first row lists the range of spacings tried in the for-
mat (start, stop, step interval). The second row lists the actual value at which the R factor is at a
minimum. Metal-H spacings reported are the distance of the H atom above (+) or below (

—) the
plane of the first layer of Pd atoms. Metal-metal spacings are expansion (+) or contraction ( —) rela-
tive to the bulk value.

Type R factor Metal-H spacing

1B+

IA—

1B—

2 top site

2 bridge site

2 bridge site

2 bridge site

2 bridge site

0.228

0.305

0.283

0.264

0.224

0.298

0.297

0.252

0.281

0.258

0.258
0.261
0.261

0.258

0.5, 1.5,0.5
0.80

—1.62, —0.62,0.05
—1.57

0.5, 1.5,0.05
0.90

—1.62, —0.62,0.05
—1.02

0.5, 1.5,0.05
0.85

none
0.80

—0.62, —1.62,0.05
—0.82

—1.22, —1.02,0.1
—1.12

0.6,2.2,0.1

1.40
0.6,1.4,0.1

1.00
0.6,1.4,0.1

1.40
0.6, 1.4,0.1

1.40
0.6, 1.4,0.1

1.00

0.025,0.075,0.025
0.03

0.025,0.075,0.025
0.05

0.025,0.075,0.025
0.03

0.025,0.075,0.025
0.03

none
0.05

none
0.05

none
0.05

0.0,0.075,0.025
0.05

none
0.05

none
0.05

none
0.05

none
0.05

none
0.05
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is only one unique way of placing two H atoms in the
( 3 X+3)R 30 unit mesh in top sites. This is also true

+~ andor each of the four threefold sites, A +, A —8 +,—.For bridge sites, there are four inequivalent ways of
filling the unit mesh with two H atoms. In addition to

, and8-these nine possibilities the A +, A — 8 +,
si es are considered with only one H

'
th

m —1

in .e unit mesh
(8=—,). (The sensitivity of LEED to H-H distances in

thee R factor between two sets of theoretical I-V curves.
mpu ing

These curves were computed f 'dor i entical local
geometries, with the only difFerence being that one is at a
coverage e= —,

' and the other is at 6=—', . For all four
types of threefold sites discussed above this R fve, is actor was
ess an 0.05. Although this den. onstrates that LEED is

an - istances, itess sensitive to H-H distances th Pd-H d'

cussed below
oes permit disordered H to be handled ie in a manner dis-

cusse e ow. ) Table I lists the geometry type, the best R
om a ove ~ j-or belowfactor, the distance of the H atom b ~+j-

first an secon

—) the first Pd layer, and the distance hd b tnce ]2 e ween t e
rst an second metal layers relative to the standard bulk

value of 2.246 A.6 A. The distances, together with their be-

, as in the clean struc-t is parameter remained at 0.00 A a h
ture. e distanced' nce Ad, z was varied more frequentl but
in eneral reg, remained near the clean surface 1 F

uen y ut,

these "sin ' - '
ce va ue. or

single-site structures, it is clear that the A +
g' est R factor. The distance of the H above theives the b

r a e site

Pd metal la er (0.8 +ayer ( . 0 0.10 A) corresponds to a metal —H
bond length of 1.78+0.05 A.

Since the EAM r
A+ and A— p edicts simultaneous occupatio f—sites, we also consider "two-site" d

ion o

structur es with one H in a subsurface site and one in a
surface site. These structures have 50% subsurface occu-

CO

~WW '

I

(1,-2)

~ e
CI5~ O

CO

I
& o

Cl

CO

(2/3, -4/

~O

CO

I
0.0 50.0 100.0 150.0 200.0

energy (eV)
250.0 300.0

FIG. 3. Re rp esentative comparisons of theoret' l d
imental I-

re ica an exper-
al I-V curves for the structure with the bwi e est overall R fac-

or, —/same. One integral and one fractional beam are
shown.

pation. For completeness, we also consider structures in
whic both H are in the same plane but i d fF

o si es. e two-site ordered structures are listed in
Table II. Note that t
3+3 —c

t t ere are two ways of populatin thg e
ms occupy sur ace—combination: The two H atoms o

and subsurface sites above either th h
metal atom ( 3 + A —/same)

e same t ird-layer

(3+3 —ot
same or adjacent ones—/other). An equivalent statement can be mad

for the 8 +8 —cr e —combination. Therefore, there are a to-
can ema e

tal of eight of these "two-site" combinations to be con-
sidere .

Four of these combinations gave low R factors. They
are A +B + (R=0.232), 2 +8 — (R=0.222

TABLE II. Two-site ( &3X &3)R 30' structures considered. In
units of A. The first row

structures considered. Information concerning interla er s

value at whi
row

' 'e in e ormat (start sto
yer spacings is reported in two rows in

p p

l of h fi 1 fPd o M l- (+expansion ) or contraction ( —) relative to the bulk value.

Type

A + A —/same

A + A —/other

A+B—

B +B —/same

B +B—/other

A + A —/mix'

R factor

0.232

0.253

0.221

0.237

0.222

0.283

0.272

0.271

0.222

Metal-H spacing {1)

0.5,1.5,0.05
0.85

0.5, 1.5,0.05
0.85

0.6, 1.0,0.05
0.80

0.6, 1.0,0.05
0.80

0.6, 1.0,0.05
0.80

0.6, 1.0,0.05
0.85

0.6, 1.0,0.05
0.85

0.6,1.0,0.05
0.80

0.5,1 ~ 5,0.5
0.80

Metal-H spacing (2)

0.5, 1.5,0.05
0.85

0.5, 1.5,0.05
0.85

—0.72, —1.52,0.05
—1.22

—0.72, —1.52,0.05
—1.17

—0.72, —1.52,0.05
—1.02

—0.72, —1.52„0.05
—0.72

—0.72, —1.52,0.05
—1.12

—0.72, —1.52,0.05
—1.12

—0.62, 1.62,0.05
—1.22

0.025,0.075,0.025
0.03

0.025,0.075,0.025
0.03

none
0.05

none
0.05

none
0.05

none
0.05

none
0.05

none
0.05

none
0.05

'The minimum of the R factor for ther he mixture (incoherent sum) of A + and A —occurs at 2an —occurs at 20%% subsurface occupation (see Fig. 4).
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L

CO c
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0.34

0.32

0.30

0.28

0.26

Best R factors for various
(v3X43)-R30 structures

1A+ mix 1A-
2H+
2H-
1H+/1H- ordered
1H+
1H-
not

0.9 1.1 1.2 1.3
subsurface H (A)

1.4
I

1.5
0.24

0.22

FIG. 4. Contour plot of R factor for 2 + 3 —/same struc-
ture (see text) with variation of surface and subsurface H-to-Pd
layer spacings. The spacings are defined as the distance between
the plane of the first layer of palladium atoms and either the
surface or the subsurface hydrogen.

0.20
0.0 0.2 0.4 0.6 0.8

subsurface H fraction

1.0

3 + A —/same (R=0.221), and A + 3 —/other
(R=0.237). The 2 +B —combination gives a reason-
able bond length from the surface and subsurface hydro-
gens to the first-layer Pd atoms. However, the bond
length from the subsurface H to the Pd atom directly
below it is unphysically short (1.27 A). This would place
the H closer to the Pd atom than even the muffin-tin ra-
dius (1.38 A). In addition, when the R factors for the in-
tegral and fractional beams are minimized separately,
different solutions are obtained. These considerations in-
dicate a spuriously low R factor, and we therefore ex-
clude this geometry from further consideration.

Calculated I-V spectra for the A + A —/same struc-
ture, which produced the lowest overall R factors in this
work, are compared to experiment in Fig. 3. One
fractional- and one integral-order beam are shown. They
were chosen to be displayed in the figure because they
represent for this structure agreement between theory
and experiment that is typical, i.e., neither the best nor
the worst. The sensitivity of the overall R factor of this
structure to surface and subsurface H vertical positions is
exhibited in the contour plot of Fig. 4. Note that the R
factor is more sensitive to the surface H position, but
variations in either show a clear minimum.

We note that the two structures A + A —/same and
A + A —/other have similar R factors. More important-
ly, the R-factor minimizations yield essentially identical
local geometries (the location of the H atoms with respect
to the Pd atoms). In fact, the only difference in the struc-
tures is in the location of the H atoms relative to each
other; as discussed parenthetically above, it is difticult to
resolve such details of the structure by LEED.

DISORDERED HYDROGEN ADSORPTION
STRUCTURE

The EAM predicts ' that substantial vertical disorder
exists at 82 K, despite near-perfect lateral order. That is,
hydrogen may occupy A + and A —sites on a random
basis, while still maintaining the (g3 X /3)R 30 lateral

FIG. 5. R factors for the various (&3X+3)R30 hydrogen
structures vs subsurface occupation. The solid line is obtained

by summing different percentages of I-V curves from 3 + (sur-

face) and 3 —(subsurface) 1H structures. The 21 individual

points are listed in Tables I and II ~

periodicity. The ordered structures discussed previously
can account for subsurface occupations of 0%, 50%, and
100%, but other proportions cannot be handled in the
(&3X&3)R30 cell. The similarity of theoretical IV-
curves for B=—,

' and 0=—', single-site geometries in the
previous section suggests the possibility of mimicking
vertical disorder by incoherently summing the theoretical
I-V curves for a surface (e.g. , IA +) and a subsurface
(e.g. , 1A —

) geometry. The incoherent sum may be per-
formed at any subsurface occupation. To assess the va-
lidity of this approach, the incoherent sum at 50% 1A +
and 50% 1A —was compared to the ordered A + A—
structure by computing the R factor between the two sets
of theoretical I-V spectra. This R factor was found to be
small ((0.1), giving us conftdence to go ahead and com-
pare the incoherent-mixture calculations to experiment.
The solid line in Fig. 5 shows the R factor comparing the
incoherent sum with experiment as a function of subsur-
face occupation (the percentage of 1 A —in the mixture).
For pure 1A +, there is 0% subsurface occupation, and
the R factor and resulting geometry are as given in Table
II. As the subsurface component is introduced, the R
factor decreases slightly, reaching a minimum at approxi-
mately 20%%uo subsurface occupation. For each percentage
of subsurface H the R factor plotted in Fig. 5 represents
an optimized geometry, The R factor increases slightly
as 50% subsurface occupation is reached, and then in-
creases rapidly beyond 60%, reaching its highest value at
the large R factor found for the simple A —structure.
Even though the pure-A —structure gave a poor R fac-
tor, more than 50% of the H can nevertheless be in this
site and still yield a good R factor, provided that the
remainder is in the A + site. Note that the best R fac-
tors for two ordered structures at 50% subsurface occu-
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pation, 3 + 3 —/same and A + 2 —/other, bracket the
R factor at 50% on the solid line of Fig. 5. This not only
supports the validity of the interpolation, but also pro-
vides a measure of its error which suggests that subsur-
face occupations anywhere from 0% to 60% are con-
sistent with our LEED analysis.

DISCUSSION

Table III lists the H-metal distance for the five best
structures determined in the present work together with
determinations from previous work on other metal sur-
faces. In the previous work, the H was determined to be
in threefold hollow sites in the cases of hexagonal sub-
strates, and pseudothreefold hollow sites for the (110)
surfaces (two bond lengths are listed in the case when the
H sits oA' center over the threefold site). The Ru(0001)
work was for (1 X 1) and disordered structures, over a
range of coverages, giving rise to a range of bond lengths.
The first entry in the table is for the best structure of the
"single-site" types listed in Table I, namely A +. The
next four entries are discussed below.

As can be seen from Table III, the bond length and
geometry for H in the A + site are consistent with the
prior determinations on other surfaces using various
techniques. Of the surface sites, this is the most favored
by the EAM calculations. One other site, the A —,was
predicted to be marginally lower in energy, but relatively
poor R factors were achieved for geometries with only
the A —site occupied. To understand this apparent
disagreement, we need to consider another prediction of
the EAM consistent with ESD measurements: the pres-
ence of substantial vertical disorder. The EAM predicts
that the A + and A —sites are nearly degenerate in en-
ergy and that the barrier between them is small. As a
consequence, 33% of the H is in surface sites at 75 K,
while the remainder is in the subsurface octahedral
( A —

) sites.
The site degeneracy and vertical disorder predicted by

the EAM was strong motivation for us to co'nsider the
two-site structures listed in Table II. Three of these have
sufficiently low R factors to deserve consideration along
with the single-site geometry, 2A +, and are therefore
listed in Table III. All three have one hydrogen in the
A + site. Two have the second hydrogen in the A—
subsurface site, either directly below the surface hydro-
gen (same) or in the adjacent site (other). The fifth possi-
ble structure listed in Table III represents a mixture of
A + and A —sites. The lowest R-factor was found at
approximately 20%, but mixtures between 0 and 60%
gave adequately low R factors with only slight changes in
the adsorption geometry.

For all five of the possibilities listed in Table III for the
present work the geometry of the surface H relative to its
three nearest-neighbor Pd atoms is essentially the same.
That is the Pd&—H+ length is between 1.78 and 1.80 A
corresponding to a distance between the surface H and
the first palladium plane of 0.80 to 0.85 A. This agrees
very well with previous structures determined by other
authors for various surfaces as listed in Table III.

For those candidate structures with subsurface hydro-
gen, it is always found between 1.17 and 1.22 A below the
first Pd plane, corresponding to a Pd&—H length between
1.97 and 2.00 A and a Pd2—H length between 1.96 and
1.92 A. This is close to the Pd-H distance in the bulk 0:
(solid solution) phase 1.95 A and in the P (hydride) phase
2.01 A.

Figure 5 shows the R factors for the structures listed in
Table I and II. It is clear that many of the structures can
be eliminated by their large disagreement with experi-
ment. However, the ideal situation, the elimination of all
but one geometry, clearly has not been achieved. From
the point of view of the EAM results, it is important to
note that structures with considerable vertical disorder,
as approximated here, agree with the present LEED ex-
periment. Our present findings are consistent with the
EAM prediction of substantial subsurface H in the A—
site and partial occupation of the surface A + site at a
total coverage of 6= 3.

NotesPdl —H+ Pd, ,—H

TABLE III. Metal —Hydrogen bond lengths. Bond length from surface (+) and subsurface (
—) hy-

drogen to palladium atoms in the first-, Pdl, and second-, Pd2, layer metal atoms. References for the
previous determinations are listed in square brackets.

Surface

Pd(111)

Pt(111)

Ru(0001)
Ni(111)

Pd(100)
Pd(100)
Rh(110)
Pd(110)
Ni(110)

(&3x &3)-1H,2H

(1 x 1)

0.2&6&1.0
(2x 2)-2H

c(2X2)
(1 x 1)
(1 x 1)-2H
(2x 1)-2H
(2 x 1)-2H

1.78 A
1.80
1.78
1.78
1.78
1.76
1.9
1.78-1.91
1.84
1.65
2.00
1.97
1.84
1.99,2. 11
1.72

2.00,1.92
1.97,1.96
2.00, 1.92

2 +, best single site
3 +8+
3 + 3 —/same
3 + 2 —/other
3+ and 3 —mixture
EELS [13]
He scattering [16]
VLEED [17]
LEED [14]
transmission channeling [18]
transmission channeling [19]
transmission channeling [19]
LEED [23]
LEED [24]
LEED [25]
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CONCLUSION

LEED I-V curves have been obtained for the Pd(111)-
(&3X&3)830'-2H structure at 82+1 K at normal in-
cidence. The best agreement with calculated spectra
occurs with all H in the threefold hollow surface sites
above third-layer metal atoms ( 3 + sites) or in mixtures
containing H in this site and in the A —subsurface sites
(octahedral sites between the first and second metal lay-
ers). These sites are also favored by the embedded-atom-
method calculations of Daw and Foiles.

Occupation of other sites, such as bridge, top, subsur-
face tetrahedral (8 —sites), and threefold hollow surface
sites above second-layer metal atoms (8 + sites), is ruled
out, in agreement with the EAM. For all structures with
good R factors, the H in 3 + sites is a vertical distance
of 0.80 to 0.85 A above the topmost Pd layer, corre-
sponding to a metal —H bond length of 1.78 to 1.80 A.
(Vertical distances are determined within +0.10 A corre-
sponding to metal-H distances within +0.05 A. ) Among
these, the best agreement was obtained with the two-site
3 + 3 —ordered structure. The metal —H bond lengths
for the subsurface hydrogen are 2.00 A from the first-
layer Pd atoms and 1.92 A from the second-layer Pd
atoms. The subsurface hydrogen is a vertical distance of
1.22 A below the top Pd layer. This may be compared
with the ideal octahedral site& which is the site occupied
in the bulk hydride, at 1.12 A below the top Pd layer if
the Pd-Pd interlayer spacing takes on the bulk value of
2.25 A (1.15 A for Pd planes separated by the slightly ex-
panded value of 2.3 A as determined by the present
work). At low coverage, the EAM gives this distance to

0

be 0.7 A; with higher coverage, the H atom moves to the
geometrical center of the octahedral site.

The EAM predicts good lateral periodicity, but sub-
stantial vertical disorder: 67% subsurface and 33% sur-
face occupation at 74 K, i.e., near our experimental tem-
perature of 82 K. We made use of the relatively small
contribution of hydrogen-hydrogen multiple scattering to
model vertical disorder in the LEED calculations. Our
results are consistent with a subsurface occupation in the
range 0—60%, and are generally less specific in terms of
percentage of surface and subsurface occupation than the
ESD measurements of Kubiak and Stulen which
confirmed the presence of substantial subsurface occupa-
tion and vertical disorder. Cooling the sample to ap-
proximately 20 K should aid in the determination of the
H geometry by freezing out the vertical disorder in the
Pd(1 1 1)-(v'3 X V'3)R30'-2H structure, and may permit
determining the structure for the simpler, and somewhat
less stable, Pd(111)-(&3X &3)R 30'-1H structure.
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