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The electronic properties of H chemisorbed on the Pd(111) surface are studied with the use of
angle-resolved photoelectron spectroscopy and a self-consistent pseudopotential mixed-basis theoreti-
cal calculation. Adsorption of H onto a substrate cooled below -250 K results in an ordered
{1&(1)Hoverlayer, deduced from the symmetry of the dispersion of the H—Pd bonding band, which
is split off from the Pd bulk bands. A comparison between theory and experiment gives very good

0
agreement when the H atoms occupy threefold surface sites with a H —Pd bond length of 1.69 A.
The bonding is predominantly H ls —Pd4d as can been seen in the charge-density plots and the
angular-momentum-decomposed local densities of states. Room-temperature adsorption of hydro-

gen or adsorption at low temperatures followed by a brief warming to )270 K produces a form of
chemisorbed H which is nearly invisible in the photoelectron spectra. The possible bonding configu-
rations of this invisible state are discussed.

I. INTRODUCTION

The interaction of H with the bulk of Pd has been in-
vestigated thoroughly due to the high solubility of H in
Pd. ' The nature of the adsorbed H and the relationship
between absorbed and dissolved H is not as well under-
stood. For example, only a few years ago it was believed
that the strongly chemisorbed H state could not be in
equilibrium with the bulk, instead a weakly bound ad-
sorption state was postulated. However, recent H2
molecular-beam experiments have shown that equilibrium
between chemisorbed H and dissolved H below the surface
(macroscopic dimensions) is reached rapidly at tempera-
tures above 300 K. There is some evidence from the
low-energy electron diffraction (LEED) measurements of
Christmann et al. that the concentration in the first few
layers may be larger than deep in the bulk.

Figure 1 shows a simple schematic potential-energy dia-
gram for H and H2 interacting with a Pd surface. The
potential-energy curve for the H2 molecule has a weak
minimum near the surface, while the atomic H potential-
energy curve has a deep minimum closer to the surface.
The molecular and atomic curves cross leading to dissocia-
tion of the incoming H2 molecule. Engel and Kuipers
showed that the curve crossing is below the zero of energy
for gas phase H2, so that dissociation is not activated on
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FIG. 1. Schematic potential-energy diagram as a function of
distance from the surface. Ed;„is the gas phase H2 dissociation
energy.

Pd(111). The atomic adsorption energy (E,d, ) for H on
Pd(111) has been measured by Conrad et al. to be 0.46 eV
at low coverages, while the heat of solution in the bulk
(~) is 0.20 eV. ' The chemisorbed H is bound much
more tightly than the dissolved H, but the depth of this
surface well will depend upon the H concentration on the
surface. Engel and Kuipers showed that one analysis of
their molecular-beam data predicted a variation in the ad-
sorption energy of a H atom as a function of H concentra-
tion on the surface, dropping from 0.46 eV at low cover-
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age to 0.4 eV near saturation. According to their work,
the low-coverage H was disordered while the high-
coverage layer was ordered. Behm et a/. reported that
for H adsorbed of Pd(100) at 170 K, the adsorption energy
was constant up to about 0.9 of a monolayer, then fell by
30% when the coverage was increased to 1.3 of a mono-
layer, due presumably to repulsive H-H interactions.

The actual potential-energy diagram for the interaction
of H with Pd could be considerably more complicated
than indicated by Fig. 1. For chemisorbed atoms such as
H on Pd or Q on Ni, where it is known that they dissolve
into the bulk, there may be a deep potential well slightly
underneath the surface. This has been postulated by An-
dersson to explain the vibrational spectra of p(2 &2)0
and c(2X2)0 on Ni(100) and by Eberhardt et al. '0 to ex-
plain H adsorption on Ni, Pd, and Pt. If the analysis of
Engel and Kuipers of the LEED data of Christmann
et a/. is correct, then there is an abnormally high concen-
tration of H in the surface region for room-temperature
adsorption. This indicates that the potential well at the
second or third layer of Pd must be different than the
equivalent potential well deep inside of the bulk.

Conrad et a/. have shown that the adsorbed H can be
identified from ihe kinetics of desorption and the work-
function change. The adsorption of H onto a Pd (111)
crystal at room temperature resulted in a thermal-
desorption spectrum with a single-surface desorption peak
at -380 K and a broad higher-temperature desorption
peak from the dissolved H. Saturated H caused a 0.18-eU
work-function increase while dissolved H gave no work-
function change. If the substrate temperature is de-
creased below room temperature, more H is adsorbed.
The beam work of Engel and Kuipers indicate that the
surface coverage increased as the substrate was cooled.
The concentration saturated at 250 K. No thermal-
desorption spectra have been reported for substrate tem-
peratures below room temperature, but presumably the
thermal-desorption spectra will look like other single crys-
tal faces of Ni and Pd, with two desorption peaks. " The
high-temperature peak will be present for low coverages
while the low-temperature peak (below room temperature)
will appear in the thermal-desorption spectra for higher
coverages.

At the present time there is very little information avail-
able concerning the degree of order of H adsorbed onto Pd
surfaces. Christmann et a/. observed no new diffraction
spots in their LEED experiment for H adsorbed on
Pd(111) at room temperature. The background intensity
decreased upon adsorption of H indicating an ordered
overlayer, presumably a (1&1) structure. In contrast to
the LEED study, molecular-beam experiments showed
that H adsorbed at room temperature was disordered
while adsorption at T~250 K lead to an ordered over-
layer. The easiest interpretation of the molecular-beam
experiment is that low-coverage H is disordered while a
high-coverage layer is ordered. Christmann et a/. have
observed that high exposures of H (10 Torr) at room
temperature produces a measurable shift in the voltage
maximum in the substrate LEED beams, consistent with a
2% expansion of the Pd-Pd interplanar distance.

The objectives of this study are threefold.
(1) To identify the surface states or resonances on clean

Pd(111) and to measure their dispersion in the two-

dimensional surface Brillouin zone (SBZ). This data can
be compared to existing theoretical calculations. '

Several experimental papers have shown dramatic changes
in the d-band region of the photoemission spectra from
Pd(111) upon adsorption of a foreign atom or mole-
cule. ' ' ' The latter observation is a clear sign of sur-
face states or resonances.

(2) To measure the position in energy and dispersion of
the H-induced energy levels when H is adsorbed in an or-
dered array into a cooled Pd substrate. These measure-
ments can be compared to theoretical calculations to
determine the bonding site and the nature of the chem-
isorbed state.

(3) To investigate the nature of the H—Pd bond at
higher substrate temperatures of lower coverages where
molecular-beam data indicate that the H layer is disor-
dered.

There have been three previous photoemission studies of
H adsorbed on Pd(111). Demuth' exposed a Pd(111)
crystal at 80 K to 2 L of H2, resulting in a work-function
change of 0.18 eV [1 langmuir = 1 L—= 10 Torrsec].
The resulting changes in the angle-integrated photoemis-
sion spectrum were a new H 1s—Pd bonding level 6.4 eU
below the Fermi energy and a quite dramatic loss of inten-
sity in the d-band region within 3 eV of the Fermi energy.
Conrad et a/. ' measured the changes in the angle-
integrated photoemission spectra when 10 Torr pressure
of H2 was introduced into the chamber, with the crystal at
200 K. They observed a H ls —Pd bonding orbital at 6.5
eU below EF and larger changes in the d-band emission
near the Fermi energy. The decrease in d-band emission
near the Fermi energy in both studies indicates that sur-
face states or resonances are being quenched by H adsorp-
tion. ' geng and El-Batanouny studied H adsorption
onto Pd layers grown on a Nb crystal at room tempera-
ture. ' Their angle-integrated photoemission results indi-
cate that an intrinsic surface state near the Fermi energy is
desti oyed by H adsoiptlon.

In an earlier paper Louie compared the calculated
changes in the density of states induced by a H(1)&1)
layer on Pd(111) to the measured angle-integrated photo-
emission difference curves. ' The conclusion was that H
was bound in a threefold site on the surface, for the specif-
ic conditions of Demuths's experiment: 2-L exposure at
80 K.' This comparison undoubtedly ruled out a termi-
nally bonded configuration for the H atoms, but it was
impossible to distinguish between the two different three-
fold sites or to accurately determine the Pd —H bond
length. The work of Feibelman, Hamann, and Himpsel, '

who determined the bonding site of H on Ti(0001), clearly
illustrates the pitfalls of using angle-integrated photoemis-
sion data. Their first paper compared theoretical calcula-
tions for different geometries with the angle-integrated
data of Eastman. They concluded that the H was bound
in a threefold site which was the natural extension of the
hcp lattice with a Ti—H bond length of 1.78 A. Subse-
quent to the publication of this paper, Himpsel measured
angle-resolved photoemission spectra from H on
Ti(0001). ' The best theoretical fit to this data was for a
threefold site in the fcc continuation of the lattice with a
Ti—H bond length of 1.90 A. ' The bond length and site
changed using angle-resolved data compared to angle-
integrated data.
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II. EXPERIMENTAL AND THEORETICAL
PROCEDURES

A. Experiment

The experiments were performed at the Synchrotron
Radiation Center of the University of Wisconsin. The
synchrotron light was dispersed by a dual torodial grating
monochromator which operated in the 10 "Torr vacuum
range. The angle-resolving detector is a 2.5-cm mean ra-
dius hemispherical analyzer with an angular resolution of
+2.5. The combined resolution of the monochromator
and analyzer was usually set at a few tenths of an eV. The
main vacuum chamber operated in the low 10 ' Torr
range. The sample was mounted onto a Dewar with two-
axis rotation and x,y, z translation. With liquid-N2 cool-
ing, the crystal could be cooled to —100 K or heated resis-
tively to 1000 K. The temperature was measured by a
thermocouple spot welded directly to the Pd crystal.

The Pd(111) crystal was loaned to us by Nilsson. The
crystal, which had previously been extensively cleaned,
was cleaned in our chamber by repeated sputter-annealing
cycles. The orientation of the SBZ mirror planes with
respect to the direction of the light polarization was deter-
mined by symmetry-related angle-resolved photoemission
measurements. Work-function changes were measured by
recording the shift in the cutoff of the secondary electrons
in the photoemission-energy distribution. The sample was
usually biased by several volts negative to avoid any prob-
lems with differences in work function between the crystal
and analyzer. Crude thermal-desorption spectra were
recorded by instantaneously flipping on the Variac used to
heat the crystal. The pressure change was measured by
the ion gauge or a mass spectrometer. The temperature
versus time was nearly linear.

B. Theory

The calculation procedure employed here has been
described elsewhere. ' ' ' It is a self-consistent pseudo-
potential scheme utilizing a local-density description of
the exchange and correlation potential energy. The d and
s bands are treated in a mixed-basis technique using plane
waves plus d-like Gaussians. The calculation is done for
a seven-layer slab of Pd with a (1X1)H layer bound to
each side. A vacuum region equivalent to four atomic
layers of Pd separates each slab, where the whole calcula-
tion is done in a supercell description. ' ' The only inputs
to the calculation are the atomic positions of the H and Pd
and the bare ionic pseudopotentials for the Pd' + and H'+
ion cores. Convergence was achieved with -300 plane
waves and 35 local orbitals (five for each Pd atom). Cal-
culations of the critical points in the bulk band structure
of Pd using this technique agree quite well with measured
values.

The Pd-Pd interplanar spacing at the surface was as-
sumed to be the same as the bulk spacing. Ion scattering
experiments on Ni(111) (Refs. 26 and 27) and Pt(111) (Ref.
28) indicate little or no change in the surface-lattice spac-
ing before or after H adsorption at low temperature. The
H was assumed to be in a (1X1) ordered configuration
and only the site and bond length were varied. Compar-

ison to angle-integrated photoemission results ruled out
the terminal site. ' '

The electronic states for clean Pd(111) (Ref. 15) and H
adsorbed in a (1 X 1) configuration into the two different
trigonal sites were calculated. The two sites differ in the
stacking sequence, for the fcc structure there is an abcabc
sequence while a hcp structure has an ahab sequence.
Several different Pd-H spacing centered about 1.69 A
(which is the sum of the metallic radius and H covalent
radius) were used. Normal-mode analysis of the vibration-
al modes of H adsorbed on Ni(111) and Pt(1 11) indicates
that the metal-H spacing is given by the covalent metallic
radius. A LEED analysis fo a p(2X2)H on Ni(111)
structure yielded a much longer H—Ni bond distance (1.84
A) than deduced from the vibrational spectra. The
analysis of the H on Ti(0001) angle-resolved data also de-
duced a long Ti—H bond length. '

In comparing the angle-resolved difference curves and
the calculated k-resolved change in the density of states,
the theoretical difference curve was defined as

EN(k, E)= g f bn;(k, E')f(E E',y(E)—)dE',

where b,n;(k, E) is the difference between the local density
of states at k for the chemisorbed surface and the clean
surface at the ith layer. The total change in the density of
states as defined in Ref. 13 is the integral of b,lV(k, E)
over the SBZ. The function f(E E',y(E)) acco—unts for
the lifetime broadening and instrument resolution. f is a
Gaussian function with an energy-dependent width adjust-
ed empirically,

y(E) =0.15
i
E EF

i
+0.2,—

measured in eV. Equation (1) approximates the actual
angle-resolved photoemission difference curves. It ignores
final-state and matrix-element effects so that the intensi-
ties should not be expected to correspond to experimental
data.

III. RESULTS

A. Clean Pd and H(1)& 1)-Pd

The identification of a surface state on Pd is complicat-
ed by the complexity of structure seen in the photoemis-
sion spectra due to direct bulk transitions. These direct
transitions from the occupied d bands produce multiple
peaks in a spectrum over an energy range of 3 or 4 eV
below the Fermi surface. ' ' This bulk structure moves in
energy with changing photon energy or collection angle
making an unambiguous identification of a surface state
or resonance difficult. A surface state or resonance is a
two-dimensional state, so that its energy in a spectrum
should be independent of %co if k~I is held fixed. It should
also be sensitive to the adsorption of a foreign atom or
molecule.

Figures 2(a), 3(a), and 4(a) each show three sets of
angle-resolved energy distributions for clean Pd(111) and
saturated H adsorption at —100 K. Spectra for three
photon energies (30, 40, and 50 eV) are shown on each fig-
ure for the three high-symmetry points of the SBZ (see top
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FIG. 2. (a) Normal-emission spectra from Pd(111) and
4)&10 Torrsec exposure of H2 at 100 K. (b) Difference curves
for the three sets of spectra shown in (a). Arrows pointing up
are H-induced states, arrows pointing down are intrinsic surface
states or resonances.
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FIG. 3. (a) Photoemission spectra at E in SBZ for clean and
H adsorption at 100 K. The collection angle was adjusted at
each photon energy to keep k~I fixed for an initial energy of —3
eV. (b) Difference curves corresponding to the curves in (a).

of Fig. 5). Three observations are obvious: (1) there is a
lot of structure in the clean spectra in the first 4 eV below
the Fermi energy; (2) this structure changes quite dramati-
cally with H adsorption; (3) a new H-induced level appears
below the d band of Pd. This peak, which is 7.9 eV below
EF at the SBZ center (1 ), 6A eV below E~ at M, and 5.9
eV below EF at K, is marked by the arrows in Figs. 2(a),
3(a},and 4(a).

The dispersion of this H-Pd split-off band can be used
to determine the symmetry of the H overlay unit cell.
Figure 5(b) shows the measured dispersion of the split-off
state as a function of k

~ I

in the two high-symmetry direc-
tions of the clean SBZ. The direction from I to M re-
turns to I in the second zone, so the dispersion should re-
peat around M if the H structure is (1X1). The figure
shows that in this direction the dispersion is symmetric
about M. Going in the I to K direction of the SBZ, the
dispersion should not be symmetric about the zone corner
K. Along this direction in the SBZ the path goes I to E
to M then back to K (see top of Fig. 5). The measured
dispersion in this direction is plotted in Fig. 5(b) and ex-
hibits the correct dispersion. Exposures of 2 L or more at

—100 K gave this H(1 X 1) dispersion.
The fact that H forms an ordered (1X1) structure

makes the analysis of the photoemission curves in Figs.
2(a), 3(a), and 4(a} easier. A (1X1) layer cannot fold the
structure back with a smaller surface reciprocal-lattice
vector than the clean surface, or scatter strongly emitting
angular regions into the detection direction. This means
that it is possible to interpret angle-resolved difference
curves. These difference curves are shown in Figs. 2(b),
3(b), and 4(b). Armed with the difference curves, our cri-
teria for identifying a surface state or resonance are as fol-
lows: (1) the structure is sensitive to H adsorption; (2) the
energy of the structure is independent of photon energy;
(3} the structure can be identified in the actual energy dis-
tributions as well as in the difference curves. This assures
that the difference curves do not produce peaks due to in-
elastic scattering from the adsorbate, filling in minimum
in the clean spectra.

A negative peak in the difference curves indicates an in-
trinsic surface state while a positive peak marks an extrin-
sic H-induced state. Our first analysis of Figs. 2—4 will
be strictly experimental. We will then compare the differ-
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FIG. 4. (a) Photoemission spectra at M in the SBZ for clean
and H adsorption at 100 K. The collection angle was adjusted at
each photon energy to keep k~~ fixed for an initial energy of —3
eV. (b) Difference curves corresponding to the curves in {a).

ence curves to calculated changes in the k-resolved density
of states.

The normal-emission spectra and difference curves
shown in Fig. 2 are the easiest to analyze. All three differ-
ence curves show basically the same structure except for

FIG. 5. Calculated and measured surface states for (a)
Pd(111) and (b) H(1)&1) Pd(111) {Ref. 13). The shaded regions
are the calculated projection of the bulk bands onto the (111)
surface. The solid lines are calculated surface states or reso-
nances, the solid circles are data. The open circles indicate
peaks with some uncertainty.

the intensity of the H 1s split-off state, which is very weak
at Ace=30 eV. The peak in the clean Ace=30 eV spectrum
at approximately —8 eV is caused by a high density of
states in the final states of Pd, in agreement with optical-
absorption data. ' This structure remains at a constant ki-
netic energy as the photon energy is changed. There are
two clear intrinsic surface states [negative peaks in Fig.
2(b)] at energies —0.3 and —2.2 eV, and three visible ex-
trinsic H-induced states at —1.2, —3.1, and —7.9 eV. In
all these cases one can easily see the appropriate structure
in the energy distributions of Fig. 2(a). The —0.3-eV in-

TABLE I. Intrinsic surface states or resonances on Pd(111). LCAO is the linear combination of
atomic orbitals. (An asterisk denotes tentative values. )

Symmetry
point

Experimental
energy

eV

& —0.3
—2.2

& —0.3
—2.1*

Pseudopotential'
eV

—0.2
—2.0
—4.1

—1.0
—1.9
—3.0

—3.8

Theoretical energy

LCAO

—0.07
—2.28
—4.06
—0.49
—1.44
—3.8
—0.18
—4.16

Type of
state

de p d~
d„2 2~ dxy

d„2 „2~des
backbone

dxy d„2
Sd 2 2dxy

'Reference 13.
Reference 14.
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TABLE II. Extrinsic H(1)& 1)-induced surface states or reso-
nances on Pd(111). (An asterisk denotes tentative experimental
identification or identification via comparison with theory. )

Symmetry Experimental
points energy

Theory
pseudopotential'

—1.2 eV
—3.1 eV
—7.9 eV

—1.3 eV
—1.4 eV
—3.2 eV
—7.5 eV

—1.0 eV
—2.8 eV
—5.9 eV

—0.8 eV
—2.8 eV
—6.3 eV

—4.1 eV*
—6.4 eV

—0.6 eV
—6.8 eV

'This theoretical calculation is for a H(1X1) layer in an hcp
structure with the Pd —H bond length at 1.69 A (Ref. 13).

trinsic surface state or resonance may be closer than 0.3
eV to the Fermi energy since our resolution in these exper-
iments was -0.2 eV. There is a weak structure visible at
-5.5 eV in the Ace=30 and 50 eV difference curves. This
structure is not visible in the actual energy distributions,
so we disregard it. Tables I and II 1ist the intrinsic and ex-
trinsic surface states or resonances observed in these ex-
periments. The values listed with an asterisk are tentative
or only identified via comparison to theoretical calcula-
tions.

Lloyd et aI. ' have published a normal-emission differ-
ence curve for CO adsorption on Pd(111). Their curve
shows two negative peaks at —0.8 and —2. 1 eV. The
—2. 1-eV peak agrees quite well with our results, but —0.8
eV is a little farther from the Fermi energy than we ob-
serve. The CO-induced features in the normal-emission
difference curve are quite different from those shown in
Fig. 2(b), as would be expected. '

Figures 3(a) and 3(b) show the energy distributions and
difference curves taken at the E point of the SBZ. The
H ls —Pd split-off state is most visible at fico=30 eV with
an energy of —5.9 eV. Again there is a marked attenua-
tion of the intensity at the Fermi energy upon H adsorp-
tion. Comparison of Figs. 3(a) and 3(b) shows that there is
an intrinsic surface state or resonance ai —0.3 eV, but the
dip at —2.0 eV in Fig. 3(b) does not correspond to a peak
in the clean spectra. There are clear extrinsic states at
——1.0 and —5.9 eV. The structure at —2.8 eV we con-
sider as tentative.

The data at M shown in Figs. 4(a) and 4(b) are by far
the most confusing. There are dramatic changes in the en-
ergy distributions, but the changes are not the same for
the different photon energies. The only clear feature is the
weak split-off state at —6.4 eV. There is a simple ex-
planation for this behavior. There are two different M
points (M and M ') when the three-dimensional bulk struc-
ture is superimposed on the two-dimensional SBZ, because
the solid only has trigonal symmetry. At a given photon
energy, the peaks in photoemission spectra at M and M',
due to bulk transitions, will come from different parts of

the band structure and consequently will appear at dif-
ferent initial-state energies. But M and M' are connected
by a surface reciprocal-lattice vector, so the bulk transi-
tions seen at M' can be "umklapped" from M. The ad-
sorption of H must increase or decrease the amount of
umklapp. Judging from the better definition of peaks in
the H(1 X 1) spectra of Fig. 4(b), H seems to decrease the
surface umklapp process. The surface must be electroni-
cally smoother with the H adsorbed than it is clean. This
umklapp process makes the difference curves at M useless.
The only reasonable approach is to look for peaks in the
energy distributions which are independent of photon en-
ergy. The —4. 1-eV peak in the H adsorption spectra ap-
pears in all of the curves, but it also seems to be present in
the clean spectra. There is a sharp peak near the Fermi
energy, but it also appears in both the clean and adsorp-
tion spectra.

Figure 5 shows the comparison of the clean and H-
induced features in the experimental data with the theoret-
ical calculations. The extrinsic H-induced features in Fig.
5(b) show remarkable agreement between theory and ex-
periment except near M where we have experimental diffi-
culty identifying H-induced features. The symmetry of
the H split-off state proves that we are looking at a
(1 &( 1)-ordered H overlayer. The agreement between
theory and experiment for the intrinsic surface states [Fig.
5(a)] is not quite as good as it is for the H-induced
features.

%ith the angle-resolved difference curves shown in
Figs. 2(b) and 3(b), the previously reported angle-
integrated difference curves' ' can be interpreted. '

These angle-integrated curves show five features: positive
peaks at —6.4, —3.2, and —1.6 eV, and negative peaks at—0.4 and —2.2 eV. The —6.4-eV peak is the k average
over the split-off H state which disperses from —7.9 eV at
I to —5.9 eV at K. The —3.2-eV peak is the strong H-
induced level seen in normal emission at —3.1 eV and at
—2.8 eV at E. The —1.6-eV H-induced level is seen at—1.2 at I and —1.0 eV at E. The two negative peaks in
the angle-integrated spectra can be seen in the difference
curves at I and K.

The calculated results for H adsorbed at three different
geometries are presented in Figs. 6—9. These results were
obtained with the H —Pd bond length set at 1.69 A which
is the sum of the Pd metallic radius and the H covalent ra-
dius. In addition to the top site, the two threefold sites
corresponding to a fcc stacking position (the 8 site) and a
hcp stacking position (the C site) were considered. We
find that the theoretical spectra for the two threefold sites
are both in excellent agreement with angle-integrated and
angle-resolved photoemission data. The sensitivity of the
calculation was tested bp varying the H-Pd interplanar
distance about the 1.69-A value. The energy positions of
the H-induced features were found to be rather insensitive
to small variations in this parameter. It should be
stressed again that the calculated curves in Figs. 6—9 do
not include any photoemission matrix-element effects.

Figures 6 and 7 depict the calculated k-resolved differ-
ence curves AX(k, E) at I and K, respectively, for the
three chemisorption sites. The theoretical results clearly
rule out the top site as the chemisorption position for the
low-temperature phase. The dashed curve in Fig. 6 (Fig.
7) is the sum of the three difference curves in Fig. 2(b)
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D
C3 H/Pd (III}
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present the l-decomposed local density of state DI(E) for
the Pd surface atom for this split-off chemisorption band.
DI(E) is defined by

DI(E)=2+ I n pk(r)Pggk(r)d r 5(E Ek)—, (3)

C)
C3

I

~ o ~ ~ ~ ~ s ~ P

As discussed earlier, it is difficult to interpret difference
curves for k=M because of surface umklapp processes.
Thus we present in Fig. 8 the calculated N(E) at M for
comparison with experimental spectra shown in Fig. 4(a).
The threefold site results produce most of the salient
features observed in the experimental curves. In particu-
lar, there is one peak at —6.8 eV corresponding to the
H—Pd bonding state (experimental value is at —6.4 eV)
and three peaks located at —0.6, —1.8, and —4. 1 eV in
the theoretical curve. The two threefold sites produce the
H—Pd bonding state split off from the Pd band at —6.8
eV. The on-top site does not have a bonding state below
the bottom of the Pd bands. The dashed curve at the bot-
tom of Fig. 8 is the sum of the three energy distributions
plotted in Fig. 4(a), with an appropriate inelastic back-
ground subtracted. Ignoring intensity variations, the ex-
perimental and theoretical curves qualitatively agree with
the split-off state, the peak at ——4 eV, and the broad
band near —2 eV. There is no sign in the experimental
data of the sharp surface-state peak at —0.6 eV predicted
theoretically. This extrinsic surface state at M is the only
clear example where the theory and experiment disagree.
The extrinsic surface band that we identified in Figs. 4
and 5 at M, 4 eV below the Fermi energy, appeared to be
in disagreement with the theoretical calculations, but Fig.
8 shows that this peak is in both the experimental data
and the theoretical calculations. It is only a question of
the theoretical definition of a surface state or resonance.

The theoretically predicted surface states for the clean
surface and the H-adsorbed (in the three-fold C site) sur-
face are summarized in Tables I and II together with the
measured surface features. The excellent agreement be-
tween theory and experiment gives us much confidence in
our theoretical methods and shows that the most likely
geometry for the low-temperature phase is indeed with H
on a threefold site at a H—Pd bond length of 1.69 A. Gur
theoretical results further show that the surface electronic
structure is practically the same for H on either the hcp or
the fcc sites.

The nature of the chemisorption bond for this system
may be studied in detail by examining the wave functions
of the electrons in the H—Pd bonding band. In Fig. 9 we

I l~ ~ ~ + ~ Oy
~ ~ s~ ~ ~ 14l ~ ~e

4 0'- ~

-7.5 —7.0

ENERGY (eV}
FIG. 9. Angular momentum decomposition of the local den-

sity of states on the surface Pd atom in the energy range of the
split-off chemisorption band.

0

where Q is a sphere with radius R =1.0 A centered on a
surface Pd atom. As seen from Fig. 9, the predominant
harmonic components of this band at the Pd site is the d
component. The choice of a particular radius R is some-
what arbitrary. However, a 25% change in R only results
in a —10% change in the d component, favoring more d
character at smaller R. Since the Pd-H distance is 1.69 A,
we feel that R =1 A is a good physical choice. A similar
calculation shows that the dominant component is the s
wave at the H site. These results thus illustrate clearly
and quantitatively our conclusion that the chemical bond-
ing at this surface is mainly between the H ls orbital and
the Pd4d orbitals. ' '

All of the previous experimental and theoretical discus-
sions have concerned a saturated H exposure at a crystal
temperature of —100 K. In Fig. 10 we show the evolution
of the normal-emission spectra as a function of exposure
or coverage. There are three important features illustrated
by these spectra: (l) The surface state near the Fermi en-

ergy [see Fig. 5(a}] is extremely sensitive to adsorbed H.
4

-L exposure completely removes this state; (2} the
H 1s—Pd split-off state appears in the spectra at low expo-
sures and grows in intensity as the exposure increases; (3)
the energy of the split-off state shifts as the coverage
changes. At —,-L exposure the split-off state is -7 eV
below the Fermi energy and it moves deeper as the cover-
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I I I I
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hv = 40eV 8r 50
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= 0.18eV

I I I I I I I I I l I
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INITIAL—STATE ENERGY (eV)
FICx. 10. Normal-emission photoemission spectra as a func-

tion of H exposure.
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age increases. The split-off state reaches its maximum in-
tensity and depth at -2-L exposure. The shift in the
binding energy of this peak in normal emission is un-
doubtedly a result of the loss of dispersion at low cover-
ages. This could be a consequence of disorder at low cov-
erage or because the island size is too small. The average
energy of the two-dimensional band shown in Fig. 5(b) is
—6.4 eV. Therefore even at an exposure of 4 L there is
still a small amount of dispersion, indicating that in the
low-coverage regime the H is probably ordered in islands.

ANGI E—
I NTEGRAT E D SPECTRA

—UPS
XPS

(/)

LLI

(b)--- UPS
XPS

(c)

/——UPS DIFFERENCE

-10 -8 -6 -4 -2 0= E F

INITIAL —STATE ENERGY ( ev )

FIG. 11. Comparison of XPS spectra for Pd and PdHp g (Ref.
36) with k- and fico-summed UPS spectra of Pd and Pd with ad-
sorbed H.

B. Comparison with bulk Pd hydride

In this section we will compare our spectra and calcula-
tions for the surface of Pd with and without H present in
the spectra, and calculations for bulk Pd and Pd hydride.
There are numerous theoretical calculations of Pd hy-
dride which agree with each other in most qualitative
features. On the other hand, the experimental situation
was quite confusing until the recent work of Schlapbach
and Burger and Bennett and Fuggle. The x-ray pho-
toelectron spectroscopy (XPS}data from these two groups
for Pd and PdH„(0.6&X&0.8) are in excellent agree-
ment.

In Fig. 11 we have displayed the XPS data of Bennett
and Fuggle for Pd and PdHo 8. The Pd hydride was
prepared by exposing Pd to 2000 Torr for 20 min at 400
K, cooling to 80 K, and then pumping away the hydrogen
gas. The sample prepared in this manner was directly in-

serted from the preparation chamber into the XPS instru-
ment. The XPS data should be much less sensitive to
surface conditions than data produced using ultraviolet
light [ultraviolet photoemission-spectroscopy (UPS)] be-
cause the mean free path for the excited electron is —15 A

at 1400-eV kinetic energy, while it may be as short as a
few angstroms in the (50—100)-eV range.

The experimental data for PdHOS when compared to
clean Pd show the following changes induced by the hy-
drogen.

(i) New states appear below the bottom of the clean Pd
band. This weak feature is near —8 eV in the curve
shown in Fig. 11(b). The bottom of the Pd band is near
—5 eV as seen in Fig. 5.

(ii) The sharp edge near the Fermi energy in the PdHp s
spectrum has moved -0.2 eV away from the Fermi ener-

gy compared to the Pd spectrum.
(iii} The total width of the Pd band in PdHp s ls smaller

than in Pd. Bennett and Fuggle estimate a 10% band
narrowing.

(iv) There is a small peak at ——1 eV in the hydride
spectrum which does not appear in the Pd spectrum.

Most of the observations described above are consistent
with theoretical calculations of the electronic states of Pd
and Pd hydride. ' These calculations make the follow-
ing predictions for Pd hydride.

(1}A new band is formed below the Pd bands as a result
of the bonding of the H ls electron with the Pd d elec-
trons. ' For the PdHO 8 system, the calculation by Gelatt
et al. would predict a band approximately 3.5 eV wide
with the bottom of the band at ——9 eV.

(2} The d band of Pd is modified by the presence of the
H and shifted down relative to the Fermi energy. The
density of states at the Fermi energy in Pd hydride drops
by a factor of 4 or 5 for large hydrogen concentra-
tions.

Bennett and Fuggle explain the 0.2-eV shift in the
leading edge of the PdHo 8 valence-band spectrum as a
consequence of the Pd d bands that are shifted down due
to the presence of H [theoretical prediction (2)]. The ap-
proximately 3-eV-wide band near —8 eV in curve b of
Fig. 11 is the Pd-H split-off band predicted by theory. It
is approximately in the correct energy position. The
—10% narrowing of the Pd bands in PdHO 8 is attributed
to the -3% expansion of the Pd lattice and the new peak
at —1 eV in hydride spectrum is attributed to effects of
spectrometer resolution.

The XPS data exhibited in Fig. 11 is at sufficiently high
kinetic energy that it represents an integration over the
SBZ. In contrast, our UPS data which we want to com-
pare to the XPS data is angle resolved and taken in a low-
photon energy range when small changes in %co can pro-
duce large variations in relative intensities or peak posi-
tions. In an attempt to eliminate the k and Acu depen-
dence of spectra, a sum over collection angle and photon
energy was performed. The two curves (dashed) shown in
Fig. 11 are a result of summing the nine spectra shown in
Figs. 2—4. The sum over three different values of k
(I,K,M) should resemble an angle-integrated spectrum
over the first SBZ and the sum over three photon energies
should eliminate the effects of matrix-element variation in
the amplitude of the individual peaks. These summed
UPS spectra should be more sensitive to the surface than
the XPS spectra.

Several qualitative features of the UPS spectra
displayed in Fig. 11 are apparent. There is a H-induced
band near —6 eV in agreement with previously reported
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angle-integrated spectra. ' ' The Pd bandwidth seen in
the UPS spectra is at least 0.5 eV narrower than the width
observed in the XPS spectra. This is a consequence of the
smaller density-of-states width for the surface of Pd com-
pared to the bulk' (see Fig. 5). The high-surface density
of states near the Fermi energy in clean Pd is removed and
shifted to lower energy by the adsorption of H. This can
more easily be seen in the difference curve plotted in C of
Fig. 11. Finally, it should be noted that the split-off band
for the bulk hydride is lower in energy than the equivalent
surface band.

These qualitative observations can be made semiquanti-
tative by evaluating the first and second moments of the
spectra. This requires that a background due to inelasti-
cally scattered electrons be subtracted from each spec-
trum. It is fairly obvious how to draw such a background
curve through the data of Fig. 11, but there is no unique
background curve. Our procedure was to use the same
shaped curve for each set of data. Once the background
had been subtracted, the first moment eo ——g e; I; /g I;
and the second moment co= g (e; eo)—I; / QI; were cal--2.
culated. Table III lists the moments from the XPS and
UPS data as well as the theoretical moments. The sum
was only carried over the energy range of the Pd band, ex-
cluding the H split-off state. We are assuming that the
XPS data samples reflect primarily the bulk white the
UPS data reflect both the bulk and the surface. We stress
again that the measured momenta are for the photoemit-
ted electrons whose energy distribution has incorporated
in it various matrix-element effects.

The first moment eo is a measure of the mean position
of the occupied states and the second moment is a measure
of the occupied density of states width. The shift in the
occupied state center eo in going from Pd to Pd hydride is
only -0.1 eV compared to -0.25 eV for the correspond-
ing shift of the surface spectrum (see Table III). This
small shift in the first moment of the Pd hydride band
seems to contradict the obvious shift in the leading edge of
the PdHO s spectrum by 0.2 eV compared to the Pd spec-
trum. The explanation for this apparent discrepancy is
the narrowing of the PdHo s bagd compared to the bulk
Pd band. The second moment eo in PdHo 8 decreases by
18%%uo compared to Pd. On the other hand, the adsorption
of H onto the surface causes very little if any change in
the surface Pd bandwidth ( —5%). There is a very marked

difference in the first and second moments of the XPS and
UPS spectra for clean Pd. The first moment for the
surface-sensitive UPS spectrum of Pd(111) is 18% smaller
than the XPS spectrum [Fig. 11(a)], while the seond mo-
ment is 24% smaller. Both of these observations are a re-
sult of the narrowing of the surface bands.

The theoretical numbers presented in Table III agree in
the magnitude of the changes between bulk and surface or
between a clean and a H-covered surface. For example,
the theory predicts a 18% (22%) decrease in the first
(second) moment for the surface of Pd compared to the
bulk, in excellent agreement with the measured value of
18% {24%). The change in the surface bands, upon ad-
sorption of H, shifts the first (second) moment by 26%
(7%) compared to the experimental value of 13% (6%).
The actual magnitude of the numbers is consistently too
large by 5—13 %. This undoubtedly is partially due to the
fact that the photoelectron spectra does not sample the
density of states that is calculated theoretically. The ex-
perimental curves probably weigh the d bands more heavi-
ly than the s bands.

The results of this section can be summarized.
(1) An H-induced split-off state is present both for ad-

sorbed H and Pd hydride. This state is lower in energy for
the hydride than for the adsorbed H even though the ad-
sorbed H is more tightly bound (Fig. 1).

(2) The occupied Pd d density of states shifts away
from the Fermi energy for both Pd hydride and adsorbed
H. The shift in the first moment of the photoelectron
spectrum is 4 jo for the bulk hydride and 13% for the ad-
sorbed H.

{3)The occupied Pd bandwidth decreases by 18% upon
formation of PdHo 8 while the surface Pd bandwidth for
(1X 1)H was almost the same as the clean-surface band-
width.

C. Room-temperature adsorption and conversion

The adsorption of H onto a Pd(111) crystal held at
room temperature produces no observable change in the
valence-band region of the photoemission spectra. Figure
12 shows a comparison of the effects on the clean spectra

I I I f
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[ I I I
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I $ I i

Pd(II I) NORMAL EMISSION

TABLE III. First and second moments of spectra and density
of states. (Energy sum only over Pd band. )

System

XPS Spectra
Pd
PdHO 8

UPS Spectra
Pd(111)
(1)&1)H on Pd(111)
Theory
Bulk Pd
PdH
Pd surface
(1)&1)H on Pd(111)

First moment
(eV)

2.19
2.27

1.79
2.03

2.25
2.37
1.84
2.32

Second moment
[(ev)']

1.7
1.6

1.91
1.26
1.49
1.39

&. 5L H~ at IOQK

hf=o. ~7eV

—10 —5 O=E F

IN(TiAL —STATE ENERGY (eV)
FICx. 12. Normal-emission photoemission spectra of clean

and H-exposed surfaces at 100 and 300 K.
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of a 1.5-L exposure at 100 K and a 10-L exposure at room
temperature. The work-function changes are almost iden-
tical, and the work of Engel and Kuipers indicates that
the saturated H coverage at room temperature is approxi-
mately —,

' of the saturated coverage at temperatures below
250 K. There is no split-off H state visible in the room-
temperature spectrum, and more importantly, the surface
state near the Fermi energy is not affected. Figure 10
showed that this surface state was sensitive to very small
concentrations of H at a crystal temperature of 100 K,
and the theoretical calculations indicate that the clean Pd
surface state is destroyed for H adsorbed in any site.

This form of invisible H has "not been seen" on other
transition-metal surfaces. Himpsel, Knapp, and East-
man reported that H adsorbed onto Ni(111) at room
temperature caused an enhancement in the intensity of the
direct transition from the bulk s band. No split-off H
bonding state was observed, even though these authors saw
that H quenched a s-p surface state seen in normal emis-
sion. The explanation of this data was that a new type of
chemisorption bond on a transition metal had been ob-
served, where the bonding was predominantly with the
free-electron-like s band. Low-temperature adsorption of
H on Ni(111) produces a split-off state and destroys d-like
surface states at the zone boundaries. ' ' These d-like
surface states are unaffected by adsorption of H at room
temperature.

Smith observed a reversible transition (with tempera-
ture) between an observable and invisible state of H on Nb.
The temperature dependence of the intensity of the split-
off H state was nearly linear going to zero around 700 K.
Smith argued from the kinetics of the conversion process
that it was not a bulk-surface exchange but instead a two-
state chemisorption phenomenon with one state being in-
visible. Recently, Greuter has shown that atomic hydro-
gen adsorbed onto Cu(111) also exhibits a split-off state
which disappears irreversibly upon warming, before
desorption occurs.

In a preliminary report of this work as well as H ad-
sorbed on Ni(111) and Pt(111), we had suggested that the
invisible state was H in a subsurface site. ' The primary
argument supporting this model was the fact that subsur-
face H is not expected to affect localized d-like surface
states of the clean surface, '" but deeply penetrating s-p-
like surface states can be quenched by this form of H.
Theoretical calculations for H and N bound under the
first plane of Ti show that the localized d surface states
are unperturbed. ' '" The s™p-like surface states
penetrate into the bulk so they are perturbed by subsurface
impurities. This subsurface site is not physically un-
reasonable, since the energy difference between dissolved
H and chemisorbed H has been attributed to the energy
necessary to expand the metal lattice to accommodate the
H, i.e., approximately 2.9 A per H atom. ' This energy
is approximately 0.33 eV per H atom in Pd. If the surface
plane is soft and it cost little energy to expand it, then the
bonding energy of this site could be -0.5 eV (0.33 eV
lower than the heat of solution). The major problem with
this subsurface model is that there should be a H ls —M
bonding level split off from the Pd band. The energy posi-
tion of this level should be somewhere between the posi-
tion seen for low temperature chemisorbed H and bulk hy-
drides. That means we should see this level in the energy

range of 7—9 eV depending upon its dispersion. The UPS
data of Schlapbach and Burger for PdHO 6 show a weak
feature at a binding energy of —+8 eV. The intensity
of the hydride is approximately the same as seen in Fig.
10(b).

This invisible form of H is so common that it must be
due to some general behavior of H on a variety of metal
surfaces. It seems unsatisfactory to have a different ex-
planation for each metal. For example, for Ni this phe-
nomena could be attributed to H bonding into the s band
as theory predicts, but that surely would not explain Pd
(Refs. 13 and 50) or Nb. The data for Nb and Pd could,
in principle, be explained as a surface-bulk exchange be-
cause H is soluble in the bulk, but this explanation would
not work for Ni, Co, or Pt.

There are more experimental facts about this state or
the conversion between the two states. First, the H in the
room-temperature state is on or near the surface. The
work-function change at saturation is 0.18 eV and the
thermal-desorption spectra give a peak near 380 K. Fig-
ure 13 shows a wide energy scan of the same energy distri-
bution shown in Fig. 12. The secondary electron-emission
intensity and shape changes with the room-temperature
adsorbed H, proving that the H is located within an elec-
tron mean free path of the surface, i.e., &10 A. The
second important observation concerns the conversion of
the low-temperature phase. If the surface is heated, ' after
adsorption of H at 100 K there is no change until T-250
K, then the H split-off state starts to lose intensity. The
split-off state is completely gone by 260—270 K and the
clean-surface state is fully restored by 290 K. %'e have
only done the detailed temperature study for high expo-
sures ( & 2 L) where the dispersion of the low-temperature
state is fully developed. At this coverage our thermal-
desorption spectra indicate that we have desorbed ——,

' of
the original layer by the time we reach 290 K. Low expo-
sures of H at T=100 K also produce a split-off state and
destroy the surface state (Fig. 10). Warming these low-
coverage layers to room temperature converts all of the
adsorbed H to the invisible state, without any desorption.
This is an irreversible process, since cooling back to 100 K
does not produce the initial spectrum.

Adsorption at low temperatures followed by warming to
-290 K and subsequently cooling back down to 100 K
does not restore the H-induced split-off state or destroy

—CLEAN
5L H at 5OOK2
Dqh = o, t4 ev
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FIG. 13. Normal-emission photoemission spectra of clean

and H-exposed Pd(111) surfaces at 300 K.
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the surface states, independent of coverage. If a H(1X1)
low-temperature layer is warmed to 290 K, cooled back
down, and readsorbed, one obtains the identical photo-
emission and thermal-desorption spectra that the original
low-temperature state exhibited. This means that either
the ordered visible phase and the invisible phase coexist at
100 K, or that readsorption onto an invisible phase at 100
K converts it back to the visible ordered phase. Therefore
we are left with two models: (1) a two-state chemisorption
model, and (2) a density-dependent conversion. The sa-
turation coverage at low temperature is different in the
two models, i.e., one monolayer for the conversion model
[model (2)] and approximately two monolayers for the
two-state model [model (1)]. There are no absolute cov-
erage measurements for H on Pd(ill), but the same
behavior is observed for H on Ni(111) (Ref. 10) and
Narusawa has measured the H coverage using a nuclear
reaction. The saturation coverage is one monolayer within
experimental error. Therefore the most reasonable ex-
planation is that we are observing a density-dependent
transition on Ni and Pd(111). This is consistent with the
data of Engel and Kuipers where they observed that the
low coverage of H at 250 K was disordered, but as the
coverage increased close to unity the layer ordered. One
conspicuous problem with this model is the appearance of
the split-off state in Fig. 11 at low coverages. The work-
function change for the low-exposure curves of Fig. 10 in-
dicated we had more H present than would be consistent
with the intensity of the split-off state. We may not be in
equilibrium, the phase diagram could be different at 100
K compared to 250 K, or the relationship between work-
function change and coverage could be very nonlinear.

The previous paragraphs proposed a model for the ob-
served changes in the photoelectron spectra with H cover-
age and substrate temperature. The nature of the low-
temperature high-coverage state is well understood, but
the microscopic details of the invisible state are still very
uncertain. We know that the bond energy of the H to the
Pd in this state must be slightly larger than the energy per
H atom in the H(1X1) structure, so there should be a
split-off H state, and if the H is adsorbed, the Pd d —band
surface states should be affected. How to reconcile these
statements with the observed facts is the issue.

The density-dependent order-disorder conversion model
predicts that the room-temperature phase in our experi-
ment is disordered because the density is too low. If the H
atoms in the disordered layer are moving rapidly or occu-
pying a variety of sites, then the split-off state could have
been smeared out over a 3- or 4-V range making it too
weak to observe. This does not explain the observation
that the d surface states are unaffected. Adsorption of
molecules such as CO into disordered configurations on
Pd(111) removes all of the surface states.

A subsurface H state which was disordered or moving
rapidly, i.e., lattice gas, would explain all of the photo-
emission results, but it would be difficult to explain how
the molecular-beam experiments could detect a disordered
H layer under the surface. Obviously, we need more ex-
perimental information: (1} Absolute coverage measure-
ments as a function of crystal temperature and H-gas pres-
sure; (2) structural information about the metal-metal
interplanar spacing as a function of H coverage; (3} infor-
mation about the phase diagram of H on these metals.

IV. CONCLUSION

The nature of the H—Pd bonding for adsorption at low
substrate temperatures has been described in detail using
angle-resolved photoemission and theoretical calculations.
The H forms an ordered (1X1) structure as seen by the
two-dimensional band dispersion (Fig. 5) with each H
atom setting in a threefold site. The comparison of theory
and experiment showed a high degree of sensitivity to the
actual bonding coordination of the H, but less sensitivity
to the H—Pd bond length. A pood agreement was
achieved for a bond length of 1.69 A, which is the sum of
covalent radii. The bonding is predominantly
H 1s—Pd 4d, which produces a very localized surface
bond. The bond is so localized that the theory showed no
differences for the two types of threefold sites.

Adsorption of H at substrate temperatures above -250
K produced a form of H which is invisible in the direct
photoemission spectra. This form of H, which is approxi-
mately —,

' of the concentration achieved at I00 K, is locat-
ed in the surface region, as witnessed by the changes in the
work function and secondary electron emission, as well as
in the thermal-desorption spectra. The conversion of the
low-coverage, low-temperature visible adsorbed H to low-
coverage room-temperature invisible H is irreversible.

Our proposed model for this system involves ordered
adsorbed H at saturation coverage (the coverage is one
monolayer) and subsurface H for the lower coverages
( & —, ). We believe that there is a reversible transition be-
tween these two phases at a coverage of ——,

' of a mono-
layer.
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