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The interaction of atomic hydrogen with the Ag(111) surface was studied with low-energy electron
diffraction (LEED), high-resolution electron-energy-loss spectroscopy (HREELS), thermal desorp-
tion spectroscopy, and work function measurement. The adsorption of atomic hydrogen at 100 K
induces a reconstruction of the Ag(111) surface, as indicated by an intense (2 x 2) (at 0.25-0.5 ML)
and a mixture of (2 x 2) and (3 x 3) (at 0.5-0.6 ML) superstructures in LEED. The H-induced work
function change (A®max = +0.32 €V) is uncharacteristically large for the close-packed surface and
indicative of the surface structural change. HREELS data show that H occupies a single site of
high symmetry for all coverage. The observation of two vibrational modes (one dipole active at 106
meV and the other not dipole active at 87 meV at ~ 0.5 ML) allows an assignment of bonding at
a threefold hollow site. Both modes show measurable shifts in energy with increasing coverage, in-
dicating an appreciable H-H lateral interaction. Atomic hydrogen adsorbed on Ag(111) recombines
and desorbs at a temperature ~ 180 K, appreciably lower than those for Cu and transition metals.
The properties of H adsorption on Ag will be compared to Cu and to transition metals.

I. INTRODUCTION

The interaction of hydrogen with metal surfaces
has been extensively investigated experimentally and
theoretically,! because in principle, hydrogen is the sim-
plest, theoretically tractable adsorbate and the phenom-
ena embodied in the interaction of hydrogen with a metal
surface encompass most of the basic concepts in sur-
face science. However, the H-induced structural and
electronic properties are not simple but show diverse
phenomena that depend on the specific metal, crystal-
lographic face, coverage, or substrate temperature, etc.
These phenomena include the localized and delocalized
motion of H,2™* the order and disorder of the H-overlayer
phase,®¢ the H-induced reconstruction or relaxation of
the substrate,”® and the absorption into the bulk or
subsurface,? 10 as well as the surface adsorption. The ma-
jority of these investigations have concerned the interac-
tion of hydrogen with transition metals, where molecular
hydrogen at room temperature dissociatively chemisorbs.

Noble and simple metals present a different perspec-
tive, since dissociation of H, does not occur at room tem-
perature. As an H; molecule approaches a metal surface,
its bonding orbital feels a Pauli repulsion from the tails
of the s electrons in the metal. If there exist empty d
states (d holes) at the Fermi energy, an s electron can
be promoted to the d band reducing the Pauli repulsion,
and thereby reducing the energy barrier. As expected,
transition metals readily dissociate and adsorb hydrogen,
while for noble or simple metals, dissociative adsorption
of hydrogen is an activated process.!!
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Noble metals are similar to simple metals with respect
to the activated adsorption. On the other hand, once
hydrogen is adsorbed on the surface, one might expect
that they should be similar in chemisorption properties
to transition metals rather than to simple metals, because
of the similarity in the electronic structure (e.g., existence
of d electrons).!?13

In this paper, we report the results of an experimental
study of the adsorption of hydrogen on the Ag(111) sur-
face using low-energy electron diffraction (LEED), high-
resolution electron-energy-loss spectroscopy (HREELS),
and work function measurements that will be correlated
with the absolute H coverage.!* We have found the fol-
lowing: (i) The adsorption of atomic hydrogen on the
Ag(111) surface at a temperature of 100 K induces a
reconstruction of the substrate; a (2x2) in the range of
0.25-0.5 ML and mixed phases of (2x2) and (3x3) above
0.5 ML, where the (3x3) phase is induced by the LEED
electron beam; (ii) H occupies a single binding site of high
symmetry for all coverages of H and induces a monotonic
increase of the work function. The observation of only
two modes in HREEL spectra (specular and nonspecular)
suggests that H bonds at a threefold hollow site for all
phases; (iii) the 6-8 meV coverage-dependent shifts of the
loss energies in HREEL spectra indicate an appreciable
H-H lateral interaction on this surface; (iv) the desorp-
tion of Hy from Ag(111) occurs at ~ 180 K, appreciably
lower than those for Cu and transition metals.

The organization of this paper is as follows. In Sec.
II, the experimental details are described. In Sec. III,
the results of LEED, work function measurement, and
HREELS studies are presented with their interpretations.
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Section IV reviews all experimental observations in our
study on H/Ag(111) and discusses the comparison with
H on transition metals and copper. The final summary
and conclusion are given at the end.

II. EXPERIMENTAL DETAILS

The experiment was performed in an ultrahigh vacuum
environment with a base pressure of ~ 1 x 1071° Torr.
The Ag(111) crystal was cut to within + 0.5° from a
single crystal silver rod and mechanically polished before
it was introduced into the experimental chamber. The
sample was cleaned by repeated cycles of sputtering with
0.5-1-keV Ne™ ions and subsequent annealing to ~ 720
K, resulting in a sharp (1x1) LEED pattern. No evidence
of contamination was detected either in Auger electron
spectroscopy or in HREEL spectra.

Dosing of either molecular or atomic hydrogen (or deu-
terium) was performed with the sample held at ~ 100 K.
Atomic hydrogen was produced by passing H, through
a molybdenum tube (~ 7 mm in diameter) with a hot
coaxial tungsten filament, located 2 cm from the crystal.
The coverage of adsorbed H for each exposure was ob-
tained by calibrating the integrated area under the ther-
mal desorption peak to that of the saturation. The abso-
lute coverage of D adsorbed on the Ag(111) surface has
been measured using the nuclear reaction analysis (NRA)
technique and reported elsewhere.!* The comparison of
the D coverage determined from the thermal desorption
spectra (TDS) signal area as a function of exposure with
the absolute coverage from NRA is reproduced in Fig. 1.
Saturation coverage occurs at a coverage of 1.38 x 101°
atoms/cm?, which corresponds to 0.6 + 0.1 ML [1 ML
means one H (or D) atom per one Ag surface atom)].
Throughout this paper, the amount of the adsorbed H
will be presented in terms of the absolute coverage in
ML. The work function changes (A®) following the hy-
drogen exposure were measured using the monoenergetic
beam of electrons through the EELS monochrometer and
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FIG. 1. Atomic deuterium coverage as a function of D3 ex-
posure (the line is a guide for eyes). Solid circles (e) are from
the coverage measurement using NRA (Ref. 14) and open cir-
cles (o) are from the integrated D2 TDS signal calibrated to
the absolute coverage.

recording the cutoff in the current to the sample as a
function of bias voltage. HREEL spectra were taken with
various incident electron beam energies (Ep = 1.5, 4, 10,
and 30 eV), with both the specular and off-specular ge-
ometries where the scattering angle was varied with a
fixed incident angle (6;, = 60°). A typical energy res-
olution of ~ 6 meV of elastic peak in the specular di-
rection was maintained. Thermal desorption spectra of
H2/D; were obtained with a quadrupole mass spectrom-
eter using a linear heating rate of 1 K/s and used in
the calibration of H coverage. The sample was heated
resistively and the temperature was measured using a
chromel-alumel thermocouple wire. Intensities of diffrac-
tion spots were measured with a computer video system
from the reverse viewing LEED system. Intensities of
equivalent beam spots were recorded as a function of the
incident beam energy with the sample at 100 K.

III. RESULTS AND INTERPRETATION
A. LEED

Exposing the clean Ag(111) surface (T, ~ 100 K) to
room temperature Hs resulted in no observable changes
in the surface as determined by LEED, HREELS, TDS,
and work function (A®) measurement. This indicates
the presence of an activation barrier for the chemisorp-
tion of Hy and is consistent with both the theoreti-
cal prediction'® and previous observations on Ag.16:17
Atomic hydrogen readily bonded to the Ag(111) surface
at a substrate temperature of 100 K, recombined and
desorbed as H, from the surface at a temperature ~ 180
K.1%16 The adsorption of H (or D) on the Ag(111) surface
at 100 K was saturated with a coverage Og,y = 0.60 +0.1
ML. Atomic hydrogen induced the superstructures seen
by LEED, as shown in Fig. 2. Above ~ 0.25 ML of H
(or D), a (2 x 2) superstructure began to appear and de-
veloped sharp and intense fractional order spots near 0.5
ML [Fig. 2(a)]. At higher exposure, up to saturation,
the (2 x 2) pattern was initially seen but converted into a
mixed (2x2)+(3x3) phase during the LEED observation
[Fig. 2(b)]. During the LEED observation, the intensities
of (3 x 3) spots increased in time, while those of (2 x 2)
spots decreased. The conversion of the LEED pattern
from a (2 x 2) into a mixture of (2 x 2) and (3 x 3) by
the electron beam was confirmed by moving the beam to
different parts of the sample. Therefore, it is concluded
that the development of additional (3 x 3) spots is in-
duced by the LEED electron beam. This conversion was
observed only for coverage 2 0.5 ML. Upon heating, the
(2 x 2) spots became weak and diffuse, disappearing at
~ 140 K, whereas the (3 x 3) spots remained unchanged
or increased in intensity up to 140 K, leaving a (3 x 3)
LEED pattern in the temperature range of 140-150 K
before hydrogen desorbed at ~ 180 K [Fig. 2(c)]. When
the sample was annealed below the desorption temper-
ature and recooled, the (2 x 2) spots were observed to
reappear. Therefore, there exists an order-disorder tran-
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FIG. 2. LEED patterns of superstructures observed for
H/Ag(111) with a beam energy of 57 eV. (a) (2x2) at 0.5-ML
hydrogen at 100 K, (b) (2 x 2)+(3 x 3) at saturation (~ 0.6
ML) at 100 K, and (c) (3 x 3) [with very weak (2 x 2)] after
annealing at 140 K, starting from (b).
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FIG. 3. Phase diagram of superstructures observed in
LEED pattern for hydrogen on Ag(111). The (3 x 3) phase
at above 0.5-ML coverage is induced by e beam during LEED
observation. See the text.

sition of the (2 x 2) superstructure in the LEED pat-
tern before hydrogen desorbs from the surface. Figure
3 shows a phase diagram, summarizing the superstruc-
tures observed in the LEED pattern at various coverages
and temperatures. Remember, the LEED beam induces
(3% 3), so Fig. 3 does not represent accurately the phase
diagram in the absence of an electron beam.

Similar superstructures in LEED have been reported
for H/Cu(111).1® The adsorption of H on the Cu(111)
surface induces a (2 x 2) pattern to form at low coverage
and transform into a (3 x 3) pattern at saturation. In
the absence of the absolute coverage measurement, the H
coverages for (2 x 2)-H/Cu(111) and (3 x 3)-H/Cu(111)
were assumed to be 0.5 ML and 0.7 ML, respectively,
based on the thermal desorption spectra.!® It was also
reported that the (3 x 3) LEED pattern of H/Cu(111)
seen at saturation was converted by the e beam into a
mixture of a (2 x 2) and a (3 x 3) patterns. Although the
observed LEED superstructures and e-beam effects on
H/Ag(111) and H/Cu(111) are similar, there is a detailed
difference. While the pure (3 x 3) phase was observed as
a high-coverage phase for H/Cu(111), the (3 x 3) LEED
spots for H/Ag(111) only appeared from the (2 x 2) phase
in the presence of an e beam, making a mixed phase of
(2x2) and (3% 3). The pure (3x3) LEED pattern was not
observed for H/Ag(111) throughout the entire coverage
range unless the (2 x 2) + (3 x 3) pattern was heated to
140 K, above which the beam spots of the (2 x 2) pattern
became weak and finally disappeared. The conversion of
the LEED pattern of H/Cu(111) [(3x3) — (2x2)+ (3 X
3)] by an e beam can be easily understood as the effect
of electron-stimulated desorption. On the other hand,
for the H/Ag(111) system, the appearance of the (3 x 3)
spots from an original (2x2) LEED pattern above 0.5 ML
seems to be activated by the electron beam. The e beam
induced conversion for H/Ag(111) is also accelerated by a
thermal heating. At present, the nature of a (3 x3) phase
of H/Ag(111) is not well characterized. A detailed study
should be performed to disentangle the e-beam effect on
the H/Ag(111) system. Our data presentation and the
related discussion will be restricted to the coverage below
0.5 ML, where no change is induced by the LEED e beam.

Ag(111) and Cu(111) are not the only fcc(111) surfaces
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to show an H-induced (2 x 2) superstructure. A (2 x 2)
LEED pattern was also observed on the Ni(111) surface
upon the adsorption of H at low temperature near the
coverage of 0.5 ML.> When exposed to more hydrogen,
the LEED pattern of H/Ni(111) converts continuously
into a (1 x 1) pattern reaching a saturation at 1 ML. H-
induced superstructures at intermediate coverage have
also been observed for the H/Pd(111) system,!® show-
ing (/3 x v/3)-R30° (-1H and -2H) patterns at 1/3 and
2/3 ML, respectively, followed by the transformation into
(1 x 1) at saturation (Oss¢ = 1 ML) (T < 80 K). In gen-
eral, a (1 x 1) structure is observed at the saturation
of H on fcc(111) surface. Therefore, the persistence of
the superstructure(s) other than the (1 x 1) LEED pat-
tern up to the saturation is unique for H/Ag(111) and
H/Cu(111), as is a saturation below 1 ML. The compar-
ison with transition metals will be discussed in Sec. IV.

Due to its small atomic number, hydrogen has a small
cross section for e~ scattering. The “extra” contribution
in the LEED intensity from an array of hydrogen atoms,
is much smaller (typically a few percent) than that from
a transition or noble metal substrate. This fact has been
used to obtain the agreement between experiments and
LEED calculations ignoring the hydrogen atoms for some
H-covered surfaces.?°722 In the case of H/Ni(111), the
weak intensity of the fractional order spots in a (2 x 2)
LEED pattern was originally regarded as being due to the
scattering from the (2 x 2) H overlayer, without consid-
ering substrate reconstruction. However, the observation
of the corrugation at the centers of the H-honeycomb ar-
rangement in helium scattering from (2 x 2)-H/Ni(111)
indicated the substrate reconstruction.?® Recently, a de-
tailed LEED I-V analysis® for the half-integer spots of
this system, allowing for both the relaxation and buckling
in the top substrate layer, has reported that the Ni(111)
surface is indeed reconstructed by the adsorption of H.
The surface reconstruction is in the form of buckling with
the three H-coordinated Ni atoms in the unit mesh lifted
(0.04 A) relative to the uncoordinated atoms. Therefore,
the large part of the experimentally observed LEED in-
tensity (~ 3 %) of fractional spots of (2 x 2)-H/Ni(111)
has been concluded to arise from the reconstructed Ni
substrate, not only from the H overlayer.

In the case of (2 x 2)-H/Ag(111), the relative in-
tensities of the extra diffraction spots are much more
intense than that of (2 x 2)-H/Ni(111). In order to
make a quantitative comparison, intensities of both in-
teger and half-integer spots were measured using the
video-LEED system. The intensities of fractional order
beams?* ((Inaif/Linteger)ave ~ 10%) are much larger than
those from the (2 x 2)-H/Ni(111) system (< 3%). The
intensity is comparable with fractional beam intensities
from H/fcc(110) systems where weak substrate recon-
struction has been proposed.?® Therefore, the Ag(111)
surface is reconstructed upon H adsorption. As proposed
for the (2 x 2)-H/Ni(111) system, the simplest possible
type of reconstruction would be a buckling of the top
layer induced by the H adsorption. Additional lateral
rearrangement of buckled atoms is also possible.

The fact that H is a weak scatterer makes it more
difficult to create a geometrical picture of the surface,

even knowing the LEED pattern and the absolute cov-
erage. It is always possible that the H overlayer is not
ordered. Here, we propose a model for the structure as-
suming that the H atoms are ordered at low tempera-
ture and high coverage, forming the long-range order of
the H-induced reconstruction. At 0.5 ML, the (2 x 2)
LEED pattern is fully developed, suggesting two possi-
bilities for the H registry: either one atom per (2x1) unit
cell existing in domains of three orientations rotated by
60° from each other [Figs. 4(a),(b)] or two atoms per
(2 x 2) unit cell [like an ordered graphitic structure in
Fig. 4(c)]. A graphitic structure has been proposed and
confirmed as an H registry for (2 x 2)-H/Ni(111) at low
temperature.® For (2 x 2)-H/Ni(111) with © = 0.5 ML,
which shows the same superstructure at the same cov-
erage as H/Ag(111), the registry of the adsorbed H has
been investigated by the comparison of the experimental
LEED I-V data of fractional order spot intensity with the
calculations for different models of the adsorption struc-
tures. The graphitic geometry of hydrogen atoms ad-
sorbed at the threefold hollow site was found to show the
best agreement between experiment and theory. With
that geometry, a (2 x 2) unit cell consists of two hydro-
gen atoms, one at a fcc site and the other at a hcp site.
This adsorption geometry at 0.5 ML has also been con-
firmed by the transmission channeling experiment where
the deuterium was found to adsorb in both types of three-
fold sites with equal population at equal height above the
surface.2é The formation of a (2 x 2) LEED pattern at
an H coverage of 0.5 ML on the Ag(111) surface is very
similar to that of Ni(111). In addition, the local bond-
ing site is suggested to be the threefold hollow from the
analysis of the HREELS data, as will be discussed in the
following section. Based on the similarities with (2 x 2)-

buckled Ag atom
(buckled down)

[ ]
hydrogen
(c) 2x2-2H (trigonal site)

FIG. 4. Structural models suggested to account for the
(2 x 2) LEED superstructure at 0.5-ML hydrogen in terms
of the surface reconstruction. (a) A (2 x 1) structure with H
at a bridge site, (b) a (2 x 1) structure with H at a trigonal
site, and (c) a (2 x 2)-2H structure with H at a trigonal site.
Shaded large circles represent Ag atoms that are relatively
lower than other Ag atoms (white large circles) on the sur-
face. Hydrogen atoms are represented by small solid circles.
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H/Ni(111), we suggest an ordered graphitic structure on
the reconstructed surface (buckled surface is most likely)
as an adsorption geometry of (2 x 2)-H/Ag(111) [Fig.

4(c)].

B. Work function change

The work function change (A®) induced by the adsorp-
tion of H on the Ag(111) surface has been measured as a
function of coverage and is shown in Fig. 5. The observed
work function shows a monotonic increase as the H cover-
age increases, reaching a maximum value of 0.32+0.03 eV
at saturation. The work function change on H/Ag(111)
has been reported to decrease upon deuterium adsorption
by 0.17 eV at saturation, in the previous study by Zhou
et al.,'® in contrast to our finding. The reason for the dis-
crepancy of measured work function change is not clear
but it is conjectured that the coadsorption of apprecia-
ble amounts of water on the surface may be responsible
for the work function decrease in the previous study. It
is well established that water adsorption is accompanied
by the decrease of work function.?” In our study, when
the sample was overexposed to excessive amounts of H,
through a doser, work function changes smaller than that
of saturation have been observed without changing the H
coverage, presumably due to the coadsorption of water.

An increase of the work function upon H adsorp-
tion appears to be the rule for H/metal systems with
a few exceptions, such as H/Pt(111),2®8 H/Fe(110),%°
H/W(110),3° H/Be(0001),3* and H/Cu(110) (Ref. 32)
where the negative work function change has been re-
ported. The positive work function change induced by
the H adsorption may be understood, in a simple way,
as being from the formation of a surface dipole in a
hydrogen-metal complex. Higher electronegativity of hy-
drogen compared to metals induces the net flow of elec-
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FIG. 5. Work function change induced by adsorption of H

on Ag(111) as a function of coverage (the line is a guide for
eyes).
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trons from metal to hydrogen. This is the opposite to the
case of alkali-metal adsorption on metal surfaces where
the decrease of work function is observed. In the zero
coverage limit, the effects of other H on each adsorbed
H (e.g., depolarization) can be neglected and the initial
dipole moment (up) can be deduced from the measured
work function change using the simple relation!

Ad = 47T(70[1.0f, (1)

where 0 is the number of adsorbed H atoms/m?, f =
1/(4meo) the conversion factor. The initial dipole mo-
ment for H/Ag(111) is determined to be 0.18 D (debye, 1
D = 3.3 x 103! Cm). This value is exceptionally large
compared with the typical values (~ 0.05 D) obtained
for the H/metal systems. H/W(100) is the only exam-
ple found in the literature where the initial dipole mo-
ment (po = 0.21 D) is larger than that of H/Ag(111).33
At high coverage, the work function increase is slower
than linear (A® ~ ©O" withn < 1). This deviation
from linearity is presumably a consequence of the de-
polarization by a long-range dipole-dipole interaction, or
the lateral interaction through the substrate. In some
systems, the abrupt change in the slope of the work
function change has been observed and attributed to the
population of new species, e.g., adsorption at a different
site or the change of an ordered phase.?31:34 In the case
of H/Ag(111), the change in slope is small and varies
smoothly up to saturation. Therefore, no abrupt change
of adsorption site is expected.

In addition to the large initial dipole moment, the max-
imum work function change observed for H/Ag(111) is
also substantially larger than those of other H-covered
close-packed surfaces [fcc(111) and hcp(0001)] of transi-
tion metals (typically smaller than 0.2 eV). It is even
larger than that observed for the H/Ag(110) system
(A®pmax = + 0.22 €V), whereas the adsorption of H on a
more open surface has been observed to induce a larger
work function change in most metals. It is tempting to
relate the abnormally large work function change and
initial dipole moment of the H/Ag(111) system to the
surface structural change, i.e., a substrate reconstruction
accompanying the adsorption of H. This might be corrob-
orated by the coverage-dependent work function change
of the H/Ni(111) system for which a similar H-induced
surface reconstruction was reported. The work function
change of H/Ni(111) was reported to go through a max-
imum at a coverage of 0.5 ML, where the (2 x 2) surface
reconstruction is supposed to be at its maximum. The
work function change for the W(100) surface upon H ad-
sorption is also abnormally large (o = 0.21 D, A® oy =
+ 0.9 eV) and can possibly be viewed as a consequence of
the surface structural change [in this case, the change is
from a clean, ¢(2 x 2)-W(100) surface to a (1 x 1) bulklike
surface by H adsorption®?]. If a large initial dipole mo-
ment and work function change of H/Ag(111) is related
to the reconstruction of the surface, the smooth increase
of work function may indicate the local nature of the H-
induced substrate reconstruction; the substrate is locally
reconstructed by the H adsorption at the localized site
and becomes ordered above a certain coverage, inducing
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the observed LEED superstructures.

In Table I, the initial dipole moments and the maxi-
mum work function changes for H-adsorbed surfaces of
representative metals are compiled and compared with
the work functions of clean surfaces. The sign and the
magnitude of A® seem to be dictated by the work func-
tion of a clean surface (®.). It is interesting to notice
that the saturated values (i.e., maximum or minimum) of
the work function of H-adsorbed surfaces (®y) fall within
a narrow range (~ 5.55 £ 0.2 eV), regardless of their
coverages. Ag surfaces and W(110) seem to be excep-
tions. The work functions of H adsorbed surfaces (®x)
of Ag and of H/W(110) are significantly small compared
with those of other metal surfaces. However, since a sys-
tematic study of the coverage-dependent work function
change for various metals has not been reported, a quan-
titative prediction of A® is not possible at present.

C. Vibrational spectra: HREELS

In Fig. 6, a series of HREEL spectra measured in the
specular and off-specular directions are shown as a func-
tion of H coverage. In the specular direction, the loss
spectrum is dominated by a single peak centered at ~ 106
meV for H with a small shoulder in the low-energy side.
On the other hand, when the spectra are taken at 20° off
from the specular direction, a second loss peak is seen at

TABLE 1. H-induced work function changes (uo and
A®pax) of the close-packed fcc(111) and open fec(110) sur-
faces. W(110) and W(100) surfaces are included for com-
parison. The work functions of the clean surface (®.) and
H-covered surface ( ®5 = ®c1 + A®Pmax) are also listed.

Crystal [.loB Aémax @clb QH (: ch + A¢max)
surface (debye) (eV) (eV) (eV)
Ag(111) + 0.18° +0.32  4.74 5.06
Ag(110) + 0.22¢
Ni(111) +0.03 +0.17 5.2 5.37
Ni(110) + 0.53 5.0 5.53
Pd(111) +0.18  5.55 5.73
Pd(110) + 0.07 + 0.36
Pt(111) —0.04 — 030 5.93 5.63
Pt(110)  +0.12 + 0.17
/— 0.50
W(110) — 0.14° 5.25 5.11
— 0.50f 4.75
W (100) + 0.21 + 0.908 4.64 5.54

2po and A®nax are taken from Table 6 and Table 8 in Ref.
1, respectively, except where noted.

®$,; are taken from Table I in Ref. 36, except for W.
“Present work.

dReference 17.

°Reference 37.

fReference 30.

gReference 33.
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~ 87 meV. These two loss peaks originate from the vi-
bration of the adsorbed H since there is an approximate
isotopic shift (to 76 meV and 63 meV, respectively) of
these peaks in energy (ratio ~ 1/4/2) when H is replaced
with D. As shown in Fig. 7(b), both the ~ 87- and 106-
meV losses grow in intensity with H coverage but their
intensity ratio remains approximately constant, indepen-
dent of coverage. This indicates that these losses can be
assigned to two vibrational modes, corresponding to H
occupying a single bonding site on the surface. No sig-
nificant change has been observed by annealing and re-
cooling, except for the slight changes of the peak energies
and intensities caused by partial desorption of adsorbed
H. Thus, H occupies one bonding site on the Ag(111) sur-
face, for all coverage investigated. This is also consistent
with the smooth work function change, as discussed in
the previous section.

As the scattering angle is changed, the loss energies of
both peaks show very little dispersion [less than 2 meV
for Ag ~ 0.35 A~! with 0.5-ML H, see Figs. 6(a) and
6(b)], while there are different variations in intensities.
The absolute intensities of the elastic and inelastic peaks
as a function of the scattering angle taken with all impact
energies used in this study are plotted in Fig. 7. As
the analyzer is moved away from the specular direction,
the peak intensity of ~ 106-meV loss rapidly decreases,
similar to the elastic peak, while that of ~ 87-meV loss
remains almost unchanged for all impact energies used.

T
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Therefore, the 106-meV loss manifests a strong “dipole”
scattering contribution, while 87-meV loss peak intensity
is governed by an “impact” scattering. This difference in
angular dependence of the loss intensities allows us to
assign unambiguously the observed losses at 87 meV and
106 meV as from asymmetric (parallel to the surface) and
symmetric (normal to the surface) modes, respectively.

It has been very difficult in the case of H adsorption
on metal surfaces to separate the dipole mode from the
nondipole modes, due primarily to the weak intensity of
the H modes.®® Ag(111) is very different in that there is
no experimental ambiguity. The high-energy loss (~ 106
meV) assigned to the symmetric stretch mode, shows
an exceptionally large intensity in the specular direction
(Doss/Iet ~ 1/300 for E, = 1.5 eV, 6;; = 60°) among
the close-packed surfaces and is obviously dipole active.
The high intensity and dipole activity of this mode indi-
cate that the effective charge and the oscillating dipole
moment accompanying the excitation of vibration per-
pendicular to the surface is not as small as what is gen-
erally believed for H on close-packed surfaces. From the
dipole contribution of the measured intensity relative to
the elastic peak, the effective charge e* associated with
the hydrogen-metal stretch mode (106-meV peak) may
be estimated using the cross-section formula for a dipole
scattering.3® A value of e* /e ~ 0.1 is estimated from the
loss intensity for ® ~ 0.5 ML H/Ag(111). This value
is significantly larger than those for fcc(111) transition
metal surfaces, such as 0.018¢ for H/Pt(111).4° There-
fore, H/Ag(111) is unique in that unequivocal mode as-
signment of H vibrational losses in HREELS is possible
without resorting to any theoretical model.

As for the bonding site, the most consistent is the
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threefold hollow site based on the observation of two
loss peaks, one symmetric (perpendicular) and the other
asymmetric (parallel) modes, in HREEL spectra for all
incident energies and collection angles used in our study.
In comparison, for H/Cu(111) where similar superstruc-
tures were reported, the adsorption of H at a bridge site
rather than at a threefold hollow site was proposed.'® The
adsorption of H at the twofold bridge site on Cu(111) is in
stark contrast to the general trend, acquired through the
studies of mostly transition metal surfaces, that H ad-
sorbs at the highest-coordinated site, i.e., a threefold site
on the (111) surface and fourfold site on the (100) sur-
face. In contrast, the theoretical calculations from both
clusters?! and slabs%?43 for the hydrogen adsorbed on
the unreconstructed Cu(111) surface preferred the three-
fold hollow site. For H/Ag(111), there are only a few
cluster calculations published.!%41:44 Because all calcu-
lations were performed for clusters simulating an unre-
constructed structure of the Ag surface, they are unable
to decide whether H occupies a threefold hollow or a
bridge site on the (111) surfaces of Ag, especially when
the surface is reconstructed. Our assignment of a bond-
ing of H at a threefold hollow site on the Ag(111) surface
is, therefore, based on the number of observed modes in
HREELS (Ref. 45) and also consistent with the trend ob-
served in most H/transition metal systems, rather than
being exceptional. The large effective charge of the sym-
metric mode of the H/Ag(111) system is presumably re-
lated to the surface reconstruction, rather than being due
to an adsorption at a bridge site which was claimed for
H/Cu(111).

Though our HREEL spectra is interpreted as result-
ing from the harmonic motion of the hydrogen atoms
adsorbed at well-localized sites, a different view on the
motion of H on the surface exists in some H/metal sys-
tems. The large zero-point motion of H caused by its
small mass being considered, the delocalized motion of
H on the Ni surfaces has been proposed.® The theoreti-
cal calculation,? taking the quantum motion of H on the
surface into account, shows that due to the overlap of the
motion of H, the excited states can have bandwidths as
large as several tens of meV depending on the face. In
addition, both motions of H perpendicular and parallel
to the surface may couple to each other through anhar-
monic potential and the delocalized motion, causing the
deviation from the isotope shift in loss energies of H and
D. As the coverage increases, the motion of H becomes
highly localized because of strong H-H lateral interac-
tion, resulting in the band narrowing, i.e., the decrease
in the half width of the observed loss peak with H cover-
age. Experimentally, the HREEL spectra of H/Cu(110)
(Ref. 3) and H/Rh(111) (Ref. 4) at low coverage have
been interpreted as resulting from the delocalized mo-
tion of H on these surfaces. For H/Ag(111), however,
there is no significant deviation from the isotope shift for
both loss peaks observed when H is replaced by D. The
loss peaks are quite narrow (the intrinsic widths are ~ 7
and 9 meV for a symmetric and an asymmetric modes,
respectively) and remain unbroadened as the coverage
decreases as small as 0.1 ML where a (2 x 2) LEED pat-
tern has not yet been developed. Therefore, for the H



51 INTERACTION OF HYDROGEN WITH THE Ag(111) SURFACE 7257

coverage as low as 0.1 ML, there is no evidence for the
delocalized motion of H on the Ag(111) surface and the
delocalized picture is invalid in the case of H/Ag(111).
The loss energies and linewidths (after deconvolution
with the elastic peak) of both perpendicular and parallel
modes as a function of H coverage are plotted in Fig. 8.
The vibrational energies of both modes shift upwards as
H coverage increases from dilute to dense layer, while the
linewidths show little change or, if any, a very slight in-
crease. The coverage-dependent energy shifts amount to
6 meV and 9 meV for the symmetric and the asymmetric
modes of H, respectively. The coverage-dependent energy
shifts of the loss peaks in HREELS have also been ob-
served for other H/metal systems, such as H/Ru(0001)4¢,
H/Pd(100),%” H/Ni(100),*® and H/Ag(110).}7 Similar to
the observation of our study, the increase of vibrational
energy of ~ 5-10 meV has been reported in all the sys-
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FIG. 8. (a) The energy and (b) the width (after deconvolu-
tion with elastic peak) of loss peaks observed in EELS spectra
as a function of H coverage (lines are guides for eyes).

tems stated above, except for the case of H/Ag(110),
where the energy of the dominant loss peak shifts down
(from 64 meV to 58 meV) accompanied by a large in-
crease in width as H coverage increases. In all cases,
these shifts have been attributed to the H-H lateral in-
teraction.

The lateral interaction between H on metal surfaces is a
consequence of the indirect interaction mediated through
the electronic disturbance in the metal surface by the
adsorption because the H-H spacing is much larger than
the size of atomic hydrogen. The increase in loss energy
of the EELS peak for H/Pd(100) and H/Ni(100) with
coverage has been analyzed in terms of the static and
dynamic contributions of this interaction.*® The former
arises from the change in the H-metal bond strength as
a function of coverage brought about by the presence of
the other hydrogen atoms on the surface (chemical shift)
whereas the latter arises from the dynamic coupling when
the neighboring hydrogen atoms are also oscillating. The
dynamic contribution results in the dispersion as well.
While both contributions appear in the energy shift in
the homogeneous adsorption, they can be separated by
studying the isotopic mixture with identical total con-
centration but different relative concentrations, because
the vibrational coupling between the isotope(s) is neg-
ligible due to the difference in vibrational energy. Fig-
ure 9 shows HREEL spectra in specular direction (i.e.,
g = 0 mode) for (a) 0.5-ML H, (b) 0.1-ML H + 0.4-ML
D (substitutional adsorption of isotopic mixture of H and
D), and (c) 0.1-ML H. While the cases in Figs. 9(a) and
9(b) have the same total coverage of H+D and show the
identical LEED structure [fully developed (2 x 2)], the vi-

LA R R R R R AR AR R R AR RRRRE AR

106

©
> —
=
S
[3) Y
= .. (@05MLH
._g\ ""‘\..‘»»...
I -]
=
it
= (b) 0.1 ML H
+04MLD
T~
(0.1 MLH
.L’JllllllllllllllllllIljl::l‘lrrlﬁllﬂ\.llllllllllI
60 80 100 120 140 160

Energy Loss (meV)

FIG. 9. Comparison of EELS spectra (energy of symmet-
ric vibrational mode of H) at different absolute and relative
concentration of H. (a) 0.5-ML H, (b) 0.1-ML H and 0.4-ML
D (substitutional adsorption of isotope mixture of H and D),
and (c) 0.1-ML H. The spectra are taken with E, = 1.5 eV
in specular geometry.
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brational energies of the symmetric modes of H differ by
~ 2 meV. This shift is exclusively attributable to the dy-
namic contribution of H-H interaction, because the static
configurations are identical. The rest of the total energy
shift in homogeneous adsorption of H [~ 4 meV out of 6
meV as shown in Fig. 9(a)] results from the pure chemi-
cal shift. This is also reflected in the appreciable energy
shift of the symmetric mode of H with and without coad-
sorption of D [compare Figs. 9(b) and 9(c)] because the
dynamic coupling between H and D is negligible. The ob-
servation of small dispersion is also consistent with the
small dynamic contribution (~ 2 meV for w, ). Because
of the exceptionally large effective charge for the symmet-
ric mode of H/Ag(111), the dipole-dipole interaction may
also contribute to the dynamic coupling. But it is small
as shown in the small energy shift and dispersion caused
by the dynamic contribution. It is concluded that most
of the observed energy shifts of H/Ag(111) with cover-
age originates from the static contribution (i.e., chemi-
cal shift) of the lateral interaction mediated through the
metal surface.

There is another obvious explanation of the shift, i.e.,
the conversion or the change of the relative population
from one type of site to the other [the fcc(111) surface has
two types of threefold hollow sites, fcc and hcp sites]. But
it will not work because it would require a difference in
the frequency of modes, resulting in a broader line shape,
especialy at 0.5 ML where fcc and hcp sites are equally
populated [see Fig. 4(c)]. The linewidth as a function of
coverage in Fig. 8(b) shows this possibility unlikely.

D. TDS and H-Ag bonding energy

The thermal desorption spectra of hydrogen or deu-
terium desorbing from the Ag(111) surface has already
been reported elsewhere.!* The spectra show only a sin-
gle peak (with a small low-temperature shoulder at high
coverage) at ~ 180 K, in agreement with the previous
study.'® This desorption temperature is uncharacteristi-
cally low for most H/metal systems; for example, hydro-
gen desorbs from Al(111) at 320 K,%° Cu(111) at 300
K, Ni(111) at 380 K,® and Pd(111) at 380 K.}° How-
ever, a similar low desorption temperature has recently
been reported for Ag(110) (155-175 K),'7 as well as for
H/Au(111) (110 K).5?

Although there are some disparities in the kinetic
order,®? the activation energy for a recombinative des-
orption (Eges) for H/Ag(111) has been determined to
be 6-10 kcal/mole, which is also substantially smaller
than those of hydrogen adsorbed on the transition met-
als and copper (typically ~ 20 kcal/mole). Since there
exists an activation barrier for the dissociative adsorp-
tion of hydrogen on silver, the desorption energy FEg,
= 6-10 kcal/mole is an upper bound of the heat of ad-
sorption F,q when there is no adsorption barrier. While
the activation barrier for adsorption of about 0.6 eV
(14 kcal/mole) has been estimated for Cu surfaces both
experimentally®® and theoretically,34756 it is not known
for Ag surfaces. If we assume that the activation bar-
rier for adsorption on Ag is comparable to that of Cu

or at least larger than 6-10 kcal/mole, we end up with
thermodynamically unstable chemisorption of atomic hy-
drogen on the silver surface (Faq < 0). This endothermic
chemisorption of atomic hydrogen relative to molecular
hydrogen was suggested in the theoretical calculation of
binding energies of physisorbed and chemisorbed hydro-
gen using silver clusters, modeling the Ag(111) surface.®

It should be noted that the above argument is based on
the assumption of a detailed balance between adsorption
and desorption dynamics. If adsorption and desorption
do not follow the same potential energy hyperspace, any
argument based on a detailed balance is no longer valid.5”

IV. DISCUSSION AND SUMMARY

While the interaction of hydrogen with transition
metal surfaces has shown diversity in the details, there
are some trends accumulated from the past studies. For
the fcc(111) and the hcp(0001) surfaces of most transition
metals, the adsorption of H on the surface is saturated
with 1 ML, while the additional bulk absorption was ob-
served for some systems.!®5® Although there are varia-
tions in hydrogen phases at intermediate coverage (or-
dered or disordered), the LEED pattern finally reaches
(1 x 1) at saturation coverage, consistent with 1 ML.
The thermal desorption spectra of these systems show a
typical double-peak structure (81,/32) at high coverage
(typically > 0.5 ML), starting from the single peak (52)
at higher temperature in the low coverage.5® The mul-
tiple peaks in TDS are usually interpreted to be from
the adsorption of adsorbate at different sites, either be-
ing locally different (a priori, different type of sites, e.g.,
threefold hollow versus bridge site, or overlayer versus
underlayer) or being inequivalent by the lateral interac-
tion, depending on the presence of adsorption at neigh-
boring sites. The two are not easily differentiated by
studying TDS alone. In the case of hydrogen on fcc(111)
and hcp(111) transition metals, the latter is favored be-
cause there is no evidence of adsorption at multiple sites,
as found in the vibrational spectra (HREELS), which is
sensitive to the local adsorption geometry. Therefore, the
repulsive H-H lateral interaction is considered to be re-
sponsible for the appearance of a double-peak structure
in TDS for the close-packed surface. The decrease of the
heat of adsorption above a certain coverage is also com-
mon in the H/transition metal system. The magnitude of
the lateral interaction energy can be estimated from the
decrease of the heat of adsorption that is related to the
development of the second TDS peak. It ranges within
5-10 kcal/mole for the transition metals studied (Ni, Pt,
Ru, Rh).

Compared to H/transition metal systems, H/Ag(111)
shows different chemisorption properties. These include
(1) a saturation coverage of 0.6 ML, which is less than 1
ML, (2) no appearance of a (1 x 1) LEED pattern at
the saturation, (3) a single peak (possibly with small
additional shoulder) in TDS, (4) characteristically low
heat of adsorption and Ag-H binding energy, and (5) a
hydrogen-induced substrate reconstruction stronger than
usual. Table II summarizes the experimental observa-
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tions on H/Ag(111) presented in the previous sections
and compares them with those reported for H/Cu(111)
and H/Ni(111). Ni is chosen as a prototype of a tran-
sition metal because it is the most studied system and
also shows a similar LEED superstructure. As shown
in Table II, H/Cu(111) seems to share those chemisorp-
tion properties listed above with H/Ag(111), although
some differences are found in detail. When compared
with H/Ni(111), the interaction of hydrogen with noble
metal surfaces is very different. On Ag(111), there is a
great reduction in bonding strength and an increase in
surface reconstruction. Although the superstructures in
LEED of H/Cu(111) were assumed to be from the over-
layer in the past study, the Cu(111) surface is presum-
ably reconstructed (see Fig. 1 of Ref. 18, the fractional
order spots are not so weak). While it has been recently
reported® that the Ni(111) surface is also reconstructed
by H adsorption, the degree of reconstruction of noble
metals seems much larger than that of Ni(111)—the rel-
ative beam intensity of fractional-order spots in (2 x 2)
LEED of H/Ag(111) (~ 10%) is much larger than that
of H/Ni(111) (< 3%).

The distinct adsorption properties of noble metals, ob-
served in saturation coverage, LEED, and TDS, seems
to be all related to the low hydrogen-metal binding en-
ergies relative to those of transition metals. The trends
in chemisorption energy of H binding on the transition
metal surfaces have been investigated in theoretical stud-
ies using the effective medium theory'? and the em-

bedded cluster calculation.!® These calculations showed
that, while most of the chemisorption energy stems from
the interaction of a hydrogen atom with s-p electrons
(treated as jellium), the interaction (i.e., hybridization)
with d electrons of transition and noble metals explains
the trends in these series. The theories predicted that
the binding of H on noble metals is much weaker than
on transition metals due to the filling of antibonding
states, located above or at the upper part of the d
bands that are not or less occupied for transition met-
als. The low chemisorption energy of H on Ag is con-
sistent with these predictions. In fact, the occupation of
the Ag-H antibonding state induced by H adsorption on
the Ag(111) surface has been observed experimentally in
angle-resolved photoemission.®!

The saturation of the surface below a monolayer of
H is presumably caused by the interplay of low heat of
adsorption and the lateral H-H interaction on the noble
metal surfaces. If the repulsive H-H interaction becomes
sufficiently large and comparable with heat of adsorp-
tion above a certain coverage, it is likely to limit the ad-
ditional adsorption of H and give rise to the saturation
below a monolayer. Though it is only one possibility, it is
consistent with other observations in LEED and TDS of
H/Ag(111) and H/Cu(111); the LEED pattern does not
evolve into a (1 x 1) pattern and the low temperature
second peak (81) in TDS is not fully developed even at
the highest coverage. For comparison, the (2 x 2) LEED
of H/Ni(111) at 0.5 ML, which is similar to H/Ag(111),

TABLE II. The summary of the experimental observation on H/Ag(111) in this study and the
comparison with H/Cu(111) and H/Ni(111) (Ni is chosen as a representative of transition metal
for comparison). The results for Ni(111) are with the dissociative adsorption of H; molecules.

H/Ag(111)

H/Cu(111)®

H/Ni(111)®

[ 0.6 £ 0.1 ML
0.82 x10'% cm™2

< 1ML ?°
(1.77 x10'® cm™2/1 ML)

1 ML (surface adsorption)
1.86 x 10'® cm™2

LEED — (2 x 2) (0.5 ML) — (2% 2) — (2 x 2) (0.5 ML)
— (2 X 2) + (3 x 3) (sat) — (3 x 3) (sat) — (1 x 1) (sat)
e-beam yes yes no
effect (2x2)—=(2x2)+(3x3) (3x3)—(2x2)+(3x3)
APpax + 0.32 eV + 0.17 eV
APmax(111) > A®max(110) APpax(111) < A®Pmax(110)
TDS
Taes ~ 180 K (82), [~ 160 K (81)] ~ 300 K (B2), ~ 220 K (81)® ~ 380 K (82), ~ 350 K (B1)
peaks single peak (82) with a very double peaks with different double peaks with equal areas
small shoulder (81) areas (82: 81 ~5:2inarea) (82:B81~ 1:1 in area)
Eges® 6 ~ 10 kcal/mole ~ 18 kcal/mole 18 ~ 22 kcal/mole
Em.u,’ (Bad) < 53 kcal/mole, (< 0) 56 kcal/mole, (~ 6 kcal/mole) 63 kcal/mole, (~ 20 kcal/mole)
HREELS
vibrational 106 meV (wy : dipole) 129 meV (w, : dipole) 139 meV (w, : nondipole)
modes 87 meV (w) : nondipole) 143 meV (2w : dipole)® 89 meV (w) : nondipole)
adsorption threefold hollow bridge site threefold hollow™

site

“Reference 18.

PReference 5.

°No absolute measurement.

dReference 19.

°At low coverage regime.
fMetal-hydrogen binding energy, Ref. 60.

£This was observed in reflection-absorption infrared spectroscopy (RAIRS) but not in HREELS.

bReference 38.
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finally converts into a (1 x 1) LEED and the (1 peak is
fully developed with equal area to that of 32 in TDS,
reaching 1 ML at saturation.

The relation of the H-induced reconstruction of the
(111) surface of noble metals with other chemisorp-
tion properties is not clear. The driving force of the
adsorbate-induced reconstruction of the metal surface
is considered to be either the inherent instability of a
clean surface [e.g., (1 X 2) missing row reconstruction
of Ag(110) surface upon small amounts of alkali-metal
adsorption] or the reduction of bond strength between
metal atoms (e.g., surface relaxation with possible dis-
placement of surface atoms). The reconstruction of the
(111) surface of noble and transition metals upon atomic
and molecular adsorption has been reported and inter-
preted to be from the latter.?':2 The H-induced recon-
struction of the Ag(111) [and possibly Cu(111)] surface is
not unique, but the degree of the reconstruction is much

larger than of H/Ni(111). This seems to be quite contra-
dictory to the fact that the bonding strengths of hydrogen
with Ag and Cu are weaker than with transition metals.
Further experimental and theoretical studies are needed
to understand the driving force of the reconstruction of
the (111) surface of noble metals by adsorption of H.
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FIG. 2. LEED patterns of superstructures observed for
H/Ag(111) with a beam energy of 57 eV. (a) (2x2) at 0.5-ML
hydrogen at 100 K, (b) (2 x 2)+(3 x 3) at saturation (~ 0.6
ML) at 100 K, and (c) (3 x 3) [with very weak (2 x 2)] after
annealing at 140 K, starting from (b).



