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Adsorption studies of hydrogen and deuterium on the clean (100) surface of aluminum are report-
ed. The probability for H, (D,) dissociation and subsequent metal-hydrogen bond formation is less
than 1:10%. This prompted the use of a beam of atomic hydrogen (deuterium). We have adsorbed
between 0.01 and 1.0 monolayer and studied annealing sequences between 80 and 750 K with
electron-energy-loss spectroscopy (EELS) and thermal-desorption spectroscopy (TDS). At <90 K
we observe surface hydrogen coordinated in bridge positions, characterized by an Al-H (-D) vibra-
tional band at 1125 (800) cm~'. Annealing to 150 K causes dominant features to appear at 1750
(1250) and 750 (550) cm~!. These losses are interpreted as the stretching and bending and/or scis-
soring modes of a terminally coordinated species. Further annealing to 280 K sees the growth of an
intense band at 1825 (1325) cm™!, with no correlated low-frequency band. This last annealing sig-
nals the formation of another terminally coordinated species, tentatively assigned as “p(1X 1) is-
lands.” Hydrogen recombination and molecular desorption is observed between 340 and 360 K.
We have no indication of any scattering resonance in the elastic energy range 1-9 eV, nor do the
angular profiles of the above losses deviate from the profile of the elastic peak. All vibrational
modes are thus concluded to be dominated by dipole excitations.
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1. INTRODUCTION

Hydrogen adsorbed on aluminum and the formation
and decomposition of Al—H bonds is interesting from
both theoretical and technological aspects. The interac-
tion visualizes a puritanical chemisorption system at the
same time, as the hydride was considered a potential
rocket propellant, and hydrogen-filled cavities cause
mechanical weakness and virtual leaks in aluminum
vessels.! In the electronics manufacturing industry both
hydrogen and aluminum are used routinely.? Despite
these diverse and strong incentives, surface-science stud-
ies are not abundant.’’” The probability for hydrogen-
bond breaking on the flat surface is infinitely small and
hydrogen must therefore either be implanted at high ve-
locities or be supplied as a beam of atoms. The latter can
be accomplished with a hot tungsten filament, a method
which can become acceptable if the stirring of molecules
in the experimental chamber is kept at a minimum.

In contrast to the inertness of the flat surface, alumi-
num atoms'® and clusters® react with hydrogen gas. With
this experimental evidence at hand, care should be exer-
cised when applying results of even elaborate cluster
models to hydrogen chemisorption on bulk alumi-
num.!®!!" Application of quantum-chemical cluster mod-
els to surface events is probably better justified for the
dissociative adsorption in the presence of d 7 orbitals.'?
Aluminum is a realization of a free-electron metal and,
consequently, is not armed with a partly filled d band, but
is well suited for the smooth background or jellium sub-
strate model.'*~!* Such calculations have concluded that
atomic hydrogen readily penetrates a low-electron-
density material (Na), but bounces off a high-density ma-
terial (Al), except for a shallow bound state at the vacu-
um tail of diminishing electron density.!® Electron-

37

density minima provide stabilized binding sites for hydro-
gen atoms forced into bulk aluminum. Such minima can
be found at point defects (vacancies, contaminants, etc.)
or can be created by a lattice expansion.'”~2* The sur-
faces of internal cavities or “bubbles” also provide pre-
ferred binding sites. The effective-medium theory pro-
vides a cost-effective way of seeking the most suitable
electron density for hydrogen chemisorption.?*

Aluminum and hydrogen can form a microcrystalline
bulk hydride, AIH;.?* The geometry of the Al atoms in
the densest layer is the same as that in othe metal, except
that the Al-Al distance in AlH; is 4.45 A and in Al metal
it is 2.86 A.2% This very unstable hydride?” may be seen
as the extreme consequence of hydrogen absorbed at sites
of preferred electron density.

Being the interface between molecular and solid-state
physics, surface science grasps at the best of each world.
Above we learned about hydrogen sites in solid alumi-
num and crystalline aluminum hydride, AIH;. Below we
will discuss gas-phase studies of the metal evaporated
into hydrogen gas. Aluminum vapor condensation in a
hydrogen atmosphere is an established procedure to
prepare a film of aluminum hydride.?® Obviously, either
vaporized aluminum or defect sites with low coordination
numbers activate H—H bonds. Cox et al. narrowed the
discussion by producing a beam of aluminum clusters
with a well characterized size distribution.” They found a
peak in hydrogen dissociation activity for Al,. Upton ex-
plained this result as the interaction between unique clus-
ter d orbitals and hydrogen.'® Substrate orbitals of d
symmetry are apparently essential for dihydrogen activa-
tion.

The present work is an effort to characterize hydrogen
adsorption on aluminum. In the Sec. III we discuss the
following: (A) thermal-desorption data for Al(100), (B)
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the identities of vibrational losses, (C) influence of surface
modifications, (D) excitation profiles, (E) coverage depen-
dence, (F) temperature dependence, and (G) the nature of
a puzzling species with vibrations around 1750 and 750
cm~!. The discussion will benefit from our previous ad-
sorption studies on aluminum.?~** A forthcoming paper
will discuss the attractive interaction between co-
adsorbed hydrogen and alkali atoms and the formation of

alkali hydrides.**

II. EXPERIMENT

Experiments were carried out in a stainless-steel
ultrahigh-vacuum (UHV) chamber equipped for a variety
of surface spectroscopies and operated at 1x 10~ '* Torr.
The crystal mount and a 3-h cleaning procedure were de-
scribed in an earlier communication.?’ Crystal cleanli-
ness was followed with Auger-electron spectroscopy
(AES) and verified with electron-energy-loss spectroscopy
(EELS).”

EEL spectra were measured at 5 eV primary beam en-
ergy and 60 cm™! resolution (Leybold double-pass elec-
trostatic analyzer). Work-function changes ( | A® | > 40
mYV) and diffraction patterns were followed with a Varian
Associates low-energy electron-diffraction (LEED) unit.
Thermal-desorption (TDS) spectra were recorded at 1.3
K sec~!. Desorbing species were sampled with a straight,
1-in. drift tube “‘connecting” the sample with the mass
spectrometer (UTI model 100C). Traces of the total pres-
sure were obtained by switching off the rf field in the
electron-multiplier mode. This, for instance, enabled us
to confirm the absence of any desorbing species of an un-
known mass with a sensitivity comparable to that of
single-mass spectra. Finally, Auger spectra (&-
Electronics single-pass cylindrical-mirror analyzer, E, =3
keV, ¥, , =2 V) were recorded before and after each set
of spectra, i.e., not in the presence of surface hydrogen.

Initially, we tried to adsorb hydrogen from the gas
phase via beam dosers directed at the crystal. This pro-
cedure had previously been used for CO with a sticking
coefficient of <1073.% In the case of hydrogen, howev-
er, no adsorption could be detected. The beam-doser
efficiency compared with ‘‘backfilling” was calibrated to
50:1 for water,? but we only use a conservative estimate
of 5:1 for hydrogen. These tests still set 1:10* as an upper
limit for the probability of hydrogen dissociation and ad-
sorption on AI(100) in the temperature range 80-280 K.
Consequently, hydrogen had to be supplied as a beam of
atoms.

Hydrogen atoms were produced at a hot (1800-K) 5-
mm-wide tungsten filament, flushed with dihydrogen
from a beam doser adjacent to and directed at the fila-
ment. The crystal was positioned 100 mm from the fila-
ment and the front side exposed only after steady-state
conditions were obtained —this in order to avoid any ini-
tial burst of contaminants as the filament current was in-
creased and the beam doser opened. A ‘‘rest” current
was passed through the filament at all times. The
sample-to-filament distance was a compromise between
radiative heating, critical because of the high mobility of
hydrogen on aluminum, and a diminishing solid angle,
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again critical to avoid overly high background pressures
and thus sample contamination. Each “overlayer” was
prepared by adsorption below 90 K, followed by flashing
to a desired temperature, and recooling to <90 K. All
dosing and annealing sequences were repeated with both
H, and D,. Doses are reported in X langmuirs
(1 L=1x10° Torrsec), as read on the ion gauge. Cali-
bration of hydrogen uptake versus dose and thermal-
desorption traces is discussed below.

Every experiment was rounded off by a dihydrogen
desorption spectrum, which provided an excellent mea-
surement of the actual relative surface coverage. The ac-
cumulated results of all such spectra are plotted in Fig. 1.
Figure 1 presents data for uptake at <90 K, but is
representative also for uptake at any other temperature
<280 K. We have not observed any hydrogen-induced
diffraction pattern besides the indisputable p(1X 1) and,
consequently, LEED provided no direct reference point
for absolute coverages. Primary calibration of TDS peak
areas was derived instead from the decomposition of a
monolayer of NaH or KH.>** We assumed the formation
of 1:1 alkali hydrides for ordered alkali overlayers ex-
posed to atomic hydrogen. These studies actually provid-
ed four reference points since they involved two alkali
metals and both the hydride and the deuteride. We ac-
knowledge the trivial difference between adsorbed
monoatomic species and measured diatomic molecules.
The calibration against alkali hydride decomposition is
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FIG. 1. Uptake of atomic hydrogen vs dose. Uptake mea-
sured as the area under the dihydrogen thermal desorption peak
(m2 or m4). Dose given in X L, i.e., as read on the ion gauge
without corrections (see Sec. II). ©=1 denotes monolayer cov-
erage, the derivation of which is discussed in the text. ©=1is
used synonymously with p(1Xx1) and ML (monolayer)
throughout the text. The solid line represents a least-squares
linear fit in the low-dose regime ( <20 L).
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utilized in Fig. 1 and throughout the text. The uptake is
approximately linear with the dose for © <0.3, but it
takes doses as high as 600 L to reach saturation. The
calibration is consistent with ©=1 as the highest cover-
age for hydrogen atoms with thermal velocities. The de-
viation from linearity may represent the physics and
statistics of adsorption or coincidental saturation of the
tungsten source.

Contamination levels were checked with EELS, TDS,
and AES (Fig. 2). Previous titrations of oxygen and car-
bon coverages with reversibly adsorbed CO and alkali
metals allow me to relate peak heights to actual surface
coverages.’®3! The ratio of contamination (carbon and
oxygen) to hydrogen coverage was in no case higher than
1:25, and the highest absolute contaminant coverage ever
recorded was 0.04. 0.04 was observed after an accumu-
lated hydrogen dose of > 800 L and > 6 h of experiments
at LN, temperature. A contamination-to-hydrogen ratio
of typically 1:50, which we regard as chemically
insignificant, will nevertheless be visible in EELS because
of the weak scattering of metal-hydrogen vibrations and
the very strong scattering of aluminum-oxygen vibra-
tions. A final contamination checkup was provided by
work-function measurements. We detected no difference
between the surface potential of the clean surface and the
surface covered with hydrogen at <90 K.3 No data were
obtained for annealed overlayers. The resolution of these
data (40 mV) does not allow any evaluation of hydrogen-
induced dipole layers, but at least excludes major con-
tamination coverages.

III. RESULTS AND DISCUSSION
A. Hydrogen adsorption and desorption

Figures 3(a) and 3(b) show recombination and desorp-
tion of hydrogen and deuterium on Al(100) between 340
and 360 K. The temperature range is about the same as
for Cu(111) (Ref. 35) and Zn(0001) (Ref. 36), but lower
than on most transition metals (Refs. 37 and 38). The
presence of d states at the Fermi level and thus the ability
to promote H—H bond breaking appears to go hand in
hand with relatively high desorption temperatures. This
is further illustrated in a subsequent article where we dis-
cuss the stability of adsorbed hydrogen in the presence of
co-adsorbed alkali atoms.>*

It appears as if the desorption temperature shifts to
higher values at coverages above ©=0.5, but hardly at
all below this density. The slightly higher temperature
observed at © <0.02 probably has little significance for
hydrogen adsorbed on the flat surface, but instead indi-
cates adsorption at unspecified defect sites. The in-
creased stability at the highest coverages comes when the
average hydrogen atom is experiencing an almost com-
plete coordination shell of neighboring hydrogen atoms.
The higher temperature may then indicate either a
deepened chemisorption potential induced by adjacent
atoms or simply the blocking of rendezvous. The effect
of a full coordination shell will be illuminated when we
discuss the vibrational spectra of annealed hydrogen
“p(1x1) islands.” We do not consider the difference be-
tween the lower limits for hydrogen (345 K) and deuteri-
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um (340 K) desorption as significant and conclude, conse-
quently, that no isotopic shift has been detected. This is
consistent with the idea that we are probing a minor iso-
topic shift caused by diffusion rather than by bond disso-
ciation.>’

The present results will also illuminate previous data
on water decomposition and hydrogen evolution on
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FIG. 2. Surface contamination as measured with EELS,
TDS, and AES. Each surface was exposed to 66 L at <90 K
(see Sec. II). The EEL spectrum was obtained after flashing to
> 700 K. The contamination peak corresponds to around 0.008
of a monolayer of aluminum oxide (Ref. 30). The TDS spec-
trum was obtained with (dashed line) or without (solid line,
“dummy”) the crystal facing the hot W filament. Both curves
represent the total pressure (see Sec. II). ©=0.016 represents
the area under all small bumps in the solid line. The AES spec-
trum represents an analysis after flashing to 700 K (cf. EELS).
The relative magnitude of the carbon and the oxygen peaks cor-
respond to a contamination coverage of around 0.012 (Refs. 30
and 31).
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FIG. 3. Thermal-desorption spectra of dihydrogen [(a) m2 or
(b) m4 when recombined] as a function of exposure. The cover-
age refers to atomic hydrogen (deuterium). The difference be-
tween 340 K (D) and 345 K (H) as the lower limit is hardly
significant, and we do not conclude any observed isotope effect.
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aluminum. Following water decomposition, Paul and
Hoffmann observed H, (D,) desorption at around 140
(180) K.* The 40-K isotopic shift reveals a process limit-
ed by O—H bond breaking. Moreover, the overall much
lower desorption temperature compared with hydrogen
recombination on the clean surface (this work) rules out
the possibility that hydrogen atoms from water dissocia-
tion occupy unmodified adsorption sites on the metal.
An ongoing study will investigate whether it is sufficient
to consider metal-hydrogen—bond weakening caused by
co-adsorbed oxygen atoms or hydroxyl groups to explain
the low desorption temperature.’* An alternative propo-
sal is that intermolecular hydrogen bonding must be in-
cluded in any relevant model of water decomposition®!
and that no intermediate state with adsorbed hydrogen
atoms will ever exist.

Several studies deal with the diffusion of hydrogen in
bulk aluminum and hydrogen evolution after ion implan-
tation.*? =% Care has to be exercised when absorbing
these data, since surface cleanliness will affect hydrogen
recombination.?’3* Myers et al. observed hydrogen evo-
lution at 340 K from a freshly sputtered aluminum sam-
ple implanted with deuterium.*’ The release of hydrogen
was believed to be linked to the annealing of “traps”
close to the surface. Observing Figs. 3(a) and 3(b), one is
inclined to believe that surface recombination is the limit-
ing factor in hydrogen evolution from bulk aluminum.
The omission of sputtering shifted the desorption of im-
planted hydrogen to approximately 150 K higher temper-
ature.** The difference was attributed to the presence of
an oxide barrier at the surface. We have previously ob-
served a stable metal/oxide “interfacial hydride” after
flashing to 650 K, which nicely translates into a surface
barrier for recombination.?

B. Identification of vibrational losses

Figure 4 displays our procedure to ensure the relevance
of observed vibrational losses. The dominant band at
<90 K comes at 1125 cm~! for hydrogen and 800 cm !
for deuterium. At this temperature we also observe a
band at around 600 cm ! for both deuterium and hydro-
gen. This band is marked C for contamination. A third
minor band at the high-frequency shoulder of the dom-
inant 1125- (800-) cm ™! peak shifts with isotopic substi-
tution, as does a fourth band at 1750 (1250) cm~!. The
band at 1750 (1250) cm ™' multiplies in intensity follow-
ing annealing to 150 K. This annealing also causes a
band to appear at 750- (550-) cm ! wave numbers. The
band for hydrogen at 750 cm~! is considerably stronger
than the corresponding band for deuterium at 550 cm ™!
Again we are forced to use the abbreviation C for con-
tamination contribution. Finally, as we anneal to 280 K
the dominant feature becomes a sharp band at 1825
(1325) cm~!'. The combination of bands at 750 (550)
cm~! and 1750 (1250) cm ! still persists at this tempera-
ture, but with reduced intensity. Further annealing
causes hydrogen recombination and desorption [Figs. 3(a)
and 3(b)].

The ratios between hydrogen and deuterium frequen-
cies are 1.41 (1125/800), 1.40 (1750/1250), 1.36
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(750/550), and 1.38 (1825/1325). These values slightly
below V2 fully justify the assignment of these vibrations
to hydrogen- or deuterium-containing species. The C-
marked band at 600 cm™! is typical for aluminum-
oxygen species at low temperature and low coverage.?’
Annealing causes this band to shift to higher frequencies
and unfortunately to overlap with the Al-H band at 750
cm™!. The C-marked bands correspond to less than 0.01
of a monolayer and are regarded as superimposed on the
hydrogen spectra.

The band at 1750 cm ™! falls into the region of known
Al—H stretching vibrations of terminally coordinated
hydrogen atoms. Huber and Herzberg quote 1683 cm !
for the ground state of the diatomic neutral molecule and
1620 cm™! for the AIHT ion.** AIH,” shows an
infrared-active band at 1740 cm~'.* Finally, solid AlH,
gives a broad absorption band from around 1600 to
around 1900 cm~'.%%3! No experimental data for hydro-
gen vibrations on the clean surface have been reported.
Calculations, however, predict an isolated hydrogen atom
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in a terminal position to vibrate at 1695 cm~'.%? As a
consequence of the above data, we assign the 1750-
(1250-) cm~! band to terminally coordinated “isolated”
hydrogen (deuterium) atoms.

Nyberg and Tengstal, Nordlander and Holmstrom, and
Karlsson et al. have reported coverage-dependent up-
ward vibrational shifts for hydrogen adsorbed on Ni(100)
and Pd(100).%3~3%° Experiments showed a 95-cm~! posi-
tive shift with coverage, and theory explained this as the
difference between an isolated species and the collective
vibration of a saturated monolayer. The dominant cause
of this shift was explained as indirect electronic effects
caused by distortions of the electron density rather than a
combination of ‘“chemical effects” and dipole-dipole in-
teractions, as is the case for CO. The sign and magnitude
of the difference between the bands at 1750 and 1825
cm~! (Fig. 4) correlate well with the above literature
data. Hence, the band at 1825 (1325) cm~! was assigned
to ordered structures of terminally coordinated hydrogen
atoms. These structures are tentatively described as
“p(1x1) islands.” We conclude that annealing to 280 K
will promote the condensation of hydrogen clusters much
in the same way as was observed for CO on metal sur-
faces>® and for H on Mo(100).%’

The intensity of the band at 750 cm ™! parallels the in-
tensity of the band at 1750 cm ™! (also see Secs. III E and
III F). The value 750 cm ™! agrees nicely with literature
data for Al—H bending or deformation modes. AIH,~
shows, in addition to the stretching band at 1740 cm™ !,
an ir-active bending mode at 764 cm~'.* For bulk
AlH;, the band at 1600-1900 cm ™! is accompanied by
deformation modes around 750 cm—!.%%31

Finally, we have to address the band at 1125 (800)
cm~!. AIH,” has now exhausted its possibilities, but
bulk AlH; still has some hidden aspects. The solid hy-
dride displays an intense band at 1025 cm ™!, shifting to
754 cm~! upon deuteration.’! Furthermore, calculations
predict a frequency round 1050 cm~! for hydrogen ad-
sorbed in twofold bridge positions.’> We assign the 1125-
(800-) cm ! band to hydrogen bound at such sites. The
vibrational bands of bridge-bonded hydrogen atoms come
in pairs. The ratio between the parallel and perpendicu-
lar bands ranges from 1:1 to 1:2 and can be used to deter-
mine bond angles.’® Any second band in the range
500-1125 (400-800) cm™~! is significantly less intense
than the 1125- (800-) cm ! band. This gives a hint about
the excitation mechanism since only the totally sym-
metric perpendicular mode is excited by z-polarized light
and is thus dipole active on a metal surface (cf. Sec.
III D).

Tentative assignments of observed vibrational bands
are as follows: 1825 cm ™! to ordered islands of terminal-
ly coordinated hydrogen atoms 1750 and 750 cm~! to
isolated terminally coordinated atoms, and 1125 cm~! to
bridge-bonded hydrogen. The nature of the 1750- and
750-cm ! species will be further discussed in a separate
section.

C. Chemical modifications

Surface scientists do report some data for aluminum
hydrogen vibrations, but only at sites modified by alumi-
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num oxide. Inelastic-electron-tunneling spectroscopy®’
measured Al-H vibrations at the metal-oxide interface at
1850 cm~!.%%:6! Thiry et al. observed an EELS band at
1895-1930 cm ! after spraying a partly oxidized surface
with hydrogen atoms.®’ Finally, Paul and Hoffmann
showed that an “interfacial hydride” band at 1910 cm ™!
is obtained also after decomposition of surface hydroxyl
groups.?”’ Infrared matrix-isolation studies show that the
addition of an hydroxyl ligand will shift the Al-H band
from around 1743 cm™~! to around 1935 cm~!.%3 These
experimental data, plus above-quoted calculations,> con-
clusively show that the removal of electron density from
the aluminum atom will raise the Al—H stretching vibra-
tion. This supports the idea of a relatively ionic
aluminum-hydrogen bond. The high-temperature stabili-
ty of the interfacial hydride, it persists flashes to 650 K,%
indicates a stabilized Al—H bond. Despite the above
data, we advise caution for any general conclusion about
the metal-hydrogen bond strength because of the com-
plexity of the hydrogen recombination process at
Al/AIO; sites.

Traditionally, we make surfaces “electron rich” by al-
kali additives. Recent data on aluminum show that the
hydrogen-substrate bond is strengthened by potassium or
sodium promoters.’* The desorption temperature of hy-
drogen increases with the alkali coverage from 350 K
(clean Al) to 500 K (alkali hydride decomposition). EEL
spectra are dominated by intense alkali-hydrogen or al-
kali modified aluminum-hydrogen vibrations. Hydrogen
adsorbed on Al(100)c(2X2)Na shows a split stretching
band at 1850 and 1715 cm ™!, a deformation mode at 800
cm~!, and a metal-metal mode at 200 cm~'. Exchanging
sodium for potassium lowers the split high-frequency
band to 1650 and 1500 cm !, and the deformation mode
to 775 cm~—!. The metal-metal band is not observed for
the potassium modified surface. From the above data it
should be obvious that EELS as well as TDS can distin-
guish between hydrogen adsorbed on the clean aluminum
surface and hydrogen adsorbed at oxygen or alkali
modified sites.

D. Excitation profiles

Figure 5 displays intensity variations for the previously
identified vibrations. We found that the band at 1750
(1250) cm ! becomes asymmetric at 150 K because of the
growing intensity of the 1825-cm~! band. We therefore
introduce 130 K as the optimal annealing temperature
for this band. We see that the intensities of hydrogen and
deuterium bands overlap very well, except for the 750-
(550-) cm ™! band, where the hydrogen band appears to
be more intense. This is artificial and caused by the over-
lapping oxygen contamination band. The left-hand panel
of Fig. 5 shows that the angular profiles of all vibrations
parallel the behavior of the elastic beam. The right-hand
panel shows that no resonance was detected in the elastic
energy range 1-9 eV. As a consequence of the results in
Fig. 5, we conclude that all vibrations are dominated by
dipole scattering. Intensities of EEL spectra are not
straightforward to interpret, but it appears that alumi-
num hydrogen vibrations are at least 1 order of magni-
tude more intense than typical transition-metal hydrogen
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bands.®*% Our limited work-function measurements did
not reveal any hydrogen-induced static dipole moment
that could be linked to the observed strong dynamical di-
pole moments. Nevertheless, we empirically note that a
higher degree of ionicity in the metal-hydrogen bond,
transition metals < aluminum < alkali metals, correlates
well with observed loss intensities.

Somewhat puzzling is that the 750- (550-) cm~! band,
assigned to Al—H bending, is apparently dipole active.5
Assuming a correct assignment to terminally coordinated
species and untampered profile measurements, we are left
with only speculations for the cause of this. The 1750-
and 750-cm ™! states may be associated with unspecified
defect sites and thus do not acknowledge surface selec-
tion rules. An alternative explanation is that we observe
the A4, symmetric stretching and scissoring modes of an
H-AIl-H species. Some support for this hypothesis may
be gained from the literature, where the bands of AIH,~
(764 cm™') and bulk AlH, (750 cm™') obviously are not
isolated vibrations of a single Al—H bond.

E. Coverage dependence

Figure 6 displays EEL spectra of the 1825- (1325-)
cm~! band as a function of hydrogen coverage. No cov-
erage dependence could be detected for the position of
this or any of the other Al-H (-D) modes. The higher
resolution of infrared spectroscopy is required to detect
shifts smaller than 25 cm™'. Such measurements should
be more feasible on aluminum than on transition metals®’
because of the more intense metal-hydrogen bands.

Figure 7 is a graphic representation of the peak intensi-
ties of the Al-H (-D) bands. A perfect linear correlation
is not expected, but the intensity of each peak does in-
crease with coverage. No annealing temperature resulted
in exclusively one vibrational feature. It is likely that the
population of one site may influence the accessibility of
another. Attempts to dose hydrogen intermittently, with
intermediate annealing, resulted in the superposition of
annealed and unannealed EEL spectra. The accumulated
uptake always followed the curve in Fig. 1. We have not
yet tried to adsorb a mixture of hydrogen and deuterium.
The use of isotopically mixed layers is a standard pro-
cedure of decoupling the chemical and physical com-
ponents of adsorbate-adsorbate interactions.®

F. Temperature dependence

Figure 8 shows detailed annealing sequences at low hy-
drogen (deuterium) coverage. The accumulated results of
all such annealing experiments at low coverages are
brought together in Fig. 9. It is obvious from these
graphs that the 1750-cm~' peak tracks the 750-cm~!
peak. Gentle annealing to 130-150 K populates this
state. The higher temperature is required at high cover-
ages (©=0.50). It is also clear that the 1825-cm~! band
grows with temperature at the expense of the 1125-cm ™!
band. The ‘“activation energies” of the 1125- and 1825-
cm ™! bands are probably the same.

EEL spectra in Fig. 10 were obtained after temperature
flashes above 280 K, i.e., after partial recombination and
desorption of hydrogen overlayers. From below we see
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that the 1750-cm ™! peak is fairly symmetric at <90 K (1250-) cm~! peak. More commonly, the 1825- (1325-)
and ©=0.08. After annealing to 280 K, the 1825-cm™! and the 1750- (1250-) cm ! peaks vanished with equal in-

band dominates with only a slight asymmetry at the low- tensities.

energy side. Increasing the coverage of the annealed lay-

er broadens the peak, as discussed below. Partial desorp- G. Nature of the 1750- and 750-cm ! species

tion reduces the intensity of the 1825-cm~! band relative

to the 1750-cm~! band. The topmost spectra in Fig. 10 The suggested assignment of the 1750- and 750-cm ™!

are rather fortuitous as to show a dominating 1750- bands to the A4, symmetric stretching and scissoring
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modes of an aluminum-hydrogen species agrees with all
available experimental data. The overall behavior of the
1750- and 750-cm ™! species is, however, somewhat irreg-
ular and requires further discussion.

A first assumption would be that this species corre-
sponds to the formation of relatively stable “AlH,” units
at defect sites. This would explain the high desorption
temperature observed for ©=0.02 [Figs. 3(a) and 3(b)],
and this correlates nicely with EEL spectra after partial
depopulation (Fig. 10). Coverage dependence after an-
nealing to 280 K (Fig. 6) contradicts this model as the
sole clue to the 1750- and 750-cm~! bands. The 1750-
and 750-cm ! species increase in intensity at high cover-
ages. This is also apparent in Fig. 9, which shows that a
higher annealing temperature is required to reach max-
imum intensity at ©=0.50 than at © <0.18. It appears
as if we have two sources for intensity in the 1750- and
750-cm ™! regions. An imaginative suggestion could be
that “AlH,” species form both at defect sites at low cov-
erages and, more generally, at high coverages. High den-
sities would promote the formation of an overlayer with
more than one hydrogen atom per metal atom. This may
offset our absolute coverage calibration, which was based
on hydrogen evolution from overlayers of alkali hydrides
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FIG. 7. Relative intensity of vibrational bands vs coverage.
The intensity of each peak is normalized to its intensity at
©=0.50. The 750-cm~' peak (150 K) is excluded because of
the superimposed contribution from Al-O vibrations.
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FIG. 8. EEL spectra of Al(100)/H (D) as a function of an-
nealing temperature. No desorption, i.e., constant coverage.
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(Fig. 1). ©=2-3 rather than © =1 would then represent
saturation. © =3 corresponds to the 1:3 stoichiometry of
aluminum hydride.

IV. SUMMARY AND CONCLUSIONS

The probability for H—H bond breaking on a clean
and defect-free A1(100) surface is less than 1:10* at tem-
peratures below 280 K. Atomic hydrogen recombines
and desorbs from A1(100) around 350 K. Surface recom-
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bination is probably a limiting factor in hydrogen evolu-
tion from the bulk.

We have observed four different Al-H vibrations. A
band at 1125 cm ™! was assigned to bridge-bonded hydro-
gen atoms, a second and a third band at 1750 and 1825
cm~! to terminally coordinated species, and a fourth
band at 750 cm ™! to a bending vibration. The bands at
1750 and 750 cm™' are strongly correlated. All bands
are dominated by dipole scattering. The band at 1825

cm™! was tentatively assigned to annealed ‘“p(1Xx1) is-
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FIG. 9. Intensity of vibrational losses as a function of annealing temperature [In(/ /I ,,) vs 1/T]. I, is the maximum intensity
of each peak, the temperature of which is denoted by a square. The above figures represent the collected data of all measurements at
low coverages (Oy p <0.18). Error bars represent statistical deviations around a mean value. The straight lines represent least-
squares fits to the normalized data points and 420 and 460 K the respective slope of each line. The data indicated at ©=0.50
represent the only observed significant coverage dependence of I /I .
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lands” and the 1750- and 750-cm ™! combination to iso-
lated species. Alternatively, the 1825-cm™' band may
represent terminally coordinated single atoms and the
1750- and 750-pair “AlH,” species. The latter explana-
tion would assign the 750-cm~! peak as a scissoring
mode and thus explain its dipole activity.

We have reached the following model for the events
following the adsorption of atomic hydrogen on Al(100).
Adsorption at <90 K results in the population of bridge
sites. Annealing causes depopulation of these sites and
the formation of terminal aluminum-hydrogen bonds.
The activation energy for this process is around 0.038 eV.
The experimental data are consistent with the formation
of “AlH,” species both at defect sites and at high hydro-
gen coverages.

Future detailed EELS or infrared-absorption measure-
ments are needed to test the above “AlH,” hypothesis as
well as to further narrow the effects of hydrogen-
hydrogen interactions as a function of coverage.
Valence-band photoemission spectra are also of interest
for comparisons with theoretical predictions of the
adatom-induced density of states.!® Even in a differential
form such measurements should be less ambiguous than
on transition metals, because of the absent d-band inten-
sity. Core-level studies are interesting as well and we can
expect to see aluminum-surface shifts directly related to
aluminum to hydrogen charge transfer without the com-
plexity of interpretations based on d-band hybridization.
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