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Static and dynamic changes induced by adsorption of atomic hydrogen on thed N)Alattice at 130 K
have been examined as a function of adsorbate coverage. Adsorbed hydrogen exists in three distinct phases. At
low coverages the hydrogen is itinerant because of quantum tunneling between sites and exhibits no observable
vibrational modes. Between 0.4 and 0.6 ML, substrate mediated interactions produce an ordered superstructure
with ¢(2X2) symmetry, and at higher coverages, hydrogen exists as a disordered lattice gas. This picture of
how hydrogen interacts with Ni&L10) is developed from our data and compared to current theoretical

predictions.
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[. INTRODUCTION analyses have been performed and it is well known that the

rows of Ni are contracted toward the bulk by 4.0% of the

The interaction of hydrogen with the Ni@l10) surface is  bulk layer spacing, while the rows of Al are expanded out
a prototypical adsorbate-bimetallic ordered alloy system: théoward the vacuum by 5.5% giving a large static surface
surface maintains the bulk stoichiometry and has two comtipple (~0.2 A).°~
ponents, each with very different chemical properties. Niand The surface vibrational structure of this alloy is also well
Al are so different in fact, that hydrogen will spontaneouslyStudied and is correlated with the static ripfe” Two of
dissociate and adsorb to Ni while there is an activation barth€ main surface vibrational features are an acoustic surface
rier of ~1 eV over Al NiAl(110) therefore, provides an fésonance at 19 meV and an optical surface phonon at 27
ideal test of the concepts associated with whether the glob&€V: For the resonance, the Ni and Al atoms are vibrating
properties of the alloy or the local properties of the indi-

vidual constituents dictate the overall chemical behavior. <170>

Other attributes which make NiAl a particularly attractive &.<oo1> <110>
prototype system include the facts that it has no major sur- <110> é-»
face reconstructions, it is relatively unreactive, and the clean 8 <001>

surface is easy to prepare, maintain and has been studiec
extensively.

The fact that bimetallic alloys play a significant role in
real world catalysshas contributed to growing amounts of
experimental information about alloys and multicomponent
surfaces. The practical implications, along with recent ad-
vances in the theoretical treatment of alloys, have also served

%T S+ = VpY

. . . : a=2.887 b) Side view
to drive theoretical studies of alloy surfaces. In fact, while i Topview
not without some inconsistency, there has been good succes. 5 5
coupling first principles theory with experiment for _ N
H/NiAI (110).3“ This system has even led to a new picture for ® LstLayerNi e N
the nature of activation barriers for dissociative adsorption. @ ds Loy Al £ s >

The clean NiA{110) surface has been extensively studied @ 2nd Layer Ni SNl R

and its physical properties are well kno¥Wwi® making it (1) 2nd Layer Al g
ideal for the study of alloy surface chemistry. NiAl crystal- [] (1x1) unit cell C) Reciprocal Space Cells

lizes in a CsCl structure, two interpenetrating simple cubic r :
. . . h . 1 _1¢(2X2) unit cell

lattices of each atomic species. THELO) termination also -

has identical interpenetrating unit cells of each atom type and F|G. 1. The NiA(110) surface structure is showta) Top view.

therefore presents equal numbers of both Ni and Al to in{b) Side view showing the ripple in the surface) Reciprocal

coming gasesFig. 1). This surface can also be thought of asspace &1 andc(2x2) unit cells with the appropriate high sym-

having alternating Ni and Al rows. Numerous structural metry points labeled.
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400 \ c(2x2) symmetry is observetf’ This new symmetry was
\\Desorpﬁon\ \ associated with a hydrogen superstructure because the inte-
% 55 L\ \\\\ grated intensity of the fractional order beams are roughly 1%
95) of the integer order beams. Structural analyses at selected
g - el ) 1x1) 1 coverages showed that the magnltude_ of.the stgtlc surface
8, 200 |- () ; | - ripple was reduced but not removed, with increasing hydro-
g i Itinerant Ordered Lattice gas | gen coverage. At 0.5 ML the ripple is0.15 A as determined
£ L y N by a preliminary x-ray scattering study, and at saturatibn
100 = 5.3 e 0s 08 10 ML) low energy electron diffractiofLEED) reveals the
Absolute Hydrogen Coverage (ML) ripple to be 0.11 A. Qualitatively this trend is consistent with
theory*?!

FIG. 2. Phase diagram of surface symmetries induced by the In this paper, by complementing published results, we

adsorption of hydrogen as a function of coverage and temperaturgresent one of the most thorough studies of hydrogen on a
metal surface, and undoubtedly the most comprehensive

in-phase whereas the phonon has the Ni and Al atoms vibragtudy of hydrogen interacting with a single crystal alloy sur-
ing out-of-phase. The energy and presumably the intensity Jf¢€- By monitoring changes in the structural and dynamic
the phonon is coupled to the magnitude of the static ripple, Properties of NiA(110 as a function of hydrogen coverage
therefore changes in the surface vibrations gives indication'€ find some very interesting features which Ieads' to a
as to the nature of any structural change. unigue picture. Our model is that hydrogen behaves like an

In NiAl, the electronic band structure has been measure§ffective potential homogeneously across the surface. As a
and calculated both for the bulk and at the surfSdé.To consequence, _mcreased hydrogen coverage results in mono-
understand the origin of the barrier toward spontaneous didonic changes in all of the measured surface properties. Spec-
sociation of hydrogen, it is important that the electronictroscopically, hydrogen is almost invisible on its own, dis-
structure is well known. The accepted view was after Harridributed uniformly across the surgace and aboyé ML
and Anderssof®® In studies based on single component sur-Pound over the Ni-Ni bridge sités’® We can identify three
faces, they determined that the densityddike states at the distinct phasesFig. 2). At low coverages the hydrogen is
Fermi level was the decisive parameter for spontaneous di§lélocalized along the Ni rows, itinerant because of quantum
sociation. A more quantitative calculation by Hammer andtunneling. As coverages become greater than 0.4 ML, sub-
Scheffler which considered the NiAt0) alloy surface, strate mediated interactions conspire to produce an ordered
however, presented a model where the dissociative adsorf{2> 2) array, which quickly gives way with increasing cov-
tion of molecules at metal surfaces is closely connected t§age to a disordered lattice gas. The reason hydrogen affects
the depth of the d band below the Fermi levélAnother the NiAl substrate so uniformly probably derives from the
result of this calculation was that local electronic effects ardact that the heat of formation is-58.8 kJ/mof? i.e., the
important. For an alloy, reactions occur on a surface whos&/iAl lattice is more rigid than either Ni or Al. Finally, as
electronic properties are globally modified by the alloy. predlcteq by theory, hydrogen’s predllectlon_forthe Ni atoms
Therefore, experimentally it may appear that global alloyiS experimental evidence that local electronic structure of the
properties control the chemical interaction with hydrogen Substrate is important, i.e., while the alloy properties seem to
however this calculation showed that, while the surface doeg0Vern the overall interaction of hydrogen with NiAl, hydro-
not behave as if it were a collection of Ni and Al atoms, 9€n does have some sensitivity to the surface Ni and Al
neither do adsorbates interact with only the global propertiegtoms. o , _ _
of the bulk alloy. The organization of this paper is as follows. Section Il

In previous worké experimental evidence made it appar- describes the experimental details, which include sample
ent that the NiA(110) surface behaves very differently from Preparation and a description of each of the different tech-
either Ni or Al. We reported that molecular hydrogen has afiques used in this study. Ir_1 Sec._III, _the results of structural,
activation barrier for spontaneous dissociation, with thev!bratlonal_and electronic mve_stlgatlons are pre_sented_ and
height of this barrier being 0.72 eV as measured by Beutfliscussed in terms of our consistent model. The inconsisten-
et all” Atomic hydrogen can be chemisorbed to tidg  Cies that still exist with theofyare also discussed. Conclu-
surface; it desorbs with second order kinetics and a desor/ons are briefly summarized in Sec. IV.
tion energy of 0.54 eV.The absolutecoverage of hydrogen
on the surface was determined by nuclear reaction analysis
with saturation found to be 1 ML of hydrogéhe conven-
tion established for this surface was that 1 ML is the number All the experiments described below were performed in

p p

of hydrogen atoms per surface unit cell, not per surface atorstainless steel vacuum chambers operating at base pressures
as is used with monatomic systems. This density of hydrogeof at least 2.x10 ° Torr. The sample was routinely
at saturation (0.88 10*> H atoms/cr) is significantly lower  cleaned by sputtering with 1-keV neon ions for 20 min with
than for the close packgd1l) faces of Ni and A[1.86(Ref.  subsequent anneals to 1125 K for 10 min to restore surface
18) and 1.83(Ref. 19 x 10'° H atoms/cm, respectively. composition and order. The average surface composition for

The symmetry of the surfad€ig. 2) is 1x1 for almost all  this crystal is similar to the bulk composition which is near
coverages, except from 0.4 to 0.6 ML, where a very wealstoichiometry?®> Once clean, the crystal remained free of

Il. EXPERIMENTAL DETAILS
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contamination for 3—4 h. Sample cleanliness was verifiedised to determine the change in the work function. Addi-
with a variety of spectroscopic techniques. The particulational work function measurements, using a retarding field
tool used depended on what was available in the experimemnethod, were performed in conjunction with coverage
tal chamber being used, with typical ways of monitoring measurementsand LEED observations. The details of the
contamination being high resolution electron energy los€Xperimental setup have been described elsevhageeV
spectroscopyHREELS), Auger electron spectroscopy, and €lectrons from the LEED electron gun illuminated the crystal
the appearance of the Qpeak at 6—7 eV below the Fermi vvhile sample current was recorded as a function of sample
level. Surface order was determined by the presence of @ias. The change in cutoff voltage, i.e. the voltage where the
sharp X1 LEED pattern. current dropped to zero, was monitored as a function of ab-
Both molecular and atomic hydrogen were dosed afolute coverage and LEED symmetry. _ _
sample temperatures lower than 130 K. Atomic hydrogen Vibrational information was collected with commercial
was prepared by flowing Hthrough a tube over tungsten LK-2000 and HIB-1000 HREELS spectrometers. The LK-
heated to~1800 °C. The sample was placed 3—5 cm in front2000 had typical resolutions of 5-6 meV; it was operated in
of this doser tube. Because of the uncalibrated efficiency fof'€ specular geometry with the incident and exit angles at
producing atomic hydrogen, the exposure of atomic hydro80°; off-specular measurements were performed by rotating
gen is reported as arbitrary units of exposul,(whose the analyzer. Spectra from the HIB-1000 had resolutions of
value is simply the Langmuir exposure based on the backé-5—3.5 meV; the incident and exit angles were 45°; off-
ground pressure. Deuterium was used where specific isotopRPecular measurements were performed by rotating the
effects were expected and was treated identically to hydrgmonochromator. Full azimuthal rotation of the sample was
gen. poss@le, and §pecular and off-specular data were taken with
The LEEDI-V data presented here were collected at the2N€rgies ranging from 1.5 to 136 eV.
same time as a previous study, and the details of the experi- Angle-resolved ultraviolet photoemission spectroscopy
mental setup are described th&i@ata were obtained with a €XPeriments were carried out at beamline U-12 of the Na-
video-LEED system. The sample was aligned perpendiculaiion@l Synchrotron Light Source at Brookhaven National
to the electron beam by comparihgV curves of equivalent Laboratory. The beamline is equipped with a tormdql grating
spots and requiring they have identical profiles. In additiofonochromator and _an angle-resolved hemispherical
to the same 11 inequivalent integer beam sets as were cdfl€ctron-energy analyzét.Before reaching the sample, the
lected in the previous studies, five inequivalent fractionallght traverses a tungsten mesh providing a normalization
order beams sefél, 1), 2, 2), &, 1), &, 9), and(, 3] were current of the incident qu_x fr_om t_he monochroma.tor. _The
profiled. The total energy range collected and compared t§@Mple was mounted with its high symmetry directions
calculations was 4620 eV. Data were taken by averaging ove¥ithin 2° of the linearly polarized beam, the light being
all equivalent beams normalized by beam current. he)  polarized parallel to th¢110) direction.
beams were retaken at the end of each data run to ensure the
sample condition remained constant. [l. RESULTS AND DISCUSSION
From the measured-V spectra, the structure of the
0.5-ML hydrogen covered surface of NiAlLO) was deter-
mined using the automated tensor LEEMATLEED) A full, dynamical LEEDI-V structural analysis has been
method?® In the structural search, atomic relaxations of thereported on this surface for both the clean and saturéted
substrate atoms in the first two bilayers, both parallel andVL) surface at 130 K.It was found that the large ripple in
perpendicular to the surface, were permitted. The hydrogethe NiAI(110 surface was lessened, but not completely re-
binding site and height were determined and the hydrogemoved, upon hydrogen adsorption. A preliminary x-ray
atom was allowed to move away from high symmetry sitesanalysi€ performed at 0.5 ML provided a structural determi-
with the appropriate domain averaging of the calculdtdd  nation at a coverage intermediate to the LEED analyses and
spectra. Thirteen phase shifts were employed. For Ni and Aindicated the reduction of the ripple occurs smoothly. Be-
the phase shifts were determined from potentials calculatedause of the limited data set collected in this preliminary
by Moruzzi, who performed a self-consistent electronic band-ray analysis, however, it could not provide the level of
structure calculation for bulk NiA#> and for H a bare Cou- structural detail supplied by the LEED analysis reported in
lomb potential was used. The real part of the inner potentiathis paper. Further, the determination of hydrogen position is
was fit to experiment and damping was represented by aimpossible with x-ray diffraction. The fractional order beams
imaginary part of the inner potential 6f5.0 eV. Debye tem- seen with LEED and associated with a hydrogen superstruc-
peratures were 390 and 720 K for the Ni and Al, respectivelyture are not visible with x-rays due to the relatively small
The automated search algorithm was directed by the Pendigross section for x-rays with the surface hydrogen. There-
R factor (Rp).26 fore, we have performed a complete structural determination
The work function(¢) and changes in the work function of the 0.5-ML hydrogen covered surface using ATLEED, and
(A¢) as a function of dose were monitored with a photonby inclusion of the fractional order beams, determined the
incident angle of 45°, normal emission, and a negative biakydrogen bonding site in addition to the substrate structure.
on the sample. A stationary Fermi level was monitored for Structure determination began by performing a limited
the first 20 measurements and was completely reproduciblstructural search that fit the measured integer-oreérspec-
the position of the low kinetic energy cutoff voltage was tra to calculations which neglected the hydrogen overlayer

A. Surface structure
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TABLE |. Results of ATLEED analysis for the structure of the
NiAl (110 substrate with 0.5 ML adsorbed H. Shown are the results
for both hydrogen ignored and included in the comparison of theo-
retical versus experimental integer ordlev profiles.Ad;;(X)/d, is
the percent change in the layer spacing between plamalj for
elementX compared to the bulk valug,=2.041 A.

No hydrogen Hydrogen included

Adq,(Ni)/dg —4.0x0.7 —3.6£0.5
Adq(Al)/dg +3.4+x1.0 +3.6£1.0
Ripple layer 1(A) 0.15+0.01 0.15-0.02
Ripple layer 2(A) 0.02+0.02 0.02-0.03
Inner potential 5.76 eV 5.67 eV
Rp 0.171 0.184

and included only electron scattering from the NIMO
substrate. The initial reference structure was the bulk termi-
nation of NiAl(110), but as is the standard procedure for
ATLEED, new reference structure calculations were per-
formed after the termination of each ATLEED search. Only
displacements of the Ni and Al atoms normal to the surface
were permitted, preserving thexll symmetry of the unre-
constructed substrate. The results of this restricted analysis
are presented in Table I. Figure 3 shows the measured beam
(solid curve and |-V profiles calculated for this structure
(dashed curvefor a representative selection of integer order
beams. The best fit structure hAsl;,(Ni)=—4.0=0.7%,
Adi(Al) = +3.4+1.0%, Ad,y(Ni)=0.0+1.1%, and 100 200 300 400 100 200 300 400
Ad,3(Al) = —0.8+1.5% with a PendnyR factor R,=0.17. Electron Energy (eV)
Error bars were obtained using the procedure suggested by
Pendrﬁs and are slightly smaller for the Ni atoms which are, FIG. 3. Six inequivalent experimentally observed integer order
on average, stronger scatters than Al. The most significarltV Profiles (solid line) compared with those generated from the
structural feature is the reduction of the rippling of the firstPest fit model where hydrogen wamt considered in the model
layer from the clean value of 9.4%Ref. 9 to 7.2% or from  (dashed ling and from the best fit model where hydrogems
0.20 to 0.15 A. A slight rippling of the second layer of mag- cons_ldereddotted ling. The curves have the same normalized in-
nitude 0.8% or 0.020.02 A is also observed. It can be noted ™'Y scale, but have been offset for clarity.
here that in the second layer the direction of the rippling is
reversed relative to the first layer, a trend also seen for theas neglected. Again, the magnitude of the first layer ripple
clear{”® and hydrogen saturated surface. is 7.2% or 0.15:0.02 A and the second layer ripple is 0.8%
Using this structure as the initial reference surface, a morer 0.02-0.03 A. This is in excellent agreement with the
comprehensive search was launched using an ATLEED capreliminary x-ray result0.15 A),° as well as first principles
culation that now included the hydrogen scattering. A fit wastheoretical predictions of 0.147 A for the first layer ripple
performed to both the integer and fractional-ortie¥ spec- and 0.06 A for the second layer where 0.5 ML of hydrogen
tra. Variations of both the lateral and the normal coordinatesn a c(2x 2) symmetry was consideréd.
of the hydrogen atom and the Ni and Al atoms in the firsttwo The experimental and theoretical beams for the fractional
layers, consistent with the observe@ X 2) symmetry, were order spots are shown in Fig. 4. The absolute intensity in the
now permitted; a total of nine structural parameters werexperimentally collected fractional order beams~i§% of
varied. The results of this analysis are presented in Table that for the integer order beams. Because hydrogen is a very
Integer ordei -V profiles calculated from this best-fit struc- weak scatterer with a scattering cross section roughly two
ture also appear in figure @lotted ling for comparison to  orders of magnitude smaller than transition metals like Ni, it
the fit where no hydrogen was considered. Normal coordiis tempting to attribute these very weak fractional beam in-
nates of the substrate atoms akel;,(Ni)=—3.6-0.5%, tensities to hydrogen superstructures. Up to this time, how-
Ad(Al) =+3.6x1.0%, Ad,3(Ni)=0.0=1.1%, and ever, for all systems studied with LEED, the intensity in the
Ad,4(Al) = —-0.8=1.5%. The PendnR factor, calculated fractional order beams could always be explained with slight
only for the integer order beams, i,=0.18, almost unaf- changes in the positions of the substrate atoms rather than
fected by the inclusion of hydrogen. As is clear from Fig. 3,with hydrogen superstructuré$*® This includes the
within the error bars, these parameters agree well with th&i(111)-(2X2)-2H system where originally a hydrogen su-
results of the earlier search, where scattering from hydrogeperstructure was identified,but a reanalysis has found that

Intensity (arb. units)
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T T 1 T T T T TABLE Il. R, values for best fit structures with hydrogen in

displacements of all of the Ni and Al atoms away from their
location in the bulk termination was found to be smaller than
0.05 A. Since the error bars in these lateral positions were all
greater than 0.06 Awe find no evidence for lateral recon-
M struction of the substratanduced by hydrogen adsorption.
The fractional beams, therefore, provide information on
where the hydrogen is bound. Table Il givgs for hydrogen
in several different bonding sites. From this data it is clear
that hydrogen is located in the Ni-Ni bridge. The exact loca-
tion of the hydrogen is fairly poorly determined, however,
with a best fit yielding the hydrogen height to be 0.6
100 200 300 400 +0.8 A above the Ni plane. The error on the height of the
Electron Energy (eV) hydrogen is so Igrge becguse the error bars are derived from
theR factors achieved using all of the beafirgeger as well
FIG. 4. 1-V profiles of the fractional order beams. The solid line as fractional Because the integer order beams are almost
is the experimental data, the dashed line is generated from a modebmpletely insensitive to the hydrogen, the error bars are
that considered only substrate modification, and the dotted lines argorrespondingly large. The error in the hydrogen height is
generated from a hydrogen superstructure. The curves have theduced if only the fractional order beams are considered. In
same normalized intensity scale, but have been offset for clarity. this case, the error i£0.21 A. This position corresponds to
Ni-H bond length of 1.56 A and a hydrogen raditise

: (1/2 1/2) M (1/2’3/2) different bonding sites.
|' s v =1 )
ho1Yy A 1N
R ‘e AN Bonding site Ry

SV, 0 i

f P . Terminal Ni 0.24

: ) Terminal Al 0.26

Bridge—Ni-Ni 0.17
Bridge—Al-Al 0.25
- ! | | | Threefold—Ni-Ni-Al 0.23
2] . Threefold—AlI-Al-Ni 2
E (3/2,1/2) AL reefold i 0.23
= AW
= oL beams. This result suggests the structural origin of the scat-
(A . . .

‘; LN \ tering into the fractional beams has been well reproduced by
= K P the best fit structure. For our best fit structure, the lateral
2]
=
Q
N
=
(S

I T | T

( 3'/ ) 15 2) 100 200 300

in fact slight substrate modification was necessary to reprof—i_ .
duce the fractional order beams. Models that considered onl§j/férence between the observed bond length and the metallic

a hydrogen superstructure produced fractional order beant@dius of the substrate atgrof ~0.35+0.08 A. This is con-
that were~1% of the integer order beams, but the experi-SiStent with other structural studies of hydrogen adsorption at
mental value was-3%; the difference could only be made metallic surfaces using LEED, for instance one study found
up with substrate reconstructih. an hydrogen radius of 0.490.08 A on the close packed
The intensity of the fractional order beams coulot be ~ surface of Ni and 0.580.2 A on the close packed surface of
reproduced with any substrate reconstruction that we tried. Ifre>* while another study finds the hydrogen radius to be
Fig. 4, the solid line is the experimental data, the dashed lin8.41 A when adsorbed to B&001).*° A first principles cal-
is generated from a fit where only substrate modification wasulation for the hydrogen bonding site is also the Ni-Ni
considered, and the dotted line is the best fit, producedtridge for both 0.5 ML(Ref. 21) and 1 ML (Ref. 3; how-
mainly from a hydrogen superstructure. It is obvious fromever, the hydrogen bond length is significantly longer than is
this figure that the agreement between theory and experimeseen experimentally, with the hydrogen being roughly 0.95 A
in the fractional order beams is significantly better if hydro-above the surface. This large hydrogen radius of 0.7 A could
gen scattering is considered. Quantitatively, Biactor be- be a consequence of allowing only the top layer to relax.
tween experiment and beams produced by the substraf&heoretical calculations by Konopket al* predicted that,
modification, calculated only for the fractional order beamsfor 1 ML of hydrogen, the bonding site is tilted slightly out
is R,=0.4. This highR factor reflects the inability of lateral of the Ni-Ni bridge. In this theory, the bond length is a rea-
reconstructions of the substrate alone to reproduce the olsonable 0.52 A.
served fractional spectra. Consequently, they must originate Our model, presented in the introduction section, has its
from scattering in the hydrogen overlayer. For the hydrogemoots in these ATLEED analysis results reported here. Even
superstructure, again considering only the fractional ordethough hydrogen is identified as being in Ni-Ni bridge sites
beams,R,=0.2, a value comparable to that of the integerat this coverage, no new symmetry is introduced to the sub-
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between—0.12+0.02 and—0.22+0.02 eV. At saturation, the
7] work function is reduced by 0:60.05 eV.
_ At the highest doses when contamination is evident, work
function shifts much larger than-0.6 eV have been ob-
served. This is similar to an effect noted during absolute
. coverage measurements: below 130 KOHwill adsorb on
NiAl (110),%® so coverages greater than 1 ML are achievable
for high exposures due to the adsorption of wafehe work
= function shift induced by water adsorption on metal surfaces
; is usually on the order of-1.0 eV Thus as the large doses
1 1 | ‘ required to achieve higher coverages lead to contamination
0.0 02 0.4 0.6 0.8 10 and coverages greater than 1 ML, so too can spuriously high
Absolute Hydrogen Coverage (ML) changes in the work function be expected at these exposures
FIG. 5. Change in work function as a function of absolute hy- because of trace contamination. The abrupt change in the
drogen coverage. The gray area indicates the region where thSe!Ope ofA¢ at 0.9 ML, clearly visible in Fig. 5, is therefore
LEED symmetry isc(2x 2). possibly a result of small amounts of adsorbed water.
As discussed, a work function decrease means that hydro-

strate. Rather, the ripple is reduced evenly over the surfac@€" IS not adsorbing to this surface in a simple way. Any
being influenced by the effective potential that is themodel must include either the population of subsurface sites
hydrogen or a hydrogen induced restructuring of the surface, e.g., an

interplanar shift or surface buckling and hence a surface
charge redistribution. The latter of these possibilities is im-
mediately suggested by the structural studies, i.e., the change
The origin of the work function for a solid has both a in the surface dipole must be dominated by the change in the
surface contribution, the formation of a surface dipole layersurface charge corrugation associated with the decrease in
and a bulk contribution, the chemical potential. Changes irthe surface ripple. A combination of subsurface hydrogen
the work function can be caused by either structural distorand reconstruction effects is not ruled out either, though sub-
tions that lead to surface charge rearrangement, or simplyurface hydrogen is unlikely for several reasons. First, in
electronic redistribution caused by adsorbed species. In songeneral there is always a surface species of hydrogen on
cases it is possible to isolate which of these effects is respometal surfaces. Even in such cases as(#1l4),*° where sub-
sible for shifts of the work function. Changes in the work surface hydrogen has been identified, it is preceded by a
function induced by hydrogen adsorption on a metal surfacsurface species. Also, a smooth change in work function sug-
can be usually understood in a simple way. The electrostatigests that hydrogen is populating only one plane, e.g., the
dipole associated with the surface barrier is modified as gurface or a single subsurface layer. If a switch from surface
result of the hydrogen-metal bond; because hydrogen hasta subsurface hydrogen were to occur at some coverage, a
high electronegativity, there is a net charge transfer to th&ink in the slope ofA¢ should be expected because of a
hydrogen. Indeed, consistent with this picture the trend fochange in the sign of the surface dipole. Such a kink does
most transition and noble metals is to increase the worlexist, though not until 0.9 ML when contamination is an
function as hydrogen is adsorb&d. issue. Coupled with the facts that a single peak is seen with
A few notable exceptions from this trend are H/EE),*®>  thermal desorption spectroscobguggesting a single bond-
H/P1(111),** and H/W110),® where the work function actu- ing site, the LEED analysis described in Sec. Ill A, which
ally decreases. A good illustration of the deviations possibldinds the hydrogen bound in the Ni-Ni bridge at 0.5 ML, and
from the simple model of charge transfer is a comparison ofibsolute coverage measurements which show saturation to
the Ni(111)-(2x2)-2H system where\¢ is positive, and the be 1 ML® consistent with one full layer of hydrogen, subsur-
Fe(110-(2x2)-2H system where the work function de- face hydrogen does not seem to be an option.
creases. The adsorption geometry on both of these surfaces isWith the possibility of subsurface hydrogen excluded, the
identical, however, the substrate modification is fundamennegative change in work function must therefore be related
tally different: the Ni atoms are buckled toward the hydro-to the change in surface structure. More specifically, the
gen, while the Fe atoms are buckled away. Therefore, a reshange in substrate ripple dominates the change in work
distribution of substrate charge resulting from a surfac€unction. Therefore, the smooth decrease in the work func-
rearrangement may dominatep. tion means the two structural data points can be extended to
The clean work function for NiAIL10) is determined to include all of coverage space, i.ehe surface ripple de-
be 4.810.04 eV from photoemission, in good agreementcreases monotonically with coverage
with previous work!* This is roughly the average of the First principles calculations also predict a decrease in
work functions for clean NiL11) and clean Al111) which  work function with increasing hydrogen coverage, but the
are 5.35(Ref. 39 and 4.25 eV’ respectively. Hydrogen ad- magnitude of change is somewhat larger than the observed
sorption to NiA(110) decreaseshe work function mono- values:—0.46 eV at 0.5 ML and-1.06 eV at saturatioft
tonically as a function of coveragéig. 5. For coverages Because the work function is dominated by the ripple, such a
between 0.4 and 0.6 ML, i.e. for tled2X 2) structureA¢is  result might be expected. Again, by not considering the

Work Function Change - Ad (eV)
=
(98]
T

B. Work function vs coverage
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structural changes in the deeper layers, the decrease in sur.
face ripple, and by extension the work function change,
could be overestimated by theory. It may also be a sign of a
more general problem with the local density approximation,
however. Similar calculations by Feibelman and Hamann for
hydrogen on RiL11) also predict a large H-Pt bond length,
and overestimate the decrease in work function as compared:?
to experiment? g

The work function data can now be used to further de- =
velop the model initiated with the ATLEED results. As hy- 2
drogen adsorbs on the surface it behaves as an effective po-Z
tential. The surface properties, e.g., the rippled structure, are &
affected monotonically as a function of coverage for all of —
the coverages considered here.

Phonon

Resonance

~
n
=
—
=

T T T T T T T—Clean
0 10 20 30 40 50 60 70
C. Vibrational structure Loss Energy (meV)

While the data presented above provide information on b
the static properties of the interaction of hydrogen with - Resoiance B (b)
NiAl (110, a full picture can only be understood with the 5 5
inclusion of dynamic propertieévibrationg and electronic é . /Phonon 5 '8j3§
structure. On clean NiAL10 there are two main surface D = \Af\\_"%%
vibrational features, a surface phonon at 27 meV and a reso- 2 / g %\\ 0.50
nance at 18—19 me¥:'2For an alloy system like NiAl, the < H-Mode = ) oL
large difference in mass between the constituent atoms re- > L?,;Engﬁgy (,,iév)
sults in an appreciable energy gap between the bulk vibra- @ /
tional optical and acoustic branches. The 27-meV mode is a g 130 meV
surface phonon which lies in the middle of this bulk vibra- =
tional gap, split off from the bottom of the optical branch. J L

Because it exists where there are no bulk states, the phonor T — T T T
is localized in the surface region, decaying exponentially into 0 =0 100 150 20
the bulk. At the center of the surface Brillouin zone, the Loss Energy (meV)

motion of this optical vibration has the surface Ni and Al

atoms vibrating out of phase with amplitudes related by as a function of hydrogen coverage. For clarity, each of the curves

_ 10 ;
Uni=—0.4u, .~ Calculations for a clean, bulk truncated SUr* is offset. The gray bands are the projection of the bulk vibrational
face have the phonon at 29 m&VBecause the surface is pangs on to thé¢110) surface.(b) Vibrational spectrum with 1 ML

rippled however, and more specifically because the Al atomgs hydrogen. Scale is extended to show there are no vibrational
are relaxed toward the vacuum, the surface Al force constangatures at the predicted energy. The inset is a series of spectra
becomes smaller than its bulk value and the energy of thécusing on the 50-meV feature as a function of hydrogen coverage.
phonon is decreased to 27 m&¥ In contrast, a surface
resonance mode lies within the bulk acoustic band and thelean surface predict the phonon to be at 27 rife¥nd
surface Ni and Al atoms vibrate in phasat 20 meV,**  calculations by Hammer which include 0.5-ML hydrogen
with roughly the same amplitudei;=1.1u,).*° predict a phonon energy of 31 méVThe intrinsic linewidth
Figure 6 displays a series of speculay€0) HREEL of the surface phonon can be determined by fitting it with a
spectra with increasing hydrogen coverage. The shaded réorentzian line shape convolved with the elastic peak to re-
gions on this figure are the bulk vibrational bands projectednove the instrumental response from the measured stgnal.
on to the(110) surface. Increasing hydrogen coverage affects-or all coverages, the phonon has a constant width of 1.95
the energy and cross section of the surface phonon, the sut0.4 meV[Fig. 7(b)]. This is comparable to widths found in
face resonance and a new vibration identified as a hydrogesther electron energy loss studies, for instance(ZZlimeV)
mode. The peaks position, width, and integrated area of théRef. 43 and Be(1.4 me\}.** Finally, the cross section of
hydrogen mode, surface phonon and surface resonance &t phonon, represented by the peak area, increases nonlin-
summarized in Fig. 7 as a function of hydrogen coverageearly with hydrogen adsorptidiFig. 7(c)].
Consider first the behavior of the surface phonon, indicated The monotonic shift of the phonon energy suggests a
in Fig. 7 by filled circles. The phonon enerdfig. 7@] smooth change in surface structure consistent with conclu-
increases monotonically with hydrogen coverage to 33.2%ions drawn from the LEED and work function data. An
+0.15 meV, just below the bottom of the bulk optical bandindication of the nature of the structural change can be un-
(35.6 meV at saturation. At 0.5-ML coverage when the derstood in the context of the force constants already dis-
c(2X2) LEED pattern is visible, the phonon energy ist29  cussed. Just as the relaxation of the surface Al atom in the
meV. Theoretical calculations by Kang and Mele for theclean, rippled surface leads to a lower phonon energy and a

FIG. 6. (a) Series of high-resolution specular vibrational spectra
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o T T T T T constant inherent phonon linewidth. There are two main
components to the linewidth, a coherent part, the intrinsic
decay of the phonon, and an incoherent part that includes

Bulk surface defects and roughness. Assuming the intrinsic com-

Optical . .
Band ponent will not change as a function of coverage, a constant

width has two implications. First, no inhomogeneous broad-
M 7 ening occurs; that is to say, hydrogen does not form islands
but rather is distributed homogeneously across the surface.
0~ A - A il Bl lB““‘ Rather than affecting local sections of the surface, hydrogen

wn
j=}
T
&
N
n|
D
|
ul
]
i
i
|

B

Energy (meV)
=
T

Acoustic

Band causes the reduction of the surface ripple to occur every-
sk b) s where on the surface at the same time. Second, the surface
roughness remains constant, i.e., hydrogen does not nucleate
4 defects nor does it increase step mobility that may cause
o decreased terrace sizes. Instead, the roughness in the surface
after a cleaning cycle remains unaffected by hydrogen ad-
] sorption. Perhaps more convincing evidence of this is pro-
vided by the integrated intensity of the elastic peak just be-
fore and after hydrogen adsorption. The top curve in Fig.
7(c) (represented by the- symbol and referring to the axis
on the righj is the ratio of the elastic peak with and without
hydrogen. If significant roughness were introduced on the
surface, the elastic intensity after the adsorption of hydrogen
would be noticeably reduced. For hydrogen on NiAD),
however, the elastic intensity actuailycreasesafter expo-
sure to atomic hydrogen. Changes in the spectrometer tuning
could also take place when exposed to hydrogen, but the
overall trend is clear, hydrogen has no local effects on the
substrate.
0Ok mn npon eEep—S | The phonon width in the 0.5-ML coverage regime with
0002 04 06 08 10 the c(2X2) symmetry requires some additional attention.

Absolute Hydrogen Coverage (ML) ) ) —_
With this new surface symmetry, tt®point becomes a new
FIG. 7. Parameters of various peaks seen with vibrational spezone centefsee Fig. 1 and any modes that exist there are

troscopy in the specular geometry vs. absolute hydrogen coveraggy|ded back toC. For the clean surface, however, we did not
ﬁa)dE”ergy of g&e reso”;”d:iangleg’ pho”?”gi”ebd Ick"d‘és) and | observe any new features that could be folded back from the
ydrogen modésquares The projection of the bulk vibrational e\ 70ne boundary. Therefore, becaused{®x 2) region
giilglizlsarl\réldf;élfggce)?] trieoé'gguzg \(/(\:/)'dg:agfktgfeghf%?cmg"fsso_ doesn’t contain any new vibrational structure due to the
; ) . clean surface, and because the phonon has a constant width
nance (triangles, phonon (filled circles and hydrogen mode for all coverages, there is no vibrational signature of the
(squares The peak areas have been offset for clarity(d) the ’ .
axis on the right refers to the top curterossesand is the ratio of 0(2?(2) coverage regime. The hydrogen mode 6_“ 49.5 meV
the elastic peak with and without hydrogen. begins concomitantly with the(2x2), but it persists even
after the surface symmetry returns t& 1. This confirms the
corresponding decrease in the surface Al force constant, in @nclusions drawn from the ATLEED analysis: the substrate
simple model an increase in energy of the phonon means ttie not more ordered in the 0.4—-0.6-ML coverage regime even
surface region Al force constant is increasing. Along with anthough a new symmetry is present. The hydrogen forms an
increased force constant is likely a relaxation of the Al atomsrdered superstructure and has no major effect on the overall
back toward their bulk terminated positions. This is consis-order of the NiAl.
tent with the two structural data points already discussed and The phonon'’s increase in cross sect[éig. 7(c)] is data
corroborates the observation that the surface ripple is beinthat is counterintuitive. Again, the phonon consists of the Ni
reduced. Just as with the work function data, because thand Al atoms vibrating out-of-phase. Because the phonon is
phonon change is smooth throughout the coverage regime, @ dipole active peak, the cross section might be expected to
is possible to extend the observation provided by the strucdecrease as the surface ripple decreases because the Ni and
tural determination and conclude thaith increasing cover- Al atoms get closer together, reducing the strength of the
age the surface ripple is reduced monotonically and homodipole. Cheret al. have performed a detailed electron energy
geneously with increasing hydrogen coveragiee phonon loss cross section analysis of the clean NIAD) surface in
energy shift is therefore completely consistent with the conan attempt to obtain a unique lattice-dynamical model. Their
clusions drawn earlier from the change in static properties. calculations show that the cross sections are sensitive func-
While the phonon energy shift corroborates the previougions of the surface structufé.Even when the correct sur-
observations, additional information can be drawn from aace dynamical model is used, i.e., if the right force constants

Width (meV)
J
[nd

T
|

1 Ll
—_ 0
oney Jead oNse[d

Peak Area (Arb. Units)
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|
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Phonon

£=00,Ep=25¢eV

a) Low Coverage -- Itinerant b) 0.5 ML -- Ordered c(2x2)

Intensity (Arb. Units)

{=002,E,=25¢eV

T Lar ‘e {=0.1,Ep=5eV
| NiAl Resonances | | | |
0 20 80 100

40 60
Loss Energy (meV)

FIG. 8. Off-specular vibrational spectra with 0.61 ML of hydro-
gen adsorbed. The inset shows the direction and distance being
probed in reciprocal space.

are employed, if the wrong surface geometry is considered ~ © 3/4ML - Lattice Gas ) 1 ML -- saturation

it is no longer possible to get good agreement between ex-
periment and theory. Therefore, to fully understand the cross F!G- 9. Ball model of the hydrogen on a NiAl system for dif-
section of the phonon as a function of coverage, calculationf§rent coverage regime) Low coverage where hydrogen is de-
must be performed which consider the real surface structurd®alized on the Nirowstb) 0.5 ML with the hydrogen localized in
Like the phonon, the cross section of the surface resonandiy-N! Pridges forming &(2x2) superstructurdg) ; coverage and
also increases with coveraggiangles in Fig. 7c)]. Con- tde hydrog_en, while still in IT:I-I\;I kr)]ndges_are randomly_d|str!buted.
sidering the arguments made for the phonon, this too ca III)egaturatlon, 1 ML and all of the available adsorption sites are
be expected because of the cross sections geometry
dependenc®

Thus far, the change in the energy and width of the phopublished studies of the adsorption of oxygen, carbon mon-
non has served to further develop and confirm the concluexide, water, and methartéf>*845-4émake identification of
sions made from the structural and work function studies. Asontamination straightforward.
hydrogen adsorbs, the entire surface is being affected in the The behavior of the adsorbed hydrogen is very unusual
same way, i.e., the hydrogen is distributed evenly over th@nd has two distinguishing features. First, for hydrogen cov-
entire surface acting as an effective potential reducing therage less thary ML, no adsorbate induced vibrational
surface ripple, and subsequently the work function, in anodes are observed either specular or off-specular. Second,
smooth way. An examination of the induced adsorbate vibrawhen coverages become greater thaML, a new vibra-
tion will help to complete the picture. This hydrogen modetional feature does evolve, but at 49.5 meV. Hydrogen on
turns out to be a source of glaring disagreement betweemetal surfaces typically induces adsorbate vibrations with
experiment and existing theory. energies ranging from 75 to 150 medRef. 32; the higher

For hydrogen localized in the Ni-Ni bridge, theoretical the coordination the lower the energy. The energy observed
predictions claim there should be a well defined hydrogerhere is anomalously low.
vibration with an energy of about 135 meV, calculated both One possible explanation for the lack of a hydrogen vi-
within?* and independent of the harmonic approximafion. bration could be that, at first, hydrogen populates subsurface
This is certainly not the casiFig. 6(b)]. Attributes of the sites, leading to no adsorbate vibrational intensity. After 0.5
hydrogen mode are plotted in Fig. 7, and represented by thiIL the entrance to subsurface sites could be blocked and the
open squares. Hydrogen induces an adsorbate vibration drydrogen starts to then adsorb to the surface, giving a mea-
the NiAI(110 surface at 49.50.2 meV only for coverages surable HREELS signal. This is not the case, as has been
greater than~3 ML. This peak decreases slightly in energy argued in light of the work function data. In fact, subsurface
[Fig. 7(a)] with increasing coverage and is attributable to ahydrogen can be seen with vibrational spectroscopy and has
hydrogen mode because it exhibits an isotopic shift. The inbeen identified for hydrogen embedded in(Mi),*° show-
herent width[Fig. 7(b)] remains constant at 2#D.4 meV, ing that intensity from the subsurface species is possible. A
the intensity[Fig. 7(c)], however, increases more rapidly minor caveat is that the density of subsurface hydrogen lead-
than linear with coveragiFig. 7(c)]. Figure 8 shows HREEL ing to the HREELS signal for the H/Nill) system was
spectra proceeding away from the specular direction for a@oughly five times greater than the density of hydrogen in the
coverage of 0.61 ML. The rapid decrease in intensity of thdow coverage regime of this study.
hydrogen mode means it is dipole active. It is important to A more likely explanation is that, at the lowest cover-
note that upon hydrogen adsorption, there r@oevibrations  ages, the hydrogen is delocalized, itinerant along the Ni
other than those associated with the substrate and the 49.®ws [Fig. 9@]. The idea that hydrogen can be deloca-
meV peak either specular or off-specular. At high exposure$ized on the surface of a metal was originally proposed by
many additional adsorbate vibrations can be seen, howeveghristmanret al,*® and has since been suggested for several
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systemg®~>3including a recent helium atom scattering work a value 63% greater than that observed: a hydrogen mode
performed by Fariast al?° Delocalized quantum motion of can occur at energies previously considered too low if the
hydrogen is very similar to a free electron gas system. Hysimple harmonic approximation is invalid. Konopls al.
drogen may be strongly localized perpendicular to the surelaim that while the 135 meV should exist, it may not be
face, however, for systems where the surface corrugation igdipole active, and therefore would only be seen experimen-
small, it may be completely delocalized parallel to the sur-tally with impact scattering. They also speculate that a mode
face. A rigorous treatment of such a system has been prat 50 meV can be caused by in-plane vibrational motion.
sented for hydrogen on the three low index faces of Ni byHowever, this too would only be visible experimentally with
Puska and co-worker&:>® In that study, the starting point impact scattering. Both of these situations seem unlikely be-
was to calculate a potential energy surface for hydrogen outause we do not observe any off-specular modes, therefore
side a low index Ni surface. In doing so, they found a largethe origin of this feature remains unexplained.
anharmonicity which leads to a strong coupling between mo- After 3 ML the intensity increase is greater than linear
tion parallel and perpendicular to the surface. Because theith coverage. While the increase in intensity should be
potential is no longer separable there does not have to belawer than linear if dipole-dipole coupling is important, it
mode associated with just the vertical localization. For awill take a calculation to determine the importance of dipole-
proper description of the ground state and the excitatiomipole interactions. An interesting possibility arises if the
spectra it is necessary to solve the full three-dimensionasurface image plane is located directly between the first layer
Schralinger equation. Such a treatment leads to protonic viNi and Al atoms. Assuming the hydrogen is always over the
brationalbands analogous to the electronic bands formed byNi with a fixed Ni-H separation, as hydrogen coverage in-
the conduction electrons of a simple metal. Hydrogen is mostreases and surface reconstruction is induced, the hydrogen-
delocalized in the close-packed directions, where the corruimage plane distance will increase. Thus would the transition
gation is the smallest, and leads to vibrational bands wittdipole component normal to the surface increase. Therefore,
widths of ~20—40 meV. The lack of hydrogen signature in the intensity increase of the hydrogen vibration increases
HREELS is therefore a convolution of effects. The density offaster than linearly because not only is the amount of hydro-
hydrogen is very lowremember belowg ML for this surface  gen increasing, but it is also modifying the hydrogen to im-
is less than one H per four surface atonshich leads to a age plane distance. This trend continues until saturation at 1
very weak signal. This is coupled to the fact that the intensityML [Fig. 9d)]. Note that a shift in the image plane may also
in this weak vibration is spread out over a wide energy rangeeffect A¢ at high coverage. Although it is likely that the
including some of the bulk vibrational continuum, effectively change in slope seen above 0.9 ML is dominated by contami-
making the vibration unobservable. This concept of invisible nation, the shifting image plane may introduce a nonlinear
delocalized hydrogen on the surface is consistent with oucomponent®
model of hydrogen as an effective potential interacting ho- Finally, turning to the question of hydrogen order;&1.5
mogeneously over the entire surface. ML the hydrogen forms an ordered overlayer. As hydrogen
What then occurs to make a hydrogen vibration appear atoverage increases, the hydrogen does not island in regions
higher coverages? When the hydrogen reaches 0.5 ML, w&here the ordered overlayer remains, rather the LEED pat-
substrate mediated H-H interaction localizes the hydrogetern returns to a X1 indicating the hydrogen forms a lattice
into sites providing the largest distance between each atongas, i.e., it has disordered on the surface. Now though, in-
This new geometry has@2 X 2) symmetnfFig. Ab)]. This  stead of the hydrogen being delocalized, the presence of an
conclusion is borne out by the ATLEED study where weadsorbate vibration indicates it remains in the localized
found that the fractional order spots in tbg2 <X 2) coverage Ni-Ni bridge sites. To understand this behavior, the nature of
regime are in fact caused by a hydrogen superstructure rathére substrate mediated hydrogen-hydrogen interaction must
than a restructuring of the substrate to a new symmetry. Thee considered. Because hydrogen adsorbates represent impu-
hydrogen vibrational energy is, therefore, now well definedrities on the surface, they will be screened by the surface
because the hydrogen is localized in Ni-Ni bridge sites.  electrons. Surface Friedel oscillations will occur which de-
In the coverage regime greater thamiL, several ques- cay rapidly away from the point defectBig. 10. Such sur-
tions remain to be reconciled with the experimental observaface waves have been seen on the IAD surface’® At
tions: why does the hydrogen mode have such a low energgome coverage, the hydrogen will be close enough that the
why is the intensity increase greater than linear, and whyhases between these oscillations will interféran ordered
does the hydrogen superstructure disorder to a lattice gag2Xx2) structure can form if at 0.5 ML all of the phases add
above~0.6 ML [Fig. 9c)]. Turning first to the low energy of constructively. Such constructive interference will occur only
the hydrogen vibration, if the potential energy surfée&S  for a small coverage regime so for coverages greater than
of the adsorbed hydrogen is not strictly harmonic, but rather0.6-ML substrate mediated effects will therefore be dimin-
a three-dimensional nonseparable PES, the in-plane and oushed; the hydrogen will no longer “see” each other and be
of-plane motion will be coupled and significantly lower vi- disordered. Just such a scenario has been directly observed
brational energies will be predicted. For the case of H/Ni thisfor Sn defects on a G#11) substrate® Using scanning tun-
has been calculatétiand the hydrogen vibration was pre- neling microscopy(STM) Melechkoet al. have seen adsor-
dicted to be at 62 meV rather than the 76 meV predicted wittbates interact through defect density waves. To fully substan-
an harmonic potential, a decrease of 18%. A harmonic PES8ate this model, a theoretical treatment of the screening of
on NiAI(110) leads to a theoretical prediction of 135 mie¥  adsorbed hydrogen and perhaps a STM study are necessary.
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FIG. 12. EDC from a clean NiAlL10) surface(thin line) and
that from a surface saturated with hydrodémick line). The hydro-
gen saturated spectrum is a group of five spectra averaged together.
The inset is the difference between the two and shows the hydrogen
induced bonding state.

FIG. 10. (a) Schematic of a Friedel oscillation resulting from a With a photon energy of 35 eV and a 45° incident angle
point defect on a surfaceb) Friedel oscillations adding construc- (p-polarized lighy, at high doses of hydrogen, a new peak

tively so that minima will occur in &(2X2) superstructure. appears in the spectrumgt Figure 12 shows two EDCs, a
clean spectrum and an H saturated spectrum. The inset on
this figure is the difference between them, showing the new
The NiA(110 surface has many surface states that argeature with a binding energy of7.26+0.05 eV, and a
well documented?® Because of the geometry of the experi- width of 1.71 eV. The dispersion of this peak was not mea-
ment, the surface states with and=., symmetries could be gyraple because the NiAl feature at slightly lower energy

seen, however, the surface state viith symmetry was not isiple in the clean EDC, effectively masks any shifting.
accessible. Th& , surface state was observed to change as a Observations of changes in the electronic structure of

function of hydrogen coverage. Figure 11 is a series of engja|(110) as a function of adsorbed hydrogen are hardly
ergy distribution cur\_/eiE_DC_s) as a function of hydrogen_ surprising. Because electronic states confined to the surface
coverage. The data in this figure were collected with an in-

cident angle of 15%nearly spolarized light and normal are extremely sensitive to adsorbates, the removal of any
o 9! ysP 9 ) _surface states on Nifl10 should be expected. The origin
emission ') and show the surface state has a maximum iny q 3,(3,) surface state is a distortion of thtlike

intensity at 17 eV. Figure 11 also clearly shows that as th harge lobes extending toward the Ni-Ni bridge in [&0]

coverage of H is increased, the surface state disappears. T 01]) directiort? due to the loss of symmetry created by the
intensity decreases while the surface state shifts to higheSurface Chemisorbed hvdrogen with the accompanvin
binding energy from its clean surface value-o1.10+0.05 ) ydrogen, panying

eV, quickly merging with thed band. charge transfer and surface modification will reduce_or elimi-

nate all clean surface charge rearrangements, and indeed, the
>, surface state disappears with coverage. Presumably the
3,5 surface state also suffers modification.

D. Electronic structure

08 hW=17ev

15” incident The appearance of a hydrogen bonding state is also ex-

Normal emission

pected as there are many other systems where a new bonding
feature due to hydrogen is observable in the 5.5-10-eV
range>® These hydrogen induced bonding features are far
enough below the Fermi level that they are interpreted as the

Intensity (Arb. Units)

02 y A" ‘I’SE bonding level of hydrogen formed by interaction with the
ool o g . l.SE metals electrons. The energy of 7.26 eV below the Fermi

PPTORPRY level is in decent agreement with the calculation provided by
02} Hammer and Scheffl@While not specifically presenting the

2, Surface State 4F . . . .
| ! 4 Surtape e > hydrogen bonding level, their calculation shows a bonding
-4 3 2 -1 £ 1 ; ;-
Binding Energy (eV) feature between the hydrogen molecular bonding and anti

bonding levels and the metal substratelectrons to be in a
FIG. 11. Series of EDCs with increasing hydrogen exposurerange between 6—8 eV below the Fermi level when the mol-
The X, surface state is indicated. ecule is on the surface.
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IV. CONCLUSIONS constituents dictate the overall chemical behavior. Experi-
mentally, the global alloy properties seem responsible for

The exothermic heat of formation for NiAl, and the sta- interactions. The activation barrier to the spontaneous disso-

mlgé Iogrs]tee%l%rztrjr:f?leo:‘n?hkee (E,\Tps)e?irﬂgﬁtg? :%g;orgceen'ﬁni'sciation of molecular hydrogen is the most obvious conse-
apparent that hydrogen behaves like an effective medium Oﬂuenk;:er,] but in the mof?el _presented_ hle_re, :he fact thit hyd_ro-
the NiAI(110 surface. Increased hydrogen coverage homooe ) DENAVes as an €l ective potential is also a manifestation

' .— . of this fact. One major prediction by theory is that local
geneously changes all of the measured surface properties in

monotonic way. This includes a smooth reduction in the SurTe?‘ectromc structure of the substrate is important. Hydrogen’s

face riople from 0.19 10 011 A a reduction in the work inclination for the Ni atoms, at first delocalized along the Ni
PP 7 oy rows and then localized at Ni-Ni bridge sites, is experimental
function by 0.6 eV, an increase in the surface phonon energ

. ; . '€T9¥Vidence that this is in fact the case. It is important to note,
frqm 27 to 33 meV without any change In the inherent I".]e_however, that the alloy modifications to the surface Ni atoms
width, and a removal of th& , surface state. Hydrogen is

almost invisible on its own, distributed uniformly across themake them very different from pure Ni atoms. A further un-
, ’ . ny . “derstanding of how hydrogen interacts with the NiAl alloy,
surface and bound in very anharmonic potentials at the Ni-N

bridge sites. With increasing coverage, the adsorbed hydro-nd more generally an understanding of what affect minor

en proceeds throuah three different phases. At low COVer(;hanges in local electronic structure have toward the interac-
g espthe hvdro engis delocalized Fobabl ' along the Ntion of adsorbates with metal surfaces can be derived from
9 ydrog ' P y Y Ltudies of hydrogen interacting with the other low index

rows, invisible to vibrational spectroscopy and itinerant be—f :
. aces of NiAl.

cause of quantum tunneling. As coverages become greater
than 0.4 ML, substrate mediated interactions localize the hy-
drogen into an orderec(2X 2) array. This phase is the first
observed hydrogen overlayer where the substrate does not
reconstruct with the same symmetry. Greater than 0.6 ML, We would like to thank Bjgrk Hammer for providing us
the adsorbed hydrogen disorders into a lattice gas. The qualivith theoretical results and David Zehner who was instru-
tative agreement with theoretical calculations for all aspectsnental in making this study possible. Funding for this work
of this interaction is remarkable. was provided by NSF-DMR 0105232. A portion of this work

On a fundamental level, this system has provided an idealvas conducted at Oak Ridge National Laboratory, managed
test of the concepts associated with whether the global progy UT-Battelle, LLC, for the U.S. Department of Energy
erties of the alloy or the local properties of the individual under Contract No. DE-AC05-000R22725.
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