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Static and dynamic lattice changes induced by hydrogen adsorption on NiAl„110…
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Static and dynamic changes induced by adsorption of atomic hydrogen on the NiAl~110! lattice 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 c(232) symmetry, and at higher coverages, hydrogen exists as a disordered lattice gas. This picture of
how hydrogen interacts with NiAl~110! is developed from our data and compared to current theoretical
predictions.

DOI: 10.1103/PhysRevB.67.205405 PACS number~s!: 68.43.Fg, 68.43.Pq, 68.35.Ja, 61.14.Hg
th
m
n
ly
a

ob
di-
io
e
u

ea
d

in
of
en
ad
rv
ile
c
r

fo
n
ed

l-
bi

an
in
as
ra

the
he
ut
ce

ell

face
t 27
ing

-

I. INTRODUCTION

The interaction of hydrogen with the NiAl~110! surface is
a prototypical adsorbate-bimetallic ordered alloy system:
surface maintains the bulk stoichiometry and has two co
ponents, each with very different chemical properties. Ni a
Al are so different in fact, that hydrogen will spontaneous
dissociate and adsorb to Ni while there is an activation b
rier of ;1 eV over Al.1 NiAl ~110! therefore, provides an
ideal test of the concepts associated with whether the gl
properties of the alloy or the local properties of the in
vidual constituents dictate the overall chemical behav
Other attributes which make NiAl a particularly attractiv
prototype system include the facts that it has no major s
face reconstructions, it is relatively unreactive, and the cl
surface is easy to prepare, maintain and has been stu
extensively.

The fact that bimetallic alloys play a significant role
real world catalysis2 has contributed to growing amounts
experimental information about alloys and multicompon
surfaces. The practical implications, along with recent
vances in the theoretical treatment of alloys, have also se
to drive theoretical studies of alloy surfaces. In fact, wh
not without some inconsistency, there has been good suc
coupling first principles theory with experiment fo
H/NiAl ~110!.3,4 This system has even led to a new picture
the nature of activation barriers for dissociative adsorptio5

The clean NiAl~110! surface has been extensively studi
and its physical properties are well known6–15 making it
ideal for the study of alloy surface chemistry. NiAl crysta
lizes in a CsCl structure, two interpenetrating simple cu
lattices of each atomic species. The~110! termination also
has identical interpenetrating unit cells of each atom type
therefore presents equal numbers of both Ni and Al to
coming gases~Fig. 1!. This surface can also be thought of
having alternating Ni and Al rows. Numerous structu
0163-1829/2003/67~20!/205405~13!/$20.00 67 2054
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analyses have been performed and it is well known that
rows of Ni are contracted toward the bulk by 4.0% of t
bulk layer spacing, while the rows of Al are expanded o
toward the vacuum by 5.5% giving a large static surfa
ripple ~;0.2 Å!.6–9

The surface vibrational structure of this alloy is also w
studied and is correlated with the static ripple.10–12 Two of
the main surface vibrational features are an acoustic sur
resonance at 19 meV and an optical surface phonon a
meV. For the resonance, the Ni and Al atoms are vibrat

FIG. 1. The NiAl~110! surface structure is shown.~a! Top view.
~b! Side view showing the ripple in the surface.~c! Reciprocal
space 131 andc(232) unit cells with the appropriate high sym
metry points labeled.
©2003 The American Physical Society05-1
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in-phase whereas the phonon has the Ni and Al atoms vib
ing out-of-phase. The energy and presumably the intensit
the phonon is coupled to the magnitude of the static rippl11

therefore changes in the surface vibrations gives indicat
as to the nature of any structural change.

In NiAl, the electronic band structure has been measu
and calculated both for the bulk and at the surface.13,14 To
understand the origin of the barrier toward spontaneous
sociation of hydrogen, it is important that the electron
structure is well known. The accepted view was after Ha
and Andersson.16 In studies based on single component s
faces, they determined that the density ofd-like states at the
Fermi level was the decisive parameter for spontaneous
sociation. A more quantitative calculation by Hammer a
Scheffler which considered the NiAl~110! alloy surface,
however, presented a model where the dissociative ads
tion of molecules at metal surfaces is closely connected
the depth of the d band below the Fermi level.5 Another
result of this calculation was that local electronic effects
important. For an alloy, reactions occur on a surface wh
electronic properties are globally modified by the allo
Therefore, experimentally it may appear that global al
properties control the chemical interaction with hydroge
however this calculation showed that, while the surface d
not behave as if it were a collection of Ni and Al atom
neither do adsorbates interact with only the global proper
of the bulk alloy.

In previous work,3 experimental evidence made it appa
ent that the NiAl~110! surface behaves very differently from
either Ni or Al. We reported that molecular hydrogen has
activation barrier for spontaneous dissociation, with
height of this barrier being 0.72 eV as measured by Be
et al.17 Atomic hydrogen can be chemisorbed to the~110!
surface; it desorbs with second order kinetics and a des
tion energy of 0.54 eV.3 The absolutecoverage of hydrogen
on the surface was determined by nuclear reaction ana
with saturation found to be 1 ML of hydrogen.9 The conven-
tion established for this surface was that 1 ML is the num
of hydrogen atoms per surface unit cell, not per surface a
as is used with monatomic systems. This density of hydro
at saturation (0.8531015 H atoms/cm2) is significantly lower
than for the close packed~111! faces of Ni and Al@1.86~Ref.
18! and 1.83~Ref. 19! 31015 H atoms/cm2, respectively#.

The symmetry of the surface~Fig. 2! is 131 for almost all
coverages, except from 0.4 to 0.6 ML, where a very we

FIG. 2. Phase diagram of surface symmetries induced by
adsorption of hydrogen as a function of coverage and tempera
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c(232) symmetry is observed.3,20 This new symmetry was
associated with a hydrogen superstructure because the
grated intensity of the fractional order beams are roughly
of the integer order beams. Structural analyses at sele
coverages showed that the magnitude of the static sur
ripple was reduced but not removed, with increasing hyd
gen coverage. At 0.5 ML the ripple is;0.15 Å as determined
by a preliminary x-ray scattering study, and at saturation~1
ML ! low energy electron diffraction~LEED! reveals the
ripple to be 0.11 Å. Qualitatively this trend is consistent w
theory.4,21

In this paper, by complementing published results,
present one of the most thorough studies of hydrogen o
metal surface, and undoubtedly the most comprehen
study of hydrogen interacting with a single crystal alloy su
face. By monitoring changes in the structural and dynam
properties of NiAl~110! as a function of hydrogen coverag
we find some very interesting features which leads to
unique picture. Our model is that hydrogen behaves like
effective potential homogeneously across the surface. A
consequence, increased hydrogen coverage results in m
tonic changes in all of the measured surface properties. S
troscopically, hydrogen is almost invisible on its own, d
tributed uniformly across the surface and above;1

2 ML
bound over the Ni-Ni bridge sites.4,20 We can identify three
distinct phases~Fig. 2!. At low coverages the hydrogen i
delocalized along the Ni rows, itinerant because of quant
tunneling. As coverages become greater than 0.4 ML, s
strate mediated interactions conspire to produce an ord
c(232) array, which quickly gives way with increasing cov
erage to a disordered lattice gas. The reason hydrogen af
the NiAl substrate so uniformly probably derives from th
fact that the heat of formation is258.8 kJ/mol,22 i.e., the
NiAl lattice is more rigid than either Ni or Al. Finally, as
predicted by theory, hydrogen’s predilection for the Ni atom
is experimental evidence that local electronic structure of
substrate is important, i.e., while the alloy properties seem
govern the overall interaction of hydrogen with NiAl, hydro
gen does have some sensitivity to the surface Ni and
atoms.

The organization of this paper is as follows. Section
describes the experimental details, which include sam
preparation and a description of each of the different te
niques used in this study. In Sec. III, the results of structu
vibrational and electronic investigations are presented
discussed in terms of our consistent model. The inconsis
cies that still exist with theory4 are also discussed. Conclu
sions are briefly summarized in Sec. IV.

II. EXPERIMENTAL DETAILS

All the experiments described below were performed
stainless steel vacuum chambers operating at base pres
of at least 2.0310210 Torr. The sample was routinely
cleaned by sputtering with 1-keV neon ions for 20 min w
subsequent anneals to 1125 K for 10 min to restore sur
composition and order. The average surface composition
this crystal is similar to the bulk composition which is ne
stoichiometry.23 Once clean, the crystal remained free

e
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STATIC AND DYNAMIC LATTICE CHANGES INDUCED . . . PHYSICAL REVIEW B67, 205405 ~2003!
contamination for 3–4 h. Sample cleanliness was verifi
with a variety of spectroscopic techniques. The particu
tool used depended on what was available in the experim
tal chamber being used, with typical ways of monitori
contamination being high resolution electron energy l
spectroscopy~HREELS!, Auger electron spectroscopy, an
the appearance of the O 2p peak at 6–7 eV below the Ferm
level. Surface order was determined by the presence
sharp 131 LEED pattern.

Both molecular and atomic hydrogen were dosed
sample temperatures lower than 130 K. Atomic hydrog
was prepared by flowing H2 through a tube over tungste
heated to;1800 °C. The sample was placed 3–5 cm in fro
of this doser tube. Because of the uncalibrated efficiency
producing atomic hydrogen, the exposure of atomic hyd
gen is reported as arbitrary units of exposure (E), whose
value is simply the Langmuir exposure based on the ba
ground pressure. Deuterium was used where specific isot
effects were expected and was treated identically to hyd
gen.

The LEED I -V data presented here were collected at
same time as a previous study, and the details of the exp
mental setup are described there.9 Data were obtained with a
video-LEED system. The sample was aligned perpendic
to the electron beam by comparingI -V curves of equivalent
spots and requiring they have identical profiles. In addit
to the same 11 inequivalent integer beam sets as were
lected in the previous studies, five inequivalent fractio
order beams sets@~1

2,
1
2!, ~1

2,
3
2!, ~3

2,
1
2!, ~1

2,
5
2!, and~3

2,
5
2!# were

profiled. The total energy range collected and compared
calculations was 4620 eV. Data were taken by averaging o
all equivalent beams normalized by beam current. The~1, 0!
beams were retaken at the end of each data run to ensur
sample condition remained constant.

From the measuredI -V spectra, the structure of th
0.5-ML hydrogen covered surface of NiAl~110! was deter-
mined using the automated tensor LEED~ATLEED!
method.24 In the structural search, atomic relaxations of t
substrate atoms in the first two bilayers, both parallel a
perpendicular to the surface, were permitted. The hydro
binding site and height were determined and the hydro
atom was allowed to move away from high symmetry sit
with the appropriate domain averaging of the calculatedI -V
spectra. Thirteen phase shifts were employed. For Ni and
the phase shifts were determined from potentials calcula
by Moruzzi, who performed a self-consistent electronic ba
structure calculation for bulk NiAl,25 and for H a bare Cou-
lomb potential was used. The real part of the inner poten
was fit to experiment and damping was represented by
imaginary part of the inner potential of25.0 eV. Debye tem-
peratures were 390 and 720 K for the Ni and Al, respectiv
The automated search algorithm was directed by the Pe
R factor (Rp).26

The work function~f! and changes in the work functio
~Df! as a function of dose were monitored with a phot
incident angle of 45°, normal emission, and a negative b
on the sample. A stationary Fermi level was monitored
the first 20 measurements and was completely reproduc
the position of the low kinetic energy cutoff voltage w
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used to determine the change in the work function. Ad
tional work function measurements, using a retarding fi
method, were performed in conjunction with covera
measurements9 and LEED observations. The details of th
experimental setup have been described elsewhere.9 30-eV
electrons from the LEED electron gun illuminated the crys
while sample current was recorded as a function of sam
bias. The change in cutoff voltage, i.e. the voltage where
current dropped to zero, was monitored as a function of
solute coverage and LEED symmetry.

Vibrational information was collected with commerci
LK-2000 and HIB-1000 HREELS spectrometers. The L
2000 had typical resolutions of 5–6 meV; it was operated
the specular geometry with the incident and exit angles
60°; off-specular measurements were performed by rota
the analyzer. Spectra from the HIB-1000 had resolutions
2.5–3.5 meV; the incident and exit angles were 45°; o
specular measurements were performed by rotating
monochromator. Full azimuthal rotation of the sample w
possible, and specular and off-specular data were taken
energies ranging from 1.5 to 136 eV.

Angle-resolved ultraviolet photoemission spectrosco
experiments were carried out at beamline U-12 of the N
tional Synchrotron Light Source at Brookhaven Nation
Laboratory. The beamline is equipped with a toroidal grat
monochromator and an angle-resolved hemispher
electron-energy analyzer.27 Before reaching the sample, th
light traverses a tungsten mesh providing a normalizat
current of the incident flux from the monochromator. T
sample was mounted with its high symmetry directio
within 2° of the linearly polarized beam, the light bein
polarized parallel to the~11̄0! direction.

III. RESULTS AND DISCUSSION

A. Surface structure

A full, dynamical LEEDI -V structural analysis has bee
reported on this surface for both the clean and saturate~1
ML ! surface at 130 K.9 It was found that the large ripple in
the NiAl~110! surface was lessened, but not completely
moved, upon hydrogen adsorption. A preliminary x-r
analysis9 performed at 0.5 ML provided a structural determ
nation at a coverage intermediate to the LEED analyses
indicated the reduction of the ripple occurs smoothly. B
cause of the limited data set collected in this prelimina
x-ray analysis, however, it could not provide the level
structural detail supplied by the LEED analysis reported
this paper. Further, the determination of hydrogen positio
impossible with x-ray diffraction. The fractional order beam
seen with LEED and associated with a hydrogen superst
ture are not visible with x-rays due to the relatively sm
cross section for x-rays with the surface hydrogen. The
fore, we have performed a complete structural determina
of the 0.5-ML hydrogen covered surface using ATLEED, a
by inclusion of the fractional order beams, determined
hydrogen bonding site in addition to the substrate structu

Structure determination began by performing a limit
structural search that fit the measured integer-orderI -V spec-
tra to calculations which neglected the hydrogen overla
5-3
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and included only electron scattering from the NiAl~110!
substrate. The initial reference structure was the bulk ter
nation of NiAl~110!, but as is the standard procedure f
ATLEED, new reference structure calculations were p
formed after the termination of each ATLEED search. On
displacements of the Ni and Al atoms normal to the surf
were permitted, preserving the 131 symmetry of the unre-
constructed substrate. The results of this restricted ana
are presented in Table I. Figure 3 shows the measured be
~solid curve! and I -V profiles calculated for this structur
~dashed curve! for a representative selection of integer ord
beams. The best fit structure hasDd12(Ni) 524.060.7%,
Dd12(Al) 513.461.0%, Dd23(Ni) 50.061.1%, and
Dd23(Al) 520.861.5% with a PendryR factor Rp50.17.
Error bars were obtained using the procedure suggeste
Pendry28 and are slightly smaller for the Ni atoms which ar
on average, stronger scatters than Al. The most signific
structural feature is the reduction of the rippling of the fi
layer from the clean value of 9.4%~Ref. 9! to 7.2% or from
0.20 to 0.15 Å. A slight rippling of the second layer of ma
nitude 0.8% or 0.0260.02 Å is also observed. It can be note
here that in the second layer the direction of the rippling
reversed relative to the first layer, a trend also seen for
clean7,9 and hydrogen saturated surface.9

Using this structure as the initial reference surface, a m
comprehensive search was launched using an ATLEED
culation that now included the hydrogen scattering. A fit w
performed to both the integer and fractional-orderI -V spec-
tra. Variations of both the lateral and the normal coordina
of the hydrogen atom and the Ni and Al atoms in the first t
layers, consistent with the observedc(232) symmetry, were
now permitted; a total of nine structural parameters w
varied. The results of this analysis are presented in Tab
Integer orderI -V profiles calculated from this best-fit struc
ture also appear in figure 3~dotted line! for comparison to
the fit where no hydrogen was considered. Normal coo
nates of the substrate atoms areDd12(Ni) 523.660.5%,
Dd12(Al) 513.661.0%, Dd23(Ni) 50.061.1%, and
Dd23(Al) 520.861.5%. The PendryR factor, calculated
only for the integer order beams, isRp50.18, almost unaf-
fected by the inclusion of hydrogen. As is clear from Fig.
within the error bars, these parameters agree well with
results of the earlier search, where scattering from hydro

TABLE I. Results of ATLEED analysis for the structure of th
NiAl ~110! substrate with 0.5 ML adsorbed H. Shown are the res
for both hydrogen ignored and included in the comparison of th
retical versus experimental integer orderI -V profiles.Ddi j (X)/do is
the percent change in the layer spacing between planei and j for
elementX compared to the bulk valuedo52.041 Å.

No hydrogen Hydrogen included

Dd12(Ni)/do 24.060.7 23.660.5
Dd12(Al)/ do 13.461.0 13.661.0
Ripple layer 1~Å! 0.1560.01 0.1560.02
Ripple layer 2~Å! 0.0260.02 0.0260.03
Inner potential 5.76 eV 5.67 eV
Rp 0.171 0.184
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was neglected. Again, the magnitude of the first layer rip
is 7.2% or 0.1560.02 Å and the second layer ripple is 0.8
or 0.0260.03 Å. This is in excellent agreement with th
preliminary x-ray result~0.15 Å!,9 as well as first principles
theoretical predictions of 0.147 Å for the first layer ripp
and 0.06 Å for the second layer where 0.5 ML of hydrog
in a c(232) symmetry was considered.21

The experimental and theoretical beams for the fractio
order spots are shown in Fig. 4. The absolute intensity in
experimentally collected fractional order beams is;1% of
that for the integer order beams. Because hydrogen is a
weak scatterer with a scattering cross section roughly
orders of magnitude smaller than transition metals like Ni
is tempting to attribute these very weak fractional beam
tensities to hydrogen superstructures. Up to this time, h
ever, for all systems studied with LEED, the intensity in t
fractional order beams could always be explained with sli
changes in the positions of the substrate atoms rather
with hydrogen superstructures.29,30 This includes the
Ni(111)-(232)-2H system where originally a hydrogen su
perstructure was identified,18 but a reanalysis has found tha

s
-

FIG. 3. Six inequivalent experimentally observed integer or
I -V profiles ~solid line! compared with those generated from th
best fit model where hydrogen wasnot considered in the mode
~dashed line!, and from the best fit model where hydrogenwas
considered~dotted line!. The curves have the same normalized
tensity scale, but have been offset for clarity.
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in fact slight substrate modification was necessary to rep
duce the fractional order beams. Models that considered
a hydrogen superstructure produced fractional order be
that were;1% of the integer order beams, but the expe
mental value was;3%; the difference could only be mad
up with substrate reconstruction.31

The intensity of the fractional order beams couldnot be
reproduced with any substrate reconstruction that we tried
Fig. 4, the solid line is the experimental data, the dashed
is generated from a fit where only substrate modification w
considered, and the dotted line is the best fit, produ
mainly from a hydrogen superstructure. It is obvious fro
this figure that the agreement between theory and experim
in the fractional order beams is significantly better if hydr
gen scattering is considered. Quantitatively, theR factor be-
tween experiment and beams produced by the subs
modification, calculated only for the fractional order beam
is Rp50.4. This highR factor reflects the inability of latera
reconstructions of the substrate alone to reproduce the
served fractional spectra. Consequently, they must origin
from scattering in the hydrogen overlayer. For the hydrog
superstructure, again considering only the fractional or
beams,Rp50.2, a value comparable to that of the integ

FIG. 4. I -V profiles of the fractional order beams. The solid lin
is the experimental data, the dashed line is generated from a m
that considered only substrate modification, and the dotted lines
generated from a hydrogen superstructure. The curves have
same normalized intensity scale, but have been offset for clarit
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beams. This result suggests the structural origin of the s
tering into the fractional beams has been well reproduced
the best fit structure. For our best fit structure, the late
displacements of all of the Ni and Al atoms away from th
location in the bulk termination was found to be smaller th
0.05 Å. Since the error bars in these lateral positions were
greater than 0.06 Å,we find no evidence for lateral recon
struction of the substrateinduced by hydrogen adsorption.

The fractional beams, therefore, provide information
where the hydrogen is bound. Table II givesRp for hydrogen
in several different bonding sites. From this data it is cle
that hydrogen is located in the Ni-Ni bridge. The exact loc
tion of the hydrogen is fairly poorly determined, howeve
with a best fit yielding the hydrogen height to be 0
60.8 Å above the Ni plane. The error on the height of t
hydrogen is so large because the error bars are derived
theR factors achieved using all of the beams~integer as well
as fractional!. Because the integer order beams are alm
completely insensitive to the hydrogen, the error bars
correspondingly large. The error in the hydrogen heigh
reduced if only the fractional order beams are considered
this case, the error is60.21 Å. This position corresponds t
a Ni-H bond length of 1.56 Å and a hydrogen radius~the
difference between the observed bond length and the met
radius of the substrate atom! of ;0.3560.08 Å. This is con-
sistent with other structural studies of hydrogen adsorptio
metallic surfaces using LEED, for instance one study fou
an hydrogen radius of 0.4960.08 Å on the close packed
surface of Ni and 0.5860.2 Å on the close packed surface
Fe,31 while another study finds the hydrogen radius to
0.41 Å when adsorbed to Be~0001!.30 A first principles cal-
culation for the hydrogen bonding site is also the Ni-
bridge for both 0.5 ML~Ref. 21! and 1 ML ~Ref. 3!; how-
ever, the hydrogen bond length is significantly longer than
seen experimentally, with the hydrogen being roughly 0.95
above the surface. This large hydrogen radius of 0.7 Å co
be a consequence of allowing only the top layer to rel
Theoretical calculations by Konopkaet al.4 predicted that,
for 1 ML of hydrogen, the bonding site is tilted slightly ou
of the Ni-Ni bridge. In this theory, the bond length is a re
sonable 0.52 Å.

Our model, presented in the introduction section, has
roots in these ATLEED analysis results reported here. E
though hydrogen is identified as being in Ni-Ni bridge sit
at this coverage, no new symmetry is introduced to the s

del
re

the

TABLE II. Rp values for best fit structures with hydrogen
different bonding sites.

Bonding site Rp

Terminal Ni 0.24
Terminal Al 0.26
Bridge—Ni-Ni 0.17
Bridge—Al-Al 0.25
Threefold—Ni-Ni-Al 0.23
Threefold—Al-Al-Ni 0.23
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strate. Rather, the ripple is reduced evenly over the surf
being influenced by the effective potential that is t
hydrogen.

B. Work function vs coverage

The origin of the work function for a solid has both
surface contribution, the formation of a surface dipole lay
and a bulk contribution, the chemical potential. Changes
the work function can be caused by either structural dis
tions that lead to surface charge rearrangement, or sim
electronic redistribution caused by adsorbed species. In s
cases it is possible to isolate which of these effects is resp
sible for shifts of the work function. Changes in the wo
function induced by hydrogen adsorption on a metal surf
can be usually understood in a simple way. The electrost
dipole associated with the surface barrier is modified a
result of the hydrogen-metal bond; because hydrogen h
high electronegativity, there is a net charge transfer to
hydrogen. Indeed, consistent with this picture the trend
most transition and noble metals is to increase the w
function as hydrogen is adsorbed.32

A few notable exceptions from this trend are H/Fe~110!,33

H/Pt~111!,34 and H/W~110!,35 where the work function actu
ally decreases. A good illustration of the deviations poss
from the simple model of charge transfer is a comparison
the Ni~111!-~232!-2H system whereDf is positive, and the
Fe~110!-~232!-2H system where the work function de
creases. The adsorption geometry on both of these surfac
identical, however, the substrate modification is fundam
tally different: the Ni atoms are buckled toward the hydr
gen, while the Fe atoms are buckled away. Therefore, a
distribution of substrate charge resulting from a surfa
rearrangement may dominateDf.

The clean work function for NiAl~110! is determined to
be 4.8160.04 eV from photoemission, in good agreeme
with previous work.14 This is roughly the average of th
work functions for clean Ni~111! and clean Al~111! which
are 5.35~Ref. 36! and 4.25 eV,37 respectively. Hydrogen ad
sorption to NiAl~110! decreasesthe work function mono-
tonically as a function of coverage~Fig. 5!. For coverages
between 0.4 and 0.6 ML, i.e. for thec(232) structure,Df is

FIG. 5. Change in work function as a function of absolute h
drogen coverage. The gray area indicates the region where
LEED symmetry isc(232).
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between20.1260.02 and20.2260.02 eV. At saturation, the
work function is reduced by 0.660.05 eV.

At the highest doses when contamination is evident, w
function shifts much larger than20.6 eV have been ob
served. This is similar to an effect noted during absol
coverage measurements: below 130 K, H2O will adsorb on
NiAl ~110!,38 so coverages greater than 1 ML are achieva
for high exposures due to the adsorption of water.9 The work
function shift induced by water adsorption on metal surfa
is usually on the order of21.0 eV.39 Thus as the large dose
required to achieve higher coverages lead to contamina
and coverages greater than 1 ML, so too can spuriously h
changes in the work function be expected at these expos
because of trace contamination. The abrupt change in
slope ofDf at 0.9 ML, clearly visible in Fig. 5, is therefore
possibly a result of small amounts of adsorbed water.

As discussed, a work function decrease means that hy
gen is not adsorbing to this surface in a simple way. A
model must include either the population of subsurface s
or a hydrogen induced restructuring of the surface, e.g.
interplanar shift or surface buckling and hence a surf
charge redistribution. The latter of these possibilities is i
mediately suggested by the structural studies, i.e., the cha
in the surface dipole must be dominated by the change in
surface charge corrugation associated with the decreas
the surface ripple. A combination of subsurface hydrog
and reconstruction effects is not ruled out either, though s
surface hydrogen is unlikely for several reasons. First,
general there is always a surface species of hydrogen
metal surfaces. Even in such cases as H/N~111!,40 where sub-
surface hydrogen has been identified, it is preceded b
surface species. Also, a smooth change in work function s
gests that hydrogen is populating only one plane, e.g.,
surface or a single subsurface layer. If a switch from surf
to subsurface hydrogen were to occur at some coverag
kink in the slope ofDf should be expected because of
change in the sign of the surface dipole. Such a kink d
exist, though not until 0.9 ML when contamination is a
issue. Coupled with the facts that a single peak is seen w
thermal desorption spectroscopy,3 suggesting a single bond
ing site, the LEED analysis described in Sec. III A, whic
finds the hydrogen bound in the Ni-Ni bridge at 0.5 ML, a
absolute coverage measurements which show saturatio
be 1 ML9 consistent with one full layer of hydrogen, subsu
face hydrogen does not seem to be an option.

With the possibility of subsurface hydrogen excluded, t
negative change in work function must therefore be rela
to the change in surface structure. More specifically,
change in substrate ripple dominates the change in w
function. Therefore, the smooth decrease in the work fu
tion means the two structural data points can be extende
include all of coverage space, i.e.,the surface ripple de-
creases monotonically with coverage.

First principles calculations also predict a decrease
work function with increasing hydrogen coverage, but t
magnitude of change is somewhat larger than the obse
values:20.46 eV at 0.5 ML and21.06 eV at saturation.21

Because the work function is dominated by the ripple, suc
result might be expected. Again, by not considering
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he
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STATIC AND DYNAMIC LATTICE CHANGES INDUCED . . . PHYSICAL REVIEW B67, 205405 ~2003!
structural changes in the deeper layers, the decrease in
face ripple, and by extension the work function chan
could be overestimated by theory. It may also be a sign
more general problem with the local density approximati
however. Similar calculations by Feibelman and Hamann
hydrogen on Pt~111! also predict a large H-Pt bond lengt
and overestimate the decrease in work function as comp
to experiment.41

The work function data can now be used to further d
velop the model initiated with the ATLEED results. As h
drogen adsorbs on the surface it behaves as an effective
tential. The surface properties, e.g., the rippled structure,
affected monotonically as a function of coverage for all
the coverages considered here.

C. Vibrational structure

While the data presented above provide information
the static properties of the interaction of hydrogen w
NiAl ~110!, a full picture can only be understood with th
inclusion of dynamic properties~vibrations! and electronic
structure. On clean NiAl~110! there are two main surfac
vibrational features, a surface phonon at 27 meV and a r
nance at 18–19 meV.11,12 For an alloy system like NiAl, the
large difference in mass between the constituent atoms
sults in an appreciable energy gap between the bulk vi
tional optical and acoustic branches. The 27-meV mode
surface phonon which lies in the middle of this bulk vibr
tional gap, split off from the bottom of the optical branc
Because it exists where there are no bulk states, the pho
is localized in the surface region, decaying exponentially i
the bulk. At the center of the surface Brillouin zone, t
motion of this optical vibration has the surface Ni and
atoms vibrating out of phase with amplitudes~u! related by
uNi520.4uAl .

10 Calculations for a clean, bulk truncated su
face have the phonon at 29 meV.11 Because the surface i
rippled however, and more specifically because the Al ato
are relaxed toward the vacuum, the surface Al force cons
becomes smaller than its bulk value and the energy of
phonon is decreased to 27 meV.4,10 In contrast, a surface
resonance mode lies within the bulk acoustic band and
surface Ni and Al atoms vibrate in phase~at 20 meV!,4,11

with roughly the same amplitude (uNi51.1uAl).
10

Figure 6 displays a series of specular (qi50) HREEL
spectra with increasing hydrogen coverage. The shaded
gions on this figure are the bulk vibrational bands projec
on to the~110! surface. Increasing hydrogen coverage affe
the energy and cross section of the surface phonon, the
face resonance and a new vibration identified as a hydro
mode. The peaks position, width, and integrated area of
hydrogen mode, surface phonon and surface resonanc
summarized in Fig. 7 as a function of hydrogen covera
Consider first the behavior of the surface phonon, indica
in Fig. 7 by filled circles. The phonon energy@Fig. 7~a!#
increases monotonically with hydrogen coverage to 33
60.15 meV, just below the bottom of the bulk optical ba
~35.6 meV! at saturation. At 0.5-ML coverage when th
c(232) LEED pattern is visible, the phonon energy is 2961
meV. Theoretical calculations by Kang and Mele for t
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clean surface predict the phonon to be at 27 meV,10 and
calculations by Hammer which include 0.5-ML hydroge
predict a phonon energy of 31 meV.21 The intrinsic linewidth
of the surface phonon can be determined by fitting it with
Lorentzian line shape convolved with the elastic peak to
move the instrumental response from the measured sign42

For all coverages, the phonon has a constant width of 1
60.4 meV@Fig. 7~b!#. This is comparable to widths found i
other electron energy loss studies, for instance, Cu~2.1 meV!
~Ref. 43! and Be~1.4 meV!.44 Finally, the cross section o
the phonon, represented by the peak area, increases no
early with hydrogen adsorption@Fig. 7~c!#.

The monotonic shift of the phonon energy suggests
smooth change in surface structure consistent with con
sions drawn from the LEED and work function data. A
indication of the nature of the structural change can be
derstood in the context of the force constants already
cussed. Just as the relaxation of the surface Al atom in
clean, rippled surface leads to a lower phonon energy an

FIG. 6. ~a! Series of high-resolution specular vibrational spec
as a function of hydrogen coverage. For clarity, each of the cur
is offset. The gray bands are the projection of the bulk vibratio
bands on to the~110! surface.~b! Vibrational spectrum with 1 ML
of hydrogen. Scale is extended to show there are no vibratio
features at the predicted energy. The inset is a series of sp
focusing on the 50-meV feature as a function of hydrogen covera
5-7
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AUBREY T. HANBICKI, P. J. ROUS, AND E. W. PLUMMER PHYSICAL REVIEW B67, 205405 ~2003!
corresponding decrease in the surface Al force constant,
simple model an increase in energy of the phonon means
surface region Al force constant is increasing. Along with
increased force constant is likely a relaxation of the Al ato
back toward their bulk terminated positions. This is cons
tent with the two structural data points already discussed
corroborates the observation that the surface ripple is b
reduced. Just as with the work function data, because
phonon change is smooth throughout the coverage regim
is possible to extend the observation provided by the st
tural determination and conclude thatwith increasing cover-
age the surface ripple is reduced monotonically and hom
geneously with increasing hydrogen coverage. The phonon
energy shift is therefore completely consistent with the c
clusions drawn earlier from the change in static propertie

While the phonon energy shift corroborates the previo
observations, additional information can be drawn from

FIG. 7. Parameters of various peaks seen with vibrational s
troscopy in the specular geometry vs. absolute hydrogen cove
~a! Energy of the resonance~triangles!, phonon~filled circles! and
hydrogen mode~squares!. The projection of the bulk vibrationa
bands is indicated on the right axis.~b! Width of the phonon~filled
circles! and hydrogen mode~squares!. ~c! Peak area for the reso
nance ~triangles!, phonon ~filled circles! and hydrogen mode
~squares!. The peak areas have been offset for clarity. In~c!, the
axis on the right refers to the top curve~crosses! and is the ratio of
the elastic peak with and without hydrogen.
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constant inherent phonon linewidth. There are two m
components to the linewidth, a coherent part, the intrin
decay of the phonon, and an incoherent part that inclu
surface defects and roughness. Assuming the intrinsic c
ponent will not change as a function of coverage, a cons
width has two implications. First, no inhomogeneous bro
ening occurs; that is to say, hydrogen does not form isla
but rather is distributed homogeneously across the surf
Rather than affecting local sections of the surface, hydro
causes the reduction of the surface ripple to occur eve
where on the surface at the same time. Second, the su
roughness remains constant, i.e., hydrogen does not nuc
defects nor does it increase step mobility that may ca
decreased terrace sizes. Instead, the roughness in the su
after a cleaning cycle remains unaffected by hydrogen
sorption. Perhaps more convincing evidence of this is p
vided by the integrated intensity of the elastic peak just
fore and after hydrogen adsorption. The top curve in F
7~c! ~represented by the1 symbol and referring to the axi
on the right! is the ratio of the elastic peak with and witho
hydrogen. If significant roughness were introduced on
surface, the elastic intensity after the adsorption of hydro
would be noticeably reduced. For hydrogen on NiAl~110!,
however, the elastic intensity actuallyincreasesafter expo-
sure to atomic hydrogen. Changes in the spectrometer tu
could also take place when exposed to hydrogen, but
overall trend is clear, hydrogen has no local effects on
substrate.

The phonon width in the 0.5-ML coverage regime wi
the c(232) symmetry requires some additional attentio
With this new surface symmetry, theS̄ point becomes a new
zone center~see Fig. 1! and any modes that exist there a
folded back toḠ. For the clean surface, however, we did n
observe any new features that could be folded back from
new zone boundary. Therefore, because thec(232) region
doesn’t contain any new vibrational structure due to
clean surface, and because the phonon has a constant
for all coverages, there is no vibrational signature of t
c(232) coverage regime. The hydrogen mode at 49.5 m
begins concomitantly with thec(232), but it persists even
after the surface symmetry returns to 131. This confirms the
conclusions drawn from the ATLEED analysis: the substr
is not more ordered in the 0.4–0.6-ML coverage regime e
though a new symmetry is present. The hydrogen forms
ordered superstructure and has no major effect on the ov
order of the NiAl.

The phonon’s increase in cross section@Fig. 7~c!# is data
that is counterintuitive. Again, the phonon consists of the
and Al atoms vibrating out-of-phase. Because the phono
a dipole active peak, the cross section might be expecte
decrease as the surface ripple decreases because the N
Al atoms get closer together, reducing the strength of
dipole. Chenet al.have performed a detailed electron ener
loss cross section analysis of the clean NiAl~110! surface in
an attempt to obtain a unique lattice-dynamical model. Th
calculations show that the cross sections are sensitive f
tions of the surface structure.45 Even when the correct sur
face dynamical model is used, i.e., if the right force consta
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STATIC AND DYNAMIC LATTICE CHANGES INDUCED . . . PHYSICAL REVIEW B67, 205405 ~2003!
are employed, if the wrong surface geometry is conside
it is no longer possible to get good agreement between
periment and theory. Therefore, to fully understand the cr
section of the phonon as a function of coverage, calculati
must be performed which consider the real surface struct
Like the phonon, the cross section of the surface resona
also increases with coverage@triangles in Fig. 7~c!#. Con-
sidering the arguments made for the phonon, this too
be expected because of the cross sections geom
dependence.45

Thus far, the change in the energy and width of the p
non has served to further develop and confirm the con
sions made from the structural and work function studies.
hydrogen adsorbs, the entire surface is being affected in
same way, i.e., the hydrogen is distributed evenly over
entire surface acting as an effective potential reducing
surface ripple, and subsequently the work function, in
smooth way. An examination of the induced adsorbate vib
tion will help to complete the picture. This hydrogen mo
turns out to be a source of glaring disagreement betw
experiment and existing theory.

For hydrogen localized in the Ni-Ni bridge, theoretic
predictions claim there should be a well defined hydrog
vibration with an energy of about 135 meV, calculated bo
within21 and independent of the harmonic approximatio4

This is certainly not the case@Fig. 6~b!#. Attributes of the
hydrogen mode are plotted in Fig. 7, and represented by
open squares. Hydrogen induces an adsorbate vibratio
the NiAl~110! surface at 49.560.2 meV only for coverages
greater than;1

2 ML. This peak decreases slightly in energ
@Fig. 7~a!# with increasing coverage and is attributable to
hydrogen mode because it exhibits an isotopic shift. The
herent width@Fig. 7~b!# remains constant at 2.460.4 meV,
the intensity @Fig. 7~c!#, however, increases more rapid
than linear with coverage@Fig. 7~c!#. Figure 8 shows HREEL
spectra proceeding away from the specular direction fo
coverage of 0.61 ML. The rapid decrease in intensity of
hydrogen mode means it is dipole active. It is important
note that upon hydrogen adsorption, there areno vibrations
other than those associated with the substrate and the 4
meV peak either specular or off-specular. At high exposu
many additional adsorbate vibrations can be seen, howe

FIG. 8. Off-specular vibrational spectra with 0.61 ML of hydr
gen adsorbed. The inset shows the direction and distance b
probed in reciprocal space.
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published studies of the adsorption of oxygen, carbon m
oxide, water, and methanol17,23,38,46–48make identification of
contamination straightforward.

The behavior of the adsorbed hydrogen is very unus
and has two distinguishing features. First, for hydrogen c
erage less than1

2 ML, no adsorbate induced vibrationa
modes are observed either specular or off-specular. Sec
when coverages become greater than1

2 ML, a new vibra-
tional feature does evolve, but at 49.5 meV. Hydrogen
metal surfaces typically induces adsorbate vibrations w
energies ranging from 75 to 150 meV~Ref. 32!; the higher
the coordination the lower the energy. The energy obser
here is anomalously low.

One possible explanation for the lack of a hydrogen
bration could be that, at first, hydrogen populates subsur
sites, leading to no adsorbate vibrational intensity. After
ML the entrance to subsurface sites could be blocked and
hydrogen starts to then adsorb to the surface, giving a m
surable HREELS signal. This is not the case, as has b
argued in light of the work function data. In fact, subsurfa
hydrogen can be seen with vibrational spectroscopy and
been identified for hydrogen embedded in Ni~111!,40 show-
ing that intensity from the subsurface species is possible
minor caveat is that the density of subsurface hydrogen le
ing to the HREELS signal for the H/Ni~111! system was
roughly five times greater than the density of hydrogen in
low coverage regime of this study.

A more likely explanation is that, at the lowest cove
ages, the hydrogen is delocalized, itinerant along the
rows @Fig. 9~a!#. The idea that hydrogen can be deloc
lized on the surface of a metal was originally proposed
Christmannet al.,18 and has since been suggested for seve

ing

FIG. 9. Ball model of the hydrogen on a NiAl system for di
ferent coverage regimes.~a! Low coverage where hydrogen is de
localized on the Ni rows.~b! 0.5 ML with the hydrogen localized in
Ni-Ni bridges forming ac(232) superstructure,~c! 3

4 coverage and
the hydrogen, while still in Ni-Ni bridges are randomly distribute
~d! saturation, 1 ML and all of the available adsorption sites
filled.
5-9
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systems,49–53including a recent helium atom scattering wo
performed by Fariaset al.20 Delocalized quantum motion o
hydrogen is very similar to a free electron gas system. H
drogen may be strongly localized perpendicular to the s
face, however, for systems where the surface corrugatio
small, it may be completely delocalized parallel to the s
face. A rigorous treatment of such a system has been
sented for hydrogen on the three low index faces of Ni
Puska and co-workers.54,55 In that study, the starting poin
was to calculate a potential energy surface for hydrogen
side a low index Ni surface. In doing so, they found a lar
anharmonicity which leads to a strong coupling between m
tion parallel and perpendicular to the surface. Because
potential is no longer separable there does not have to
mode associated with just the vertical localization. Fo
proper description of the ground state and the excita
spectra it is necessary to solve the full three-dimensio
Schrödinger equation. Such a treatment leads to protonic
brationalbands, analogous to the electronic bands formed
the conduction electrons of a simple metal. Hydrogen is m
delocalized in the close-packed directions, where the co
gation is the smallest, and leads to vibrational bands w
widths of ;20–40 meV. The lack of hydrogen signature
HREELS is therefore a convolution of effects. The density
hydrogen is very low~remember below1

2 ML for this surface
is less than one H per four surface atoms!, which leads to a
very weak signal. This is coupled to the fact that the intens
in this weak vibration is spread out over a wide energy ran
including some of the bulk vibrational continuum, effective
making the vibration unobservable. This concept of invisib
delocalized hydrogen on the surface is consistent with
model of hydrogen as an effective potential interacting
mogeneously over the entire surface.

What then occurs to make a hydrogen vibration appea
higher coverages? When the hydrogen reaches 0.5 M
substrate mediated H-H interaction localizes the hydro
into sites providing the largest distance between each a
This new geometry has ac(232) symmetry@Fig. 9~b!#. This
conclusion is borne out by the ATLEED study where w
found that the fractional order spots in thec(232) coverage
regime are in fact caused by a hydrogen superstructure ra
than a restructuring of the substrate to a new symmetry.
hydrogen vibrational energy is, therefore, now well defin
because the hydrogen is localized in Ni-Ni bridge sites.

In the coverage regime greater than1
2 ML, several ques-

tions remain to be reconciled with the experimental obser
tions: why does the hydrogen mode have such a low ene
why is the intensity increase greater than linear, and w
does the hydrogen superstructure disorder to a lattice
above;0.6 ML @Fig. 9~c!#. Turning first to the low energy o
the hydrogen vibration, if the potential energy surface~PES!
of the adsorbed hydrogen is not strictly harmonic, but rat
a three-dimensional nonseparable PES, the in-plane and
of-plane motion will be coupled and significantly lower v
brational energies will be predicted. For the case of H/Ni t
has been calculated54 and the hydrogen vibration was pre
dicted to be at 62 meV rather than the 76 meV predicted w
an harmonic potential, a decrease of 18%. A harmonic P
on NiAl~110! leads to a theoretical prediction of 135 meV,4,21
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a value 63% greater than that observed: a hydrogen m
can occur at energies previously considered too low if
simple harmonic approximation is invalid. Konopkaet al.
claim that while the 135 meV should exist, it may not b
dipole active, and therefore would only be seen experim
tally with impact scattering. They also speculate that a mo
at 50 meV can be caused by in-plane vibrational motio4

However, this too would only be visible experimentally wi
impact scattering. Both of these situations seem unlikely
cause we do not observe any off-specular modes, there
the origin of this feature remains unexplained.

After 1
2 ML the intensity increase is greater than line

with coverage. While the increase in intensity should
lower than linear if dipole-dipole coupling is important,
will take a calculation to determine the importance of dipo
dipole interactions. An interesting possibility arises if th
surface image plane is located directly between the first la
Ni and Al atoms. Assuming the hydrogen is always over
Ni with a fixed Ni-H separation, as hydrogen coverage
creases and surface reconstruction is induced, the hydro
image plane distance will increase. Thus would the transit
dipole component normal to the surface increase. Theref
the intensity increase of the hydrogen vibration increa
faster than linearly because not only is the amount of hyd
gen increasing, but it is also modifying the hydrogen to i
age plane distance. This trend continues until saturation
ML @Fig. 9~d!#. Note that a shift in the image plane may al
effect Df at high coverage. Although it is likely that th
change in slope seen above 0.9 ML is dominated by conta
nation, the shifting image plane may introduce a nonlin
component.55

Finally, turning to the question of hydrogen order, at;0.5
ML the hydrogen forms an ordered overlayer. As hydrog
coverage increases, the hydrogen does not island in reg
where the ordered overlayer remains, rather the LEED p
tern returns to a 131 indicating the hydrogen forms a lattic
gas, i.e., it has disordered on the surface. Now though,
stead of the hydrogen being delocalized, the presence o
adsorbate vibration indicates it remains in the localiz
Ni-Ni bridge sites. To understand this behavior, the nature
the substrate mediated hydrogen-hydrogen interaction m
be considered. Because hydrogen adsorbates represent
rities on the surface, they will be screened by the surf
electrons. Surface Friedel oscillations will occur which d
cay rapidly away from the point defects~Fig. 10!. Such sur-
face waves have been seen on the NiAl~110! surface.56 At
some coverage, the hydrogen will be close enough that
phases between these oscillations will interfere.57 An ordered
c(232) structure can form if at 0.5 ML all of the phases a
constructively. Such constructive interference will occur on
for a small coverage regime so for coverages greater t
;0.6-ML substrate mediated effects will therefore be dim
ished; the hydrogen will no longer ‘‘see’’ each other and
disordered. Just such a scenario has been directly obse
for Sn defects on a Ge~111! substrate.58 Using scanning tun-
neling microscopy~STM! Melechkoet al. have seen adsor
bates interact through defect density waves. To fully subs
tiate this model, a theoretical treatment of the screening
adsorbed hydrogen and perhaps a STM study are neces
5-10
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STATIC AND DYNAMIC LATTICE CHANGES INDUCED . . . PHYSICAL REVIEW B67, 205405 ~2003!
D. Electronic structure

The NiA~110! surface has many surface states that
well documented.13 Because of the geometry of the expe
ment, the surface states withS1 andS4 symmetries could be
seen, however, the surface state withS3 symmetry was not
accessible. TheS4 surface state was observed to change a
function of hydrogen coverage. Figure 11 is a series of
ergy distribution curves~EDCs! as a function of hydrogen
coverage. The data in this figure were collected with an
cident angle of 15°~nearly s-polarized light! and normal
emission (Ḡ) and show the surface state has a maximum
intensity at 17 eV. Figure 11 also clearly shows that as
coverage of H is increased, the surface state disappears
intensity decreases while the surface state shifts to hig
binding energy from its clean surface value of21.1060.05
eV, quickly merging with thed band.

FIG. 10. ~a! Schematic of a Friedel oscillation resulting from
point defect on a surface.~b! Friedel oscillations adding construc
tively so that minima will occur in ac(232) superstructure.

FIG. 11. Series of EDCs with increasing hydrogen exposu
The S4 surface state is indicated.
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With a photon energy of 35 eV and a 45° incident ang
~p-polarized light!, at high doses of hydrogen, a new pe

appears in the spectrum atȲ. Figure 12 shows two EDCs,
clean spectrum and an H saturated spectrum. The inse
this figure is the difference between them, showing the n
feature with a binding energy of27.2660.05 eV, and a
width of 1.71 eV. The dispersion of this peak was not me
surable because the NiAl feature at slightly lower ene
visible in the clean EDC, effectively masks any shifting.

Observations of changes in the electronic structure
NiAl ~110! as a function of adsorbed hydrogen are har
surprising. Because electronic states confined to the sur
are extremely sensitive to adsorbates, the removal of
surface states on NiAl~110! should be expected. The origi
of the S4(S3) surface state is a distortion of thed-like
charge lobes extending toward the Ni-Ni bridge in the@110#
~@001#! direction13 due to the loss of symmetry created by t
surface. Chemisorbed hydrogen, with the accompany
charge transfer and surface modification will reduce or elim
nate all clean surface charge rearrangements, and indeed
S4 surface state disappears with coverage. Presumably
S3 surface state also suffers modification.

The appearance of a hydrogen bonding state is also
pected as there are many other systems where a new bon
feature due to hydrogen is observable in the 5.5–10
range.59 These hydrogen induced bonding features are
enough below the Fermi level that they are interpreted as
bonding level of hydrogen formed by interaction with th
metals electrons. The energy of27.26 eV below the Fermi
level is in decent agreement with the calculation provided
Hammer and Scheffler.5 While not specifically presenting th
hydrogen bonding level, their calculation shows a bond
feature between the hydrogen molecular bonding and a
bonding levels and the metal substrates electrons to be in a
range between 6–8 eV below the Fermi level when the m
ecule is on the surface.
.

FIG. 12. EDC from a clean NiAl~110! surface~thin line! and
that from a surface saturated with hydrogen~thick line!. The hydro-
gen saturated spectrum is a group of five spectra averaged toge
The inset is the difference between the two and shows the hydro
induced bonding state.
5-11
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IV. CONCLUSIONS

The exothermic heat of formation for NiAl, and the st
bility of the ~110! surface make this a unique hydrogen-o
metal system. From all of the experimental evidence, i
apparent that hydrogen behaves like an effective medium
the NiAl~110! surface. Increased hydrogen coverage hom
geneously changes all of the measured surface properties
monotonic way. This includes a smooth reduction in the s
face ripple from 0.19 to 0.11 Å, a reduction in the wo
function by 0.6 eV, an increase in the surface phonon ene
from 27 to 33 meV without any change in the inherent lin
width, and a removal of theS4 surface state. Hydrogen i
almost invisible on its own, distributed uniformly across t
surface and bound in very anharmonic potentials at the N
bridge sites. With increasing coverage, the adsorbed hy
gen proceeds through three different phases. At low co
ages the hydrogen is delocalized, probably along the
rows, invisible to vibrational spectroscopy and itinerant b
cause of quantum tunneling. As coverages become gre
than 0.4 ML, substrate mediated interactions localize the
drogen into an orderedc(232) array. This phase is the firs
observed hydrogen overlayer where the substrate does
reconstruct with the same symmetry. Greater than 0.6 M
the adsorbed hydrogen disorders into a lattice gas. The q
tative agreement with theoretical calculations for all aspe
of this interaction is remarkable.

On a fundamental level, this system has provided an id
test of the concepts associated with whether the global p
erties of the alloy or the local properties of the individu
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