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Structure and dynamics of atomic hydrogen on NiAl„110…
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Motivated by recent experiments we present an extensive theoretical study of structure and dynamics of
hydrogen atomically adsorbed on the NiAl~110! surface. The study is performed in the framework ofab initio
density-functional theory~DFT! molecular dynamics. DFT calculations indicate that at mono-layer coverage
hydrogen adsorbs in slightly asymmetric positions near the Ni-Ni bridges and reduces the surface ripple present
on the clean surface. At variance with recent electron energy-loss spectra~EELS! experiments which locate the
hydrogen related vibrational features at anomalously low frequencies of 49.5 meV, present simulations indicate
that hydrogen exhibits frequencies in the ordinary range of;130 meV but this feature remains hidden to the
EELS probe due to very weak dipole moment. The possible nature and origin of the 49.5-meV feature is
discussed.
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I. INTRODUCTION

NiAl ~110! represents a prototypical alloy surface. Ve
clean and stable surfaces can be prepared in laboratory.
surface, composed of constituents with very differe
chemical properties, maintains the bulk stoichiometry. In
dition, bimetallic alloys play an important role as industr
catalysts.

The clean surface has been extensively studied in
past.1–9 Bulk NiAl has a CsCl type of structure. The~110!
surface exhibits no major reconstruction, the most promin
feature being a downward contraction of~top layer! Ni atoms
and an outward expansion of Al atoms. At 130 K, the int
layer spacings are changed by23.95%~15.45%! for the top
Ni-Ni ~Al-Al ! distance relative to the bulk layer spacin
giving rise to a large surface ripple of 0.192 Å.1,9 The sur-
face vibrational structure shows an acoustic resonance a
meV ~an in-phase motion of Ni and Al atoms! and an optical
surface phonon at 27 meV~an out-of-phase motion of Ni an
Al atoms!.3,5,7 These vibrational features will be sensitive
the details of atomic arrangement on the surface, such a
magnitude of the surface ripple.

Experimental studies have shown that the magnitude
the surface ripple may be controlled by adsorption
hydrogen.8–11A very thorough study of hydrogen adsorptio
induced changes of static and dynamical properties of
NiAl ~110! surface exists.8,11 The model which emerged from
those studies was that hydrogen behaves as an effective
tential distributed homogeneously across the surface. Co
quently, increased hydrogen coverage results in monot
changes in all properties. In particular, the surface ripple w
found to smoothly reduce from 0.19 to 0.11 Å. As a con
quence of this structural change the work function is redu
by 0.6 eV. Similarly, adsorption of hydrogen causes an
crease of the frequency of the surface phonon from 27 to
meV, in line with the reduction of the surface ripple an
consequent increase in the Al force constant. Experiment
0163-1829/2002/65~12!/125418~7!/$20.00 65 1254
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the exact hydrogen position is fairly poorly determined; t
position being in the Ni-Ni bridge, 0.6–0.8 Å above the N
row. The hydrogen induced changes in substrate dynam
were so far in line with the findings from structure and wor
function studies. However, a very peculiar hydrogen dyna
ics was inferred from electron energy-loss spectra~EELS!
measurements which deviates from this coherent simple
ture. At low coverages no hydrogen-related signal could
detected. This was attributed to quantum delocalization
hydrogen along the Ni rows over this surface at low cov
ages. The idea that hydrogen can be delocalized over a m
surface12 has been suggested for several systems.
NiAl ~110!, only well above half coverage did a measurab
hydrogen induced feature start to appear at a frequenc
49.5 meV. Such a low hydrogen frequency is anomalous
on most metal surfaces EELS locates hydrogen feature
much higher frequencies in the region 75–170 meV.

On the theoretical side Hammeret al.10 performed a
density-functional theory ~DFT! study of clean and
H-covered NiAl~110! surfaces. They found the clean surfa
to be rippled;27% relaxation of the top Ni atoms an
14.5% relaxation of the top Al atoms. For the hydroge
covered surface the equilibrium H position was found n
the Ni-Ni bridge, 0.95 Å above the Ni row. In their stud
adsorption of a monolayer of hydrogen completely remov
the ripple. Hence the magnitude of the ripple on the cle
surface, its decrease upon hydrogen adsorption as well a
hydrogen radius are all overestimated compared to
experimental values. A hydrogen frequency perpendicula
the surface of 135 meV was found. This theoretical findi
is in significant disagreement with the EELS value
49.5 meV.

Theoretical modeling10 appears to describe at least qua
tatively the structural trend towards the decrease of the
face ripple upon hydrogen adsorption. However, it fails co
pletely at a description of the hydrogen induced mo
experimentally found at 49.5 meV. In an effort to reconc
©2002 The American Physical Society18-1
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the theoretical and experimental findings Hanbickiet al.8,11

drew analogies with the behavior found for hydrogen o
low-index Ni surfaces.13 In this system a strongly anha
monic coupling parallel and perpendicular to the surface
operational. This anharmonic coupling is responsible
;20% reduction in vibrational frequency of hydrogen, co
pared to the value from harmonic treatment. Hanbickiet al.
conjectured that a similar mechanism may be behind
;60% lowering of the H vibration on the NiAl~110! surface.

The purpose of this paper is to shed light on the pecu
structural and dynamical properties of this surface syst
Our theoretical study goes well beyond the initial theoreti
modeling of Hammeret al.10 To elucidate the structura
properties we have performed static relaxation with m
layers allowed to relax~9! than in Ref. 10~1!. However, the
main part of this work is the study of surface dynamics us
techniques ofab initio ~within DFT! molecular dynamics
~MD!. This is very important in order to understand a
interpret the experimental results as well as the limitatio
and failures of the previous theoretical treatment.10 It is well
known that surface atoms can exhibit large anharmonici
in their motion along the surface plane. In such a case
dynamics cannot be studied using harmonic or quasi
monic treatment, the basis of the hypothesis of Hanb
et al.8,11 The potential-energy surface of anharmonic syste
is much more complicated than in a harmonic case. St
calculations and parametrization of an anharmonic system
obtain quantities of interest, such as vibrational frequenc
or anharmonic shifts, may become impractical. Hence
method of choice is theab initio MD.14 Such an approach
doesnot rely on harmonic approximation. In addition, th
MD trajectories sample a much wider part of the underly
potential-energy surface~PES! and contain, at least in prin
ciple, the information on the entire vibrational spectrum
the model. MD in itsab initio version carries information
also on the electronic properties which gives access to
face dipole moments which are of crucial importance
understanding the EELS spectra.15,16

The paper is organized as follows. The next section gi
details of the simulation techniques used. The results
tained are presented in Sec. III, followed by a discussion
Sec. IV. The summary of our findings is in Sec. V.

II. MODEL AND TECHNICAL DETAILS

We have studied both clean and hydrogen cove
NiAl ~110! surfaces. Only a monolayer hydrogen covera
was considered in this study. We use a slab geometry
layers thick~also nine layers in the static calculations! and a
primitive 131 surface unit cell to model the surface. F
covered slabs, we consider the hydrogen overlayer adso
only on one side of the slab. This allows us to obtain cle
surface data from one side of such a slab and hydrog
covered data from the other side. Nevertheless, for comp
son, we have performed also independent simulations for
five-layer clean surface.

In MD simulation and in static calculations with covere
slabs, all atoms were allowed to move in each direction
the static calculation with the clean five-layer slab, relaxat
12541
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of all atoms was allowed only in the direction perpendicu
to the surface. Each primitive cell contains a single Ni and
atom per layer. A consequence of the atomic arrangem
used is that only infinite-wavelength surface vibrations, i
G-point phonons, can be studied. This is sufficient for t
present purpose because the experimentally meas
spectra8,11 have also been collected at theG point and have
been shown to exhibit only a minor dispersion in the surfa
unit cell. The height of the unit cell was taken to be 16
(28 Å in calculations using the nine-layer slab!. Figure 1
shows the surface cell with the hydrogen atom used in
simulation along with the Cartesian axes. Our model yield
zero-temperature lattice constant of 2.870 Å. In all our c
culations we use lattice parameter of 2.876 Å which includ
the minor effect (10.006 Å) of thermal expansion.11,18 The
experimental value of 2.887060.0001 Å ~Ref. 17! agrees
very well with our theoretical value.

The dynamics of ions was treated classically. The ra
nale was that hydrogen adsorbed at full coverage forms
ordered structure which, unlike at low coverages, is
likely to be affected by quantum tunneling.8 In addition, a
full understanding of the dynamics in classical approxim
tion is a necessary prerequisite to any study including qu
tum fluctuations. A time step of 1 fsec was used in the in
gration of equations of motion. The total simulation time
the dynamical simulations was 3 psec. This simulation ti
was found sufficient to extract the dominant dynamical fe
tures. The system was thermostated by a Nose´-Hoover ther-
mostat at the experimental temperature of 130 K.8,11

The ionic forces and energies were calculated within D
in plane-wave pseudopotential formulation.14,19 We use the
PW91 variant of the generalized gradient approximat
~GGA! for the exchange-correlation potential.20 The
Brillouin zone of the surface unit cell was sampled at a me
of 434 Monkhorst-Packk points.21 We use a relatively large
electronic smearing of 0.5 eV. Our tests show that this la
value of electronic temperature has only a negligible eff
on our results. Because of the presence of the localized
3d states we make use of ultrasoft pseudopotential22

This allows us to perform converged calculations with

FIG. 1. Top view of the NiAl~110! surface at a monolayer hy
drogen coverage. Only hydrogen atoms and atoms in the top l
are shown. The unit cell used in the simulation is in the frame,
atoms within it are filled. For simplicity, hydrogen atoms are sho
exactly at the Ni-Ni bridge sites although, in reality, it is not a
equilibrium position.
8-2
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STRUCTURE AND DYNAMICS OF ATOMIC HYDROGEN . . . PHYSICAL REVIEW B65 125418
plane-wave cutoff of 300 eV. We use the density-mixi
algorithm23 to relax the electronic degrees of freedom.

III. SIMULATION RESULTS

A. Static relaxation: Surface ripple

The dominant structural feature of the NiAl~110! surface
is the ripple which, experimentally, is found to reduce s
nificantly upon hydrogen adsorption. The static calculatio
have been performed on slabs with both thicknesses~cf Sec.
II !. We found very good agreement between results obta
from the clean five-layer slab and from the clean side of
H-covered nine-layer slab,24 indicating that the calculation is
well converged with respect to the slab thickness. Below
report results obtained from the thicker slab.

We start the relaxation from a bulk-terminated surface a
let all atoms in the slab relax. We use the definition from R
9 for the surface ripple,

u@Dd12~Ni!2Dd12~Al !#u/d0 , ~1!

with Ddi j (X) being the difference between the relaxed a
unrelaxed spacing of layersi and j of elementX andd0 the
bulk interlayer spacing. We found the surface ripple
0.102 Å, i.e., 4.99% of the bulk interlayer spacing. The ge
eral trend is in agreement with experiment but quantitativ
our value of 4.99% is;50% smaller than the experimental
found 9.5%. On the other hand, the value 11.5% calcula
by Hammeret al. in their previous theoretical study10 ex-
ceeds the experimental value. In our model, the relaxatio
the first Ni-Ni ~Al-Al ! spacing is23.06% ~1.93%!. The sec-
ond interlayer ripple is also significant: 0.061 Å~3.01%!,
again with the Al-Al distance larger than Ni-Ni. Th
experiment9 yields the value of 0.95%. For the third inte
layer spacing we find a ripple of 0.021 Å~1.05%!, however,
now with the Al-Al distance smaller than the Ni-Ni, whil
the experimental value is 0.00%. All this points to the sen
tivity of the magnitude of the surface ripple to the details
the theoretical model and possibly also to the experime
uncertainties involved. Note also that our theoretical res
are obtained at zero temperature~except the inclusion of the
effect of thermal expansion! while the experiment was don
at 130 K. Experiments1,9 show that the ripple should increas
slightly with temperature.

We started the static relaxation with adsorbed hydro
laterally positioned in the Ni-Ni bridge. We first found
relaxed structure with hydrogen at this site 0.926 Å abo
the top Ni rows. However, further calculations showed t
this was a saddle-point structure and the true equilibri
hydrogen position is not precisely in the Ni-Ni bridge b
rather in an asymmetrical~i.e., lower symmetry! position dis-
placed by 0.326 Å from the bridge in the 11̄0 ~or opposite!
direction. For this true equilibrium structure, hydrogen w
found 0.908 Å above the top Ni layer. The energy differen
between the relaxed saddle-point structure and the equ
rium one is 0.0113 eV~131 K in temperature units, i.e., ver
close to the temperature in experiments in Refs. 8 and 9
in our MD simulation!. The inset of Fig. 3~b! shows a one-
dimensional cut through the saddle-point PES, i.e., the
12541
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pendence of the total potential-energy variation on the hyd
gen y displacement from the symmetric position~all other
coordinates fixed, only hydrogen is allowed to relax in thz
direction!. The substrate atoms are held in positions obtain
from the relaxed saddle-point structure. This double-w
PES will have pronounced dynamical consequences as
become apparent from our MD simulation. We have fou
that the top space ripple is only partially removed upon h
drogen adsorption: 0.056 Å~2.74%!, with the Ni-Ni ~Al-Al !
distance relaxed by22.35% ~0.39%!. These results agre
qualitatively with the experimental values:23.05% ~2.30%!
for the Ni-Ni ~Al-Al ! distance. We find a surprisingly goo
agreement with experiment in the relative decrease of
ripple upon hydrogen adsorption. Experimentally upon h
drogen adsorption the ripple decreases to 56.9% of the cl
surface value. The calculated value is 54.9%. We foun
similar agreement also for the second layer ripple. Anot
surprising finding for the covered surface is that although
first Al-Al spacing is wider than the Ni-Ni spacing, the N
outermost layer is positioned more outwards to vacuum t
the Al-Al outermost layer. This feature arises from the c
rugations of the layers24 as follows:Dd11(Ni,Al) 50.014 Å
while Dd22(Ni,Al) 50.069 Å.

The lateral displacement of the equilibrium hydrogen p
sition by 0.326 Å from the Ni-Ni bridge is about twice tha
reported in Ref. 10 (0.16 Å). Also, the authors report a co
plete removal of the surface ripple upon hydrogen adsorp
which is in disagreement with experiments and also our t
oretical results. This disagreement may arise from allow
only hydrogen and the upper metallic layer to relax in t
calculation in Ref. 10~see also Sec. IV!.

B. Surface dynamics

Thus far, we have demonstrated that simulation is able
reproduce at least qualitatively the structural trends fou
experimentally. Nevertheless, a complete picture can o
come from understanding the dynamics. Experimentally, p
of the changes in surface dynamics upon hydrogen ads
tion can be understood in terms of reduction of magnitude
the surface ripple. However, the anomalously low hydrog
related feature located by EELS at 49.5 meV requires m
attention.

In order to extract the surface and adsorbate dynam
from our MD simulation we have applied several techniqu
Pictorial insight may be gained from computer graphics a
mation of MD trajectories.25 The most straightforward quan
titative analysis is based on velocity correlations

Z~t!}^v~t!•v~0!&. ~2!

In formula ~2! v(t) is either a 3N-dimensional vector of ve-
locities or a given Cartesian component;N being the number
of atoms whose dynamical properties are sought.Z(v), the
Fourier transform ofZ(t), gives the vibrational spectrum
Obviously, the advantage of the MD approach is thatno
harmonic approximation is involved. There are two possi
limitations inherent in this type of analysis. First, very lon
simulations are required if features very close in energy
to be resolved. The other disadvantage is that formula~2!
8-3
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M. KONÔPKA, I. ŠTICH, AND K. TERAKURA PHYSICAL REVIEW B 65 125418
yields only the energy spectrum and no vibrational eigenv
tors. Both limitations are alleviated by signal process
methods, such as MUSIC or its self-consistent
improvement.26,27On the other hand, the limitation ofMUSIC

is its reliance on harmonic approximation. In the pres
study we have used the self-consistentMUSIC analysis mainly
to analyze several quasiharmonic modes.

We first verify spectra obtained from the clean surfa
velocity autocorrelations shown in Fig. 2. In the absence
impact scattering, the EELS signal should be related to thz
component of the dynamical dipole moment.15 We indeed
find a very close correspondence between the EE
spectra8,11 and thez component of the vibrational spectra
Fig. 2~c!. We find features at;20, 27, and;40 meV. The
first feature corresponds to the surface resonance, experi
tally found at 19 meV. Our simulation locates the surfa
phonon at 27 meV, identical to the experiment. The featur
40 meV corresponds to the bulk contribution, experimenta
found at 37 meV,4 which is also present in our slab model
the surface. Note the absence of vibrations above 40 m
Hence our model gives a description of surface dynamic
the clean surface in almost perfect agreement with the
periments. We also used the self-consistentMUSIC algorithm
to extract eigenvectors of the surface phonon and sur
resonance from the dynamical trajectories. For the pho
we found the surface Ni and Al atoms vibrating out of pha
and for the resonance we found in-phase vibrations. Th
results are in a good qualitative agreement with results
Kang and Mele3 and Mostolleret al.5 Analysis of the other
features, such as those found in they direction, suggests tha
those vibrations are ordinary quasiharmonic vibrations.

FIG. 2. Spectra of nuclei vibrations for the clean NiAl~110!
surface.~a! x polarized,~b! y polarized, and~c! z polarized.
12541
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We now turn to the analysis of vibrational spectra of t
hydrogen-covered surface shown in Fig. 3. In thez-polarized
spectra we see substrate related features at freque
,40 meV and the hydrogen induced features above.
peak at;20 meV corresponds to surface resonance. T
feature at 33 meV corresponds to the surface phonon wh
frequency increased upon hydrogen adsorption by 6 meV
excellent agreement with experiment.9,11 Notice also the
presence of the features at 27 and 40 meV. They ema
from the bottom surface of our slab~which is not hydrogen
covered! and from the bulk, respectively. We conclude th
thus far the hydrogen induced changes of the vibrational
tures from our model correlate very well with the EEL
spectra and with what is expected from reduction of the s
face ripple upon hydrogen adsorption. The most striking f
ture is the hydrogen normal mode which in our model a
pears at 130 meV. This frequency is very close to the va
of 135 meV found also by Hammeret al.10 in harmonic ap-
proximation. Hence these results indicate that the harmo
approximation doesnot have an overly strong effect on th
high-frequency mode. Note also that this modeis in the usual
range of frequencies~75–170 meV! expected for normal vi-
brations of hydrogen on metals surfaces. These results
vide a strong indication that the origin of the discrepan
between the experimental and theoretical hydrogen indu
frequency isnot rooted in the strong in- and out-of-plan
anharmonic coupling as suggested by Hanbickiet al.8,11

Thex-polarized spectra display peaks below 40 meV c
responding to substrate modes. The high-frequency pea

FIG. 3. Spectra of nuclei vibrations for the hydrogen cover
NiAl ~110! surface.~a! x component,~b! y component, and~c! z
component. The inset shows the total potential-energy variation
hydrogeny displacement from the symmetric Ni-Ni bridge site wi
all other atoms fixed and the hydrogenz coordinate relaxed.
8-4
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110 meV corresponds to the in-plane hydrogen normal m
polarized in thex direction. The relatively large frequenc
110 meV implies that the potential minimum in this directio
is correspondingly narrow. The mode can be considered
approximately harmonic with slight anharmonic splittin
arising from coupling with the large-amplitudey-polarized
in-plane motion~see below!.

A look at Fig. 3~b! reveals a rich vibrational behavior i
they direction. Analysis of MD trajectories25 indicates that a
prominent feature of the hydrogen dynamics is a lar
amplitude strongly anharmonic oscillation in they direction
~along aluminum rows; cf. Fig. 1!. The main feature is a
multiple peak structure in the frequency region 30–60 m
How can we interpret this behavior? Some of these pe
correspond to usual quasiharmonic surface vibrations. H
ever, some of them arise from strong anharmonicities. A s
cial feature is the saddle point in the symmetric hydrog
position ~in the Ni-Ni bridge! and the resulting double-we
PES discussed already in Sec. III A. The consequence of
is a strong anharmonicity for the in-plane motion along
aluminum rows. Part of the rich structure of the vibration
spectrum in Fig. 3~b! is artificial and can be traced back
the presence of two different surfaces in our slab mode
the surface@compare with Fig. 2~b!#. We also speculate tha
some of the peaks in Fig. 3~b!, such as those in the regio
60–80 meV, correspond to nonlinear oscillations at sum
quencies of ordinary~i.e., quasiharmonic! phonons.

The above arguments clarify that the frequency of
130-meV mode should not be lowered to;50 meV due to
strongly anharmonic behavior. However, we still have n
produced any argument for why the EELS experiment d
not detect the high-frequency mode or, vice versa, why
simulation does not yield any frequency in the;50-meV
region of perpendicular vibrations@Fig. 3~b!#. We believe
that the 130-meV feature is a genuine mode which rema
hidden to the EELS probe, the reason being that only th
vibrations with sufficiently large dynamic dipoles can be d
tected. In other words, if we restrict ourselves to dipole sc
tering, an EELS signal in the specular direction correspo
to dipole oscillations, rather than to oscillations of nucl
Therefore a more appropriate quantity to compare with
EELS experiment is the frequency spectrum of the tim
dependent surface dipole, i.e., the Fourier transform of a
pole correlation function of the type

D~t!}^dz~t!dz~0!&, ~3!

with dz being thez component of the time-dependent surfa
dipole moment. The main practical problem with applyi
formula ~3! is how to define and compute the surface dip
moment. Often, this quantity is approximated by just t
adsorbate dipole moment.16 In general, such an approach
unsatisfactory. First, it is impossible to separate the adsor
atom from the surface and, second, the experimental E
signal exhibits peaks arising from both surface atoms
adsorbates. Hence we include all top layer metallic ato
and the adsorbate atoms to compute the dipole. Admitte
this is anad hoc choice but it certainly includes all mai
surface vibrations. We define thez component of the surfac
dipole as
12541
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dz5E
surf

r~r !zd3r 1(
I 51

N

QIZI , ~4!

wherer(r ) is the~valence! electronic charge density,QI the
effective charge of theI th nucleus~pseudopotentials are use
in our simulations!, and ZI is the z coordinate of theI th
nucleus andI runs over all nuclei in the volume of the su
face region. The surface dipole~4! is easily calculated from
an ab initio MD as the electronic charge densitiesr(r ) as
well as ionic positionsZI are naturally generated in the simu
lation. The surface region~integration volume! must contain
zero total charge. In the case of a time-dependent proble
is not possible to maintain the charge neutrality within
fixed integration boundary. Therefore we make a slight
justment of the bottom boundary of the integration volume
maintain the charge neutrality at each time step. From
dipole dz(t) we subtract the permanent dipole moment. W
then calculate the spectrum of its oscillations from an au
correlation of the type~3!.

The dipole spectra for the clean surface and hydrog
covered surface are shown in Figs. 4 and 5, respectiv
Generally, these curves show good agreement with the
perimental EELS results,8,11 except for the absence of th
49.5-meV feature in our curves. The prominent features
these curves are the peaks from surface phonons at 27 an
meV in excellent agreement with EELS. The other promin

FIG. 4. Spectrum of dipole vibrations of the clean NiAl~110!
surface.

FIG. 5. Spectrum of dipole vibrations of the hydrogen cover
NiAl ~110! surface.
8-5
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feature is a significant decrease of the intensity of the p
corresponding to the hydrogen mode at 130 meV in the
pole spectrum. This gives important hints as to why this p
remains hidden to the EELS probe.

IV. DISCUSSION

In the first part of Sec. III we have demonstrated the a
ity of the DFT and slab model of the surface to reproduce
experimental structural trend, namely the reduction of
surface ripple upon hydrogen adsorption. The calcula
relative decrease of the surface ripple upon hydrogen ads
tion is found to be in excellent agreement with experimen9

However, our absolute values differ from the experimen
ones typically by 50%. This may be due, in part, to t
technical parameters used in our simulations, such ak
points, GGA functional, etc., and possibly also due to exp
mental uncertainties. In Ref. 9 experimental results of sev
authors are compared, obtained with various techniques.
example, at 300 K, the first Ni-Ni interlayer distance rela
ation varies from22.8% to 27.0% relative to the bulk
value. Our results differ significantly from those in Ref. 1
because these authors allowed only the top metallic la
~and the hydrogen overlayer! to relax. We believe that this is
why they obtain a complete hydrogen-induced removal
the surface ripple in contradiction with experiments.9 Re-
cently Ho” jrup Hansen et al. performed static DFT
relaxation28 of the clean NiAl~110! surface using a slab
model of 13 layers with the first two layers allowed to rela
They report data on the movement of the layers with resp
to the bulk-terminated geometry. From their results the rel
ations of the top Ni-Ni and Al-Al distances and the surfa
ripple according to definition 1 can be calculated. The val
are23.6% ~3.4%! for the Ni-Ni ~Al-Al ! spacing. The result-
ing ripple is 7.0%. This agrees well with our result of 4.99
~see Sec. III A!. As an additional check we have performed
calculation of a clean slab with only two layers allowed
relax ~other parameters were the same as for the cove
slab!. In this case the results are even closer~ripple of
5.60%! to that of Ref. 28. The small difference between t
ripple of Ref. 28 and our value of 5.60% may arise main
from differentk-point samplings, cell heights, and pseudop
tentials. The comparison of our two results~all and only two
layers relaxed! shows that more than two layers must
relaxed to obtain a quantitatively correct value of the ripp

The ab initio MD yields substrate related dynamical fe
tures for both clean and hydrogen-covered NiAl~110! surface
in good agreement with experiments, the only discrepa
being the different frequency of the hydrogen mode in
experiment~49.5 meV! and theory~130 meV!. This is a huge
difference which, if true, would indicate a serious failure
the DFT and/or Born-Oppenheimer~BO! approximation to
model the hydrogen-metal surface interactions. Hanb
et al.8,11 explain the difference by strongly anharmonic i
and out-of plane coupling. This hypothesis was, in part, m
tivated by the theoretical work of Hammeret al.10 who used
the harmonic approximation with a similar result~135 meV!
to ours. For the BO electronic surface, this can safely
excluded as the reason for the discrepancy as our MD res
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free of any harmonic approximation, yield a frequency on
marginally lower. As a matter of fact, Fourier andMUSIC

analysis indicate that this modeis harmonic to a good ap
proximation. We have presented a compelling evidence
the most probable reason why EELS is missing this mod
that it is not dipole active.

What is then the reason for the discrepancy? We cons
a number of possible scenarios.~i! classical treatment of hy
drogen dynamics;~ii ! failure of DFT and/or BO approxima
tion; ~iii ! presence of subsurface hydrogen, contaminant
surface roughness;~iv! presence of impact scattering in th
EELS experiment.~i! could cause the difference if the qua
tum delocalization could introduce the strong anharmo
coupling. At full coverage, hydrogen appears to be localiz
near the equilibrium positions and hence such an additio
strong anharmonic coupling appears unlikely. Moreover,
have found very strongly anharmonic in-plane vibrations
our model which showed no tendency to lower significan
the frequency of the harmonic high-frequency mode.~ii !
could indeed cause the massive discrepancy if the BO D
PES’s were completely wrong. While this certainly cannot
completely ruled out, the fact that so many other featu
correlate well with the experiments makes such a scen
improbable. It would be tempting to contemplate the pr
ence of subsurface hydrogen. However, the authors of
experimental work8,11 exclude this possibility. From the
present study, the presence of impact scattering in the E
experiment appears as the most probable reason for ap
ance of the 49.5-meV feature in the EELS spectra. Our sim
lation identified strong in-plane vibrations in this frequen
region. This, in fact, is one of the most prominent dynami
features.25 This in-plane hydrogen motion along the Al row
naturally arises on the NiAl~110! phase but is absent on othe
phases, such as the~111! ~Ref. 8! or other materials lacking
the surface ripple.

Finally, we should at least qualitatively answer the qu
tion what is the relation between the dipole spectra of Fi
4, and 5 and the EELS signal. The frequency dependenc
EELS signal in dipole-scattering case is15

I loss5K
1

v
~e* !2, ~5!

where K is a constant ande* is dynamic dipole which is
proportional to dipole matrix element~ME!. This dipole ME
corresponds to vibrational transition caused by an EE
electron. Because we employ the classical description of
clei in our simulations, we do not have any direct inform
tion about the ME. In classical physics, the EELS electr
would cause a changeDd0 of an amplituded0 of the dipole
vibrations. We know that there is proportionality betwe
Dd0 and d0. Therefore we can qualitatively assume th
peaks in the spectrum shown in Figs. 4 and 5 would co
spond to peaks in the EELS signal. We have not included
factor 1/v to our dipole spectra in Figs. 4 and 5. This co
rection would make the 130-meV feature even less p
nounced.
8-6
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V. CONCLUSIONS

We have presented an extensiveab initio study of static
and dynamic properties of clean and hydrogen cove
NiAl ~110! surfaces. The present study was stimulated by
perimental work8,11 which represents probably the most tho
ough and comprehensive studies of hydrogen interac
with an alloy surface.

Using the DFT and slab model we have been able
account for most experimental findings. In particular, o
model qualitatively correctly describes the reduction of
surface ripple of the NiAl~110! upon hydrogen adsorption.

Our ab initio MD simulations describe the dynamics
the clean surface as well as the changes of the dyna
upon hydrogen adsorption in a good agreement with the
periments. They also strongly suggest that hydrogen on
NiAl ~110! surface vibrates at the frequency of 130 meV~per-
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pendicular to the surface!, i.e., in the range of frequencie
expected for hydrogen adsorbed on a metal surface. H
ever, the corresponding dynamic dipole is estimated to be
weak to be detected with EELS. We expect that the stron
anharmonic hydrogen motion parallel to the surface@Fig.
3~b!# can give the origin to the weak EELS signal at 49
meV. We speculate that the impact scattering may give ris
this experimentally observed feature.
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