PHYSICAL REVIEW B, VOLUME 65, 125418

Structure and dynamics of atomic hydrogen on NiA[(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 Ni&LO) surface. The study is performed in the frameworlabfinitio
density-functional theoryDFT) 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 speElrS) 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-®80 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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[. INTRODUCTION the exact hydrogen position is fairly poorly determined; the
position being in the Ni-Ni bridge, 0.6—0.8 A above the Ni

NiAI (110 represents a prototypical alloy surface. Very row. The hydrogen induced changes in substrate dynamics
clean and stable surfaces can be prepared in laboratory. Theere so far in line with the findings from structure and work-
surface, composed of constituents with very differentfunction studies. However, a very peculiar hydrogen dynam-
chemical properties, maintains the bulk stoichiometry. In adics was inferred from electron energy-loss spec¢E&LS)
dition, bimetallic alloys play an important role as industrial measurements which deviates from this coherent simple pic-
catalysts. ture. At low coverages no hydrogen-related signal could be

The clean surface has been extensively studied in thdetected. This was attributed to quantum delocalization of
pasti~® Bulk NiAl has a CsCl type of structure. THa10) hydrogen along the Ni rows over this surface at low cover-
surface exhibits no major reconstruction, the most prominenages. The idea that hydrogen can be delocalized over a metal
feature being a downward contraction(tdp laye) Ni atoms ~ surfacé® has been suggested for several systems. On
and an outward expansion of Al atoms. At 130 K, the inter-NiAl (110, only well above half coverage did a measurable
layer spacings are changed b8.95%(+5.45% for the top  hydrogen induced feature start to appear at a frequency of
Ni-Ni (Al-Al) distance relative to the bulk layer spacing, 49.5 meV. Such a low hydrogen frequency is anomalous as
giving rise to a large surface ripple of 0.192'A The sur- on most metal surfaces EELS locates hydrogen features at
face vibrational structure shows an acoustic resonance at I8uch higher frequencies in the region 75-170 meV.
meV (an in-phase motion of Ni and Al atomand an optical On the theoretical side Hammaest all® performed a
surface phonon at 27 meMn out-of-phase motion of Ni and density-functional theory (DFT) study of clean and
Al atoms.>>7 These vibrational features will be sensitive to H-covered NiA(110) surfaces. They found the clean surface
the details of atomic arrangement on the surface, such as the be rippled; —7% relaxation of the top Ni atoms and
magnitude of the surface ripple. +4.5% relaxation of the top Al atoms. For the hydrogen-

Experimental studies have shown that the magnitude ofovered surface the equilibrium H position was found near
the surface ripple may be controlled by adsorption ofthe Ni-Ni bridge, 0.95 A above the Ni row. In their study
hydrogerf 1A very thorough study of hydrogen adsorption adsorption of a monolayer of hydrogen completely removed
induced changes of static and dynamical properties of théhe ripple. Hence the magnitude of the ripple on the clean
NiAl (110 surface exist§** The model which emerged from surface, its decrease upon hydrogen adsorption as well as the
those studies was that hydrogen behaves as an effective ploydrogen radius are all overestimated compared to the
tential distributed homogeneously across the surface. Consexperimental values. A hydrogen frequency perpendicular to
qguently, increased hydrogen coverage results in monotonithe surface of 135 meV was found. This theoretical finding
changes in all properties. In particular, the surface ripple wass in significant disagreement with the EELS value of
found to smoothly reduce from 0.19 to 0.11 A. As a conse49.5 meV.
quence of this structural change the work function is reduced Theoretical modeliny appears to describe at least quali-
by 0.6 eV. Similarly, adsorption of hydrogen causes an in4atively the structural trend towards the decrease of the sur-
crease of the frequency of the surface phonon from 27 to 38ce ripple upon hydrogen adsorption. However, it fails com-
meV, in line with the reduction of the surface ripple and pletely at a description of the hydrogen induced mode
consequent increase in the Al force constant. Experimentallyexperimentally found at 49.5 meV. In an effort to reconcile

0163-1829/2002/68.2)/1254187)/$20.00 65125418-1 ©2002 The American Physical Society



M. KONéPKA, . éTICH, AND K. TERAKURA PHYSICAL REVIEW B 65 125418
the theoretical and experimental findings Hanbiekial 8! oK
drew analogies with the behavior found for hydrogen over
low-index Ni surfaces® In this system a strongly anhar- @ Ni
monic coupling parallel and perpendicular to the surface is
operational. This anharmonic coupling is responsible for ‘_ Al
~20% reduction in vibrational frequency of hydrogen, com- ®e
pared to the value from harmonic treatment. Hanbatkal.
conjectured that a similar mechanism may be behind the L
~60% lowering of the H vibration on the Ni&lL10) surface.

The purpose of this paper is to shed light on the peculiar
structural and dynamical properties of this surface system.
Our theoretical study goes well beyond the initial theoretical
modeling of Hammeret al!® To elucidate the structural , .
properties we have performed static relaxation with moredro';';' gdvlfgg\élevovncl); r;d:)':‘;ﬁlgosr:gffda;tgmrzoirr‘lot'ﬁé’iggﬁyer
lay'.ers aIIowed_to rela)@_9) than in Ref. 10(1). Howeve.r’ the. are shown. The unit cell used in the simulation is in the frame, the
main part of this Work IS the _study of surface dynamics USING, ¢ oms within it are filled. For simplicity, hydrogen atoms are shown
techmque.s (_)fab |n|t|_o (within I.DFT) molecular dynamics exactly at the Ni-Ni bridge sites although, in reality, it is not an
(MD). This is very important in order to understand andequilibrium position.
interpret the experimental results as well as the limitations
and failures of the previous theoretical treatmiéfit.is well  of all atoms was allowed only in the direction perpendicular
known that surface atoms can exhibit large anharmonicitieg, the surface. Each primitive cell contains a single Ni and Al
in their motion along the surface plane. In such a case thgtom per layer. A consequence of the atomic arrangement
dynamics cannot be studied using harmonic or quasihafsed is that only infinite-wavelength surface vibrations, i.e.,
monic treatment, the basis of the hypothesis of Hanbicki~.point phonons, can be studied. This is sufficient for the
et al®! The potential-energy surface of anharmonic systeM$resent purpose because the experimentally measured
is much more complicated than in a harmonic case. Statigpectr§'! have also been collected at thepoint and have
calculations and parametrization of an anharmonic system tgeen shown to exhibit only a minor dispersion in the surface
obtain quantities of interest, such as vibrational frequenciegpit cell. The height of the unit cell was taken to be 16 A
or anharmonic shifts, may_becomel4'mpfactlca'- Hence 28 A in calculations using the nine-layer slafFigure 1
method of choice is thab initio MD.™ Such an approach ghows the surface cell with the hydrogen atom used in the
doesnot rely on harmonic approximation. In addition, the simy|ation along with the Cartesian axes. Our model yields a
MD trajectories sample a much wider part of the underlying, e temperature lattice constant of 2.870 A. In all our cal-
potential-energy surfac’ES and contain, at least in prin- ¢ ,jations we use lattice parameter of 2.876 A which includes
ciple, the information on the entire vibrational spectrum ofi o minor effect (-0.006 A) of thermal expansioth:® The

the model. MD in itsab initio version carries information experimental value of 2.88700.0001 A (Ref. 17 agrees
also on the electronic properties which gives access to SU{zery well with our theoretical value.

face dipole moments which are of crucial importance for The gynamics of ions was treated classically. The ratio-

understanding the EELS spectfe® .. nale was that hydrogen adsorbed at full coverage forms an
The paper is organized as follows. The next section giVeg,gered structure which, unlike at low coverages, is not
details of the simulation techniques used. The results Otﬁikely to be affected by quantum tunnelifign addition, a
tained are presented in Sec. lll, followed by a discussion in| ynderstanding of the dynamics in classical approxima-
Sec. IV. The summary of our findings is in Sec. V. tion is a necessary prerequisite to any study including quan-
tum fluctuations. A time step of 1 fsec was used in the inte-
II. MODEL AND TECHNICAL DETAILS gration of (_aquat@ons of motion. The total s!mu!ation .time. in
the dynamical simulations was 3 psec. This simulation time
We have studied both clean and hydrogen coveredvas found sufficient to extract the dominant dynamical fea-
NiAl (110 surfaces. Only a monolayer hydrogen coveragetures. The system was thermostated by a 'Ndsever ther-
was considered in this study. We use a slab geometry fivenostat at the experimental temperature of 13%'K.
layers thick(also nine layers in the static calculatiprd a The ionic forces and energies were calculated within DFT
primitive 1x 1 surface unit cell to model the surface. For in plane-wave pseudopotential formulatiht® We use the
covered slabs, we consider the hydrogen overlayer adsorb@dV91 variant of the generalized gradient approximation
only on one side of the slab. This allows us to obtain clean{GGA) for the exchange-correlation potentfdl. The
surface data from one side of such a slab and hydrogerBrillouin zone of the surface unit cell was sampled at a mesh
covered data from the other side. Nevertheless, for comparof 4 x 4 Monkhorst-Pack points?! We use a relatively large
son, we have performed also independent simulations for thelectronic smearing of 0.5 eV. Our tests show that this large
five-layer clean surface. value of electronic temperature has only a negligible effect
In MD simulation and in static calculations with covered on our results. Because of the presence of the localized Ni
slabs, all atoms were allowed to move in each direction. IrBd states we make use of ultrasoft pseudopotentfals.
the static calculation with the clean five-layer slab, relaxatiorThis allows us to perform converged calculations with a
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plane-wave cutoff of 300 eV. We use the density-mixingpendence of the total potential-energy variation on the hydro-

algorithn?® to relax the electronic degrees of freedom. geny displacement from the symmetric positi¢all other
coordinates fixed, only hydrogen is allowed to relax in the
IIl. SIMULATION RESULTS direction. The substrate atoms are held in positions obtained
from the relaxed saddle-point structure. This double-well
A. Static relaxation: Surface ripple PES will have pronounced dynamical consequences as will

The dominant structural feature of the NiALO) surface ~P&come apparent from our MD simulation. We have found
is the ripple which, experimentally, is found to reduce sig-that the top space ripple is only partially removed upon hy-
nificantly upon hydrogen adsorption. The static calculationglrogen adsorption: 0.056 £2.749%, with the Ni-Ni (Al-Al)
have been performed on slabs with both thicknegsseSec. ~ distance relaxed by-2.35% (0.39%. These results agree
I). We found very good agreement between results obtaine@ualitatively with the experimental values:3.05% (2.30%
from the clean five-layer slab and from the clean side of thefor the Ni-Ni (Al-Al) distance. We find a surprisingly good
H-covered nine-layer slatd,indicating that the calculation is agreement with experiment in the relative decrease of the
well converged with respect to the slab thickness. Below wdipple upon hydrogen adsorption. Experimentally upon hy-
report results obtained from the thicker slab. drogen adsorption the ripple decreases to 56.9% of the clean-

We start the relaxation from a bulk-terminated surface angurface value. The calculated value is 54.9%. We found a
let all atoms in the slab relax. We use the definition from Refsimilar agreement also for the second layer ripple. Another

9 for the surface ripple, surprising finding for the covered surface is that although the
first Al-Al spacing is wider than the Ni-Ni spacing, the Ni
[[Ad1x(Ni)—Adyy(Al)]]/dg, (1)  outermost layer is positioned more outwards to vacuum than

the Al-Al outermost layer. This feature arises from the cor-
with Adj;(X) being the difference between the relaxed andrugations of the layefé as follows: Ad;,(Ni,Al) =0.014 A
unrelaxed spacing of layefsandj of elementX andd, the  while Ad,,(Ni,Al) =0.069 A.
bulk interlayer spacing. We found the surface ripple of The lateral displacement of the equilibrium hydrogen po-
0.102 A, i.e., 4.99% of the bulk interlayer spacing. The gen=sition by 0.326 A from the Ni-Ni bridge is about twice that
eral trend is in agreement with experiment but quantitativelyreported in Ref. 10 (0.16 A). Also, the authors report a com-
our value of 4.99% is-50% smaller than the experimentally plete removal of the surface ripple upon hydrogen adsorption
found 9.5%. On the other hand, the value 11.5% calculatedvhich is in disagreement with experiments and also our the-
by Hammeret al. in their previous theoretical stutfyex-  oretical results. This disagreement may arise from allowing
ceeds the experimental value. In our model, the relaxation odnly hydrogen and the upper metallic layer to relax in the
the first Ni-Ni (Al-Al') spacing is— 3.06%(1.93%). The sec- calculation in Ref. 1Qsee also Sec. IV
ond interlayer ripple is also significant: 0.061 8.01%,
again with the Al-Al distance larger than Ni-Ni. The B. Surface dynamics
experimerit yields the value of 0.95%. For the third inter-

: . : o
layer spacing we find a ripple of 0.021 @.05%, however, reproduce at least qualitatively the structural trends found

now with the Al-Al distance smaller than the Ni-Ni, while X :
the experimental value is 0.00%. All this points to the Sensi_experlmentally. Nevertheless, a complete picture can only

tivity of the magnitude of the surface ripple to the details of ©©M®€ from understanding the dynamics. Experimentally, part
the theoretical model and possibly also to the experimenta‘?f the changes in surfape dynamics upon hydrogen_adsorp-
uncertainties involved. Note also that our theoretical resultd®" €an be understood in terms of reduction of magnitude of
are obtained at zero temperatuexcept the inclusion of the ne Surface ripple. However, the anomalously low hydrogen-
effect of thermal expansiomwhile the experiment was done related feature located by EELS at 49.5 meV requires more

at 130 K. Experiments’ show that the ripple should increase attention. .
slightly with temperature. In order to extract the surface and adsorbate dynamics

We started the static relaxation with adsorbed hydroge fom qur_MD simulation we_have applied several tech.niqueg.
laterally positioned in the Ni-Ni bridge. We first found a ictorial insight may be gained from computer graphics ani-

relaxed structure with hydrogen at this site 0.926 A abovénat.'on of MD.tra'ljectorle§? The mO.St stralghtf.orward quan-
the top Ni rows. However, further calculations showed thafitative analysis is based on velocity correlations

this was a saddle-point structure and the true equilibrium

hydrogen position is not precisely in the Ni-Ni bridge but Z(m)ex(v(7) - v(0)). @
rather in an asymmetricéle., lower symmetryposition dis-  |n formula (2) v(t) is either a 3-dimensional vector of ve-
placed by 0.326 A from the bridge in thelQ (or opposit¢  locities or a given Cartesian componeNtbeing the number
direction. For this true equilibrium structure, hydrogen wasof atoms whose dynamical properties are sougiit), the
found 0.908 A above the top Ni layer. The energy differenceFourier transform ofZ(7), gives the vibrational spectrum.
between the relaxed saddle-point structure and the equilil®bviously, the advantage of the MD approach is that
rium one is 0.0113 eV131 K in temperature units, i.e., very harmonic approximation is involved. There are two possible
close to the temperature in experiments in Refs. 8 and 9 anl@mitations inherent in this type of analysis. First, very long
in our MD simulation). The inset of Fig. @) shows a one- simulations are required if features very close in energy are
dimensional cut through the saddle-point PES, i.e., the deto be resolved. The other disadvantage is that forni@la

Thus far, we have demonstrated that simulation is able to
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FIG. 2. Spectra of nuclei vibrations for the clean N0 FIG. 3. Spectra of nuclei vibrations for the hydrogen covered
surface.(a) x polarized,(b) y polarized, andc) z polarized. NiAI (110 surface.(a) x component,(b) y component, andc) z

component. The inset shows the total potential-energy variation vs

yields only the energy spectrum and no vibrational eigenvechydroge”y displacement from the symmetric Ni-Ni bridge site with

tors. Both limitations are alleviated by signal processing? °ther atoms fixed and the hydrogewoordinate relaxed.

methods, such as music or its self-consistent

improvement®2” On the other hand, the limitation efusic We now turn to the analysis of vibrational spectra of the

is its reliance on harmonic approximation. In the presenhydrogen-covered surface shown in Fig. 3. In zfgolarized

study we have used the self-consistensic analysis mainly ~ Spectra we see substrate related features at frequencies

to analyze several quasiharmonic modes. <40 meV and the hydrogen induced features above. The
We first verify spectra obtained from the clean surfacePeak at~20 meV corresponds to surface resonance. The

velocity autocorrelations shown in Fig. 2. In the absence oféature at 33 meV corresponds to the surface phonon whose

impact scattering, the EELS signal should be related tethe fréquency increased upon hydrogen adsorption by 6 meV in

component of the dynamical dipole moméhtWe indeed excellent agreement with experimért Notice also the
find a very close correspondence between the EEL resence of the features at 27 and 40 meV. They emanate

spectr&™ and thez component of the vibrational spectra in Crg\r/';rtehg ;:ét?:gnfl{(ﬁgcsu?; Orlé; sleef:h:;Cé(ih I\ivgoéor:%(ljl:?jget%at
Fig. 2(c). We find features at-20, 27, and~40 meV. The ' b Y-

. . thus far the hydrogen induced changes of the vibrational fea-
first feature corresponds to the surface resonance, experim

&res from our model correlate very well with the EELS

tally found at 19 ”.‘eV- Qur simulation !ocates ihe Surfacespectra and with what is expected from reduction of the sur-
phonon at 27 meV, identical to the experiment. The feature

N , ce ripple upon hydrogen adsorption. The most striking fea-
40 meV corresponds to the bulk contribution, experimentally; ;e is the hydrogen normal mode which in our model ap-

found at 37 meV, which is also present in our slab model of pears at 130 meV. This frequency is very close to the value
the surface. Note the absence of vibrations above 40 me¥ 135 meV found also by Hammet alX° in harmonic ap-
Hence our model gives a description of surface dynamics oproximation. Hence these results indicate that the harmonic
the clean surface in almost perfect agreement with the eXapproximation doesiot have an overly strong effect on the
periments. We also used the self-consistensic algorithm  high-frequency mode. Note also that this masla the usual

to extract eigenvectors of the surface phonon and surfacenge of frequencie&5—-170 meV expected for normal vi-
resonance from the dynamical trajectories. For the phonobrations of hydrogen on metals surfaces. These results pro-
we found the surface Ni and Al atoms vibrating out of phasevide a strong indication that the origin of the discrepancy
and for the resonance we found in-phase vibrations. Thedeetween the experimental and theoretical hydrogen induced
results are in a good qualitative agreement with results ofrequency isnot rooted in the strong in- and out-of-plane
Kang and Mel and Mostolleret al® Analysis of the other anharmonic coupling as suggested by Hanbitll 8!
features, such as those found in thdirection, suggests that The x-polarized spectra display peaks below 40 meV cor-
those vibrations are ordinary quasiharmonic vibrations. responding to substrate modes. The high-frequency peak at
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110 meV corresponds to the in-plane hydrogen normal mode 300 T T T T T T T

polarized in thex direction. The relatively large frequency —_

110 meV implies that the potential minimum in this direction 3 250 - l

is correspondingly narrow. The mode can be considered as 8 o0 b i

approximately harmonic with slight anharmonic splitting E

arising from coupling with the large-amplitudepolarized g 150 1

in-plane motion(see below. § 100 | .
A look at Fig. 3b) reveals a rich vibrational behavior in 2

they direction. Analysis of MD trajectoriésindicates that a s

50 |- -
prom.inent feature of the hydroge_n qyngmics js a large- o _NJ . . . . .
amplitude strongly anharmon!c oscillation in ttaejwecupn 0 20 40 60 80 100 120 140
(along aluminum rows; cf. Fig.)1 The main feature is a ¢ v
multiple peak structure in the frequency region 30—60 meV. requency [meV]
How can we interpret this behavior? Some of these peaks F|G. 4. Spectrum of dipole vibrations of the clean N0
correspond to usual quasiharmonic surface vibrations. Howsyrface.
ever, some of them arise from strong anharmonicities. A spe-
cial feature is the saddle point in the symmetric hydrogen N
position (in the Ni-Ni bridge and the resulting double-well dz:f p(nzdr+2>, Qz, (%)
PES discussed already in Sec. lll A. The consequence of this surf i=1
is a strong anharmonicity for the in-plane motion along the
aluminum rows. Part of the rich structure of the vibrationalwherep(r) is the (valence electronic charge densitQ, the
spectrum in Fig. @) is artificial and can be traced back to effective charge of théth nucleugpseudopotentials are used
the presence of two different surfaces in our slab model ofn our simulationg and Z, is the z coordinate of thelth
the surfacdcompare with Fig. &)]. We also speculate that nucleus and runs over all nuclei in the volume of the sur-
some of the peaks in Fig.(9, such as those in the region face region. The surface dipold) is easily calculated from
60—80 meV, correspond to nonlinear oscillations at sum frean ab initio MD as the electronic charge densitigér) as
guencies of ordinaryi.e., quasiharmonjcphonons. well as ionic positionZ, are naturally generated in the simu-

The above arguments clarify that the frequency of thdation. The surface regiofintegration volumgmust contain

130-meV mode should not be lowered t660 meV due to  zero total charge. In the case of a time-dependent problem it
strongly anharmonic behavior. However, we still have notis not possible to maintain the charge neutrality within a
produced any argument for why the EELS experiment doefixed integration boundary. Therefore we make a slight ad-
not detect the high-frequency mode or, vice versa, why oujustment of the bottom boundary of the integration volume to
simulation does not yield any frequency in the50-meV  maintain the charge neutrality at each time step. From the
region of perpendicular vibrationg=ig. 3(b)]. We believe dipole d,(t) we subtract the permanent dipole moment. We
that the 130-meV feature is a genuine mode which remainthen calculate the spectrum of its oscillations from an auto-
hidden to the EELS probe, the reason being that only thoseorrelation of the typé&3).
vibrations with sufficiently large dynamic dipoles can be de- The dipole spectra for the clean surface and hydrogen-
tected. In other words, if we restrict ourselves to dipole scateovered surface are shown in Figs. 4 and 5, respectively.
tering, an EELS signal in the specular direction correspond&enerally, these curves show good agreement with the ex-
to dipole oscillations, rather than to oscillations of nuclei.perimental EELS resulfs!* except for the absence of the
Therefore a more appropriate quantity to compare with the!9.5-meV feature in our curves. The prominent features of
EELS experiment is the frequency spectrum of the timethese curves are the peaks from surface phonons at 27 and 33
dependent surface dipole, i.e., the Fourier transform of a dimeV in excellent agreement with EELS. The other prominent
pole correlation function of the type

50 I 1 I I 1 I I
D(7)(d,(7)d(0)), (3 _
with d, being thez component of the time-dependent surface _; 40 - 7
dipole moment. The main practical problem with applying e
formula (3) is how to define and compute the surface dipole E 301 7
moment. Often, this quantity is approximated by just the ‘§
adsorbate dipole mometft.In general, such an approach is g 2071 ]
unsatisfactory. First, it is impossible to separate the adsorbate 2
atom from the surface and, second, the experimental EELS £ 101 ]
signal exhibits peaks arising from both surface atoms and 0 " . . Ly
adsorbates. Hence we include all top layer metallic atoms 0 20 40 60 80 100 120 140

and the adsorbate atoms to compute the dipole. Admittedly,
this is anad hocchoice but it certainly includes all main
surface vibrations. We define tkecomponent of the surface FIG. 5. Spectrum of dipole vibrations of the hydrogen covered
dipole as NiAl (110) surface.

frequency [meV]
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feature is a significant decrease of the intensity of the peakee of any harmonic approximation, yield a frequency only
corresponding to the hydrogen mode at 130 meV in the dimarginally lower. As a matter of fact, Fourier ambsic
pole spectrum. This gives important hints as to why this pealanalysis indicate that this mods harmonic to a good ap-
remains hidden to the EELS probe. proximation. We have presented a compelling evidence that
the most probable reason why EELS is missing this mode is
that it is not dipole active.
V. DISCUSSION What is then the reason for the discrepancy? We consider

In the first part of Sec. Ill we have demonstrated the abil-2 number of possible scenarigb. classical treatment of hy-
ity of the DFT and slab model of the surface to reproduce thélrogen dynamicsii) failure of DFT and/or BO approxima-
experimental structural trend, namely the reduction of thdion; (iii) presence of subsurface hydrogen, contaminants or
surface ripple upon hydrogen adsorption. The calculategurface roughnessiv) presence of impact scattering in the
relative decrease of the surface ripple upon hydrogen adsorfFELS experiment(i) could cause the difference if the quan-
tion is found to be in excellent agreement with experiménts.tum delocalization could introduce the strong anharmonic
However, our absolute values differ from the experimentacoupling. At full coverage, hydrogen appears to be localized
ones typically by 50%. This may be due, in part, to thenear the equilibrium positions and hence such an additional
technical parameters used in our simulations, suchk as Strong anharmonic coupling appears unlikely. Moreover, we
points, GGA functional, etc., and possibly also due to experihave found very strongly anharmonic in-plane vibrations in
mental uncertainties. In Ref. 9 experimental results of sever&ur model which showed no tendency to lower significantly
authors are compared, obtained with various techniques. Fée frequency of the harmonic high-frequency mode).
example, at 300 K, the first Ni-Ni interlayer distance relax-could indeed cause the massive discrepancy if the BO DFT
ation varies from—2.8% to —7.0% relative to the bulk PES’s were completely wrong. While this certainly cannot be
value. Our results differ significantly from those in Ref. 10 completely ruled out, the fact that so many other features
because these authors allowed only the top metallic layegorrelate well with the experiments makes such a scenario
(and the hydrogen overlayeto relax. We believe that this is improbable. It would be tempting to contemplate the pres-
why they obtain a complete hydrogen-induced removal ofnce of subsurface hydrogen. However, the authors of the
the surface ripple in contradiction with experimefitRe-  experimental work'' exclude this possibility. From the
cently Hirup Hansen etal. performed static DFT Present study, the presence of impact scattering in the EELS
relaxatiof® of the clean NiA(110 surface using a slab €xperiment appears as the most probable reason for appear-
model of 13 layers with the first two layers allowed to relax. ance of the 49.5-meV feature in the EELS spectra. Our simu-
They report data on the movement of the layers with respedg@tion identified strong in-plane vibrations in this frequency
to the bulk-terminated geometry. From their results the relaxte€gion. This, in fact, is one of the most prominent dynamical
ations of the top Ni-Ni and Al-Al distances and the surfacefeatures? This in-plane hydrogen motion along the Al rows
ripple according to definition 1 can be calculated. The valuedaturally arises on the NiAL10) phase but is absent on other
are — 3.6% (3.4%) for the Ni-Ni (Al-Al ) spacing. The result- Phases, such as tti¢11) (Ref. 8 or other materials lacking
ing ripple is 7.0%. This agrees well with our result of 4.99% the surface ripple.
(see Sec. Ill A. As an additional check we have performed a  Finally, we should at least qualitatively answer the ques-
calculation of a clean slab with only two layers allowed totion what is the relation between the dipole spectra of Figs.
relax (other parameters were the same as for the coverefl and 5 and the EELS signal. The frequency dependence of
slab. In this case the results are even clogapple of EELS signal in dipole-scattering casé’is
5.60% to that of Ref. 28. The small difference between the
ripple of Ref. 28 and our value of 5.60% may arise mainly
from differentk-point samplings, cell heights, and pseudopo-
tentials. The comparison of our two resull and only two
layers relaxef shows that more than two layers must by
relaxed to obtain a quantitatively correct value of the ripple.

The ab initio MD yields substrate related dynamical fea- whereK is a constant an@* is dynamic dipole which is
tures for both clean and hydrogen-covered NIAD) surface  proportional to dipole matrix elemeIE). This dipole ME
in good agreement with experiments, the only discrepancgorresponds to vibrational transition caused by an EELS
being the different frequency of the hydrogen mode in theelectron. Because we employ the classical description of nu-
experimen{49.5 me\f and theory(130 me\j. This is a huge clei in our simulations, we do not have any direct informa-
difference which, if true, would indicate a serious failure of tion about the ME. In classical physics, the EELS electron
the DFT and/or Born-OppenheiméBO) approximation to  would cause a changkd, of an amplituded, of the dipole
model the hydrogen-metal surface interactions. Hanbickvibrations. We know that there is proportionality between
et al®!! explain the difference by strongly anharmonic in- Ad, and do. Therefore we can qualitatively assume that
and out-of plane coupling. This hypothesis was, in part, mopeaks in the spectrum shown in Figs. 4 and 5 would corre-
tivated by the theoretical work of Hammet al1® who used  spond to peaks in the EELS signal. We have not included the
the harmonic approximation with a similar res(85 me\}  factor 1 to our dipole spectra in Figs. 4 and 5. This cor-
to ours. For the BO electronic surface, this can safely beection would make the 130-meV feature even less pro-
excluded as the reason for the discrepancy as our MD resultapunced.

1
Iloss:K_(e*)zy (5
w
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V. CONCLUSIONS pendicular to the surfagei.e., in the range of frequencies
expected for hydrogen adsorbed on a metal surface. How-

and dynamic properties of clean and hydrogen covere ver, the corresponding dynamic dipole is estimated to be too

NiAl (110 surfaces. The present study was stimulated by ex: eak to be detected with EELS. We expect that the strongly

) . anharmonic hydrogen motion parallel to the surfafe.
perimental WorR'uWh'Ch. represents probably the most tho_r- 3(b)] can giveythe gorigin to thepweak EELS signa?at 49.5
oggh and comprehensive studies of hydrogen Intera‘Ct'OPne\/. We speculate that the impact scattering may give rise to
with an alloy surface.

Using the DFT and slab model we have been able tc;[hIS experimentally observed feature.

account for most experimental findings. In particular, our
model qualitatively correctly describes the reduction of the
surface ripple of the NiAlL10) upon hydrogen adsorption. ACKNOWLEDGMENTS
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