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Identification of electronic bonding statesof hydrogen on Ni„110…
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The electronicstructureof hydrogenadsorbedon Ni~110! at 150 K hasbeenstudiedusingangle-resolved
photoelectronspectroscopywith monochromatizedHe Ia radiation.At a saturationcoverageof 1.5 monolay-
ers,we observea generalshift of the spectralweight away from the Fermi level to higher binding energies
indicatingthe hybridizationof hydrogenlevelswith metald states.Along selectedNi 3d bandsthe intensity
shift is obvious whereasother bandsremain unchanged.In addition, contrary to previousobservations,a
hydrogeninducedstateis visible at a binding energyof roughly 1.2 eV.
Heterogeneouscatalysisis an important issuein surface
science as is demonstratedin a recent article1 where
the ~111! surfacesof Au, Pt, Cu, and Ni are compared
theoretically by their hydrogen adsorption ability which
is a test casefor reactivity in general.It turns out that the
filling of themetald bandsis crucial for theactivationof the
hydrogenbonding.For a transition metal like nickel, with
partially filled d statesat the Fermi level EF , strong H
1s-metal d bonding resonancesshould appearbelow the
metal d bands.The antibondingstateswill lie above the
Fermi energy, thus guaranteeinggood adsorption.On the
other hand, filled antibondingstateslike in noble metals
causerepulsionof any adsorbate.1 However,this modelhas
not yet beenexperimentallyconfirmedfor transitionmetals
like Ni.

To our knowledgethereareno recentphotoemissionex-
perimentsof hydrogenadsorptionon Ni~110!. Previousin-
vestigationson Ni~110! ~Refs. 2 and 3! and on Ni~111!
~Refs.4–6! reportedin greatdetail on thehydrogen-induced
bonding statesmentionedabove.However, they could not
unequivocallydecidethe debatewhich metal statesare in-
volved in the hydrogenbonding and what symmetry they
have.Anotheruncertaintyexisteddue to a lack of informa-
tion on the geometricalpositionsof hydrogenadsorbedon
the different Ni single crystal surfaces.This issuehasbeen
resolvedin the last decadeusing more powerful diffraction
methods,scanningtunneling microscopy,and electronen-
ergy lossspectroscopy.7–16

On Ni~110! two different pathways for the hydrogen
adsorptionhaveto be distinguished.At temperaturesabove
200K, alreadyat low hydrogencoveragesa (231) missing
row reconstructionof the Ni surfaceshows up which is
completed at a saturation coverage of 1.5 monolayers
~ML !.7–10 Anotherphaseis observedat temperaturesbelow
200 K. Different ordered lattice-gas structures on the
unreconstructedNi surface appear for coveragesbelow
1 ML. Theselow-coveragephasesconsistof H zigzagchains
along the close-packedNi rows.11,12 At coveragesabove
1 ML, the Ni surface reconstructsinto a (231) pairing
row structure which is saturatedat 1.5 ML.8,13–16 The
hydrogen atoms are sitting in two different threefold
symmetricsites locatedalong the adjacentNi rows on the
topmostlayer ~seeFig. 4 of Ref. 14 or Fig. 7 of Ref. 16 for
details!. This phasereferred to as low temperature~LT!
phasewill be studied by angle-resolvedphotoemissionin
this paper.

The LT phasecanonly be achievedby cooling the clean
Ni crystal below 200 K before hydrogenis adsorbed.By
warmingup thesaturatedLT phase,half a monolayerhydro-
gendesorbsat 220K andtheNi surfacereconstructsinto the
(231) missing row structure.If the desorbedhydrogenis
readsorbedagainat highertemperatures~e.g.,roomtempera-
ture! the missingrow reconstructionis saturated.This phase
thenalsoremainspresentif thecrystalis cooledagainbelow
200 K.8

This paper presents angle-resolved photoelectron
spectroscopyresultsobtainedfor the low-temperaturehydro-
gen adsorptionon the Ni~110! surface.Angular cuts along

Ḡ2X̄ of the surface Brillouin zone were performed
for Ni~110! surfaceswith and without adsorbedhydrogen
and are comparedto pure nickel band structure calcula-
tionsadaptedto our measurements.It is theaim of this study
to identify the hydrogeninducedchangesin the electronic
structure near EF which are due to the adsorbate
inducedlevelsaswell asdue to the hybridizationof the Ni
bands.

The photoemissionexperimentswereperformedin a VG
ESCALAB Mk II spectrometerwith a basepressure<2
310211 mbar. The samplestageis modified for motorized
sequential angle-scanneddata acquisition over 2p solid
angle17,18 andcanbe cooledwith LN2 down to 140 K. SiKa
radiation~1740eV! wasusedfor X-ray photoelectronspec-
troscopyin order to checkthe cleannessof the sample.Ul-
traviolet photoelectronspectroscopy~UPS! measurements
were performed with monochromatizedHe Ia radiation
~21.2 eV!. The setupof the plasmadischargelamp with the
monochromator enabling the separation of different
excitation lines from various gasessuch as He, Ne, and
H2, respectively,thus covering an energy range between
approximately10 and50 eV, will be describedelsewhere.19

The energy resolution of the analyzer ~angular resolu-
tion 1° full cone! for the UPS measurementswas set to
50 meV.

The Ni~110! surfacewas preparedby repeatedcyclesof
sputtering~1 keV Ar1) andresistiveheatingto 700°C. Dur-
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ing annealing the pressure did not rise above 1
31029 mbar. Typical contaminationlevels after this treat-
ment were 0.01 ML O and 0.03 ML Ar. C and S amounts
weretoo small to be quantified.

Hydrogenwasadsorbedby exposingthecooledsampleto
131029 mbarpartial H2 pressurefor onehour, thus reach-
ing a total doseof 3.6 L ~1 L51 Langmuir51026 Torr s).
For the experimentson clean Ni~110! attentionhad to be
paidto thehydrogenpartialpressurepH . Alreadywithin one
hour at pH55310211 mbar, the normalemissionspectrum
showedcharacteristicchangesdue to hydrogenadsorption.
BeforestudyingthecleanNi surfacetheremaininghydrogen
partial pressurewasminimizedby activatinga ceriumsubli-
mation pump. The reconstructionof the Ni surfaceafter H
adsorptionwasverified by low energyelectrondiffraction.

In Fig. 1 we presentwhat is relevant for our study in
reciprocalspace.Figure 1~a! showsthe ~110! surfaceBril-
louin zone ~BZ! of an fcc lattice. Tilting of the emission
anglefrom the surfacenormaltowardsX̄ (1̄10 direction! re-
sultsin acut throughthe~001! planeasis shownin Fig. 1~b!.
The octagonsand squaresindicate the bulk BZ boundaries
for Ni in the extendedzonescheme.Different high symme-
try directions are labeled. The circular segmentwith the
hatchedzone representsthe free electron final state wave
vectorsfor emissionfrom EF down to 2 eV binding energy
calculatedfor an excitation energyof 21.2 eV ~He Ia!, a
work functionof 4.7 eV andan innerpotentialof 10.7eV.20

Previousexperimentshaveshownthat the assumptionof a
free electron final state appears to be a good
approximation.21–23

The angle-scannedphotoemissionspectraalong Ḡ2X̄ in
the ~001! plane taken at 150 K before and after hydrogen
adsorptionare shown in Fig. 2. The individual spectraare
measuredin polar anglestepsof 2°. Normal emissioncor-
respondsto 0°. Figure2~a! showsthedispersionof themea-
suredbandsnear EF . The vertical lines indicate the peak
positions fitted with a Lorentzian taking into account the
Fermi-Diracdistribution and a Shirley background.A very
general feature of adsorption is the shift in the spectral
weight. High photoemissionintensity is observednear0 eV

FIG. 1. Reciprocalspacefor the Ni~110! surface.~a! Surface
Brillouin zone indicating high symmetrydirections.~b! Brillouin
zoneboundariesin the~001! plane.Thehatchedzonerepresentsthe
free electronfinal statewavevectorsfor angle-scannedphotoemis-
sion with 21.2eV.
for the clean Ni surface.After H2 exposurethesesharpd
stateslose intensity near EF and transferweight to higher
binding energies@very clearly observedfor the spectraat
Q50° in Fig. 2~a!#. The behaviorof the total density of
states~DOS! is thus reflectedin the shapeof the 0° spec-
trum. Theratio of thed peakintensitiesnearEF to theback-
groundat higherbindingenergiesis stronglydecreasedupon
hydrogenuptake.

This can be understoodin termsof hybridizationof the
adsorbate-inducedlevelswith themetald bandsasdescribed
by HammerandNo”rskov.1 As theNi 3d bandsarenot com-
pletely filled the antibondingstateslie above the metal d
statesandarethereforenot occupied.This resultsin anextra
attractionof the hydrogenatomsand a stabilizationof the
hybridizedNi d stateson the surface.However,this stabili-
zationis not completelyuniform ascanbe seenin Fig. 2~b!
wherethe measuredspectraare representedin a gray scale
dispersionplot. The spectrafrom 0° to 60° polar angleare
shownfrom left to right. Black meanshigh intensity. This
representationis complementaryto theonein Fig. 2~a! since
hereit is easierto decidewhich bandsexperiencethe stron-
gestchanges.On theotherhand,thedispersionof bandswith
weakintensitiesis betterseenin theupperpanel.Notice that
the different bandsshownin Fig. 2 are individually labeled
in a blown up sectionin Fig. 3.

Label A in Fig. 2 marksthe striking intensityshift along
two parallel bands~labeled1 and 3 in Fig. 3! whereasthe

FIG. 2. ~a! He Ia photoemissionspectranearEF alongḠ2X̄ for
cleanand hydrogensaturatedNi~110! at 150 K. Normal emission
correspondsto Q50°. ~b! The samespectrain a grayscaledisper-
sion plot down to 1.8 eV binding energy.Different featuresare
labeled~seetext!.
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intensitydistributionof the bandcrossingbetweenthem~la-
beled2 in Fig. 3!, as well asof theotherbandscrossingEF ,
remainsunchanged.The dispersionof the bandsis not al-
tered except for a slight shift due to the work function
changeof 10.6eV during hydrogenadsorption.The work
function wasdeterminedby the intensitycut-off for low ki-
netic energyin the photoemissionspectra.Its increasemay
be explained as a consequenceof the filling of the
H 1s/Ni 3d bondingstates.Perbond,in additionto theH 1s
electron,oneNi electroncanbetakenup andbestabilizedin
energy.Since the hydrogenis localized at the surfacethis
results in additional negativechargeat the surfaceand is
thereforeconsistentwith themeasuredhigherwork function.

The flat feature labeled B in Fig. 2 which is strongly
amplifieduponhydrogenadsorptionor, alternatively,setfree
by the intensityshift in the otherbandscannotbe explained
by bulk calculationswhich will bepresentedbelowin Fig. 3.
As it doesnot lie in a bandgapwe assumethat it is eithera
surfaceresonance,dueto indirect transitionsfrom a flat band
within the ~001! planehavinga very high DOS,24,25or it is a
hydrogenderivedstatewhich necessarilyis a surfacestate.
Otherpossibilitiesarea crosssectionchangeor observation
of a bulk bandvia a 231 surfaceUmklappprocess.

A completelynew state,labeledC in Fig. 2, appearsat
approximately1.2 eV binding energyafter hydrogenexpo-
sure.Its nonexistencefor the hydrogen-freesurfaceand the
fact that it is localizedbelow thestrongmetald states~label
A! is an indication that we actually observea hydrogen-
induced level. The formerly observedH induced split-off
statefor saturationcoverage~1 ML! on Ni~111! ~Ref. 6! lies

much deeper(EB59.0 eV at Ḡ) in the bulk band gap. A
similar split-off stateat 8.2 eV shouldexist on the Ni~110!
surface~after Horn, unpublishedreferencein Ref. 6!. How-
ever,our measurementsdid not showany hydrogen-induced
statein this energyregion.

In orderto distinguishclearly betweenhydrogen-induced
andhybridizedNi stateswe comparedour resultsto a bulk
bandstructurecalculationof pureNi usingthe full potential
linearizedaugmentedplanewavemethod26 within thegener-
alizedgradientapproximation.27 The latticeparameterof the

FIG. 3. Comparisonof the measured~a! and the calculated~b!

dispersionof cleanNi~110! along Ḡ2X̄. Labels1 to 6 mark the
identifiedbands.Features1 and3 arethe exchange-splitNi dx22y2

bandswhich areschematicallysketchedin ~c!.
Ni fcc latticewaschosento bea053.52Å . In orderto simu-
late the dispersionplots we assumeda free electronfinal
statefor the photoelectronusing a work function of 4.7 eV
andan inner potentialof 10.7eV @seeFig. 1~b!#. The calcu-
latedstructureof the ~001! planecut is shownin Fig. 3. The
white lines in the experimentalplot representthe peakposi-
tions asfitted in the energydistributioncurves.All the mea-
suredbandsbetween0 and 0.5 eV binding energycan be
identified in the calculation although the energy scale is
overestimatedby a factor of 2.5 in the theory.This may be
attributedto electroncorrelationeffects28 which arenot ex-
plicitly incorporatedin our simulation.Two calculatedbands
nearthe one labeled1 in Fig. 3~b! as well as the expected
upwardbendingof band3 arenot observedin the measure-
ments.A possiblereasonfor this is the simplicity of our
calculation,not including a properfinal stateor matrix ele-
menteffects.

The bandsshowingno intensity shift in Fig. 2 upon hy-
drogenadsorptionare labeled2, 4, 5, and 6, respectively.
Thebandsmarked1 and3, however,arestronglyinvolvedin
the hydrogenbonding.By projectiononto a basisof spheri-
cal harmonicswe can identify thesebands~big markersin
the simulation! ashavingdx22y2 character.The correspond-
ing orbitals @schematicallysketchedin Fig. 3~c!# lie in the
~001! planewhich is orthogonalto the displacementdirec-
tion of the Ni rows during the pairing row reconstruction.
For the cleanand unreconstructedsurfacethey can overlap
forming antibondingorbitals along the close-packedrows.
During hydrogenadsorptionthe dx22y2 orbitals may now
build up bondsto the H atomsin the threefold symmetric
sites betweenthe rows resulting in lower energiesfor the
involvedNi electrons.This might indeedbethedriving force
for the pairing row reconstruction.

In conclusion,we have presentedangle-scannedphoto-
emissionspectraof clean and hydrogenadsorbedNi~110!
nearEF at 150 K. A generalshift in the spectralweight of
the photoemissionintensity towardshigherbinding energies
indicatesthe H 1s/Ni 3d bandhybridizationby which elec-
tronsfrom themetald statesarestabilizedby thehydrogen-
inducedbondinglevels.Thecomparisonwith a Ni bulk band
structurecalculation identifies the Ni dx22y2 bandsas the
ones that are mostly affected by the hydrogen bonding
whereasother bandsremainunchanged.In addition,one of
the correspondingadsorbate-inducedstatesbelow the metal
d statescould be observedat 1.2 eV binding energy.

Finally, our observationsareconsistentwith thefollowing
picture:hydrogenatomsadsorbedon thesurfaceareinteract-
ing with theNi d statesnearthesurfaceforming unoccupied
antibondingand occupiedhybridized bonding levels. The
bondinglevelsare,asyet, only occupiedby the H 1s elec-
tron. Therefore,selectedd bandsmay participate,thereby
lowering their energy.As a consequence,more electronic
chargeis accumulatedat the surfacegoing well along with
the measuredincreaseof the work function.
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