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Identification of electronic bonding statesof hydrogen on Ni(110)
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The electronicstructureof hydrogenadsorbedn Ni(110 at 150 K hasbeenstudiedusing angle-resolved
photoelectrorspectroscopyvith monochromatizedie | « radiation.At a saturationcoverageof 1.5 monolay-
ers,we observea generalshift of the spectralweight away from the Fermilevel to higher binding energies
indicatingthe hybridizationof hydrogenlevelswith metald statesAlong selectedNi 3d bandsthe intensity
shift is obvious whereasother bandsremain unchangedIn addition, contrary to previousobservationsa
hydrogeninducedstateis visible at a binding energyof roughly 1.2 eV.

Heterogeneousatalysisis an importantissuein surface
science as is demonstratedin a recent article® 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.lt turns out that the
filling of themetald bandsis crucialfor the activationof the
hydrogenbonding. For a transition metal like nickel, with
partially filled d statesat the Fermi level Eg, strong H
1s-metal d bonding resonanceshould appearbelow the
metal d bands.The antibondingstateswill lie abovethe
Fermi energy, thus guaranteeinggood adsorption.On the
other hand, filled antibonding stateslike in noble metals
causerepulsionof any adsorbaté. However,this model has
not yet beenexperimentallyconfirmedfor transitionmetals
like Ni.

To our knowledgethereare no recentphotoemissiorex-
perimentsof hydrogenadsorptionon Ni(110. Previousin-
vestigationson Ni(110 (Refs. 2 and 3) and on Ni(111)
(Refs.4-6) reportedin greatdetail on the hydrogen-induced
bonding statesmentionedabove. However, they could not
unequivocallydecidethe debatewhich metal statesare in-
volved in the hydrogenbonding and what symmetry they
have.Another uncertaintyexisteddue 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 loss spectroscopy:

On Ni(110 two different pathwaysfor the hydrogen
adsorptionhaveto be distinguished At temperaturesbove
200K, alreadyatlow hydrogencoverages (2X1) missing
row reconstructionof the Ni surface shows up which is
completed at a saturation coverage of 1.5 monolayers
(ML).”~™ Another phaseis observedat temperaturedelow
200 K. Different ordered lattice-gas structures on the
unreconstructedNi surface appear for coveragesbelow
1 ML. Theselow-coveragephasegonsistof H zigzagchains
along the close-packedNi rows*'? At coveragesabove
1 ML, the Ni surfacereconstructsinto a (2X 1) pairing
row structure which is saturatedat 1.5 ML.31%1® 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

detailg. This phasereferredto as low temperature(LT)
phasewill be studied by angle-resolvedbhotoemissionin
this paper.

The LT phasecanonly be achievedby cooling the clean
Ni crystal below 200 K before hydrogenis adsorbed.By
warmingup the saturated. T phasehalf a monolayerydro-
gendesorbsat 220K andthe Ni surfacereconstructsnto the
(2X1) missingrow structure.If the desorbechydrogenis
readsorbedgainat highertemperaturege.g.,roomtempera-
ture) the missingrow reconstructions saturatedThis phase
thenalsoremainspresentf the crystalis cooledagainbelow
200K.8

This paper presents angle-resolved photoelectron
spectroscopyesultsobtainedfor the low-temperaturdnydro-
gen adsorptionon the Ni(110 surface.Angular cuts along

I'=-X of the surface Brillouin zone were performed
for Ni(110 surfaceswith and without adsorbedhydrogen
and are comparedto pure nickel band structure calcula-
tionsadaptedo our measurementdt is the aim of this study
to identify the hydrogeninducedchangesn the electronic
structure near Er which are due to the adsorbate
inducedlevelsaswell asdueto the hybridizationof the Ni
bands.

The photoemissiorexperimentsvere performedin a VG
ESCALAB Mk Il spectrometemwith a basepressure<?2
X 101! mbar. The samplestageis modified for motorized
sequential angle-scanneddata acquisition over 27 solid
anglé’*®andcanbe cooledwith LN, downto 140K. SiK,,
radiation(1740eV) wasusedfor X-ray photoelectrorspec-
troscopyin orderto checkthe cleannes®f the sample.Ul-
traviolet photoelectronspectroscopy(UPS measurements
were performed with monochromatizedHe |« radiation
(21.2eV). The setupof the plasmadischargdamp with the
monochromator enabling the separation of different
excitation lines from various gasessuch as He, Ne, and
H,, respectively,thus covering an energy range between
approximatelyl0 and50 eV, will be describedelsewheré?
The energy resolution of the analyzer (angular resolu-
tion 1° full cone for the UPS measurementsvas set to
50 meV.

The Ni(110 surfacewas preparedby repeatectycles of
sputtering(1 keV Ar*) andresistiveheatingto 700°C. Dur-
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FIG. 1. Reciprocalspacefor the Ni(110 surface.(a) Surface
Brillouin zone indicating high symmetrydirections.(b) Brillouin
zoneboundariesn the (001) plane.The hatchedzonerepresentshe
free electronfinal statewave vectorsfor angle-scanneghotoemis-
sionwith 21.2eV.

ing annealing the pressure did not rise above 1

X 10~ ° mbar. Typical contaminationlevels after this treat-
mentwere 0.01 ML O and0.03ML Ar. C and S amounts
weretoo smallto be quantified.

Hydrogenwasadsorbedy exposingthe cooledsampleto
1x10~° mbar partial H, pressurefor one hour, thus reach-
ing a total doseof 3.6 L (1 L=1 Langmuir=10"° Torrs).
For the experimentson clean Ni(110) attentionhad to be
paidto the hydrogenpartial pressuregy, . Alreadywithin one
hour at py=5x% 10! mbar, the normal emissionspectrum
showedcharacteristicchangesdue to hydrogenadsorption.
Beforestudyingthe cleanNi surfacethe remaininghydrogen
partial pressurevas minimizedby activatinga ceriumsubli-
mation pump. The reconstructionof the Ni surfaceafter H
adsorptionwas verified by low energyelectrondiffraction.

In Fig. 1 we presentwhat is relevantfor our study in
reciprocalspace.Figure 1(a) showsthe (110 surfaceBril-
louin zone (BZ) of an fcc lattice. Tilting of the emission

anglefrom the surfacenormaltowardsX (110 direction re-
sultsin a cutthroughthe (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 representghe free electronfinal state wave
vectorsfor emissionfrom Ex downto 2 eV binding energy
calculatedfor an excitation energyof 21.2 eV (He la), a
work function of 4.7 eV andaninner potentialof 10.7 eV .2°
Previousexperimentshave shownthat the assumptiorof a
free electron final state appears to be a good
approximatiort:~2

The angle-scanneg@hotoemissiorspectraalongl’ — X in
the (001 planetakenat 150 K before and after hydrogen
adsorptionare shownin Fig. 2. The individual spectraare
measuredn polar anglestepsof 2°. Normal emissioncor-
respondgo 0°. Figure2(a) showsthe dispersiorof the mea-
suredbandsnear Eg. The vertical lines indicate the peak
positions fitted with a Lorentziantaking into accountthe
Fermi-Dirac distribution and a Shirley background A very
general feature of adsorptionis the shift in the spectral
weight. High photoemissiorintensityis observedhear0 eV
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FIG. 2. (a) He la photoemissiorspectranearEg alongl’ — X for
cleanand hydrogensaturatedNi(110) at 150 K. Normal emission
correspondso ® =0°. (b) The samespectrain a grayscaledisper-
sion plot down to 1.8 eV binding energy.Different featuresare
labeled(seetext).

for the clean Ni surface.After H, exposurethesesharpd
stateslose intensity near Ex and transferweight to higher
binding energies|[very clearly observedfor the spectraat
®=0° in Fig. 2(a)]. The behaviorof the total density of
states(DOS) is thusreflectedin the shapeof the 0° spec-
trum. Theratio of thed peakintensitiesnearE to the back-
groundat higherbinding energieds stronglydecreasedpon
hydrogenuptake.

This can be understoodn termsof hybridization of the
adsorbate-inducelévelswith themetald bandsasdescribed
by HammerandNérskov?! As the Ni 3d bandsarenot com-
pletely filled the antibondingstateslie abovethe 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 representedn a gray scale
dispersionplot. The spectrafrom 0° to 60° polar angleare
shownfrom left to right. Black meanshigh intensity. This
representatiois complementaryo the onein Fig. 2(a) since
hereit is easierto decidewhich bandsexperiencehe stron-
gestchangesOn the otherhand,thedispersiorof bandswith
weakintensitiesis betterseenin the upperpanel.Notice that
the different bandsshownin Fig. 2 areindividually labeled
in a blown up sectionin Fig. 3.

Label A in Fig. 2 marksthe striking intensity shift along
two parallel bands(labeled1 and 3 in Fig. 3) whereasthe
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FIG. 3. Comparisonof the measureda) and the calculated(b)
dispersionof cleanNi(110) alongI'—X. Labels1 to 6 mark the
identifiedbands Featuresl and 3 arethe exchange-spliNi d,2_2
bandswhich are schematicallysketchedn (c).

intensity distribution of the bandcrossingbetweenthem (la-
beled2 in Fig. 3), as well asof the otherbandscrossingE,
remainsunchangedThe dispersionof the bandsis not al-
tered exceptfor a slight shift due to the work function
changeof +0.6eV during hydrogenadsorption.The work
function was determinedby the intensity cut-off for low ki-
netic energyin the photoemissiorspectra.lts increasemay
be explained as a consequenceof the filling of the
H 1s/Ni 3d bondingstatesPerbond,in additionto theH 1s
electron,oneNi electroncanbetakenup andbe stabilizedin
energy.Since the hydrogenis localized at the surfacethis
resultsin additional negativechargeat the surfaceand is
thereforeconsistenwith the measuredigherwork function.

The flat feature labeled B in Fig. 2 which is strongly
amplifieduponhydrogenadsorptioror, alternatively setfree
by the intensity shift in the otherbandscannotbe explained
by bulk calculationsvhich will be presentedbelowin Fig. 3.
As it doesnot lie in a bandgapwe assumehatit is eithera
surfaceresonancedueto indirecttransitionsfrom aflat band
within the (001) planehavinga very high DOS2*?°or it is a
hydrogenderived statewhich necessarilyis a surfacestate.
Otherpossibilitiesare a crosssectionchangeor observation
of a bulk bandvia a 2X 1 surfaceUmklapp process.

A completelynew state,labeledC in Fig. 2, appearsat
approximatelyl.2 eV binding energyafter hydrogenexpo-
sure.lIts nonexistencdor the hydrogen-freesurfaceandthe
factthatit is localizedbelowthe strongmetald stateglabel
A) is an indication that we actually observea hydrogen-
induced level. The formerly observedH induced split-off
statefor saturationcoveraggl ML) on Ni(111) (Ref. 6) lies

much deeper(Eg=9.0eV at I') 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 measurementdid not showany hydrogen-induced
statein this energyregion.

In orderto distinguishclearly betweenhydrogen-induced
and hybridizedNi stateswe comparedour resultsto a bulk
bandstructurecalculationof pureNi usingthe full potential
linearizedaugmentegblanewave method® within the gener-
alizedgradientapproximatior?’ The lattice parametepf the

Ni fcc latticewaschoserto beay=3.52A. In orderto simu-
late the dispersionplots we assumeda free electronfinal
statefor the photoelectrorusing a work function of 4.7 eV
andaninner potentialof 10.7 eV [seeFig. 1(b)]. The calcu-
latedstructureof the (001) planecutis shownin Fig. 3. The
white lines in the experimentaplot representhe 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
overestimatedy a factor of 2.5 in the theory. This may be
attributedto electroncorrelationeffect$® which are not ex-
plicitly incorporatedn our simulation.Two calculatechands
nearthe onelabeledl in Fig. 3(b) aswell asthe expected
upwardbendingof band3 are not observedn 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.
Thebandsmarkedl and3, however arestronglyinvolvedin
the hydrogenbonding.By projectiononto a basisof spheri-
cal harmonicswe can identify thesebands(big markersin
the simulation ashavingd,2_,2 characterThe correspond-
ing orbitals [schematicallysketchedin Fig. 3(c)] lie in the
(001) planewhich is orthogonalto the displacementirec-
tion of the Ni rows during the pairing row reconstruction.
For the cleanand unreconstructedurfacethey can overlap
forming antibondingorbitals along the close-packedows.
During hydrogenadsorptionthe d,2_y2 orbitals may now
build up bondsto the H atomsin the threefold symmetric
sites betweenthe rows resultingin lower energiesfor the
involvedNi electronsThis mightindeedbethedriving force
for the pairing row reconstruction.

In conclusion,we have presentedangle-scannegbhoto-
emissionspectraof clean and hydrogenadsorbedNi(110
nearEg at 150 K. A generalshift in the spectralweight of
the photoemissiorintensity towardshigher binding energies
indicatesthe H 1s/Ni 3d bandhybridizationby which elec-
tronsfrom the metald statesare stabilizedby the hydrogen-
inducedbondinglevels.The comparisorwith a Ni bulk band
structurecalculationidentifies the Ni d,2_,2 bandsas the
ones that are mostly affected by the hydrogen bonding
whereasother bandsremainunchangedin addition, one of
the correspondingadsorbate-inducestatesbelow the metal
d statescould be observedat 1.2 eV binding energy.

Finally, our observationgreconsistentvith the following
picture:hydrogenatomsadsorbedn the surfaceareinteract-
ing with the Ni d statesnearthe surfaceforming unoccupied
antibonding and occupied hybridized bonding levels. The
bondinglevels are,asyet, only occupiedby the H 1s elec-
tron. Therefore,selectedd bandsmay participate,thereby
lowering their energy. As a consequencemnore electronic
chargeis accumulatedat the surfacegoing well along with
the measuredncreaseof the work function.
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