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CHEMISORPTION OF HYDROGEN ON IRON SURFACES
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Theadsorptionof hydrogenon Fe(110), (100) and (111) singlecrystal planeshasbeenstud-
ied by nleans of low energydiffraction (LEED), thermaldesorptionspectroscopy(TDS), work
function measurementsand ultravioletphotoelectronspectroscopy(UPS). Isotopeexchangeex-
perimentsrevealedthe atomicnatureof all speciesheldat thesurfaceabove 140 K. The chemi-
sorption bond is characterizedby a bondinglevel with an ionization energyof 5.6 eV below the
Fermi energy as identifiedby UPS which is derivedfrom coupling the H ls stateto thevalence
statesof the metal.Initial adsorptionenergiesof 26, 24and 21 kcal/molewere derivedfor the
(110), (100) and (111) planes,respectively.The work functiondecreaseswith Fe(110)by 95
mV, whereastotal increasesby 75 and 310 mV were determinedfor the (100) and(111) sur-
faces,respectively.At saturationthe (110) and(100) planesrevealtheexistenceof two desorp-
tjon states,whereasthreestatesare observedwith Fe(111). WhereasFe(100)and (111) reveal
no variation of the LEED patterna seriesof orderedoverlayerstructures,rangingfrom c2 X 2
(or “2 x 1”) at 0 = 1/2 to 1 x 1 at 0 = 1, wereobservedwith Fe(110).Thesestructurescanbe
interpretedin a straightforwardmannerin terms of subsequentfilling of rowsof adsorption
sites along the [0011-surface direction whereby repulsive interactions are operatingbetween
particles in neighbouringrows.This model fits perfectlywith theTDS dataandenablesthecali-
bration of the absolutecoverage(Osat = 1, i.e. a 1:1 ratio of H:Fe surfaceatoms). The initial
sticking coefficient on Fe(110) is s

0 = 0.16 andit wasfoundthat with this planethevariation
of this quantitywith coveragebetween0 = 0.1 and1 obeysa simple Langmuir typelaw for dis-
sociativeadsorptionon two adjacentvacantsites,viz. s S0 (1 — 0)2.

I. Introduction

Despitethe importanceof hydrogenchemisorptionon iron as areactantin am-
monia synthesis or the Fischer—Tropschreaction surprisingly little systematic
studieson this systemwere performedin the past.The reasonis probablythat the
preparationof clean Fe surfacesis a very difficult task andalmostall the work so
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far was performedwith polycrystallinesamples: Chornet and Coughlin [1] aswell
as Wedler and Borgrnann [2] recordedthermal desorptionspectrafrom Fe wires
and evaporatedfilms. The latter were also usedin a ultraviolet photoelectronspec-
troscopystudy by Yu et al. [3]. Quite recentlyCavalierand Chornet [4] published
results mainly on the H2—D2 exchangereaction on Fe(1 10), (100) and (ill)
planes.To our knowledgethis is so far tile only reporton studieswithsingle-crystals
in the literaturewhich howeverwere performedwithout any of the electronspec-
troscopic techniquesfor characterizationof thechemicaland structuralstateof the
surfaces.

The presentpaperis concernedwith the investigationof hydrogenchemisorption
on clean (110), (100) and (111) single-crystalplanesof iron by meansof Auger
spectroscopy,LEED, uv-photoelectronspectroscopy,thermal desorptionspectro-
scopyand work function measurements.This combinationof methodswas success-
fully also applied in a previous studyon the interactionof N7 with the sameFe
singlecrystal surfaces[5,61

2. Experimental

Details of theexperimentalequipment,samplecleaningetc.may be found inear-
lier reports [5,7,8]. With the exceptionof thephotoemissionmeasurementsall ex-
perimentswere performedin the sameapparatusequippedwith a quadrupolemass
spectrometerand facilities for LEED, Auger (AES) andwork function (~~)meas-
urementsby meansof thevibratingcondensortechnique.The singlecrystal surfaces
were carefully cleanedby elaborateargonion bombardmentand annealingcycles
until the surfaceconcentrationof the mostpersistentcontaminantcarbonwassup-
pressedto below a few percentof a monolayerandno further impuritieswerede-
tectableby AES. Clean,well-annealedsurfaceswere characterizedby bright and
sharpdiffraction spotsin the LEED pattern,indicating a high degreeof structural
perfection.

High purity gaseswere admitted from glass bulbs into the vacuumchamber
through UHV leak valves. The basepressureof the systemwas lower than 10—10
Torr. The compositionof the residualgasatmospherewascontinuouslymonitored
with the massspectrometer.Effects of othergases(CO) in the adsorptionexperi-
mentswerenegligible.

3. Results

3.1. Fe(11O)

Fig. 1 representsa seriesof thermaldesorptionspectrarecordedwith a heating
rate of 7 K/sec from Fe(l 10)after H2 exposuresbetween0.4and3500 L at 140 K.
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Fig. 1. Thermal desorption spectrafrom l-l/Fe(1IO) (exposuresbetween0.4 and 3500 L).

The highest exposuremarks saturationof the adsorbedlayerat this temperature.
Thesespectramay be regardedas a superpositionof 2 states,fl~and j32, which are
subsequentlyfilled. The temperaturemaximumof the ~i stateis at about340 K,
whereasthep2-peakshifts towardslower temperatureswith increasingcoveragein-
dicating second-orderdesorptionkinetics.The ~2 state completelyfills at an expo-
sureof about7 L and theareabelowthe saturated~2 peakis almostexactly50%of
the total area,that meansthat at saturationof theadsorbedlayerbothstatesexist
with equalconcentrationon the surface.

For a secondorder desorptionprocesswith activation energyEd the following
relationholds[9]

Ed/RT
2= (~imax~)/a)exp(—Ed/RTmax)

where a the heating,v the preexponentialfactor, Tm~the temperatureof the
peakmaximumand

ulmaxaf p dt
tmaX

the adsorbateconcentrationat Tmax. A plot of 1~(~maxTi~ax)versus l/Tmax
shouldyield a straightline from whoseslopeEd may be determined.Fig. 2 shows
suchanevaluationfor the ~2 statewhosedesorptionthus in factmay be considered
to obey second-orderkinetics. Its desorptionenergy is determinedto Ed(j3

2) =

26 ±I kcal/moieand may be consideredto remainindependentof coverageuntil
the ~2 stateis completed.A similar analysis for the~i statefailsbecauseit cannot
clearly be separatedfrom the ~2 state.Since this statecontinuouslyemergesas a
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Fig. 2. Plot of ln(nmaxTiii~ax)for the~ stateof H/Fe(110).

shoulder from the~2 stateits adsorptionenergy is at first obviously only slightly
smaller(‘~1—2kcal/mole)but probablycontinuouslydecreaseswith increasingcov-
erage.

The areabelow a flash desorptiontrace is proportionalto the adsorbedamount

‘~ and the variation of this quantity with exposureasevaluatedfrom the data of
fig. 1 is plottedin fig. 3. It will becomeevidentfrom the analysisof the LEED data
that the saturationcoverage°max= 1 (i.e., a 1:1 ratio of adsorbedhydrogenatoms
and Fe atomsin the surfacelayer),or~s,max = 1.7 X 1015 H atoms/cm2.Graphical
differentiationof the curve of fig. 3 yields in the usualmannerthesticking proba-
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Fig. 3. H/Fe(110): variationof thecoverage0 with H2 exposureat 140 K.
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Fig. 4. H/Fe(110): variationof thesticking coefficientsat 140 K with (1 — 0)2.

bility. The initial sticking coefficient(extrapolatedto 0 = 0) is thusevaluatedto be
= 0.16 at 140 K.
Fig. 4 showsa plot of s(0) as a function of (1 — 0)2 which yieldsa straight line

between0 and0.7 indicatingthat also theabsorptionprocessbetween0 = 0.15 and
1 may be describedby second-orderkinetics.At coverages0 <0.1 the stickingpro-
bability increasesconsiderablywith decreasing0. The physicalorigin of this effect
is unclearandmight evenbe causedby smallconcentrationsof structuralimperfec-
tionson the surface.

In order to elucidatethe natureof the adsorbedspeciesin somemoredetail a
seriesof thermal desorptionexperimentsfollowing exposureto D2 aswell asto H2
wasperformed:A cleansurfacewasat first exposedat 345 K to 12 L H2 leadingto
saturationof the ~2 statebut keepingthe

13i -stateempty.Subsequentlythesample
wascooledto 140 K andexposedto additional200 L D

2. Thermaldesorptionspec-
tra for H2, HD andD2 revealedthat thesespeciesdesorbedin proportionalamounts
from both

13i and ~2 statesindicating completeisotopicequilibrationon the sur-
face.This result further showsthatparticlesinitially adsorbedin the 132 statedo not
remainfixed in distinctadsorptionsitesbutratherthat thereis a completetransfor-
mation betweenboth statessuggestingthat the~ stateisnot causedby filling of a
secondtype of site but rather due to repulsiveinteractionsbetweenneighbouring
adsorbedparticlesleadingto aninducedheterogeneityof the surface.

The Fe(110) surfacewas theonly planewhich showedthe formationof ordered
adsorbatestructures.A seriesof LEED patternscorrespondingto increasingH

2 ex-
posureat 140 K is reproducedin fig. 5. After about2 L weakextraspotsof a c2X2
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Fig. 5. LEED patternsfrom Fe(110) with increasinghydrogenexposureat 140 K (U = 59 cV):
(a) 2.8 L; (b) 6 L; (c) 9 L; (d) 15 L; (c) 27 L; (f) 40 L; (g) 260 L; (h) 3500 L.
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structurebecomevisible (fig. 5a) which becomebrighterwith increasingexposure
and attain maximumintensityafter about 7 L. The designationof this structureas
c2 X 2 refersto the unit cell vectorsof the Fe(l 10) surfacealong the [1111and
[ill] directions.If instead the [111] and [001] axesof the substratelattice are
chosenas reference(see fig. lOa) then this structurehasto be denotedby “2 X 1”.
This latternomenclaturewill be chosenin thefollowing enablinga moreconvenient
classificationof theotherstructures.

Beyond 7 L additional spotsof a “3 X I” structureappear(fig. Sc)andincrease
in intensitywhereasthosefrom the “2 X 1” structuregraduallydisappear(figs. Sd
ande). Above about20 L thespotsof the “3 X 1” structurebecomestreakyand all
“extra” featuresof the LEED pattern loosecontinuously in intensityuntil after
very high exposures(leadingto saturationof the adsorbatelayers)only the diffrac-
tion spotsfrom the substratelattice remain,indicating the formationof a true 1 X I
structure.After exposuresbeyondabout40 L sometimessome modulationof the
intensity of the diffraction streaksin the reciprocallattice could beobservedindi-
cating the formationof 4 X I, S X 1, etc. periodicitieswithin certain regionsof the
surface.

If the surfacewas exposedto 8 L H2 at 345 K the LEED patternshowedonly
very weak additionalspotsfrom the “2 X 1” structurewhichhoweverbecamevery
much brighterif the samplewassubsequentlycooledinvacuoto 140 K. Thisobser-
vation suggeststhat at elevatedtemperatureconsiderabledisorderin theadsorbate
layerexists,an effect which presumablyalso may serve to interpretthe somewhat
complex findings with regardsto themeasurementsof thework functionvariation.

In contrastto the behaviorof the otherplaneshydrogenadsorptionon Fe(I10)
was observedto decreaseits work function asshownin fig. 6 for continuousexpo-

~ [rnV] I I I I - _III Fe (1111

:~
— .— Fe(100) -

20 I II~ exposire

20 20 40 60 80 100 120 2(X) 300 400 500 (LI

-80

Fig. 6. Variation of the work function ~q of Fe(110), (100) and (111) surfaceswith hydrogen
exposureat 140 K.
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sureat 140 K. This curveexhibitsa smallminimum aroundthe exposurewheretile

stateis completedandsubsequentlycontinuouslyfurther decreasesto a satura-
tion valueof ~q5= —85 (±5)mV. Filling of the~2 stateundertheseconditionswas
characterizedby ~ = —.55 mV. If insteadthe~2 statewasfilled at 345 K (leading
to only ratherweak extraspotsof the “2 X 1” structureasoutline above) the work
function changewas only —25 mV. Subsequentlowering of the temperatureto
140K caused~ to changeto —65 mV which is almostthe samevalueobtainedif
the exposurewas performedat this low temperature.Thesefindings togetherwith
thecorrespondingLEED observationssuggestthatpartial disorderingof the~2 state
( “2 X 1” structure)at higher temperatureis accompaniedwith a loweringof the
effectivedipole momentof the adsorbedparticles.Since thetotal i~4variationdue
to orderedfilling the ~ stateis 60 mV and that of the ~i stateonly 30 mV it has
to be concludedthat particlesof the former kind exhibit a considerablylargerdi-
pole momentthan the adsorbatesat saturationsince the populationof bothstates
is equal. It is believedthat theI~2—~ ~i transformationuponincreasingtheexposure
beyondthatnecessaryfor completionof the J~2stateis also responsiblefor theoc-
currenceof the ~Øminimum although a quantitativeinterpretationcannotyet be
offered.

3.2.Fe(100)

In analogyto fig. 1 thermaldesorptionspectrafrom a hydrogencoveredFe(lOO)
surfaceare reproducedin figs. 7a andb. Exposurewasagain performedat 140 K.
Again two states,P1 and p2~are discerniblewhose populationshowever are not
equalbut exhibit a ratio of about4:1. Fig. 7b againindicatesa continuousshift of
the P2 peaktowardslower temperaturewith increasingcoverage,howevera quanti-

tativeanalysisin termsof second-orderkineticsrevealednot to be usefulsincesoon
also the~ statestartsto be occupiedandthusoverlaps.Insteadonly an estimateof
the desorptionenergyof the~2 statewasmadefrom its peaktemperatureat satura-
tion (400K) leadingto Ed(1

3
2) 24 kcal/mole.

The shift of the J3~peakwith temperatureis too small to accountfor second-
order desorptionkineticsof this state.Insteadit is probablethatthekineticsfollow
a first-order ratelaw with thedesorptionenergydecreasingsomewhatwith decreas-
ing coverage.The relatively narrow-half-width of this stateat saturationis remark-
ablewhosedesorptionenergyis estimatedto be aboutEd(J3l) 18 kcal/mole.

Since in this case no calibrationof the absolutecoveragevia theobservationof
orderedadsorbatestructureswas possiblealso the initial stickingprobabilitycould
notbe determined.

Thermaldesorptionspectrataken after exposureto H2 andD2 revealedHD de-
sorptionand completeisotopicmixing as foundwith the otherplanes.

No appearanceof additional LEED spotswas observedover thewhole rangeof
coverages.It is assumedthat no long-rangeorder of theadsorbedlayer is established
at the attainabletemperatures.Since the hydrogenatom is a ratherweakscatterera
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Fig. 7. Thermal desorptionspectrafrom H/Fe(lOO): (a) exposuresbetween 20 and 600 L;
(b) exposuresbetween0.2 and20 L.

disorderedoverlayerwould presumablynot causeany appreciablevariation of the
intensitiesof thesubstratelattice spotsaswell as of thebackgroundbrightness.

The variationof thework function upon exposinga Fe(100)planeat 140K to
hydrogenis included in fig. 6. ~Ø increasescontinuouslyto a saturationvalue of
+75 mV. No differencesbetweenthe

13i andthe~2 stateswerediscernible.
Fig. 8. shows ultraviolet photoelectronspectra(hi.’ = 40.8 eV) from a clean

(curvea)andahydrogencoveredFe(100)surface(curveb) aswell asthedifference
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Fig. 8. Ultraviolet photoelectronspectra(ho = 40.8 eV) from Fe(100): (a) cleansurface;(b)
after saturationwith adsorbedhydrogen;(c) differencespectrum.

spectrum(b—a), i.e. the variationof the spectrumcausedby H2 adsorption.The Fe
d-bandextendsfrom0 to aboutS eV below theFermilevel EF. Besidessomeslight
modification of the emissionfrom the d-bandhydrogenadsorptioncausesthe ap-
pearanceof a relatively broadmaximumcenteredat about5.6 eV belowFE.

3.3. Fe(111)

Fig. 9 shows a series of thermal desorptionspectra from Fe(l 11) exposedto
various dosesof H2 at 135 K. The essentialdifferenceto the otherplanesis that

I I I I

15 ~ ~H (orb.units)

200 250 300 350 400 450

Fig. 9. Thermaldesorptionspectrafrom H/Fe(111).
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now threedesorptionstates,/~l,P2 and133, appear.Thesestatesarefilled successive-
ly.

A second-orderplot for the desorptionkinetics of the 133 stateyields its desorp-
tion energyto Ed(133) = 21 kcal/mole.Desorptionenergiesfor theother two states
are estimatedtobe J~d(P2)= 18 kcah/moleand Ed(fi

3) = 13 kcal/mole.
HD desorption spectra after exposureto H2 + D2 revealedas with the other

planescompleteisotopicmixing of the threestatesand suggestsagainthat thead-
sorbedspeciesis in all statesatomichydrogen.

Fig. 6 containsdataon thevariationof thework function ~f the Fe(1 11) surface
as a function of hydrogenexposureat 140 K. .~pincreasescontinuouslyto a value
of about 240 mV. Howeverthis numberdoes notrepresentthe possiblemaximum
variationas becomesevidentfrom the following experiments:if the surfaceis ex-
posedto 500 L H2 at 210 K L~s.cpincreasesby 275 mV. Subsequentcooling to 140 K
in an H2 atmosphereof 10—6 Torr (completionof the

13~state)causesa further in-
creaseby 35 mV to a maximum~.‘p= 310 mV. Obviouslyall threestatesexhibit the
samesign of thedipole moment,Le. contributeto the work functionincrease.If the
temperatureof this sample(i.e. with ~p 310) is raisedthe work function de-
creasescontinuouslydue to succesivedesorption.If, however,the surfacesaturated
a priori at 140 K (z~p= 240 mV) is heated,the work function at first increasesby
about 30 mV, passesthrough a maximumat about 200 K and then dropscontin-
uously.

Thiseffectis interpretedasfollows: if a Fe(1 11) planeis exposedto H
2 at 140 K

the mobility of the adsorbedhydrogenatomsis restrictedso that no equilibrium
configuration(connectedwith ~p = 310 mV) is attained.Sufficientlyhighmobility
is reachedat about 200 K sothat warmingof the samplecausesa work functionin-
creaseparallel to the continuousdecreasesdue to the onsetof desorptionthusgiv-
ing rise to theobserved(transient)~p maximum.

As with Fe(100)also the (Ill) surfaceexhibitedno visible changeof the LEED
patternthroughoutthe whole rangeof coverages.

The uv photoemissionspectrumfrom the clean Fe(111) surfaceas well as its
variationby hydrogenadsorption(apperanceof a new maximum at 5.6 eV below
EF) are quite similar to the resultswith the Fe(lOO)planeso that a reproductionof
thesedatais omitted.

4. Discussion

The isotopicmixing experimentsstronglyindicatethat in all caseshydrogenad-
sorbsdissociativelyandhasa highenoughmobility in orderto enablecompleteiso-
tope equilibration.The observationof an additionalmaximum in the photoemis-
sion spectrumat about6 eV belowthe Fermilevel is in agreementwith thefindings
by Yu et al. [3] and with the observationof similareffectsafterhydrogenadsorp-
tion on Ni andPd surfaces[l0}. This featureis attributedto a bondingchemisorp-
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tion orbital createdby coupling the H Is level to the metallicvalencestates[10].
The bond is obviously mainly covalentwhich manifestsitself alsoin the smallwork
function changeswhich indicate only minor netchargetransfereffectsbetweenad-
sorbateand substrate.The strengthof the M—H bond (as evaluatedfrom the ad-
sorptionenergies)variesbetween65 kcal/mole(for Fe(l 10)) and 62 kcal/mole(for
Fe(111)) and is thus againquite similar to thevaluesfor other transition metals
suchasnickel [11].

The probablymostspectacularresult is the observationof a sequenceof ordered
overlayerstructureswith the (110) plane.Since the hydrogenatomis a weakscat-
tererfor low energy electronssofar only few examplesare known wherehydrogen
adsorptioncausesthe appearanceof additional LEED spots,e.g. W(l00) [12] ,the
(110) planes of Ni [13] and Pd [14] , and Ni(l 11) [15] . Whereaswith the
H/Ni(l 10) system there is some evidence that the diffraction spotsare mainly
causedby a reconstructionof the topmost layer [16] this possibility can almost
certainlybe ruled for thedenselypackedNi(1 11) planeon the basisof currentanal-
ysis of LEED intensitydata [ISJ. It is believedthat the situationwith Fe(110) is
similar to that with Ni(l 11), i.e. thatno surfacereconstructionoccursand that the
“extra” LEED spotsreflect the periodicity of the adsorbatelayer. The interpreta-
tion of the “2 X 1” structureis straightforward:Its unit cell obviouslycontainsa
singleH atomwhich is tentativelyplacedin a location asreproducedin fig. lOa. (Of
course,the determinationof the adsorptionsite is only possibleby analysisof the
LEED intensitieswhich is plannedfor the future.) This structurehasa coverage
0 1/2 and correspondsto completion of the 132 statein the thermal desorption

—~ fool]

02

(a) (b) (C)

Fig. 10. Possiblestructure models for the configurationof adsorbedH atoms in theordered
overlayerson Fe(110). (a) 0 = 1/2, “2 X 1” structure;(b) 0 = 2/3, “3 X 1” structure;(c) 0 = 1,
1 X 1 structure.
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spectra.Since this statecontains50% of the total amountadsorbedat saturation
the latter obviously correspondsto 0 = 1 and is on the otherhandcharacterizedby
the continuousdisappearanceof the LEED “extra” spots,i.e. the formation of a
I X 1-structure(fig. I Oc). Thusthesetwo setsof independentdatafit nicely together.

The “3 X 1” structureis fully developedafter about15L whichby usingthe cov-
erageversusexposurecalibration of fig. 3 correspondsto 0 2/3. Thus it is clear
that its unit cell has to containtwo H atomswhich, if placedinto identical posi-
tions, give rise to the structuremodel drawnin fig. lob. Obviously the adsorbed
particlespreferto stay in rows along the [001] directionwhich persistsalsoat even
highercoveragesgiving rise to theobservedstreakformation in the LEEDpatterns.
So we have to assumesomeattractionbetweenneighbouringatomsin [001] direc-
tion but repulsionbetweenparallelneighbouringrows,otherwiseno “2 X I” struc-
ture would be formed.Since the “3 X 1” structurecontainstheadsorbedatomsin
this less favorableconfigurationits formationshouldmanifestitself in a decreaseof
the adsorptionenergy.This isexactlywhat is observedsince aftercompletionof the

statethe ~ statewith its lowerdesorptiontemperaturecontinuouslyemergesin
the thermal desorptionspectra.The pairwiserepulsiveinteractionenergybetween
nearestneighborsin the [111] direction is estimatedto be of the order of about
I kcal/mole. It is interestingto notice that the transition “2 X 1” ~ “3 X 1” is not
characterizedby a uniform mixing of singly anddoubly spacedrows.This would
causea continuoussplitting of the half-orderbeams[17] as was for exampleob-
servedwith the O/Ni(1 10) system[18]. Insteada superpositionof spotsfrom both
periodicities is observed(fig. 5) andwith increasingcoveragethe intensitiesfrom
those of the “3 X 1” structuregrow up whereasthe spotsof the “2 X 1” structure
gradually disappear.That means the existenceof a two-phaseregionwith islands
(with diametersexceedingthe coherencewidth of the electron beam, i.e. about
100 A) of both structurescoexisting on the surface.A similar exampleis found
with the O/Cu(110) systemwhereislandsof 2 X 1 and c6X 2 structuresmay coexist
and grow on the expenseof eachotherwith variationof the total coverage[19].

Beyond 0 = 2/3 the still empty rows on the surfacewill graduallybe occupied.
At a coverage0 = 1—1/non theaverageeverynthrow will be emptycausingsome-
timestheobservationof diffuse “4 X I “, “S X 1”, ... patterns.In fact theperiodicity
is then given by theempty rows.Since,however,no reallong-rangeorderover such
very large distancesexists the diffraction patternexhibits more or less uniform
streaks.Finally at saturationall adsorptionsites will be filled leading to the ob-
served 1 X I structurewith identical periodicitiesof overlayerand substratelattices.

The interactionsbetweenadparticlesin neighboringrows not only causea de-
creaseof the adsorptionenergybutare obviously alsoresponsiblefor thenonlinear
variationof the work function changewith coverageaswell asfor thetemperature
effects observedwith ~Ø. At 140 K ~ decreasescontinuouslywith increasingex-
posureto —55mV until the “2 X 1” structureis completedindicatingconstantdi-
pole momentsfor the adsorbatecomplexesin this configuration.Sinceat 0 1 the
total work function changeis only Li4 = —85 mV it follows that the adsorbatedi-
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pole momentat saturationis about30% smallerthan within the “2 X 1” structure.
This effect is probably due to mutual depolarizationsince the distancebetween
neighboringadsorbatesin the flU] direction(2.48A) is smallerthan that in [001]
direction(2.86A). This could also qualitatively account for the zl~4Iminimumin a
similar way asit is observedwith systemsinvolving adsorptionof alkali metals [20].

If adsorptiontakesplaceat 345 K thework function changeat 0 = 1/2 wascon-
siderablysmaller than at low temperaturesand the LEED patternindicateda high
degreeof disorder.Obviously thehighertemperaturefavoursthe highmobility and
thetendencyfor randomdistribution of theadsorbedparticleswhich would explain
bothobservations.

All observedeffects are quite reversibleand exhibit no indication for hysteresis
thus making it highly improbablythat partial dissolutionof hydrogenatomsinto
the bulk playsany role. Althoughthis possibilitycannotcompletelybe ruled out, it
hasto be statedthat all observationsmaybeinterpretedin astraightforwardmanner
without suchan assumption.

With Fe(100)and (111) it is not possibleto identify the different desorption
stateswith particular configurationson the surfacesincethe LEED patternsdo not
revealany evidencefor long-rangeorder.However in the caseof the Fe(l00) plane
it is believedthat the formationof the Pj stateis also due to repulsiveinteractions
betweenadsorbedparticlesalthoughit is unclearwhy the relativepopulationof the

stateis so smallcomparedwith thatof the~ state.
The situationis somewhatdifferent with the (Ill) surface.The unit cell of this

plane is ratherlarge and exhibitsvariouspossibilitiesof high symmetryadsorption
sites.The work function measurementsindicatethat thedipole momentsare a func-
tion of coverageand adsorptiontemperaturewhich — as in the case of Fe(110) —

might be due to depolarizationeffectsbut which howevermight alsobe causedby
the occupationof different adsorptionsites.The occurrenceof three adsorption
states(in contrastto only two stateswith Fe(l 10) and (100) surfaces)point into
the same direction. However,thesesuggestionsremain speculativeas long as no
structuralinformationis available.

Comparisonof the threeplaneswith eachotherrevealsthat the initial adsorp-
tion energiesdecreasein the order (110) > (100)> (111) which is just opposite
from what would be expectedfrom a simplepicturewhich relatesthe strengthof
the chemisorptionbond with thedegreeof “saturation” of thevalenciesof thesur-
face atoms(i.e. their coordinationnumbers).It is interestingto notice thatCavalier
and Chornet [4] in their study on the H2/D2 exchangesreaction found the same
sequencefor the reactivity of thedifferent singlecrystal surfaces.

Only limited comparisonof thepresentresultsis possiblewith thosefrom previ-
ousstudieswith polycrystallinematerials:During the last two decadesto our know-
ledgethe only measurementson thevariationof the work functionwere performed
in 1962 by Suhrmannet al. [21] with evaporatedfilms. Theseauthorsreporteda
total increaseby 250 mV which would correspondto the valueobtainedwith the
(111) plane.However, it cannotbe assumedthat this plane predominateswith eva-
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poratedfilms. Keepingin mind thedifficulties in preparingclean iron surfacesand
that thework function is very sensitivelyinfluencedby theadsorptionof impurities
from the residualgas atmospheresuggeststhat theseearlierdataarenotrepresenta-
tive for purehydrogenadsorptionon a cleanFe surface.The observationthat with
the most denselypacked plane H2 adsorption— in contrastto the otherplanes—

causesevena decreaseof the work function is probablysurprisingbutby no means
singular: Similar observationswere recently madewith thehydrogen/platinumsys-
tem [22].

Earlier measurementsof the initial heatsof adsorptionrevealedvaluesup to 39
kcal/mole [23]. More recentdata are considerablylower and are closerto those
found in the presentstudy: Chornet and Coughlin [1] determinedan isotericheat
of adsorptionof 21 kcal/mole at low coveragewith an Fe wire. Wedler and Borg-
mann [24] quoteso far unpublishedresultsof calorimetricmeasurementswitheva-
poratedFe films whereafterat mediumcoveragesEad dropssteplikefrom 23 to 18
kcal/mole.They also concludedthatat saturation0 = 1 (i.e. H:Fe = 1:1) is reached
which agreeswith the presentfindings with the Fe(110) plane.The sameauthors
also publishedthermal desorptionspectra from evaporatedFe films exhibiting at
first the filling of a ~2 state with a temperaturemaximum(atsaturation)at 430 K
and subsequentlythe growth of a secondstate(Pi) with no clearly resolvedmaxi-
mumat about350 K butwith desorptionalreadystartingat 250 K. This agreesfair-
ly well with the presentresults for Fe(110). However evenif thetotal areaof a
polycrystallinesurfacewould containin additionminor fractionsof(100)and(ill)
planesa superpositionof the correspondingcontributionsto the total thermalde-
sorption spectrumwould yield a desorptiontraceessentiallyidentical to thosere-
portedby WedlerandBorgmann[2].

Chornet and Coughlin [1] derivedan initial sticking coefficientof 0.05 with a
Fe wire. The variationof s with 0 revealedto be rathercomplexin this work. Ad-
sorption kinetics on Fe(111) appearsto be “normal” althoughno further analysisis
made.The behaviorof the (110) surfaceis surprisinglysimple: Thelinearvariation
of swith (1 — 0)2 (seefig. 4) over a wide rangeof coverageshas to be interpretedin
terms of adsorptionof the H2 moleculesat two adjacentempty adsorptionsites
which is rather plausiblein view of the derivedstructuralpropertiesof this system.

Finally it shouldbe mentionedthatCavalierandChornet[4] concludedin their
H2 — D2 exchangestudythatbesidesadsorptionalso dissolutionof hydrogenin the
bulk may takeplace and participatein the surfacereactions.However,it is reported
that no evidencefor suchaneffect wasobtainedfor exposuressmallerthan 3 X 106
L at 294 K. Suchexposureswould exceedthoseappliedin thepresentwork by sev-
eralordersof magnitudeand in fact from the presentresultsthereisno indication
for the possible existenceof appreciableamountsof dissolvedhydrogenatoms
interferingwith the processesat the surface.

Interestinganalogiesare found if the presentresultsare comparedwith those
for theextensivelystudiedH/W systems:

With W(110) two binding states(/~~and 132) with equalpopulation,differing in
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desorptionenergyby about 6 kcal/molewereobserved[25]. A saturationcoverage
of 1 was derived[25,26] asin the presentcaseandTamm and Schmidt[25] suggest-
ed the formationof a 1 X I structurewith the adsorbedhydrogenatomsin the same
locations as shown in fig. 10. However, thereare no LEED dataavailable which
would indicate long-range periodicities similar to those observed in the present
work. In contrastto the (100)and (Ill) planesH2 adsorptionon W(1 10) causesa
decreaseof the work function [27], as in the presentcase.Agreementalso exists
with regardto the rateof adsorptionbeingproportionalto (1 — 0)2 [27] and to se-
cond-orderdesorptionkinetics [25,27].

The shapeof the thermaldesorptionspectrafrom H/W(l00) [28] is similar to
those obtainedwith Fe(100),althoughthe~ :132 ratio of 2:1 isnot achievedin the
presentcase.Completionof the P2 stateis associatedwith a c2 X 2 structure[29],
whereasno ordered overlayerswere observed in the presentcase.The saturation
coveragewas found to be

0max = 2 [26] and on the basisof vibrational spectra
Froitzheimet al. [30] recently concludedthat at saturationall the H atomsare
locatedin bridgepositions,whereasthe /~2stateis characterizedby the occupation
of on-top sites.Whether similar conclusionsare justified for Fe(lOO) is however
questionableaslongasno furtherstructuralinformation is available.

W(111) exhibits threeP-states[25,31] like Fe(111). (In addition,a y statede.
sorbingaround100 K was observedwhich could havenot beendetectedwith the
presentsystemsince the lowest attainabletemperaturewas only about 130 K.) It
was arguedin a similar waythat this highercomplexityis presumablycausedby the
fact that this plane exposessurfacesatomswith different coordination[25,27,31].

However,thereare also differences:With W theheatsof adsorptiondecreasein
the order (Ill) > (110) ‘-‘ (100), whereaswith Fe the sequence(110)> (100)>
(Ill) was found. The work function changeis larger on W(100) than on W(1 11)
which is again reverseto the behaviorof Fe. The similaritiesin the shapesof the
thermal desorptionspectra,however,suggestthat similar principlesare operating
with both bcc metals regardingthe energeticaspectsof different adsorptionsites
andof the interactionsbetweenadsorbedhydrogenatoms.
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