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Yttrium can be loadedwith hydrogenup to high concentrationsausingdramaticstructuraland
electronicchangef the hostlattice. We reporton the preparatiorof clean,single-crystallineYH,
films (0=x=2.9). The films have been characterizedin situ combining angle-resolved
photoelectronspectroscopy(ARPES and low energy electron diffraction. Direct Y dihydride
growth,i.e., Y evaporatiorundera H, partial pressure®f ~5x 10" ® mbarat 500K on W(110), is
the most convenientstarting point for the preparationof cleansingle-crystallineY hydride films
coveringH concentrationgrom the “clean metal” (x~0) up to the lower boundaryof the pure
trinydride phase(x~2.9). Upon annealingY dihydride films the desiredH concentratiorcan be
adjustedwithin the a-phaseor the (a+ 8) two-phaseegime.Onthe otherhand,the extensiorof our
photoelectrorspectrometewith anhomemadeiltrahighvacuum(UHV) compatiblehydrogenation
systemallowsto inducethe transitionfrom Y dihydrideto Y trihydride within a few minutes.The
hydrogenatiorsystemcombinesa high-pressureeactioncell with hydrogenpermeatiorthrougha
Pd-24%Ag tube. The overall designis suchthat the samplenevergetsin contactwith non-UHV
compartmentsFor direct Y dihydride growth on W(110) two equally populatedface-centered-
cubiq111) domainsrotatedby 180° with respecto eachotherareobservedin the a- and y-phase
the Y atomsform a hexagonal-close-packé@®01) orientedlattice. Furthermore the previously
establishednodelfor in situ H concentrationestimationin Y [J. Hayozetal., Phys.Rev. B 58,
R4270(1998] is extendedsuccessfullyfrom the « to B to the 8 to y-phasetransition.Ultraviolet
photoemissiorspectroscopyataunequivocallyrevealthe openingof a gapextendingasfar asl eV
below Er for normal electron emissionupon the phase-transformatiofrom Y dihydride to Y
trinydride. It also appearsthat the H absorptionrate strongly dependson the H, purity. Our
experimental results demonstratethe capability of this setup for in situ preparation and
investigationson the geometricaland electronicstructureof Y hydridefilms and, more generally,

rare-earthhydride films using ARPES.

[. INTRODUCTION

Theinteractionof hydrogenwith Y, La, andtherare-earth
(RE) metalshasbeenthe subjectof numerousnvestigations
due to the interesting temperature-and concentration-
dependenstructuresand propertiesobservedn the solid so-
lution (a-phase aswell asin the dihydride (8) and trihy-
dride (y) phaseg. An exampleis the recentobservationof
switchable optical propertiesof Y and La hydride films
where shiny, metallic dihydride films becometransparent
semiconductor thetrihydride phasé? It is obviousthatthe
knowledgeof the geometricalandelectronicstructureof RE
hydridesis the key for the understandingf all theseprop-
erties.

For Y, the crystal structureof the host lattice and the
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hydrogen atom positions are well known over the entire
rangeof H concentrationdx=H/Y): Y crystallizesin the
hexagonal-close-packeticp structure,while its dihydride
occursin a face-centered-cubi¢fcc) CaR-type structuret
The trihydride, finally, possesses hcp unit cell (HoD;
type).® The electronicstructureof Y hydrides,however,is
still amatterof dispute! In particularthe electronicnatureof
the optically transparenstatein yttrium is presentlynot well
understood,and has, therefore, stimulated the interest of
theoreticiang.™®

Onereasonwhy the natureof the groundstateof Y hy-
drideshasnot beenfirmly establishecandthe mechanisnof
the hydrogen-inducednetakinsulator transition has eluded
clarificationis thatto dateno experimentalk-resolvedband-
structuredataareavailablein the literature! Properlyspeak-
ing angle-resolvediltraviolet photoemissofARUPS is the
methodfor that purpose However,two main problemshin-



deredthe successfuloutcomeof ARUPS experiments:On
the one hand,loss of single crystallinity is difficult to avoid
during the first transition (e to 8) and most bulk samples
decomposento powder while going from 3 to .} Obvi-
ously, this doesnot comply with one fundamentakondition
of ARUPSexperimentsnamelythe singlecrystallinity of the
sampleunderinvestigation.On the otherhand,oxygencon-
taminationis a seriousproblem for photoemissiorexperi-
mentson Y hydrides. Indeed, all existing photoemission
spectroscopydata from polycrystalline bulk samplesre-
portedthe O contaminatiorievel to be in the order of 5%—
15% (crosssectioncorrectedO 1s/Y 3d ratios.’°~ Experi-
mentsprobingthe valencebandstructure,i.e., using photon
energiedower than ~100 eV, are particularly sensitivebe-
causeof the unfavorablyhigh p/d cross-sectiomatio. Con-
sequentlythe measuredialence-bandtructurebecomedal-
sified by slightestsurfacecontaminations.

Thin polycrystallineY films evaporatedindervery good
ultrahigh vacuum (UHV) conditions were reportedto be
much cleaner than bulk samples* Moreover, epitaxially
grown Y films are promisingto improve the structuralsta-
bility duringH loadingandunloading.Indeed arecentx-ray
diffraction studydemonstratedhatin thin, single-crystalline
Y films grown on Nb(110) the structuralcoherences main-
tainedduring cycling ex situ betweenthe dihydride and the
trihydride phases? In contrasto previousstudiesusingbulk
sensitivemethods>3*> for photoemissiorstudiesof Y as
a function of the hydrogen content the films cannot be
cappedwith a protectivePd layer and, therefore,H loading
and unloadingmust be donein situ. Moreover,in orderto
avoid any surfacecontamination the hydrogengas usedto
load the films mustbe ascleanas possible.

Recently we reportedon the reversibility of hydrogen
loading in thin single-crystallineY films grown by vapor
depositionon W(110) without lossof singlecrystallinity 18 It
was demonstratedhat under a H, partial pressureof 1
X 10~ ° mbar (700K during2 h) clean,hcp(0007) orientedY
films convertto fcc(111) orientedY dihydride films. How-
ever,dueto the residualgasthe O contaminationievel of Y
andY dihydride films was found to increaseby ~0.2% per
hour (crosssectioncorrectedO 1s/Y 3d ratio9 evenat very
good UHV conditionsand, consequentlypur Y dihydride
films were contaminatedoy ~0.4% O. Thus, once the Y
depositionis accomplisheda procedureto preparethe dif-
ferenthydride phaseswithin a few minutesis necessaryor
reliable photoemissiorexperiments.

In a conventionalJHV surfaceanalysissystemH loading
is limited to low plateaupressurenydride phasesuchasthe
Y dihydride phase.Indeed,the equilibrium pressureat the
isothermalof Y dihydrideis very low (10~ ® mbarat 800K),
whereasat roomtemperaturéRT) hydrogenpressuresbove
1x 10~ 2 mbararerequiredto inducethe transitionfrom S to
v.} Moreover,the time neededo transformthe completeY
film into the trihydride phaseis governedby the external
hydrogen pressure.In the caseof ex situ loading of Pd
cappedY films the transition takes about one hour at 10
mbar, whereasit typically takes15 min at 250 mbar!® We
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thereforeexpectthat upon exposureto H, pressuresn the
rangeof 1 barclean,uncappedy films completelytransform
to the trihydride phasewithin a few minutes.Thus, for reli-
able photoemissionexperimentsH loading up to the pure
trihydride phasemust be done within an UHV compatible
high-pressureeactioncell (HPRQO.

In this studywe demonstrateéhatit is possibleto prepare
clean, single-crystallineYH, films (0=<x=<2.9) on W(110
andto vary their H concentrationwithout loss of order. In
contrastto previousstudies>*>" preparatiorandcharacter-
ization are donein situ, and the films are not cappedby a
protectivePd layer. It will be shownthatdirectY dihydride
growth, i.e., Y evaporationundera H, partial pressuresof
~5x10 ®mbarat500K on W(110), is the mostconvenient
starting point for the preparationof cleanY hydride films
covering H concentrationsfrom the “clean metal™®® (x
~0) up to the lower boundary of the pure y-phase (x
~2.9). We would like to point out thatit is the development
of our homemadeUHV compatible hydrogenationsystem
presentedn Sec.lll, thatmadeit possibleto prepareclean,
single-crystallineY hydride films within the gB-phasethe
(B+v) two-phaseregime, and the pure y-phase.We used
x-ray photoelectrordiffraction (XPD) and low-energyelec-
tron diffraction (LEED) to observethe nearsurfacechanges
occurringdueto the H-inducedstructuraltransitions.Based
on XPD and hydrogen-inducedore-levelshifts we propose
a modelfor anin situ estimateof the H concentratiorin Y.
Furthermorewe presenfirst ARUPSdataof Y as a function
of the H content. However, in the context of the present
paper we will emphasizeon preparationprocedure,i.e.,
studythe effect of contaminatioron the measuredpectraas
well asthe influenceof the H, purity on the H adsorption
rate.The H-inducedmetak-insulatortransitionin Y, whichis
unequivocallyconfirmedby the ARUPS spectrawill bedis-
cussecelsewheré?

Thearticle is organizedasfollows. The particularexperi-
mentalsetupandproceduresredescribedn Sec.ll. Section
Il presentghe designandoperationof the homemadeUUHV
compatiblehydrogenatiorsystem.n Sec.IV we discussour
experimentakesults.Finally, we summarizeour findingsin
Sec.V.

Il. EXPERIMENTAL PROCEDURES

We usedXPD to observen real spaceand nearthe sur-
face, the changesoccurringdue to the H-inducedstructural
transitionsin yttrium. XPD hasbeenchosenbecauseof its
chemicalsensitivityandits sensitivityto local real-spaceor-
der. It is a powerful technique for surface structural
investigation$? andit hasbeenshownthat full hemispheri-
cal XPD patternsprovide very direct information aboutthe
near-surfacestructuret®?*2” At photoelectrorkinetic ener-
giesaboveabout500 eV, the strongly anisotropicscattering
by the ion coresleadsto a forward focusingof the electron
flux alongthe emitter-scattereaxis. The photoelectrorangu-
lar distribution, therefore, is to a first approximation a
forward-projectedmage of the atomic structurearoundthe
photoemitters.LEED, in contrast,showsthe symmetry of



reciprocal space,is not chemically selective,and contains
informationaboutthe long-rangeorderof the atomsnearthe
surface.

The XPD dataare presentedn so-calleddiffractograms,
i.e., in a stereographi@rojectionandin a linear gray scale
imagewith maximumintensity correspondingo white (see
Fig. 4). The centerof eachplot correspondgo the surface
normal (polar emissionangle ®=0°) while the outer circle
representslirectionsparallelto the surface(®=90°). Single-
scatteringcluster(SSQ calculationshavebeenusedto inter-
pret the XPD patterns.The SSCmodel usedfor photoelec-
tron diffraction is discussedn detail elsewheré? Note, that
the crosssectionfor forward scatteringincreaseswith in-
creasingatomicnumber?® Therefore forward scatteringdue
to H atomsis generallytoo weakto be observedH atoms,
consequentlyhavebeenneglectedn all simulations.

Theexperimentsvereperformedn a VacuumGenerators
ESCALAB Mk Il spectrometemodified for motorizedse-
quentialangle-scanningataacquisition?>?*equippedwith a
three-channeltrohemisphericatlectrostatienergyanalyzer
andwith a basepressurén the low 10~ **mbarregion. The
core of the experimentaketupis the custommadetwo-axis
sample goniometer. The goniometer allows a computer-
controlledrotation of the samplein polar andin azimuthal
direction with an accuracybetter than 0.5°. The rangein
polardirectionis going from grazingelectronemissionalong
the crystal surfaceup to normal electronemission.On the
analysisposition,i.e., on the goniometer the samplecan be
heatedup to 1000K and cooleddown to about120 K with
LN, . Photoclectronspectraand diffraction patternswere
measuredusing MgKa (hv=1253.4eV) radiation. Map-
ping electronicstatesover the Brillouin zonewithin recipro-
cal spaceis realizedusing a monochromatizeanultiple en-
ergy laboratory ultraviolet source?® This so-calledk-space
mappingresultsin dispersiorplots andcutsthroughconstant
energysurfacesge.g., the Fermi surface(FS).243%3! Further-
more, usinga VG AG 60-185ion gun for low energyion
scatteringspectroscopyit is possibleto do angle-scanned
ion scatteringfor structuralstudiesof the topmostlayers®?
The preparationchamber(basepressure2 X 10~ 1 mbar) is
equippedwith a LEED setup,a DanishMicro Engineering®
scanningtunneling microscopeand samplepreparationfa-
cilities (a sputter gun, heating facilities, and LN, cooled
evaporatiorsources In the contextof the presentstudythe
preparatiorchamberhasbeenextendedwith our homemade
UHV compatiblehydrogenatiorsystempresentedn Sec.lll.

The substrateusedto preparethe Y hydride films was a
W(110 singlecrystal.In orderto depleteC from the W(110)
crystal, it was annealedto 1500 K for 125 h underan O,
partial pressureof 10’ mbar. Subsequentlythe crystalwas
flashedto 2500 K.3* As a resultno C or O contaminations
could be detectedwith x-ray photoelectronspectroscopy
(XPS) and LEED displayedwell-definedand sharp (1Xx1)
spots indicating a well ordered surface. As revealed by
LEED andFS mapping,RT growthof Y on W(110 without
any H, backgroundpressureendsup with a rough and dis-
orderedsurface.Often, the surfacequality can be improved
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by an increasednasstransportat the surface,i.e., uponan-
nealing and/or depositionat higher substratetemperatures.
Indeed,for Y depositionabove~850 K very sharpLEED
patternswere observed .However, the overlayerappearsto
agglomeratg(a kind of Ostwald ripening into large three-
dimensional(3D) crystals.This conclusionis basedon the
observatiorthatfor 200-A-thickfilms (quartzoscillatorread-
ing) depositedabove/below~850 K the W substratecould/
could not be detectedwith XPS, respectivelyFor Y growth
on W(110 without any H, backgroundpressurebestcom-
promisebetweerroughsurfacesand3D crystalliteformation
was found at ~600 K.'8 Y depositionunderan H, partial
pressureof ~5x 10" ® mbar, in contrast,is well reproduct-
ible andyields well defined,cleansingle-crystallineYy dihy-
dride films (seeSec.1V) for substrateemperaturesanging
from RT upto 600K. In analogyto therecentobservatiorof
hydrogen-promotedself-diffusion of Pt atomson Pt(110)
surfaces® hydrogen-promotedelf-diffusionof Y atomson
thehcpY surfacemay accountfor this finding. If not other-
wise specified,the Y films discussedn the presentstudy
therefore were prepared by depositing high purity Y
(99.99% from a LN, cooledelectron-bombardmergvapo-
ration cell under a hydrogen partial pressure of 5
X 10~ 8 mbarwith the W(110) crystalheld at 500 K. During
Y depositionthe film thicknesswvascontrolledby meansof a
water-cooledquartzmicrobalanceAll films discussedn the
presentarticle were 200 A thick. After Y depositionthe
W 4f doubletwasno longerdetectablei.e.,the W(110) sub-
strate was completely coveredwith Y, and, most impor-
tantly, no O contaminationcould be detectedwith XPS.

In orderto vary the H concentratiorafter deposition(see
Sec.lV) the Y dihydride films eitherwere annealedH un-
loading, or were exposedup to 1000 mbar purified H,
within the HPRC (H loading. LEED picturesat different
energieswere taken for eachfilm. Thereafterthe samples
were transferredin situ to the two-axis goniometerin the
analysis chamber. Care was taken that the H loading/
unloadingprocedurethe LEED experimentandthe sample
transferto the analysisposition were done within 15 min
afterthe Y depositionwasaccomplished.

For eachfilm we thenmeasuredde | exitedvalanceband
spectra.Subsequentlyline shapeand peak position of the
Y 3d doubletaswell asthe O 1s corelevel wereprobedwith
XPS. Most satisfactorywe note,that ~30 min after Y depo-
sition the oxygen contaminationlevel still was below the
limit of detectabilityof XPS. For eachY hydride film an
Y 3ds), diffractogram[E,;,~1097eV (the exactkinetic en-
ergyof the'Y 3dg;, photoelectronslepend®n the H concen-
tration)] was measuredThe data acquisition procedurefor
obtaining thesediffractogramsconsistsin measuringseries
of azimuthal(¢) scansat polar angleintervalsof Ag§=2°. It
beginsat O¢,= 80° off normalandterminatesat 6,5~ 0°.
The azimuthalangularstepsize at any polar angleis chosen
suchthat the solid-anglesamplingdensityis uniform. Typi-
cal data acquisitiontimes were 8 h d a pressureof 4
X 10" ' mbar. After all theseexperimentsj.e., ~8.5 h after
Y depositionthe O 1s signalis clearly detectablavith XPS.
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Fic. 1. Sketchof the UHV compatiblehydrogenatiorsystemusedfor thein
situ preparationof clean, single-crystallineY hydride films within the
B-phasethe (8+v) two-phaseregime,andthe y-phase Note, thatit is not
to scale.The HPRCis mountedon a CF-150flange.The hatchedline en-
closesthe bakeoutarea.

We find that, independenbf the H concentrationthe O con-
taminationlevel of the Y hydridefilms increasedy ~0.2%
per hour (crosssectioncorrectedO 1s to Y 3d intensity ra-
tio). Note that almostthe sameevolution of the O contami-
nationlevel wasreportedby Baptistet al. for polycrystalline
Y films grown andhandledundersimilar UHV conditions*

[Il. HYDROGENATION SYSTEM

Figure 1 showsthe HPRC and the hydrogenpermeation
cell togetherwith the chart of the relevant gaspipesand
pumps.The hatchedine encloseghe bakeoutarea.All ma-
terials,if not otherwisespecified,are stainlesssteel.We ex-
clusively usedall metalvalvesand CF fittings. Temperature
was controlledby meansof chromel-alumethermocouples.

A. HPRC and getter chamber

The HPRC (mountedon a CF-150flange and connected
to the preparationchamberof the spectrometgressentially
consistsof a domewith a sharpbladeanda Cu gasketholder
screwedon a linear motion feedthrough(seeFig. 1). Three
massiverods, which root in the CF-150 flange, hold the
domein a fixed position. The Cu gasketis solderedinto the
holder. The sampleholdeis transferredwith a wobblestick
on the pin in the centerof the gasketholderA thermocouple
just located below the gasketholdemllows for temperature
controlduring heatingor coolingwith LN, (for clarity Fig. 1
doesnot show all detailg. By meansof the linear motion
feedthroughthe gasketholdercan be moved upwardsuntil
the sharpblade of the dome crushesinto the Cu gasket.A
torqueof ~30 Nm is requiredto tightenthe HPRC against
the main UHV vessel.A very accurateguidanceof the Cu
gasketwith respecto thebladeis crucialfor its multiple use.
This guidanceis providedby threehorizontalstrutsfixed on
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the linear motion feedthroughsliding on the three vertical
rodsaswell asby the cylindrical landingin the centerof the
gasketholdemositioning the blade. Neverthelessthe gas-
ketholdercan be exchangedn situ by meansof the same
wobblestickas usedfor the sampletransfer.

Via the 6 mm gasinlettube, one reachesa first CF-16
crossequippedwith a bakeableMKS absolutecapacitance
manometercovering the 1.3x 10" 1-1.3x 10" 3 mbar pres-
surerange.By meansof the CF-16edgevalves(1), (2), and
(3) the first crosscan be separatedorm the HPRC, the hy-
drogen permeationcell, and a secondCF-16 crossin the
following referredto asgetterchamberyespectively As can
be seenfrom the chartthe setupprovidesthe useof different
gases.However, only hydrogencan penctratethrough the
hydrogenpermeationcell (see Sec.lll B). All other gases
mustflow throughthe bypasspipe in orderto be dosedwith
the CF-16leakvalve (4). Valve (5) finally, givesaccesgo a
turbomolecularpump (TMP) allowing for an independent
ventilation of the gassystemThe nonoperationaimode is
with valves(1), (2), (3), andthe HPRCopen,whereas/alves
(4) and (5) areclosed,i.e., the cross,the getterchamberas
well asthe downstreanside of the hydrogenpermeatiorcell
are connectedwith the main UHV vesselvia the gasinlet
tube.

The getterchambercontainstwo pills (=2 g) of the SAES
Getters® getter alloy ST707® (70%Zr24.6%\V-5.4%F@
knownto haveawide operatingemperaturgange,including
RT. A homemadeill holderenablesemperaturecontrol of
the getteralloy using a thermocoupleaswell as heatingthe
pills up to 900°C. HeatingunderUHV conditionsis required
to activatethe getter. This processcauseghe passiveoxide
layer formed at the getter surfacewhen handlingin air to
diffuseinto the bulk. Optimal activationis reachedvhenthe
getteris heatedto 450°C for 10 min.*®

Once the getteris activatedvarious gaseousmpurities
suchasH,, H,0, CO, CO,, andN, which contactthe sur-
face, are capturedand chemisorbedonto the getter. For
ST707®, operating temperaturesabove ~200°C insure a
diffusion rate of the chemisorbecatomsinto the bulk of the
getter sufficient to avoid passivationlayer formation, thus
allowing utilization of the full gettercapacity.Oncesorbed,
oxygen,carbon,andnitrogenatomscannotbe releasedgain
by the ST707® evenat very high temperaturesgue to the
formation of strong chemicalbondswith the alloy atoms.
Hydrogenisotopesreactdifferently, however.They diffuse
into ST707®getterbody more quickly thanotheratomsand
distributealmostuniformly within the bulk evenat low tem-
peraturesin addition,becauseof the relatively weakforces
that bind theseatomsto the alloy, the hydrogenisotopes
sorbedat low temperaturegan be releasecat temperatures
rangingfrom 500to 900°C, dependinguponthe application.
Therefore,if the alloy is usedas a hydrogenpump, its full
gettercapacitycan alwaysbe restoredupon heating.More-
over, the alloy canbe usednot only asa pumpbut alsoasa
solid reservoirand a purifier for hydrogenisotopes:’

In our applicationthe task of the getteralloy is twofold.
First, it compensatefor the badpumpingof the CF-16cross,



the getterchamberandthe downstreansideof the hydrogen
permeatiorcell throughthe smallgasinlet tube.Secondthis

oil-free pumping unit is usedto evacuatethe HPRC from

hydrogen(seelater.

B. Hydrogen permeation cell

It is well known that hydrogen(andits isotope$ perme-
ates easily through palladium membranesvia a solution-
diffusion mechanismi.e., dissociativechemisorptiorof H,,
dissolution and diffusion of atomic hydrogenthrough the
membraneand subsequentlesorptionof H,. Howeverdue
to hydrogen embrittlement,a phenomenonin which dis-
solved hydrogeninitiates cracksat the boundarieshetween
the solid solutionandthe hydride phase—eventuallgausing
ruptureon repeatedpressureand temperaturecycling—pure
palladiummembranesannotbe usedbelow 300°C 2 This
defectof palladiumcan be reducedby alloying with group
1b metalssuchas silver>® The reducedstressat the phase
boundariesand, thus, the increasedresistanceo embrittle-
mentis attributedto the higherhydrogensolubility in these
alloys ascomparedo pure palladium? The permeatiorrate
of hydrogenthroughPd-24%Ag alloys can primarily be in-
creasedy decreasinghe membranehicknesslindeed tube-
shapedspecimensvith very thin walls (=0.1 mm) turnedout
to havea high hydrogenpermeatiorrateaswell asto endure
stresscausedby concentrationadlilatations,typically of the
order of 3%—4%, betterthan othergeometrie$?!

The selectivehydrogenpermeability of Pd alloy mem-
branesis widely used.Most importantly we note that filter-
ing devicesbasedon thesealloys permit to removeall im-
purities from gaseousydrogenaswell asto separatehigh-
quality hydrogen(or its isotope$ from gas mixtures with
high selectivity (up to 10'%.%' Other applicationsinvolve
catalyticmembranegeactorsvherecontinuouswithdrawal of
hydrogenfrom the reactionmixture avoidsthe equilibrium
limitation of a reaction,e.g.,the dehydrogenatiof metha-
nol or hydrocarbonsby the so-calleddrain-off effect*? Ob-
viously, suchdevicescan also be usedas hydrogengenera-
tors. The possibility to separatethe different hydrogen
isotopesfinally, is basedon the different heatsof solution
anddiffusion mobilities of protium, deuteriumandtritium in
Pd alloys**

Figure2(a) showsthe detailedstructureof our homemade
hydrogenpermeationcell which is basedon a Pd—24%Ag
tube.The advantagef this tubeis thatit hasvery thin walls
(=0.1mm) anda largesurfacearea(length~100 mm; outer
diameter~6 mm) favorablefor high permeatiorrates.The
openendof the Pd-24%AgtubewasAg solderedon a stain-
lesssteeltubewhichin turnis weldedon the CF-16flangeof
the downstreamtube (outer diameter=10 mm). As can be
seenfrom Fig. 2(a) the welding seamis within the bladesof
the CF-16flangeandthereforethe interior of the Pd-24%Ag
tube is part of the UHV environment.The operatingtem-
peratureis measuredusing a thermocouplethat is welded
onto the surfaceof the upstreamtube next to a constantan
filamentheater.
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Fic. 2. (a) Detailed structureof our homemadehydrogenpermeationcell
which is basedon a Pd—24%Ag tube. The small arrowsillustratethe hydro-
gen permeationthroughthe Pd-24%Ag tube. In orderto improve perme-
ation kinetics the Pd-24%Ag tube can be heatedfrom the upstreamside
using the H, gas as heat conductor.(b) Evolution of the permeatedH,
pressuren the CF-16 cross[valves(1) and (3) closed,valve (2) open,see
Fig. 1] at differenttemperaturesf the upstreamube andfor a constantH,
upstreampressureof 1.3 bar.

The hydrogenpermeabilitythrougha Pd alloy membrane
can be decreasedyy poisoning,i.e., by the adsorptionof
speciessuchasO, or CO on the surface.n orderto getfull
performanceof the hydrogenfilter it mustbe activatedprior
to use.Slight heatingto 100°C in goodvacuumor in hydro-
gencleansup the surfacesufficiently to provide predictable
kinetics. Thus,in UHV applicationsthe tubeis simply acti-
vatedduring bakeout.

In orderto testthe integrity of our hydrogenpermeation
cell we appliedatmospherigpressure®f severalgaseg O,,
He, andair) at the upstreansideof the activatedPd-24%Ag
tube[valves(1), (2), andHPRC open,valve (3) closed(see
Fig. 1)]. We found that neitherthe absolutepressurenor the
specificpartial pressures—measuradth a massspectrom-
eter—didincreasen the main UHV vessel.Whenapplying
1.3 bar H, at RT, however,the pressurein the main UHV
vessel(with TMP running slowly increasedeachinga con-
stantpressuref ~5x 10~ ® mbarafter 30 min. After closing
valve (1) the pressuren the crosswas monitoredwith the
MKS capacitancananometerHowever,after more than 20
min the pressuren the crosswas still below 0.1 mbar,i.e.,
below the resolution of the manometer.Obviously, at the
selectecconditionsthe hydrogenpermeatiorratethroughthe
Pd-24%Ag tubeis too small to fulfill our requirements.

Thedownstreanpressurelwaystendsto equilibratewith
the upstreampressure.The degreeand rate at which this



equilibrationoccurscanbe controlledby the temperatureof
thetubeandthe upstreanpressureHowever,dueto the thin
wall of the tubethe amountof externalpressurat will take
without collapsingis limited. Figure 2(b) illustratesthe im-
provementof the permeationkinetics upon application of
heat. Thesecurvesare helpful for the fine tuning of the de-
siredpressuraisedin the experimentsNotethatin our setup
thePd-24%Agtubeis heatedndirectly, i.e., hydrogengasis
usedto transferthe heatfrom the upstreamubeto the Pd-
24%Agtube.However the downstreanubeis heatedy the
upstreamtube via the Cu gasket.Therefore,to preventout-
gasing,the downstreanubeis LN, cooledduring operation.

The purity of the permeated, wasmonitoredby means
of a massspectrometenWhencomparingthe massspectrum
obtainedfrom the residualgasin the UHV vesseljust before
H, dosing,with the spectraobtainedduring dosingunfiltered
6N-H, (via thebypassandwithout getteralloy) oneseeshat
notonly the H, peakintensity,but alsothe intensitiesof O,
CO, andH,0 increasedslightly. To our satisfactionthe O,,
CO, andH, intensitiesremainedunchangedvhenthe same
amountof permeatedH, was appliedto the UHV vessel.
However,herewe wantto point out that the ultimatetestto
check the purity of the permeatedH, is our experiment,
wherewe exposeup to 1.3 bar H, to very reactiveY films
(seeSec.lV).

C. Operation of the hydrogenation system

The first stepto operateour hydrogenatiorsystem,thus,
is to activate the different LN, traps (the cooling of the
downstreantube s crucial for the gaspurity) aswell asto
heatthe upstreantubeto the desiredtemperatur¢seeFigs. 1
and2(b)]. As soonasvalves(1) and(3) areclosed,onecan
apply the desiredupstreanH, pressuretypically 1.3 bar,to
the permeatiorncell. The hydrogengasflowyielding optimal
purity of the gasis asfollows:

It startsat the 6N-H, bottle, with the hydrogengascross-
ing successivelftwo LN, cold trapsand the hydrogenper-
meationcell to reachfinally the CF-16cross(Fig. 1). While
the pressurein the crossincreaseqseeFig. 2) the sample
with afreshly depositedy film is transferrednto the HPRC.
As soonasthe desiredpressuras reachedpoth, valve (2) as
well asthe HPRChaveto be closed.Now the samplecanbe
exposedto the filtered H, by openingvalve (1). After the
desiredhydrogenationtime the HPRC is simply evacuated
by openingvalve (3). Indeedthe getteralloy sorbsthe H, so
efficiently that the pressurein the main UHV vesselonly
risesup to 5x 10~ ° mbaruponopeningof the HPRC. Note,
our setupis suchthat during the whole hydrogenatiorpro-
cedurethe sampleneveris in contactwith non-UHV com-
partments.

Figure 3 showsa typical exampleof the hydrogenpres-
sureevolution(solid line) during hydrogenatiorof aY dihy-
dride film. The Y trihydride film resulting from this treat-
mentwill be discussedn Figs. 4(c), 6(c), 8(c), and 10(c).
The temperatureof the getter alloy (dotted line) is also
shown.With the knowledgeof the thicknessof the Y dihy-
dride film andthe gasexpansiorinto the HPRCwhenopen-
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Fic. 3. Typical exampleof the pressureevolution(solid line) during hydro-
genationof a Y dihydride film. The Y trihydride film resulting from this
treatmentwill bediscussedn Figs.4(c), 6(c), 8(c), and10(c). Thetempera-
ture of the getteralloy (dottedline) is alsoshown.

ing valve (1), the first pressuredrop from 980 to about630
mbar can be usedto calculatethe amountof hydrogenab-
sorbedby the Y film. However,thefilm thicknesscalibration
is ratherinaccuratemaking a reliable volumetric concentra-
tion determinationdifficult. In the exampleshownin Fig. 3
valve (2) wasreopenedn orderto achievea hydrogenpres-
sureof 1 bar. The secondvery sharppressuredropillustrates
the efficient pumpingof the getteralloy uponopeningvalve
(3). Moreover,the exothermicnatureof the hydride forma-
tion in the getteralloy is reflectedby its abrupttemperature
increaseup to ~170°C.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Structural characterization: XPD and LEED

results

Figures 4(a)—4(c) display the sequenceof experiments
startingwith a Y film depositedat 700 K without any H,
backgroundpressurdFig. 4(a)], aY film depositedat 500 K
undera H, partial pressureof 5x 10~ ® mbar[Fig. 4(b)], and
theY film of Fig. 4(b) beingloadedwith 1 barpurifiedH, in
the HPRC during 144 [Fig. 4(c)]. XPD from the Y film de-
positedwithout any H, backgroundpressurgFig. 4(a)] re-
vealssixfold symmetrywith a flower-like designin the cen-
ter and prominent maxima at ©~34° (label U), ©@~52°
(label V), ©~34° (label W), and ®~50° (label X). A SSC
calculationincluding Y atomsin eightlayersof a hcp(000J)
orientedcluster[Fig. 4(d)] fits nicely with the experimental
diffractogram[Fig. 4(a)]. Thoughstill sixfold symmetric,Y
depositionundera H, partial pressureof 5x 10~ mbarin-
duces drastic changesin the Y 3ds,, diffractogram [Fig.
4(b)]. The flower-like designin the centerof the diffracto-
gram becomes wheel-like. Moreover, only maxima at
0®=34° (label U) and ®~56° (label V) remain.The experi-
ment is very well reproducedby a SSC calculation using
eight layersof two equally populatedfcc(111) domainsro-
tatedby 180° with respecto eachother[Fig. 4(e)]. The fcc
structure reveals the pB-phase: Unloading towards the
a-phasdFig. 4(a)] is achievedby heatingthe dihydridefilm
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Fic. 4. Stereographicprojectionsof experimentaland calculated(SSQ Y 3ds, intensities.All patternsare orientedwith the [001],.. direction of the
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respectivefigure. (a) Y film depositecat 700 K without H, backgroundpressure(b) Y film depositedundera H, partial pressureof 5 10~® mbarat 500 K.
(c) Y film from (b) afterexposureo 1 barpurifiedH, in the HPRCduring 144s. (d) CalculationincludingY atomsin eightlayersof an(0002) orientedhcp
cluster.(e) CalculationincludingY atomsin eightlayersof two equallypopulatedficc(111) clustersrotatedby 180°with respecto eachother.(f) Calculation
including Y atomsin eightlayersof an (0001 orientedhcp cluster.Comparedo the clusterusedfor the patternof (d) the c-axis of the clusterusedfor (f)

is expandedby 15%.

to 1100K during 2 min. Note, that fcc(111) orientedY di-
hydride films can also be producedby exposinga-phaseY
films to a H, partial pressureof 10 ° mbar (700K during 2
h).18 Exposureof Y dihydridefilms to aH, pressuref 1 bar
during 144 s (seeFig. 3) againinducesdrasticchangesn the
Y 3ds, diffractogram[Fig. 4(c)]. At thefirst view this XPD
pattern is very similar to Y 3dg, diffractograms from
hcp(0002) oriented a-phaseyttrium [Figs. 4(a)]. In particu-
lar, themaximaU, V, W, X reappearHowever,a closerlook
revealsthatcomparedo the a-phaseXPD pattern[Fig. 4(a)]
theseprominentmaxima(labelsU, V, W, X) are shifted to-
wardsthe normalby ~3°. In the caseof hcp(000)) oriented
crystal structuresa shift of prominentmaximatowardsthe
normalindicatesan increased:/a-ratio. Assumingthe basal
planelattice parametetto remainalmostunchangediponH
loading (this assumptionis justified by the LEED analysis
below), a shift of the prominentmaximatowardsthe normal
by ~3° correspondso a c-axis expansiorof ~15%. Indeed,
a SSC calculationincluding Y atomsin eight layers of a
hcp(0002) orientedclusterwherethe c-axis is expandecby
15% comparedto the a-phasec-axis [Fig. 4(f)] fits nicely
with the experimentadliffractogram[Fig. 4(c)]. In agreement
with previous experimentsusing powder samples, recent
x-ray diffraction (XRD)'® and neutron scattering® experi-

mentsdemonstratedhat thin Y trihydride films exhibit the
HoD; structurej.e., a structurewith theY atomson hcpsites
andthe H atomsoccupyingunusualinterstitial sites. More-
over, it was observedthat the transitionfrom « via g to y
affectsmainly the c-axis: while the c-axis expandsby about
15%, the changeof the basalplanelattice parameteis only
about0.5%3 Epitaxially grownc-axis Y films werereported
to behavesimilarly.!® Thus, after exposureof a Y dihydride
film to 1 bar H, the observatiorof the hcp crystal structure
togetherwith a c-axis expansionof ~15% comparedo the
a-phasec-axis revealthe y-phase Reversibility towardsthe
B-phaseis achievedby slightly annealingthe trihydride film
to ~350K.

It is the changein the stackingsequencdetweenthe hcp
(ABAB...) and the fcc (ABCABC..) phasethat accounts
for the disappearancef maximacausedy scatteringevents
within next-nearesheighboringplanes(labels W, X) when
going from hcp [Figs. 4(a) and4(c)] to fcc [Fig. 4(b)]. The
formation of two equally populatedfcc(111) domainsis in-
ducedat the W(110)-Y interface.Due to the quasihexago-
nality of the body-centered-cubibcd110) surface,closed-
packedY layers can start stacking either in the A or B
orientation(Fig. 5). For the fcc casethis resultsin two (111)
orienteddomainsrotatedby 180° with respectio eachother,
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Fic. 5. Schematicdrawingto illustrate the formation of two equally popu-
lated fcc(111l) or two equally populated hcp000) domains at the
W(110-Y interface.Top view: The two possibilities (A,B) for closed-
packedmetal layers to start the stacking sequenceon a quasihexagonal
bca110) surface.Side view: Four different stacking sequence®f close
packedmetalplaneson bca110) surfacesendingup eitherwith two (0002
orientedhcp or two (111) orientedfcc domains.

namely ‘c ABCABC.. or ‘c’BACBAC... Here ‘c’ de-
notesthe quasihexagonaurfacelayer of a bcq110) crystal.
Similar for the hcp casewere ‘c’ ABAB... or ‘c’ BABA...
stackingoccurs.However,if the surfaceis of the hcp(0001)
type, thenthereare, due to the presenceof stepson a real
surface,two possiblesurfaceterminationsfor eachdomain.
In the hcp(0001) caseit is thereforenot possibleto distin-
guishbetweersituationswith oneor two domainswith XPD
or LEED (seelater. Finally, our XPD resultsshowthatall Y
hydride films, i.e., from the « up to the y-phasefollow the
so-called Nishiama-Wassermanrorientation on W(110),*
wheremostdenselypackedmetal rows ([ 101]se.,[2110];c)
are parallel to the [001],.. axis of the bcd110) substrate.
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Thereis a 13:15match(within ~1%), i.e., a supercellcom-
mensuratiorbetweenthe Y[2110],, distanceof 3.65A and
the W[001],, distanceof 3.16 A.

Figures6(a)—6(c) display the sequencef LEED experi-
mentsstartingwith a'Y film depositedat 700 K without any
H, backgroundpressurg(a-phaseg [Fig. 6(a)], a Y film de-
posited at 500 K under a H, partial pressureof 5
X 10”8 mbar (B-phase [Fig. 6(b)], andthe Y film of Fig.
6(b) beingloadedwith 1 bar purifiedH, in the HPRCduring
144 s (y-phase [Fig. 6(c)]. As expectedfor a hcp(0001)
orientedY film, LEED from the a-phaseyields a hexagonal
pattern[Fig. 6(a)]. A hexagonabpatternwith six equallyin-
tensespotsis alsoobservedor the g-phasd Fig. 4(b)]. It is
consistentwith two equally populatedfcc(111) domainsro-
tatedby 180° with respectto eachother.A carefulanalysis
of the surfacereciprocallattice indicatesthat the surfacelat-
tice constantslightly increaseq~1%) when going from «
[Fig. 6(a)] to B [Fig. 6(b)]. In turn, for the transitionfrom B
[Fig. 6(b)] to y [Fig. 6(c)] a further increaseof the basal
plane lattice parametercould not be resolvedwith LEED.
Comparedo the B-phasethe observatiorof a (1x1) surface
symmetryappeargo be contradictoryto neutronscattering
experimentgevealingthe HoD; structurefor the y-phase’®
Indeed,accountingfor the HoD; structureone would, com-
paredto the surface symmetry of the B-phase,expecta
(/3% /3)R30° surfacesymmetryfor c-axis orientedY  tri-
hydride films.3® However, one has to remember that the
high mobility of the proton ends up with a very small
Debye-Waller factor and hydrogenis not expectedo con-
tribute to the LEED pattern.Basedon the LEED experiment
alonewe thereforecan not concludeif, in the nearsurface
region,the H atomsstill occupythe peculiarinterstitial sites
of the HoDj5 structure,or if the wave-like H displacements,
which areatthe origin of the HoD; structurearemodifiedor
evensuppressedln turn, the six equally intensespotsob-
servedin the y-phase[Fig. 6(c)] are consistentwith a
hcp(000Y) orientedY lattice.
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Fic. 6. LEED patterng40 eV) takenfrom differentY hydridephasesNote thatLEED and XPD patternsarenot orientedidentically. (a) Y film depositedat
700K without H, backgroundpressurga-phase. (b) Y film depositedindera H, partial pressureof 5X 10~ ¢ mbarat 500K (B-phasg. (¢) Y film from (b)

after exposureto 1 bar purified H, in the HPRC during 144 s (y-phase.



Exceptfor the slight H-inducedexpansiorof the Y lattice
thelateralarrangemenof Y atomson thefcc(111) surfaceis
the sameasthat on hcp(0001) surfacesTherefore,a simple
kinematic LEED patternanalysisdoesnot provide conclu-
sive information on the H-inducedphase-transformatioria
yttrium. However,the high definition of the LEED spotsin
the differentY hydridephasegFigs. 6(a)—6(c)] is indicative
for the retentionof long-rangeorder.Maintenanceandiden-
tification of the short-rangeorder is demonstratedby the
well-definedXPD patterns|[Figs. 4(a)—4(c)]. Thereforeand
despitethe c-axis expansiorof ~15%whengoingfrom « to
v, no loss of crystallinity occurredduring theseH-induced
structural transformationsMoreover, both of thesefactors
are consistentwith the diffusionlesstranslation of close-
packedY planeswhichis themechanisnbehindmartensitic
transitions**

The pure a-phaseis a solid solutionwherethe hydrogen
atomsaredistributedstatisticallyin thetetrahedralnterstices
of thehcp Y lattice. As soonasthe a-phaseis saturated x
~0.2),! with increasingH concentrationthe systemcrosses
the (a+ B) two-phaseregimeuntil the saturatedw-phasehas
beencompletelyconvertedo the pure g-phase.The equilib-
rium pressureat the isothermalplateauof Y dihydride is
very low (10~ 8 mbarat 800 K),! however further hydrogen
adsorptionneedsmuch higher pressureshan usedin our
experimentsTherefore the H concentratiorof the dihydride
film grown undera H, partial pressureof 5x10 % mbar
(B-phase [Figs. 4(b) and 6(b)] correspondsto the lower
boundaryof the pure B-phase(x~1.99),! that is a single
phasedihydride with 0.01%tetrahedralacanciesThe pure
B-phasealso hasa relatively large existenceregion (=1.99
<x=2.1)! andcanbe consideredisa solid solutionwith the
excessH atomsdistributedstatisticallyin the octahedrain-
tersticesof thefcc Y lattice (note,that octahedrabccupancy
occursbefore all tetrahedralsites are occupied. Once the
B-phaseis saturated x~2.1), the systemcrosseshe (8+y)
two-phaseregimeuntil the saturated3-phasehasbeencom-
pletely convertedo the pure y-phase(~2.9<x=<3.0).! Due
to the very slow desorptionkinetics (seelater we conclude
that the H concentratiorof the trihydride film discussedn
this study [Figs. 4(c) and 6(c)] correspondso the lower
boundaryof the pure y-phase(x~2.9),! that is a single
phasetrihydride with 0.1% octahedralvacancies.

In the following we discussthe caseof Y hydride films
eitherin the (a+ B) or in the (8+y) two-phaseaegimes.This
is doneby meansof azimuthalscansacrossthe relevantfor-
ward focusingmaxima(labelsU, W in Fig. 4) and XPS core
level shift andline shapeanalysis(seesubsectiorlV B).

Figure 7 displaysazimuthalcuts throughthe maximala-
beledU and W (Fig. 4). While the plus signsresultfrom a
cut throughFig. 4(a) (pure a-phase, the black dotsandthe
timessignsdisplaythe equivalentazimuthalscanshrougha
single phaseY dihydridefilm [Fig. 4(b)] anda single phase
Y trihydride film [Fig. 4(c)], respectively.The curveswith
the opencircles and opendiamonds(their XPD patternare
not shown were obtainedafter annealinga single phaseY
dihydridefilm to 900K during~2 and~7 min, respectively.
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Fic. 7. Azimuthal scansillustrating the H-induced a to B (polar angle
©®=34° and B to y (polar angle ®=32° phasetransitions. (®) pure
a-phasdilm. (@) pure -phasefilm. (®) purey-phasdilm. Y hydridefilms
in the (a+B) two-phaseregime obtainedupon heatinga single phaseY
dihydridefilm to 900K during (O)~2 min and( < )~7 min, respectivelyY
hydride films in the (8+7) two-phaseregime obtainedafter exposinga
single phaseY dihydride film during 4 min to (A) 100 mbarand (dJ) 200
mbar purified H,, respectively.The hairline curvesserveasa guide to the
eyesto outline the U maxima. The solid lines are the bestfits to the W
maximausing a Gaussiarfunction.

They are characteristicfor Y hydride films in the (a+ )
two-phaseregime.In turn, exposirg a Y dihydride film to
purifiedH, thetransitionfrom B to y canbeinduced.Indeed,
the open triangles (100 mbar during 4 min) and the open
squares(200 mbar during 4 min) are characteristicfor Y
hydridefilms in the (8+ ) two-phaseregime.

In order to obtain a straightforward estimation of the
phasepopulationsin the (a+ ) two-phaseregimeeachazi-
muthal cut wastreatedasfollows. First the U maximawere
normalizedbetween0 and 1 for eachazimuthalcut®® Then
the respectiveWW maximawere fitted with a Gaussiarfunc-
tion (with the offsethold at zerg. The solid curvesin Fig. 7
are the bestfits to the different cuts. Finally, eachcut from
films in the (a+ B) two-phaseaegimewasrenormalizedsuch
that the apexof the bestfit to the black dots (pure g-phase,
i.e., 0% hcp equals0 andthe apexof the bestfit to the plus
signs(pure a-phase,i.e., 100% hcp equalsl. For the B to
v-phasetransitionthe samedatatreatments applicable.For
the (a+ B) two-phaseaegimewe find that 52% (opencircles
in Fig. 7) and76% (opendiamondsn Fig. 7) of theY atoms
populatethe a-phase.Thus, upon annealig a Y dihydride
film (black dotsin Fig. 7), the intensity of the W maxima
increasesas a function of decreasingH concentration.In
turn, for the transitionfrom B to y we find that 19% (open
trianglesin Fig. 7) and76% (opensquaresn Fig. 7) of theY
atoms populate the y-phase,i.e., the intensity of the W
maximaincreasewith increasingH concentration.

B. H concentration estimation: Y 3d core level

analysis

Figure 8 showsthe photoemissiorintensityin the region
of the XPS'Y 3d doubletasa function of the electronbind-
ing energy.Comparedo the spectrumtakenfrom the “clean
metal”?° (a-phase [Fig. 8(a)], for Y depositionundera H,
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Fic. 8. XPS spectra(dots illustrating peakpositionsandline shapeof the
Y 3d doubletduring the H-inducedphase-transitionga) “clean metal?
film (Y depositionat 700 K without H, backgroundpressurg (b) Y film

depositedundera H, partial pressureof 5x 10”6 mbarat 500K (3-phase.

(c) Y film from (b) afterexposureto 1 bar purified H, in the HPRCduring
144 s (y-phase. Y hydridefilms in the (a+ B) two-phaseregime obtained
upon heatinga single phaseY dihydride film to 900 K during (d)~2 min

and (e)~7 min, respectively.Y hydride films in the (8+y) two-phasere-
gime obtainedafter exposinga single phaseY dihydridefilm during 4 min

to (f) 200mbarand(g) 200mbarpurified H, , respectivelyThe solid curves
arethe bestfit to the spectra(d)—(g).

partial pressureof 5x 10~ ® mbarthe Y 3d doubletis shifted
by 0.4 eV towardshigherbinding energieg Fig. 8(b)]. More-
over,dueto anintensehigh-binding-energyail the linewidth
is muchlarger.After exposurego 1000mbarduring 144 sthe
Y 3d doubletis further shiftedtowardshigherbinding ener-
giesby 1.5 eV andits line shapeis nearly symmetric[Fig.
8(c)]. Comparedto the spectrumtakenfrom the hydrogen
freeY film ashift of 0.4and1.9eV is comparableo values
takenfrom polycrystallineY dihydrideandY trihydride bulk
samples,respectively:>'® Therefore, our interpretation of
Figs.4(b) and4(c) in termsof single-crystalliney dihydride
andY trihydride films is confirmed.The changein chemical

10

environmenis necessarilydueto hydrideformation,sincein
all experimentsno O contaminationcould be detectedwith
XPSé Moreover,for Y,0; flms we measurea shift of 2.5
ev?

UponannealinganY dihydridefilm to 900K the binding
energyaswell asthelinewidth of theY 3d doubletgradually
decreaséFigs. 8(d) and8(e)]. A spectrumidentical to that
from the “clean metal”?° [Fig. 8(a)] is achievedwithin 2
min whenthe dihydridefilm is heatedo 1100K. Exposinga
Y dihydridefilm to 100 mbarH, during4 min inducesmore
drasticchanges.The Y 3d doubletshifts to higher binding
energies,its linewidth broadens,and, most strikingly, the
Y 3d3,, componentbecomesmore intensethan the Y 3ds,
component[Fig. 8(f)]. Moreover, the high-binding-energy
tail of the correspondingY 3d doublet contains a weak
shoulderwhose energy position coincide with the Y 3ds,
componentof the Y trihydride spectrum[Fig. 8(c)]. Expo-
sureto 0.2 bar H, further shiftsthe Y 3d doubletby 1.4 eV
and, now, a weak shoulder becomesvisible in the low-
binding-energytail [Fig. 8(g)].

Since XPD very directly allows for a simple linear com-
bination of the hcp andfcc structures(seeFig. 7) the ques-
tion ariseswhetherthis is also the casefor the core-level
spectraFig. 8). Forthe (a+ B) two-phaseaegimeit turnsout
that a simple linear combinationof (a) and (b) doesfit nei-
ther (d) nor (e). Justsofor the (8+ y) two-phaseegime,i.e.,
a simplelinear combinationof (b) and(c) doesnot fit (f) or
(g). Neither the widths nor the intensity ratios of the spin
orbit split Y 3d arereproducedThe situationis moresubtle.
Very good coincidencein peakpositionsand intensity ratio
is only achievedvhenthe “clean metal”?° (dihydride spec-
trum usedfor the linear combinationis first shifted towards
higherbinding energiesandthenlinearly combinedwith the
dihydride (trihydride) spectrum Figure 9 displaysthe mini-
mal chi squareof the differencebetweenthe corresponding
linear combinationsand the experimentakpectraas a func-
tion of the shift of the “clean metal”?® AE, (dihydride
AEg) spectrumtowardshigher binding energies.The best
fits (solid lines in Fig. 8) are achievedfor AE3*=0.08eV
andAEzat:O.lgeV. After annealinga dihydridefilm to 900
K during 2 min [Fig. 8(d)] and 7 min [Fig. 8(e)] our data
analysisyields an a-phasepopulationof 49% and 73%, re-
spectively.For the transitionfrom B to y we find that 26%
[Fig. 8(f)] and80% [Fig. 8(g)] of the Y atomspopulatethe
v-phase.Thus, the phasepopulationsdeterminedwith our
corelevel analysisprocedurds in good agreementvith the
XPD results(seeFig. 7 and Tablel).

Our corelevel analysisprocedurecanbe explainedwithin
the following model.As the H concentrationincreasesn the
a-phasethe line shapeof the Y 3d doubletis not modified.
Dueto chargetransferfrom Y to H, however,its peakposi-
tion shifts towards higher binding energy. Within the
a-phasg(x=0.2) the concentrations thereforeestimatedria
the chemicalshift of the Y 3d doublet.Thus,referringto the
“clean metal”? spectrumthe quantity A E% correspondso
the shift of the saturateda-phasespectrum.In the (a+ )
two-phaseaegimespectracanbereproducedy alinearcom-
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higherbinding energiesThe bestfits (solid linesin Fig. 8) areachievedor

AE=0.08eV and AE}=0.19eV. Note, that accordingto our model
AEsat and AEZ" correspondo the shift of the saturatede-phasespectrum
comparecto the ‘clean metal”? spectrumandto the shift of the saturated
B-phasespectrumcomparedo the spectrunfrom the lower boundaryof the

puredihydride.

bination of the spectrumfrom the saturatedpure a-phase
with the oneobtainedfrom the Y film atthelower boundary
of the pure B-phase(x~1.99) [Fig. 8(b)]. It is analogoudor
the B to vy transition.In the pure B-phase(~1.99<x<2.1)
the line shapeof the spectrumfrom the Y film at the lower
boundaryof the pure B-phaseis not modified, but with in-
creasingx it shiftstowardshigherbindingenergiesy AEZ"’“.
In the (B+ y) two-phaseaegimespectracanbereproducedy
alinear combinationof the spectrumfrom the saturatecure
B-phasewith the one obtainedfrom the Y film at the lower
boundaryof the pure y-phase(x~2.9) [Fig. 8(c)]. Fromthe
resulting phasepopulation coefficientsthe H concentration
canbe calculatedeasily (seeTablel).
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Our spectroscopidd estimationmethodis supportedby
thefactthatthe Y 3d spectrumtakenfrom a YH, 5 film [see
Fig. 8(f)] is almostidenticalto spectratakenfrom polycrys-
talline YH, ; bulk samplegseeFig. 1 in Ref. 12). Note that
the compositionof the polycrystalline YH, ; bulk samples
was determinedgravimetrically'? In general this model al-
lows to evaluateH concentrationsip to the lower boundary
of the pure y-phase(x~2.9) by meansof photoelectron
spectraof the Y 3d doublet.Sincealreadylow O contami-
nationsinduce substantialchangesn the shapeand energy
position of the Y 3d doublet?® this method requiresvery
cleansamplesMoreover,estimatecconcentrationarebased
on the literaturevaluesof the critical H concentratiorfor the
saturateda-phase(x~0.2), for the lower boundaryof the
pure B-phase (x~1.99), for the saturated g-phase (x
~2.1), andfor the lower boundaryof the pure y-phase(x
~2.9). Unfortunatelythesevaluesare rather widely scat-
tered dependingon the material purity.> Therefore,the un-
certainty of our H concentrationestimationis about +0.1.
However this spectroscopit situ methodis very promising
in that in may also be applied to H-inducedtransitionsin
other RE hydrides.

The trihydride film discussedin this study [Figs. 4(c),
6(c), and8(c)] waspreparedy exposinga dihydridefilm in
the HPRCto 1000 mbar purified H, during 144 s (seeFig.
3). At RT the equilibrium pressureof the isothermalplateau
of Y trihydrideis ~1x 10~ mbar? After the desiredhydro-
genationtime the HPRCis evacuatedrom hydrogenandthe
sampleis transfereackto themainUHV vesselbasepres-
surein thelower 10~ **mbarregime. It is, therefore surpris-
ing thatthe film remainsin the puretrihydride phaseduring
severalhours.Obviously molecularH, desorbsvery slowly
from cleanY (tri)hydridefilms. In generalthe overallkinet-
ics of hydrogendesorptionis determinedby the slowestof
the seriesof steps:nucleationand growth of the metal or
different hydride phases,diffusion of atomic hydrogen
(acrosghe metalor hydridephase, transitionfrom bulk sites
via subsurfacesites to the surface, surface migration of
chemisorbedatomic H, the recombinationof two H atoms
diffusing on the surfaceto a H, moleculeto regainthe heat
of dissociationin orderto overcomethe heatof chemisorp-
tion, and, finally, the transportof molecularhydrogenaway
from the surface As explainedin the following we presume

TasLE |. Phasepopulationsand estimatedH concentrations for differentY hydride films in the two-phase
regimes.For eachfilm the resultsobtainedfrom XPD and XPS corelevel analysisareindicated.

Y dihydridefilm (x~1.99)

Annealedto 900K during

Exposedduring 4 min to

7 min 2 min 100 mbarH, 200 mbar H,
Population XPD XPS XPD XPS XPD XPS XPD XPS
% a-phase 76 73 52 49
% p-phase 24 27 48 51 81 74 24 20
% y-phase 19 26 76 80
Estimatedx 0.63 0.68 1.06 1.11 2.25 2.31 2.71 2.74




that the transitionfrom subsurfacesitesto the surfaceis the
rate-limiting process.

Ontheonehand,it is well knownthatuponH adsorption
the distancebetweenclose-packedy layers increases(by
~15% when going from « to y).1* On the otherhand |-V
LEED data demonstratehat the interatomic distancesbe-
tween the first few surface layers of hcp(0001) oriented
heavy RE crystalsrelax*”“8 SinceY andthe heavyRE are
very similar from a chemicalpoint of view andhave ,modulo
the lattice constantsjdentical surfaceterminations,similar
relaxationscan be expectedat the Y (0001 surface.Since
relaxationin the top metallayeris energeticallyfavorableas
comparedo deepetayers,subsurfaced sitesareexpectedo
becomemore stablethan bulk sites. Taking accountof the
exothermic nature of Y  dihydride (AH,_ g4
=—113kJ/mol) and Y trinydride  (AHg_ =
—44.85kJ/mol) formation, we concludethat the potential
energybarrie a H atomhasto overcomeduring the transi-
tion from subsurfacesitesto bulk sitesis smallerthan that
for the transitionfrom subsurfacesitesto the surface.Thus,
the fact that the distancebetweenthe first layerscan be ad-
justedmore easily than betweenplanesin the bulk hastwo
importantconsequencedsirst, it reducesthe numberof H
atomsdiffusing on the surfacedrastically.Consequentlythe
probability for two H atomsdiffusing on the surfaceto meet
eachotherandto recombineto a H, moleculeis very small.
MolecularH, thereforedesorbsvery slowly from Y hydride
films. Second,it leadsfor all H concentrationdo an en-
hancedhydrogencontentin the subsurfacaegion.

Consideringa Y hydridefilm immediatelyafter exposure
to 1000 mbar purified H, during 144 s [Figs. 4(c), 6(c), and
8(c)] the H concentrationtherefore,is expectedo increase
very sharply from zero to its maximal value (X;.=2.9)
when going from the vacuum to the subsurfaceregion.
Within thefilm the H concentratiorwill remainconstaniand
thengraduallydecreasé¢o zerowhenapproachinghe Y -W
interface.lt is obviousthat dueto the very slow H, desorp-
tion discussedbovethe overallH concentratiorof the film
will reduceasa function of time. However,sincethe poten-
tial energybarrierfor transitionsfrom bulk sitesto subsur-
face sitesis expectedto be significantly smaller than for
transitionsfrom subsurfacesites to the surface,H atoms
leaving the subsurfaceregion towardsthe surfacewill be
replacedwith H atomsdiffusing from deeperegionsof the
film at once. Thus, while the H concentrationslowly de-
creases$n deeperegionsof thefilm, in the subsurfaceegion
the puretriydride phaseoutlives. Taking accountof the sur-
face sensitivity of the photoemissiorexperimertt® it is then
no longer surprisingthat from the view point of photoemis-
sion Y trihydride films outlive during severalhours.

Different studiessupportour scenarioof an enhancecH
concentrationin the subsurfaceregion. In particular, a
strongly enhancedhear-surfacesolubility was reportedfor
Nb and Pd®*5! suggestedor polycrystallineY films!# and
predictedfor S{0001).°? In CeH,.., however the opposite
was observed:At low temperaturesomesurfacehydrogen
seemgo diffuse into the bulk leadingto a H-depletedCeH,
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Fic. 10. Normal emissionphotoelectronspectra(monochromatizedHe |,

hv=21.2eV) illustrating the effect of contaminationson the measured
spectraas well as the influence of the H, purity on the H uptake rate.
Binding energiesarereferredto the Fermilevel. The dottedcurvesandsolid

lines represenspectrameasuredrespectively immediatelyand ~4 h after
the preparationwas accomplished(a) YH, oo (Y depositedundera H, par-

tial pressure5x 10 ® mbar at 500 K). (b) YH,; (clean YH, oo film after
exposureto 200 mbar purified H, in the HPRC during 240 s). (¢) YH,4

(clean YHq oo film after exposureto 1000 mbar purified H, in the HPRC
during 144 s). (d) Slightly contaminatedYH, ; (clean YH, o film after

exposureto 1000 mbar unfiltered6N-H, in the HPRC during 180 ).

surface>®>* Accounting for the thermally induced lattice
contraction,this phenomenorappeardo be contradictoryto
our scenario However,this is not the case.Ce hydridesare
particularin thatfor hydrogenconcentrationgbovex= 2 the
lattice contractsuponH loading.Thus,if coolingitself starts
to contractthe lattice, it inducesa redistributionof hydrogen
atomswith an infinitesimal increaseof bulk concentration
and somedepletionat the surface,where the expansionis
energetically favorable. Nevertheless further experiments
arerequiredto checkthe abovescenario.

C. ARUPS results

To our knowledgethe ARUPS datadiscussedn the fol-
lowing arethefirst ARUPSspectrarom single-crystallineY
hydride films. However,sincethe presentarticle dealswith
the preparation and characterization of clean single-
crystallineYH, films (0=x=2.9) in this paragraptwe focus
on the effect of contaminationson the measuredspectraas
well as on the influenceof the H, purity on the H uptake
rate. The H-inducedmetal-insulatortransitionin Y, whichis
unequivocallyconfirmedby thesespectrawill be discussed
elsewheré?!

Figure10displaysHe | exitedelectronenergydistribution
curvesobtainedin normalemissionasa function of the elec-



tron binding energy.To begin with, let us briefly consider
the cleanestspectrd dotted curvesof Fig. 10(a)—10(c)]. We
find thatwith increasing, i.e.,whengoingfrom YH; o[ Fig.
10(a)] via YH, 7 [Fig. 10(b)] to YH, ¢ [Fig. 10(c)], the elec-
tron emissionshifts to higher binding energiesand the for-
mation of hydrogen-inducedandsis revealed.Moreover,
the intensityat Eg graduallyfadesout to endup with a gap
extendingas far as 1 eV below E¢ in the trihydride [Fig.
10(c)]. Assumingthe gap to be symmetricaroundEg our
finding fits nicely with optical transmissionspectroscopy
datatakenfrom PdcappedpolycrystallineY trihydride films
revealinga gapof ~1.8eV.>" Note, thatvalencebandspec-
tra of Y hydride films within the (8+7) two-phaseregime
[Fig. 10(b)] cannotbe explainedby linearly combiningthe
spectrafrom the pure dihydride phase[Fig. 10(a)] and the
puretrihydride phasd Fig. 10(c)]. Obviously,the situationis
moresubtle.

Naturally and as revealedby XPS, the contamination
level of the Y hydridefilms slowly increasewith time. The
effect of the increasingcontaminatiorlevel on the measured
spectrabecomesevident by comparingthe dotted curves
(spectrameasuredmmediatelyafter the preparationwasac-
complishedl with the solid lines (spectrameasured<4 h af-
ter the preparatiorwas accomplishegof Figs. 10(a)—10(c).
Obviously,the increasingcontaminatiorlevel affectsmainly
statesabove~4 eV binding energy.Below ~4 eV binding
energy,however,the spectraare scarcelymodified after ~4
h. In particular,in the caseof the trihydride [Fig. 10(c)], the
gapis still present.Theseobservationgurther confirm that
molecular H, desorbsvery slowly from cleanY hydride
films.

All films within the (8+7) two-phaseregime and the
y-phasediscussedso far were preparedby exposinga clean
Y dihydride film to purified H,, i.e., to H, permeated
throughthe Pd-24%Ag tube (seeSec.llIl). In contrast,the
spectrumof Fig. 10(d) was taken after loading a cleanY
dihydride film with “unfiltered” 6N-H, (1000 mbarduring
180 s). The “unfiltered” 6N-H, was dosedvia the bypass
with the LN, cold trapsactivatedas well aswith the getter
alloy in the getter chamber(see Fig. 1). Surprisingly, the
spectraof Figs. 10(d) and10(c) (YH, g film) arecompletely
differenteventhoughboth weretakenafter exposinga clean
Y dihydride film to 1000 mbar H, during 180 and 144 s,
respectively.The spectrumof Fig. 10(d), however,is very
similar to the spectrumof the slightly contaminatedYH, ;
film [solid line of Fig. 10(b)]. This is in agreementith the
analysisof the correspondingy 3d core level (not shown
yielding an x value of ~2.7. Thus, after exposinga cleanY
dihydridefilm to 2000mbar“unfiltered” 6N-H, during 180
s thefilm is within the (8+ y) two-phaseaegime,while after
exposureto 1000 mbar permeatedH, during 144 s the
y-phaseis fully developedMoreover,we concludethat H,
permeatedhroughthe Pd-24%Ag tube is cleanerthan 6N-
H, subjectedto severalLN, cold traps.As alreadyspecu-
lated by Kremersetal.,'” our observationindicatesthat the
H adsorptionrate strongly dependson the H, purity. The
catalytic activity of yttrium itself for hydrogendissociation
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mustthereforebe considerablebut very sensitiveto poison-
ing of the surface.

V. SUMMARY

In summary,we have successfullypreparedand charac-
terizedclean,single-crystallineYH, films (0=x=<2.9) ona
W(110 crystal. We find that direct Y dihydride (x~1.99)
growth, i.e., Y evaporationundera H, partial pressuresof
~5x10 ®mbarat500K on W(110), is the mostconvenient
startingpoint for the preparatiorof cleansingle-crystalliney
hydride films covering H concentrationsfrom the clean
metal (x~0) up to the lower boundaryof the pure y-phase
(x~2.9). In contrastto the case of H loading after Y
depositiont® directly grownY dihydridefilms arefreeof any
contaminationand their preparationis simple and well re-
producible.On the one hand,it is possibleto adjustthe de-
sired H concentratiorwithin the a-phase(x<~0.2) or the
(a+pB) two-phaseregime (~0.2<x<~1.99) upon anneal-
ing Y dihydride films. On the other handtransferringY di-
hydride films into our homemadeJHV compatibleHPRC
and exposingthem up to 1000 mbar purified H, the transi-
tion from B to y (x=~2.9) can be inducedwithin a few
minutes.Carewastakenthatthe H loading/unloadingproce-
dure,the LEED experiment,and the sampletransferto the
analysispositionweredonewithin 15 min afterthe Y depo-
sition was accomplished.Most satisfactorywe note, that
~30 min afterY depositionthe oxygencontaminatiorievel
still was below the limit of detectabilityof XPS. However,
one shouldkeepin mind that dueto the residualgasthe O
contaminatiorievel of bothY andY hydridefilms increases
by ~0.2% per hour (crosssectioncorrectedO1s to Y 3d
intensity ratio), and, consequentlythe measuringtime for
reliablephotoemissiorexperimentss limited by therequire-
ment of clean samplesto ~4 h. Note, that in contrastto
previousstudies>*>!" preparatiorandexperimentsaredone
in situ, andthefilms arenot cappedby a protectivePd layer.

We would like to point out thatit is the extensionof our
spectrometewith the homemaddJHV compatiblehydroge-
nation systempresentedn Sec.lll, that madeit possibleto
load cleanY dihydride films up to the trihydride phasein
situ. The hydrogenationsystemcombinesa HPRC with an
hydrogenpermeationcell basedon a Pd—24%Ag tube. The
hydrogenpermeatiorcell is usedto removeimpuritiesfrom
gaseous$N hydrogenand,thus,to minimize the contamina-
tion of the films during H, exposuran the HPRC. After the
desiredhydrogenatiortime the HPRC s, for the samerea-
son,evacuatedby a simplerealizationof anoil-free pumping
system,namely a sorption pump basedon a getter alloy
(70%Zr-24.6%V-5.4%Fe¢ absorbinchydrogerefficiently at
RT. The overall designis suchthatthe samplenevergetsin
contact with non-UHV compartmentsOur hydrogenation
systemis routinely usedwith hydrogenpressuresp to 1.3
bar.

For direct Y dihydride growth on W(110) the formation
of two equally populatedfcc(111) domainsrotatedby 180°
with respectto each other is observed.The formation of
differentdomainsis inducedattheW(110-Y interface.Due



to the quasihexagonalityof the bcq110) surface, close-
packedY layersstartstackingeitherin the A or B orienta-
tion. In the @ and y-phase,were the Y atomsoccupy the
lattice sitesof a hcp(0001) orientedcrystal, we also expect
the prescenceof two equally populateddomainsrotatedby
180°with respecto eachother.However,if the surfaceis of
the hcp(000)) type, neitherXPD nor LEED candistinguish
betweersituationswith oneor two domainsMostimportan-
tely XPD and LEED demonstratehat, despiteof the c-axis
expansionof ~15% when going from « to v, no loss of
crystallinity occurred during the H-induced martensitic
transformationsof the Y lattice. Moreover, all Y hydride
films, i.e., from the « up to the y-phasefollow the so-called
Nishiama-Wassermannorientatiof®> on W(110, where
most densely packed metal rows ([ 101]¢,[2110],c) are
parallelto the[ 001],. axis of the bca110) substrate.

Our model for H concentrationestimation esthablished
previously for the a to B-phasetransition!® hasbeensuc-
cessfullyextendedo the B to y-phasetransition.It is based
on line shapeand peak position analysisof the Y 3d core
level. Note thatwe canmonitor peakpositionandline shape
of the Y 3d during annealingthe sampleon the analysis
position, thus, we can adjust the desiredH concentration
within the a-phaseor the (a+B) two-phaseregime easily.
Consistentvith the XPSanalysis XPD offersthe possiblility
to directly determinethe phasepopulationin the two-phase
regimes.

When going from the dihydride to the trihydride normal
emission ARUPS data reveal the formation of hydrogen-
inducedbandsMoreover,theintensityat Eg graduallyfades
out to endup with a gapextendingasfar as1 eV below Eg
in the trihydride. The slowly increasingcontaminationevel
affects mainly statesabove ~4 €V binding energy, while
statesbelow~4 eV bindingenergyarescarcelymodified~4
h after the Y depositionwas accomplishedMoreover,the
importanceto removeimpuritiesfrom gaseou$N hydrogen
using the hydrogenpermeationcell becomesevidentwhen
comparingARUPS data taken from Y hydride films after
exposureto 1000 mbar 6N-H, during 180 s with films ex-
posedto 1000 mbar purified H, during 144 s. In the caseof
“unfiltered” hydrogena slightly contaminatedilm within
the (B+17) two-phaseregime results, while for permeated
hydrogenthe film is clean and the y-phaseis fully devel-
oped.Furthermorethis observationindicatesthat the H ad-
sorptionratestronglydepend®n the H, purity. The catalytic
activity of yttrium itself for hydrogen dissociation must
thereforebe considerablebut very sensitiveto poisoningof
the surface.Finally, the fact that the pure trihydride phase
outlives during severalhourswhen the sampleis handeled
underUHV conditions,demonstratethat molecularH, des-
orbsvery slowly from cleanY (tri)hydridefilms. A scenario
basedon enhancedd concentratiorin the subsurfaceegion
combinedwith the surfacesensitivity of the photoemission
experimenis proposedo explainthis from the viewpoint of
thermodynamicsurprisingobservation.

Theresultspresentedn this article demonstratéhe capa-
bility of our experimentaketupfor in situ investigationson
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the geometricaland electronicstructureof Y hydridesasa
functionof the H contentusingangle-resolveghotoelectron
spectroscopyWe would like to point out thatthe application
of our setupis by no meanslimited to Y hydrides.Indeed,
cleansingle-crystallineYb hydride films have beeninvesti-
gatedsuccesfully>® and the preparatiorand investigationof
the other RE hydridesshouldbe possilbeaswell. In future
experimentsve planto studynot only the concentratiorde-
pendencebut alsothe temperaturelependencef the struc-
tures and electronic properties observedin the different
phase®f RE hydrides.For examplethe temperaturénduced
metal-insulator transitionsreportedfor superstoichiometric
REH, . (hereRE=Y, Gd, Ho, Er) betweer250and300K*
warrantsto be investigatedwith photoemission.
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