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Observation of the reversible H-induced structural transition in thin Y films
via x-ray photoelectron diffraction
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Yttrium canbe loadedwith hydrogenup to high concentrationscausingdramaticstructuralandelectronic
changesof thehostlattice.We reporton thereversibilityof hydrogenloadingin thin single-crystallineY films
grown by vapordepositionon W~110!. Undera H2 partial pressureof 131025 mbar the hexagonal-closed-
packedY films convertto the face-centered-cubicY dihydride.Unloadingis accomplishedby annealingthe
dihydride to 1000 K. No loss of crystallinity is observedduring thesemartensitictransformationsof the Y
lattice.Moreover,we demonstratea model to determinethe H concentrationin Y in situ.
Theinteractionof hydrogenwith Y, La, andtherare-earth
~RE! metalshasbeenthesubjectof numerousinvestigations
due to the interesting temperature- and concentration-
dependentstructuresandpropertiesobservedin thesolid so-
lution ~a phase! as well as in the stabledihydride ~b! and
trihydride ~g! phases.1 An exampleis the recentobservation
of switchableoptical propertiesof Y and La hydride films
where shiny, metallic dihydride films becometransparent
semiconductorsin thetrihydridephase.2 It is obviousthatthe
geometricalandelectronicstructureof RE hydridesarekey
quantitiesfor the understandingof all theseproperties.

For Y, thegeometricalstructureof thehost-latticeandthe
hydrogen atom positions are well known over the entire
rangeof H concentrations:Y crystallizesin the hexagonal-
closed-packed~hcp! structure,while its dihydridetransforms
to a face-centered-cubic~fcc! CaF2-type structure.1 The in-
sulatingtrihydride, finally, possessesa hcp unit cell ~HoD3
type!.3 The electronicstructureof Y hydrides,however,is
still a matterof dispute.1

Up until recentlymost work on hydrogenin Y hasbeen
doneusingpolycrystallinebulk or powdersamples.Existing
photoemissionspectroscopydatathereforeonly yields infor-
mationon the occupieddensityof statesor on chargetrans-
fer from Y to H via core-levelshifts.4–7 The reasonfor the
absenceof experimentalband-structuredatabasedon angle-
resolvedultravioletphotoemissionspectroscopy~ARUPS! is
dueto the fact that lossof singlecrystallinity during thefirst
transition ~a to b! is difficult to avoid and that most bulk
samplesdecomposeinto powderwhile going from b to g.1

Recentlyanx-ray diffraction studydemonstratedthat in thin,
monocrystallineY films, the structuralcoherenceis main-
tainedduring cycling ex situ betweenthe dihydrideand the
trihydride phases.8

In this study we demonstratethat it is possibleto trans-
form thin, single-crystallineY films into thedihydridephase
and to unload them again without loss of order. We used
x-ray photoelectrondiffraction ~XPD! to observe,in real
spaceandnearthe surface,the changesoccurringdueto the
H-inducedstructuraltransitions.In contrastto the previous
study,8 experiment,loading,andunloadingaredonein situ,
andthefilms arenot cappedby a protectivePd layer,a most
crucial prerequisitefor future ARUPS studieson the elec-
tronic structureof Y as a functionof hydrogencontent.Fur-
thermore,basedon XPD and hydrogen-inducedcore-level
shifts we proposea model to determinethe H concentration
in Y in situ.

XPD hasbeenchosenbecauseof its chemicalsensitivity
and its sensitivity to local real-spaceorder. It is a powerful
techniquefor surfacestructural investigations,9 and it has
been shown that full hemisphericalXPD patternsprovide
very direct informationaboutthe near-surfacestructure.10–13

At photoelectronkinetic energiesaboveabout500 eV, the
strongly anisotropicscatteringby the ion cores leads to a
forward focusing of the electron flux along the emitter-
scattereraxis. The photoelectronangulardistribution,there-
fore, is to a first approximationa forward-projectedimageof
theatomicstructurearoundthephotoemitters.TheXPD data
are presentedin so-calleddiffractograms,i.e., in a stereo-
graphicprojectionandin a linear gray scalewith maximum
intensitycorrespondingto white ~Fig. 1!. The centerof each
plot correspondsto thesurfacenormal~polaremissionangle
Q50°) while the outer circle representsdirectionsparallel
to thesurface(Q590°). Single-scatteringcluster~SSC! cal-
culationshavebeenusedto interpretthe XPD patterns.The
SSCmodelusedfor photoelectrondiffraction is discussedin
detail elsewhere.9 Note that the cross section for forward
scatteringincreaseswith increasingatomic number.14 As a
rough guide, at electronkinetic energiesabovea few hun-
dredeV, forward scatteringis generallytoo weak to be ob-
served for hydrogen. H atoms, therefore, have been ne-
glectedin all simulations.

Experimentswere performed in a Vacuum Generators
ESCALAB Mk II spectrometermodified for motorizedse-
quentialangle-scanningdataacquisition,10 and with a base
pressurein thelow 10211 mbarregion.Photoelectronspectra
and diffraction patterns were measuredusing Mg Ka
~hn51253.4eV! radiationwith thesamplekeptat roomtem-
perature.The overall energyresolutionis approximately1
eV. In order to depletethe W~110! crystal from C, it was
annealedto 1500 K during 125 h underan O2 partial pres-
sureof 1027 mbar.Subsequentlythe crystal was flashedto
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FIG. 1. Stereographicprojectionof experimentaland calculated~SSC! Y 3d5/2 intensities.All patternsare orientedwith the @001#bcc

directionof the underlyingW~110! crystalpointing to the top. Labelsareexplainedin the text. ~a! Y film asdeposited.~b! Y film after H
loading.~c! Y film after H unloading.~d! Calculationincluding Y atomsin eight layersof an ~0001! orientedhcp cluster.~e! Calculation
including Y atomsin eight layers of two fcc~111! clustersrotatedby 180° with respectto eachother. ~f! Two possibilities~A, B! for
closed-packedmetal layersto start the stackingsequenceon a quasihexagonalbcc~110! surface.
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2500 K.15 As a result, no C or O contaminations could
detected with x-ray photoelectron spectroscopy~XPS! and
low-energy electron diffraction~LEED! displayed well-
defined and sharp~131! spots indicating a well ordered su
face. High purity Y~99.99%! was evaporated from a liquid
nitrogen-cooled electron-bombardment evaporation ce
pressures never exceeding 7310211 mbar and with the
W~110! crystal held at 600 K. The thickness of all films w
200 Å as measured with a water-cooled quartz microbala
After deposition, the W~110! signals were no longer visibl
and no O contamination could be detected with XPS. Du
the residual gas the O contamination level of both Y an
hydride films increased by 0.2% per hour~cross-section cor
rected O 1s to Y 3d intensity ratio!. Measuring times wer
chosen such that contamination remained below 1%.

Figures 1~a!–1~c! display the sequence of experimen
starting with the clean Y film@Fig. 1~a!# being loaded with H
@Fig. 1~b!# and unloaded again@Fig. 1~c!#. XPD from the Y
film as deposited@Fig. 1~a!# reveals sixfold symmetry with
flowerlike design in the center and prominent maxima aQ
'34° ~label U!, Q'52° ~label V!, Q'34° ~label W!, and
Q'50° ~label X!. An SSC calculation including Y atoms
eight layers of an hcp~0001! oriented cluster@Fig. 1~d!# fits
nicely with the experimental diffractogram@Fig. 1~a!#.
Though still sixfold symmetric, exposure of the Y films to
H2 partial pressure of 1025 mbar~700 K during 2 h! induces
drastic changes in the Y 3d5/2 diffractogram@Fig. 1~b!#. The
flowerlike design in the center of the diffractogram becom
wheellike. Moreover, only maxima atQ'34° ~label U! and
Q'56° ~labelV! remain. The experiment is very well repr
duced by an SSC calculation using eight layers of
equally populated fcc~111! domains rotated by 180° wit
respect to each other@Fig. 1~e!#. The fcc structure reveals th
b phase.1 Note that fcc~111! oriented Y dihydride films can
at
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also be produced by depositing Y under a H2 partial pressure
of 1026 mbar.16 Reversibility towards thea phase is
achieved by heating the dihydride film to 1000 K during 1
@Fig. 1~c!#.

It is the change in the stacking sequence between the
~ABAB . . . ! and the fcc ~ABCABC. . . ! phase that ac-
counts for the disappearance of maxima caused by scatte
events within next-nearest neighboring planes~labelsW, X!
when going from hcp@Fig. 1~a!# to fcc @Fig. 1~b!#. Except for
the slight H-induced expansion of the Y lattice the late
arrangement of Y atoms on the hcp~0001! surface is the same
as that on fcc~111! surfaces. Therefore, a simple kinema
LEED pattern analysis would not provide conclusive info
mation on thea to b phase transformation. However, th
high definition of the LEED spots during H up- and unloa
ing is indicative of the retention of long-range order. Mai
tenance and identification of short-range order is dem
strated by the well defined XPD patterns. Therefore, no l
of crystallinity occurred during these structural transform
tions. Moreover, both of these factors are consistent with
diffusionless translation of closed-packed Y planes, which
the mechanism behindmartensitictransitions.17 The forma-
tion of different domains is known to occur duringmarten-
sitic transformations, accounting for the observation of tw
fcc~111! orientations rotated by 180° with respect to ea
other after H loading@Fig. 1~b!#. In the case of direct Y
dihydride growth, when evaporating Y under H2 partial pres-
sure, two fcc~111! domains may be induced at the W-Y in
terface. Due to the quasihexagonality of the bcc~110! sur-
face, closed-packed Y layers can start stacking either in thA
or B orientation@Fig. 1~f!#. For the fcc case this results i
two ~111! oriented domains rotated by 180° with respect
each other. Finally, our XPD results show that both Y and
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dihydride films grown on W~110! follow the so-called
Nishiama-Wassermannorientation,18 where most densely
packedmetalrows (@21̄1̄0#hcp , @101̄# f cc) areparallelto the
@001#bcc axis of the bcc~110! substrate@Figs. 1~d!–1~f!#.

Thea phaseis a solid solutionwherethehydrogenatoms
aredistributedstatisticallyin thetetrahedralintersticesof the
hcp Y lattice. As soon as the a phaseis saturated~'0.2
H/Y!,1 with increasingH concentration,the systemcrosses
into the two-phase~a1b! regimeuntil thesaturateda phase
hasbeencompletelyconvertedto the b phase.The equilib-
rium pressureat the isothermalplateauof Y dihydride is
very low (1026 mbarat 800K!,1 however,furtherhydrogen
uptakeneedsmuchhigherpressuresthanusedin our experi-
ments.Therefore,the H concentrationof the dihydridefilm
discussedin this study @Fig. 1~b!# correspondsto the lower
boundaryof thepureb phase,i.e., 1.8 H/Y. In the following
we discussthecaseof a Y film in thetwo-phaseregime.This
is doneby meansof azimuthalscansacrossthe relevantfor-
ward focusing maxima ~labels U, W in Fig. 1! and XPS
core-levelshift andline-shapeanalysis.

Figure2 displaysazimuthalcuts throughthe maximala-
beledU andW ~Fig. 1!, respectively.The photoelectronin-
tensities from each cut are normalizedbetween0 and 1.
While the opentrianglesresult from a cut throughFig. 1~a!
or Fig. 1~c!, open circles display the equivalentazimuthal
scanthroughtheY dihydridefilm @Fig. 1~b!#. Thecurvewith
theblackdots~its XPD patternis not shown! is characteristic
for a Y hydridefilm in the two-phaseregime.By meansof
the W/U intensity ratio, linearly interpolatingbetweenthe
hcp and fcc structure,the populationof the two phasescan
be estimated.For the mixed phase~black dots! we find that
24% of the Y atomspopulatethe b phase.

Figure3 showsthe photoemissionintensity in the region
of the XPS Y 3d doubletas a function of electronbinding
energy.Comparedto the spectrumtakenfrom the hydrogen
free Y film @Fig. 3~a!#, after H loading the Y 3d doubletis
shifted by 0.4 eV towards higher binding energies@Fig.
3~b!#. Moreover,due to an intensehigh-binding-energytail

FIG. 2. Azimuthal scansat a polar angleof Q534° illustrating
the H-induceda to b phasetransition. (n) Y film as deposited.
(s) YH1.8 film. (d) Y film in the two-phaseregime.
the linewidth is much larger.The changein chemicalenvi-
ronment is necessarilydue to hydride formation, since for
both experimentsthe O contaminationwas below 0.5%. A
shift of 0.4 eV is comparable to bulk values of Y
dihydride.6,7 Therefore,our interpretationof theXPD pattern
of Fig. 1~b! in termsof a single-crystallineY dihydridefilm
is confirmed.In the two-phaseregimethe Y 3d doublet is
shiftedby 0.2 eV only @Fig. 3~c!#, andits linewidth is not as
broadasfor the dihydride.

SinceXPD very directly allows for a simple linear com-
bination of the hcp and fcc structuresthe questionarises
whetherthis is also the casefor the core-levelspectra~Fig.
3!. It turnsout thata simplelinearcombinationof ~a! and~b!
doesnot fit ~c!: neitherthewidth nor theintensityratio of the
spin orbit split Y 3d is reproduced.The situation is more
subtle.Very goodcoincidencein peakpositionsandintensity
ratio is only achievedwhenthepuremetalspectrumusedfor
the linearcombinationis first shiftedtowardshigherbinding
energiesandthenlinearly combinedwith thedihydridespec-
tra. In the presentcasethe bestfit ~solid curve in Fig. 3! is
achievedwith DE50.08eV and26%of thedihydridephase
in goodagreementwith the XPD results.

This procedurecan be explained within the following
model.As the H concentrationincreasesin the a phasethe
line shapeof theY 3d doubletis not modified.Dueto charge
transferfrom Y to H, however,its peakposition shifts to-
ward higher binding energy.In the pure a phase~0 to 0.2
H/Y! the concentrationis thereforeestimatedvia the chemi-
cal shift of the Y 3d doublet.In the two-phaseregimespec-
tra can be reproducedby a linear combinationof the spec-
trum from the saturatedpurea phasewith the oneobtained
from the Y film at the lower boundaryof the pure b phase
@Fig. 3~b!#. From the resultingcoefficientsthe H concentra-
tion canbe calculatedeasily.In the caseof the two-phaseY
film discussedherewe find a concentrationof '0.6 H/Y. In
general,this modelallowsto evaluateH concentrationsup to

FIG. 3. XPSspectraillustratingpeakpositionsandline shapeof
the Y 3d doubletduring the H-induceda to b phasetransition.~a!
Y film as deposited.~b! YH1.8 film. ~c! Y film in the two-phase
regime.The solid curveis the bestfit to spectrum~c! ~seetext!.
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1.8 H/Y ~lower boundaryof the pureb phase! by meansof
photoelectronspectraof theY 3d doublet.Sincealreadylow
O contaminationsinduce substantialchangesin the shape
and energyposition of the Y 3d doublet,16 this methodre-
quires very clean samples.Moreover,estimatedconcentra-
tions arebasedon the literaturevaluesof the critical H con-
centrationfor boththesaturateda phase~0.2H/Y! aswell as
for the low boundaryof the pure b phase~1.8 H/Y!. The
valuesareratherwidely scattereddependingon the material
purity.1 However,this spectroscopicin situ methodis very
promisingin that it may alsobe appliedto the b to g phase
transitionaswell asto otherRE hydrides.

In summary, we have grown well ordered single-
crystallinehcp~0001! Y films on a W~110! crystal.Revers-
ible hydrogenloading up to the fcc dihydride phasewas
achievedundera H2 partial pressureof 131025 mbar.Two
fcc~111! domainsrotatedby 180° with respectto eachother
are observed.No loss of crystallinity occurredduring the
reversible,H-inducedmartensitic transformationsof the Y
lattice, a fundamentalcondition to acquire accurateband-
structuredatavia ARUPSexperiments.16 A modelfor H con-
centrationestimation,basedon line shapeandpeakposition
analysisof theY 3d corelevel, is proposed.Consistentwith
the XPS analysis,XPD offers the possibility to directly de-
terminethe phasepopulationin the two-phaseregime.XPD
turnedout to bea suitablemethodto observethebehavior,in
real spaceand near the surface,of the Y lattice during H
loading.We would like to point out that the applicationof
XPD is by no meanslimited to thea to b phasetransitionin
Y. Phasetransitionsin other RE’s are expectedto be simi-
larly well imagedby this technique.
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