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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 concentrationgausingdramaticstructuraland electronic
changef the hostlattice. We reporton the reversibility of hydrogenloadingin thin single-crystallineY films
grown by vapor depositionon W(110). Undera H, partial pressureof 1x 10~ ° mbarthe hexagonal-closed-
packedY films convertto the face-centered-cubi¥ dihydride. Unloadingis accomplishedy annealingthe
dihydride to 1000 K. No loss of crystallinity is observedduring thesemartensitictransformationf the Y
lattice. Moreover,we demonstrates modelto determinethe H concentratiorin Y in situ.

Theinteractionof hydrogernwith Y, La, andtherare-earth
(RE) metalshasbeenthe subjectof numerousnvestigations
due to the interesting temperature-and concentration-
dependenstructuresand propertiesobservedn the solid so-
lution (o phase aswell asin the stabledihydride (8) and
trihydride (y) phases.An exampleis the recentobservation
of switchableoptical propertiesof Y and La hydride films
where shiny, metallic dihydride films becometransparent
semiconductori thetrihydride phasé It is obviousthatthe
geometricaland electronicstructureof RE hydridesare key
guantitiesfor the understandingf all theseproperties.

ForY, thegeometricaktructureof the host-latticeandthe
hydrogen atom positions are well known over the entire
rangeof H concentrationsY crystallizesin the hexagonal-
closed-packedhcp) structurewhile its dihydridetransforms
to a face-centered-cubitfcc) CaF,-type structuret The in-
sulatingtrihydride, finally, possessea hcp unit cell (HoD5
type).® The electronicstructureof Y hydrides,however,is
still a matterof dispute?

Up until recentlymostwork on hydrogenin Y hasbeen
doneusingpolycrystallinebulk or powdersamplesExisting
photoemissiorspectroscopylatathereforeonly yields infor-
mationon the occupieddensityof statesor on chargetrans-
fer from Y to H via core-levelshifts#~’ The reasonfor the
absencef experimentaband-structurelatabasedon angle-
resolvedultraviolet photoemissiorspectroscopyARUPS is
dueto the fact thatlossof singlecrystallinity during the first
transition (« to B) is difficult to avoid and that most bulk
samplesdecomposénto powderwhile going from B to v.!
Recentlyanx-ray diffraction studydemonstratethatin thin,
monocrystallineY films, the structural coherences main-
tainedduring cycling ex situ betweenthe dihydride and the
trihydride phase$.

In this study we demonstratehat it is possibleto trans-
form thin, single-crystallineY films into the dihydridephase
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® experimentJoading, and unloadingare donein situ,
andthefilms arenot cappedby a protectivePd layer,a most

crucial prerequisitefor future ARUPS studieson the elec-

tronic structureof Y as a function of hydrogencontent.Fur-

thermore,basedon XPD and hydrogen-induced:ore-level
shifts we proposea modelto determinethe H concentration
in Y in situ.

XPD hasbeenchosenbecausef its chemicalsensitivity
andits sensitivity to local real-spaceorder. It is a powerful
techniquefor surfacestructural investigations, and it has
beenshown that full hemisphericalXPD patternsprovide
very directinformationaboutthe near-surfacetructure’®-
At photoelectrorkinetic energiesaboveabout500 eV, the
strongly anisotropicscatteringby the ion coresleadsto a
forward focusing of the electron flux along the emitter-
scattereraxis. The photoelectrorangulardistribution, there-
fore, is to afirst approximationa forward-projectedmageof
theatomicstructurearoundthe photoemittersThe XPD data
are presentedn so-calleddiffractograms,i.e., in a stereo-
graphicprojectionandin a linear gray scalewith maximum
intensity correspondingo white (Fig. 1). The centerof each
plot correspondso the surfacenormal(polar emissionangle
®=0°) while the outer circle representslirectionsparallel
to the surface(® =90°). Single-scatteringluster(SSQ cal-
culationshavebeenusedto interpretthe XPD patterns.The
SSCmodelusedfor photoelectrordiffraction is discussedn
detail elsewheré. Note that the cross section for forward
scatteringincreaseswith increasingatomic numbert* As a
rough guide, at electronkinetic energiesabovea few hun-
dredeV, forward scatteringis generallytoo weakto be ob-
served for hydrogen.H atoms, therefore, have been ne-
glectedin all simulations.

Experimentswere performedin a Vacuum Generators
ESCALAB Mk Il spectrometemodified for motorizedse-
quential angle-scanninglata acquisition'® and with a base
pressurén thelow 10~ ** mbarregion.Photoelectrorspectra
and diffraction patterns were measuredusing Mg Ka
(hv=1253.4eV) radiationwith the samplekeptatroomtem-
perature.The overall energyresolutionis approximatelyl
eV. In orderto depletethe W(110 crystal from C, it was
annealedo 1500K during 125 h underan O, partial pres-
sureof 10”7 mbar. Subsequentlghe crystal was flashedto
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FIG. 1. Stereographiprojectionof experimentalnd calculated(SSQ Y 3ds,, intensities.All patternsare orientedwith the [001],¢
directionof the underlyingW(110 crystalpointing to the top. Labelsare explainedin thetext. (a) Y film asdeposited(b) Y film afterH
loading.(c) Y film after H unloading.(d) Calculationincluding Y atomsin eightlayersof an (0001) orientedhcp cluster.(e) Calculation

including Y atomsin eight layersof two fcc(111) clustersrotatedby 180° with respectto eachother. (f) Two possibilities (A, B) for
closed-packednetallayersto startthe stackingsequencen a quasihexagonadbcq110) surface.

2500 K1° AS a result, no C or O contaminations could be glso be produced by depositing Y under apartial pressure
detected with x-ray photoelectron spectroscgp$S and  of 10°° mbar!® Reversibility towards thea phase is
low-energy electron diffraction(LEED) displayed well-  achieved by heating the dihydride film to 1000 K during 1 h
defined and shar(lx1) spots indicating a well ordered sur- [gjg 1(c)].

face. High purity Y(99.99% was evaporated from a liquid- |t is the change in the stacking sequence between the hcp
nitrogen-cooled electron-bombardment evaporation cell a{ABAB. ..) and the fcc(ABCABC...) phase that ac-

pressures never exceeding<10 ™ mbar and with the .o it the disappearance of maxima caused by scatterin
W(110 crystal held at 600 K. The thickness of all films was events within next-pnpearest neighboring pIal(llabeIsilN X) g

200 A as measured with a water-cooled quartz microbalance, . : )
After deposition, the VL10) signals were no longer visible When going from hcpFig. 1(a)] to fec[Fig. A(b)]. Except for

and no O contamination could be detected with XPS. Due t&he slight H-induced expansion of the Y lattice the lateral

the residual gas the O contamination level of both Y and yarrangement of ¥ atoms on the H6p01) surfape s th? same
hydride films increased by 0.2% per hdaross-section cor- S that on fc€l1l) surfaces. Therefore, a simple kinematic

rected O & to Y 3d intensity ratio. Measuring times were LEE_D pattern analysis would not provid_e conclusive infor-
chosen such that contamination remained below 1%. mation on thea to S phase transformation. However, the
Figures 1a)—1(c) display the sequence of experiments high definition of the LEED spots during H up- and unload-
starting with the clean Y filniFig. 1(a)] being loaded with H  ing is indicative of the retention of long-range order. Main-
[Fig. 1(b)] and unloaded agaifFig. 1(c)]. XPD from the Y  tenance and identification of short-range order is demon-
film as depositediFig. 1(a)] reveals sixfold symmetry with a strated by the well defined XPD patterns. Therefore, no loss
flowerlike design in the center and prominent maxima&®at of crystallinity occurred during these structural transforma-
~34° (label U), ®~52° (label V), ®~34° (label W), and  tions. Moreover, both of these factors are consistent with the
®~50° (label X). An SSC calculation including Y atoms in diffusionless translation of closed-packed Y planes, which is
eight layers of an hdp001) oriented clustefFig. 1(d)] fits  the mechanism behinmhartensitictransitions'’ The forma-
nicely with the experimental diffractograniFig. 1(@]. tion of different domains is known to occur durimgarten-
Though still sixfold symmetric, exposure of the Y films to a sitic transformations, accounting for the observation of two
H, partial pressure of I0® mbar(700 K during 2 hinduces fcc(111) orientations rotated by 180° with respect to each
drastic changes in the Yd3, diffractogram[Fig. 1(b)]. The  other after H loadindFig. 1(b)]. In the case of direct Y
flowerlike design in the center of the diffractogram becomeddihydride growth, when evaporating Y undes plartial pres-
wheellike. Moreover, only maxima & ~34° (labelU) and  sure, two fc€111) domains may be induced at the W-Y in-
0 ~56° (label V) remain. The experiment is very well repro- terface. Due to the quasihexagonality of the (kd€) sur-
duced by an SSC calculation using eight layers of twoface, closed-packed Y layers can start stacking either idthe
equally populated fdd11) domains rotated by 180° with or B orientation[Fig. 1(f)]. For the fcc case this results in
respect to each othéfFig. 1(e)]. The fcc structure reveals the two (111) oriented domains rotated by 180° with respect to
B phaset Note that fc€111) oriented Y dihydride films can each other. Finally, our XPD results show that both Y and Y
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FIG. 2. Azimuthal scansat a polar angleof ©® = 34° illustrating
the H-induced « to B phasetransition.(A) Y film as deposited.
(O) YH; gfilm. (@) Y film in the two-phaseregime.

dihydride films grown on W(110 follow the so-called
Nishiama-Wassermanmwrientation:® where most densely
packedmetalrows ([2110]y¢,, [101]¢cc) areparallelto the
[001]y,. axis of the bca110) substratdFigs. 1(d)—1(f)].

The a phaseis a solid solutionwherethe hydrogenatoms
aredistributedstatisticallyin the tetrahedralntersticesof the
hcp Y lattice. As soon as the « phaseis saturated(~0.2
H/Y),! with increasingH concentrationthe systemcrosses
into the two-phase a+ 8) regimeuntil the saturatedr phase
hasbeencompletelyconvertedto the 8 phase.The equilib-
rium pressureat the isothermalplateauof Y dihydride is
very low (106 mbarat 800K),! however further hydrogen
uptakeneedsmuchhigherpressureshanusedin our experi-
ments.Therefore,the H concentratiorof the dihydride film
discussedn this study[Fig. 1(b)] correspondgo the lower
boundaryof the pure 8 phasej.e., 1.8 H/Y. In thefollowing
we discusghecaseof a Y film in thetwo-phasaegime.This
is doneby meansof azimuthalscansacrossthe relevantfor-
ward focusing maxima (labels U, W in Fig. 1) and XPS
core-levelshift andline-shapeanalysis.

Figure 2 displaysazimuthalcuts throughthe maximala-
beledU andW (Fig. 1), respectively.The photoelectrorin-
tensitiesfrom each cut are normalizedbetween0 and 1.
While the opentrianglesresultfrom a cut throughFig. 1(a)
or Fig. 1(c), opencircles display the equivalentazimuthal
scanthroughthe Y dihydridefilm [Fig. 1(b)]. The curvewith
theblackdots(its XPD patternis not showr) is characteristic
for a’Y hydridefilm in the two-phaseregime.By meansof
the W/U intensity ratio, linearly interpolating betweenthe
hcp and fcc structure the populationof the two phasescan
be estimated For the mixed phase(black doty we find that
24% of the Y atomspopulatethe 8 phase.

Figure 3 showsthe photoemissiorintensityin the region
of the XPS'Y 3d doubletas a function of electronbinding
energy.Comparedo the spectrumtakenfrom the hydrogen
free Y film [Fig. 3(a)], after H loadingthe Y 3d doubletis
shifted by 0.4 eV towards higher binding energies[Fig.
3(b)]. Moreover,dueto an intensehigh-binding-energyail
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FIG. 3. XPSspectrallustrating peakpositionsandline shapeof
the Y 3d doubletduring the H-induced« to B phasetransition.(a)
Y film as deposited.(b) YH, g film. (c) Y film in the two-phase
regime.The solid curveis the bestfit to spectrum(c) (seetexi).

the linewidth is much larger. The changein chemicalenvi-
ronmentis necessarilydue to hydride formation, since for
both experimentghe O contaminationwas below 0.5%. A

shift of 0.4 eV is comparableto bulk values of Y

dihydride®’ Therefore our interpretatiorof the XPD pattern
of Fig. 1(b) in termsof a single-crystallineY dihydridefilm

is confirmed.In the two-phaseregimethe Y 3d doubletis
shiftedby 0.2 eV only [Fig. 3(c)], andits linewidth is not as
broadasfor the dihydride.

Since XPD very directly allows for a simplelinear com-
bination of the hcp and fcc structuresthe questionarises
whetherthis is alsothe casefor the core-levelspectra(Fig.
3). It turnsout thata simplelinearcombinationof (a) and(b)
doesnotfit (c): neitherthe width nor theintensityratio of the
spin orbit split Y 3d is reproduced.The situationis more
subtle.Very goodcoincidencean peakpositionsandintensity
ratio is only achievedvhenthe pure metalspectrumusedfor
the linear combinationis first shiftedtowardshigherbinding
energiesandthenlinearly combinedwith the dihydridespec-
tra. In the presentcasethe bestfit (solid curvein Fig. 3) is
achievedwith AE=0.08eV and26% of the dihydride phase
in goodagreemenwith the XPD results.

This procedurecan be explainedwithin the following
model. As the H concentratiorincreasesn the « phasethe
line shapeof the Y 3d doubletis not modified.Dueto charge
transferfrom Y to H, however,its peak position shifts to-
ward higher binding energy.In the pure « phase(0 to 0.2
H/Y) the concentratioris thereforeestimatedvia the chemi-
cal shift of theY 3d doublet.In the two-phaseregimespec-
tra can be reproducedby a linear combinationof the spec-
trum from the saturatedoure o phasewith the one obtained
from the Y film at the lower boundaryof the pure 8 phase
[Fig. 3(b)]. From the resultingcoefficientsthe H concentra-
tion canbe calculatedeasily.In the caseof the two-phaseY
film discussederewe find a concentratiorof ~0.6 H/Y. In
generalthis modelallowsto evaluateH concentrationsip to



1.8 H/Y (lower boundaryof the pure 8 phas¢ by meansof
photoelectrorspectraof the Y 3d doublet.Sincealreadylow
O contaminationsnduce substantialchangesin the shape
and energyposition of the Y 3d doublet!® this methodre-
quires very clean samples.Moreover, estimatedconcentra-
tions are basedon the literaturevaluesof the critical H con-
centrationfor boththe saturatedr phaseg(0.2H/Y) aswell as
for the low boundaryof the pure 8 phase(1.8 H/Y). The
valuesareratherwidely scattereddependingon the material
purity. However, this spectroscopién situ methodis very
promisingin thatit may alsobe appliedto the 8 to y phase
transitionaswell asto other RE hydrides.

In summary, we have grown well ordered single-
crystallinehcp(000)) Y films on a W(110) crystal. Revers-
ible hydrogenloading up to the fcc dihydride phasewas
achievedundera H, partial pressureof 1x 10~ ° mbar.Two
fcc(111) domainsrotatedby 180° with respectto eachother
are observed.No loss of crystallinity occurredduring the
reversible,H-induced martensitic transformationsof the Y
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