Published in Physical Review B 70, issue 165114, 1-10, 2004
which should be used for any reference to this work

Fermi-surface topology of rar e-earth dihydrides

C. Koitzsch!* J. Hayoz?' M. Bovet! F. Clerc! L. Despont. C. Ambrosch-Draxf andP. Aebi'
linstitut de Physique Universitéde Neuchatel RueA.-L. Breguetl, CH-2000Neuchatel Switzerland
2Institut de Physique Universitéde Fribourg, Pémwlles, CH-1700Fribourg, Switzerland
3Institute of Theoktical Physics Karl-Franzens-UniversityGraz, Universitatsplatzs, A-8010Graz, Austria

We report high-resolutionangle-resolvedohotoemissionexperimentson epitaxial thin films of different
rare-earth(RE) dihydrides(RE=Gd,La) andof YH, andScH,. It is found throughab initio calculationsand
confirmedby Fermi surfacemappingthat the electronicstructurebecomesrery similar upon hydrogenation,
renderingthe studieddihydridesisoelectronicWe proposethatthe dihydridephaseactsasa commonprecursor
statefor the formationof theinsulatingtrihydride phase For stateswith higherbindingenegies(which exhibit
considerabléd characterthe agreemenbetweercalculationandmeasuremeris lessconvincing.Independent
of thedifficulties to describehesehydrogenrelatedstateswe notein the comparisorbetweerexperimentand
calculationa very convincing descriptionof the Fermi surfacefor the dihydrides. Thereforewe trace the
appareninability of density functionaltheoryto describethe hygrogenatiorup to the trihydride phaseto an

insufficientdescriptionof hydrogenstatesin generaland,in particular involving octahedrakites.

I. INTRODUCTION

The valenceelectronicstructureof rare-earthhydridesis
both fundamentallyinterestingand technologicallyimpor-
tant. Fundamentallynteresting becaus@nefindsinteresting
phenomena,e.g., electronic and magnetic ordering and
metal-insulator (Me-l) transitions for a whole class of
materialst henceallowing the possibility to study theseef-
fectsfor differenthydrogenconcentrationsand various me-
tallic host lattices. Initiated by potential applications,the
phasetransitionbetweenthe dihydride and trinydride phase
received recently tremendousinterest, since the structural
transition betweenthe fcc dihydride and the hcp trihydride
(exceptionis LaH,,, which remainscubic) is accompanied
by a spectacularchangein the optical properties.The so-
called“switchablemirror” transitionfor the reversiblephase
changefrom a metallic reflectingdihydride to a transparent
insulating trinydride was first describedby Huiberts et al.?
for YH, and LaH,. The searchfor other reliable and fast
switching materialsbesidethe original systemsrevealedan
astonishingdiversity of materialsfor which a hydrogenin-
ducedMe-| transitionoccurs basicallycomprisingthe whole
rareearths put alsolighter materialssuchasMg (Ref. 3) and
differentternary compoundsThe apparentuniversalnature
of the Me-I transitionuponhydrogenatioris one of the mo-
tivationsto investigatan this work the electronicstructureof
the metallic dihydride, which can be perceivedas a precur
sor phase We reporton high-resolutionangle-resolvegho-
toemission(ARPES experimentson epitaxial thin films of
differentrare-earttdihydrides(GdH,, LaH,) andof YH, and
ScH,. In the following, for argumentativesimplicity, Y and
Scarereferredto asrare earths(RE) aswell.

The aforementionednsulating trinydride phaseposeda
very demandingchallengefor modern electronic structure
calculations Ab initio calculationswith the local-densityap-
proximation(LDA) were unableto reproducethe insulating
ground state at all. Only a structural deviatiorf-° led to a

small gapvia a symmetrylowering. The discrepancyin gap
sizebetweencalculationandthe experimerft’ is comparable
to known strongly correlatedsystemsand different models
were proposedwhich ascribedthe Me-I transitionto strong
electroncorrelationson H sites®° RecentlyGW calculations
were able to reproducethe experimentalgap and it was
claimed,thatthe insulatingtrihydride is similar to a conven-
tional semiconductot®2 From a practical point of view it
seemghat the GW calculationsonly leadto a shift of LDA
bandswith no significant modificationsin terms of band-
width or bandtopology It is at presentstill unclear where
the limitations of LDA are and if thereis a generalrecipe
how to correctLDA results.lt is thereforevery interestingto
test LDA for the dihydride phase,which is still metallic
(therefore presumablyaccessiblewith LDA) but can be
viewed in a simplified view as a hydrogendeficienttrihy-
dride. We thereforeutilized an ab initio augmentedplane
wave plus local orbital (APW+1o) codé? with the general-
ized gradientapproximation GGA) (Ref. 14) to calculatethe
electronic structure and compareit to the experimental
ARPESresults.

The paperis organizedasfollows. The following section
deals briefly with the experimentalsetup and the sample
preparation.Furthermorethe employedAPW+lo ab initio
electronicstructurecalculationsaredescribedThe main Sec.
Il givesanintroductioninto the electronicstructureof rare-
earth dihydrides basedon band-structurecalculations.Al-
ready existing modelsare briefly discussedn this context.
Furthermorewe presentthe angle-resolvedphotoemission
datafor the differentrare-earthhydridesand focuson YH,
for an indepth comparisonto computationallyobtainedre-
sults.In Sec.IV we discussour findingsin a more general
contextand commenton the recentdebatesaboutthe Me-|
transitionsandvariousstructuralandmagneticorderingphe-
nomenain this classof materials.The paperfinisheswith
conclusionsn Sec.V.



II. EXPERIMENT AND CALCULA TION

The preparationof contamination-freesingle crystalline
dihydride films imposesstringentrequirementsn terms of
basepressureduring evaporatiorof the pure metalsand hy-
drogengaspurity dueto the strongaffinity to oxygenandthe
subsequentindesiredformation of surfaceor evenbulk ox-
ide. Thereforewe took the utmost care in outgassingthe
watercooled e-beam evaporatorensuringthat evaporation
was achieved below 4x 1071° mbar. Metal (200A) was
evaporatedn a hydrogenpressureof 4x 10°® mbar on a
cleanW(110) single crystalheld at 500 K. The utilized hy-
drogenwasfiltered througha Pd-Ag permeatiortubel® The
resulting films are single crystalline. Low-enegy electron
diffraction (LEED) showsno superlatticespots,justa 1 X 1
surfaceunit cell with lattice parametersqual to the bulk
values within the experimentalerror of +0.3A. The film
thicknessof 200 A is sufficientto excludeany quantumsize
effects®1” and shouldallow for a sufficientstrainrelease.

The photoemissiorexperimentsvere performedimmedi-
ately after film growth, in situin a modifiedVG ESCALAB
Mk 1l spectrometerwith a base pressure lower than
1071° mbar. Surfacecleanlinessvas ensuredby the absence
of O 1sand C 1s corelevel emissionin the x-ray photoelec-
tron spectrumemployingMg K, radiation. The angularde-
pendenceof emissionfrom metal core levels over the full
hemispherewas measuredvia rotating the samplewith a
two-axis samplegoniometerenabling sequentialcomputer
controlled samplerotation®1° This measurementmode is
commonlycalled x-ray photoelectron-difaction (XPD), for
areview seee.g.,Ref. 20. All preparedilms werefound to
exhibit fcc stackingwith two domainsboth orientedin (111)
directionbut rotated180° with respecto eachother Thefcc
crystalstructureimmediatelyconfirmsthe preparatiorof the
dihydride phase We could not detecttracesof hcp stacking,
which translatesthe hydrogencontentclose to a stoichio-
metric dihydride. Neverthelessa partial occupationof octa-
hedralsitesand/orthe existenceof tetrahedral/acanciesan-
not beruled out completely Detailsof the structuralanalysis
via x-ray photoelectron-spectroscopyd-diffraction are not
presentechere, the interestedreaderis referredto Ref. 21.
The ARPES measurementsvere performedvia sequential
angle-scanninglataacquisition.The accuracyandefficiency
of this method was demonstrated for two-*> and
three-dimensionat materials The obviousadvantagef this
methodis the uniform samplingdensityover a wide rangeof
k-spaceandhencea globalview of directtransitionscrossing
Eg. The experimentaprocedurenvasoutlinedin Ref. 23 and
thereaderis referredto this work for details.We furthermore
presentconventionalE(k) scanswhich are restrictedto the

[I" M] high symmetrydirection coveringan enegy window
of 7.48eV. Thesemeasurementodi are complementaryn
termsof rangein k-spaceand enegy and provide a global
andyet detailedview of the electronicstructurein the vicin-
ity of the Fermilevel. All presentedneasurementaere ob-
tained using monochromatizedHe | radiation?* the com-
bined angularresolutionof samplemanipulatorand enegy
analyzeris =1° andthe enegy resolution50 meV. All cal-
culations rely on the published structural data from
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FIG. 1. Band structurealong high-symmetrydirectionsfor (a)
ScH,, (b) YH,, (c) GdH,, and (d) LaH,; one noticesthree bands
labeled 1,2, and 3 with an indirect gap, respectively overlap be-
tweenbandl andband2 markedasfeature4 in (d). The calculation
for GdH, is spin polarizedin orderto avoid a placemenbf the 4f
levels at the Fermilevel, the majority bandsare shownin gray

Pearssof® The electronicstructurecalculationsarebasedon
density-functionaltheory (DFT) and the APW+lo code
Wien2k (Ref. 13) was employed.Therethe unit cell is di-
videdinto nonoverlappingaitomicspheregmuffin tin) andan
interstitial region?® In the muffin tin region the basisfunc-
tions are comprisedof atomiclike wave functionswhile the
interstitial region is describedwith plane-wavebasisfunc-
tions. A muffin tin radiusfor rare-earthatomsandhydrogen
atomsof 1.16 A and0.85A wasassumedsespectivelySelf
consistencywas judged,when the total enegy changewas
lessthan0.1 mRy in subsequentycles.The calculationwas
basedon 10 000k points,which correspondso 286 k points
in the irreduciblewedgeof the Brillouin zone(BZ2).

Ill. EXPERIMENT AL AND THEORETICAL RESULTS
A. General electronic properties of (Sc,Y,Gd,La)—dihydrides

Theelectronicstructureof RE dihydridesandtheir related
compoundsY H,, ScH, was alreadyinvestigatedmore than
20 yearsagoby photoemissior’~2° Thesestudiesemployed
polycrystallinesamplesandhenceonly the effects of hydro-
genationon the density of stateswere investigated.These
experiments were  combined  with theoretical
calculations’®23In orderto allow for a comparisonof our
LDA resultswith alreadypublishedcalculationswe showin
Fig. 1 conventionalband-structureplots basedupon con-
verged calculationsfor the studiedcompoundsA very good



agreementto the aforementionedolder calculations is
achieved.This pointsto an apparentobustnes®f the band
topology in terms of techniqueand self consistencysince
older calculationsare often not self consistentand/or use
different basissets.Neverthelessmall shifts in the relative
positionsof bandsare possible.

The bandstructurespresentedn Fig. 1 arevery similar.
Onenoticesthreebandsbelow the Fermilevel, markedwith
1,2, and 3 for the caseof ScH, in Fig. 1(a). The pioneering
calculationof SwietendicR®3! alreadyattributedd-like me-
tallic charactetto bandone, hydrogenantibondingcharacter
to bandtwo, andmixed metal-hydrogeriMe-H) characteto
bandthree.The natureof bondingin thesecompoundsnust
be discussedn termsof interactionbetweenmetal d states
and hydrogenls states.Metal sitesare surroundedby eight
hydrogenatomssituatedon tetrahedraskitesin thefcc lattice.
The atomicenvironmentof the metalsitesis comprisedof a
cubewith hydrogenatomsat the cubecornersandthe metal
atom at the center An equaloccupationof the threet,y or-
bitals, which is required by the cubic symmetry leadsto
chage maximaalongthe cubediagonalsthe [111]-direction.
By the sameargumentone can correlatethe remainingtwo
€, orbitals with bonding orbitals to octahedralsites, which
areunoccupiedn the dihydride phase®® The formationof a
Me-H bondingbandwith a bindingenegy atI" between-6
and -9 eV posesthe question of ionicity of this bond.
Chage-transfemnalysi$® pointsto an effective chagetrans-
fer awayfrom the metalsiteto thetetrahedrahydrogenrsites.

If one compareghe bandstructureof the differentdihy-
drides,one noticessubtledifferencesThe bandwidthof hy-
drogenrelatedbands(bandtwo andthreein Fig. 1) increases
with decreasindattice constant.While thereis an indirect
gapof 0.73eV betweenbandtwo at I' andband1 at X for
the alloy with the largestlattice constantLaH,, markedas
feature4, thereis considerableoverlapof 0.65eV for YH,
and1.89eV for ScH, betweenbandoneandbandtwo. It is
interestingto notethatthe positionof bandonewith respect
to the Fermilevel doesnot significantly changefor the dif-
ferentalloys. In contrast,the maximumof the hydrogenan-
tibonding band at I' movesaway from the Fermi level to
larger binding enegiesfor increasinglattice constantsThis
shift leads finally to the aforementionedindirect gap of
0.73eV betweenband1 and band?2 for LaH,. Band 3 ex-
hibits an oppositetrend, herethe bandminimum at I" shifts
upwards from a binding enegy of -8.9eV for ScH, to
—-6.3 eV for LaH,. The observedncreaseof bandwidthwith
decreasindattice constantsupportsthe proposedassignment
of antibondingandrespectivelybondingcharactetto band?2
and band3. The increasedbandwidthfor small lattice con-
stantscanthen be understoodas an increasedevel spacing
for decreasingeparations.

In orderto confirmthis presumedattice constantscaling,
band-structurecalculationsfor ScH, with different lattice
constantswere performed.The results(not showr) confirm
this assumptionlt seemsthat the bandstructurefor hydro-
genrelatedstatescan be tunedquite freely by changingthe
lattice constantput the metalderivedd bandremainsrather
unafected.Basedon thesebandstructuresone expectsvery
similar Fermi surfacetopologiesfor the differentdihydrides
sincebandoneis solely responsiblefor the Fermi surface,

with the exceptionof ScH,, wherethe calculationyields a
small pocketat I' derivedfrom the hydrogenrelatedband?2.
We are not concentratingon the implications of this small
pocketon the electronicstructureof ScH, sinceour measure-
mentgeometryis not sensitiveto k pointsexactlyatI', as it
will beshownlaterin Sec.lll B andasit would be necessary
to confirm this point. In the following we concentrateon
bandl. Thereoneseesa Fermilevel crossingbetweenl” and
X andbetweenl” andK andbetweerL andW. Onedoesnot
observea Fermilevel crossingbetweenl” andL. This points
to a connected~ermi surface wherethe necksextendalong
the I'L direction, henceone doesnot observea crossingin
this direction. This will be discussedn more detail in con-
junction with the experimentally obtained Fermi surface
maps.

B. Experimental data and calculation

The following discussiorof the electronicstructuretakes
mainly place in reciprocal space,in the surface Brillouin
zone(SB2). Figure 2(a) showsthe SBZ for a fcc (111) ori-
entatedsurface,the scaleis adaptedto YH,. The various
high-symmetry points originate from a projection of the
three-dimensiona(3D) bulk BZ onto the surface.For the

specificl” M direction,the 'KLUX planeis projectedonto
the surface,asit is shownin Fig. 2(b). It becomesobvious,

thatthe a priori inequivalentM and M’ pointsstemfrom a
projectionof the X, respectivelyL pointof thebulk BZ. This
inequivalencyis lifted for our measuremengeometry be-
causethe photoemissiorsignal is integratedover two film
domains.The secondfilm domainis rotated 180° with re-
spectto the first. The bulk BZ of this seconddomain is
shownin gray andis constructedvia a rotation aroundthe

(111) axis.As a resultof this rotationthe M and M’ points
becomeindistinguishable A photoemissionexperimental-
lows for an exactdeterminatiorof the banddispersionE(k;)
in the SBZ, due to the conservationof the parallel wave-
vectorcomponentk;, in the photoemissiomprocessThe per
pendicularwave-vectorcomponentk , is lesswell defined
andits reconstructions basedon the free-electrorfinal state
(FEFS assumptionHereoneassumesor the photoemission
final statea free-electrorparabolaThis assumptiorappears
adequatefor the reconstructionof the perpendicularwave
vector componentfor excitationsin the employedenegy
range?® Within this approximation,enegy and momentum
conservatiorcorrespondo sphericalcuts throughthe three
dimensionalBZ. The radiusof the cut k; is determinedvia
Eg. (1) by the photonenegy (Aw=21.2€V), the inner po-
tential V,, the work function ¢ and the probedinitial state
enepy Eg.

ko=0.51/w — |Eg| — || + |Vo|, (1)

ki(6) = 0.51hw - [Eg| || sin6]. 2

ko andk; arethelengthof the FEFSwavevectorin the solid

and the conservedparallel wave-vectorcomponentrespec-
tively. Equations(1) and (2) are suchthat enegies are in

[eV] andwave vectorsin [A71].
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FIG. 2. (a) SurfaceBrillouin zonefor YH,. (b) Sideview of the
BZ for a fcc structurein the 'KLUX planeandits relationto the
surfaceBrillouin zone for a [111]-oriented crystal. Free-electron
final statemodelin an extendedzone schemefor YH,. The free-
electronfinal statespheres(Vy=13 eV, $=3.1eV) are drawn for
the Fermi enegy and a binding enegy of -3 eV. Shownin thick
black is the Fermi surfacecontour which was obtainedvia calcu-
lating the eigenstatesn a cubic k spacegrid, which is shownwith
opencircles.The occupiedregionis shownhatchedor one pocket.
Featureone,two andthreedenoteregionsof coincidencebetween
the free-electronfinal stateof Er and the Fermi surfacecontour
Featurefour showsa possible Fermi surfacenestingvector (see
text). Contributionsof a seconddomain are shown in gray (c)
Fermi surfaceand bulk BZ.

If onevariesthe photoelectrordetectionangle ¢, onefol-
lows the correspondingFEFS sphere and automatically
samplesdifferent statesalong the FEFS spherein the BZ.
Onenoticesin Fig. 2(b) thata scanin the SBZ corresponds
only superficiallyto a high-symmetrydirectionin the bulk
BZ. The discretenatureof the photonenegy restrictsthe k
spacesamplingto a certainregionin k space.The exactk
spacelocation is determinedby the radius of the FEFS
sphereand the dimensionsof the BZ of the material. The
FEFS sphereis determinedvia equationone and extends
beyondthe first BZ, hencewe work in an extendedzone
schemelnscribedare FEFS spheredor initial statesat the
Fermi level and for a binding enegy of -3 eV. Regarding
the remainingparametersye usereasonable/aluesfor the
work function and the inner potentialof ¢=3.1eV andV,
=13 eV, respectively Shownin black (gray for the mirror
domain is furthermorea calculatedFermi surfacecontour
whichis basedon agrid in k spacewherethe grid pointsare
shownasopencircles.

If onemeasureshe enegy distributionof photoelectrons,
which are emittednormal to the surface,one samplesa re-
gionin k spacebetweenl” andL. Figure2(b) showsthatthe
FEFSis found betweenI’ and L. For increasingemission
angles,variousother high-symmetrylines are crossed Spe-
cial emphasisis drawnto thel’ K X andT" L line in the
extendedzoneschemewhich will belateremployedo com-
pareexperimentabdataandtheoreticaldataalonghigh sym-
metry linesin moredetail. If onecompareghe FEFSsphere
andthe correspondingonstantenegy surfacefor a specific
binding enegy oneexpectshigh photoemissionntensitiesif
the two coincide.Specificallyfor e.g.,the Fermienegy, this
would be the casearoundthe pointsoneandtwo [Fig. 2(b)],
wherethe final statespherecuts throughthe Fermi surface
contourandaroundregionthree,wherethe Fermi surfaceis
for a large k point rangein the immediatevicinity of the
FEFSsphere.

Figure 2(c) showsa three-dimensionatepresentatiorof
statesat the Fermi level, basedon the samepotential that
was utilized to generatethe Fermi enegy contourin Fig.
2(b). A three-dimensionatontourplot* in k spaceof states
at the Fermi enegy correspondinglyyields the three-
dimensional Fermi surface. Clearly visible are the open
necksalongtheI'L direction.The discussedrermisurfaceis
a hole surface which meanghatthe occupiedstatesarecon-
centratecaroundthe X pointandnot aroundtheI" point, asit
is commonfor the free-electrormetals.The occupiedregion
is hatchedor onepocketin Fig. 2(b) andcorrespondinglyn
Fig. 2(c) the occupiedregionsare found betweenthe calcu-
lated Fermi surfaceand the various Brillouin zone bound-
aries.

Experimentally these Fermi surface contours can be
probedvia measuringhe angulardependencef the photo-
emissionintensity originating from statesat the Fermilevel.
In Fig. 3 we presentso-calledFermi surfacemapsfor the
studieddihydrides,which were obtainedat room tempera-
ture. The intensity of He | excited photoelectronswith en-
ey centeredat Er, wasmappedvia Eq. (2) to k;. The outer
circle correspondso a polar angleof 90°, andthe centerof
theimagerepresentsormalemissionlintensitiesarelinearly
color coded,high intensities(in white) resultat k; locations,



FIG. 3. Fermisurfacemapsmeasuredvith He | radiation,high
intensitiesare shownin white, outerring corresponds$o 90° emis-
sion, center correspondsto normal emission, all intensities are
shown in parallel projection, the raw data are symmetrizedand
divided by a backgroundof Gaussianshape;the high-symmetry
points and the SBZ are indicated.The size differenceof the SBZ
originatesfrom the differentlattice constants(a) ScH,, (b) YH,, (c)
GdH, and(d) LaH,.

wheredirecttransitionsmovethroughEg. The mappingcor-
respondgo a sectionthroughthe Fermi surfaceperpendicu-
lar to the [111] direction, as hasbeendemonstratedor the
exampleof Cu (Ref. 23) andsketchedor YH, in Fig. 2(b).
All Fermi surfacemapsshow a six-fold symmetry The ap-
parentdoublingof symmetrycomparedo the trigonal [111]
axis is due to the existenceof the aforementionedwo do-
mains,which arerotated180° with respectto eachother
The most prominentfeatureof the presented~ermi sur

facemapsis analmostcircularfeaturecenterecaroundtheI”
point, in the middle of eachimage.The exactdimensionsof
this featurevary slightly. In generalone observesa Fermi
surfacecrossing,displayedas region of high intensity be-
tween11°® and14°. This correspondsia Eq. (2) from 0.4 to
0.5 A~1. A very similar featureis sampledn the secondsur
face BZ aswell, noticeableas half circlesin the outerparts
of the map.Oneobservest only partially dueto the limited
k rangevia excitationwith He | radiation.Moreovera clear

drop in intensity at the K point can be recognized Besides
this, one noticesa generalhigh backgroundintensity espe-
cially in k spacebetweenthe ringlike central part and the
boundarief the SBZ with additionalslight intensity varia-
tions. The underlying band dispersion,which leadsto the
intensity enhancemenat the Fermi level is investigatedvia
complementaryhigh-resolutionscansalong high-symmetry
directionsof the SBZ. For this purposewe recorded31 pho-

toelectronspectran arangebetweer0° and60° anngtheF

M direction (asindicatedby an arrow in Fig. 3(d). For this
directionwe measuredhe photoelectronntensitynot only at
the Fermi level but for binding enegies between0.2 and
-7.48eV. The datasetswere mappedonto a regular(E;, k;)
grid. In Fig. 4 the secondderivative of the corresponding
momentumdistribution curvesare visualizedas gray scale
plots with white correspondingo maximum intensity The
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FIG. 4. Secondderivativeof experimentamomentumdistribu-
tion curves(a) ScH,, (b) YH,, (¢) GdH, (d) LaH,, color codedsuch
that white correspondgo high intensity the dashedines serveas
guideto the eye.

reasorfor takingthe secondderivativeis a contrastenhance-
ment (typical spectraare displayedin Fig. 6 below).

The obtainedE(k) plots (Fig. 4) arecomplementaryo the
measured-ermi surfacesin termsof being able to analyze
more thoroughly the origin of enhancedintensity at the

Fermilevel. FortheI" M directionwe canthereforeassigna
bandto the observedcircular featurein the Fermi surface
maps.This bandcutsthe Fermilevel at =0.4 A~! andthen
dispersestowards higher binding enegies with increasing
parallelwave-vectorromponentlt exhibitsa clearminimum

atthe SBZ boundaryat the M point. The bandandits mini-
mum is markedin Fig. 4(a) asfeaturel. We find a binding
enegy of = —-1.6 eV at the extremalpoint. The k-spacelo-
cation of this minimum is different for the different com-
pounds,sincethe different lattice constantsmanifestthem-
selvesin different SBZ dimensionsk=2/a, rangingfrom
1.31A1 to 1.11A°L This effect becomesapparentin the
Fermi surfacemaps,as a zoom-outimpression,when com-
paring ScH, and LaH,. Correspondinglyone noticesin the
electron distribution curves a horizontal shift of the band
minimum to lower k; values[indicatedin Fig. 4(a) with an
arrow]. Furthermoreone noticesfor ScH, and LaH, addi-
tional regionsof high intensitycloseto the Fermilevelin the

insideof the aforementionedand,closeto the M point. This
featureis labeledas 2 for ScH,. Theseadditionalintensities
are different for the investigatedcompoundsFor ScH, an
almostemptyelectronpocketbecomewisible in the electron



distributioncurves(markedasfeature2). A very similar fea-
ture appeargthoughmarkedlyweakej for LaH, aswell.

In orderto facilitate a morein-depthcomparisorbetween
experimentabnd theoreticalresults,one hasto considerthe
measuremengeometryand the FEFSmodelin conjunction
with thetheoreticabandstructure For the statesatthe Fermi
level onecanimmediatelyinterconnecthe FEFSsphereand
its relationto the computed~ermi surfacecontour For states
with higherbinding enegy one can eventuallycomputethe
theoreticaldispersionrelation within this FEFSmodelfor a
comparisorto experimentaE(k) curves.

We concentraten Y H, for the calculationsbut stressthe
applicability to ScH,, GdH,, and LaH,. Following the dis-
cussionin Sec.lll A, onenoticesthatonly oneband(excep-
tion ScH,, wherethe calculationyields a small contribution
from band?2, seeFig. 1(a) contributesto the Fermi surface.
Direct transitionsare now expectedfor k points, wherethe
FEFS spherecoincideswith the Fermi surfacein the ex-
tendedzoneschemeas shownin Fig. 2(b).

Thecorrespondingircle cutsthe Fermisurfacecontourat
the pointslabeledas 1 to 3. Initial statesof k spaceregion
one[Fig. 2(b)] yield the primary circular featurearoundthe

I' point. The crossingbetweenFEFS circle and Fermi sur
face contourat point 2 in Fig. 2(b) yields the semicirclein
the secondSBZ. Furthermorethe FEFS spherecoincides
with the Fermi surfacearound region three. These points

simultaneouslyappearfor the I'M and the I'M’ directions
dueto the existenceof two mirror domains.Henceone ob-
servesin betweenpoint one andtwo an additionalincrease
of photoemissiornntensitydueto initial statesat point three.
It hasto be pointedout, thatin this regionthe choiceof the
FEFSparametersre quite crucial, sincethe sphereand the
contour barely touch eachother This peculiar topology is

responsiblefor the additionalintensity aroundthe M point.
Sincethe FEFSdoesnot cut but merely touchesthe initial
state contour one expectsnot sharptransition but more a
diffuse backgroundfor this region, asit is indeedobserved
experimentally(Fig. 3). With regardto the slight deviations
in betweenthe investigateddihydrides,we haveto assume
thatthey stemprimarily from effectsdueto the measurement
geometryanddueto the free electronfinal stateassumption
and are not signsof principal differencesof the bandstruc-
turein this enegy region.

Via the FEFSmodel one can plot the eigenvaluef the

appropriatek pointsfor a measuremenn I'M directionand
obtaincomputationallya conventionaE(k) relation.The cor
respondingcomputedenegy distribution curves[Fig. 5(b)]
correspondrery nicely in the enegy rangebetween0.2 and
-2 eV to the measurecturvesof Fig. 5(a). The topology of

the sampledbandis nicely reproducedAt the M high sym-
metry point of the SBZ, statesin the environmentof the X
pointof thebulk BZ aresampledThis particularlyholdstrue
for statesat E, while for statesat Eg=-3 eV k pointsin the
vicinity of L andK are sampled(compareto Fig. 2(b)). Our
combinedmeasurementd-ig. 4) clearlyindicatethatthe ob-
servedd-bandwidth is constanfor the measuredlihydrides.
This finding is theoreticallyvery well reproducedWe find a
binding enegy of —1.6 eV, which is in excellentagreement
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FIG. 5. ExperimentalandtheoreticalE(k) for YH,. (a) Second
derivative of experimentalE(k) distribution curves(b) theoretical
E(k) distribution, eigenvaluesvere computedon a k grid, which is
adaptedo the experimentaE(k) distributioncurves,bothinequiva-
lent domains(seetext) are considered.

to the positionof band1 at the X pointin Fig. 1.

With regardto the samplingof this band,we notice the
appearancef a secondfeature[labeledas 2+ in Fig. 5(b)]
which is due to the existenceof a secondmirror domain
(especiallyfor ScH, andLaH,), we noticethe appearancef
a secondfeature[labeledas 2+ in Fig. 5(b)]. The exactlo-
cation in enegy and momentumis very dependanon the
parameter®f the FEFSandthereforeleavesampleroomto
maintainthe picture of anisoelectronid-ermisurfacefor the
dihydrides,despiteslight differencesn the measurements.

In termsof testingthe LDA band structurewe have not
discussedofar the hydrogenrelatedbandswhich arenotin
suchcloseproximity to the Fermilevel. The band-structure
calculationspredict two additionalbandsat higher binding
enegies,which havebeenlabeledband2 andband3 in Fig.
1. The applicationof the FEFSmodel placesthesebandsat
-3.6eV and7.2eV for normalemission[bands3 and 7 in
Fig. 5(b)]. Subsequentlyf one follows the dispersionalong

the [I'M] direction, the two bandssplit up in up to four
bands,an effect which againis dueto the existenceof the
aforementionednirror domain.With regardto the compari-
son betweenmeasuremenand theoreticalresults, we note
for this enegy rangebetween-2 eV and -7.48eV a less
convincingagreement.

In order to stressthe similarities betweenthe different
materialswe presenin Fig. 6(a) electrondistributioncurves

in the vicinity of the M point for ScH,, YH,, GdH,, and
LaH,. Thesespectrawere measuredat 30° emissionangle

along the [I’'M] direction, which translatesvia Eq. (2) to
1.08 A~1 andis in the vicinity of the d-bandminimum [fea-
ture 1 in Fig. 4]. The presentedpectran Fig. 6(a) arethere-
fore part of the alreadypresentedenegy distributioncurves
in Fig. 4, differing just in the datarepresentationwhich is
now scaledto the true photoemissionntensityandnot to the
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FIG. 6. (a) ExperimentalspectraScH,, YH,, GdH, andLaH,,
all measuredat an emissionangleof 30°. (b) ARPESspectraalong

the [m] directionfor GdH, up to an emissionangleof 60°.

secondderivative,asit wasthe casein Fig. 4 andFig. 5(a).
One noticesagaina very similar appearancéor all mea-
sureddihydrides. The spectraare dominatedby a peak at
~-3.7eV for LaH, and-5 eV for ScH, [markedasfeature
1 in Fig. 6(a)], which is below the previously discussed
d-bandminimum (featurel in Fig. 4). Evenfurtherbelowin
enegy additionalstructureqfeature2 in Fig. 6) canbe dis-
tinguished. Emissionfrom theseH induced statesis very
strong.Comparedto Fig. 4, now dueto the intensity scale,
almostno structureis foundin the regionbetweenthe Fermi
level and -2 eV. As the only featurea small peakis visible
at-1.8eV (LaH,) and-2.4eV (ScH,) and markedas fea-
ture threein Fig. 6(a). An inspectionof the datasetshows
that a region of high intensity persistsfor all dihydridesin
this enegy rangebetween-1.8 eV and-2.4 eV, andthereis
virtually no dispersiorwith the parallelwave-vectorcompo-
nent. This absenceof dispersionis highlightedin Fig. 6(b),
where angle-resolved photoemission spectra along the

[I’'M]-direction for GdH, are shown. The feature doesnot
showup in the plots of Fig. 4 becausehe derivativeof the
correspondingmomentumdistribution curves vanishesfor
nondispersingpeaks. Such a nondispersivebehavior is
clearlyinconsistentvith the computedandstructurenamely
bandsl to 3in Fig. 1 andwe tentativelyassigrthis featureto
structuralimperfections suchashydrogenin octahedrakub-
lattice and/ortetrahedralvacancies.

We would like to point out that the k-spacelocation

aroundthe M point representsa bestcaseagreemento the
computedband structure.For other k points (as shownin
Fig. 4 and5) oneobserves/ariousdiscrepanciesyhoseori-
gin might be speculatedipon.

We try to classifytheoreticaland experimentabandsinto
threegroups;bandswhich arereproducedn theory and ex-
periment(e.g.,metald band$ and bandswhich appearonly
in theoreticalcalculationsor measurementsthe two latter
categoriesare denotedwith a plus [theoreticalbands5+ and
8+ in Fig. 5(b)] anda star[experimentabands3*, 7*, 8* in
Fig. 5(b)].

The experimentalobservationof additionalfeatures(ex-
perimentalbands3*, 7*, 8*), which cannotbe identifiedin
theoreticabulk calculationamight havea variety of possible
reasonsThe calculationswere performedfor the bulk struc-

tureandhencesurfacelocalizedstatesarenotincludedin the
theoreticalresults.Howeverwe haveno indicationthatthese
additionalstatesare particularly sensitiveto the formation of
adsorbatdayersasit would be typical for surfacestatesOn
the other handthe calculationsassumea stoichiometrichy-
drogenconcentrationHoweverthe absencef hydrogenva-
canciesandhydrogenmpuritiesis experimentallydifficult to
ensure. The structural deviationsin the hydrogen lattice
would certainly affect the hydrogeninduced statesmuch
more than the previously discussedmetal d states.On the
otherhanda deviationto the calculatedbandstructuremight
be a fingerprint of many-bodyphysics,which has already
beenproposedn the contextof the occurringMe-I transition
(seeSec.lV). It seemghatthe occurenceof additionalstates
is a generalfeaturefor the dihydridephasesincethe splitting
betweenfeature3 andfeature3* canbe found not only for
YH, butfor GdH, andlessclearlyfor LaH, aswell (Fig. 4).
The sameholds true for feature7* for YH, and GdH, and
lessclearly for LaH,. ScH, seemsto be exceptionalin this
sensesinceit only exhibitsone of the respectivefeatures.

In additionwe notethe absencef calculatedbandsin the
experimentasit is the casefor bands(5+ and 8+). The ob-
servationof eigenvaluesin an experimentalspectrumde-
pendson the photoemissioncross sectionfor the specific
transition. The correspondingmatrix elementscannot at
presentbe includedin the calculationand might hamperthe
observationof thesestates.On the otherhand,againa seri-
ous disorderin the hydrogensublattice might as well be
responsiblefor the disappearancef theoretically predicted
bandsin the experiment(Fig. 5).

In summaryonehasto notethatthe comparisorbetween
the LDA calculationsand the photoemissiorresultsis only
very satisfactoryin termsof bandpositionandbandtopology
for the metal derivedd statesA one-to-onecorrespondence
betweencalculation and experimentcannotbe established
for the H-derivedstatesat higherbinding enegy.

IV. DISCUSSION

ApparentlyLDA is quite capableof describingthe Fermi
surfaceof rare-earthdihydrides,as can be judgedfrom the
agreemento the presentedmeasurementdn view of the
fact, thatthe pure elementsdo not haveidentical Fermi sur
faces, it is especiallyintriguing that the hydrogenationof
thesedifferentelementsseemdo yield a universaldihydride
Fermi surface.Without discussingin detail the electronic
structureof pure Sc,Y, Gd, and La, it hasto be considered
thatthe following differentpropertiesare generallyascribed
to deviatingFermisurfacesThe doublingof the unit cell for
La (e.g.,its dhcpstructurg hasbeenalreadyattributedto a
Peierls-typedistortion initiated by the removal of a nested
partof the Fermisurface®® The occurrenceof antiferromag-
netic orderingfor Gd-Y (Ref. 36) alloys andthe occurrence
of ferromagneticorder for pure Gd has beenexplainedby
differencesin the nestingpropertiesof the Fermi surfaceof
Y and Gd. Apparently the structuraltransition betweenthe
pure metal and the dihydride removesthesedifferencesand
yieldsa universalFermisurfacelt would be certainlyhighly
beneficialto extendthesephotoemissiorstudiesto over and



understoichiometricdihydrides,in orderto monitor in situ
the establishmenand existencerangeof this universalpre-
cursor statefor the rare earthhydrides.

In accordanceo Gupta”’ for ErH, we find experimentally
andcomputationallyfor all considereddihydridesa multiply
connectedhole surface thatis comprisedof a distortedcube
with necks protruding along the I L-directions. It is well
known that large parallel sectionsof a Fermi surfaceare
proneto be annihilatedby the formation of a chage/spin-
densitywave2® Intuition would point for this Fermi surface
to anestingvector which connectppositesidesof the cube
andhencea nestingvectorin [001]-direction(label 4 in Fig.
2(b)). GuptaandBurger? quantifiedthis nestingvectorwith
approximatelyf0.4,0, 0] X 47r/a for ErH,. It waspointedout
by Liu,® that the correspondingordering phenomenafor
such a nesting vector have so far not been observedin
experimentd? Liu3® proposedan alternativenestingvector
L, &, 1-¢], where ¢ is a materialsdependantparameter
The orderingwave vectorarisesby consideringan extended
zoneschemeand apparentlycompliesmore with the experi-
mentalresults.In orderto discussthis issuewe haveinte-
gratedthe obtainedbandstructureto obtainthe generalized
susceptibility y(E , k), which quantifiesthe linear electronic
responsdo a perturbationwith wave vector q accordingto
Eq. (3),*

X(E,Q):f O €rq— €)AK. (3

In this expressione is the eigenvaluefor a given wave
vectork andq is thespanningvectorbetweemestedoartsof
the Fermi surface.The bandindex is omitted sinceonly one
band contributesto the Fermi surface.Figure 7(a) displays
the susceptibilityfor inital statesin the vicinity of Eg (inte-
grationoverasmallwindow E=100meV) in the [100] plane
of YH, shownin a grayscalerepresentationywhere black
correspondso large valuesof y. The calculationswere per
formed for spanningvectorsq betweeng=(0,0) and (1,1
(in units of the conventionalreciprocallattice vector4/a).
A sketchof the Fermisurfacecontoursin the '’XWK planeis
shownasan inset. Figure 7(b) showsa cut alongthe x-axis
(q,0) of the samesusceptibilitymatrix.

We note regions of high susceptibility along the lines
(9,0) and (0,g) with a maximum [markedwith a circle in
Fig. 7(a)] for a displacementector which correspondgo
twice the Fermi wave vector and is closeto the proposed
value from Gupta®? Such a behaviorwould be consistent
with a Peierls like scenario for various ordering
phenomena® We haveto notehowevey thatthe wave-vector
dependenpart of the susceptibilitydoesnot exhibit strong
fluctuationsor a divergencein the calculatedplane.The pro-
posednestingvectordoesnot leadto a pronouncednaxima
in the susceptibility[Fig. 7(b)]. The diagonalcontributionsto
the susceptibilityfrom g vectorsin [110] direction (marked
asfeaturel in theinse) arecomparabldo the contributions
in [100] direction. For the [10Q] direction we note a very
high susceptibilityfor excitationswith small q (feature3 in
inse) comparedo the proposedhestingvector (feature2 in
insed. In this sensethe Fermi surfaceis not heavily nested
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FIG. 7. (a) Susceptibilityof YH, in the [100] plane, derived
from LDA bandstructure;grayscalewith dark regionscorrespond-
ing to high susceptibilities(b) Susceptibilityin the [100] direction,
yielding only small variations (indicated by arrow) due to weak
Fermi surfacenesting(seetext).

alongthe principal axis of the warpedcube.This fact might
explain, why the searchfor parallel sheathsof the Fermi
surfacein orderto explain experimentallyobservednesting
phenomendasnot beensuccessfuko far.

Fermisurfacenestinghasbeenproposedor thetrihydride
phaseas well® in conjunctionwith the complicatedY H,
atomic structure.It would be worthwhile to considerthe
electronicresponsdo the additionof hydrogenatomsin va-
cant octahedralsubstitutionalsites. First of all one might
explain the ordering phenomenain superstoichiometric
dihydride$? and secondlyone might get more insight into
the Me-I transition, which occursat evenhigher hydrogen
concentrationgloseto the trihydride phase.

With regardto the still ongoingdebateon the origin of the
insulating trihydride phase,one finds in the literature two
different approache$® One either amgues on the basis of
standardelectron gas theory enriched by strong electron-
phonon coupling (weak correlation approach or one em-
ploys strong electroncorrelationsto explain the large band
gap of the trihydride phase.The weak correlationproposal
certainlysufferedfrom a still ongoingdebateaboutthe exact
crystallographicstructureof YH; andthe absenceof a bro-
ken symmetrystructurein the twin compoundLaHs.

Van Gelderef''? pointedout, thatthe failure of LDA can
be tracedback to an incompleteLDA descriptionof the H
groundstate.This artifact directly stemsfrom deficiencyof
the local exchange-correlatiorpotential. Surprisingly the
herepresentediataandcalculationsshowa very nice agree-
mentbetweenLDA calculationsandthe dihydride phasefor
statesin the immediatevicinity of the Fermi level. These
bandsoriginatefrom d-bandscenteredat the metalsites.For
binding enegiesbelow -2¢eV the agreemenbetweerexperi-



mentandcalculationis lessconvincing.Froma phenomeno-
logical point of view it seemsthat the dihydride phaseal-
ready exhibits tracesof many-electronphenomenabut yet
still with an unperturbed-ermi surface.Only the additionof
octahedrahydrogenleadsto a collapseof this Fermisurface
and correspondinglyto the Me-I transition. Therefore it
seemsappropriateto pinpoint the failure of LDA to the de-
scription of hydrogenin generalandin particularinvolving
octahedrahydrogen.This in turn is relatedto the scenarios
of Edef and particularly Ng,? which assigneda crucial role
to octahedrahydrogen.Judgingfrom the observedsoelec-
tronic natureof all dihydridesit is thereforevery temptingto
understandhe dihydride phaseas a precursorphasefor the
subsequentormation of the insulatingtrihydride phase.

V. CONCLUSIONS

We presentedARPES data on single crystalline [111]-
orientedScH,, YH,, GdH,, andLaH, thin films on W(110).
It was experimentallyshown,that the Fermi surfaceis very
similar for the studiedcompoundsMost prominentfeatures
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