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We report high-resolutionangle-resolvedphotoemissionexperimentson epitaxial thin films of different
rare-earth(RE) dihydridessRE=Gd,Lad andof YH2 andScH2. It is found throughab initio calculationsand
confirmedby Fermi surfacemappingthat the electronicstructurebecomesvery similar uponhydrogenation,
renderingthestudieddihydridesisoelectronic.Weproposethatthedihydridephaseactsasacommonprecursor
statefor theformationof theinsulatingtrihydridephase.For stateswith higherbindingenergies(which exhibit
considerableH character) theagreementbetweencalculationandmeasurementis lessconvincing.Independent
of thedifficulties to describethesehydrogenrelatedstates,we notein thecomparisonbetweenexperimentand
calculationa very convincing descriptionof the Fermi surfacefor the dihydrides.Thereforewe trace the
apparentinability of density, functional theoryto describethe hygrogenationup to the trihydride phaseto an
insufficientdescriptionof hydrogenstatesin generaland,in particular, involving octahedralsites.

I. INTRODUCTION

The valenceelectronicstructureof rare-earthhydridesis
both fundamentallyinterestingand technologically impor-
tant.Fundamentallyinteresting,becauseonefindsinteresting
phenomena,e.g., electronic and magnetic ordering and
metal-insulator (Me-I) transitions for a whole class of
materials,1 henceallowing the possibility to study theseef-
fects for different hydrogenconcentrationsand variousme-
tallic host lattices. Initiated by potential applications,the
phasetransitionbetweenthe dihydrideand trihydride phase
receivedrecently tremendousinterest, since the structural
transitionbetweenthe fcc dihydride and the hcp trihydride
(exceptionis LaH2+x 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 trihydride was first describedby Huibertset al.2

for YHx and LaHx. The searchfor other reliable and fast
switching materialsbesidethe original systemsrevealedan
astonishingdiversity of materialsfor which a hydrogenin-
ducedMe-I transitionoccurs,basicallycomprisingthewhole
rareearths,but alsolighter materialssuchasMg (Ref.3) and
different ternarycompounds.The apparentuniversalnature
of the Me-I transitionuponhydrogenationis oneof the mo-
tivationsto investigatein this work theelectronicstructureof
the metallic dihydride,which canbe perceivedasa precur-
sor phase. We reporton high-resolutionangle-resolvedpho-
toemission(ARPES) experimentson epitaxial thin films of
differentrare-earthdihydridessGdH2,LaH2d andof YH2 and
ScH2. In the following, for argumentativesimplicity, Y and
Sc arereferredto asrareearths(RE) aswell.

The aforementionedinsulating trihydride phaseposeda
very demandingchallengefor modern electronic structure
calculations.Ab initio calculationswith the local-densityap-
proximation(LDA ) wereunableto reproducethe insulating
ground stateat all. Only a structuraldeviation4,5 led to a

small gapvia a symmetrylowering.The discrepancyin gap
sizebetweencalculationandtheexperiment6,7 is comparable
to known strongly correlatedsystemsand different models
wereproposed,which ascribedthe Me-I transitionto strong
electroncorrelationson H sites.8,9 RecentlyGW calculations
were able to reproducethe experimentalgap and it was
claimed,that the insulatingtrihydride is similar to a conven-
tional semiconductor.10–12 From a practicalpoint of view it
seemsthat 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 there is a generalrecipe
how to correctLDA results.It 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 hydrogendeficient trihy-
dride. We thereforeutilized an ab initio augmentedplane
waveplus local orbital (APW1lo) code13 with the general-
izedgradientapproximation(GGA) (Ref.14) to calculatethe
electronic structure and compare it to the experimental
ARPESresults.

The paperis organizedasfollows. The following section
deals briefly with the experimentalsetup and the sample
preparation.Furthermorethe employedAPW1lo ab initio
electronicstructurecalculationsaredescribed.ThemainSec.
III givesan introductioninto theelectronicstructureof rare-
earth dihydrides basedon band-structurecalculations.Al-
readyexisting modelsare briefly discussedin this context.
Furthermorewe presentthe angle-resolvedphotoemission
datafor the different rare-earthhydridesand focus on YH2
for an indepth comparisonto computationallyobtainedre-
sults. In Sec.IV we discussour findings in a more general
contextand commenton the recentdebatesaboutthe Me-I
transitionsandvariousstructuralandmagneticorderingphe-
nomenain this classof materials.The paperfinisheswith
conclusionsin Sec.V.
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II. EXPERIMENT AND CALCULA TION

The preparationof contamination-freesingle crystalline
dihydride films imposesstringentrequirementsin terms of
basepressureduring evaporationof the puremetalsandhy-
drogengaspurity dueto thestrongaffinity to oxygenandthe
subsequentundesiredformationof surfaceor evenbulk ox-
ide. Thereforewe took the utmost care in outgassingthe
water-cooled e-beam evaporatorensuringthat evaporation
was achieved below 4310−10 mbar. Metal s200 Åd was
evaporatedin a hydrogenpressureof 4310−6 mbar on a
cleanWs110d singlecrystal held at 500 K. The utilized hy-
drogenwasfiltered througha Pd-Ag permeationtube.15 The
resulting films are single crystalline. Low-energy electron
diffraction (LEED) showsno superlatticespots,just a 131
surfaceunit cell with lattice parametersequal to the bulk
values within the experimentalerror of ±0.3 Å. The film
thicknessof 200 Å is sufficientto excludeanyquantumsize
effects16,17 andshouldallow for a sufficientstrainrelease.

The photoemissionexperimentswereperformedimmedi-
ately after film growth, in situ in a modifiedVG ESCALAB
Mk II spectrometerwith a base pressure lower than
10−10 mbar.Surfacecleanlinesswasensuredby the absence
of O 1s and C 1s corelevel emissionin thex-ray photoelec-
tron spectrumemployingMg Ka radiation.The angularde-
pendenceof emissionfrom metal core levels over the full
hemispherewas measuredvia rotating the samplewith a
two-axis samplegoniometerenablingsequentialcomputer-
controlled samplerotation.18,19 This measurementmode is
commonlycalledx-ray photoelectron-diffraction (XPD), for
a review seee.g.,Ref. 20. All preparedfilms werefound to
exhibit fcc stackingwith two domains,bothorientedin (111)
directionbut rotated180°with respectto eachother. Thefcc
crystalstructureimmediatelyconfirmsthepreparationof the
dihydridephase.We could not detecttracesof hcp stacking,
which translatesthe hydrogencontentclose to a stoichio-
metric dihydride.Nevertheless,a partial occupationof octa-
hedralsitesand/ortheexistenceof tetrahedralvacanciescan-
not beruledout completely. Detailsof thestructuralanalysis
via x-ray photoelectron-spectroscopyand-diffractionarenot
presentedhere,the interestedreaderis referredto Ref. 21.
The ARPES measurementswere performedvia sequential
angle-scanningdataacquisition.Theaccuracyandefficiency
of this method was demonstrated for two-22 and
three-dimensional23 materials.Theobviousadvantageof this
methodis theuniform samplingdensityovera wide rangeof
k-spaceandhencea globalview of directtransitionscrossing
EF. The experimentalprocedurewasoutlinedin Ref. 23 and
thereaderis referredto this work for details.We furthermore
presentconventionalEskd scans,which are restrictedto the

fḠ M̄g high symmetrydirectioncoveringan energy window
of 7.48eV. Thesemeasurementmodi arecomplementaryin
termsof rangein k-spaceand energy and provide a global
andyet detailedview of theelectronicstructurein thevicin-
ity of the Fermi level.All presentedmeasurementswereob-
tained using monochromatizedHe I radiation,24 the com-
bined angularresolutionof samplemanipulatorand energy
analyzeris <1° and the energy resolution50 meV. All cal-
culations rely on the published structural data from

Pearsson.25 Theelectronicstructurecalculationsarebasedon
density-functional theory (DFT) and the APW1lo code
Wien2k (Ref. 13) was employed.There the unit cell is di-
videdinto nonoverlappingatomicspheres(muffin tin) andan
interstitial region.26 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 1.16Å and0.85Å wasassumed,respectively. Self
consistencywas judged,when the total energy changewas
lessthan0.1 mRy in subsequentcycles.Thecalculationwas
basedon 10000k points,which correspondsto 286k points
in the irreduciblewedgeof the Brillouin zone(BZ).

III. EXPERIMENT AL AND THEORETICAL RESULTS

A. General electronic properties of (Sc,Y,Gd,La)—dihydrides

Theelectronicstructureof RE dihydridesandtheir related
compoundsYH2, ScH2 was alreadyinvestigatedmore than
20 yearsagoby photoemission.27–29Thesestudiesemployed
polycrystallinesamplesandhenceonly the effectsof hydro-
genationon the density of stateswere investigated.These
experiments were combined with theoretical
calculations.30–33 In order to allow for a comparisonof our
LDA resultswith alreadypublishedcalculations,we showin
Fig. 1 conventionalband-structureplots basedupon con-
vergedcalculationsfor the studiedcompounds.A very good

FIG. 1. Band structurealong high-symmetrydirectionsfor (a)
ScH2, (b) YH2, (c) GdH2, and (d) LaH2; one noticesthreebands
labeled1,2, and 3 with an indirect gap, respectively, overlap be-
tweenband1 andband2 markedasfeature4 in (d). Thecalculation
for GdH2 is spin polarizedin order to avoid a placementof the 4f
levelsat the Fermi level, the majority bandsareshownin gray.
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agreement to the aforementionedolder calculations is
achieved.This points to an apparentrobustnessof the band
topology in terms of techniqueand self consistency, since
older calculationsare often not self consistentand/or use
different basissets.Neverthelesssmall shifts in the relative
positionsof bandsarepossible.

The bandstructures,presentedin Fig. 1 arevery similar.
Onenoticesthreebandsbelow theFermi level, markedwith
1,2, and3 for the caseof ScH2 in Fig. 1(a). The pioneering
calculationof Swietendick30,31 alreadyattributedd-like me-
tallic characterto bandone,hydrogenantibondingcharacter
to bandtwo, andmixedmetal-hydrogen(Me-H) characterto
bandthree.The natureof bondingin thesecompoundsmust
be discussedin termsof interactionbetweenmetal d states
andhydrogen1s states.Metal sitesaresurroundedby eight
hydrogenatomssituatedon tetrahedralsitesin thefcc lattice.
The atomicenvironmentof the metalsitesis comprisedof a
cubewith hydrogenatomsat the cubecornersandthe metal
atom at the center. An equaloccupationof the three t2g or-
bitals, which is required by the cubic symmetry, leads to
chargemaximaalongthecubediagonals,the[111]-direction.
By the sameargumentone can correlatethe remainingtwo
eg orbitals with bondingorbitals to octahedralsites,which
areunoccupiedin the dihydridephase.33 The formationof a
Me-H bondingbandwith a binding energy at G between−6
and −9 eV poses the question of ionicity of this bond.
Charge-transferanalysis33 pointsto aneffectivechargetrans-
fer awayfrom themetalsiteto thetetrahedralhydrogensites.

If onecomparesthe bandstructureof the differentdihy-
drides,onenoticessubtledifferences.The bandwidthof hy-
drogenrelatedbands(bandtwo andthreein Fig. 1) increases
with decreasinglattice constant.While there is an indirect
gapof 0.73eV betweenbandtwo at G andband1 at X for
the alloy with the largest lattice constantLaH2, markedas
feature4, thereis considerableoverlapof 0.65eV for YH2
and1.89eV for ScH2 betweenbandoneandbandtwo. It is
interestingto notethat the positionof bandonewith respect
to the Fermi level doesnot significantlychangefor the dif-
ferentalloys. In contrast,the maximumof the hydrogenan-
tibonding band at G movesaway from the Fermi level to
larger binding energies for increasinglattice constants.This
shift leads finally to the aforementionedindirect gap of
0.73eV betweenband1 and band2 for LaH2. Band 3 ex-
hibits an oppositetrend,herethe bandminimum at G shifts
upwards from a binding energy of −8.9 eV for ScH2 to
−6.3 eV for LaH2. Theobservedincreaseof bandwidthwith
decreasinglatticeconstantsupportstheproposedassignment
of antibondingandrespectivelybondingcharacterto band2
and band3. The increasedbandwidthfor small lattice con-
stantscan then be understoodas an increasedlevel spacing
for decreasingseparations.

In orderto confirmthis presumedlatticeconstantscaling,
band-structurecalculationsfor ScH2 with different lattice
constantswere performed.The results(not shown) confirm
this assumption.It seemsthat the bandstructurefor hydro-
genrelatedstatescanbe tunedquite freely by changingthe
lattice constant,but the metalderivedd bandremainsrather
unaffected.Basedon thesebandstructuresoneexpectsvery
similar Fermi surfacetopologiesfor the differentdihydrides
sincebandone is solely responsiblefor the Fermi surface,

with the exceptionof ScH2, where the calculationyields a
small pocketat G derivedfrom thehydrogenrelatedband2.
We are not concentratingon the implicationsof this small
pocketon theelectronicstructureof ScH2 sinceour measure-
mentgeometryis not sensitiveto k pointsexactlyat G, as it
will beshownlater in Sec.III B andasit would benecessary
to confirm this point. In the following we concentrateon
band1. Thereoneseesa Fermi level crossingbetweenG and
X andbetweenG andK andbetweenL andW. Onedoesnot
observea Fermi level crossingbetweenG andL. This points
to a connectedFermi surface,wherethe necksextendalong
the GL direction,henceone doesnot observea crossingin
this direction.This will be discussedin more detail in con-
junction with the experimentally obtained Fermi surface
maps.

B. Experimental data and calculation

The following discussionof the electronicstructuretakes
mainly place in reciprocal space,in the surfaceBrillouin
zone(SBZ). Figure2(a) showsthe SBZ for a fcc (111) ori-
entatedsurface,the scale is adaptedto YH2. The various
high-symmetrypoints originate from a projection of the
three-dimensional(3D) bulk BZ onto the surface.For the

specificḠ M̄ direction, the GKLUX planeis projectedonto
the surface,as it is shownin Fig. 2(b). It becomesobvious,

that the a priori inequivalentM̄ andM 8̄ pointsstemfrom a
projectionof theX, respectively, L point of thebulk BZ. This
inequivalencyis lifted for our measurementgeometry, be-
causethe photoemissionsignal is integratedover two film
domains.The secondfilm domain is rotated180° with re-
spect to the first. The bulk BZ of this seconddomain is
shownin gray and is constructedvia a rotation aroundthe

(111) axis.As a resultof this rotation the M̄ and M 8̄ points
becomeindistinguishable.A photoemissionexperimental-
lows for an exactdeterminationof the banddispersionEskid
in the SBZ, due to the conservationof the parallel wave-
vectorcomponent,ki, in thephotoemissionprocess.Theper-
pendicularwave-vectorcomponent,k', is lesswell defined
andits reconstructionis basedon the free-electronfinal state
(FEFS) assumption.Hereoneassumesfor thephotoemission
final statea free-electronparabola.This assumptionappears
adequatefor the reconstructionof the perpendicularwave
vector componentfor excitations in the employedenergy
range.23 Within this approximation,energy and momentum
conservationcorrespondto sphericalcuts throughthe three
dimensionalBZ. The radiusof the cut k0 is determinedvia
Eq. (1) by the photonenergy s"v=21.2eVd, the inner po-
tential V0, the work function f and the probedinitial state
energy EB.

k0 = 0.51Î"v − uEBu − ufu + uV0u, s1d

kisud = 0.51Î"v − uEBu − ufu sinfug. s2d

k0 andki arethe lengthof theFEFSwavevectorin thesolid
and the conservedparallel wave-vectorcomponent,respec-
tively. Equations(1) and (2) are such that energies are in
[eV] andwavevectorsin fÅ−1g.
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If onevariesthephotoelectrondetectionangleu, onefol-
lows the correspondingFEFS sphere and automatically
samplesdifferent statesalong the FEFS spherein the BZ.
Onenoticesin Fig. 2(b) that a scanin the SBZ corresponds
only superficially to a high-symmetrydirection in the bulk
BZ. The discretenatureof the photonenergy restrictsthe k
spacesamplingto a certain region in 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
scheme.Inscribedare FEFSspheresfor initial statesat the
Fermi level and for a binding energy of −3 eV. Regarding
the remainingparameters,we usereasonablevaluesfor the
work function and the inner potentialof f=3.1 eV and V0
=13 eV, respectively. Shown in black (gray for the mirror
domain) is furthermorea calculatedFermi surfacecontour,
which is basedon a grid in k space,wherethegrid pointsare
shownasopencircles.

If onemeasurestheenergy distributionof photoelectrons,
which are emittednormal to the surface,one samplesa re-
gion in k spacebetweenG andL. Figure2(b) showsthat the
FEFS is found betweenG and L. For increasingemission
angles,variousotherhigh-symmetrylines arecrossed.Spe-
cial emphasisis drawn to the G K X and G L line in the
extendedzonescheme,which will belateremployedto com-
pareexperimentaldataandtheoreticaldataalonghigh sym-
metry lines in moredetail. If onecomparestheFEFSsphere
andthe correspondingconstantenergy surfacefor a specific
bindingenergy oneexpectshigh photoemissionintensitiesif
the two coincide.Specificallyfor e.g.,theFermienergy, this
would be thecasearoundthepointsoneandtwo [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-dimensionalrepresentationof
statesat the Fermi level, basedon the samepotential that
was utilized to generatethe Fermi energy contour in Fig.
2(b). A three-dimensionalcontourplot34 in k spaceof states
at the Fermi energy correspondingly yields the three-
dimensional Fermi surface. Clearly visible are the open
necksalongtheGL direction.ThediscussedFermisurfaceis
a holesurface,which meansthat theoccupiedstatesarecon-
centratedaroundtheX point andnot aroundtheG point,asit
is commonfor the free-electronmetals.Theoccupiedregion
is hatchedfor onepocketin Fig. 2(b) andcorrespondinglyin
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 measuringthe angulardependenceof the photo-
emissionintensityoriginatingfrom statesat the Fermi level.
In Fig. 3 we presentso-calledFermi surfacemapsfor the
studieddihydrides,which were obtainedat room tempera-
ture. The intensity of He I excitedphotoelectrons,with en-
ergy centeredat EF, wasmappedvia Eq. (2) to ki. Theouter
circle correspondsto a polar angleof 90°, andthe centerof
theimagerepresentsnormalemission.Intensitiesarelinearly
color coded,high intensities(in white) resultat ki locations,

FIG. 2. (a) SurfaceBrillouin zonefor YH2. (b) Sideview of the
BZ for a fcc structurein the GKLUX planeand its relation to the
surfaceBrillouin zone for a [111]-oriented crystal. Free-electron
final statemodel in an extendedzoneschemefor YH2. The free-
electronfinal statespheressV0=13 eV ,f=3.1 eVd are drawn for
the Fermi energy and a binding energy of −3 eV. Shownin thick
black is the Fermi surfacecontour, which was obtainedvia calcu-
lating the eigenstateson a cubic k spacegrid, which is shownwith
opencircles.Theoccupiedregionis shownhatchedfor onepocket.
Featuresone,two andthreedenoteregionsof coincidencebetween
the free-electronfinal stateof EF and the Fermi surfacecontour.
Featurefour showsa possibleFermi surfacenestingvector (see
text). Contributionsof a seconddomain are shown in gray. (c)
Fermi surfaceandbulk BZ.
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wheredirect transitionsmovethroughEF. Themappingcor-
respondsto a sectionthroughthe Fermi surfaceperpendicu-
lar to the [111] direction,as hasbeendemonstratedfor the
exampleof Cu (Ref. 23) andsketchedfor YH2 in Fig. 2(b).
All Fermi surfacemapsshow a six-fold symmetry. The ap-
parentdoublingof symmetrycomparedto the trigonal [111]
axis is due to the existenceof the aforementionedtwo do-
mains,which arerotated180° with respectto eachother.

The most prominentfeatureof the presentedFermi sur-

facemapsis analmostcircular featurecenteredaroundthe Ḡ
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 correspondsvia Eq. (2) from 0.4 to
0.5 Å−1. A very similar featureis sampledin thesecondsur-
faceBZ aswell, noticeableashalf circles in the outerparts
of the map.Oneobservesit only partially dueto the limited
k rangevia excitationwith He I radiation.Moreovera clear

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

toelectronspectrain a rangebetween0° and60° alongthe Ḡ

M̄ direction (as indicatedby an arrow in Fig. 3(d). For this
directionwe measuredthephotoelectronintensitynot only at
the Fermi level but for binding energies between0.2 and
−7.48eV. The datasetsweremappedonto a regularsEi ,kid
grid. In Fig. 4 the secondderivative of the corresponding
momentumdistribution curvesare visualizedas gray scale
plots with white correspondingto maximum intensity. The

reasonfor takingthesecondderivativeis a contrastenhance-
ment (typical spectraaredisplayedin Fig. 6 below).

TheobtainedEskd plots (Fig. 4) arecomplementaryto the
measuredFermi surfacesin termsof being able to analyze
more thoroughly the origin of enhancedintensity at the

Fermi level. For the Ḡ M̄ directionwe canthereforeassigna
band to the observedcircular featurein the Fermi surface
maps.This bandcuts the Fermi level at <0.4 Å−1 and then
dispersestowards higher binding energies with increasing
parallelwave-vectorcomponent.It exhibitsa clearminimum

at theSBZ boundary, at the M̄ point. Thebandandits mini-
mum is markedin Fig. 4(a) as feature1. We find a binding
energy of < −1.6 eV at the extremalpoint. The k-spacelo-
cation of this minimum is different for the different com-
pounds,since the different lattice constantsmanifestthem-
selvesin different SBZ dimensions,k=2p /a, rangingfrom
1.31Å−1 to 1.11Å−1. This effect becomesapparentin the
Fermi surfacemaps,as a zoom-outimpression,when com-
paring ScH2 and LaH2. Correspondinglyone noticesin the
electron distribution curves a horizontal shift of the band
minimum to lower ki values[indicatedin Fig. 4(a) with an
arrow]. Furthermoreone noticesfor ScH2 and LaH2 addi-
tional regionsof high intensitycloseto theFermi level in the

insideof theaforementionedband,closeto theM̄ point.This
featureis labeledas2 for ScH2. Theseadditionalintensities
are different for the investigatedcompounds.For ScH2 an
almostemptyelectronpocketbecomesvisible in theelectron

FIG. 3. Fermi surfacemapsmeasuredwith He I radiation,high
intensitiesareshownin white, outerring correspondsto 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 thedifferentlatticeconstants.(a) ScH2, (b) YH2, (c)
GdH2 and (d) LaH2.

FIG. 4. Secondderivativeof experimentalmomentumdistribu-
tion curves(a) ScH2, (b) YH2, (c) GdH2 (d) LaH2, color codedsuch
that white correspondsto high intensity, the dashedlines serveas
guideto the eye.
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distributioncurves(markedasfeature2). A very similar fea-
ture appears(thoughmarkedlyweaker) for LaH2 aswell.

In orderto facilitatea morein-depthcomparisonbetween
experimentalandtheoreticalresults,onehasto considerthe
measurementgeometryand the FEFSmodel in conjunction
with thetheoreticalbandstructure.For thestatesat theFermi
level onecanimmediatelyinterconnecttheFEFSsphereand
its relationto thecomputedFermisurfacecontour. For states
with higherbinding energy onecaneventuallycomputethe
theoreticaldispersionrelationwithin this FEFSmodel for a
comparisonto experimentalEskd curves.

We concentrateon YH2 for thecalculationsbut stressthe
applicability to ScH2, GdH2, and LaH2. Following the dis-
cussionin Sec.III A, onenoticesthatonly oneband(excep-
tion ScH2, wherethe calculationyields a small contribution
from band2, seeFig. 1(a) contributesto the Fermi surface.
Direct transitionsare now expectedfor k points,wherethe
FEFS spherecoincideswith the Fermi surfacein the ex-
tendedzonescheme,asshownin Fig. 2(b).

Thecorrespondingcircle cutstheFermisurfacecontourat
the points labeledas 1 to 3. Initial statesof k spaceregion
one [Fig. 2(b)] yield the primary circular featurearoundthe

Ḡ point. The crossingbetweenFEFScircle 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. Thesepoints

simultaneouslyappearfor the ḠM̄ and the ḠM 8̄ directions
due to the existenceof two mirror domains.Henceoneob-
servesin betweenpoint one and two an additionalincrease
of photoemissionintensitydueto initial statesat point three.
It hasto be pointedout, that in this regionthe choiceof the
FEFSparametersarequite crucial, sincethe sphereand the
contour barely touch eachother. This peculiar topology is

responsiblefor the additional intensity aroundthe M̄ point.
Sincethe FEFSdoesnot cut but merely touchesthe initial
statecontour, one expectsnot sharp transition but more a
diffuse backgroundfor this region,as it is indeedobserved
experimentally(Fig. 3). With regardto the slight deviations
in betweenthe investigateddihydrides,we haveto assume
thattheystemprimarily from effectsdueto themeasurement
geometryanddueto the free electronfinal stateassumption
andarenot signsof principal differencesof the bandstruc-
ture in this energy region.

Via the FEFSmodel onecanplot the eigenvaluesof the

appropriatek pointsfor a measurementin ḠM̄ directionand
obtaincomputationallya conventionalEskd relation.Thecor-
respondingcomputedenergy distribution curves[Fig. 5(b)]
correspondvery nicely in the energy rangebetween0.2 and
−2 eV to the measuredcurvesof Fig. 5(a). The topologyof

the sampledbandis nicely reproduced.At the M̄ high sym-
metry point of the SBZ, statesin the environmentof the X
point of thebulk BZ aresampled.This particularlyholdstrue
for statesat EF, while for statesat EB=−3 eV k pointsin the
vicinity of L andK aresampled(compareto Fig. 2(b)). Our
combinedmeasurements(Fig. 4) clearly indicatethat theob-
servedd-bandwidth is constantfor themeasureddihydrides.
This finding is theoreticallyvery well reproduced.We find a
binding energy of −1.6 eV, which is in excellentagreement

to the positionof band1 at the X point in Fig. 1.
With regardto the samplingof this band,we notice the

appearanceof a secondfeature[labeledas 2+ in Fig. 5(b)]
which is due to the existenceof a secondmirror domain
(especiallyfor ScH2 andLaH2), we noticetheappearanceof
a secondfeature[labeledas 2+ in Fig. 5(b)]. The exactlo-
cation in energy and momentumis very dependanton the
parametersof the FEFSandthereforeleavesampleroom to
maintainthepictureof an isoelectronicFermisurfacefor the
dihydrides,despiteslight differencesin the measurements.

In termsof testingthe LDA bandstructurewe havenot
discussedsofar thehydrogenrelatedbands,which arenot in
suchcloseproximity to the Fermi level. The band-structure
calculationspredict two additionalbandsat higher binding
energies,which havebeenlabeledband2 andband3 in Fig.
1. The applicationof the FEFSmodelplacesthesebandsat
−3.6 eV and 7.2 eV for normal emission[bands3 and 7 in
Fig. 5(b)]. Subsequentlyif one follows the dispersionalong

the fḠM̄g direction, the two bandssplit up in up to four
bands,an effect which again is due to the existenceof the
aforementionedmirror domain.With regardto the compari-
son betweenmeasurementand theoreticalresults,we note
for this energy rangebetween−2 eV and −7.48eV a less
convincingagreement.

In order to stressthe similarities betweenthe different
materials,we presentin Fig. 6(a) electrondistributioncurves

in the vicinity of the M̄ point for ScH2, YH2, GdH2, and
LaH2. Thesespectrawere measuredat 30° emissionangle

along the fḠM̄g direction, which translatesvia Eq. (2) to
1.08Å−1 andis in the vicinity of the d-bandminimum [fea-
ture1 in Fig. 4]. Thepresentedspectrain Fig. 6(a) arethere-
fore part of the alreadypresentedenergy distributioncurves
in Fig. 4, differing just in the datarepresentation,which is
now scaledto thetruephotoemissionintensityandnot to the

FIG. 5. ExperimentalandtheoreticalEskd for YH2. (a) Second
derivativeof experimentalEskd distribution curves(b) theoretical
Eskd distribution,eigenvalueswerecomputedon a k grid, which is
adaptedto theexperimentalEskd distributioncurves,bothinequiva-
lent domains(seetext) areconsidered.
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secondderivative,asit wasthe casein Fig. 4 andFig. 5(a).
Onenoticesagaina very similar appearancefor all mea-

sureddihydrides.The spectraare dominatedby a peak at
<−3.7 eV for LaH2 and−5 eV for ScH2 [markedasfeature
1 in Fig. 6(a)], which is below the previously discussed
d-bandminimum (feature1 in Fig. 4). Evenfurtherbelowin
energy additionalstructures(feature2 in Fig. 6) canbe dis-
tinguished.Emission from theseH induced statesis very
strong.Comparedto Fig. 4, now due to the intensity scale,
almostno structureis found in theregionbetweentheFermi
level and−2 eV. As the only featurea small peakis visible
at −1.8 eV sLaH2d and −2.4 eV sScH2d and markedas fea-
ture threein Fig. 6(a). An inspectionof the dataset shows
that a region of high intensity persistsfor all dihydridesin
this energy rangebetween−1.8 eV and−2.4 eV, andthereis
virtually no dispersionwith theparallelwave-vectorcompo-
nent.This absenceof dispersionis highlightedin Fig. 6(b),
where angle-resolved photoemission spectra along the

fḠM̄g-direction for GdH2 are shown.The featuredoesnot
showup in the plots of Fig. 4 becausethe derivativeof the
correspondingmomentumdistribution curves vanishesfor
nondispersingpeaks. Such a nondispersivebehavior is
clearlyinconsistentwith thecomputedbandstructure,namely
bands1 to 3 in Fig. 1 andwe tentativelyassignthis featureto
structuralimperfections,suchashydrogenin octahedralsub-
lattice and/ortetrahedralvacancies.

We would like to point out that the k-spacelocation

aroundthe M̄ point representsa bestcaseagreementto the
computedband structure.For other k points (as shown in
Fig. 4 and5) oneobservesvariousdiscrepancies,whoseori-
gin might be speculatedupon.

We try to classifytheoreticalandexperimentalbandsinto
threegroups;bandswhich arereproducedin theoryandex-
periment(e.g.,metald bands) andbandswhich appearonly
in theoreticalcalculationsor measurements.The two latter
categoriesaredenotedwith a plus [theoreticalbands5+ and
8+ in Fig. 5(b)] anda star[experimentalbands3* , 7* , 8* in
Fig. 5(b)].

The experimentalobservationof additional features(ex-
perimentalbands3* , 7* , 8* ), which cannotbe identified in
theoreticalbulk calculationsmight havea varietyof possible
reasons.The calculationswereperformedfor the bulk struc-

tureandhencesurfacelocalizedstatesarenot includedin the
theoreticalresults.Howeverwe haveno indicationthat these
additionalstatesareparticularlysensitiveto theformationof
adsorbatelayersasit would be typical for surfacestates.On
the other handthe calculationsassumea stoichiometrichy-
drogenconcentration.Howeverthe absenceof hydrogenva-
canciesandhydrogenimpuritiesis experimentallydifficult to
ensure.The structural deviations in the hydrogen lattice
would certainly affect the hydrogen induced statesmuch
more than the previously discussedmetal d states.On the
otherhanda deviationto thecalculatedbandstructuremight
be a fingerprint of many-bodyphysics,which has already
beenproposedin thecontextof theoccurringMe-I transition
(seeSec.IV ). It seemsthat theoccurenceof additionalstates
is a generalfeaturefor thedihydridephasesincethesplitting
betweenfeature3 and feature3* canbe found not only for
YH2 but for GdH2 andlessclearly for LaH2 aswell (Fig. 4).
The sameholds true for feature7* for YH2 and GdH2 and
lessclearly for LaH2. ScH2 seemsto be exceptionalin this
sense,sinceit only exhibitsoneof the respectivefeatures.

In additionwe notetheabsenceof calculatedbandsin the
experimentas it is the casefor bands(5+ and 8+). The ob-
servationof eigenvaluesin an experimentalspectrumde-
pendson the photoemissioncross section for the specific
transition. The correspondingmatrix elementscannot at
presentbe includedin the calculationandmight hamperthe
observationof thesestates.On the otherhand,againa seri-
ous disorder in the hydrogensublatticemight as well be
responsiblefor the disappearanceof theoreticallypredicted
bandsin the experiment(Fig. 5).

In summary, onehasto notethat thecomparisonbetween
the LDA calculationsand the photoemissionresultsis only
very satisfactoryin termsof bandpositionandbandtopology
for the metalderivedd states.A one-to-onecorrespondence
betweencalculation and experimentcannot be established
for the H-derivedstatesat higherbinding energy.

IV. DISCUSSION

ApparentlyLDA is quite capableof describingthe Fermi
surfaceof rare-earthdihydrides,as can be judgedfrom the
agreementto the presentedmeasurements.In view of the
fact, that the pureelementsdo not haveidenticalFermi sur-
faces, it is especiallyintriguing that the hydrogenationof
thesedifferentelementsseemsto yield a universaldihydride
Fermi surface.Without discussingin detail the electronic
structureof pure Sc,Y, Gd, and La, it hasto be considered
that the following differentpropertiesaregenerallyascribed
to deviatingFermisurfaces.Thedoublingof theunit cell for
La (e.g., its dhcpstructure) hasbeenalreadyattributedto a
Peierls-typedistortion initiated by the removal of a nested
part of the Fermi surface.35 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 structuraltransitionbetweenthe
puremetaland the dihydrideremovesthesedifferencesand
yieldsa universalFermisurface.It would becertainlyhighly
beneficialto extendthesephotoemissionstudiesto over- and

FIG. 6. (a) ExperimentalspectraScH2, YH2, GdH2 andLaH2,
all measuredat anemissionangleof 30°. (b) ARPESspectraalong

the fḠM̄g directionfor GdH2 up to an emissionangleof 60°.
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under-stoichiometricdihydrides,in order to monitor in situ
the establishmentand existencerangeof this universalpre-
cursor statefor the rareearthhydrides.

In accordanceto Gupta37 for ErH2 we find experimentally
andcomputationallyfor all considereddihydridesa multiply
connectedholesurface,that is comprisedof a distortedcube
with necksprotruding along the G L-directions.It is well
known that large parallel sectionsof a Fermi surfaceare
prone to be annihilatedby the formation of a charge/spin-
densitywave.38 Intuition would point for this Fermi surface
to anestingvector, whichconnectsoppositesidesof thecube
andhencea nestingvectorin [001]-direction(label4 in Fig.
2(b)). GuptaandBurger32 quantifiedthis nestingvectorwith
approximatelyf0.4,0,0g34p /a for ErH2. It waspointedout
by Liu,39 that the correspondingordering phenomenafor
such a nesting vector have so far not been observedin
experiments.40 Liu39 proposedan alternativenestingvector
fc ,c ,1−cg, where c is a materialsdependantparameter.
The orderingwavevectorarisesby consideringan extended
zoneschemeandapparentlycompliesmorewith the experi-
mental results.In order to discussthis issuewe have inte-
gratedthe obtainedbandstructureto obtain the generalized
susceptibilityxsE ,kd, which quantifiesthe linear electronic
responseto a perturbationwith wave vector q accordingto
Eq. (3),41

xsE,qd =E dsek+q − ekddk . s3d

In this expressione is the eigenvaluefor a given wave
vectork andq is thespanningvectorbetweennestedpartsof
the Fermi surface.The bandindex is omittedsinceonly one
bandcontributesto the Fermi surface.Figure 7(a) displays
the susceptibilityfor inital statesin the vicinity of EF (inte-
grationovera smallwindow E=100 meV) in the[100] plane
of YH2 shown in a grayscalerepresentation,where black
correspondsto large valuesof x. The calculationswereper-
formed for spanningvectorsq betweenq=s0,0d and (1,1)
(in units of the conventionalreciprocallattice vector4p /a).
A sketchof theFermisurfacecontoursin theGXWKplaneis
shownasan inset.Figure7(b) showsa cut alongthe x-axis
sq,0d of the samesusceptibilitymatrix.

We note regions of high susceptibility along the lines
sq,0d and s0,qd with a maximum [markedwith a circle in
Fig. 7(a)] for a displacementvector, which correspondsto
twice the Fermi wave vector and is close to the proposed
value from Gupta.32 Such a behaviorwould be consistent
with a Peierls like scenario for various ordering
phenomena.38 We haveto notehowever, thatthewave-vector
dependentpart of the susceptibilitydoesnot exhibit strong
fluctuationsor a divergencein thecalculatedplane.Thepro-
posednestingvectordoesnot leadto a pronouncedmaxima
in thesusceptibility[Fig. 7(b)]. Thediagonalcontributionsto
the susceptibilityfrom q vectorsin [110] direction (marked
asfeature1 in the inset) arecomparableto the contributions
in [100] direction. For the [100] direction we note a very
high susceptibilityfor excitationswith small q (feature3 in
inset) comparedto the proposednestingvector (feature2 in
inset). In this sensethe Fermi surfaceis not heavily nested

alongthe principal axis of the warpedcube.This fact might
explain, why the searchfor parallel sheathsof the Fermi
surfacein order to explain experimentallyobservednesting
phenomenahasnot beensuccessfulso far.

Fermisurfacenestinghasbeenproposedfor thetrihydride
phaseas well5 in conjunction with the complicatedYH3
atomic structure.It would be worthwhile to consider the
electronicresponseto the additionof hydrogenatomsin va-
cant octahedralsubstitutionalsites. First of all one might
explain the ordering phenomenain superstoichiometric
dihydrides42 and secondlyone might get more insight into
the Me-I transition,which occursat even higher hydrogen
concentration,closeto the trihydride phase.

With regardto thestill ongoingdebateon theorigin of the
insulating trihydride phase,one finds in the literature two
different approaches.43 One either argues on the basis of
standardelectron gas theory enrichedby strong electron-
phonon coupling (weak correlation approach) or one em-
ploys strongelectroncorrelationsto explain the large band
gap of the trihydride phase.The weak correlationproposal
certainlysufferedfrom a still ongoingdebateabouttheexact
crystallographicstructureof YH3 and the absenceof a bro-
ken symmetrystructurein the twin compoundLaH3.

Van Gelderen11,12 pointedout, that thefailure of LDA can
be tracedback to an incompleteLDA descriptionof the H
groundstate.This artifact directly stemsfrom deficiencyof
the local exchange-correlationpotential. Surprisingly the
herepresenteddataandcalculationsshowa very niceagree-
mentbetweenLDA calculationsandthe dihydridephasefor
statesin the immediatevicinity of the Fermi level. These
bandsoriginatefrom d-bands,centeredat themetalsites.For
bindingenergiesbelow−2eV theagreementbetweenexperi-

FIG. 7. (a) Susceptibilityof YH2 in the [100] plane,derived
from LDA bandstructure;grayscalewith dark regionscorrespond-
ing to high susceptibilities.(b) Susceptibilityin the [100] direction,
yielding only small variations (indicatedby arrow) due to weak
Fermi surfacenesting(seetext).
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mentandcalculationis lessconvincing.Froma phenomeno-
logical point of view it seemsthat the dihydride phaseal-
ready exhibits tracesof many-electronphenomenabut yet
still with anunperturbedFermisurface.Only theadditionof
octahedralhydrogenleadsto a collapseof this Fermisurface
and correspondinglyto the Me-I transition. Therefore it
seemsappropriateto pinpoint the failure of LDA to the de-
scriptionof hydrogenin generaland in particularinvolving
octahedralhydrogen.This in turn is relatedto the scenarios
of Eder8 andparticularlyNg,9 which assigneda crucial role
to octahedralhydrogen.Judgingfrom the observedisoelec-
tronic natureof all dihydridesit is thereforevery temptingto
understandthe dihydridephaseasa precursorphasefor the
subsequentformationof the insulatingtrihydride phase.

V. CONCLUSIONS

We presentedARPES data on single crystalline [111]-
orientedScH2, YH2, GdH2, andLaH2 thin films on W(110).
It wasexperimentallyshown,that the Fermi surfaceis very
similar for the studiedcompounds.Most prominentfeatures

of theFermisurfacearenecksalongtheGL-direction,which

originatefrom a band,which hasa minimum at the M̄ point
at <−1.6 eV binding energy in theARPESexperimentsfor
all the investigateddihydrides.This stateis very well repro-
ducedvia calculationsbasedon a FEFSmodel.Theobserved
universalFermi surfacefor the measureddihydrideslets us
proposethat hydrogenationinduces a common electronic
precursorstate,namely, a commonFermi surface,which is
then annihilatedfor the subsequenthydrogeninducedMe-I
transitionfor the trihydride phase.
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