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Switchable yttrium –hydride mirrors grown on CaF2„111…: A x-ray
photoelectron spectroscopy and diffraction study
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The epitaxial growth of Y ~hydride! films on CaF2~111! has been investigatedusing x-ray
photoelectronspectroscopy, x-ray photoelectrondiffraction, and low energy electrondiffraction
~LEED!. For Y depositionat 700°C the formationof high-qualityepitaxialhcp~0001! orientedY
films is observed.WhenevertheY films showedgoodsurfacequality, thesurfaceis rich in F. Only
whenthedepositiontemperaturewaschosensolow thattheLEED reflexeswerevery broadwasno
fluorine detected.This is a strongindication that F actsasa surfactant.For Y depositionat room
temperatureundera H2 partial pressureof 531026 mbar we observethe formation of a F-free,
transparentYH2.3 film of a red/yellow color and poor crystallinity. Hydrogen unloading is
accomplishedby annealingto 600°C. The film losesits transparency, the poorly orderedfcc~111!
lattice convertsto a well-orderedhcp~0001! lattice, and F contaminationis restored.
I. INTRODUCTION

For decadesthe interactionof hydrogenwith Y, La, and
the rare-earth~RE! metalshasbeenthe subjectof numerous
investigations due to the interesting temperature- and
concentration-dependentstructuresand propertiesobserved
in the solid solution(a phase! aswell asin the stabledihy-
dride (b) and trihydride (g) phase.1 Hydrogen induced
metal–insulator transitionsin REHx as x approaches3, for
instance,havealreadybeenindicatedby electricaltransport
measurementsand ~inverse! photoemissionexperimentson
bulk samplesin the1980s.1–3 Renewedinterestin thesephe-
nomenahasbeendevelopedby therecentdiscoveryof spec-
tacular changesin the optical propertiesof metal–hydride
films of Y, La, and RE hydridesnear their metal–insulator
transition:in themetallicdihydridephasetheselayersappear
mirrorlike, whereasthe insulatingtrihydride phaseis trans-
parentfor visible light.4,5 As the transitionfrom the shiny to
the transparentstateis reversibleand inducedat room tem-
perature~RT! by simply changingthe surroundinghydrogen
gas pressure4 or electrolytic cell potential,6 thesehydrides
can be usedas switchablemirrors.7 In the transparentstate
they have characteristiccolors: YH3 is yellowish,8 while
LaH3 is red. Evenmorespectacularare the optical changes
of magnesium–gadolinium9 and magnesium–yttrium alloys
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sincethey switch from metallic to colorlesstransparentdur-
ing hydrogenabsorption.This enhancestheir technological
potentialtremendously.

For basicresearchthe intriguing questionsare: what is
the electronic structure of the insulating phaseand what
causesthephasetransition?Threekindsof modelshavebeen
proposedto accountfor themeasuredgapof 2.8 eV in YH3.
The local density approximation ~LDA ! of density–
functional theory incorrectly gives a metallic state10–14 un-
less a distortion of the HoD3 structureis assumed.13 This
broken symmetry structure, which is only slightly more
stablethan the HoD3 structure,hasa LDA gap of only 0.8
eV. Therehasbeena controversyasto whetherthestructure
is consistentwith neutrondiffraction data.15,16 Very recent
Ramaneffect measurements17 exclude the HoD3 structure
for YH3 put forward by the early neutrondata. Insteada
noncentrosymmetricstructurelike P63cm or P63 is compat-
ible with theRamandata.To reconcilethesmallgapof a few
tenthof an eV with the large transparencywindow over the
visible spectral range observedin experiments4,8,18 it has
beenargued that the theoreticalgap is an indirect gap and
that the experimentdoesnot showzeroabsorption.It is not
yet clearwhetherthis residualabsorptionis, indeed,charac-
teristic for YH3 or whetherit comesfrom the Pd cap layer
which protectsthe Y film againstoxidation during ex situ
optical experiments.The secondgroup consistsof strongly
correlatedelectronmodels.19–21 Energy gapsof severaleV
canbe obtained,dependingon the Coulombcorrelationen-
ergy. The third group, finally, dealswith GW quasiparticle
calculations.22,23A very recentstudy23 predictsa fundamen-
tal gapof 1 eV and,takinginto accountelectricdipolematrix
elements,a large optical gapbetween2.4 and2.9 eV.
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An interestingfeatureof the latter two groupsof models
is that they predict that hydrogenis presentas a negatively
chargedH2 ion.19–21,23This theoreticalresultis corroborated
experimentallyby Y 3d core-levelshifts towardhigherbind-
ing energieswhengoing from Y to Y trihydride,2,3,24–26 ion
migrationexperiments,27 and,very recently, by optical infra-
red spectroscopy.28 According to OsterwaldersY 3d core-
level shift analysis3 0.19 and 0.29 unit charges are trans-
ferred to each hydrogenin Y dihydride and Y trihydride,
respectively. In the opticsexperimentinfraredactiveoptical
phononswereexcitedin YH3, which is only possibleif elec-
tric dipole momentsare present.28 SinceY is certainly not
negativelycharged, it is the hydrogenthat hasto carry the
negativecharge in the partly ionic compound.Hjovarsson
soft x-ray emissionand absorptionspectroscopydata29 fi-
nally areinterpretedin termsof H plus.This contradictsthe
conclusionsfrom severalothertechniques,like x-ray photo-
electron spectroscopy~XPS!, ion migration, and infrared
spectroscopy. While thefirst techniqueis very surfacesensi-
tive, theothertwo measurebulk properties,so that theargu-
ment that the differencemight be due to the fact that XPS
andsoft x-ray absorptionprobedifferentpartsof the sample
doesnot hold.

A combinationof photoemission25,30 and inversephoto-
emissiondatacouldtestthesizeof thefundamentalgap.The
key experimentto bedonefor thequantitativeverificationof
the optical gap is a preciseabsorptionmeasurementat the
absorptionedgeon a single-crystallinesamplecontainingno
absorbingmaterialotherthanYH3. Due to the largevolume
expansionon loadingwith hydrogenY hydridebulk samples
decayinto powderswhenapproachingthe trihydride phase1

and, hence,are not suited for preciseabsorptionmeasure-
ments.Thin films, in contrast,canaccommodatethe volume
changesuponloadingandunloadingby an expansionanda
contractionperpendicularto the film plane,in particular, if
thefilms aretexturedwith thec axisof thehexagonal-closed
packed(hcp) Y latticeorientedparallelto thegrowthdirec-
tion.

While single-crystallineY hydride films had previously
beenpreparedon nontransparentW~110! substrates24–26 and
~11.0! oriented sapphiresubstratescovered with a ~110!-
orientedniobiumbuffer layer,31–33 it wasonly recentlyfound
thatepitaxialY films canbegrownwithout a buffer layeron
transparent ~111!-oriented CaF2 substrates34 and ~111!-
orientedBaF2 substrates.35 Indeed,crystalswith the fluoride
structure consist of three intercalatedface-centeredcubic
~fcc! latticesand,hence,presentsuitable~111! surfacesfor
the growth of closed-packedY layers.The lattice parameter
a of CaF2 is 5.45 Å, giving a cationnearestneighborsepa-
ration d5a/A253.85 Å. The separationof the Y atomsin
thebasalplaneamountsto 3.65Å, resultingin a latticemis-
matchfor the growth of Y on CaF2 of 5.5%.

Thepossibilityof growinghigh-qualityepitaxialY films
on CaF2~111! without a buffer layer opensnew possibilities
to investigatesingle crystalline switchable mirrors. Espe-
cially for electrical resistivity and optical transmissionex-
periments,the transparencyof CaF2 andits insulatingnature
aregreatadvantages.However, beyondfundamentalexperi-
mentsthis progressalso offers new technologicalresearch
opportunities.Given the compatibility with Si, optoelec-
tronic applications might be envisaged.34 Second,
Ca12xYxF21x2yHy is a negativeH ion conductor,34 provid-
ing a promisingalternativefor gasphase4 and wet electro-
chemicalloading6 for switchablemirror applications.

The question whether high-quality epitaxial Y~0001!
films grown on CaF2~111! without a buffer layer arefree of
fluorine contaminationis of importancefor fundamentalex-
perimentsas well as potential applications.Thereforewe
studiedthegrowthprocessof Y on ~111! orientedCaF2 sub-
strateswith thecombinationof XPS,x-ray photoelectrondif-
fraction ~XPD!, andlow energy electrondiffraction ~LEED!.
Our resultsdemonstratethat the growth of high-qualityepi-
taxial Y~0001! films on CaF2~111! without a buffer layer is
inseparablefrom the occurrenceof fluorine. Moreover, we
find remarkabledifferencesto thegrowthprocesson W~110!
for Y depositionundera hydrogenpartial pressure:surpris-
ingly, the hydrogenconcentrationof the resultingY hydride
films at a given hydrogenpartial pressureis significantly
larger for depositionon CaF2~111! than for depositionon
W~110!.

II. EXPERIMENTAL PROCEDURES

We usedXPD to observe,in real spaceand near the
surface,the changesoccurringdue to the H-inducedstruc-
tural transitionsin yttrium. XPD hasbeenchosenbecauseof
its chemicalsensitivityandits sensitivity to local real-space
order. LEED, in contrast,showsthe symmetryof reciprocal
space,is not chemicallyselective,and containsinformation
about the long-rangeorder of the atomsnear the surface.
XPD is a powerful technique for surface structural
investigations,36 andit hasbeenshownthat full hemispheri-
cal XPD patternsprovide very direct information aboutthe
near-surfacestructure.24–26,37–42 At photoelectronkinetic en-
ergiesaboveabout500eV, thestronglyanisotropicscattering
by the ion coresleadsto a forward focusingof the electron
flux along the emitter–scattereraxis. The photoelectronan-
gular distribution, therefore, is to a first approximationa
forward-projectedimageof the atomic structurearoundthe
photoemitters.Note that the crosssectionfor forward scat-
tering increaseswith increasingatomicnumber.43 Therefore,
forward scatteringdue to H atomsis generallytoo weak to
be observed.

TheXPD dataarepresentedin so-calleddiffractograms,
i.e., in a stereographicprojectionand in a linear gray scale
imagewith maximumintensity correspondingto white ~see
Fig. 3!. The centerof the plots correspondsto the surface
normal ~polar emissionangleQ50°) while the outercircle
representsdirectionsparallel to the surface(Q590°).

The experimentswere performedin a VacuumGenera-
tors ESCALAB Mk II Spectrometermodifiedfor motorized
sequential angle-scanningdata acquisition,37,38 equipped
with a three-channeltronhemisphericalelectrostaticenergy
analyzerand with a basepressurein the low 10211 mbar
region. XPS and diffraction patternswere measuredusing
Mg Ka radiation(hn51253.6eV! with the samplekept at
RT. Theoverallenergy resolutionis approximately1 eV. The
spectrometeris extendedwith an ultrahigh vacuum~UHV!
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compatiblehydrogenationsystem.26 In brief, it combinesa
high-pressurereaction cell with a custom made hydrogen
purificationsystembasedon a Pd–24%Ag tubeanda sorp-
tion pump. The hydrogenpurification systemremovesre-
sidualcontaminationsfrom 6N–H2 efficiently.26

The substrateswere commercial ~111! oriented, air-
cleavedandpolished10 mm 3 10 mm 3 1 mm largeCaF2

plateletswith a surfaceroughnessof 2–3 Å. Due to the in-
sulating nature of CaF2 there is a charging effect which,
comparedto literature values for CaF2 ,44 shifts the XPS
spectrafrom the bareCaF2~111! substratetoward lower ki-
netic energies~Fig. 1!. Prior to Y depositionthe CaF2 plate-
lets were cleanedupon annealingto 700°C ~see Fig. 1!.

FIG. 1. XPS spectratakenfrom the ~111! orientedCaF2 substrate:~a! un-
treated,~b! after annealingto 700°C for 30 min, and~c! after 20 h irradia-
tion with photons(hn51253.6eV! and photoelectrons(Ekin<1253.6eV!
under UHV conditions.Due to the insulating nature of CaF2 there is a
charging effect which, comparedto literaturevaluesfor F 1s ('569 eV!
and Ca2p ('905.6eV! in CaF2 , shifts the F 1s and Ca2p emissionby
about7 eV to lower kinetic energies.
High purity Y ~99.99%! wasevaporatedfrom a liquid nitro-
gen cooledelectron-bombardmentcell at different substrate
temperatureswith the pressureremainingbelow 2 310210

mbaror undera hydrogenpartial pressureof 531026 mbar.
During Y depositionthe film thicknesswas controlled by
meansof a water-cooledquartzmicrobalance.The evapora-
tion ratewas typically 5–10 Å/min. SeveralLEED patterns
were takenduring and/orafter the growth of the films and
the annealingsteps.Line shapeand peak position of the
Y 3d doublet,the F1s, as well as the O1s core level were
probed with XPS. Finally, Y 3d5/2 and F-KLL diffracto-
gramsweremeasuredfor somefilms.

ThroughoutSecs.III and IV the readermust be con-
sciousof XPS andXPD beingsurfacesensitivetechniques.
For electronkinetic energies relevant in the presentstudy,
i.e., the 560–1100 eV regime, the elastic mean free path
varies from 5.3 to 7.5 monolayers.Thus in the case of
Y~0001! (c55.73Å! the elasticmeanfree pathvariesfrom
15 to 22 Å. In TableI andin thefollowing discussionwe use
crosssectioncorrectedF1s to Y 3d, C1s to Y 3d, andO1s
to Y 3d intensity ratios. Note that only films A ~550 Å at
700°C) andE ~500 Å at RT, 531026 mbarH2) weregrown
on bareCaF2~111! substrates.After the depositionof these
films the Ca2p doublet was no longer detectable,i.e., the
substratewas completelycovered,and no O or C contami-
nationscould be detectedwith XPS. Film B was deposited
on top of film A ~1250Å, 350°C), andfilm C on top of the
slightly oxygencontaminatedfilm B ~1200Å, RT!. Films D
andF, finally, correspondto film C annealedto 700°C andto
film E annealedto 600°C, respectively.

In the caseof film A ~550 Å! the XPS spectrawere
shiftedtowardlower kinetic energiesby '2 eV, whereasno
charging effectscould be detectedfor thicker (> 800 Å! Y
films ~films B, C, andD!. Above a critical film thicknessof
' 800Å theY films seemto bein electricalcontactwith the
groundedsampleholder. Note that in Figs.2 and5 thespec-
tra takenfrom film A havebeenshiftedmanuallyto correct
for this charging effect. In the caseof the 500 Å thick films
TABLE I. Summaryof thepreparationprocedurefor eachfilm, aswell asthe respectiveresultsobtainedfrom
LEED, XPD, andXPS line shapeandpeakpositionanalysis.The labelsV andS assigntwo differentcompo-
nentsof the F 1s emission~seeFig. 2!.

Int. relativeto Y 3d ~%!

LEED Fluoride
~arbitrary component F 1s

judged in Y 3d
Film Preparation XPD LEED quality! emission V1S V S O 1s

A 550 Å, 700°C sharp~3! yes 14.3 9.0 5.3 0.0
B 1250 Å, 350°C hcp~0001! broad~2! yes 13.2 9.8 3.5 0.6

70° off normal 23.4 9.0 14.0 1.0
after XPD ~20 h! 4.9

C 1200 Å, RT diffuse ~1! ? 5.7 3.9 1.8 1.7
D annealed700°C very sharp~4! no 13.0 0.0 13.0 0.2

E 500 Å, RT, under
531026 mbarH2 fcc~111! no spots~0! no 0.0 0.0 0.0 0.0

F annealed600°C hcp~0001! very sharp~4! no 8.5 0.0 8.5 0.9
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E and F on the other hand energy shifts due to charging
effectswereavoidedasfollows: prior to depositionof film E
smallAu contactswerefirst evaporatedon eachcornerof the
platelets leaving the center area ~O” ' 8 mm! of the
CaF2~111! surfaceuncoveredfrom Au. Carewas takenthat
the Au contacts were in contact with the electrically
groundedsampleholder. Then,Y was depositedon top of
both the Au contactsand the barecenterareaof the CaF2

platelets, i.e., the resulting Y films were electrically
grounded.Indeed,no energy shifts due to charging effects
wereobservedin the respectiveXPSspectra~Figs.2 and5!.

III. RESULTS AND DISCUSSION

XPS spectrataken from the untreatedCaF2~111! sub-
stratesareshownin Fig. 1~a!. Besidesthe characteristicCa
andF corelevel andAuger lines, the spectrumshowed20%
O 1s ~crosssectioncorrectedO1s to F1s intensity ratio!
and48%C1s ~crosssectioncorrectedC1s to F1s intensity
ratio! lines. By heatingthe CaF2~111! substratesduring 30
min to 700°C the carboncontaminationcould be reduced
below the limit of detectabilityof XPS, while the oxygen
contaminationwas reducedto 3% @Fig. 1~b!#. Moreover,
both the Ca2p doubletandF1s singletphotoemissionlines
broadenandshift towardlower kinetic energies,indicativeof
a secondset of peaksat ' 1.5 and 1.2 eV lower kinetic
energies,respectively.

It is known that CaF2 cleavesalongthe ~111! planebe-
tween two adjacentfluorine layers, resulting in a fluorine-
terminatedsurface.45–50 In connectionwith the following Y
spectraand their discussion,the questionof terminationof
the ‘‘clean,’’ i.e., the annealedCaF2~111! substrate@seeFig.
1~b!# is of interest.AssumingstoichiometricCaF2 we have
calculatedthe expectedintensity ratios betweenthe Ca2p
and F1s emission for the sequencesfrom the surface
CaFF . . . , FCaF . . . , and FFCa . . . as a function of the aver-
age interlayer distance.51 The experimentalCa 2p to F1s

FIG. 2. XPS spectraillustrating peakpositionsandline shapesof the F 1s
singletandtheY 3d doubletfor thedifferentY films ~seeTableI for prepa-
ration conditions!. The openand filled — a 70° off-normal measurement
takenfrom film B — circlesarethe data.In the caseof the F 1s emission,
the solid curves are the best fits to the data using two Gaussfunctions
~dashedanddottedcurves!. For the Y 3d emissionthe solid lines arejust a
guidefor theeye.Thearrowsindicatethepeakpositionof theY 3d doublet
for Y in differentchemicalenvironments.
ratio of 1.1obtainedfor thecleansubstrate@Fig. 1~b!# is only
compatiblewith a Ca termination.A Ca rich surfacetermi-
nation could be causedby fluorine desorptionat high tem-
peratures,a scenariothatrequireshigh mobility of fluorinein
theCalattice.Electricalconductivitydatasupportthis specu-
lation: the electrical conductivity of CaF2 is exclusively
ionic, and it is related to the motion of fluorine ions and
vacanciesthroughthe Ca lattice, a processwhich is known
to be effective only at sufficiently high temperatures
(>500°C).52,53 Furthermore,it is known that fluorine de-
sorption from CaF2 can be stimulated by photon45 and
electron46–50 irradiation by the Knotek–Feibelmann54

mechanismor via exciton formation.55 We thereforeexpect
fluorine to further desorband,hence,the Ca contentat the
surface to further increaseduring XPS and XPD experi-
ments,i.e., whenirradiatingtheCaF2~111! samplewith pho-
tons(hn51253.6eV! andphotoelectrons(Ekin<1253.6eV!
under UHV conditions.Comparisonof Fig. 1~b! ~the first
spectrumfrom the annealedsample! with Fig. 1~c! ~XPS
spectrameasuredafter a 20 h XPD experiment! showsthat
this is thecase:theCa2p to F1s ratio increasedby '20%!
Now theoriginal high-kineticenergy setof F andCalines is
considerablyreducedor even absent.The intensity of the
O 1s line in turn increasedto 16% andthe broadpeakindi-
catesa componentat higher kinetic energies.We therefore
relatetheremaininglow-kinetic energy Capeaksto oxidized
Ca clusterson the surface.This interpretationis consistent
with the oxidationof Ca clustersformedby electronstimu-
lateddecompositionof air cleavedCaF2 crystalsunderUHV
conditions.47–50,56 Sincethe surfaceis depletedfrom F after
the XPD experiment,we attribute the low-kinetic energy
F 1s singlet to fluorine locatedin deeperlayers,while the
original F1s singletappearsto becausedby fluorine located
at the surface.

Figure 2 shows the photoemission intensity ~open
circles, the filled circles are a 70° off-normal measurement
takenfrom film B! in the regionof the F1s singletandthe
Y 3d doublet.Note that dueto theAu contacts~seeSec.II !
no energy shifts due to charging effects were observedfor
thesespectra.For the 550 Å thick Y film grown at 700°C
~film A!, i.e., the growth temperatureusedin the study by
Nagengastet al.,34 LEED yields a sharphexagonalpattern
~not shown!. This is consistentwith the previouslyreported
growth of single-crystallinehcp~0001! orientedY films on
CaF2~111!.34 ThesharpLEED reflexesreveala well-ordered
surface.Since the Ca2p doubletcould not be detectedwe
concludethatthesubstrateis completelycoveredwith Y. The
surprisingly intenseF1s singlet ~14.3%! revealsthe pres-
enceof fluorine in thenearsurfaceregion@Fig. 2~A!#. Since
we neverobservedF contaminationsfor Y films grown on
W~110! or Nb~110! in the sameUHV systemandunderthe
samedepositionconditions,24–26,42we concludethatthefluo-
rine cannotoriginatefrom the residualgas.Consequently, it
mustoriginatefrom the CaF2~111! substrate.

Aiming at well-ordered,fluorine freeY films, we gradu-
ally loweredthesubstratetemperatureduringY depositionin
a first seriesof experiments.To this goal additionalY films
weredepositedon top of film A. After theadditionof 250Å
Y at 350°C ~film B! only very little changesare visible in
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the XPS spectra@Fig. 2~B!#. In particular, the fluorine con-
centrationis only reducedby 1%. Moreover, the LEED re-
flexesare alreadysomewhatbroaderthan for film A. 20 h
later ~usedfor XPD! we madean additional depositionof
200Å Y at RT ~film C! on top of film B, which wasby then
contaminatedwith 4.9%oxygen.As a result,the intensityof
both the oxygenandthe fluorine line reducedby a factor of
'3. The diffuse LEED reflexesindicateda poorly ordered
surfacefor film C.A highly orderedsurfacecouldberestored
by annealingfilm C to 700°C ~film D!. However, the corre-
spondingXPS spectrum@Fig. 2~D!# showsthat this proce-
dure also restoresthe F1s singlet ~13%!, while the oxygen
line is considerablyreducedor evenabsent.

In previouswork we havedemonstratedthat for Y depo-
sitiononW~110! withoutH2 sharpLEED patternscouldonly
beobservedfor temperaturesabove'550°C. In contrast,Y
depositionon W~110! under a H2 partial pressureof '5
31026 mbaryields sharpLEED patternsfor substratetem-
peraturesrangingfrom RT up to 330°C.24–26 This suggests
directY dihydridegrowth, i.e.,Y depositionundera H2 par-
tial pressureof '531026 mbarat RT to bea promisingway
to grow well-ordered,fluorine free Y ~hydride! films on
CaF2~111!. In a secondseriesof experimentswe therefore
deposited500Å Y on a cleanCaF2~111! substrateundera H2

partial pressureof '531026 mbar at RT ~film E!. Most
importantly, no fluorine could be detectedwith XPS for this
surprisingly transparentfilm of a red/yellow color @Fig.
2~E!#. However, as revealedby theabsenceof LEED reflexes
and the poorly definedXPD pattern~not shown! film E is
unfortunatelyof very poorcrystallinity. TheXPD datacanbe
explainedwith a fcc~111! orientedY lattice. In order to re-
covergoodcrystallinity, we finally annealedfilm E by gradu-
ally increasingthe temperatureundersimultaneousobserva-
tion of the LEED screen.At about 600°C LEED reflexes
reappeared,thefilm lost its transparency, andbecamea shiny
metallic a-phasefilm ~film F!. However, the XPS spectra
takenimmediatelyafterward@Fig. 2~F!# showall thefeatures
discussedearlier for film D. In particular, XPS detects8%
fluorine and XPD revealsa hcp~0001! orientedY film ~not
shown!.

So far, all our XPS and LEED resultsindicatethat the
growth of well-ordered single crystalline Y films on
CaF2~111! is inseparablefrom theoccurrenceof fluorine.For
RT depositionwe observedisorderedsurfaceswith no or
little fluorine contamination. With increasing deposition
and/or annealingtemperature,both the surfacequality and
the fluorine contaminationincrease.The intriguing question
is whether there is a chemical reaction betweenY and F
leading to compoundformation through the whole film or
whetherF is dominantlylocatedat the surface.

A first indication for preferential location of F at the
surfaceemerges from x-ray photoelectrondiffraction from
film B ~Fig. 3!. TheY 3d5/2 diffractogram@Fig. 3~a!# reveals
sixfold symmetry. An identicalpatternwasobservedfor 200
Å Y depositedat RT on W~110! or on Nb~110! and was
identified as a single-crystalline hcp~0001! oriented Y
film.24–26,42TheF-KLL Augeremissionpattern@Fig. 3~a!# in
contrastis ratherdiffuse.It showssix-fold symmetryaround
theF emittersandexhibitsa forwardfocusingmaximaalong
normal emission.This clearly indicates that F atoms are
presentbelow the surface.The presenceof fluorine atomsat
the surface is unveiled by azimuthally averagedintensity
curves@Fig. 3~c!#. While the azimuthally averagedY 3d5/2

intensity ~open circles! showsthe behaviorexpectedfor a
thick film or bulk sample,the increasingazimuthallyaver-
agedF-KLL intensity~opendiamonds! with increasingpolar
emissionangleQ is typical for atomsadsorbedon or within
the surfacelayer.

Further evidencepf a preferentiallocation of F at the
surfaceemergesfrom line shapeandpeakposition analysis
of the F1s singletandY 3d doublet.The linewidth andthe
line shapeof the F1s emissionfrom films A, B, andC are
rather broad ('3.4 eV FWHM! and slightly asymmetric
~Fig. 2!. For films D and F the linewidth is reduced('3.0
eV FWHM! andtheline shapeis almostsymmetric.Further-
more, the F1s peak position shifts toward higher kinetic
energies,whengoing from films A, B, andC to films D and
F. Theseobservationssuggestthe presenceof two F1s sin-
glets, in the following labeledV and S. We estimatedthe
intensitiesof V and S ~seeTable I! by fitting the datawith
two Gaussfunctions ~solid curvesin Fig. 2!. The best fits
were achievedfor a peakseparationof 1.2 eV and a line-
width of 3 eV FWHM. Interestingly, thepresenceof theF1s
V singlet goesalong with the presenceof a shoulderin the
Y 3d emissionat '6 eV lower kinetic energies.A shift of 6
eV with respectto the Y 3d metalcomponentcannotbe ex-
plained by an oxide or a hydride. For Y2O3, YH2.99, and
YH2.25 films we previouslymeasuredshifts of 2.5 eV,42 1.9
eV,26 and0.6 eV,26 respectively. However, a shift of '6 eV

FIG. 3. Stereographicprojectionof experimental:~a! Y 3d5/2 photoelectron
and ~b! F-KLL Auger intensitiesfrom film B, ~c! azimuthally averaged
intensity as a function of the polar emissionangle Q for Y 3d5/2 ~open
circles! and F-KLL ~opendiamonds! emissionfrom film B, and ~d! polar
cut throughthe prominentforward-scatteringmaximaW for film B ~open
triangles!, a 200Å thick Y film on W~110! ~opencircles!, and a 200 Å thick
Y trihydridefilm on W~110! ~opendiamonds!. Thepolaranglepositionof W
(QW) wasdeterminedby fitting the datawith a Gaussfunction.
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is comparableto bulk values of YF3 .57 Furthermore,the
peakpositionof the F1s V componentcoincidesfairly well
with the peakpositionexpectedfor F1s emissionfrom YF3

bulk. This indicatesthat theshoulderat '6 eV lower kinetic
energy in the Y 3d emissionand, consequently, the F1s V
componentare due to fluoride formation.A 70° off-normal
emissionmeasurementof film B @filled circles in Fig. 2~B!#
supportsthis interpretation.While the intensityof theF1s V
componentremainsalmostconstantwhengoingfrom normal
to off-normalemission,theintensityof theF1s Scomponent
increasesby a factor of 3. Obviously, the F1s Scomponent
is dueto F atomsfloatingat thesurfacewhile, in goodagree-
mentwith theXPD analysisabove,theF1s Vcomponentis
causedby F atomsbelow the surface.

It is noteworthythat annealingafter the deposition~film
C → film D andfilm E → film F! causesthe F1s V com-
ponent to vanish completely, while the F1s S component
gains in intensity. Obviously fluorine surface segregation
dominatesthe releaseof fluorine from the CaF2 substrate,
therebypreventinga fluoridation of the whole Y film. Fur-
thermore,the sequenceof film A, B, andC revealsthat the
intensity of the F1s Scomponentgraduallyreduces,while
theintensityof theF1s Vcomponentremainsconstantwhen
going from film A to film B and only reduceswhen going
from film B to film C. Apparentlyan additionalmechanism
competingsurfacesegregationis activeduringY deposition:
fluorine atomsfloating on the surfacecanbecomeburiedby
incomingY atoms.As a resultfluorine cannotbe eliminated
from subsurfaceregionsandhencecausestheobservationof
the F1s V componentduringY deposition.

The formation of a well-orderedsurfacerequiresmass
transportat the surface.Often, an increasedmasstransport
can simply be achievedupon annealingand/or growth at
higher substratetemperatures.An alternativepossibility to
affect masstransportand,hence,thequality of thesurface,is
the useof additivespresenton the surface,so-calledsurfac-
tants. Having evidencethat for Y films exhibiting sharp
LEED patternsa significantpart of the fluorine is concen-
tratedat the surface,the questionarises,whetherthe surface
quality is determinedby depositionor postdepositionanneal-
ing temperaturesalone,or also by F on the surfaceplaying
the role of a surfactant.

LEED imageshave been judged for their quality and
markedin arbitrary units from 4 ~sharpestspots! to 0 ~no
spots! ~seeTable I!. Figure 4 displaysthe LEED ~surface!
quality as a function of temperature@Fig. 4~a!#, the F1s
intensity @Fig. 4~b!#, the intensity of the F1s V component
@Fig. 4~c!#, and the intensity of the F1s Scomponent@Fig.
4~d!#. The filled circles representfilms that have beenan-
nealedafter deposition,while the plus signsstandfor theY
films depositedat different substratetemperatures.The cor-
relationbetweenthe LEED quality andthe F1s andF1s V
componentis ratherbad.Sincethe temperatureandthe F1s
S componentare directly relatedto eachother via surface
segregation,thesetwo quantitiescannotbe separateddefi-
nitely. Nevertheless,thefact thattheLEED quality correlates
evenbetterwith the intensityof the F1s Scomponentthan
with temperaturealoneis a strongindicationthat,in addition
to temperature-drivenmass transport,surfactantaction of
fluorine further enhancesmasstransportof Y atomsat the
surface.

The definite separationof the temperatureeffect from
surfactantactionof fluorine would requireus to grow Y on
fluorine free substrates,and then to dosefluorine either be-
fore, during,or after theY deposition.It is obviousthat this
is an experimentnobodylikes to carry throughin an UHV
system.This maybepartof thereasonwhy surfactantaction
of fluorinehasnot beenreportedsofar.58 Surfactantactionof
other metaloidssuchas O and H, however, is widespread.
Clearevidenceof surfactantactionof fluorine would there-
fore not be too surprising.

In a previousstudy, basedon XPD analysisandthermo-
dynamicconsiderations,we found that the H concentration
of Y films depositedon W~110! undera H2 partial pressure
of '531026 mbarat RT correspondsto thelower boundary
of thepuredihydridephase(x'1.99).24–26 Both YH1.99 and
thestoichiometricb phasecompoundYH2 havea high elec-
trical conductivityandopticalabsorption.4,8 ForY deposition
on CaF2~111! undera H2 partialpressureof '531026 mbar
at RT ~film E!, we consequentlyexpectedto observean op-
tically absorbingfilm. Surprisingly, film E is a transparent
film of red/yellowcolor.

Measurementswith increasedresolution~ascomparedto
theonesin Fig. 2! of theenergy regionof theY 3d emission
~Fig. 5! give an indication why film E is transparent.The
spectrumof film E showsa larger intensity for the peakat
lower kinetic energy ('1095eV! correspondingto the3d3/2

emissionthan for the peak reflecting 3d5/2 emission@Fig.
5~E!#. Sucha behavioris opposedto theobservationof films
grown underthe samepartial pressureof hydrogenon tung-
stenyielding a H concentrationof x51.99 @Fig. 5~YH1.99)#,
but is in agreementwith a film of compositionYH2.25 @Fig.
5~YH2.25)#, which wasobtainedby exposingan YH1.99 film
grownon tungstento a hydrogenpressureof 100mbarfor 4
min.25,26At a H:Y ratio of 2.25thephasediagramindicatesa
mixture of the b andg phase.Using the modeldescribedin

FIG. 4. LEED ~surface! quality ~seeTableI for assignments! asa function
of the: ~a! depositionor annealingtemperature,~b! theF 1s intensity, ~c! the
intensity of the F 1s V component,and ~d! the intensity of the F 1s S
component.The filled circles representfilms that havebeenannealedafter
deposition,while the plus signsstandfor theY films depositedat different
substratetemperatures.
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Refs.25 and26 to estimatethehydrogenconcentrationfrom
therelativeintensitiesof the3d3/2 and3d5/2 emission,film E
hasa hydrogenconcentrationof 2.3. For this value,25% of
the sampleis in the yellowish transparentg phaseand75%
is in the absorbingred b phase.After annealingfilm E to
600°C the Y 3d doublet is shifted by '0.6 eV toward
higherkinetic energies @Fig. 5~F!#. Moreover, the line shape
is very similar to the Y 3d doubletobtainedfrom a cleanY
film grown on W~110! @Fig. 5~YH0.0)#. Obviously, hydrogen
could be unloadedsuccessfullyfrom theY hydridefilms.

It is not yet clear what causesthe different hydrogen
concentrationsfor Y films grownon CaF2~111! (x'2.3) and
W~110! (x'1.99) under a H2 partial pressureof '5
31026 mbar. Oneargumentmay be of chemicalor thermo-
dynamic nature. For example,fluorine atoms — initially
thoseof the bareCaF2~111! substrate,later on thosefloating
on the growing Y hydridefilm — may catalyzethe H2 dis-

FIG. 5. XPS spectraillustrating peakpositionsand line shapeof the Y 3d
doublet.~Film E! 500 Å depositedon CaF2~111! at RT undera H2 partial
pressureof '531026 mbar. ~Film F! Film E annealedto 600°C. Note,that
due to the Au contacts~seeSec. II ! no charging effects are observedfor
films E and F. ~YH0.0 film! 200 Å thick Y film depositedon W~110! at
330°C. ~YH1.99 film! 200 Å thick Y film depositedon W~110! at RT under
a H2 partialpressureof '531026 mbar. ~YH2.25 film! A YH1.99 film grown
on tungstenafter exposureto a hydrogenpressureof 100 mbarfor 4 min.
sociation and thereby promote the hydrogen absorption.
Sincecontraryto thedirectdihydridegrowthon W~110! sur-
faces,LEED reflexeswerenot found for theY hydridefilm
grownon CaF2~111! surface,disordermight alsoplay a role.
As discussedin the following, the Y 3d5/2 diffractogram
takenfrom film B @Fig. 3~a!# indicatesa third possibility. The
polaremissionangleQW of theprominentforwardscattering
maximalabeledW is a very directmeasureof thec/a ratio in
hcp~0001! lattices @ tan(QW)5a/c#. Figure 3~d! shows, that
thec/a ratio of film B ~opentriangles! is inbetweenthoseof
200 Å thick Y ~open circles! and Y trihydride ~open dia-
monds! films on W~110!. Using basalplane lattice param-
etersdeterminedby LEED and x-ray scattering,34 we find
that the c-axis lattice constantof the 200 Å thick Y film on
W~110! equalsthe value for Y bulk, while the c-axis lattice
constantof film B is expandedby 4.2%comparedto bulk Y
~seeTableII !. This 4.2%c-axis latticeconstantexpansionin
film B comparescloselyto the H induced4.5%perpendicu-
lar interplanedistanceexpansionwhengoing from a to b in
bulk Y,1 and in epitaxial Y films grown on Nb~110!.32 In
particular, it is knownthatuponH loadingtheperpendicular
interplanedistanceexpandsgradually, while the basalplane
lattice parameterremainsalmost constant.1,32,59 In turn, an
expandedperpendicularinterplanedistanceof a growing Y
film may, comparedto a relaxedfilm, favor hydrogenincor-
porationduringdepositionand,hence,yield a higherH con-
centration.

Althoughsmaller, an expandedc-axis latticeconstantfor
Y films on CaF2~111! grown at 700°C wasalsoreportedin
Nagengastet al.’s x-ray scatteringstudy:34 while for 3000Å
thick films the expansionamountsto only 0.2%, the c-axis
latticeconstantof 240Å thick films is expandedby 1.5%.At
presentit is not clear why the c-axis lattice constantof Y
films grown on CaF2~111! is significantly larger thanthat of
Y bulk or Y films grownonW~110!. Hydrogenincorporation
during depositioncannotcausesuch a large lattice expan-
sion. Furthermore,unlessassumingthat the H2 dissociation
is favoredby the presenceof fluorine, this scenariocannot
accountfor thedifferencesobservedfor depositionon differ-
ent substrates.Lattice mismatch causing strain at the
substrate–film interfacecertainly affects the initial growth
andthefilm latticenearthe interface.After thefirst stagesof
growth, however, films usually relax. Indeed,LEED26 and
TABLE II. Relevantforward focusing maxima and lattice parametersfor Y ~hydride! bulk samples~from
literature! aswell asY ~hydride! films grown on CaF2~111! andW~110!.

Polarangle In plane Perpendicular Expansion
positionof W nearestneighbor interplanar from
~seeFig. 3! distance distance Y bulk

Structure QW~°! chcp/ahcp a ~Å! ~Å! ~%!

Y bulka hcp — 1.57 3.65 2.87 0.0
Y/W~110!b hcp 32.6 1.56 3.67 2.87 0.0
Y/CaF2~111! ~B! hcp 31.5 1.63 3.6734 2.99 4.2
YH2 bulka fcc — — 3.68 3.00 4.5
YH2.9/W~110!b hcp 29.8 1.75 3.71 3.24 12.9
YH3 bulka hcp — 1.81 3.68 3.33 16.0

aSeeRef. 1.
bSeeRef. 26.
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x-ray scattering data34 from Y/W~110! and Y/CaF2~111!
demonstratethat thebasalplanelatticeconstantis relaxedin
both systems.Finally, fluorine dissolved in the Y lattice
couldcausethis unexpectedlargec axis.As canbeseenfrom
Fig. 2 and Table I Y depositionabove '300°C yields a
ratherhigh fluorinecontamination.As discussedabove,XPS
indicatesthatpart of thefluorineconcentratesat thesurface.
A fluorineinducedlatticeexpansionwould thereforebemost
pronouncednearthesurface,i.e., theregionprobedby XPD.
This scenariois consistentwith the different c-axis lattice
constantexpansionsof 4.2%and1.5%asreferredfrom sur-
facesensitiveXPD andbulk-sensitivex-ray scattering34 ex-
periments,respectively.

IV. CONCLUSION

The epitaxial growth of Y and Y hydride films on
CaF2~111! has been investigatedusing XPS, XPD, and
LEED. Good epitaxial growth is obtainedfor a substrate
temperatureof 700°C. Most importantlywe find thatwhen-
evertheY film showedgoodepitaxy, thesurfacewasrich in
fluorine.Only whenthesubstratetemperaturewaschosenso
low that theLEED reflexeswerevery broadwasno fluorine
detectedwith XPS ~seeTable I!. Since fluorine impurities
within the Y film andat its surfacestronglyaffect the elec-
tronic structureand the meanfree path of conductionelec-
trons, this result is very importantfor the analysisof future
electricaltransport,optical transmission,andangleresolved
photoemissionexperimentsusing high-quality epitaxial Y
~hydride! films grown on CaF2~111!.

Theobservationthat thesurfacequality correlatesbetter
with thesurfacefluorineconcentrationthanwith temperature
~seeFig. 4! is a strongindicationthat fluorine actsasa sur-
factant.However, sincefluorine surfacesegregationrelates
thefluorinesurfaceconcentrationdirectly to thetemperature,
thesurfactantactioncannotbeseparatedunequivocallyfrom
temperature-controlledmasstransporton the surface.

For Y deposition without H2 the Y atoms form a
hcp~0001! orientedlattice. In contrastto Y films grown on
W~110!, XPD revealsthat nearthe surfacethe c-axis lattice
constantof Y films on CaF2~111! is expandedby 4.2%com-
paredto Y bulk ~seeTableII !. At presentit is not clearwhat
causesthis unusuallybig c-axis lattice expansionin Y films
grown on CaF2~111!. It could be inducedby fluorine solved
in theY lattice.Taking into accountthatY is concentratedat
the surface,this speculationis corroboratedby the fact that
bulk sensitivex-ray scatteringmeasurementsfind a c-axis
lattice constantexpansionof only 1.5%.34

For Y deposition under a H2 partial pressureof 5
31026 mbar at RT a red–yellow transparentand fluorine
freefilm of very poorcrystallinity is obtained.Usinga model
basedon line shapeand peakposition analysisof the Y 3d
core level we find a H concentrationof x52.3, i.e., 25% of
the samplesare in the yellowish transparentg phaseand
75% are in the absorbingred b phase.Sucha behavioris
opposedto the observationof single crystalline dihydride
films (x51.99! grownunderthesameH2 partialpressureon
W~110!.24–26 TheenhancedH incorporationfor Y deposition
under the sameH2 partial pressureon CaF2~111! as com-
paredto depositionon W~110! could be causedby the un-
usually big c-axis lattice expansiondiscussedabove.Alter-
natively, fluorine atoms — initially those of the bare
CaF2~111! substrate,lateron thosefloatingon thegrowingY
hydridefilm — maycatalyzetheH2 dissociationandthereby
promotethe hydrogenabsorption.

Upon annealingthe YH2.3 film to 600°C hydrogenun-
loadsandY latticetransformsfrom a poorly orderedfcc~111!
into a highly orderedhcp~0001! orientedlattice.Therebythe
film loses its transparencyand becomesa shiny metallic
a-phasefilm. At the sametime fluorine contaminationis
restored.This route is therefore not practical to produce
fluorine-freehigh-qualityepitaxialY films.
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