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Substitution sites of Pb and Y in Bi2Sr2Ca1Cu2O81d : X-ray photoelectron
diffraction as fingerprinting tool
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The substitution site of Y and Pb in the cuprate-type high temperaturesuperconductor
Bi2Sr2Ca1Cu2O81d is determinedin a very directandunambiguousway by meansof angle-scanned
x-ray photoelectrondiffraction ~XPD!. Using XPD as a fingerprinting tool, we concludethat Y
occupiestheCasitesandPbtheBi sites,respectively.Furthermore,low-energyelectrondiffraction
dataunequivocallyshowthepresenceof theincommensuratelatticemodulationwhich is knownfor
pureBi2212,butnot for sufficientlyPbdopedBi2212.Wecan,therefore,attributethereappearance
of the modulationdirectly to the Y doping.
Many studieshavebeendonesincethediscoveryof high
temperaturesuperconductorsin order to investigateparticu-
liarities of their geometrical structure. In the case of
Bi2Sr2Ca1Cu2O81d ~Bi2212! many different materialshave
beenusedto dope the pure Bi2212 either to influencethe
chargearoundtheCu-Oplanesbelievedto beresponsiblefor
superconductivityor to modify the structure.Specialatten-
tion hasbeengiven to the incommensuratelattice modula-
tion in Bi2212bothat thesurface1–3 andin thebulk4–6 using
varioustechniques.

The question about the influence of dopantson the
modulationhasbeenexamined.In particular,Pbsubstitution
of Bi hasled to manystudies.7–9 It appearsthatsufficientPb
doping inhibits the modulation.Herewe further expandthe
considerationsonto the effect of Y dopingof Pb-Bi2212.

In all thesequestionsit is very importantto know what
site the dopantatom is occupyingand whetherit is distrib-
utedhomogeneouslysubstitutingmainly oneelementof the
host compoundor clusteringtogether.Using chemicalintu-
ition it is oftenpossibleto stronglysuggesttheoccupationof
oneor theothersite.However,it is difficult to prove,andin
manycasesuncertaintyremains.

X-ray photoelectrondiffraction ~XPD! now allows for a
very direct andsimpleidentificationof the dopantsite using
theexperimentalpatternasa fingerprintfor a specificsite.7,10

We want to stressthat the methodmay, of course,also be
appliedto othercompounds,e.g.,minerals.

As a result of our study of Y-Pb-Bi2212 we find un-
equivocallythat Pb andY occupythe Bi andCa sitesof the
hostmaterial,respectively.Furthermore,low energyelectron
diffraction ~LEED! shows that the lattice modulation is
presentagain for Y-Pb-Bi2212althoughit is absentin Pb-
Bi2212 for similar Pb contents.

The sampleswere grown from nonstoichiometricsys-
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temsconsistingof soluteand flux which form a high tem-
peraturesolution.11 The nearsurfacecompositionof the Pb-
Y-Bi2212 crystals was carefully determined with x-ray
photoelectronspectroscopy~XPS!. We obtainedvalues of
0.27 and 0.38 for the Pb:Bi and Y:Ca ratios, respectively.
ThePb:Bi ratio is well abovethecritical valueof about0.25
for removingthe modulation.8,9

The single crystals have been cut to small rectangles
with dimensionsof about 334 mm2 with a thicknessof
'0.5mm and mountedonto the sampleholder with silver
epoxy. For the measurementsthe crystalswere cleavedin
situ at a pressureof better than 1310210mbar, yielding
cleanmirrorlike surfaceswith ~001! orientation.

The measurementswere performedin a modified VG
ESCALAB Mk II spectrometerequippedwith a two-axis
samplegoniometerenablingsequentialcomputer-controlled
samplerotation.12,13 For XPS and XPD a twin anodewas
useddeliveringeitherMg-Ka ~1253.6eV! or Si-Ka ~1740
eV! radiation.Theangularresolutionwasbetterthan1° full
coneacceptance.Dueto its chemicalsensitivityandthesen-
sitivity to local order XPD is a powerful techniquefor sur-
face structuralinvestigations.14 It hasbeenshown that full
hemisphericalXPD patterns~diffractograms! provide very
direct information about the near surfacestructure.15,16 At
electronenergiesaboveabout 500 eV, the strongly aniso-
tropic scatteringof photoelectronsby theion coresleadsto a
forward focusingof electronflux alongthe emitter-scatterer
axis. Prominent intensity maxima in diffractograms can,
therefore,oftenbeimmediatelyidentifiedwith near-neighbor
directions.The photoelectronangulardistribution therefore
is, to a first approximation,a forward-projectedimageof the
atomic structurearoundthe photoemitters.For a XPD dif-
fractogramwe typically measuredabout5500anglesettings
@~u,f!, photoelectronemissionanglesu~polar! and f~azi-
muthal!#, eachdisplayingthe angulardependentintensityof
theselectedcorelevel.Theobtainedintensitiesareplottedin
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a linear gray scaleimagein stereographicprojection.
In Fig. 1 we presenta set of XPD patternsfor Pb-Y-

Bi2212.Displayedarethe experimentsfor thoseatomtypes
occurring also in pure Bi2212. In the diffractograms,the
outer circle correspondsto grazingemission(u590°) and
the centerdenotesnormal emission(u50°), respectively.
For eachpolar angle from u578° to normal emission,we
plot the azimuthalintensitydistributionof the selectedcore
level.

Oneobservesa clear fourfold symmetryof all patterns.
This is in contrastto previouswork of Osterwalderet al.17

wherethestrongmodulationalongtheb axis in pureBi2212
causesa considerabledeviationfrom the fourfold symmetry,
i.e., the XPD diffractogramsbecometwofold symmetric,
clearly distinguishingbetweenthe crystalsa andb axis.The
overall fine structurein the images,however,remainsiden-
tical.

The structureof thesediffractogramsis quite compli-
catedbut, most importantly,the imagesaredistinctly differ-
ent from eachother. Therefore,insteadof trying to under-
standthevery detailsof thefine structuredueto interference
andforwardfocusingwe cantaketheindividual patternsasa
fingerprint for therespectivelocal real-spaceenvironmentof
the correspondingelement,i.e., for the crystallographicsite.
It is very clearthen,that in orderto determinethesiteof the
dopant we simply have to measureits diffractograms.A
comparisonwith the fingerprintsthen directly leadsto the
identificationof the site.

FIG. 1. A setof XPD patternsof Pb-Y-Bi2212.Shownaremeasurementson
thecorelevels~Auger line for Cu! of elementspresentin pureBi2212, i.e.,
Bi 4 f 7/2 , Sr 3d5/2 , Ca2p3/2 , Cu L3M 45M 45 , andO 1s. Measurementshave
beenperformedwith Mg-Ka radiation~1253.6eV! andraw datais shown
asa linear gray scaleplot in stereographicprojection.
In Fig. 2 XPD patternsof the Y 3p and the Pb4 f core
levelstogetherwith thepatternsof Ca2p andBi 4 f arepre-
sented.Oneobservesa striking coincidenceof the Y pattern
with the Ca XPD andof the Pb patternwith the oneof Bi.
Therefore,we can concludeunequivocally,that Y and Pb
dopantatomsoccupyCaandBi sites,respectively.XPD thus
representsa unique tool to directly fingerprint substitution
sites.

Figures3~a! and3~b! give an view of the reconstruction
schemeappearingdue to the (531) modulationpresentin
pureBi2212.We start in Fig. 3~a! with the comparisonof a
simple squarelattice in real spacewhich representsa plane
of metalatoms.Thetransformationinto reciprocalspacealso
leads to a squarelattice, as well known from text books.
Figure3~b! illustratesthe caseof a lattice modulationalong
the crystal b axis @010#. This (531) or strictly speaking
(&35&)R45° superstructureleadsto additionaldiffraction
spotsdisplayedasthe small spots.The intensitiesof the su-
perstructurespotsarealsomodulateddueto the wavechar-
acterof the real spacemodulationasalreadypointedout by
Lindberget al.1 for thecaseof pureBi2212.Experimentally,
the superstructurecan be examined, e.g., by LEED
measurements.1 In Fig. 3~c! a LEED picture of the Pb-Y-
Bi2212 crystal is shown,takenwith an incidentelectronen-
ergy of 33.9 eV. This patternclearly showsthe modulation
inducedsuperlatticespotsalongthecrystalb axis.Therefore,
we concludethat in Pb-Y-Bi2212themodulationis apparent
again.We notethat in thecaseof Pb-Bi2212themodulation
spotshavetotally vanishedexceptfor a c(232) superstruc-
ture which is still seenin the transmissionelectronmicros-
copy ~TEM! pictures.7 Therefore,we canassumethat the Y
dopingis responsiblefor thereappearanceof themodulation
althoughthe Pb concentrationis high enoughto preventit.

This is interesting,in particularbecauseY doesnot in-

FIG. 2. Fingerprinting:Direct comparisonof the XPD patternsof Y 3p3/2

andPb4f 5/2 with Ca2p3/2 andBi 4f 7/2 , respectively.
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terferewith Bi planes.If oneconsidersonly Pb dopingand
sincePb dopingis ableto inhibit the lattice modulation,one
may be led to concludethat the Bi-O layersareexclusively
responsiblefor the (531) modulation.However,the modu-
lation appearsto be intrinsic to the Bi2212 crystalstructure
sinceit is possibleto reintroduceit by Y dopinginto the Ca
planes.As a matterof fact, a moredetailedanalysisshows18

that the Y-inducedmodulationcorrespondsto a (1031) or
(&310&)R45° symmetry.Finally, the fact that XPD does
not showthe influenceof themodulation,manifestin a two-
fold symmetricpatternasin Ref. 17, whereasLEED clearly
exhibitsthe superspots,is consistentwith a smallermodula-
tion amplitudein Pb-Y-Bi2212thanin pureBi2212.19

In conclusion,we have shown that XPD representsa
powerful and direct tool to determinesubstitutionsites of
dopants.For the exampleof Pb-Y-Bi2212we revealedCa
andBi sitesasthecorrespondingsitesfor Y andPb,respec-

FIG. 3. Realandreciprocalspacerepresentationfor the Bi-type high tem-
peraturesuperconductorwithout modulation~a! andwith the(531) modu-
lation ~b!. In real spacethe dots representmetal atoms~oxygenatomsare
neglected! and in reciprocalspacethe dots are identified with diffraction
spots.Part~c! showsa low energyelectrondiffraction experimentof Pb-Y-
Bi2212,clearly indicatingthe reappearanceof the modulation.
tively. The overall fourfold symmetryof the XPD patterns
togetherwith theelectrondiffraction resultsindicatethat the
lattice modulation along the crystal b axis is presentbut
weakerthanin pureBi2212.
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13D. Naumović, A. Stuck, T. Greber,J. Osterwalder,and L. Schlapbach,
Phys.Rev.B 47, 7462 ~1993!.

14C. S. Fadley, in SynchrotronRadiation Research:Advancesin Surface
Science, editedby R. Z. Bachrach~Plenum,New York, 1990!, Vol. 1, pp.
421–518.

15R. Fasel,P. Aebi, R. G. Agostino,D. Naumović, J. Osterwalder,A. San-
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