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The substitution site of Y and Pb in the cuprate-type high temperature superconductor
Bi,Sr,Ca Cuw,0g, 5is determinedn avery directandunambiguousvay by meansof angle-scanned
x-ray photoelectrondiffraction (XPD). Using XPD as a fingerprintingtool, we concludethat Y
occupieghe CasitesandPbtheBi sites,respectively Furthermore|ow-energyelectrondiffraction
dataunequivocallyshowthe presenc®f theincommensuratiattice modulationwhich is knownfor
pureBi2212,but notfor sufficiently PbdopedBi2212.We can,therefore attributethe reappearance

of the modulationdirectly to the Y doping.

Many studieshavebeendonesincethediscoveryof high
temperaturesuperconductorg orderto investigateparticu-
liarities of their geometrical structure. In the case of
Bi,Sr,CaCu,0g, 5 (Bi2212) many different materialshave
beenusedto dope the pure Bi2212 either to influencethe
chargearoundthe Cu-O planeshelievedto beresponsibldor
superconductivityor to modify the structure.Specialatten-
tion hasbeengiven to the incommensuratéattice modula-
tion in Bi2212 bothat the surfacé™3 andin the bulk*~® using
varioustechniques.

The question about the influence of dopantson the
modulationhasbeenexaminedIn particular,Pb substitution
of Bi hasled to manystudies’~® It appearshatsufficientPb
doping inhibits the modulation.Here we further expandthe
consideration®nto the effect of Y dopingof Pb-Bi2212.

In all thesequestionst is very importantto know what
site the dopantatomis occupyingand whetherit is distrib-
uted homogeneouslgubstitutingmainly one elementof the
hostcompoundor clusteringtogether.Using chemicalintu-
ition it is often possibleto stronglysuggesthe occupatiorof
oneor the othersite. However,it is difficult to prove,andin
many casesuncertaintyremains.

X-ray photoelectrordiffraction (XPD) now allows for a
very directandsimpleidentificationof the dopantsite using
the experimentapatternasa fingerprintfor a specificsite /°
We want to stressthat the methodmay, of course,also be
appliedto othercompoundsg.g., minerals.

As a result of our study of Y-Pb-Bi2212 we find un-
equivocallythatPbandY occupythe Bi and Ca sitesof the
hostmaterial respectively Furthermorelow energyelectron
diffraction (LEED) shows that the lattice modulation is
presentagainfor Y-Pb-Bi2212 althoughit is absentin Pb-
Bi2212 for similar Pb contents.

The sampleswere grown from nonstoichiometricsys-
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tems consistingof solute and flux which form a high tem-

peraturesolution!! The nearsurfacecompositionof the Pb-

Y-Bi2212 crystals was carefully determined with x-ray

photoelectronspectroscopyXPS). We obtainedvalues of

0.27 and 0.38 for the Pb:Bi and Y:Ca ratios, respectively.
The Pb:Biratio is well abovethe critical value of about0.25
for removingthe modulation®®

The single crystals have been cut to small rectangles
with dimensionsof about 3xX4 mm? with a thicknessof
~0.5mm and mountedonto the sampleholder with silver
epoxy. For the measurementthe crystalswere cleavedin
situ at a pressureof better than 1x 10 *°mbar, yielding
cleanmirrorlike surfaceswith (001) orientation.

The measurementsvere performedin a modified VG
ESCALAB Mk Il spectrometerquippedwith a two-axis
samplegoniometerenablingsequentialcomputer-controlled
samplerotation?!® For XPS and XPD a twin anodewas
useddelivering eitherMg-K« (1253.6eV) or Si-Ka (1740
eV) radiation.The angularresolutionwasbetterthan1° full
coneacceptanceDueto its chemicalsensitivityandthe sen-
sitivity to local order XPD is a powerful techniquefor sur-
face structuralinvestigations It hasbeenshownthat full
hemisphericalXPD patterns(diffractogram$ provide very
direct information about the near surfacestructuret>% At
electronenergiesabove about 500 eV, the strongly aniso-
tropic scatteringof photoelectron®y theion coresleadsto a
forward focusingof electronflux alongthe emitter-scatterer
axis. Prominent intensity maxima in diffractograms can,
therefore pftenbeimmediatelyidentifiedwith near-neighbor
directions. The photoelectronangulardistribution therefore
is, to a first approximationa forward-projectedmageof the
atomic structurearoundthe photoemittersFor a XPD dif-
fractogramwe typically measuredaibout5500anglesettings
[(6,¢), photoelectronemissionangles é(polan) and ¢(azi-
mutha) ], eachdisplayingthe angulardependenintensity of
the selectectorelevel. The obtainedntensitiesareplottedin
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FIG. 1. A setof XPD patternsof Pb-Y-Bi2212. Shownaremeasurementsn
the corelevels(Augerline for Cu) of elementgresentn pureBi2212,i.e.,
Bi 4f4,, Sr3ds,, Ca2ps,, CulsMysMy,s, andO 1s. Measurementsave
beenperformedwith Mg-K « radiation(1253.6eV) andraw datais shown
asa linear gray scaleplot in stereographiprojection.

alinear gray scaleimagein stereographiprojection.

In Fig. 1 we presenta set of XPD patternsfor Pbh-Y-
Bi2212. Displayedarethe experimentdor thoseatomtypes
occurring also in pure Bi2212. In the diffractograms,the
outer circle correspondgo grazingemission(6=90°) and
the centerdenotesnormal emission(#=0°), respectively.
For eachpolar anglefrom #=78° to normal emission,we
plot the azimuthalintensity distribution of the selectedcore
level.

Oneobservesa clearfourfold symmetryof all patterns.
This is in contrastto previouswork of Osterwalderetal.’
wherethe strongmodulationalongthe b axisin pureBi2212
causes considerableleviationfrom the fourfold symmetry,

e., the XPD diffractogramsbecometwofold symmetric,
clearly distinguishingbetweerthe crystalsa andb axis. The
overall fine structurein the images,however,remainsiden-
tical.

The structureof thesediffractogramsis quite compli-
catedbut, mostimportantly,the imagesare distinctly differ-
ent from eachother. Therefore,insteadof trying to under-
standthe very detailsof the fine structuredueto interference
andforwardfocusingwe cantaketheindividual patternsasa
fingerprintfor the respectivdocal real-spacesnvironmenbf
the correspondinglement,.e., for the crystallographicsite.
It is very clearthen,thatin orderto determinethe site of the
dopantwe simply have to measureits diffractograms.A
comparisonwith the fingerprintsthen directly leadsto the
identificationof the site.
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FIG. 2. Fingerprinting:Direct comparisonof the XPD patternsof Y 3p3,
andPb4fs, with Ca2p,, andBi 4f;,, respectively.

In Fig. 2 XPD patternsof the Y 3p andthe Pb4f core
levelstogetherwith the patternsof Ca2p andBi 4f arepre-
sented Oneobserves striking coincidenceof the Y pattern
with the Ca XPD and of the Pb patternwith the one of Bi.
Therefore,we can concludeunequivocally,that Y and Pb
dopantatomsoccupyCaandBi sites,respectivelyXPD thus
representsa uniquetool to directly fingerprint substitution
sites.

Figures3(a) and3(b) give anview of the reconstruction
schemeappearingdue to the (5X 1) modulationpresentin
pureBi2212. We startin Fig. 3(a) with the comparisorof a
simple squarelattice in real spacewhich represents plane
of metalatoms.Thetransformatiorinto reciprocalspacealso
leadsto a squarelattice, as well known from text books.
Figure 3(b) illustratesthe caseof a lattice modulationalong
the crystal b axis [010]. This (5X1) or strictly speaking
(V2 X 5v2)R45° superstructuréeadsto additionaldiffraction
spotsdisplayedasthe small spots.The intensitiesof the su-
perstructurespotsare also modulateddue to the wave char-
acterof the real spacemodulationas alreadypointedout by
Lindberget al.! for the caseof pureBi2212. Experimentally,
the superstructurecan be examined, e.g., by LEED
measurements.In Fig. 3(c) a LEED picture of the Pb-Y-
Bi2212 crystalis shown,takenwith anincidentelectronen-
ergy of 33.9eV. This patternclearly showsthe modulation
inducedsuperlatticespotsalongthe crystalb axis. Therefore,
we concludethatin Pb-Y-Bi2212the modulationis apparent
again.We notethatin the caseof Pb-Bi2212the modulation
spotshavetotally vanishedexceptfor a c(2x2) superstruc-
ture which is still seenin the transmissiorelectronmicros-
copy (TEM) pictures’ Therefore we canassumehatthe Y
dopingis responsibldor the reappearancef the modulation
althoughthe Pb concentratioris high enoughto preventit.

This is interesting,in particularbecausey doesnot in-
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FIG. 3. Realandreciprocalspacerepresentatiorfor the Bi-type high tem-
peraturesuperconductowithout modulation(a) andwith the (5 1) modu-
lation (b). In real spacethe dots represenimetal atoms(oxygenatomsare
neglected and in reciprocalspacethe dots are identified with diffraction
spots.Part(c) showsa low energyelectrondiffraction experimeniof Pb-Y-
Bi2212, clearly indicating the reappearancef the modulation.

terferewith Bi planes.If oneconsidersonly Pb dopingand
sincePb dopingis ableto inhibit the lattice modulation,one
may be led to concludethat the Bi-O layersare exclusively
responsibldor the (5X 1) modulation.However,the modu-
lation appeardo be intrinsic to the Bi2212 crystal structure
sinceit is possibleto reintroduceit by Y dopinginto the Ca
planes As a matterof fact, a moredetailedanalysisshows?®
that the Y-induced modulationcorresponddo a (10X 1) or
(V2 X 10v2)R45° symmetry.Finally, the fact that XPD does
not showthe influenceof the modulation,manifestin a two-
fold symmetricpatternasin Ref. 17, wheread EED clearly
exhibitsthe superspotsis consistentwith a smallermodula-
tion amplitudein Pb-Y-Bi2212thanin pureBi2212°

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

tively. The overall fourfold symmetryof the XPD patterns
togethemwith the electrondiffraction resultsindicatethatthe
lattice modulation along the crystal b axis is presentbut
weakerthanin pureBi2212.
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