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Orderingin the(Ba/Sr/Nd)Obi-layers(of ”Rock-Salt” typestructure)of the
RE2(Ba0� 65Sr0 � 20Nd0� 15)2GaCu2O9 high-Tc superconductingcupratewas investigatedby
electronmicroscopy anddiffraction. Besidesthe averagelayeredstructurebasedon the
tetragonalperovskitecell ap

� ap
� cp andthemeanderingchainsuperstructurebasedon

theorthorhombic4ap
� 2ap

� cp cell in theGaO-layers,anadditionalorderingwasfound
in the pairsof (Ba/Sr/Nd)O-...-(Ba/Sr/Nd)Olayers.We proposea modelfor orderingof
3Baand1Srcationsonatwo-dimensional2ap

� 2ap latticecell in each(Ba/Sr/Nd)Olayer.
This compositionalintra-layerorderingis accompaniedby the inter-layerplanestacking
disorder. The4-fold symmetryof theaveragetetragonalstructureis preserved,while the
translationparametersin the

�
a � b� planearedoubled.This local orderingin theRS-type

bi-layershardlyaffectsthesymmetryof thebasicstructure;however, it mayactasasource
of weakanisotropy in theCuO2-layers.

1Partsof thispaperhave beenpresentedat “2nd CroatianSymposiumonApplicationof ElectronMicroscopy
in Life SciencesandMaterialsScience”,Zagreb,October4, 1996.
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1. Introduction

Layeredstructureof high-Tc superconductingcuprates(HTCSC) is anisotropic”per
se”; it inducesanisotropy of all physicalpropertiessuchaselectricalsuperconductivity
or magneticsusceptibility. The averagestructureis tetragonal,while the basicstructure
of the prototypeYBa2Cu3O7 � x compound(notedalso ”YBCO” or ”Cu-1212C” [1]) is
orthorhombic.The Cu atomsin the CuO-chainlayersof the Cu-1212Cstructurecanbe
completelyreplaced[2] by theM = Ni, Ta,Ga,Co,Al, Hg, ... atoms[3-6], andevenby the
non-metallicC, S,P, N [7-10] atoms.Thesereplacementshardlyaffect theaveragetetrag-
onalstructure.VariousMO-chainarrangementswerefoundto inducestructuralanisotropy
in theformof orthorhombicsuperstructureswith largersuperlatticecells[11-14],however,
with noprofoundeffecton theanisotropy of physicalproperties.

In thispaper, wepresenttheresultsof aninvestigationof orderingin the(Sr/Ba/Nd)O
layersof the (Nd0� 75Ce0 � 25)2(Sr0 � 20Ba0 � 65Nd0 � 15)2GaCu2O9� δ compoundusing electron
microscopy anddiffraction.Althoughthematerialis of a particularcomposition,this or-
deringisof generalinterestbecausetheRS-typelayersarepresentin all HTCSCstructures;
theselayersareadjacentto boththeMO-chainlayersandtheCuO2-planelayers.Ordering
in theRS-typelayershasnot beenrecognizedsofar asa significanteffect in themostof
HTCSCstructures.

2. Structural consideration

The basicstructureof the (RE)2(Sr0� 20Ba0 � 65Nd0� 15)2GaCu2O9� δ compound,termed
heretheGa-1222Cstructure[15], canberepresentedby thelayerstackingsequencein the
unit slab,Fig. 1a:

. . .–GaO–(Sr0 � 20Ba0 � 65Nd0 � 15)O–CuO2–RE–O2–RE–CuO2–(Sr0� 20Ba0� 65Nd0 � 15)O–.. .

The thicknessof this unit slab is 1.41 nm, while the repeatdistanceswithin a slab are

determinedby the basicperovskite squarelattice with parameters:a	 1
p � a	 2
p (a	 1� 2
p 

0 � 39 nm). Thepresenceof the RE-O2-RE fluorite-like lamellacausesa lateralshift over
1/2[110]p of the two partsof unit slabon eithersideof the lamella,Fig. 1a. The repeat
distancealongthenormalto thelayerscontainstwo unit slabs(cp 
 2 � 1 � 41nm),andthe

resultingbasiclatticehasabodycentredtetragonalcell: a	 1
p � a	 2
p � cp.

Two differentarrangementswerefoundin theGaO-chainlayersof the
(RE)2(Sr0 � 85� xBaxNd0 � 15)2GaCu2O9� δ basicstructuredependingon x, the level of Ba-
doping.For x 
 0, theGaO-chainsrundiagonallyalongoneof thetwo [110]p (or [110]p)
directions[3-5,11,12].For x 
 0 � 65, the GaO-chainsmeanderalongthe principal direc-
tions [100]p (or [010]p) [13,14,16].The correspondingsuperstructuresarebasedeither

on the2� 2a	 1
p � � 2a	 2
p � cp, or on the4a	 1
p � 2a	 2
p � cp superlatticecell, respectively.
EachGaO-chain-layeris ensandwichedby a pair of (Sr0 � 20Ba0� 65Nd0 � 15)O layers,Fig. 1b.
The (Sr0� 20Ba0 � 65Nd0� 15)O planespacingwithin this bi-layer is C 
 0 � 43 nm, while the
separationbetweenthebi-layersis muchlarger, 0.98nm.
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Fig. 1. Schematicrepresentationof layeredstructureof RE2(Ba/Sr/Nd)2GaCu2O9 com-
pound: (a) front view of the completestructure;(b) view of the partial (Sr/Ba/Nd)Obi-
layerstructure.

3. Electrondiffractionpatterns

The diffraction patternalongthe [001] zoneof this Ga-1222Cstructureis shown in
Fig. 2. Theseriesof diffractionpatternstaken in thecourseof tilting experimentaround
the[001] axisarereproducedin Fig. 3. Thesereciprocallatticesectionsprovideanunam-
biguousreconstructionof the completeGa-1222Cstructure,the GaO-chain-layerpartial
structure,aswell asthepartialstructureof theRS-bi-layers.
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Fig. 2. EDP of the RE2(Sr0� 20Ba0 � 65Nd0� 15)2GaCu2O9 compoundalongthe � 001� zone;
four strongbasicspotsaremarkedwith dots;thebrokensquaremarkstheunit meshof the
2ap � 2ap lattice. The full line rectanglesmark theC-centredmeshesof two variantsof
the4ap � 2ap superlattice.Arrowsat topandbottomindicatetheextinctions.Arrowheads
markthespotsat thepointsof intersectionsof diffusestreaksof Fig. 3.

Themostintensespotsin all patternsarethosegeneratedby thebasicperovskitesub-
lattice.Dueto theextinctioncondition,hp � kp � lp � odd,thebasicspotscanbeindexed
by a tetragonalface-centredreciprocalcell: a�p ��� 1� 0 � 39� nm� 1, c�p ��� 1� 2 � 82� nm� 1.
This is in agreementwith thebody-centredcell of thebasicGa-1222Cstructure,Fig. 1a.

Besidesthed�110p � d�110p squaremeshof basicspots,markedby blackdotsin Fig. 2,
two meshesof weakspotsrepresenttwo superlattices:thesquaremeshof sharpspots(with

reciprocalcell indicatedby thedashedlines)revealsa2a� 1�p � 2a� 2�p planesuperlattice,and

two rectangularmeshes(with cellsmarkedby thefull lines)indicatethe4a� 1�p � 2a� 2�p (and

4a� 2�p � 2a� 1�p ) planesuperlatticeswhicharedueto themeanderingGaO-chainarrangements
discussedin earlierpapers[13,14,16].

Besidesthebasicspots,thepatternsin Fig. 3 consistof two differenttypesof diffuse
streaks(basedon thetwo abovementionedplanesuperlatticecells):

(’) thestreaksmarkedby doublearrowheadsin Figs.3a,bandd exhibit clearintensity
modulationalongthec� -axis.Thesestreaksintersectthe � hk0� � reciprocallatticesection
of Fig. 2 at theverticesof the1� 2d�100p � 1� 2d�010p squaremeshwhich correspondsto the

2a� 1�p � 2a� 2�p superlatticecell;

(”) thestreaksof very weakintensitymarkedby singlearrowheadsin Fig. 3d which
intersectsthe � hk0� � sectionof Fig. 2 at thecentresof the1� 4d�100p � 1� 2d�010p rectangular

mesh.Thesestreaksarebasedon thecentred4a� 1�p � 2a� 2�p planelatticecell.
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Fig. 3. Seriesof EDPsof theRE2(Sr0 20Ba0  65Nd0  15)2GaCu2O9 compound:(a) the ! 010" p
zone;(b) the ! 110" p zone;(c) the ! 130" p zone;(d) the ! 120" p zone.Black dotsmark the
basicspotswhich are labelledin perovskite notation;doublearrowheadsin (a) and (d)
mark the diffusestreakswhich belongto the 2ap # 2ap mesh;singlearrowheadsin (d)
marktheveryweakdiffusestreakswhichbelongto thecentred4ap # 2ap mesh.Periodof
streakintensitymodulationC$ is indicatedin (d), alongtheintensitymaximapositions.

Thefamily of diffusestreaksbasedon the2ap # 2ap latticeis of particularinterestbe-
causeof its prominentintensitymodulationvisible in Figs.3aandd; thestreaksareabsent
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in Fig. 3b dueto extinction; theperiodof this sinusoidalmodulationis C%'& 6 ( 4c%p. The
positionsof intensitymaximaandminimaalongc% cannotbeunambiguouslydetermined
from Fig. 3awherebothfamiliesof streaksoverlap,but theminimaareclearlydiscerned
at l ) 0 in the [120]p zonepatternof Fig. 3d, wherethe two familiesof streaksappear
separated.

4. Modelanddiscussion

Thefamily of streakswith theintensitymodulationin reciprocalspaceis awell known
indication[17] of the existing bi-layer configurationwithin the unit cell in direct space.
Theinvestigationof thisdiffuseintensityallowsoneto determine:

(i) whichof theplane-layersubstructuresexhibitsadditionalordering,and

(ii) whatarethesymmetryrestrictionson theorderingschemein theseplanes.

All diffractionfeaturescanbeaccountedfor by asimpleschemeof compositionorder-
ing of 3Baand1Sratomsonthe2ap * 2ap latticein the(Sr0+ 25Ba0 + 75, O layersasshown in
Fig. 4 (for simplicity, thefractionof Nd atomsis notconsidered).

Let thecontributionto thescatteringamplitudeof 3Ba+1Sratoms,arrangedona2ap *
2ap cell in onelayer, bewrittenas:

F2 - 2
g ) f . Sr,0/ 1 1 ∆ f 2 eπi 3g 4 3a5 1 eπi 3g4 3b5 1 eπi 3g 4 . 3a5 6 3b5 , 798

where∆ f ) f . Ba, : f . Sr, ; <a= ) 2 <a. 1,p and
<
b= ) 2 <a. 2,p , while <g is thediffractionvec-

Fig. 4. Schemeof compositionalorderingin the(Sr0+ 25Ba0 + 75)O planes(RS-typelayers)of
the(Sr/Ba)O-GaO-(Sr/Ba)Olamellain RE2(Sr0+ 20Ba0 + 65Nd0+ 15)2GaCu2O9 structure.The
brokenlines indicatethe2ap * 2ap squareunits in thebottomandtop planes.Vectors

<
Ri

denotethecorrelationvectors.
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tor. Theadditionalscatteringamplitudefrom thewholefamily of RS-layersis:

F > L ?g @ F2 A 2
g ∑

j l

e2πi BgC Br D j l E
wherethesummationindex j runsover all layersandindex l over all (aF E bF ) sitesin one
layer. In the casewhenthesesitesarerelatedby a displacementvector GR in the pair of
adjacentRS-layers,thecorrespondingstructurefactorcanbewrittenas:

F > BL?
g @ F2 A 2

g H 1 I e2πi BgC BRJ ∑
j D l e

2πi BgC Br D
j D l E

wherethe index j F runsnow over all bi-layers.The vector GR relating the two layersin
a bi-layer can be decomposedin two components: GR @ GRKLI�GRM , where GRK ( @ δ Gc) is

perpendicularto the layers(δ denotesfraction of the c-spacing),andthe componentGRM
is parallelto the layers.The intensitydistribution alongthestreaksin the corresponding
diffractionpatternis givenby asinusoidalmodulationwith theperiod1N δ andphaseαg @
2π Gg M O GRM :

Ig @ 2 P 1 I cos2π Q δl I αg R SUTF2 A 2
g ∑

j D l e
2πi BgC Br D

j D l T 2 E
wherethereciprocalperiod1N δ @ CV (in cV units)indicatesthatthelayersexhibiting addi-
tionalordering(responsiblefor thismodulation)mustbeseparatedby δ @ C. Thephaseαg
indicatesa relativeshift of two configurationsof ordered2ap W 2ap meshesbetweenadja-
centlayers.Sincetheintensityof thestreakshave a minimumat l @ 0 in Fig. 3d,vertical
stackingof the2ap W 2ap meshesin the(Sr0X 25Ba0X 75? O bi-layersis forbidden.Therelative

displacementvector GR1 in Fig. 4 representsonepossiblebi-layerconfigurationof 3Baand
1Sratomson the2ap W 2ap latticein the(Ba0X 75Sr0 X 25)O layerbelow andabove theGaO-
chainplane.All otherconfigurationswith thenon-zerocomponentGRM of thedisplacement

vector( GR2 in Fig. 4) arealsoconsistentwith theintensityminimaat l @ 0; verticalstackingGR0 @ δ Gc would have αg @ 0, thusgiving a maximumat l @ 0. Thestackingof bi-layerin

successiveslabsis correlatedby oneof four vectors: GS @ZY 1N 2 Ga> 1?p Y 1N 2 Ga> 2?p I 1N 2Gcp, thus
generatingtheobservedextinctionconditions(h I k @ 2N mod4) for thesuperlatticespots,
indicatedby smallarrows in Fig. 2, andfor thestreaksindicatedby doublearrowheadsin
Fig. 3b. ThestreakingalongthecV -axis revealsa high degreeof planestackingdisorder
which is dueto four possiblevectorsGScorrelatingthebi-layersin successiveslabs.

The HREM imagingof the Ga-1222Cstructurealong the [100]p and [210]p zones,
in Figs. 5a and b, respectively, supportsthis model. Namely, the proposedschemefor
RS-layerorderingis a ratherweakmodificationof theaveragebasicstructure.Therefore,
imagingalongthe [100]p zonein Fig. 5a representsonly the basicGa-1222Cstructure
with nocertainindicationof additional2ap W 2ap plane-structurein theRS-bi-layers.This
RS-bi-layerorderingis revealedonly by the“obliquezone”imaging[18] alongthe[210]p
zoneof fig. 5b, a weakvariationof dot brightnessin thepair of bright fringesmarkedby
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arrows.ThefringeseparationC [ 0 \ 44nmfully agreeswith thestreakmodulationperiod
C]^[`_ 1a 0 \ 44b nmc 1 in thecorrespondingdiffractionpatternof Fig. 3d.

Fig. 5. HREM imagingof theRE2(Sr0d 20Ba0 d 65Nd0 d 15)2GaCu2O9 structure:(a) alongthee
100f p zoneand;(b) alongthe

e
210f p zone.The layersof basicstructureareindicatedin

thelegendof (a).TheRS-typebi-layers(Sr/Ba)O.. . (Sr/Ba)aremarkedby arrowsin (b).

5. Conclusions

Compositionalorderingof Ba and Sr atomsis detectedin (Sr0 d 20Ba0 d 65Nd0 d 15)O ...
(Sr0 d 20Ba0d 65Nd0 d 15)O ... bi-layers of the Ga-1222Cbasic structure; the bi-layers are
of the RS-typewith the 2ap g 2ap superstructure.This ordering in the RS-bi-layers
takes place on top of the meanderingchain arrangementin the GaO-layersof the
(RE)2(Sr0 d 85c xBaxNd0 d 15)2GaCu2O9h δ compoundfor x [ 0 \ 65. Theorderingseemsto be
only a weak,local modificationof thebasicGa-1222Cstructure.Namely, theabsenceof
verticalstackingof the2ap g 2ap configurationin two (Ba/Sr)Oplanesof asinglebi-layer
canlocally accommodatefor the4-fold symmetryof theCuO2-planelayersandthe2-fold
symmetryof themeanderingchainsin theGaO-layersbasedon the4ap g 2ap g cp super-
lattice. Due to twinning in the GaO-chainlayers,andthe planestackingdisorderof the
adjacent(Ba/Sr)O...(Ba/Sr)O
bi-layersin successive slabs,thesymmetryof this structureis apparentlyenhancedto the
tetragonalsymmetryof theaverageGa-1222structure.
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UREDJENJE(Ba/Sr)O-DVOSLOJEVA U SUPRAVODLJIVOM KUPRATU
RE2(Ba/Sr)2GaCu2O9

Strukturnoured–enje(Ba/Sr/Nd)Odvoslojevau supravodljivomkupratusastavaRE2(Ba/Sr)2GaCu2O9
istrǎzivanoje pomócu elektronske mikroskopije i difrakcije. Osim prosjěcnetetragonske
strukturena osnovi slojevite perovskitske tetragonske ćelije ap i ap i cp, i nadstrukture
meandrirajúcih lanacau GaO-ravninamas ortorombskomćelijom4ap i 2ap i cp, nad–eno
je dodatnoured–enjeu parovima(Ba/Sr/Nd)O-...-(Ba/Sr/Nd)Oravnina.Predlǒzenje model
ured–enja3Bai 1Srkationaunutar2ap i 2ap dvodimenzijske ćelije u svakoj (Ba/Sr/Nd)O
ravnini. Ovo unutar-ravninsko ured–enjepoprácenoje med–u-ravninskim neredomu nizu
slaganjaslojeva. Simetrija4-reda,koja je svojstvenaprosjěcnoj tetragonskoj strukturios-
taje sǎcuvana,uz podvostrǔcenjeparametararěsetke u j a k bl ravnini. Opǎzenoured–enje
unutar(Ba/Sr/Nd)Odvoslojevaovogsupravodljivogkupratanemajaki utjecajnasimetriju
osnovnestrukture,ali možebiti izvor lokalneanizotropijeu CuO2-ravninama.
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