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Orderingin the (Ba/Sr/Nd)Obi-layers(of "Rock-Salt” type structure)of the
RE>(Bag.6551.20Ndp.15)2GaCuyOg high-T; superconductingupratewas investigatedy
electronmicroscoly anddiffraction. Besidesthe averagelayeredstructurebasedon the
tetragonaperovskitecell ap x ap x ¢y andthe meanderinghainsuperstructurbasedon
the orthorhombicda, x 2a, x ¢, cellin the GaO-layersanadditionalorderingwasfound
in the pairsof (Ba/Sr/Nd)O-...-(Ba/Sr/Nd)@ayers. We proposea modelfor orderingof
3Baand1Srcationsonatwo-dimensionalay x 2a,, latticecellin each(Ba/Sr/Nd)Olayer.
This compositionalntra-layerorderingis accompaniedby the inter-layer planestacking
disorder The 4-fold symmetryof the averagetetragonaktructureis presered, while the
translationparameterén the (a,b) planearedoubled.This local orderingin the RS-type
bi-layershardlyaffectsthe symmetryof thebasicstructure however, it mayactasasource
of weakanisotropy in the CuG-layers.

Lpartsof this papetave beenpresentedt“2"® CroatianSymposiunon Applicationof ElectronMicroscopy
in Life SciencesaindMaterialsScience” Zagreb,October4, 1996.
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1. Introduction

Layeredstructureof high-T; superconductinguprateSfHTCSC)is anisotropic”per
se”; it inducesanisotropy of all physicalpropertiessuchas electricalsuperconductity
or magneticsusceptibility The averagestructureis tetragonalwhile the basicstructure
of the prototypeYBa;CuzO7_x compound(notedalso”YBCO” or "Cu-1212C"[1]) is
orthorhombic.The Cu atomsin the CuO-chainlayersof the Cu-1212Cstructurecanbe
completelyreplaced?] by theM = Ni, Ta, Ga,Co,Al, Hg, ... atomg3-6], andevenby the
non-metallicC, S, P, N [7-10] atoms.Thesereplacementbardly affectthe averagetetrag-
onalstructure VariousMO-chainarrangementaerefoundto inducestructuralanisotropy
in theform of orthorhombicsuperstructurewith largersuperlatticeells[11-14], however,
with no profoundeffect on theanisotroy of physicalproperties.

In this paperwe presentheresultsof aninvestigatiorof orderingin the (Sr/Ba/Nd)O
layers of the (Ndo 75Ce.25)2(Sho.20B80.65Ndp.15)2GaCuypOg, 5 compoundusing electron
microscopy anddiffraction. Althoughthe materialis of a particularcomposition this or-
deringis of generalnterestbecaus¢heRS-typdayersarepresentn all HTCSCstructures;
thesdayersareadjacento boththe MO-chainlayersandthe CuO,-planelayers.Ordering
in the RS-typelayershasnot beenrecognizedso far asa significanteffectin the mostof
HTCSCstructures.

2. Structuml consideation

The basicstructureof the (RE)x(Sro.20Ba.65Ndo.15)2GaCyOq, 5 compoundtermed
herethe Ga-1222Gstructurg15], canberepresentedly thelayerstackingsequencén the
unit slab,Fig. 1la:

.. .—Gao—(S(ﬁ_zoBao_GsNdo_:w)O—CuQ—RE—Q—RE—CUQ—(SI{)_Q()BEQ_65Nd0_15)o—.. .

The thicknessof this unit slabis 1.41 nm, while the repeatdistanceswithin a slab are
determinedby the basic perovskite squarelattice with parametersa(pl) X a(pz) (a%l’z) =

0.39 nm). The presencef the RE-O,-RE fluorite-like lamellacauses lateral shift over
1/2[110], of the two partsof unit slabon eitherside of the lamella, Fig. 1a. The repeat

distancealongthe normailto thelayerscontainswo unit slabs(cp = 2 x 1.41nm), andthe

resultingbasiclattice hasa body centredetragonatell: a%l) X a%z) X Cp.

Two differentarrangementaerefoundin the GaO-chairayersof the
(RE)(Sro.85-xBaxNdp.15)2GaCuyOq, 5 basicstructuredependingon x, the level of Ba-
doping.For x = 0, the GaO-chainsun diagonallyalongoneof thetwo [110], (or [110],)
directions[3-5,11,12].For x = 0.65, the GaO-chaingneandemlongthe principal direc-
tions [100], (or [010]p) [13,14,16]. The correspondingsuperstructureare basedeither
onthe Zﬁa%l) X \/iaggz) X Cp, or onthe 4a§)1) X 2a§;2) x Cp superlatticecell, respectrely.
EachGaO-chain-layeis ensandwichetly a pair of (Srp 20Bag s5Ndo.15)0 layers,Fig. 1b.
The (Sry.20Bag.65Ndp,15)O planespacingwithin this bi-layeris C = 0.43 nm, while the
separatiorbetweerthebi-layersis muchlarger, 0.98nm.
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Fig. 1. Schematiaepresentatioof layeredstructureof RE;(Ba/Sr/Ng.GaCypOg com-
pound: (a) front view of the completestructure;(b) view of the partial (Sr/Ba/Nd)Obi-
layerstructure.

3. Electiondiffractionpatterns

The diffraction patternalongthe [001] zoneof this Ga-1222Cstructureis shavn in
Fig. 2. The seriesof diffraction patterngakenin the courseof tilting experimentaround
the[001] axisarereproducedn Fig. 3. Thesereciprocalattice sectiongrovide anunam-
biguousreconstructiorof the completeGa-1222Cstructure the GaO-chain-layepatrtial
structure aswell asthe partial structureof the RS-bi-layers.
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Fig. 2. EDP of the REx(Sro.20Ba 65Ndo.15)2GaCypOg compoundalongthe [00]] zone;
four strongbasicspotsaremarkedwith dots;the brokensquarenarksthe unit meshof the

2ap X 2ap lattice. The full line rectanglesnark the C-centredmeshef two variantsof

theda, x 2a, superlatticeArrows at top andbottomindicatethe extinctions.Arrowheads
markthe spotsat the pointsof intersection®f diffusestreakof Fig. 3.

Themostintensespotsin all patternsarethosegeneratedby the basicperosskite sub-
lattice. Dueto the extinction condition,hp + kp + I, = 0dd, the basicspotscanbe indexed

by a tetragonaface-centredeciprocalcell: aj ~ (1/0.39) nm-L, cp = (1/2.82) nmL,
Thisis in agreemenwith thebody-centreaell of the basicGa-1222Cstructure Fig. 1a.

Besideghe dj; o, X df;q, Squaremeshof basicspotsmarked by blackdotsin Fig. 2,
two meshe®f weakspotsrepresentwo superlatticesthesquareneshof sharpspots(with

reciprocalcell indicatedby thedashedines)revealsa Za(pl) X Za(pz) planesuperlatticeand
two rectangulameshegwith cellsmarkedby thefull Iines)indicatethe4a(pl) X Za(pz) (and

4a$)2) X Za%l)) planesuperlatticesvhicharedueto themeanderingsaO-chairarrangements
discussedh earlierpaperd13,14,16].

Besideghe basicspots,the patternsn Fig. 3 consistof two differenttypesof diffuse
streakgbasedn thetwo abore mentionedhlanesuperlatticecells):

() thestreakamarkedby doublearrovheadsn Figs. 3a,bandd exhibit clearintensity
modulationalongthe c*-axis. Thesestreaksntersecthe (hk0)* reciprocallattice section
of Fig. 2 attheverticesof the 1/2d7yq, x 1/2dg, o, squaremeshwhich correspondso the

Za(pl) X Za(pz) superlatticecell;

(" the streaksof very weakintensitymarked by singlearrovheadsin Fig. 3d which
intersectshe (hk0)* sectionof Fig. 2 atthecentresof the 1/4d7,q, x 1/2dg, o, rectangular

mesh.Thesestreaksarebasecbnthecentred4a(p1) X Za(pz) planelatticecell.
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Fig. 3. Seriesof EDPsof theRE>(Sro.20Bag.6sNdo.15)>GaCypOy compound{a) the[010
zone; (b) the[110, zone; (c) the [130], zone;(d) the[120, zone.Black dotsmark the
basicspotswhich are labelledin perovsskite notation; doublearravheadsin (a) and (d)
mark the diffuse streakswhich belongto the 2a, x 2a, mesh;single arrovheadsn (d)
marktheveryweakdiffusestreakavhich belongto the centredda, x 2a, mesh.Periodof
streakintensitymodulatiorC* is indicatedin (d), alongtheintensitymaximapositions.

Thefamily of diffusestreakdasednthe 2a, x 2a, latticeis of particularinterestbe-
causeof its prominentintensitymodulationvisible in Figs.3aandd; thestreaksareabsent
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in Fig. 3b dueto extinction; the period of this sinusoidaimodulationis C* = 6.4c},. The
positionsof intensitymaximaandminimaalongc* cannot be unambiguouslyletermined
from Fig. 3awherebothfamiliesof streaksoverlap,but the minimaareclearlydiscerned
atl = 0in the [120], zonepatternof Fig. 3d, wherethe two familiesof streaksappear
separated.

4. Modelanddiscussion

Thefamily of streakswith theintensitymodulationin reciprocalspaces awell known
indication[17] of the existing bi-layer configurationwithin the unit cell in direct space.
Theinvestigatiorof this diffuseintensityallows oneto determine:

(i) which of the plane-layesubstructuresxhibits additionalordering,and
(i) whatarethe symmetryrestrictionson the orderingschemen theseplanes.

All diffractionfeaturecanbeaccountedor by asimpleschemef compositiororder
ing of 3Baand1Sratomsonthe2ap x 2ap, latticein the (Sip.25Bag 75O layersasshavnin
Fig. 4 (for simplicity, thefractionof Nd atomsis notconsidered).

Letthecontributionto thescatteringamplitudeof 3Ba+1Sratoms arrangedn a 2ay, x
2a,, cellin onelayer, bewritten as:

ng><2: £(S0 [1+Af (emg.a' +em'g.E/ +emg~(a’+E/))]

whereAf = (88 _ £5) z = 230" andb/ = 2212, while g is theddiffractionvec-

B2 ; - QO 044 nm

CSr @Ba ¢ Ga OO

Fig. 4. Schemef compositionabrderingin the (St 25Bag 75)O planegRS-typelayers)of
the (Sr/Ba)O-GaO-(Sr/Ba)@amellain REx(Sry 20Bag.65Ndg.15).GaCuyOg structure.The
brokenlinesindicatethe 2a, x 2ap, squareunitsin the bottomandtop planes.VectorsRk,
denotethe correlationvectors.
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tor. Theadditionalscatteringamplitudefrom the wholefamily of RS-layerds:

R = F2+2 Z e,
J

wherethe summatiorindex j runsover all layersandindex | over all (&,b') sitesin one
layer In the casewhenthesesitesarerelatedby a displacementectorR in the pair of
adjacenRS-layersthe correspondingtructurefactorcanbewritten as:

P = 22 (L @0F) 5 O,
i

wherethe index j’ runsnow over all bi-layers. The vector R relating the two layersin
a bi-layer can be decomposedn two components:R= R, + R, whereR, (= &C) is

perpendiculato the layers(d denotedraction of the c-spacing),andthe componenﬁ“
is parallelto the layers. The intensity distribution alongthe streaksin the corresponding
diffractionpatternis givenby asinusoidamodulatiorwith the period1/5 andphaseng =

2rg) - Ry:
lg=2[1+ cos2m(8l + ag)] |FZ*? Z 28T, 2
Jul

wherethereciprocalperiod1/d = C* (in ¢* units)indicateghatthelayersexhibiting addi-
tionalordering(responsibldor this modulation)nustbeseparatetdy 6 = C. Thephaseng
indicatesa relative shift of two configurationof ordered2a, x 2a, meshedbetweeradja-
centlayers.Sincethe intensityof the streakshave a minimumat| = 0 in Fig. 3d, vertical
stackingof the 2ap x 2ap, meshesn the (Sro 25Bay.75) O bi-layersis forbidden.Therelatve

displacementectorR; in Fig. 4 representsnepossiblebi-layerconfiguratiorof 3Baand
1Sratomson the 2a,, x 2ay, latticein the (Bag 75S1p.25)O layerbelov andabore the GaO-

chainplane.All otherconfigurationsvith the non-zerocomponentﬂ of thedisplacement

vector(R; in Fig. 4) arealsoconsistentvith theintensityminimaat| = 0; verticalstacking
Ry = ¢ would have 0g = 0, thusgiving a maximumat | = 0. The stackingof bi-layerin

successieslabsis correlatedy oneof four vectors:S= :I:l/Zé't(pl) + 1/23%2) +1/2Cp, thus
generatinghe obsenedextinction conditions(h+ k= 2/mod4) for the superlatticespots,
indicatedby smallarrovsin Fig. 2, andfor the streaksndicatedby doublearrovheadsn
Fig. 3b. The streakingalongthe c*-axis revealsa high degreeof planestackingdisorder
whichis dueto four possiblevectorsS correlatingthe bi-layersin successie slabs.

The HREM imaging of the Ga-1222Cstructurealong the [100], and [210], zones,
in Figs. 5aandb, respectiely, supportsthis model. Namely the proposedschemefor
RS-layerorderingis a ratherweakmodificationof the averagebasicstructure Therefore,
imagingalongthe [100], zonein Fig. 5arepresent®nly the basicGa-1222Cstructure
with no certainindicationof additional2a, x 2a, plane-structuré the RS-bi-layersThis
RS-bi-layerorderingis revealedonly by the“oblique zone”imaging[18] alongthe[210],
zoneof fig. 5b, aweakvariationof dot brightnessn the pair of bright fringesmarked by
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arrowns. Thefringe separatiorC = 0.44 nmfully agreeswith the streakmodulationperiod
C* = (1/0.44) nm~1 in the correspondingliffraction patternof Fig. 3d.

& (Sr/Ba)O N
> (Sr/B.l)O‘

Fig. 5. HREM imaging of the REx(Sry.20Ba0.65Ndp, 15)2GaCLQOg structure:(a) alongthe
[100, zoneand; (b) alongthe[21Q, zone. The layersof basicstructureareindicatedin
thelegendof (a). The RS-typebi-layers(Sr/Ba)O. . (Sr/Ba)aremarkedby arrovsin (b).

5. Conclusions

Compositionalorderingof Ba and Sr atomsis detectedn (Sr.20Bag.65Ndp.15)0 ...
(Sro.20Bag.6sNdp.15)O ... bi-layers of the Ga-1222Cbasic structure; the bi-layers are
of the RS-typewith the 2ap x 2a, superstructure.This orderingin the RS-bi-layers
takes place on top of the meanderingchain arrangementin the GaO-layersof the
(RE)(Sro.85-xBaxNdp.15)2GaCyOq, 5 compoundor x = 0.65. The orderingseemso be
only a weak,local modificationof the basicGa-1222Cstructure Namely the absencef
verticalstackingof the 2a, x 2a, configurationn two (Ba/Sr)Oplanesof asinglebi-layer
canlocally accommodatéor the 4-fold symmetryof the CuG;-planelayersandthe 2-fold
symmetryof themeanderinghainsin the GaO-layerdasednthedap X 2a, X Cp SUper
lattice. Due to twinning in the GaO-chainlayers,andthe planestackingdisorderof the
adjacen{Ba/Sr)0...(Ba/Sr)O
bi-layersin successie slabs,the symmetryof this structureis apparentlyenhancedo the
tetragonabymmetryof theaverageGa-1222structure.
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UREDJENJEBa/Sr)O-D/OSLOJEWM U SUPRA/ODLJIVOM KUPRATU
RE>(Ba/SryGaCuyOq

Strukturnauretenje(Ba/Sr/Nd)CQdvoslojevau supraodljivomkupratusastaa REx(Ba/SrpGaCuyOg
istrazivanoje pomctu elektronsle mikroslopijei difrakcije. Osim prosj&netetragonsk
strukturena osnwi slojevite perovskitske tetragonsk telije a, x ap x cp, i nadstrukture
meandrirajiih lanacau GaO-raninamas ortorombslom ¢elijom 4a, x 2ap x cp, natkno
je dodatnauretenjeu parovima (Ba/Sr/Nd)O-...-(Ba/Sr/Nd)@avnina. Predi@enje model
uretenja3Bai 1Srkationaunutar2a, x 2a, dvodimenzijsle €elije u svakoj (Ba/Sr/Nd)O
ravnini. Ovo unutarravninsko uretenje popra&enoje medi-ravninskim neredomu nizu
slaganjaslojeva. Simetrija4-redakoja je swojstvenaprosj&€nojtetragonskj strukturios-
taje s&uvana,uz podwostritenjeparametaraesetle u (a,b) ravnini. Opazenouretenje
unutar(Ba/Sr/Nd)Odvoslojevaovog supraodljivogkupratanemajaki utjecajnasimetriju
osnwnestrukture ali mozebiti izvor lokalneanizotropijeu CuQ,-ravninama.

60 FIZIKA A 6(1997)1,51-60



