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The emergence of the cell-doublé@il) and both cell-tripledOlll and OllI*) phases of YBgCu;Og, , are
observed on oxygen-chain-equalized and order-stabilized pair samples at an extended range of oxygen con-
centrations (0.2&8x<0.83), including the interval o, which is characteristic of the onset of superconduc-
tivity. The phase diagram for the asymmetric next-nearest-neighbor interaction model, extended to include an
additional longer-range interaction potential between oxygen atoms, is calculated and compared to two experi-
mental phase diagrams, obtained for intercalated as well as for deintercalated members of the pair samples. A
fairly good agreement with experimental data on locations of the Oll, Olll, and" Qilases in the phase
diagram and on the average length of the O-Cu-O chains is obtained.
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I. INTRODUCTION The calculations of oxygen ordering for YBau;Og,
are usually based on the ASYNNNI motfelvith nearest-
The studies of oxygen ordering in high-superconductor neighbor (NN) (v,>0) and next-nearest-neighb@rhNN)
YBa,Cu;0g, « Were very popular in the 1990’s, since the (v,<0 andv;>0) oxygen atom interactions taken into ac-
superconducting temperature of this compound was found toount. The Olll phase is demonstrateth occur in the T,x)
be related to different types of oxygen order in the basaphase diagram of YB&wOg. , if the repulsive interaction
plane. The recent revival of interest in this phenomenon and; ;>0 of next-nearest O-Cu-O chaifdNC) is also consid-
subsequently, in the asymmetric next-nearest-neighbor inteered. Each additional repulsive constant of interaction along
action (ASYNNNI) model, which was used to describe it, is thea axisvs, v4, etc. leads to a system of so-called branch-
caused by achievements in sample preparation and stttliesing phases at low temperaturésaccounting for thev, in-
of oxygen superstructures occurring in the basal plane of thigeraction marks the second branching level, the occurrence of
compound. the Olll phase between the Ol and the Oll phases. The sur-
During the last decade the occurrence of orthorhombigrising result of the phase diagrams thus obtaifnétwas
superstructures of YB&u;Og,, was observed by the “intrusion” of the Ol phase between the phase regions of
electron?™ x-ray >*#'and neutrofi® diffraction, and elec- the Oll and Olll phasef.e., at 0.5x<0.6), and the stabil-
tron microscopy? The cell-doubled OIl phase was observed ity of the Ol phase in this region down to the absolute zero
at the interval of oxygen concentration around its stoichiomtemperature. This result has never been supported by
etryx=0.5(Refs. 3-5,8,10, and 12nd even at values of an experiment§:!! Therefore two extended models with an ad-
oxygen amount as low as=0.32/ The cell-tripled Olll  ditional attractive longer-range interaction, that was assumed
phase with oxygen stoichiometry at0.67 was found ax  to be related to interplane couplfgr strairt® and that had
=0.65(Ref. 13 0.7, 0.73(Ref. 11, 0.77(Ref. 9, 0.72, 0.83, a magnitude on the order af, were proposed. However,
(Ref. 2 and 0.67-0.78.These phases are characterized bymore elaborate calculatioishave shown that the model
short-range order, quasi-two-dimensionality, and “full- truncated av, is quite sufficient, and the superlattice reflec-
empty” (Oll) and “full-full-empty” (OlIl) sequences of the tions of both “neighboring” phases Oll and OlIl are clearly
O-Cu-O chains along the axis in the basal plane of seen even in the region of “intrusion” of the OI phase 0.5
YBa,CwOg. . The main orthorhombic structure Ol with <x<0.6. Moreover, the intrusion might be partially blocked
oxygen stoichiometry at=1 is characterized by the “full- by the occurrence of an incommensurate phase in that re-
full” sequences of the O-Cu-O chains and long-range ordegion. Several alternative models for the calculation of low-
resulting in sharp Bragg peaks. temperature oxygen superstructures have been used in Refs.
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20-22. These long-range models can potentially describe a P b
variety of chain(Oll, Olll, OV, etc) and even nonchain 100¢ L i
[V2x2\2 or 2\/2x2\2 (Refs. 8 and 1§ superstructures. i A
But since the experimental evidence on superstructures with 80 T i on §°‘"§ oo
periodicity exceeding & is still very vague(some indica- i) i,ff'(
tions might be found however in Refs. 2,5, and,Iifere we 60F i Lt
use the short-range ASYNNNI model, extended to include P e P
the interactiorw,, which is the minimal model, quite suffi- a0l 117 P
cient to describe the experiments on pair samples. b i

In spite of its extreme interegsince it comprises the on- 20f i~ P A
set of superconductivity arournd=0.3), calculation on the g e i
oxygen-deficient side of the phase,T) diagram with the o olid ol
higher-order superstructures taken into account has never 100l |
been performed before. There are two reasons for this. First, P ; P
the opinion prevailing was that the calculation for-0.5 = : Pl

. . . . gol T %! oIl v omr ¢ o1

was quite sufficient, since the regions of the Olll phase i : /i
(“full-full-empty” sequences of the O-Cu-O chaihsand LT
Olll* phase(*full-empty-empty” sequences of the O-Cu-O 60F & T
chaing have to be symmetric on the phase diagram with I 5
respect to poink=0.5. However, this conclusion is not evi- 40 1 _/ i
dent, since the phase diagram of the original ASYNNNI Pl |
model is not symmetric with respect to this point due to 20} | i/' : B
prevalence of the tetragon@l) phase at higher temperatures P i
andx<0.5. The secondand main reason is due to a very 0 5 I R
slow oxygen diffusion at low oxygen concentrations and 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
therefore to the difficulty of having reliable orthorhombic oxygen content X

samples with well-expressed O-Cu-O chains. This difficulty
has recently been remo\féahsing oxygen-equalized and FIG. 1. Superconducting temperature as a function of oxygen
order-stabilized YBgCu;Oq.., pair samples, prepared under amount for intercalateda) and deintercalatedb) oxygen-chain-
identical thermal conditions, one by intercalatidhand the equalized pair samples. The superstructures are determined by elec-
other by deintercalatiofD] of oxygen atoms. This prepara- tron diffraction.
tion method allowed us to investigate, in a comparative way,
the low-temperature evolution of oxygen ordering in thethe other by intercalation of intrinsic oxygen atoms into the
basal plane of this compound. The study was at first perbasal CuQ plane® The samples were equalized Bi= 450
formed on the domains of existence of the OIl and Olll —670°C for a time ranging from one month to one day,
superstructures and then on the transient tetragonafespectively, and then slowly cooled (1 °C/min) and order
orthorhombid(T-O) region. This resulted in the experimental stabilized over three days at a composition-dependent stabi-
determination of the phase diagram for bdth and [D] lization temperatureTs= 75 °C for samples in the composi-
samples in an extended compositional range and stimulataibn range 0.28x<0.32, T,=75+130°C for 0.3Zx
us to calculate the phase diagram in order to compare th&0.63, andT,=75°C for 0.63<x<0.83). The structural
experimental and calculated phase diagrams. We also calcgharacterization was performed by electron diffractigb),
lated the average lengths of O-Cu-O chains in tetragonakince this techniquéowing to the fact that the scattering
Olll*, Oll, Olll, and Ol phases and compared them with amplitudes for electrons are 3 mes the ones for x rayss
those obtained by the nuclear quadrupole reson@NG@R)  a very powerful tool for detecting structural order on the
measurementwon the[l] and[D] pair samples. microscopic scale.
The structural phase diagrams resulting from intercalation
and deintercalation were studied simultaneously by ufdihg
Il. PHASE DIAGRAM and[D] pair samples with the same oxygen content. For each
sample the ED measurements were performed on a large
number of crystalline grains to achieve sufficient statistics.
The study of oxygen ordering and related structural andAs a result, with the increase of both [I] and [D] phase
superconducting transitions along the T-O line of the low-diagrams can be divided into five regions: T, transient T-O,
temperature (75130 °C) phase diagram was performed onOll, Olll, and Ol (see Fig. 1L However these regions differ
bulk polycrystalline oxygen-equalized pair samples withinin the compositional extension, revealing that even for well-
the range 0.28x<<0.83. The fabrication of these samples equilibrated samples kinetic factors should be taken into ac-
can be viewed as a topotacticlike process, where the stoichi@ount. The comparative studfeshowed that the different
metric end terms of YBZu;04.  [the fully oxygenated Ol  kinetic nature of intercalation and deintercalation processes
phase x~1) and the reduced T phase~+0) derived from can leaddepending on the compositipto the same as well
it] are equalized under vacuum, one by deintercalation ands different local oxygen ordering. Equivalence of the

A. Experiment
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FIG. 2. Comparative resistive and structural behavior observed FIG. 3. T, splitting and related ED patterns for the]oe; and
for [17o.30 and[ D]o 50 Samples at the transient T-O region showing [Dlo.ePair samples showing the microdensitometer trax@Q) of
the coexistence of the (OHOIII*) orthorhombic superstructures the OlI[l] phase and then{300) of the OllI[D] phase at the phase
in the superconducting phase for fhésample(a) and the(T+0Il)  boundary OII-Olil.

phases in the nonsuperconducting phase fof EHesample(b). _ )
[170.30Ssamples as well as related microdensitometer traces of

O-Cu-O chains’ arrangement of tlig] and[D] samples of the ED patterns. The resistive steplike discontinuity-a0
the same oxygen content results in an equal superconductingappears to be structurally related to the ®iphase order-
transition temperatureT( singularity), as well as inequiva- ing in the superconducting ], 3o Sample, whereas the coin-
lence in T, splitting (AT.#0). These peculiar kinetic as- cidence of the resistive kink ifiT+Oll) [ D]y 30 and theT,.
pects of oxygen ordering cannot be directly observed in exenset in (Ol OllI*) [1]y 30 indicates that the short-range
periments on single samples. order in the minority of the OIl component phase [@f]

The T-O transient region (0.28x<0.32) is a remarkably samples should be quite similar to that of fhé samples.
complex zone when studied comparatively using paitHowever, during the chain-to-plane charge transfer, the
samples with the same oxygen content and thermal history®-Cu-O chain fragments of thid ], 3o Sample appear to be
Similar structural and electronic characteristics of bgth  “more effective” than those of th¢ D], 3. This is due to
and[D] samples are observed only for the oxygen contentslifferent average chain lengttiy as observed recently by
x=0.28 andx=0.32, which are the highest and the lowestthe NQR spectrd:|,=3.9 for the superconductinfl], so
composition limits for the existence of the T and the Oll samples as compared tg=1.9 for the nonsuperconducting
phases, respectively. Th®], ,g and[ 1]y g Samples show a [D], 3, samples. This finding is in a perfect agreement with
temperature dependence of resistivitfT), typical of ther-  the theoretical predictiG?® that there is essentially no
mally activated electronic processes, while {li&],3, and  charge transfer from the chain fragments shorter than three
[11o32 samples manifest superconducting properties. Th@xygen atoms.

T-O transient zone betweer0.28 and 0.32 is a two-phase  The OIlII* ordering, observed preferentially in interca-
region in which related structural and electronic propertiedated samples equilibrated at 450 °C, appears to be a meta-
can be observed comparatively for homologpDg and[l]  stable precursor of the Oll ordering. After a long-tefome
samples, e.g., at=0.30/ In this region the O-Cu-O chain yeap aging of the[ 1]y .3, Samples at room temperature the
growth along thé axis at the transition from the TaEb) to (h/300) superstructure reflections disappear and the original
O (a#b) phase develops in a different way for thB]g39  two-phase state (OHOIII*) stabilizes into the Oll phase.
and[ 1]p.30Samples and manifests itself as structural and elec- Starting with x=0.32 oxygen ordering develops within
tronic phase separation. In the initial stage the anisotropithree structural domains, defined by the orthorhombic struc-
chain growth develops with periodicitya2or 3a, preferen-  tures Oll, Olll, and Ol, which determine a typical evolution
tially for the [1], 30 Samples. Diffuse satellite spote/R00)  of the T, dependence on oxygen contérithe Oll phase is

or (h/300) associated with orthorhombic Oll or Gllsuper-  observed in both phase diagrams in theange 0.32-0.63
structures, respectivelycharacterize thél] grains, whereas and the Olll phase in the range 0:68.73. Again, as ob-

a phase segregation in a majority of T and a minority of Ollserved previously for the range 0.28-0.32, the different ki-
domains is observed for tH®] samples. In Fig. 2 we com- netic nature leads to different behavior of tfi2] and[l]
paratively show the typicab(T) curves of thelD]y3 and  pairs in the transition regions OII-Olll and OlII-Ol, which is
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2.0

x=0.75 : [D]_as H=v,2, Ninj+v, >, Ninj+us > NN,
NN NNN NNN
(over Cu
15} 155 +u, > ninj_,U«E n;. (1)
1] om1 NNC i
) 5 The occupancy numbers amg=1 (0), if the sitei of the
bt 1* 3 basal plane lattice is occupigdinoccupiedl by an oxygen
% o g atom, the summation runs over NN, NNN, NNRver Cy
e D] b M lo20® and NNC oxygen sites angd stands for oxygen chemical
o potential.
2 There are two sublattices of oxygen atoms in the basal
12%0= plane[so-called @1) and 45) oxygen atoms In the tetrag-
osf onal phase concentrations of both sublatti@®g;)=Co(s) ,
AT =30K J180 where c,=(nf), but in the Ol phaseco;)>Co). The
or ground state of the Ol phase &t cq(1)+Co)=1 corre-
1160 sponds to fully occupied @) and a vacant (®) sublattice.
ool T , , The occurrence of the Oll phase is caused by the cell dou-
T 20 70 120 170 220 270 000 1/300 1/200 2/300 100 bling: the sublattice @) splits into two symmetric sublat-
Temperature (K) a* tices with an equal number of sites, and the ground state of

FIG. 4. T, spliting and related ED patterns for the], ;5 and this phase ax=0.5 correspon(_js to fully occupied O¢land
[D]o-s pair samples showing the microdensitometer trace of the/acant O(1) and Q5) sublattices. The order parameter of
fundamental structure Q1] and the /300) of the OIII[D] super-  this phase i€q (1), —Co),- In the Olll and OIIF phases we
structure at the phase boundary OIII-Ol. can define two unequivalent(© and two unequivalent B)
sublattices, with the number of sites in the O($ublattice
being twice that in the O(1) The ground states then corre-

manifested ag . splitting and phase separation between or- .
: : spond to fully occupied O(3) vacant O(1), and both @5)
dered structures with the same oxygen conteee Figs. 3 <sublattices forx—0.67, and fully occupied O(3) vacant

and 4. In general, the differences observed in these transb(l)l, and both @6) sublattices fox = 0.33. Our calculation

tion regions reveal the tendency of the system to retain th% performed by the 1812-point approximation of the

OIl structure wherx ' increased above or d_ecreased belowy ster-variation methodCVM). The 13-sites basic cluster,
0.5. The latter effect is demonstrated, e.g., in the occurren

e . Che largest used so far, comprises nine<@@ sites of sub-

of the phase transition Ol Olll at higherx than the corre- |a¢ice 1) and four sites of sublattice () located inside
sponding reverse transition OHOIl (see Fig. 1. Moreover s 33 cluster(and vice versa The 12-sites cluster is
the system seems to favor the triple-cell ordering when 0XYtormed by six sites of both @) and G5). The basal plane of
gen is deintercalated from fully occupied chaif@lll) or YBa,CuOg.,, with indication of oxygen sublattices and
intercalated in vacant chains (O1)l (the Olll region is more  ,nerants of interaction, can be found, for example, in Ref.
extended i D] samples whereas the Oflregion is present 17 'From the first-principles electronic structure calculations
only in [1] samples We have found that the best Ol order- v, sets of the main interaction constants of the ASYNNNI
ing (alternate fuII-empty chainss a_ccompllshed for_ OXygen model were obtainech;=6.9 MRy, v,/v;=—0.35, valvy
gor)tentx_zo.57. This clearly deviates frpm the lldeal sto- _( 16 (Ref. 24, and v,=6.71 MRY, v,/v,=—0.83,
ichiometric valuex=0.50 and agrees with previously re- vslv,=0.11% The value of the longer-range repulsive in-
ported resultS. Both [D]os7 and [1]os7 p(T) curves show teractionv, can be determined by comparing experimental
almost equivalent temperature evolution andsingularity o4 theoretical curves. For example,=0.03%, was
related to very sharph(200) reflection. In a similar way  gpyained? from a fit of the temperature dependence of the
the full-full-empty sequenceOlll superstructurgappears t0 i se peak intensity of the corresponding x-ray-diffraction
be best realized in the=0.70 pair, which is characterized 44 for the Olll-phasex(=0.77) samplé.It should be noted
by sharp £/300) spots, more elongated in thido70Sample  hat we have excluded from the Hamiltoniéh) two next-
than in the correspondind]o 7o sample. nearest-neighbor interactions that are shorter range than the
v, interaction. These interactions are irrelevant for the for-
mation of the OIIll phase and cannot change the phase dia-
gram essentially’> As can be seeifFig. 5), the phase dia-

In this work we calculate the phase diagram ofgram, obtained using the first set of interaction constants and
YBa,CuzOg ., Using the extended ASYNNNI model. For the v,=0.03% 4, is more or less symmetric with respect to point
first time the phase diagram is widenedxta 0.5 to include x=0.5 at low temperaturesT 350 K), but at higher tem-
the experimentally observed Olll phase. The two- peratures the influence of the tetragonal phase and mixed
dimensional lattice-gas Hamiltonian of our model has thetetragonal and orthorhombic phases is observed. At both
form sides of the OIl phase the orthorhombic Olland Olll

B. Cluster-variation-method calculation
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FIG. 6. Fragment of thermodynamic Ol phasexat0.5, ob-
tained by mode(1), giving the diffraction pattern of the OIll phase.
0 . ' ! ' . ' . ' . The Q5)-oxygen sublattice, empty at low temperatures, is not
| ' ’ shown. Occupied (1)-Cu-O(1) chains are shown by solid, empty
v-Cu-v chains by dotted lines.
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FIG. 5. Phase diagram, obtained by thet+12-point CVM with
the interaction constants;=6.9 mRy, v,/v;=—0.35, v3/v; best illustration is Fig. 6, which shows a typical situation of
=0.16, andv,/v,=0.037. O-Cu-0 chains for the modél) at nonstoichiometric values
of x>0.5 giving the Ol phase. It is obvious that such a lo-

phases are seen. The areas of these phases on the phase %qéi_on of chains in the Ol phase results in the diffraction

gram are comparable to the area occupied by the OIl phasée. lexes of the OIll phase. Taking all this into account the

Here we would like to discuss the phase boundaries of thg}terval .Of the pure Oll phase at room temperature in the
ordered phases by comparing the pphase diagrams obtain Hase dlag'ram Of. Fig. 5 (0'457*<0'54) has to be extended
by the CVM(see Ref. 17 and this woylkand the Monte Carlo or comparison with the e_xper_lmenta_l phase dlagrams: Then
method(see e.g., Ref.)2Note, that in the latter calculations this mtervallcorr_elates quite nicely \.N'th the.OII-phase Inter-
no narrowing of the OIl phase at low temperatures is obYal Shown in Fig. 1 as well as with the interval 048
served and therefore its area at low temperatures extends0-62 observed for the samples exhibiting the best Oll-
almost to the interval 08x<0.6. phase reflections.

The phase boundaries, obtained by the CVM, divide the
thermodynamic phases obtained from minimization of the IIl. CHAIN LENGTH
free energy exhibiting symmetry breaking at the second-
order phase transition. For the original ASYNNNI model To obtain the average length of the O-Cu-O chainthe
(v,=0) the ground states of the Oll phase in the phase dialength of sequentially sited oxygen atonirs the basal plane,
gram are indeed found in the interval &8=<0.7. Account- one has to calculate, using the CVM, the two-particle intra-
ing for thev, Eq. (1) leads to the phase diagram in Fig. 5. chain correlatog,(+ ,+)=<nikn!‘+l>, which corresponds to
The ground state of the Oll phase is found only ¥ 0.5;  the concentration of sequentially occupied pairs of oxygen
for all nonstoichiometric values of oxygen amounts close toatoms(the probability that in a pair of neighboring sites both
x=0.5, Coq1),=Co(1), and, rigorously, the Ol phase should sites are occupigdor the two-particle intrachain correlator

be considered the real thermodynamic phase. The reason f8f +.—)=(n(1—nf,,)), characterizing chain endéhe

this phenomenon is most likely related to the influence ofprobability that in a pair of neighboring sites one is occupied
entropy. What we find in our CVM calculations is that the and another is emptyHere the index stands for the deno-

Oll phase exhibits long-range superstructure correlations dui@tion of sublattice @) or O(5) and “+(—)” stands for the

to cell doubling. Even in the neighboring Ol phasetween occupied(empty site. The calculation of(+,+) by the

the OIl and Olll phaseshere also existé rather long-range CVM demonstrate$ thatg,(+,+) with a decrease in tem-
correlations characteristic of the Oll phase that result in conperature approaches the value of the sublattice concentration
siderable diffuse peaks in diffraction patterns, and the sizesk=(nik>=gk(+,+)+gk(+,—), i.e., g(+,—) tends to

of these correlations are comparable to typical system sizezero. This means that every O-Cu-O chain of sublattices
used in Monte Carlo correlatiorfsf. 70 unit cells along the O(1); and O(1) consists of alternating, considerably long,

a axis for the best Oll samples produced up to Aamd  occupied, and empty segments. The sublatti® @ empty
128x 128 latticeg64 unit cellg taken for calculations Thus ~ of oxygen atoms at low temperatures. The large number of
if we determine the phase from the structure fadi@s in  three-coordinated coppézhain ends and hence the random
experiments or Monte Carlo calculationse end up with a  distribution of vacancies, is less favorable than the arrange-
bell-shaped Oll phase in the phase diagram with smeareghent of vacancies and chains in sequential segments as in
phase boundaries. Using the CVM we obtain the narrowind-ig. 6. When the chain is formed by alternating occupied and
of the Oll phase at low temperatures and diffuse peaks of thempty segments, the concentration of oxygen per chain is
Oll phase in the neighboring insertions of the Ol phase. Thequal toc,=ml /N, wherel, is the average length of the

134512-5



P. MANCA et al. PHYSICAL REVIEW B 63 134512

10000 ; | . . , ; : :
T=293 K

As is seen, our result for the less occupied sublattice in the
Olll* phase is consistent with the NMR results, especially
for the intercalated sample, though the average length of
chain in this phase for chosen values of the interaction con-
stants is somewhat higher and almost equal to that of the
more occupied sublattice.

l

Tetragonal ol Ol Ollt Ol ol Ol
1000

T T

100 IV. DISCUSSION

T T
vl

The kinetic nature of the experimental phase diagrams
should be taken into account when they are compared to
calculations based on the thermodynamic equilibrium. In
spite of this, an overall good agreement has been found be-
tween theory and experiment. The superstructures, character-
1 i L . ! , ized by the ordered sequences of full and empty O-Cu-O
chains, which were systematically observed by ED in our
equilibrated samples, are those expected from the extended

FIG. 7. Average length of O-Cu-O chains as a function of oxy-ASYNNNI model. Similar superstructures with periodicity
gen amount for &x=<1. Regions shown in grey denote mixed exceeding @ have been observed befdré and also re-
phases OIff + Ol and Olll+Ol. Average length of chain for differ- cently by neutron- and x-ray-diffraction experimenisn
ent sublattices is shown by thin solid lines. Their averggge for-  single-crystal samples. We also occasionally observed such
mula (4)] is shown by the thick solid line. Three thin lines in the superstructures in our samples, but, in the absence of system-
region of the mixed phases are obtained for both sublattices of thgtic experimental evidence, they should be considered for the
OllI* or Olll phasegexternal linesand the Ol phasémiddie lin8.  present more as representing a particular local oxygen ar-
At x=0.30 two experimental poin{s] are shown by solid circles.  angement rather than a thermodynamically stable structure.

, , i , However this point requires a deeper investigation of the
occupied segment in sublattiée m, is the number of seg-  jenendence of ordering in the critical regions, in particular,

ments, ancN is the number of sites in a chain. The correla- 5 the stabilization temperature and the time of the thermal
torsgy(+,+) andg,(+,—) are equal to

10

T T T
ol

o
o
[N
2
o~
o
[e>)
o
©
-

treatment.
m(l—1) m It should also be pointed out that the term OIl or Olll
o(+,+)= Kk 27 l\kl . g+, )= Wk (2)  region, used in the experimental phase diagram, refers to the

existence in the corresponding ED patterns of the superlat-
As a result, the length of the occupied segment of chain irfice spots £/200) or (/300). For thepresent work all the
the kth sublattice is ED patterns were taken in a selected area mode on a region
of about 200 nm in diameter. With the lattice periodidibf
le=[1—gx(+,+)/c ] L (3) the order of 1 nm observed in the basal plane of
The average length of the chain in the Oll and Olll phases i%Ba?C%O‘?X’ structures IocaII%/f'o'rdered in the range k?f a
obtained from the formula ew tens of nanometers are sufficient to produce a coherent
response to the incident-electron beam. The presence of the
amyl;+myl, agy(+,+)+go(+,+)] ! diffuse-streaked satellite spots, observed, e.g., for oxygen
= =11- , contents well below the ideal composition of the Oll struc-
4) turex=0.5, is a convincing indication of the tendency of the
system to arrange itself locally in ordered domains of a suf-
wherea=1 for the OIl phase and=2 for the Olll phase, ficient dimension to produce a detectable diffraction inten-
and the subscripts 1 and 2 are for the sublattices OghJl  sity. As discussed above in Sec. Il B this picture is not in
O(1),, respectively. The dependence of chain lengths atontradiction with the theoretical expectation that the real
room temperature and<Ox<1 as a function of oxygen thermodynamic phase would be the Ol phase, since the ab-
amount is presented in Fig. 7. The average length of chaigence of long-range correlation among different Oll domains
la in all phases of the phase diagram is shown by a thickesults in some ‘“statistically average” occupancy of the
solid line. This line is obtained for each phase separatelyD-Cu-O chains. The progressive transition observed by in-
using formulag3) and(4) and connected at the phase bound-creasingx from diffuse-streaked to intense-sharp satellite
aries. The maxima df,, are observed at stoichiometric val- spots(the latter experimentally observed for the Oll and Olll
ues of each orthorhombic phase<0.33, 0.5, 0.67, and)1l  phases ax=0.57 and 0.7, respectivelgan be considered as
The maxima increase drastically with the decrease in tema qualitative confirmation of the progressive extension of the
perature, since the more occupied sublatticE-at0 tends to  ordering to the entire investigated area.
complete occupation, while the less occupied one tends to- Since in general the ED patterns do not change signifi-
wards full depletiorf’ Two points atx=0.3, obtained by the cantly within a set of plates coming from the crystallites of
NMR experiment for intercalated [,,=3.9) and deinterca- the same sample, the short-range ordered domains can be
lated (,,=1.9) samples, are also presented for comparisorconsidered as statistically distributed over the whole sample.

& am+m, ac;+c,
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A macroscopic phase separation, resulting in a different EOTherefore some excess oxygen could be required to extend
response from different grains of the same sample, was olihe superstructure homogeneously to the whole area investi-
served only in the transient T-O region. This is probably duegated by the ED.
to the fact that in the presence of a small amount of carriers

the system tends to split into a two-phase state, one poor and

the other rich in carriers.

A slight difference between experimental and calculated A combined experimental and theoretical study of the
phase diagrams was found in values of oxygen contgnt  phase diagram of YB&u;Og ., , that includes orthorhombic
for which the maximum degree of Oll and OlIl ordering was low-temperature superstructures was performed. For the first
observed. The values a&f, obtained by E0.57 for the OIl  time the phase diagrams were extended<4d.5 to include
and 0.7 for the Olll phageexceed the calculated oné35  the anti-Olll (OllI*) phase and the transient tetragonal-to-
and 0.67, respectivelythat are imposed by the symmetry of orthorhombic region of the superconductivity onset. The in-
the ASYNNNI model. A possible reason may lie in the in- fluence of the preparation kinetics on structural and super-
fluence of ordering kinetics that makes every order-disordeconducting properties of oxygen-chain-equalized and order-
transition a continuous process. By taking into account thastabilized YBaCu;Og,, pair samples was discussed for a
the samples were stabilized B§{=75—-130°C in a proxim- wide range of oxygen contents. The lengths of O-Cu-O
ity to their transitions OH- 0Ol and Olll— Ol and examined chains were calculated for different orthorhombic phases and
at room temperature not so far frofi, they should possess compared, where possible, with NQR results previously re-
a certain degree of disorder even for the ideal stoichiometryported.

V. SUMMARY
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