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Oxygen-ordering superstructures in underdoped YBaCu3Og. Studied by hard x-ray diffraction
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High-energy x-ray diffraction is used to investigate the bulk oxygen-ordering properties glCtBag. 4 -
Four different superstructures of Cu-O chains aligned alongp tinas and ordered with periodicitya, along
the a axis have been observed. Box 0.62, the only observed superstructure is ortho-1l with 2. At room
temperature, we find ortho-1linf=3) for 0.72<x<0.82, ortho-V fm=5) in a mixed state with ortho-II at
x=0.62, and ortho-VIIl (n=8) at x=0.67. Ortho-ll is a three-dimensional ordered structural phase, the
remaining ones are essentially two-dimensional. None of the superstructures develops long-range ordering. The
temperature dependence of the observed superstructure ordering is investigated explicitly and a structural phase
diagram is presented.
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I. INTRODUCTION Despite all the experimental and theoretical studies per-
formed, the microscopic understanding of the relation be-
While the Cu-O chain structure containing variable tween oxygen composition and ordering on one hand and the
amount of oxygenx,! gave rise to some confusion when magnetic, electronic/superconducting properties on the other
superconductivity was discovered in YR2Og., is still not satisfactory. Among the reasons for this are the
(YBCO), it is nowadays well established that the chains acklow oxygen-ordering kinetics at room temperature and the
as the charge reservoir, creating the holes in the LuOsensitivity to crystal defects, making the availability of high-
planes. Sufficient charge transfer for superconductivity ocquality single crystals and proper thermal sample treatment
curs when the Cu-O chains become sufficiently long andgarticularly important. Thus, with emphasis on these prob-
form the orthorhombic phase by aligning along the crystal{ems a thorough study of the oxygen-ordering properties as
lographich direction forx=0.352"%The importance of oxy- function ofx is mandatory for further development of under-
gen ordering for the superconducting properties has beestanding. This has become even more important since it has
verified directly from experimental studies where crystals argecently been suggested that the CuBains are correlated
quenched from the tetragonal disordered into the orthorhomwith instabilities in the Cu@ planes, which can be thought
bic ordered phase. Here it is found th&f of quenched of as stripelike patterns using the oxygen ordering as a
YBCO is reduced compared to the equilibrium value andtemplate™*
increases with time when the sample is annealed at room Electron microscopy technigues have contributed signifi-
temperaturé 8 Equally, it has been observed that the oxygencantly to establish the superstructures of YBEC? Super-
ordering of quenched YBCO crystals increases with tiffe.  structure reflections with periodicityia along thea axis are
For well-equilibrated samples]. varies within the ortho- found at modulation scattering vector®=(nh,,0,0),
rhombic phase from around 35 Kot 0.35 t0T,=93 Kfor  whereh,,=1/m, andn<m are integers, and the coordinates
the optimally doped materialx& 0.93) and exhibits a pla- refer to the reciprocal lattice vectors. Superstructures with
teau at 60 K arounck=0.5" a variation that has been m=2, 3, 4, 5, and 8 have been observed experimentally and
shown to comply with the generic relation between hole dop-are named ortho-Il, ortho-lll, ortho-IV, ortho-V, and ortho-
ing andT, in the highT, materials'? VIII, respectively. In real space these superstructures are
When the Cu-O chains align along theaxis in the basic characterized by different sequences of full Cu-O and empty
ortho-I structure, the oxygen occupies the so-call¢t) Gite,  Cu chains. The need for confirmation by bulk structural tech-
whereas the sites on tleeaxis [O(5)] are essentially empty. niques is generally recognized, because electron-beam heat-
Ortho-l is a three-dimensiona(3D) long-range-ordered ing of thin crystals may change the mobile oxygen content
structure, but in commonly prepared crystals true long-rangand generate transient nonequilibrium surface structures.
order is prevented by the formation of twin domains with Also, it is difficult to obtain quantitative details about the
domain size ranging from a few hundred Angstrgm to mac-atomic positions, finite-size ordering properties, and their
roscopic size. Clearly, there is disorder in the ortho-l chaintemperature dependence by these techniques. Analysis of
structure for compositiong<<1.0. Therefore, in thermody- structure factors obtained from a combination of neutron-
namic equilibrium ordered superstructures must be forme@dnd x-ray-diffraction data has unequivocally shown that the
for T—0 inside the ortho-I twin domair's. ortho-1l and ortho-lll superstructures result from oxygen or-
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dering in Cu-O chaing!~?8but the relaxation of cations as- 10 ppm by weight. The major impurities were Al, Fe, and
sociated with the oxygen chain ordering contributes signifi-Zn, the sum of which amounts to less than 0.2% atom per
cantly to the superstructure intensities. In particular, theunit cell. When optimally dopedx=0.93) these crystals
barium displacement has a strong influence on the x-rayhaveT.=93.2 K and the width of the 10-90% diamagnetic
diffraction intensity, which is displaced by about 0.04 A response is\AT,=0.3 K. All the crystals are platelike with
along thex direction with respect to the average structure.thicknesses of 0.5—1 mm, flat dimensions of 1.5—3 mm, and
The Cu2) site and @4) are also significantly displaced weights ranging from 10 to 70 mg. The oxygen composition
along thez direction, while no displacements along tie of the crystals was changed by use of a gas-volumetric
direction have been fourfd:* These displacements show equipment®3” The technique allows to determine the oxy-
only minor variation with oxygen compositidi?*Also, in  gen composition with an accuracy better thax=0.02. It
the ortho-1l phase there was found no significant change iimas been compared with the known values of the oxygen
the displacements as function of temperaflir8uperstruc-  equilibrium pressure determined by Schleggral,®’, and
tures with unit cells 22ax2\2axc (Refs. 18,31,32and  full agreement has been established in all cases. Crystals
J2ax2+/2axc,?* the so-called herringbone type, have beenprepared previously by the method have been examined by
reported. Although this type of superstructures have beeneutron-diffraction technique and the oxygen compositions
identified in NdBaCu;Og. 4, they are, as we shall discuss determined from crystallographic analysis of 375 unique re-
in Sec. IV, most likely not from oxygen ordering in YBCO. flections were found to be in full agreement with the values
In the present paper, we report on experimental studies aibtained from the gas volumet®§.For studies of the struc-
the oxygen ordering in YBCO covering the oxygen compo-tural phase diagram a characteristic procedure to establish
sitions 0.35<x=<0.87 and temperatures up to 250 °C, by dif- the superstructure is annealing at 80 °C for 10 h and cooling
fraction of high-energy synchrotron radiatigr-100 keV), by 1 °C/h to room temperature where the crystal is stored for
which combines the high penetration power of neutrons wittmore than one week before the measurements.
high-momentum space resolution. The penetration depth of
100-keV x rays in YBCO is of the order of 1 mm. This B. Instrument
assures that we probe the bulk properties of the samples and

are insensitive to oxygen diffusion in and out of the surface, : .
We present temperature scans of the structure factors of tHeMeter at the high-energy beam line BWS at HASYLAB

superstructures, determine their phase boundaries, and tHe Hamburg™ The setup has been described in earlier

H H ,40
nature of the ordering. We show that the superstructures irPUb“Cat'onSQ' The monochromator and analyzer crystals

cluding ortho-V and ortho-VIII, which Beyerst al2® have 1 thiS experiment were eithe2,0,0 SrTiO; crystals or

: : a1

observed by electron microscopy, represent bulk structuréll’l']). S'/Taséz Oitysc}?ls' Both typ(|a§ Of. cryi'stalg hd"’.‘d Ia
phases. From the stability of a superstructure ranging eigHf'0Saic spread of-5 (g\rlc seg, resulting in a longitudina
unit cells, the relevancy of long-range Coulomb interactiond€Solution of 0.0075 A™ at the (2,0,0 reflection of

is demonstrated and we conclude, together with computef 58CUOs.x- The transverse resolution is limited by the
simulations® that these long range Coulomb interactionsS@MPple mosaicity, which was in the range of 0.05°-0.1° for

: —1
lead to frustration preventing the formation of long range®Ur samples, corresponding t0.0015 A" at the(2,0,0
order. reflection. The vertical resolution depends on the setting of

The layout of the paper is as follows. In Sec. II, we supplythe slits before and behind the sample. They were usually set

information about the sample preparation S#cA) and the t_o integ_rate the s_cattering lover a quarter of a reciprocal lat-
experimental setugll B). The experimental results are pre- €€ unit, which is 0.40 A’ along thea and b axes and

The experiments were performed on a triple axis diffrac-

sented in Sec. II. 0.13 A"1 along thec axis. The sample was wrapped in Al
In Secs. Ill A=IIl D, we present the ordering properties of foil and mounted in a small furnace. The furnace temperature
the ortho-Il, -Ill, -V, and -VIII superstructures, including Was stable within 1°C. An inert atmosphere of 0.3 bar Ar

their temperature behavior. In Sec. IV, we discuss our experivas introduced into the furnace to prevent oxidation of the
mental structural results in relation to other structural find-crystals. From the gas-volumetric preparations, it is estab-

ings and their importance for charge transfer, and to theoretished that the reduction is negligible for temperatures below
ical model descriptions. A concluding summary is given in300 °C, and we observed no changes in the structural prop-

Sec. V. erties which could be related to a change of oxygen compo-
sition during temperature cycling at temperatures below
Il. EXPERIMENTAL DETAILS 250°C.
A. Sample preparation C. Analysis of superstructure data

The single crystals used to study the different superstruc- The ortho-Il superstructure reflections are well described
ture phases and establish the phase diagram were grown |y the scattering function

yttria-stabilized zirconia crucibles by a flux growth metfidd

using chemicals of 99.999% purity for,©5 and CuO, and S(q)=A/[1+(gn/Th)2+ (ae /T )2+ (q /T2, (D)
99.997% for BaC@. The impurity level of the crystals has
been analyzed by inductively coupled plasma mass spectrogthereq;, i=h, k, |, is the reduced momentum transfer and

copy. The Zr content of the crystals was found to be less thah’; is the reduced inverse correlation length, related to the
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correlation length¢; by &,=a/(2#T) for the a direction (25,0,0

and analogous along and c. Equation(1) is a 3D aniso- L o] [ o 40°C
tropic Lorentzian raised to the powgrThe measured inten- - : fgocc : Z;SS}C
sity 1(q) is then given by 15000 - . 210°% . 510°C

|<q>=J S(q'~QR(Q)dq’ + B, @

L S B S B

the convolution of the scattering function with the resolution 10000
function R(q). The resolution function has been approxi-
mated by aé function in the scattering plane and a box
function with a width given by the gap of the detector slits in 5000
the direction perpendicular to the scattering plaBeis a
background independent @f. The exponenty in Eq. (1)

Intensity (counts/scc.)

4
4

indicates the distribution of domain size, i.g5 1 points to e L ]
an exponential decrease of the pair correlations, for example, 24 25 26 04 0 04
in the ramified clusters typically for critical fluctuations h(rlu) [(rlu)

above the transition temperature. The exponeat2 may _ _ _
valueT'; (Ref. 42, and the asymptotic behavior for largés alongh andl at selected temperatures. The lines are fits to a Lorent-
in agreement with Porod’s law for scattering from 3D finite- Zian function raised to the powsr [see Eq.(1) and Fig. 3.

size domains with sharp boundaries. Furthermore, Bray hagnq| as integers. The occurrence of superlattice reflections at
shown that the 'tall of 'the sgatterlng function .from a}topploghevery integer value of indicates that oxygen chains of sub-
cal defect of dlmezrﬁlong in a system of dimensiod, is  sequent layers stack on top of each other. The pure ortho-Il
given by S(q)e<1/q*°"™." The relation betweei and the  phase is a 3D ordered structure with anisotropic correlation
peak widthA is = A/\2™— 1. When full integration of the  |ength along the three crystallographic directions, which
superstructure peak is performed perpendicular to the scafyere found to depend on the oxygen composition and, as we
tering plane by relaxing the vertical aperture, the in-planeshall show in a subsequent pafiéan the crystal quality and
scattering function derived from Edql) is described by a thermal treatment. The longest correlation lengths observed

Lorentzian to the powey’ =y —3. so far are in a twin-free crystal at the ideal composition for
The ortho-lll, ortho-V, and ortho-VIII superstructures are ortho-1l phase ordering ok=0.5, with £,=148 A, &,

essentially 2D ordered giving rise to significant overlap of=430 A, ¢.=58 A%
the peaks along.*****°In this case, full integration in the  |n order to reveal the influence of the stoichiometry on the
vertical direction cannot be obtained when thexis is per-  ordering properties, the ortho-Il phase was investigated at a
pendicular to the scattering plane. For the 2D ordered SUpektoichiometry away from the ideal composition & 0.5.
structures with finite domain size and sharp boundaries, it i§jere we report in detail on the temperature dependence of
expected that the scattering function in #é plane should the x=0.42 sample. Scans alorfy and | of the x=0.42
be a Lorentzian to the powst’ =y=3/2 because the inte- sample at selected temperatures are shown in Fig. 1. The data
gration alongc is rather incomplete, whereas it should be aere fitted to a Lorentzian function raised to a powéras
simple Lorentzian ¥’ =y—1/2=1) when thec direction is  described in Sec. Il C. The fit parameters are plotted versus
in the scattering plane and full integration along ther b temperature in Fig. 2. The widths of the ortho-Il superlattice
direction is performed. . _ reflections at room temperature are tabulated in Table | and
No corrections were applied to the raw data, since bothyre apout a factor 2 broader than the width found in our
the absorption and the polarization factors have negligibl§yinnedx=0.50 samplgcf. Fig. 10 below. The line shape
influence on the scattering _profiles at photon energies of 108f the superlattice peaks of tixe=0.42 sample at room tem-
keV used for these experimeritsNeither corrections for perature is not described by a Lorentzian squared, as was
thermal diffuse scattering nor Debye-Waller factor have beefynd for thex=0.5 samplé, but a Lorentzian raised to a
applied since their contribution to the measured intensities i'bower ofy=1.85. Both the larger width of the superlattice
the limited temperature range between room temperature angfjection and the lower exponent of the Lorentzian indicate

250 °C which we studied is estimated to be srffall. more disorder in the ortho-Il phase compared toxke0.5
composition.
Ill. RESULTS On heating the peak intensity is constant below 40 °C and

starts to decrease above this temperature. At 75 °C it shows
an inflection point, as determined by the minimum of the
In samples with the compositions g 0.35, 0.37, 0.42, normalized sloped!/dT) of the peak intensity, plotted in the
0.5, and 0.6, a pure ortho-ll phase ordering was found, anthset, which indicates the crossover from static order to criti-
for x=0.62 the ortho-Il is in a mixed phase with ortho-V, as cal fluctuations. These fluctuations extend to rather high tem-
described in Sec. Il C. In the ortho-ll phase, superlatticeperatures. Even at 240 K, the highest temperature accessible
reflections are located at positions &f 1/2k,l) with h, k,  with our furnace, an appreciable amount of intensity due to

A. The ortho-Il superstructure
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2 ' g 00 == dence of the line width4h) is well described by the critical

5 15000 | ®oo 2-05 g \f/v 1] exponentr=0.63 for the 3D Ising model:

g e & ]

8 10000 . ®®® §q0b W]

* % 0 100 150 200 250 _ v
g 5000 | SR A(T)=Ahg|T—T" )
E 0 : ! 2 OC:) 0.Q49. .9
0.12 ¢ 4) ? 1 This behavior is shown in the middle part of Fig. 2. The

3 bottom part of Fig. 2 shows the temperature dependence of
= 008 | the line-shape exponent of the ortho-II reflection. Between
< room temperature and 60°C the line shape remains un-

changed and is described by a Lorentzian with the exponent
y’'=1.35; between 70 °C and 90 °C, the exponent decreases
14 ¢ + 1 to 1 and was fixed to this value above 90 °C. This crossover
oo % in the line sha ian rai '
pe from a Lorentzian raised to a powey 'of
1.2 ¢ % 1 =1.35 in the low-temperature phase to a simple Lorentzian
at higher temperature indicates the transition from a nearly
ordered phase with antiphase domain walls separating or-
dered regiongcf. Sec. Il Q into the regime of critical fluc-
tuations.
On cooling we observe that the data are well reproduced
FIG. 2. Top: Peak intensity of the2.5,0,0 reflection of thex ~ down to temperatures of 80 °C. Below that temperature the
=0.42 sample. Open symbols mark the data obtained during heapeak intensities remain smaller than on heating and the peak
ing, filled symbols those from cooling. The inset shows the slope ofvidth remain broadened, indicating critical slowing down.
the data for heatingsolid line) and those for coolingdashed ling ~ However, the integrated intensity is found to be the same
normalized to unity. Middle: Half width at half maximumf) of  during heating and cooling. Since the results of the ortho-I|
the superstructure reflection. The line is a fit to the critical behaviorsuperstructure ordering indicate that internal superstructure
of a three-dimensional Ising model. Bottom: Exponent of theorder is established inside the finite size domaftis;s ap-
Lorentzian scattering function. The exponent of the data abovgyropriate to define a transition temperatiligg, . It is natural
90°C is fixed toy'=1. to define the onset of critical fluctuations as the transition
temperature, which can be determined, as shown above, by
ortho-II fluctuations is still measurable. The peak width, de-the minimum in the differentiation of the peak intensity, by
termined byh scans on thg2.5,0,Q reflection, starts to the onset of peak broadening, and by the crossover of the
broaden at 8®) °C. This temperature agrees rather well with exponenty’ to 1. All three quantities are in agreement to
the change in curvature of the intensity, i.e., the minimum inwithin =5°C, so that we find for thex=0.42 sample
the sloped!/dT. Above 8@5)°C, the temperature depen- Tg;,=80(5) °C. It is interesting to note that for all samples
we have studied the peak intensity and the peak width below
TABLE |. Tabulated values of the transition temperatures in40 °C are constant within the time period studied, which is
reciprocal lattice units on heating and the inverse correlation lengti®Xplained by the slow kinetics of oxygen below this tempera-
in °C at room temperature alorg k, and| of the oxygen-ordering  ture. The ordering pattern at these temperatures is frozen in,

0.04 | Zolod™

Exponent y

(o]

1.0 cmam 00 0 O O

0 50 100 150 200 250
Temperature (°C)

superstructures. since the activation energy of about 1.4 eV is too high for
oxygen to be mobilé.
X Ah Ak Al The investigation of the temperature dependence of the

ortho-1l phase ax=0.42 exhibits a similar behavior as found

Ortho-ll Tou for a sample withx=0.50. The only difference is a shift in
0.35 8310 0.0517) 0.386) the transition temperature and a higher degree of disorder at
0.37 9310) 0.0486) 0.0108) 0.192) room temperature for the=0.42 sample, resulting in more
0.42 735) 0.0311)  0.00974)  0.142) diffuse superlattice reflections. However, since the main fea-
0.5 1285)  0.01045)  0.00424)  0.0697) tures of the transition, discussed above, remain the same we
0.6 0.010%3)  0.00581)  0.0641) conclude that a commensurate oxygen stoichiometry has
0.62 10@15) 0.032) 0.0071) only a minor effect on the ordering properties of the super-
Ortho-1ll Ton lattice and that a different mechanism than a noncommensu-
0.72 5@5) 0.031@5)  0.01246) rate stoichiometry prevents the formation of long-range or-
0.77 785) 0.0311) 0.00911) der.
0.82 6320 0.0566) 0.0213) We furthermore surveyed theg space for correlations of
Ortho-V Tov different types of ordering, in particular at the low doped
0.62 7%5) 0.0588) 0.0091) sample ofx=0.35, but were unsuccessful to find correlations
Ortho-VIII Tovin of the herringbone-type,/2ax 2\2axc or 2\2ax22a
0.67 425) 0.0532) 0.0122) Xc, structures which were observed in other studies by
electron'®324%ray° and neutron diffractiori?
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FIG. 3. Ortho-lll superlattice reflections at the oxygen compo- -<C] 01
sition x=0.72 at room temperature, scanned al¢@,0,) (open .
circles and(8/3,0,) (filled circles. o]
0.0 : : :
B. The ortho-Ill structure 0 50 100 150

The ortho-lll phase is found at the oxygen compositions Temperature ('C)

of x=0.72, 0.77, and 0.82. A crystal prepared wit 0.87 FIG. 4. Ortho-lll transition at the oxygen composition
showed no sign of any superstructure oxygen ordering. At 72, where the peak intensitiop) and the peak widtfibottom
these oxygen compositions the ortho-lIl phase is formed by the (8/3,0,5 reflection were measured Hy scans. The open
the sequencé€l10) of two full (1) chains and one emp®)  circles show the heating data and the filled circles the data during
chain. Accordingly, the size of the unit cell is tripled along cooling. The line in the lower graph shows the behavior described
the a direction and the diffraction pattern shows two super-by the 2D Ising model above the transition temperature.
structure reflections alonig between the fundamental Bragg

; ; it 2944,45,51 i
peaks, as shown in earlier publicaticié: The ortho-lll might give rise to thé modulation. However, a quantitative

superlattice peaks are well defined in @i plane, but like : o )
e analysis forl scans with different values d&f andk remains
all superstructures due to oxygen ordering in YBCO, broad—0 be performed

d due to finite domain sizes. The widths for the thred _ N _
enec due ‘o finike domain $1zes © wnans 1or e e For the crystal with composition=0.72, a detailed study

compositions can be found in Table I. The smallest values, )
which have been reported previously by Schiegfeal,* are of the temperature dependence of the ortho-III phase includ-

found in the x=0.77 crystal withAh=0.031(1) andAk ing the_pegk intensity as well as the correlatiop length is
=0.009(q2). The difraction peaks measured alohgandk shown in Fig. 4. For '.[h's crystal tf((S/S,O,S.re_erctlon was
exhibit a simple Lorentzian line shape. In contrast to thespanned along at various temperatures. S!mllar to the trgn-
ordering in thea-b plane, thd dependence of the diffracted sition of the ortho-Il phase, the peak intensity acl,nd peak Wldt_h
intensity shows only a broad modulation, with maxima oc.are frozen at temperatures smaller than 35°C. Above this

curring at noninteger values bind peak width correspond- temperature, the peak intensity decreases rapidly and the

ing to more than one reciprocal lattice unit, as shown in Fig.broadenmg of the peak width alog shown in the bottom

; : t of Fig. 4, indicates the onset of critical fluctuations.
3. The large width of these reflections aldnghows that the part ’ .
oxygen ordering of subsequent planes is only weakly corre'-:'mng the temperature dependence of the peak width to Eq.

lated and the ordering takes place only in thé plane. (2) a critical exponent 0#=0.928) is obtained, with a tran-

Thus, in contrast to the ortho-Il phase, which is 3D orderegS!tion temperaiure oo =48(5) °C. This value for the

the ortho-1ll phase is essentially a 2D ordered superstructuré:.rItlcal exponent is in good agreement with the theoretical

While it is obvious that an appreciable amount of disordervalue of =1 for the 2D Ising model and consistent with a

leads to these broad reflection profiles aldnghe detailed 2D character of the ortho-Ill order.
line shape is still debated. Plakh¢y al. model thel depen-
dence at room temperature very well with a periodic function
that, in principle, shows maxima at every integer number of
1.2944 A different origin for thel modulation has been re-  The investigation of a crystal prepared with the oxygen
cently suggested by Islaet al* who found a very similar composition ofx=0.62 shows a mixture of ortho-Il and
modulation atx=0.63 for the ortho-V phasédescribed in  ortho-V phases at room temperature. This is revealed by the
detail in Sec. Il §. By Fourier transformation of the inten- observation of diffuse peaks at positionshsf 2.4, 2.5, and
sity modulation measured alohgt 14 K, they show that not 2.6 as shown in Fig. 5. The peakfat2.5 results from the
only the basal planes contribute to this modulation but als®rtho-Il structure, and the peaks lat=2.4 andh=2.6 are

the copper-oxygen planes. In fact, the distance of the origiiconsistent with a unit cell which is enlarged five times in the
to the first maximum corresponds to the correlations betweea direction, i.e., the ortho-V structure. The two small peaks
the basal plane and the CuO plane, the one to the secorsgen in theh scan in Fig. 5 ah=2.23 andh=2.83 are an
maximum to correlations between the basal plane and thAl-powder line and possibly a grain of an unknown phase
BaO plane. Thus, correlations between three different planesriented with the lattice, respectively. The humphat 2.83

C. Ortho-V
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wave detected with neutrons was found to be a purely dy-
namic mode of oxygens, the intensity will be very weak
compared to the elastic scattering due to the static oxygen
ordering. In particular at room temperature, the lowest tem-
perature accessible in our experiment, the intensity due to the
charge-density wave is reported to be rather difftisand
therefore even more difficult to observe.

Due to the heavy overlap of the peaks from the two
phases, it is difficult to determine the peak shape and width.
However, analysis of the ortho-1l and ortho-V peaks using
0 ' ' ‘ ' Lorentzian profiles gave the following width at room tem-

' ' h (rlu) ' ' perature: Ah=0.040(28), Ak=0.0078(16), Al=0.12(3)
for ortho-ll; and Ah=0.058(10), Ak=0.0096(19) for
ortho-V (see also Table)l The scan alond at (2.5,0,),
shown in Fig. 5, exhibits the intensity modulation well
] known for 3D ordering in the pure ortho-Il phase, with
o # maxima at every integer value bfThe overlap of the peaks
. originating from the ortho-V phase with the reflections from
00 1 the ortho-ll phase does not allow to determine the correla-
° 0% tions of the ortho-V phase along tle-axis independently.
oo & ﬁ %% q However, an x-ray study of charge localization at the oxygen
content ofx=0.63 reveals a pure ortho-V phase, not mixed
with an ortho-Il phasé? Here a scan along (4.4l reveals
0 ' ' ' . a very similar diffraction pattern as we find for the ortho-IlI
am phase shown in Fig. 3. As discussed in the preceding section
such a pattern was indicative of very weak correlations along

FIG. 5. Scans alonfy (a) and! (b) at room temperature for a thel direction of a 2D ordered structure.
crystal prepared tx=0.62. The peaks in thé€h,0,0 scan ath The competition between ortho-1l and ortho-V ordering is
=2.4 andh=2.6 result from the ortho-V phase. The scattering sig-demonstrated most clearly by the temperature dependence of
nal ath=2.5 indicates the presence of the ortho-Il phase. The weakhe mixed phase, which was measuredhbgcans between
peak ath=2.23 is an Al-powder line originating from the sample the (2,0,0 and the(3,0,0 Bragg reflections and the diffrac-
holder and the bump #1=2.83 is unidentified. Ah=2.1 andh  tjon pattern was fitted to three Lorentzians with fixed posi-
=2.9, tails of the fundamental Bragg reflectic_)ns_are observepl_. Théions at 2.4, 2.5, and 2.6. Interestingly, the balance between
lower panel shows &.5,0,) scan. The arrows indicate the position the phase mixture is affected significantly by raising the tem-
of Al-powder lines. perature as shown in Fig. 6. While the ortho-V correlations

disappear between 50°C and 70°C, the ortho-Il reflection
has also been observed when the same crystal was prepamgains intensity, which indicates that the ortho-II correlations
with other oxygen composition&ompare with Fig. 7 and are more stable with increasing temperature than the ortho-V
Ref. 45. A similar diffraction pattern, consistent with a mix- correlations. During the cooling cycle the ortho-II correla-
ture of ortho-Il and ortho-V, has been observed in(alD I) tions dominate the diffraction pattern, while the scattering
scans performed with<h<4 andl=0, 3, 5, 6, 7(eight  due to ortho-V correlation is not recovering with decreasing
scans in total However, none of these scans showed a peakemperature. This behavior is easily explained by the slow
at positionQ=(%,0,1). This is explained by the structure ordering kinetics at low tempgratur%%? During the coo'ling
factor calculations of the superlattice peaks from the ideaProcess the ortho-Il correlations start to form, while the
ortho-V ordering sequencél0110 shown in Ref. 13. The Ortho-V correlations are still unstable. Only at a lower tem-
intensities of the peaks ét/5, 0, Q are indeed much smaller Perature the ortho-V phase is more stable than the ortho-Ii
than the ones &@/5,0,0 and(3/5,0,0. However, this model ~Phase. However, at this low temperature the ordering kinetics
takes into account only the oxygen order and, as discussed I SO slow that ortho-V domains are unable to grow within
Sec. |, the superlattice peaks are caused by both the oxygdhe 1 h time period of the experiment.
order and the cation displacements. These displacements and
the pronounced disorder may change the intensities and re-
duce them further. Interestingly, an inelastic neutron- Figure 7 showd$ andl scans for the oxygen composition
scattering study of arx=0.60 sample revealed a signal x=0.67. Theh scans alongh,0,0 with 2<h<3 reveal dif-
around thg4,0,0 reflection with an ordering wave vector of fuse superlattice peaks &t=2.382(4) andh=2.6273).
Q=(0.2,0,0) at 10 K, which is associated with a dynamicThe peak positions and profiles have been fitted to two
charge-density wave in the matertalin principle, such a Lorentzians giving a width oAh=0.053. The peaks are also
charge-density wave should be observable with x rays alcalized in the transverse direction with a width ak
well'® and would result in peaks &t=2.2 and 2.8 in our =0.0132). Themodulation of the intensity for a scan along
spectrum shown in Fig. 5. However, since the charge-density[Fig. 7(b)] has a similaig dependence as the corresponding
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FIG. 6. Temperature dependence of the mixed phase of ortho-II < 7
and ortho-V at the oxygen composition f=0.62. The top part
shows the peak intensity of the ortho-II reflectiquicles and the 2.32 0 5‘0 160 150
ortho-V reflectiongsquares Open and gray shaded symbols mark .
the data obtained during heating, the black filled symbols the cool- Temperature ("C)

ing data. The bottom part of the figure shows the half width at half

maximum (\h) of the reflections of the two phases along FIG. 8. Temperature dependence of the ortho-VIII phasg at

=0.67 measured bly scans close t6230,3. The top figure shows
scan for the ortho-lll phase, shown in Fig. 3. Thus, there arghe peak intensity, the middle part the half width at half maximum
no well-defined peaks along indicating essentially 2D or- together with a fit to a critical behavior according to E8) with
dering with substantial disorder in the stacking of full and »=0.793), and the bottom the peak position. The shift in the peak
empty chains along thedirection. Similar superlattice peaks position indicates a transformation from ortho-VIIl to ortho-V
structure between 50°C and 70 °C. At 150 °C the peak position

a) corresponds to the ortho-III structure.
1200 | 0 ]

have been observed at positions in reciprocal space,0f3
and(h,0,5 with 2<h=3. The superstructure peak positions
at modulation vectors witmh,,=0.382 and 0.627 are close
to the expected valuesh,,=3/8 and 5/8 for a superlattice
with a unit cell of 8 X bXc, i.e., the ortho-VIII phase. The
expected sequence of full and empty chains of the ideal
ortho-VIII structure is(11010110. Calculating the intensities
of the superlattice peaks for this ideal case one finds that the
h (L) ' ' observed peaks ath,,=3/8, and 5/8 are the strongest, the
800 : : : : peaks ahh,=2/8, 4/8 and 6/8 are about one order of mag-
b) nitude smaller, and the ones rah,,=1/8 and 7/8 are about
4’% two orders of magnitude smallécompare with the presen-
tation in Ref. 13. Due to the weak ordering it is unlikely that
the smaller superlattice reflections can be observed.
%% The temperature dependence was measurdudmans at
! % the (2,0,3 peak position and the results are shown in Fig. 8.
A ’ ' The onset of broadening of the superstructure peaks takes
L %W b place atTqy,;=42(5) °C. The temperature dependence of
" ‘ . . the peak width above the transition temperature is described
-8 -6 4 -2 0 2 by the critical exponent 0#=0.793) as shown in the middle
part of Fig. 8. This value is between the exponent of 0.63 for
FIG. 7. Scan alongh,0,0 (a) and(2.63,0,) (b) in a crystal with ~ the 2D and 1 for the 3D Ising model. Another interesting
oxygen concentration of=0.67 at room temperature. Tescan  feature of this phase transition is revealed by the inspection
ShOWS peaks at apprOleate[yzzg and hzzg’ |ndlcat|ng the Of the peak pOSItIOﬂ When the temperature eXCEGdS 50 OC
ortho-VIIl phase. The peak at 2.23 is an Al-powder line. The linethe peak position changes continuously from 2.372 toh
shown together with thi scan is a Lorentzian fit. The variation of =2.4, which corresponds to the position of the ortho-V
the diffracted intensity along is only weakly g dependent and phase. Above 90 °C the peak shifts graduallyhte2.33 at
similar to that of the ortho-IIl phase. 150 °C, the location of the peaks of the ortho-IIl structure.
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FIG. 9. The structural phase diagram of YBCO. The structural é ;

phases and their transition temperatures are labeled: tetragonal ( s 10 oIl A

ortho-1 (Ol, OJ), ortho-II (Oll, @), ortho-lll (Olll, O), ortho-V (OV, o

A), and ortho-VIII (OVIII, 4). Solid lines are guides to the eye. 10° , , , ]/é;\

The dashed lines are predictions from the ASYNNNI model. The 03 04 05 06 0.7 08

data for theT-Ol transition(box) are from Anderseet al. (Ref. 36. x in YBa,Cu,O,,,

The Ty, transition temperatures for=0.35 andx=0.36 are from

Poulsenet al. (Ref. 40, the upper data set fax=0.50 is from FIG. 10. Top: Half width at half maximurtd) at room tempera-

Schlegeret al. (Ref. 9, and theT,,, transition temperature a¢  ture for the indicated structures as function of oxygen content. Bot-

=0.77 is from Schlegeet al. (Ref. 45. tom: peak to background ratio. All lines are guides to the eye.

Upon cooling the data are reproduced down to 75°C, afecover on cooling within 1 h. Above room temperature the

lower temperatures the peak intensity is significantly reduced 1o v/ structure transforms gradually first into ortho-V

;:r?emggﬁ%?vt%ﬁgieheatmg data and the structure freezes ""&hd then into ortho-lil. On subsequent cooling the ortho-V

superstructure is recovered and remains stable within the 1 h
time period of the measurements.

The line shape of the superstructure reflections is in most

From the transition temperatures obtained in the preserdases well described by a simple Lorentzigr=(). Only
and previous studié4®*° using hard x-ray diffraction and for the ortho-Il phase between 04X<0.62 a Lorentzian
the same type of crystals, we may establish phase lines foaised to a power larger than 1 is found. At the low oxygen
the oxygen superstructure ordering. Combining these datside of the ortho-Il phasg<0.35, the small peak to back-
with the transition temperaturélsy,, of the phase transition ground ratio(see bottom part of Fig. 2@oes not permit the
from the tetragonal to the orthorhombic ortho-I phase, ob-determination of the exponent of the Lorentzian. The domain
tained by neutron powder diffracticfiwe may construct the size of the superstructures depends strongly on the crystal
structural phase diagram of oxygen ordering in YBCO,quality*” and the annealing times. However, for the present
shown in Fig. 9 and Table I. In the figure are also includedhigh-quality crystals, which have been annealed by the stan-
the phase transition temperatuiies, and Ty, , predicted by  dard procedure for studies of the phase diagfdescribed in
Monte Carlo simulatior® based on the asymmetric next- Sec. Il A), we expect that the domains are at the late state of
nearest-neighbor interactiocASYNNNI) modeP® with ab  growth and therefore only weakly time depend&HtOn this
initio interaction parameters. basis, we consider the results presented in Sec. Ill of the

The only true equilibrium structures are the ortho-I phasepeak widths measured at room temperature after the initial
and the tetragonal phase, all superstructures formed by oxyhermal preparation as saturation values. The widths of the
gen ordering do not show long-range ordering. Within thesuperlattice peaks measured at room temperature along the
temperature range studied, the tetragonal phase is the onflyree axis of reciprocal space as function of oxygen compo-
one observed fox<0.35. Below the tetragonal to ortho- sition are shown in Table | and depicted in Fig.(1@p). The
rhombic phase transition temperature the 3D ordered ortho{arallel lines(guides to the eyein the logarithmic plot ob-
phase always develops, and it is the only structure observeskrved in the ortho-Il phase as well as in the ortho-IIl phase
for x>0.82. For 0.35:x<0.62, the 3D short-range-ordered show that the ratio of the anisotropy is constant within a
ortho-Il phase is the only stable superstructure. Similarly, agiven structural phase. For the ortho-1l phase, we find the
single phase ortho-IIl structure with 2D finite-size orderingfollowing ratios of the inverse correlation lengths at room
is observed for 0.72 x<0.82. At intermediate compositions temperaturel’,,/T",=2.7(6) andT’|/T',=15(2). Thea-b
a mixed phase of ortho-Il and ortho-V is found)at 0.62, plane ratio seems to be independent also of the type of struc-
and ortho-VIIl is found ak=0.67 in crystals that have been ture, since the ratio for the ortho-Ill phade,/I",=2.9(4),
slowly cooled to room temperature as described in Sec. Il Ais in good agreement with the value of the ortho-1l phase.
Both the ortho-V and the ortho-VIII structures are essentiallyThis implies that the domain pattern in theb plane scales
2D ordered and have finite size ordering. During heating thén both the ortho-Il and the ortho-Ill phases, and in ortho-II
ortho-V structure transforms into ortho-Il and it does notthe scaling is extended to 3D. The peak intensities cannot be

E. The oxygen-ordering phase diagram
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compared directly because different crystals and instrument@eyerset al. x=0.65), oxygen starts to order in the ortho-II
settings have been used. However, the peak intensity normgphase. The relatively high temperature enables a fast growth
ized to the background, shown in the bottom part of Fig. 100f ortho-Il domains. At lower temperature the ortho-V phase
is essentially an independent parameter for the orderingecomes stable, but now at temperatures just above room
properties. From this normalized peak intensity and the dat@emperatures the growth of ortho-V domains is slow. A full
of the peak width, it is clear that the optimal superstructurgransformation into the ortho-V phase cannot be precluded
order parameter is found close xe-0.55. _ but it is very time consuming. Therefore, we suggest that
The oxygen compositior of all the ordered phases devi- qomains of the complex ortho-V superstructure start to grow
ates systematically from the ideal composition of thesgngide the ortho-Il structure and a mixed phase, rather than
phases. For example, the longest correlation lengths for thﬁhase separation, results.
ortho-Il phase are likely to be at=0.55. Unfortunately no From studies of the oxygen-ordering properties, it has be-
data points are available at this composition. Theoreticallgme clear that the finite size of the ortho-Il superstructure
one would expect the best ortho-Il order for-0.50. This  regyits from formation of antiphase boundaries that limit the
deviation is even more significant for the ortho-lll phase,qomain growth due to slow kinetics of moving long Cu-O
which 'is expected ax=0.67, but observed around  chains. The reason for this has been discussed by Schleger
=0.77. Thus, the deviation from the ideal composition in-et a1 ° and it was speculated that random fields introduced
creases with increasing chain density and the amount of oXysy impurity defects in the crystal stabilize the antiphase do-
gen atoms occupying sites on the empty chains at room temnain walls and prevent formation of long-range order. This
perature can be estimated to be about 10% for ortho-Il angs corroborated by the present studies and additional studies
30% for ortho-Iil. of the ordering kinetics® However, the observation of su-
perstructures extending over eight unit cells shows the im-
IV. DISCUSSION portance of long range interactions for the ordering mecha-
nism. That these long-range interactions play a significant
role for the finite-size ordering has recently been established
It has been known for several years that the ortho-Il andby model simulationg? and will be discussed further below.
ortho-Ill superstructures are bulk structural phases of finiteFor the ortho-Ill, ortho-V, and ortho-VIII superstructures, the
size domains. Several other superstructures have been sugmall 2D domains indicate that the ordering resembles a ran-
gested, mainly from electron microscopy. In the present padom faulting sequence of ortho-1l and ortho-Ill. Khachatu-
per, we have shown that also the ortho-V and ortho-Vlliryan and Morris® have suggested that this is a likely order-
correlations observed by electron microscopy result froming scheme, and they have calculated structure factors which
bulk structural ordering, but we found no evidence for theare qualitatively similar to those observed at room tempera-
ortho-IV phase. However, we recognize in particular theture in our experiments. However, the fact that the ortho-V
early electron microscopy results obtained by Bew#ral?®  and ortho-VIII superstructures only appear when they are
which are in close agreement with our room-temperatureslowly cooled indicates that the long-range interactions tend-
data. Beyerst al. observe the ortho-Il and ortho-IIl super- ing to form these superstructures become effective at low
structures in the same composition range as in our studiegemperatures, but the slow oxygen-ordering kinetics for
Furthermore, they found coexistence of ortho-Il and ortho-Vmovement of long Cu-O chains prevent that well-defined
at x=0.65, and a structure similar to the ortho-VIII phase,domains are formed. As mentioned in Sec. Il C, we would
which they call a 1(0.37 0 Q" structure, atx=0.71. expect a diffraction profile of a Lorentzian to the powgr
Beyerset al. attributed the clear disagreement between=y=3/2 from 2D domains with sharp boundaries when the
the observed oxygen compositions and the stoichiometries dfitegration along the axis is incomplete. The observation
the ideal superstructure phases to gradients in the oxygehat all the superstructure peaks of the ortho-V, ortho-VIlI,
content of the sample, which might be different on the sur-and ortho-Ill peaks are described by Lorentzian profiles sug-
face and in the bulk material. In our experiment such differ-gests that these superstructures have a more fuzzy type of
ences can be ruled out. We conclude that this deviation is anoundaries than the ortho-1l domains.
intrinsic property of the oxygen-ordering mechanism. It is  Generally, there is significant hysteresis in the superstruc-
possible that the phase lines between the superstructutere ordering when the temperature is cycled through the
phases are in fact tilted, and only at zero temperature thphase transitions. The ortho-1l and ortho-Ill superstructures
ideal oxygen stoichiometry of the superstructure phases iare reestablished during cooling from the ortho-l phase
found. However, this will never happen because the oxygemwithin 1 h. However, the ortho-V phagenixed with ortho-
ordering kinetics is very slow at the temperatures where thél) and the ortho-VIII do not recover during cooling within
superstructures become stable, and the movement of Cu-is short time period. Instead, the less complex superstruc-
chains freeze effectively below approximately 40 °C. tures, ortho-Il and ortho-V develop, respectively. It is obvi-
Beyerset al. interpret the mixing of ortho-Il and ortho-V ous that the superstructure ordering does not represent equi-
phases ak=0.65 as a phase separation, which leads to thébrium phases, and it cannot be precluded that more
60-K plateatt’ Our investigation of the temperature depen-complex superstructures may be formed by very long-time
dence together with the studies of the ordering kinétits annealing at an appropriate temperature or in crystals that are
may lead to a different conclusion. During the cooling of aeven more perfect than the present ones. According to Ost-
sample with an oxygen content &=0.62 (in the case of wald’s step rule for phase transformations, metastable phases

A. Experimental results
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may be formed, before the system finally transforms into thénole dopingp determined from neutron-diffraction data com-
stable phase, as long as nucleation centers with a simildsined with bond valence analysis gives rise to the generic
structure such as the metastable phases are present. In @arabolic variation ofT.(p) in oxygen as well as calcium
case, the ortho-Il and ortho-Ill phases might be nucleatiomdoped Y; _,Ca,Cu;Og . .*2
centers for the ortho-V phase, which in turn,xat 0.67, is The significance of the ortho-II ordering for superconduc-
metastable and serves as a nucleation center for the orthtivity has been shown directly by Veait al® and Madsen
VIl phase(see Fig. 8 Thus, although we have been able to et al® Both groups have shown that, is significantly re-
define unique transition temperatures, at least for the ortho-luced just after a quench and increases with time towards the
superstructure phase, it is questionable whether we have esquilibrium values with a thermal activated time constant.
tablished a phase diagram in the usual sense. This may eXhe conclusion, which may be drawn from these experi-
plain why the phase diagram does not comply with Gibb’sments and the present structural data, is that the formation
phase rule. of ortho-Il superstructure is decisive for the charge transfer
The 3D ordered superstructures with unit cell§2a  and T.. When the sample is quenched from temperatures
><2\/§a><c and \/Eax 2\/§a>< c, the so-called herringbone aboveTg,, and even from the tetragonal phase, it is only
structure, have been observed by electron microscopy, artie time used to quench it into the ortho-Il phase that mat-
one group has reported on these structures by nedfrand  ters. A time dependent increase Tf is observed at anneal-
x-ray diffractio’® techniques on single crystals with compo- ing temperatures down to 250 K. Most likely this tempera-
sition x=0.35. However, no other experiments with bulk ture is the lower limit for local oxygen jumps which
structural techniques could confirm these results. Bertinotttlominates the oxygen ordering at the very early time. It is
et al®® and Yakhouet al>” have shown that the reflections of unlikely that the domain wall separating antiphase domains
the herringbone type can be assigned to B&;wgrains in ~ are mobile at 250 K.
the crystals. Krekelet al®®° attribute the 2/2ax2.2a
X c structure to distortions of the CyOpyramids in the
Cu0; planes, and Werdeet al®® suggest that they could  From the present and previous studies, it is evident that
result from ordering of copper and barium vacancies in thehe local oxygen-ordering properties are important for the
lattice. The consensus from these and several other studiesdfctronic structure and the charge transfer, but the details of
therefore that the #2ax 2\/2ax c and the herringbone-type the local ordering phenomena are difficult to obtain directly
structures are not oxygen-ordering superstructures in YBCGirom the diffraction experiments. Thus it is important that the
If they were, it is peculiar that they have 3D long-range orderdata are related to a model that describes the oxygen-
while the Cu-O chain ordering develops only finite-size do-ordering properties adequately. The predictive power of these
mains. Also, we have found no evidence of them at anymodel studies for the structural and electronic properties is
compositionx in the present hard x-ray-diffraction studies on strongly depending on their ability to reproduce experimental
carefully prepared high-quality single crystals. However, adindings, as presented in the present structural studies.
previously mentioned this type of ordering has been identi- Most of the structural models are based on local effective
fied as genuine oxygen superstructures in N@RBIOg ,. > oxygen-oxygen interactions in a 2D lattice-gas formula-
tion.>>%3 Among the simplest models that account for many
elements of the oxygen-ordering properties, such as the for-
mation of Cu-O chains and the presence of the tetragonal,
The significance of the oxygen ordering for charge transortho-I, and ortho-ll phases, is the so-called ASYNNNI
fer and superconductivity is obvious from many studies.model®® which is a 2D lattice-gagor Ising model with
Chemical bond considerations combined with structtrdl  effective oxygen-oxygen pair interactions that are assumed
and spectroscopic studfé$® have shown that the basal to be independent of temperature and compositofhis
plane copper in undoped YB@u;Og ., (X=0) is monova-  model considers the Coulomb interaction between nearest-
lent and that simple oxygen monomers, i.e., Cu-O-Cu, willand next-nearest-neighbor oxygen atoms and accounts
not give rise to charge transfer. However, charge transfer iguantitatively? for the temperature and composition depen-
observed for largex where Cu-O chains are formed. Casta  dence of the experimental structural phase transition between
al.*' and Tolentincet al** have established that an increasing the tetragonal and the ortho-I phaesee Fig. 9 by use of
amount of oxygen gives rise to a charge transfer to the CuQOinteraction parameters, which are consistent with values ob-
planes, which is in good agreement with the well-knowntained by Sterne and Wille from first-principles total-energy
plateau variation off; with T,=58 K aroundx=0.5 and  calculations’* It also predicts the existence of the ortho-lI
T.=93 K close tox=1. Relating the oxygen ordering to the phase, but it cannot account for the additional superstructure
variation of T, observed, e.g., by Cawt al!! we find that  phases, ortho-Ill, ortho-V, and ortho-VIIl. Moreover, it pre-
the 58-K plateau is identical to the stability range of thedicts long-range order of the superstructure phases, which
ortho-II superstructure, the rise i, from the 58-K to the has never been obtained experimentally, and it cannot ac-
93-K plateau takes place at valuesxofhere the ortho-V/Il,  count quantitatively for the ortho-I to ortho-Il phase transi-
ortho-VIII, and ortho-lIl structures are found, and the 93-K tion temperature.
plateau coincides with the oxygen compositions of the Extensions of the ASYNNNI model have been suggested
ortho-I phase. Furthermore, despite the characteristic plategy account for the shortcomings. These include an effective
variation of T,(x) in pure YBCO, it has been shown that the 3D interaction with a nearest-neighbor attractive interaction

C. Relation to model calculations

B. Significance for superconductivity
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along ¢,%? effects of electronic degrees of freedom in therhombic phase of YBCO. Chain ordered superstructures of
Cu-O chain structuré;* and 2D Coulomb-type interactions the ortho-Il, ortho-Ill, ortho-V, and ortho-VIll types have
of longer range than next-nearest neighBéf The influence  been observed in high-quality single crystals with this bulk
of including effective Coulomb-type Cu-O chain interactions sensitive technique. None of the superstructures develops
extending beyona and 2a has been studied analytically in |ong-range order. Only the ortho-Il phase is a 3D ordered
the framework of a 1D Ising modéf. Here a sequence of syperstructure with anisotropic correlation lengths. The
branching phases develops fbr-0 in order to comply with  ortho-II correlation lengths observed at room temperature de-
the Nern_st principle and stoichiometric phases at Qiﬁerenbend on the oxygen compositiéaptimal forx=0.55), crys-
compositionsx. However, for the YBCO system it is ex- 5| perfection” and thermal annealing. All other superstruc-
pected that the interactions of range beyordpay a role e have 2D character with ordering only in tb-plane.
only at low temperatures where effectively the structural %™rhe ratio of thea-b plane correlation lengths is essentially

dering is frozen. : o

For the 2D ordering it has been argued that a single addi'—nd(.apendent of th? oxygen composition and the type of or
. . : dering. The transition temperatures of the superstructures are
tional interaction parameter for oxygen atoms that age 2

apart and not bridged by copper should be suffictéfthis between room temperature and 150 °C. The ordering proper-
additional interaction becomes effective when Cu-O chaind!®S resulting from thermal cycling through tfig,, and the
have already been formed, and it will act as an effectivel om ordering temperatures show that finite-size domains
interaction between chains rather than between oxygen pair&ith internal thermodynamic equilibrium are formed. The
Studies of the ASYNNNI model extended this way do notdomain size observed on cooling from the ortho-I phase
only predict the stability of the ortho-Il and ortho-1I phases, Within 1 h is significantly reduced compared to the value
which is expected by construction, but also shows that sho@btained by long-time annealing. The observation of ortho-V
range correlations of ortho-V and ortho-VIIl are establishedmixed with ortho-Il and ortho-VIII superstructures shows
Furthermore, the ortho-Il and ortho-IIl superstructures do nothat these superstructures are bulk properties, and that Cou-
develop long-range order, consistent with our experimentalomb interactions beyond next-nearest neighbors become ef-
observations. The finite-size ordering of the superstructurefective close to room temperature. The ordering of the
is therefore not necessarily a consequence of impurities asrtho-V and ortho-VIIl superstructures does not reproduce
defects that pin the domain walls, but may be an intrinsiovhen the sample is cooled from the ortho-I phase within 1 h,
disordering property. In further agreement with the experi-and it cannot be precluded that additional superstructure
ments, the ASYNNNI model extended with the interactionphases may be formed by careful annealing of high-quality
parameter acting between oxygen atonasapart as well as  single crystals. Therefore, although an unambiguous criterion
the 3D model predict a significant suppression of Thg, has been identified for the ordering temperatures of the
ordering temperature relative to tfig,, temperature which finite-size ortho-Il and ortho-Ill superstructures, the resulting
the original version failed to dgsee Fig. 9. One of the “phase diagram”is not an equilibrium phase diagram in the
major objections against the validity of the ASYNNNI model usual sense.

has been the assumption that the interaction parameters are

independent ok. However, our data show that the ratios of

the correlation lengths are indeed independent of the oxygen
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