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Oxygen-ordering superstructures in underdoped YBa2Cu3O6¿x studied by hard x-ray diffraction
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High-energy x-ray diffraction is used to investigate the bulk oxygen-ordering properties of YBa2Cu3O61x .
Four different superstructures of Cu-O chains aligned along theb axis and ordered with periodicityma, along
the a axis have been observed. Forx,0.62, the only observed superstructure is ortho-II withm52. At room
temperature, we find ortho-III (m53) for 0.72<x<0.82, ortho-V (m55) in a mixed state with ortho-II at
x50.62, and ortho-VIII (m58) at x50.67. Ortho-II 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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le
n

ac
uO
oc
n

ta

e
ar
om

n
o
e

-
n
op

.

ng
ith
ac
ai
-
e

er-
be-
the

ther
the
the
h-
ent

ob-
as

r-
has

t
s a

ifi-

s
ith

and
-
are
pty
ch-
eat-
t
res.
e
eir

is of
n-

the
r-
I. INTRODUCTION

While the Cu-O chain structure containing variab
amount of oxygen,x,1 gave rise to some confusion whe
superconductivity was discovered in YBa2Cu3O61x
~YBCO!, it is nowadays well established that the chains
as the charge reservoir, creating the holes in the C2
planes. Sufficient charge transfer for superconductivity
curs when the Cu-O chains become sufficiently long a
form the orthorhombic phase by aligning along the crys
lographicb direction forx>0.35.2–4 The importance of oxy-
gen ordering for the superconducting properties has b
verified directly from experimental studies where crystals
quenched from the tetragonal disordered into the orthorh
bic ordered phase. Here it is found thatTc of quenched
YBCO is reduced compared to the equilibrium value a
increases with time when the sample is annealed at ro
temperature.5–8 Equally, it has been observed that the oxyg
ordering of quenched YBCO crystals increases with time.9,10

For well-equilibrated samples,Tc varies within the ortho-
rhombic phase from around 35 K atx50.35 toTc593 K for
the optimally doped material (x50.93) and exhibits a pla
teau at 60 K aroundx50.5,11 a variation that has bee
shown to comply with the generic relation between hole d
ing andTc in the high-Tc materials.12

When the Cu-O chains align along theb axis in the basic
ortho-I structure, the oxygen occupies the so-called O~1! site,
whereas the sites on thea axis @O~5!# are essentially empty
Ortho-I is a three-dimensional~3D! long-range-ordered
structure, but in commonly prepared crystals true long-ra
order is prevented by the formation of twin domains w
domain size ranging from a few hundred Angstrøm to m
roscopic size. Clearly, there is disorder in the ortho-I ch
structure for compositionsx,1.0. Therefore, in thermody
namic equilibrium ordered superstructures must be form
for T→0 inside the ortho-I twin domains.13
0163-1829/2003/68~10!/104515~13!/$20.00 68 1045
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Despite all the experimental and theoretical studies p
formed, the microscopic understanding of the relation
tween oxygen composition and ordering on one hand and
magnetic, electronic/superconducting properties on the o
is still not satisfactory. Among the reasons for this are
slow oxygen-ordering kinetics at room temperature and
sensitivity to crystal defects, making the availability of hig
quality single crystals and proper thermal sample treatm
particularly important. Thus, with emphasis on these pr
lems a thorough study of the oxygen-ordering properties
function ofx is mandatory for further development of unde
standing. This has become even more important since it
recently been suggested that the CuOx chains are correlated
with instabilities in the CuO2 planes, which can be though
of as stripelike patterns using the oxygen ordering a
template.14

Electron microscopy techniques have contributed sign
cantly to establish the superstructures of YBCO.17–20 Super-
structure reflections with periodicityma along thea axis are
found at modulation scattering vectors:Q5(nhm,0,0),
wherehm51/m, andn,m are integers, and the coordinate
refer to the reciprocal lattice vectors. Superstructures w
m52, 3, 4, 5, and 8 have been observed experimentally
are named ortho-II, ortho-III, ortho-IV, ortho-V, and ortho
VIII, respectively. In real space these superstructures
characterized by different sequences of full Cu-O and em
Cu chains. The need for confirmation by bulk structural te
niques is generally recognized, because electron-beam h
ing of thin crystals may change the mobile oxygen contenx
and generate transient nonequilibrium surface structu
Also, it is difficult to obtain quantitative details about th
atomic positions, finite-size ordering properties, and th
temperature dependence by these techniques. Analys
structure factors obtained from a combination of neutro
and x-ray-diffraction data has unequivocally shown that
ortho-II and ortho-III superstructures result from oxygen o
©2003 The American Physical Society15-1
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dering in Cu-O chains,21–28 but the relaxation of cations as
sociated with the oxygen chain ordering contributes sign
cantly to the superstructure intensities. In particular,
barium displacement has a strong influence on the x-
diffraction intensity, which is displaced by about 0.04
along thex direction with respect to the average structu
The Cu~2! site and O~4! are also significantly displace
along thez direction, while no displacements along they
direction have been found.28,29 These displacements sho
only minor variation with oxygen composition.25,29 Also, in
the ortho-II phase there was found no significant change
the displacements as function of temperature.30 Superstruc-
tures with unit cells 2A2a32A2a3c ~Refs. 18,31,32! and
A2a32A2a3c,21 the so-called herringbone type, have be
reported. Although this type of superstructures have b
identified in NdBa2Cu3O61x ,33 they are, as we shall discus
in Sec. IV, most likely not from oxygen ordering in YBCO

In the present paper, we report on experimental studie
the oxygen ordering in YBCO covering the oxygen comp
sitions 0.35<x<0.87 and temperatures up to 250 °C, by d
fraction of high-energy synchrotron radiation~;100 keV!,
which combines the high penetration power of neutrons w
high-momentum space resolution. The penetration dept
100-keV x rays in YBCO is of the order of 1 mm. Th
assures that we probe the bulk properties of the samples
are insensitive to oxygen diffusion in and out of the surfa
We present temperature scans of the structure factors o
superstructures, determine their phase boundaries, and
nature of the ordering. We show that the superstructures
cluding ortho-V and ortho-VIII, which Beyerset al.20 have
observed by electron microscopy, represent bulk struct
phases. From the stability of a superstructure ranging e
unit cells, the relevancy of long-range Coulomb interactio
is demonstrated and we conclude, together with comp
simulations,34 that these long range Coulomb interactio
lead to frustration preventing the formation of long ran
order.

The layout of the paper is as follows. In Sec. II, we supp
information about the sample preparation Sec.~II A ! and the
experimental setup~II B !. The experimental results are pr
sented in Sec. III.

In Secs. III A–III D, we present the ordering properties
the ortho-II, -III, -V, and -VIII superstructures, includin
their temperature behavior. In Sec. IV, we discuss our exp
mental structural results in relation to other structural fin
ings and their importance for charge transfer, and to theo
ical model descriptions. A concluding summary is given
Sec. V.

II. EXPERIMENTAL DETAILS

A. Sample preparation

The single crystals used to study the different superst
ture phases and establish the phase diagram were grow
yttria-stabilized zirconia crucibles by a flux growth method35

using chemicals of 99.999% purity for Y2O3 and CuO, and
99.997% for BaCO3. The impurity level of the crystals ha
been analyzed by inductively coupled plasma mass spec
copy. The Zr content of the crystals was found to be less t
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10 ppm by weight. The major impurities were Al, Fe, an
Zn, the sum of which amounts to less than 0.2% atom
unit cell. When optimally doped (x50.93) these crystals
haveTc593.2 K and the width of the 10–90% diamagne
response isDTc50.3 K. All the crystals are platelike with
thicknesses of 0.5–1 mm, flat dimensions of 1.5–3 mm,
weights ranging from 10 to 70 mg. The oxygen compositi
of the crystals was changed by use of a gas-volume
equipment.36,37 The technique allows to determine the ox
gen composition with an accuracy better thanDx50.02. It
has been compared with the known values of the oxy
equilibrium pressure determined by Schlegeret al.,37, and
full agreement has been established in all cases. Crys
prepared previously by the method have been examined
neutron-diffraction technique and the oxygen compositionx
determined from crystallographic analysis of 375 unique
flections were found to be in full agreement with the valu
obtained from the gas volumetry.38 For studies of the struc
tural phase diagram a characteristic procedure to estab
the superstructure is annealing at 80 °C for 10 h and coo
by 1 °C/h to room temperature where the crystal is stored
more than one week before the measurements.

B. Instrument

The experiments were performed on a triple axis diffra
tometer at the high-energy beam line BW5 at HASYLA
in Hamburg.39 The setup has been described in earl
publications.9,40 The monochromator and analyzer crysta
in this experiment were either~2,0,0! SrTiO3 crystals or
~1,1,1! Si/TaSi2 crystals.41 Both types of crystals had a
mosaic spread of;509 ~arc sec!, resulting in a longitudinal
resolution of 0.0075 Å21 at the ~2,0,0! reflection of
YBa2Cu3O61x . The transverse resolution is limited by th
sample mosaicity, which was in the range of 0.05°–0.1°
our samples, corresponding to;0.0015 Å21 at the ~2,0,0!
reflection. The vertical resolution depends on the setting
the slits before and behind the sample. They were usually
to integrate the scattering over a quarter of a reciprocal
tice unit, which is 0.40 Å21 along thea and b axes and
0.13 Å21 along thec axis. The sample was wrapped in A
foil and mounted in a small furnace. The furnace temperat
was stable within 1 °C. An inert atmosphere of 0.3 bar
was introduced into the furnace to prevent oxidation of
crystals. From the gas-volumetric preparations, it is est
lished that the reduction is negligible for temperatures be
300 °C, and we observed no changes in the structural p
erties which could be related to a change of oxygen com
sition during temperature cycling at temperatures bel
250 °C.

C. Analysis of superstructure data

The ortho-II superstructure reflections are well describ
by the scattering function

S~q!5A/@11~qh /Gh!21~qk /Gk!
21~ql /G l !

2#y, ~1!

whereqi , i 5h, k, l, is the reduced momentum transfer a
G i is the reduced inverse correlation length, related to
5-2
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OXYGEN-ORDERING SUPERSTRUCTURES IN . . . PHYSICAL REVIEW B68, 104515 ~2003!
correlation lengthj i by jh5a/(2pGh) for the a direction
and analogous alongb and c. Equation~1! is a 3D aniso-
tropic Lorentzian raised to the powery. The measured inten
sity I (q) is then given by

I ~q!5E S~q82q!R~q8!dq81B, ~2!

the convolution of the scattering function with the resoluti
function R(q). The resolution function has been approx
mated by ad function in the scattering plane and a bo
function with a width given by the gap of the detector slits
the direction perpendicular to the scattering plane.B is a
background independent ofq. The exponenty in Eq. ~1!
indicates the distribution of domain size, i.e.,y51 points to
an exponential decrease of the pair correlations, for exam
in the ramified clusters typically for critical fluctuation
above the transition temperature. The exponenty52 may
result from a domain size distribution around an avera
valueG i ~Ref. 42!, and the asymptotic behavior for largeq is
in agreement with Porod’s law for scattering from 3D finit
size domains with sharp boundaries. Furthermore, Bray
shown that the tail of the scattering function from a topolo
cal defect of dimensionm, in a system of dimensiond, is
given by S(q)}1/q2d2m.43 The relation betweenG and the
peak widthD is G5D/A21/y21. When full integration of the
superstructure peak is performed perpendicular to the s
tering plane by relaxing the vertical aperture, the in-pla
scattering function derived from Eq.~1! is described by a
Lorentzian to the powery85y2 1

2 .
The ortho-III, ortho-V, and ortho-VIII superstructures a

essentially 2D ordered giving rise to significant overlap
the peaks alongl.29,44,45 In this case, full integration in the
vertical direction cannot be obtained when thec axis is per-
pendicular to the scattering plane. For the 2D ordered su
structures with finite domain size and sharp boundaries,
expected that the scattering function in thea-b plane should
be a Lorentzian to the powery85y53/2 because the inte
gration alongc is rather incomplete, whereas it should be
simple Lorentzian (y85y21/251) when thec direction is
in the scattering plane and full integration along thea or b
direction is performed.

No corrections were applied to the raw data, since b
the absorption and the polarization factors have neglig
influence on the scattering profiles at photon energies of
keV used for these experiments.39 Neither corrections for
thermal diffuse scattering nor Debye-Waller factor have b
applied since their contribution to the measured intensitie
the limited temperature range between room temperature
250 °C which we studied is estimated to be small.46

III. RESULTS

A. The ortho-II superstructure

In samples with the compositions ofx50.35, 0.37, 0.42,
0.5, and 0.6, a pure ortho-II phase ordering was found,
for x50.62 the ortho-II is in a mixed phase with ortho-V,
described in Sec. III C. In the ortho-II phase, superlatt
reflections are located at positions of (h11/2,k,l ) with h, k,
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andl as integers. The occurrence of superlattice reflection
every integer value ofl indicates that oxygen chains of sub
sequent layers stack on top of each other. The pure orth
phase is a 3D ordered structure with anisotropic correla
length along the three crystallographic directions, wh
were found to depend on the oxygen composition and, as
shall show in a subsequent paper,47 on the crystal quality and
thermal treatment. The longest correlation lengths obser
so far are in a twin-free crystal at the ideal composition
ortho-II phase ordering ofx50.5, with ja5148 Å, jb
5430 Å, jc558 Å.48

In order to reveal the influence of the stoichiometry on t
ordering properties, the ortho-II phase was investigated
stoichiometry away from the ideal composition ofx50.5.
Here we report in detail on the temperature dependenc
the x50.42 sample. Scans alongh and l of the x50.42
sample at selected temperatures are shown in Fig. 1. The
were fitted to a Lorentzian function raised to a powery8 as
described in Sec. II C. The fit parameters are plotted ver
temperature in Fig. 2. The widths of the ortho-II superlatt
reflections at room temperature are tabulated in Table I
are about a factor 2 broader than the width found in o
twinnedx50.50 sample~cf. Fig. 10 below!. The line shape
of the superlattice peaks of thex50.42 sample at room tem
perature is not described by a Lorentzian squared, as
found for thex50.5 sample,9 but a Lorentzian raised to a
power of y51.85. Both the larger width of the superlattic
reflection and the lower exponent of the Lorentzian indic
more disorder in the ortho-II phase compared to thex50.5
composition.

On heating the peak intensity is constant below 40 °C a
starts to decrease above this temperature. At 75 °C it sh
an inflection point, as determined by the minimum of t
normalized slope (dI/dT) of the peak intensity, plotted in the
inset, which indicates the crossover from static order to cr
cal fluctuations. These fluctuations extend to rather high te
peratures. Even at 240 K, the highest temperature acces
with our furnace, an appreciable amount of intensity due

FIG. 1. Reflection profile of the~2.5,0,0! reflection measured
alongh andl at selected temperatures. The lines are fits to a Lore
zian function raised to the powery8 @see Eq.~1! and Fig. 2#.
5-3
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ortho-II fluctuations is still measurable. The peak width, d
termined by h scans on the~2.5,0,0! reflection, starts to
broaden at 80~5! °C. This temperature agrees rather well w
the change in curvature of the intensity, i.e., the minimum
the slopedI/dT. Above 80~5! °C, the temperature depen

FIG. 2. Top: Peak intensity of the~2.5,0,0! reflection of thex
50.42 sample. Open symbols mark the data obtained during h
ing, filled symbols those from cooling. The inset shows the slope
the data for heating~solid line! and those for cooling~dashed line!
normalized to unity. Middle: Half width at half maximum (Dh) of
the superstructure reflection. The line is a fit to the critical behav
of a three-dimensional Ising model. Bottom: Exponent of t
Lorentzian scattering function. The exponent of the data ab
90 °C is fixed toy851.

TABLE I. Tabulated values of the transition temperatures
reciprocal lattice units on heating and the inverse correlation len
in °C at room temperature alongh, k, andl of the oxygen-ordering
superstructures.

x Dh Dk D l

Ortho-II TOII

0.35 85~10! 0.057~7! 0.38~6!

0.37 95~10! 0.048~6! 0.010~8! 0.19~2!

0.42 75~5! 0.031~1! 0.0097~4! 0.14~2!

0.5 125~5! 0.0104~5! 0.0042~4! 0.069~7!

0.6 0.0105~3! 0.0058~1! 0.064~1!

0.62 100~15! 0.03~2! 0.007~1!

Ortho-III TOIII

0.72 50~5! 0.0310~5! 0.0124~6!

0.77 75~5! 0.031~1! 0.0091~1!

0.82 60~20! 0.056~6! 0.021~3!

Ortho-V TOV

0.62 75~5! 0.058~8! 0.009~1!

Ortho-VIII TOVIII

0.67 42~5! 0.053~2! 0.012~2!
10451
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dence of the line width (Dh) is well described by the critica
exponentn50.63 for the 3D Ising model:

Dh~T!5Dh0uT2Tcun. ~3!

This behavior is shown in the middle part of Fig. 2. Th
bottom part of Fig. 2 shows the temperature dependenc
the line-shape exponent of the ortho-II reflection. Betwe
room temperature and 60 °C the line shape remains
changed and is described by a Lorentzian with the expon
y851.35; between 70 °C and 90 °C, the exponent decrea
to 1 and was fixed to this value above 90 °C. This crosso
in the line shape from a Lorentzian raised to a power ofy8
51.35 in the low-temperature phase to a simple Lorentz
at higher temperature indicates the transition from a ne
ordered phase with antiphase domain walls separating
dered regions~cf. Sec. II C! into the regime of critical fluc-
tuations.

On cooling we observe that the data are well reprodu
down to temperatures of 80 °C. Below that temperature
peak intensities remain smaller than on heating and the p
width remain broadened, indicating critical slowing dow
However, the integrated intensity is found to be the sa
during heating and cooling. Since the results of the ortho
superstructure ordering indicate that internal superstruc
order is established inside the finite size domains,10 it is ap-
propriate to define a transition temperatureTOII . It is natural
to define the onset of critical fluctuations as the transit
temperature, which can be determined, as shown above
the minimum in the differentiation of the peak intensity, b
the onset of peak broadening, and by the crossover of
exponenty8 to 1. All three quantities are in agreement
within 65 °C, so that we find for thex50.42 sample
TOII580~5! °C. It is interesting to note that for all sample
we have studied the peak intensity and the peak width be
40 °C are constant within the time period studied, which
explained by the slow kinetics of oxygen below this tempe
ture. The ordering pattern at these temperatures is froze
since the activation energy of about 1.4 eV is too high
oxygen to be mobile.9

The investigation of the temperature dependence of
ortho-II phase atx50.42 exhibits a similar behavior as foun
for a sample withx50.50. The only difference is a shift in
the transition temperature and a higher degree of disorde
room temperature for thex50.42 sample, resulting in mor
diffuse superlattice reflections. However, since the main f
tures of the transition, discussed above, remain the same
conclude that a commensurate oxygen stoichiometry
only a minor effect on the ordering properties of the sup
lattice and that a different mechanism than a noncommen
rate stoichiometry prevents the formation of long-range
der.

We furthermore surveyed theq space for correlations o
different types of ordering, in particular at the low dope
sample ofx50.35, but were unsuccessful to find correlatio
of the herringbone-type,A2a32A2a3c or 2A2a32A2a
3c, structures which were observed in other studies
electron,18,31,49x-ray,50 and neutron diffraction.32
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B. The ortho-III structure

The ortho-III phase is found at the oxygen compositio
of x50.72, 0.77, and 0.82. A crystal prepared withx50.87
showed no sign of any superstructure oxygen ordering
these oxygen compositions the ortho-III phase is formed
the sequence~110! of two full ~1! chains and one empty~0!
chain. Accordingly, the size of the unit cell is tripled alon
the a direction and the diffraction pattern shows two sup
structure reflections alongh between the fundamental Brag
peaks, as shown in earlier publications.29,44,45,51The ortho-III
superlattice peaks are well defined in thea-b plane, but like
all superstructures due to oxygen ordering in YBCO, bro
ened due to finite domain sizes. The widths for the th
compositions can be found in Table I. The smallest valu
which have been reported previously by Schlegeret al.,45 are
found in the x50.77 crystal withDh50.031(1) andDk
50.0090(2). The diffraction peaks measured alongh andk
exhibit a simple Lorentzian line shape. In contrast to
ordering in thea-b plane, thel dependence of the diffracte
intensity shows only a broad modulation, with maxima o
curring at noninteger values ofl and peak width correspond
ing to more than one reciprocal lattice unit, as shown in F
3. The large width of these reflections alongl shows that the
oxygen ordering of subsequent planes is only weakly co
lated and the ordering takes place only in thea-b plane.
Thus, in contrast to the ortho-II phase, which is 3D order
the ortho-III phase is essentially a 2D ordered superstruct
While it is obvious that an appreciable amount of disord
leads to these broad reflection profiles alongl, the detailed
line shape is still debated. Plakhtyet al. model thel depen-
dence at room temperature very well with a periodic funct
that, in principle, shows maxima at every integer number
l.29,44 A different origin for the l modulation has been re
cently suggested by Islamet al.14 who found a very similar
modulation atx50.63 for the ortho-V phase~described in
detail in Sec. III C!. By Fourier transformation of the inten
sity modulation measured alongl at 14 K, they show that no
only the basal planes contribute to this modulation but a
the copper-oxygen planes. In fact, the distance of the or
to the first maximum corresponds to the correlations betw
the basal plane and the CuO plane, the one to the se
maximum to correlations between the basal plane and
BaO plane. Thus, correlations between three different pla

FIG. 3. Ortho-III superlattice reflections at the oxygen comp
sition x50.72 at room temperature, scanned along~7/3,0,l! ~open
circles! and ~8/3,0,l! ~filled circles!.
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might give rise to thel modulation. However, a quantitativ
analysis forl scans with different values ofh andk remains
to be performed.

For the crystal with compositionx50.72, a detailed study
of the temperature dependence of the ortho-III phase inc
ing the peak intensity as well as the correlation length
shown in Fig. 4. For this crystal the~8/3,0,5! reflection was
scanned alongh at various temperatures. Similar to the tra
sition of the ortho-II phase, the peak intensity and peak wi
are frozen at temperatures smaller than 35 °C. Above
temperature, the peak intensity decreases rapidly and
broadening of the peak width alongh, shown in the bottom
part of Fig. 4, indicates the onset of critical fluctuation
Fitting the temperature dependence of the peak width to
~2! a critical exponent ofn50.92~8! is obtained, with a tran-
sition temperature ofTOIII 548(5) °C. This value for the
critical exponent is in good agreement with the theoreti
value ofn51 for the 2D Ising model and consistent with
2D character of the ortho-III order.

C. Ortho-V

The investigation of a crystal prepared with the oxyg
composition ofx50.62 shows a mixture of ortho-II and
ortho-V phases at room temperature. This is revealed by
observation of diffuse peaks at positions ofh52.4, 2.5, and
2.6 as shown in Fig. 5. The peak ath52.5 results from the
ortho-II structure, and the peaks ath52.4 andh52.6 are
consistent with a unit cell which is enlarged five times in t
a direction, i.e., the ortho-V structure. The two small pea
seen in theh scan in Fig. 5 ath52.23 andh52.83 are an
Al-powder line and possibly a grain of an unknown pha
oriented with the lattice, respectively. The hump ath52.83

-

FIG. 4. Ortho-III transition at the oxygen compositionx
50.72, where the peak intensity~top! and the peak width~bottom!
of the ~8/3,0,5! reflection were measured byh scans. The open
circles show the heating data and the filled circles the data du
cooling. The line in the lower graph shows the behavior descri
by the 2D Ising model above the transition temperature.
5-5
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has also been observed when the same crystal was pre
with other oxygen compositions~compare with Fig. 7 and
Ref. 45!. A similar diffraction pattern, consistent with a mix
ture of ortho-II and ortho-V, has been observed in all~h 0 l!
scans performed with 1<h<4 and l 50, 3, 5, 6, 7~eight
scans in total!. However, none of these scans showed a p

at positionQ5( 1
5 ,0,l ). This is explained by the structur

factor calculations of the superlattice peaks from the id
ortho-V ordering sequence~10110! shown in Ref. 13. The
intensities of the peaks at~1/5, 0, 0! are indeed much smalle
than the ones at~2/5,0,0! and~3/5,0,0!. However, this model
takes into account only the oxygen order and, as discusse
Sec. I, the superlattice peaks are caused by both the ox
order and the cation displacements. These displacements
the pronounced disorder may change the intensities and
duce them further. Interestingly, an inelastic neutro
scattering study of anx50.60 sample revealed a sign
around the~4,0,0! reflection with an ordering wave vector o
Q5(0.2,0,0) at 10 K, which is associated with a dynam
charge-density wave in the material.15 In principle, such a
charge-density wave should be observable with x rays
well16 and would result in peaks ath52.2 and 2.8 in our
spectrum shown in Fig. 5. However, since the charge-den

FIG. 5. Scans alongh ~a! and l ~b! at room temperature for a
crystal prepared tox50.62. The peaks in the~h,0,0! scan ath
52.4 andh52.6 result from the ortho-V phase. The scattering s
nal ath52.5 indicates the presence of the ortho-II phase. The w
peak ath52.23 is an Al-powder line originating from the samp
holder and the bump ath52.83 is unidentified. Ath52.1 andh
52.9, tails of the fundamental Bragg reflections are observed.
lower panel shows a~2.5,0,l! scan. The arrows indicate the positio
of Al-powder lines.
10451
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wave detected with neutrons was found to be a purely
namic mode of oxygens, the intensity will be very we
compared to the elastic scattering due to the static oxy
ordering. In particular at room temperature, the lowest te
perature accessible in our experiment, the intensity due to
charge-density wave is reported to be rather diffuse,15 and
therefore even more difficult to observe.

Due to the heavy overlap of the peaks from the tw
phases, it is difficult to determine the peak shape and wi
However, analysis of the ortho-II and ortho-V peaks usi
Lorentzian profiles gave the following width at room tem
perature: Dh50.040(28), Dk50.0078(16), D l 50.12(3)
for ortho-II; and Dh50.058(10), Dk50.0096(19) for
ortho-V ~see also Table I!. The scan alongl at ~2.5,0,l!,
shown in Fig. 5, exhibits the intensity modulation we
known for 3D ordering in the pure ortho-II phase, wi
maxima at every integer value ofl. The overlap of the peaks
originating from the ortho-V phase with the reflections fro
the ortho-II phase does not allow to determine the corre
tions of the ortho-V phase along thec -axis independently.
However, an x-ray study of charge localization at the oxyg
content ofx50.63 reveals a pure ortho-V phase, not mix
with an ortho-II phase.14 Here a scan along (4.4,0,l ) reveals
a very similar diffraction pattern as we find for the ortho-I
phase shown in Fig. 3. As discussed in the preceding sec
such a pattern was indicative of very weak correlations alo
the l direction of a 2D ordered structure.

The competition between ortho-II and ortho-V ordering
demonstrated most clearly by the temperature dependen
the mixed phase, which was measured byh scans between
the ~2,0,0! and the~3,0,0! Bragg reflections and the diffrac
tion pattern was fitted to three Lorentzians with fixed po
tions at 2.4, 2.5, and 2.6. Interestingly, the balance betw
the phase mixture is affected significantly by raising the te
perature as shown in Fig. 6. While the ortho-V correlatio
disappear between 50 °C and 70 °C, the ortho-II reflect
gains intensity, which indicates that the ortho-II correlatio
are more stable with increasing temperature than the orth
correlations. During the cooling cycle the ortho-II correl
tions dominate the diffraction pattern, while the scatteri
due to ortho-V correlation is not recovering with decreas
temperature. This behavior is easily explained by the s
ordering kinetics at low temperatures.9,10 During the cooling
process the ortho-II correlations start to form, while t
ortho-V correlations are still unstable. Only at a lower te
perature the ortho-V phase is more stable than the orth
phase. However, at this low temperature the ordering kine
is so slow that ortho-V domains are unable to grow with
the 1 h time period of the experiment.

D. Ortho-VIII

Figure 7 showsh and l scans for the oxygen compositio
x50.67. Theh scans along~h,0,0! with 2,h,3 reveal dif-
fuse superlattice peaks ath52.382(4) andh52.627(3).
The peak positions and profiles have been fitted to t
Lorentzians giving a width ofDh50.053. The peaks are als
localized in the transverse direction with a width ofDk
50.013(2). Themodulation of the intensity for a scan alon
l @Fig. 7~b!# has a similarq dependence as the correspondi

-
k

e
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OXYGEN-ORDERING SUPERSTRUCTURES IN . . . PHYSICAL REVIEW B68, 104515 ~2003!
scan for the ortho-III phase, shown in Fig. 3. Thus, there
no well-defined peaks alongl, indicating essentially 2D or-
dering with substantial disorder in the stacking of full a
empty chains along thec direction. Similar superlattice peak

FIG. 6. Temperature dependence of the mixed phase of orth
and ortho-V at the oxygen composition ofx50.62. The top part
shows the peak intensity of the ortho-II reflections~circles! and the
ortho-V reflections~squares!. Open and gray shaded symbols ma
the data obtained during heating, the black filled symbols the c
ing data. The bottom part of the figure shows the half width at h
maximum (Dh) of the reflections of the two phases alongh.

FIG. 7. Scan along~h,0,0! ~a! and~2.63,0,l! ~b! in a crystal with
oxygen concentration ofx50.67 at room temperature. Theh-scan
shows peaks at approximatelyh523

8 and h525
8, indicating the

ortho-VIII phase. The peak at 2.23 is an Al-powder line. The li
shown together with theh scan is a Lorentzian fit. The variation o
the diffracted intensity alongl is only weakly q dependent and
similar to that of the ortho-III phase.
10451
e

have been observed at positions in reciprocal space of~h,0,3!
and~h,0,5! with 2<h<3. The superstructure peak position
at modulation vectors withnhm50.382 and 0.627 are clos
to the expected valuesnhm53/8 and 5/8 for a superlattice
with a unit cell of 8a3b3c, i.e., the ortho-VIII phase. The
expected sequence of full and empty chains of the id
ortho-VIII structure is~11010110!. Calculating the intensities
of the superlattice peaks for this ideal case one finds that
observed peaks atnhm53/8, and 5/8 are the strongest, th
peaks atnhm52/8, 4/8 and 6/8 are about one order of ma
nitude smaller, and the ones atnhm51/8 and 7/8 are abou
two orders of magnitude smaller~compare with the presen
tation in Ref. 13!. Due to the weak ordering it is unlikely tha
the smaller superlattice reflections can be observed.

The temperature dependence was measured byh scans at
the~23

8,0,3! peak position and the results are shown in Fig.
The onset of broadening of the superstructure peaks ta
place atTOVIII542(5) °C. The temperature dependence
the peak width above the transition temperature is descr
by the critical exponent ofn50.79~3! as shown in the middle
part of Fig. 8. This value is between the exponent of 0.63
the 2D and 1 for the 3D Ising model. Another interesti
feature of this phase transition is revealed by the inspec
of the peak position. When the temperature exceeds 5
the peak position changes continuously fromh52.372 toh
52.4, which corresponds to the position of the ortho
phase. Above 90 °C the peak shifts gradually toh52.33 at
150 °C, the location of the peaks of the ortho-III structu

-II

l-
lf

FIG. 8. Temperature dependence of the ortho-VIII phase ax
50.67 measured byh scans close to~23

8,0,3!. The top figure shows
the peak intensity, the middle part the half width at half maximu
together with a fit to a critical behavior according to Eq.~3! with
n50.79~3!, and the bottom the peak position. The shift in the pe
position indicates a transformation from ortho-VIII to ortho-
structure between 50 °C and 70 °C. At 150 °C the peak posi
corresponds to the ortho-III structure.
5-7
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Upon cooling the data are reproduced down to 75 °C,
lower temperatures the peak intensity is significantly redu
compared to the heating data and the structure freezes
the ortho-V phase.

E. The oxygen-ordering phase diagram

From the transition temperatures obtained in the pres
and previous studies9,40,45 using hard x-ray diffraction and
the same type of crystals, we may establish phase lines
the oxygen superstructure ordering. Combining these d
with the transition temperaturesTOI of the phase transition
from the tetragonal to the orthorhombic ortho-I phase,
tained by neutron powder diffraction,36 we may construct the
structural phase diagram of oxygen ordering in YBC
shown in Fig. 9 and Table I. In the figure are also includ
the phase transition temperaturesTOI andTOII , predicted by
Monte Carlo simulations52 based on the asymmetric nex
nearest-neighbor interaction~ASYNNNI! model53 with ab
initio interaction parameters.54

The only true equilibrium structures are the ortho-I pha
and the tetragonal phase, all superstructures formed by
gen ordering do not show long-range ordering. Within t
temperature range studied, the tetragonal phase is the
one observed forx,0.35. Below the tetragonal to ortho
rhombic phase transition temperature the 3D ordered ort
phase always develops, and it is the only structure obse
for x.0.82. For 0.35<x,0.62, the 3D short-range-ordere
ortho-II phase is the only stable superstructure. Similarly
single phase ortho-III structure with 2D finite-size orderi
is observed for 0.72<x<0.82. At intermediate composition
a mixed phase of ortho-II and ortho-V is found atx50.62,
and ortho-VIII is found atx50.67 in crystals that have bee
slowly cooled to room temperature as described in Sec. I
Both the ortho-V and the ortho-VIII structures are essentia
2D ordered and have finite size ordering. During heating
ortho-V structure transforms into ortho-II and it does n

FIG. 9. The structural phase diagram of YBCO. The structu
phases and their transition temperatures are labeled: tetragonaT),
ortho-I ~OI, h!, ortho-II ~OII, d!, ortho-III ~OIII, s!, ortho-V ~OV,
n!, and ortho-VIII ~OVIII, l!. Solid lines are guides to the eye
The dashed lines are predictions from the ASYNNNI model. T
data for theT-OI transition~box! are from Andersenet al. ~Ref. 36!.
The TOII transition temperatures forx50.35 andx50.36 are from
Poulsenet al. ~Ref. 40!, the upper data set forx50.50 is from
Schlegeret al. ~Ref. 9!, and theTOIII transition temperature atx
50.77 is from Schlegeret al. ~Ref. 45!.
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recover on cooling within 1 h. Above room temperature t
ortho-VIII structure transforms gradually first into ortho-
and then into ortho-III. On subsequent cooling the ortho
superstructure is recovered and remains stable within the
time period of the measurements.

The line shape of the superstructure reflections is in m
cases well described by a simple Lorentzian (y51). Only
for the ortho-II phase between 0.42<x,0.62 a Lorentzian
raised to a power larger than 1 is found. At the low oxyg
side of the ortho-II phasex<0.35, the small peak to back
ground ratio~see bottom part of Fig. 10! does not permit the
determination of the exponent of the Lorentzian. The dom
size of the superstructures depends strongly on the cry
quality47 and the annealing times. However, for the pres
high-quality crystals, which have been annealed by the s
dard procedure for studies of the phase diagram~described in
Sec. II A!, we expect that the domains are at the late state
growth and therefore only weakly time dependent.9,10On this
basis, we consider the results presented in Sec. III of
peak widths measured at room temperature after the in
thermal preparation as saturation values. The widths of
superlattice peaks measured at room temperature along
three axis of reciprocal space as function of oxygen com
sition are shown in Table I and depicted in Fig. 10~top!. The
parallel lines~guides to the eye! in the logarithmic plot ob-
served in the ortho-II phase as well as in the ortho-III pha
show that the ratio of the anisotropy is constant within
given structural phase. For the ortho-II phase, we find
following ratios of the inverse correlation lengths at roo
temperature:Gh /Gk52.7(6) andG l /Gk515(2). The a-b
plane ratio seems to be independent also of the type of st
ture, since the ratio for the ortho-III phase,Gh /Gk52.9(4),
is in good agreement with the value of the ortho-II pha
This implies that the domain pattern in thea-b plane scales
in both the ortho-II and the ortho-III phases, and in ortho
the scaling is extended to 3D. The peak intensities canno

l

e

FIG. 10. Top: Half width at half maximum~D! at room tempera-
ture for the indicated structures as function of oxygen content. B
tom: peak to background ratio. All lines are guides to the eye.
5-8
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OXYGEN-ORDERING SUPERSTRUCTURES IN . . . PHYSICAL REVIEW B68, 104515 ~2003!
compared directly because different crystals and instrume
settings have been used. However, the peak intensity nor
ized to the background, shown in the bottom part of Fig.
is essentially an independent parameter for the orde
properties. From this normalized peak intensity and the d
of the peak width, it is clear that the optimal superstruct
order parameter is found close tox50.55.

The oxygen compositionx of all the ordered phases dev
ates systematically from the ideal composition of the
phases. For example, the longest correlation lengths for
ortho-II phase are likely to be atx.0.55. Unfortunately no
data points are available at this composition. Theoretic
one would expect the best ortho-II order forx50.50. This
deviation is even more significant for the ortho-III phas
which is expected atx50.67, but observed aroundx
.0.77. Thus, the deviation from the ideal composition
creases with increasing chain density and the amount of o
gen atoms occupying sites on the empty chains at room t
perature can be estimated to be about 10% for ortho-II
30% for ortho-III.

IV. DISCUSSION

A. Experimental results

It has been known for several years that the ortho-II a
ortho-III superstructures are bulk structural phases of fin
size domains. Several other superstructures have been
gested, mainly from electron microscopy. In the present
per, we have shown that also the ortho-V and ortho-V
correlations observed by electron microscopy result fr
bulk structural ordering, but we found no evidence for t
ortho-IV phase. However, we recognize in particular t
early electron microscopy results obtained by Beyerset al.20

which are in close agreement with our room-temperat
data. Beyerset al. observe the ortho-II and ortho-III supe
structures in the same composition range as in our stud
Furthermore, they found coexistence of ortho-II and ortho
at x50.65, and a structure similar to the ortho-VIII phas
which they call a ‘‘~0.37 0 0!’’ structure, atx50.71.

Beyers et al. attributed the clear disagreement betwe
the observed oxygen compositions and the stoichiometrie
the ideal superstructure phases to gradients in the oxy
content of the sample, which might be different on the s
face and in the bulk material. In our experiment such diff
ences can be ruled out. We conclude that this deviation i
intrinsic property of the oxygen-ordering mechanism. It
possible that the phase lines between the superstruc
phases are in fact tilted, and only at zero temperature
ideal oxygen stoichiometry of the superstructure phase
found. However, this will never happen because the oxy
ordering kinetics is very slow at the temperatures where
superstructures become stable, and the movement of C
chains freeze effectively below approximately 40 °C.

Beyerset al. interpret the mixing of ortho-II and ortho-V
phases atx50.65 as a phase separation, which leads to
60-K plateau.20 Our investigation of the temperature depe
dence together with the studies of the ordering kinetics9,10

may lead to a different conclusion. During the cooling o
sample with an oxygen content ofx50.62 ~in the case of
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Beyerset al. x50.65), oxygen starts to order in the ortho-
phase. The relatively high temperature enables a fast gro
of ortho-II domains. At lower temperature the ortho-V pha
becomes stable, but now at temperatures just above r
temperatures the growth of ortho-V domains is slow. A f
transformation into the ortho-V phase cannot be preclu
but it is very time consuming. Therefore, we suggest t
domains of the complex ortho-V superstructure start to gr
inside the ortho-II structure and a mixed phase, rather t
phase separation, results.

From studies of the oxygen-ordering properties, it has
come clear that the finite size of the ortho-II superstruct
results from formation of antiphase boundaries that limit
domain growth due to slow kinetics of moving long Cu-
chains. The reason for this has been discussed by Sch
et al.,9 and it was speculated that random fields introduc
by impurity defects in the crystal stabilize the antiphase
main walls and prevent formation of long-range order. T
is corroborated by the present studies and additional stu
of the ordering kinetics.10 However, the observation of su
perstructures extending over eight unit cells shows the
portance of long range interactions for the ordering mec
nism. That these long-range interactions play a signific
role for the finite-size ordering has recently been establis
by model simulations.34 and will be discussed further below
For the ortho-III, ortho-V, and ortho-VIII superstructures, th
small 2D domains indicate that the ordering resembles a
dom faulting sequence of ortho-II and ortho-III. Khachat
ryan and Morris55 have suggested that this is a likely orde
ing scheme, and they have calculated structure factors w
are qualitatively similar to those observed at room tempe
ture in our experiments. However, the fact that the ortho
and ortho-VIII superstructures only appear when they
slowly cooled indicates that the long-range interactions te
ing to form these superstructures become effective at
temperatures, but the slow oxygen-ordering kinetics
movement of long Cu-O chains prevent that well-defin
domains are formed. As mentioned in Sec. II C, we wou
expect a diffraction profile of a Lorentzian to the powery8
5y53/2 from 2D domains with sharp boundaries when t
integration along thec axis is incomplete. The observatio
that all the superstructure peaks of the ortho-V, ortho-V
and ortho-III peaks are described by Lorentzian profiles s
gests that these superstructures have a more fuzzy typ
boundaries than the ortho-II domains.

Generally, there is significant hysteresis in the superstr
ture ordering when the temperature is cycled through
phase transitions. The ortho-II and ortho-III superstructu
are reestablished during cooling from the ortho-I pha
within 1 h. However, the ortho-V phase~mixed with ortho-
II ! and the ortho-VIII do not recover during cooling withi
this short time period. Instead, the less complex superst
tures, ortho-II and ortho-V develop, respectively. It is obv
ous that the superstructure ordering does not represent e
librium phases, and it cannot be precluded that m
complex superstructures may be formed by very long-ti
annealing at an appropriate temperature or in crystals tha
even more perfect than the present ones. According to O
wald’s step rule for phase transformations, metastable ph
5-9
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M. v. ZIMMERMANN et al. PHYSICAL REVIEW B 68, 104515 ~2003!
may be formed, before the system finally transforms into
stable phase, as long as nucleation centers with a sim
structure such as the metastable phases are present. I
case, the ortho-II and ortho-III phases might be nucleat
centers for the ortho-V phase, which in turn, atx50.67, is
metastable and serves as a nucleation center for the o
VIII phase~see Fig. 8!. Thus, although we have been able
define unique transition temperatures, at least for the orth
superstructure phase, it is questionable whether we have
tablished a phase diagram in the usual sense. This may
plain why the phase diagram does not comply with Gib
phase rule.

The 3D ordered superstructures with unit cells 2A2a
32A2a3c andA2a32A2a3c, the so-called herringbon
structure, have been observed by electron microscopy,
one group has reported on these structures by neutron-32 and
x-ray diffraction50 techniques on single crystals with comp
sition x50.35. However, no other experiments with bu
structural techniques could confirm these results. Bertin
et al.56 and Yakhouet al.57 have shown that the reflections o
the herringbone type can be assigned to BaCu3O4 grains in
the crystals. Krekelset al.58,59 attribute the 2A2a32A2a
3c structure to distortions of the CuO5 pyramids in the
CuO2 planes, and Werderet al.60 suggest that they could
result from ordering of copper and barium vacancies in
lattice. The consensus from these and several other stud
therefore that the 2A2a32A2a3c and the herringbone-typ
structures are not oxygen-ordering superstructures in YB
If they were, it is peculiar that they have 3D long-range ord
while the Cu-O chain ordering develops only finite-size d
mains. Also, we have found no evidence of them at a
compositionx in the present hard x-ray-diffraction studies o
carefully prepared high-quality single crystals. However,
previously mentioned this type of ordering has been ide
fied as genuine oxygen superstructures in NdBa2Cu3IO6.50.33

B. Significance for superconductivity

The significance of the oxygen ordering for charge tra
fer and superconductivity is obvious from many studi
Chemical bond considerations combined with structural11,12

and spectroscopic studies61,62 have shown that the basa
plane copper in undoped YBa2Cu3O61x , (x50) is monova-
lent and that simple oxygen monomers, i.e., Cu-O-Cu, w
not give rise to charge transfer. However, charge transfe
observed for largerx where Cu-O chains are formed. Cavaet
al.11 and Tolentinoet al.61 have established that an increasi
amount of oxygen gives rise to a charge transfer to the C2
planes, which is in good agreement with the well-know
plateau variation ofTc with Tc558 K aroundx50.5 and
Tc593 K close tox51. Relating the oxygen ordering to th
variation of Tc observed, e.g., by Cavaet al.11 we find that
the 58-K plateau is identical to the stability range of t
ortho-II superstructure, the rise inTc from the 58-K to the
93-K plateau takes place at values ofx where the ortho-V/II,
ortho-VIII, and ortho-III structures are found, and the 93
plateau coincides with the oxygen compositions of
ortho-I phase. Furthermore, despite the characteristic pla
variation ofTc(x) in pure YBCO, it has been shown that th
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hole dopingp determined from neutron-diffraction data com
bined with bond valence analysis gives rise to the gen
parabolic variation ofTc(p) in oxygen as well as calcium
doped Y12yCayCu3O61x .12

The significance of the ortho-II ordering for supercondu
tivity has been shown directly by Vealet al.6 and Madsen
et al.8 Both groups have shown thatTc is significantly re-
duced just after a quench and increases with time towards
equilibrium values with a thermal activated time consta
The conclusion, which may be drawn from these expe
ments and the present structural data, is that the forma
of ortho-II superstructure is decisive for the charge trans
and Tc . When the sample is quenched from temperatu
aboveTOII , and even from the tetragonal phase, it is on
the time used to quench it into the ortho-II phase that m
ters. A time dependent increase ofTc is observed at anneal
ing temperatures down to 250 K. Most likely this temper
ture is the lower limit for local oxygen jumps whic
dominates the oxygen ordering at the very early time. It
unlikely that the domain wall separating antiphase doma
are mobile at 250 K.

C. Relation to model calculations

From the present and previous studies, it is evident t
the local oxygen-ordering properties are important for
electronic structure and the charge transfer, but the detai
the local ordering phenomena are difficult to obtain direc
from the diffraction experiments. Thus it is important that t
data are related to a model that describes the oxyg
ordering properties adequately. The predictive power of th
model studies for the structural and electronic propertie
strongly depending on their ability to reproduce experimen
findings, as presented in the present structural studies.

Most of the structural models are based on local effect
oxygen-oxygen interactions in a 2D lattice-gas formu
tion.53,63 Among the simplest models that account for ma
elements of the oxygen-ordering properties, such as the
mation of Cu-O chains and the presence of the tetrago
ortho-I, and ortho-II phases, is the so-called ASYNN
model,53 which is a 2D lattice-gas~or Ising! model with
effective oxygen-oxygen pair interactions that are assum
to be independent of temperature and compositionx. This
model considers the Coulomb interaction between near
and next-nearest-neighbor oxygen atoms and acco
quantitatively52 for the temperature and composition depe
dence of the experimental structural phase transition betw
the tetragonal and the ortho-I phases36 ~see Fig. 9! by use of
interaction parameters, which are consistent with values
tained by Sterne and Wille from first-principles total-ener
calculations.54 It also predicts the existence of the ortho-
phase, but it cannot account for the additional superstruc
phases, ortho-III, ortho-V, and ortho-VIII. Moreover, it pre
dicts long-range order of the superstructure phases, w
has never been obtained experimentally, and it cannot
count quantitatively for the ortho-I to ortho-II phase tran
tion temperature.

Extensions of the ASYNNNI model have been sugges
to account for the shortcomings. These include an effec
3D interaction with a nearest-neighbor attractive interact
5-10
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along c,52 effects of electronic degrees of freedom in t
Cu-O chain structure,2–4 and 2D Coulomb-type interaction
of longer range than next-nearest neighbor.13,64The influence
of including effective Coulomb-type Cu-O chain interactio
extending beyonda and 2a has been studied analytically i
the framework of a 1D Ising model.13 Here a sequence o
branching phases develops forT→0 in order to comply with
the Nernst principle and stoichiometric phases at differ
compositionsx. However, for the YBCO system it is ex
pected that the interactions of range beyond 2a play a role
only at low temperatures where effectively the structural
dering is frozen.

For the 2D ordering it has been argued that a single a
tional interaction parameter for oxygen atoms that area
apart and not bridged by copper should be sufficient.34 This
additional interaction becomes effective when Cu-O cha
have already been formed, and it will act as an effect
interaction between chains rather than between oxygen p
Studies of the ASYNNNI model extended this way do n
only predict the stability of the ortho-II and ortho-III phase
which is expected by construction, but also shows that s
range correlations of ortho-V and ortho-VIII are establish
Furthermore, the ortho-II and ortho-III superstructures do
develop long-range order, consistent with our experime
observations. The finite-size ordering of the superstructu
is therefore not necessarily a consequence of impuritie
defects that pin the domain walls, but may be an intrin
disordering property. In further agreement with the expe
ments, the ASYNNNI model extended with the interacti
parameter acting between oxygen atoms 2a apart as well as
the 3D model predict a significant suppression of theTOII
ordering temperature relative to theTOI temperature which
the original version failed to do~see Fig. 9!. One of the
major objections against the validity of the ASYNNNI mod
has been the assumption that the interaction parameter
independent ofx. However, our data show that the ratios
the correlation lengths are indeed independent of the oxy
stoichiometry in the ortho-II and the ortho-III phases, co
sistent with mean-field predictions of the peak widths.42 The
ASYNNNI model is therefore a promising model for anal
sis of experimental results, and credible predictions about
local oxygen-ordering properties and the present experim
tal results can be used as a guide to further model studi

V. CONCLUDING SUMMARY

High-energy x-ray diffraction has proven to be a uniq
tool for studies of oxygen-ordering properties in the orth
o
Z.
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rhombic phase of YBCO. Chain ordered superstructures
the ortho-II, ortho-III, ortho-V, and ortho-VIII types hav
been observed in high-quality single crystals with this bu
sensitive technique. None of the superstructures deve
long-range order. Only the ortho-II phase is a 3D orde
superstructure with anisotropic correlation lengths. T
ortho-II correlation lengths observed at room temperature
pend on the oxygen composition~optimal forx50.55), crys-
tal perfection,47 and thermal annealing. All other superstru
tures have 2D character with ordering only in thea-b-plane.
The ratio of thea-b plane correlation lengths is essential
independent of the oxygen composition and the type of
dering. The transition temperatures of the superstructures
between room temperature and 150 °C. The ordering pro
ties resulting from thermal cycling through theTOII and the
TOIII ordering temperatures show that finite-size doma
with internal thermodynamic equilibrium are formed. Th
domain size observed on cooling from the ortho-I pha
within 1 h is significantly reduced compared to the valu
obtained by long-time annealing. The observation of ortho
mixed with ortho-II and ortho-VIII superstructures show
that these superstructures are bulk properties, and that C
lomb interactions beyond next-nearest neighbors become
fective close to room temperature. The ordering of t
ortho-V and ortho-VIII superstructures does not reprodu
when the sample is cooled from the ortho-I phase within 1
and it cannot be precluded that additional superstruc
phases may be formed by careful annealing of high-qua
single crystals. Therefore, although an unambiguous crite
has been identified for the ordering temperatures of
finite-size ortho-II and ortho-III superstructures, the resulti
‘‘phase diagram’’ is not an equilibrium phase diagram in t
usual sense.
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