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Simple solution to problems concerning oxygen ordering in YBa2Cu3O61x
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Analysis of a simple extension of theASYNNNI model rationalizes several hitherto unexplained structural
observations of the oxygen ordering in YBa2Cu3O61x : the existence of ortho-III, ortho-V, and ortho-VIII
phase correlations; suppression of the ortho-I-ortho-II transition temperature relative to that of the tetragonal-
ortho-I transition; no ortho-II Bragg peaks, but a crossover from Lorentzian towards Lorentzian squared line
shapes; the average chain length. It yields a realistic picture of the oxygen order of importance for the
understanding of the hole doping.@S0163-1829~99!02326-7#
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Oxygen ordering in the incompletely filled CuOx layers is
an important feature in the high-Tc YBa2Cu3O61x materials.
Electron transfer to the superconducting CuO2 planes de-
pends on the local oxygen coordination of Cu ions in
neighboring CuOx planes. Numerous experiments ha
aimed at determining the oxygen configurations: elect
microscopy,1 x-ray, and neutron scattering.2–8 However, this
has only yielded indirect information. Computer modeling
needed in order to give the corresponding real-space pic
Previous model studies9–23 are unable to account for a num
ber of pertinent details recently observed in scattering exp
ments. Here we demonstrate that this can be achieved
Monte Carlo simulations using a simple extension of
ASYNNNI model,14 with a fixed and limited set of interactio
parametersVn .

Experimental investigations of YBa2Cu3O61x have
shown the existence of phases characterized by supers
tures consisting of O-Cu-O chains.1–8 These are formed
along theb direction with various periodicitiesna in the a
direction of the plane. To explain these so-called ortho-(N)
structures one has to identify a Hamiltonian. The predo
nant interaction between occupied oxygens sites is the C
lomb repulsion directly between oxygen ions. This results
the parameters calledV1 and V3; whereasV2 also includes
the covalent interaction across a Cu ion for oxygens al
the chains. Detailed microscopic studies9,11–13suggest that in
particular theV2 parameter could be dependent on the str
tural details such as the length of formed chains, and th
fore of temperatureT as well as of compositionx. Including
this would go beyond description possible by the simple
tice model.

The ASYNNNI model has been shown16,22 to describe the
main structural transition between the tetragonal and
ortho-I structure.8 However, a number of new and addition
experimental findings1–7 cannot be accounted for. The long
range order predicted by theASYNNNI model in the ortho-II
phase contrasts with the observed absence thereof.
ortho-II transition occurs at significantly lower temperatur
than predicted by theASYNNNI model nearx50.5. Also the
observed trend towards an almost squared Lorentzian
shape6 in place of a sharp Bragg peak is unaccounted
PRB 600163-1829/99/60~1!/110~4!/$15.00
e

n

re.

ri-
by
e

uc-

i-
u-
n

g

-
e-

t-

e

he
s

e
r.

That feature indicates the formation of a microdomain str
ture with finite length chains. TheASYNNNI model also falls
short of explaining the observation of higher-order sup
structures with periodicities of 3a, 5a and of apparently in-
commensurate structures; see Beyerset al.1 These have re-
cently been identified as genuine bulk structures
synchrotron and neutron-scattering investigations.7 To de-
scribe the shortcomings, extensions of the model are nee

Long-ranged interactions between oxygens
expected13,15,20on the basis of the Coulomb interaction, a
beit screened. However, by introducing onlyonesuch extra
effective parameter to theASYNNNI model we, surprisingly,
found that one can account for essentially all the outstand
problems relative to the experimental electron, neutron,
x-ray-scattering data.

We have performed Monte Carlo simulations of the ox
gen ordering using the extendedASYNNNI model
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wheres(r )51 or 0 depending on whether the siter is oc-
cupied or not and the sums run over all oxygen pairs^r ,r 8&,
which are nearest neighbors~NN!, next-nearest neighbor
bridged by Cu~NNNCu!, and not bridged by Cu~NNNV!.
The corresponding interaction parameters areV1 , V2, and
V3. The extra interaction parameterV5 ~Ref. 24! couples
pairs not bridged by a Cu and 2a apart~NNN2V!. This was
previously studied15–19 without focusing on the local struc
tural properties.

The appropriate value ofV5 makes it play a role only a
temperatures where the O-Cu-O chains are already form
By choosing the strength ofV5 relative to the other interac
tion parameters it is possible to stabilize the ortho-III pha
‘‘by construction,’’ but as the introduction ofV5 explains
more than what was meant to by its design. One could
quest inclusion of all interactions of a screened Coulo
potential. To be consistent one should then also include o
110 ©1999 The American Physical Society
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long-range interactions such as strain effects. This has b
done using mean-field-like simulations21 yielding the ortho-
III, but not any ortho-V or ortho-VIII structures. A discus
sion of strain effects, and other mesoscopic features as
formation,21 is beyond the present goal. Our simulations a
more accurate with respect to the phase diagram and
local structures. Due to the reciprocal space method use
Ref. 21 a wavelike structure with very short chains is p
posed. This is not found in any real-space simulations.

From previous studies of theASYNNNI model22 where
simulations have been compared to experimental data
parameters have been determined asV1 /kB525430 K,
V2 /V1520.36, andV3 /V150.12, wherekB is Boltzmann’s
constant. These values are in good agreement with the re
obtained byab initio electron band-structure calculations25

and this is not violated by the small scaling ofV1 needed
when including a small nonzeroV5.

Monte Carlo simulations were performed mainly atx
50.5 using a parallelized code by quenching 32 independ
ensembles in a stepwise fashion from high temperatures.
ter each change in temperature the system was allowe
equilibrate for 5000 MCS~Monte Carlo steps per site!. Then
the structure factorS(q), the specific heat, correlation leng
1/k, the concentrationcl , of the l fold oxygen coordinated
Cu(l ) atoms, and the order parameter were determined
averaging typically a set of ten states, each separated b
MCS. This scheme was found optimal for studying orde
phases, and is different from previously used strategies,22,23

where a single ensemble was averaged over a long time
ries. In particular, the present method allows a study of
average domain structure that the system assumes. Im
tantly, the approach towards single domain states for
temperatures proceeds exceedingly slow in the simulation18

This is also observed in the experimental situation due
slow oxygen diffusion at low temperatures, which effective
freezes the structures at a temperature of;400 K or atT*
[kBT/uV1u;0.08.

We have estimated thatV5 /V150.0260.02 should be a
reasonable interval for the investigations.19 Figure 1~a!
shows thatV5 has a significant effect in opening up the g
DT* between the temperaturesTT-I* andTI-II* of the tetragonal

FIG. 1. ~a! The variation of the transition temperatures as
function of the additional parameterV5, for x50.5. T, OI, and OII
indicate the tetragonal, ortho-I and ortho-II phases. (s) and (d)
are data points, lines are guides to the eye, (*) see the captio
Fig. 2. ~b! Plot of the fitted Lorentzian powerf of the ortho-II
peaks;1/(q21k2)f for a 1283128 system withV550.02V1.
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to ortho-I and the ortho-I to ortho-II transitions. Such a g
has been observed experimentally,5,7,8 but the size remained
unexplained by the basicASYNNNI model. A V550.02V1
was found optimal in explaining experimental observatio
and this case will be mainly discussed here. On the ot
hand V550.04V1 is too large, since it introduces ortho-II
correlations in the ortho-I phase atx50.5, which is not ob-
served experimentally. For a proper estimation of the g
we must include a small 3D coupling,V4, between the
planes.24 This is needed to account for an observed we
correlation between the ordering in the planes. Atx50.5 the
three-dimensional~3D! simulations23 yields a gap DT*
50.03. Adding this to the gapDT* 50.008 found in Fig. 1
for V550.02V1, we obtain a total gapDT;170 K, which is
approaching the experimental gapDTexp;250 K. In the
simulations in Ref. 12 using a differently extendedASYNNNI

model with a temperature dependentV2 a small lowering of
the ortho-II transition is discussed, but an opening of a ga
not demonstrated atx50.5.

In Fig. 2 is shown the simulated structure factorS(q) for

the wave vectorq in the $h00% and $ 1
2 k0% directions and

corresponding typical snapshots for temperaturesT* 50.12
in the tetragonal phase, 0.105 in the ortho-I phase and 0.0
the ortho-II phase. It is evident and very interesting that
long-range order is developing. This has been a lo
standing puzzle in experimental investigations
YBa2Cu3O61x . The temperature-dependent line shape foq
around$ 1

2 00% shows a tendency to change towards a Lore
zian raised to a powerf larger than one:S(q)}1/(q2

1k2)f. For domains withsharp boundaries S(q) is ex-
pected to follow Porod’s law, i.e., havingf5(d11)/2,

of

FIG. 2. Left and middle, the simulated structure factor forx
50.5 andV550.02V1 at T* 5kBT/uV1u50.12,0.105, and 0.09 forq

along$h00% and$ 1
2 k0%, respectively. Note the absence of a Bra

peak. Right, typical corresponding snapshots, black symbols i
cate oxygen positions. Note the remaining domain structure.
chosen temperaturesT* relative to the phase diagram are indicat
by (*) in Fig. 1~a!.
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where d is the dimensionality. It was found that the lin
shape is excellently fitted below the transition temperat
using fÞ1. Figure 1~b!. shows thatf approaches32 for T
→0 as expected ford52, the corresponding position in th
phase diagram can be read off Fig. 1~a!. The actual
YBa2Cu3O61x system is having sufficient 3D interactions24

to break the strict 2D character,23 thus yieldingf52 for
sharp boundary domains. However, in the experimental s
an integration is performed over one dimension resulting
an observed5 line-shape powerf5 3

2 and no Bragg peaks
Hence, with 3D interactions included, our simple model
able to explain this phenomenon without resorting to an
purity based random-field effect.5

The presence of an ortho-III phase is indicated by pe
in the structure factor with a periodicity of 1/3. This
clearly seen in Fig. 3, which is a logarithmic plot of th
structure factor for the system with oxygen stoichiometryx
50.5, 0.6, 0.66 atT* 50.08 and withV550.02V1. It is by
no means clear that the addition of theV5 parameter will
give rise to the ortho-V structure, as an extra even long
range interaction might be needed to resolve a degene
between ortho-V and other similar phases. Nevertheless
have observed clear indications of ortho-V domains both
the structure factor data forx50.6, and in snapshots of sys
tem configurations as shown in Fig. 3. If the system h
established long-range ortho-V order the peaks in the st
ture factor would be ath50.4 andh50.6, but due to the
random mixture of III and V chain sequences, which o
may call an ortho-VIII phase, the peaks are shifted aw
from these values. This is rationalizing the seemingly inco
mensurate phases.

In Fig. 4 is shown, forx50.5, the obtained concentratio
cl of Cu(l ) atoms withl nearest oxygen neighbors~includ-
ing two apical ones! for V550, 0.02, and 0.04V1 as a func-
tion of T* . For x50.5 the average chain lengtĥL& is
simply12 ^L&51/c3; it can also be found directly from th
length distribution. First we notice thatcl and^L& vary very
smoothly through the phase transitions, see Fig. 1, indica
that ^L& is not a critical variable. In order to relateT* to a
real temperature we may scale to the experimental orth
transition temperatureTI-II , as was done in Ref. 12. This i
indicated by the arrows at the bottom line in Fig. 4. ForV5

FIG. 3. ~a! Left, the structure factor for a 1283128 system with
oxygen stoichiometry x50.50,0.60,0.66 and temperatureT*
5kBT/uV1u50.08 andV550.02V1. ~b! Right, excerpt of snapsho
showing the mixed phase. Notice the quite finite chain leng
Similar results are obtained forV550.04V1.
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50 we findcl in exact agreement with the Monte Carlo da
(s) for the model in Ref. 12 in whichV2 is allowed to vary
with T andx. Thus atx50.5 the chain length, surprisingly, i
independent of that modification of theASYNNNI model. The
introduction ofV5 has a large effect oncl . However, since
TI-II* decreases fast, as indicated by the arrows, the 2D si
latedc3 decreases, and hence^L& increases, as a function o
V5 at TI-II . For x50.5 the experimental data forcl at T
5450 K26 give c350.19 or ^L&55.3 and c450.44.c2
50.37, although atx50.5 one would expect the latter two t
be equal.12 We have therefore plotted the average in Fig
~thin horizontal lines!. We have not observed any significa
difference betweenc2 and c4 at x50.5 in the simulations.
For a proper comparison we must include the 3D coupli
the effect of which on the phase diagram can be accoun
for by reducinguV1u by 17%, judged from the simulated 2D
and 3DTI-II* at x50.5.23 On the other hand, the effect on th
ordering, and hence oncl , in adjacent planes should b
negligible. Accordingly, when includingV4 the arrows on
Fig. 4 moves up inT* by up to 17%. The result forV5
50.02V1, shown as (d), gives good agreement with th
experimentalcl values and̂ L&55.0. The introduction of a
finite V5 produces a quite small^L& also for smallerT* , see
Fig. 4. This questions the validity of the infinite chain a
proximation used in several model studies.

With the introduction ofone~two! extra parameter~s! the
ASYNNNI model, thus extended, is able to explain seve
experimentally observed properties of the oxygen ordering
YBa2Cu3O61x that the originalASYNNNI model is unable to
account for. The value of the introduced extra parame
V550.02V1 is in accord with the estimated interaction, bas
on a screened Coulomb potential. Interactions to more
tant neighbors are even smaller and can be neglected bec
their possible effects on the phase diagram occur at such
temperatures that the slowing down of the oxygen diffus
prevents a realization in YBa2Cu3O61x as discussed by de
Fontaine.15

s. FIG. 4. The lines show the concentrationcl of l -coordinated
Cu(l ) atoms versusT* for x50.5 and various values ofV5. Thin
horizontal lines represent the experimental data atT5450 K ~Ref.
26!. (s) data from the model of Ref. 12. The arrows indicateT
5450 K obtained from the 2D OI-OII, transition, Fig. 1. (d)
shows our result including bothV550.02V1 and the 3D effect via
V4520.02V1. Note that̂ L& remains finite for decreasingT* when
V5Þ0.
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The success of the present simple fixed parameter m
indicates that the inherent disorder in the oxygen struct
which is always observed in YBa2Cu3O61x , may not be
driven by the electron transfer between the CuOx and CuO2
planes. But more simply, that the variation in the copp
valence is dictated by the disorder given by the oxygen
teractions in YBa2Cu3O61x . This conclusion is in agreemen
with that no experimental evidence is found7 for the pre-
dicted peak-splitting as a consequence of a finite chain len
distribution.11 We do not claim that the effective paramete
Vn are independent ofT andx, only that qualitative effects o
this would be still more difficult to find in the structural dat
The present study gives a more direct insight into the ch
el
e,

r
-

th

in

length distribution than the count of various valence Cu io
possible by NMR experiments.26 The agreement between th
simulated and measured line shapes at temperatures w
oxygen diffusion becomes very slow makes it plausible t
the corresponding simulated real-space snapshots repr
the actual oxygen order relevant for the YBa2Cu3O61x ma-
terials even in the superconducting phase.
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