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Oxygen ordering in YBa,Cu;0g.4, Using Monte Carlo simulation and analytic theory

Dan Mgnstet, Per-Anker Lindgad,? and Niels Hessel Andersén
1UNI-C, Danish Computing Centre for Research and Education, Olof Palmes38JI®K-8200 Arhus N, Denmark
°Materials Research Department, Risg National Laboratory, DK-4000 Roskilde, Denmark
(Received 27 February 2001; revised manuscript received 28 June 2001; published 26 Novemper 2001

We have simulated the phase diagram and structural properties of the oxygen ordering, Duy®a
testing simple extensions of the asymmetric next-nearest-neighbor (kssngnni) model. In a preliminary
paper{Phys. Rev. B30, 110(1999] we demonstrated that the inclusion of a single further neighbor interaction
gave results that could account for several hitherto unexplained structural observations. In this paper we make
an extensive study showing that these results are robust against further extensions. Additional inclusion of
three-dimensional or infinite range interactions does not obviate the finding of the following results: the
existence of ortho-lll, ortho-V, and ortho-VIll phase correlations; suppression of the ortho-I—ortho-1I transition
temperature relative to that of the tetragonal—ortho-I transition; no ortho-11 Bragg peaks, but a crossover from
Lorentzian toward Lorentzian squared line shapes; and a finite average chain length even at low temperatures.
Simulations with the extendgdsyNNNI) model yield a realistic picture of the oxygen order of importance for
the understanding of the hole doping. The experimental facts are consistent with a low temperature structure
broken up on a nano scale into box-like domains and anti-domains of typical average dimenai@a{,2a).
Theory and model simulations demonstrate that the distribution of such domains causes deviations from
Lorentzian line shapes, and not the Porod effect. Analytic theory is used to estimate the effect of a range of
values of the interaction parameters used, as well as the effect of an extension to include infinite ranged
interactions. In the experiments a large gap is found between the onset temperatures of the ortho-I and ortho-II
orders atx=0.5. This cannot be fully reproduced in the simulations. The simulations yield a quite symmetric
phase diagram around=0.5 with respect to the low temperature phases, whereas experimentally it has not
been possible to detect such phases for smaklues.
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[. INTRODUCTION the domain structure will be critically investigated by model
simulations and by analytic means.

YBa,Cu;04 ., « is One of the prototypical materials exhib-  The obvious need for detailed structural information on a
iting high-temperature superconductivity. Therefore, a delocal scale has motivated numerous experiments aimed at
tailed investigation and understanding of the oxygen ordereetermining the oxygen structure by electron microsébpy,
ing are crucial as a basis for finding the mechanism of thex-ray and neutron scattering;” and NMR?*® Diffraction
phenomenon. experiments give only indirect information about the local

It is well known that incompletely filled CuQlayers in  real-space ordering properties, and the information from
the YBgCuzOq. , (YBCO) type of highT, superconductors NMR is restricted to the oxygen coordination number of the
act as electron acceptor units, and that hole doping into th€u. Furthermore, the experiments clearly showed that the
superconducting CuQOplanes is governed by the formation structural ordering remains of finite size even in high purity
of O-Cu-O chains. Unlike some other high- materials, crystals, and it is strongly dependent on the oxygen compo-
where the acceptor units are insulating, O-Cu-O chains besition as well as on the thermal annealing treatment. To in-
come metallic when they exceed a certain length and act asrpret available information correctly, it is important to
electron acceptorilt is therefore generally accepted that the make accurate Monte Carlo simulations which will repro-
oxygen ordering and associated metallic behavior of theluce the pertinent details observed in scattering experiments,
chain structure contribute to the superconducting propertiesand which are simultaneously able to give the corresponding
This is corroborated by calculations of the electron bandeal space information. We believe that our simulations ac-
structure, which show that both the plane and the chairomplish a significant further step toward this than previous
bands contribute to the Fermi surfat®. model studies:*%~3°

A precise picture of the chain structure oxygen ordering is  Diffraction studies of YBCO clearly showed the existence
therefore important for an accurate determination of the elecef superstructures characterized by O-Cu-O chains that are
tronic structure and the superconducting properties o#ligned along théy axis and ordered with different periodic-
YBCO. Direct experimental evidence of the relation hasity along thea axis®%1~1"The interactions between the
been established from quench studies where the time evolwxygen atoms can predominantly be described by their Cou-
tion of the orthorhombic strain could be correlated with thatlomb repulsion(resulting in the parameters callad, and
of T..° This relation, and early phenomenological relationsVs), except for the interaction along the chains which is
between experimentdl, data and simulations of the oxygen influenced by hybridization via the Cu ion&esulting
ordering®” indicate that the formation of ordered domains isin the parameter calledV,). Detailed microscopic
essential, but it has never been proven directly. In this papeheorie$?%:21262’syggest, in particular, that thé, param-
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eter could be dependent on the structure, i.e., the chaicome into play only at temperatures where the oxygen order-
length of the formed chains, and thus on the temperdtag ing kinetics is effectively frozen. We have found that by

well as the compositiox. Including this would go beyond introducing only one extra in plane parameter to the
the description possible by the simple lattice model, calledASYNNNI model one can account for most of the outstand-
the asymmetric next-nearest-neighbor Isit§SYNNNI) ing problems relative to the experimental electron, neutron,
model?® which has fixed interaction paramete¥s, V,, ~ and x-ray scattering data. The effect of longer range interac-
andVs. tions is discussed using an analytic theory.

The merit of the model is its simplicity, and it has been The extended ASYNNNI model for the oxygen ordering
showr’®*8to account accurately for the main structural tran-in YBCO that we have studied by Monte CafiIC) simu-
sition between the tetragonal to ortho-1 structdfemnd the lation technique is:
prediction of the observed ortho-II superstructure with chains

separated by two lattice units However, a number of ad- NN NNNCu

ditional experimental findingé~” cannot be accounted for. H=—V;> oot )=V, 2 o(r)o(r’)

Of particular relevance to the chain length discussion is that (") (')

no long-range order of the ortho-Il phase is observed, and NNNV

that the ortho-II transition occurs at significantly lower tem- —V3 > a(n)o(r’)

peratures than predicted by the ASYNNNI model near (")

=0.5. Also the obIsj%rved trend toward an almost squared NNPI NNN2V

Lorentzian line shape in place of a sharp Bragg peak indi- _ "N ,

cates the formation of a microdomain structure with finite V4<§> o(Na(r)=Vs <§> o(ne(r’). @)

chain length. The ASYNNNI model also falls short of ex-
plaining the observation of higher order superstructures wittHere o(r)=1 or 0 depending on whether the sités occu-
periodicities of & (ortho-Ill), 5a (ortho-V), and of appar- pied or not and the sums run over all oxygen pdirs '),
ently incommensurate structuréertho-VIIl), which have which are nearest neighbofsIN), next nearest neighbors
been observed by electron microsc8p}tand recently iden- bridged by Cu(NNNCu), and not bridged by CUNNNV).
tified as genuine bulk structures by synchrotron and neutroffhe corresponding interaction parameters ¥ie V,, and
scattering investigation€. To describe this, long-ranged in- V3. The extra interaction parametd&f; couples pairs not
teractions between the oxygen atoms might be needed. bridged by a Cu and & apart(NNN2V), andV, represents

In this paper we stick to the basic assumption of theinteraction between neighboring plar@®NPI). This was not
ASYNNNI model: theT- and x-independent interaction pa- considered in our preliminary workVariations of this model
rameters. We wish to test to what extent the model reasonwere studied previously by the cluster variation method, and
ably, but minimally, extended can account for the observednalytically based on the assumption of vénfinitely) long
data, or whether deeper modifications are called for. WeD-Cu-O chaing>293932-36These studies are therefore less
present results for the superstructure ordering obtained froruited for an analysis of the local structural properties
Monte Carlo simulation studies based on an extension of thebserved experimentally.
two-dimensional2D) ASYNNNI modef® that includes one From previous studies of the ASYNNNI mod€where
additional effective repulsive interactiofs between oxygen  simulations were compared to experimental data, the interac-
atoms that are 2 apart and not bridged by copper atofhs. tion parameters were determined\&s/kg= —5430 K, V,
Preliminary studies of this model have shown thigtinter-  =—0.36v,, andV;=0.12/;, wherekg is Boltzmann’s con-
action stabilizes the ortho-Ill by construction where it is ex-stant. The values are in good agreement with the results ob-
pected, but surprisingly it also accounted for other experitained byab initio electron band-structure calculaticsand
mental observations. Here we extend this work this is not violated by the small scaling bf, needed when
considerably, and present a detailed analysis of the supegmall nonzerov, and Vs are included. The relative magni-
structure ordering properties and the phase diagram that reades of all the interactions are in agreement with observed
sult by addingVs to the ASYNNNI model with emphasis on |ine widths of the structure factor, which also requiNés
structure factors pertinent to comparison with experimentak —0.02v,, as used previousiin a simulation withouV/s.
diffraction data. We further test that the results and undergrom estimates based on a screened Coulomb poténial
standing of the structures remain unchanged when the simgrave found that/s/V,=0.02+0.02 should be a reasonable
lations include a small 3D interactidry between oxygens in interval for the investigations. Such values \6f makes it
neighboring planes. play a role only at temperatures where the O-Cu-O chains are
basically already formed.

The introduction of theVy interaction actually stabilizes
the ortho-lll phasénearx=1/3 and 2/3) “by construction,”

Long-range, albeit screened, interactions between oxygebut it turns out to explain more than was meant by its design.
atoms are expectét?>2%2"2%n the basis of the Coulomb The need for including all interactions of a screened Cou-
interaction. These may in principle be calculated and indomb potential is therefore limited and probably not impor-
cluded in the model at the cost of an extensive enhancemertdnt for describing the experimentally observed phases, as
of the computational effort. Furthermore, beyond a certairdiscussed below. However, it may be important to include
range the interactions are small and redundant because thegher long-range interactions such as strain effects. An obvi-
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ous effect of strain fields is that coexistence of aligned an- The 2D MC simulations are performed as described be-
tiphase domains is favored over that of perpendicular dolow. At a given concentration the system is prepared with
mains. In the experimental situation a dominant chainoxygen atoms in randomly chosen positions. We simulate the
alignment is introduced at the tetragonal to orth@-1) tran-  quenching and gradual cooling of this system as a function
sition. In the ASYNNNI model studies based on Et), the  of the reduced temperatui® =kgT/|V,| as follows. The
two types of domains are fully equivalent. However, as &nitially random state is quenched to a temperature somewhat
(favorablg consequence of the finite-size samples used in th@pove the ordering temperature. At this temperature the sys-
simulations, the coexistence of perpendicular domains isem is allowed to equilibrate for a number of Monte Carlo
suppressed due to the advantage of creating continuodgeps per sit§MCSS—typically 5000 MCSS. In our ap-
chains. Hence parallel antiphase domains are favored in ﬁoach a Monte Carlo step consists of Se|ecting an oxygen
way similar to the effect of a unidirectional Stﬁfi?]From atom(partide and a Vacancyh0|e) at random and then use
examinations of direct space images obtained in our preseifie Metropolis algorithm to decide whether or not to inter-
studies, we consequently find only few examples of coexistchange the particle-hole pair, i.e., we allow nonlocal jumps.
ing perpendicular domains, and they are hardly important forrhjs is not meant to model the actual physical process, but
the calculated structure factors. On the other hand, it is Verlyather is chosen as an efficient Markov process to ensure that
important to simulate samples of sufficient size and with aequilibrium is reached rapidly. After equilibration we sample
sufficient number of independent ensemble members, in Okhe structure factoB(q), the energy, the specific heat and the
der to be able to represent a sufficiently large distribution ooncentration ofl-fold coordinated Cu atomsg,. Each
the parallel anti phase-domains, as discussed below. sample is separated by a number of MCSS—typically 10.
Attempts to include strain effects directly have been madefter the specified number of configuratiottgpically 100
by use of mean-field-like simulatiori$. These and other have been sampled the temperature is reduced and the pro-
studies of the extended ASYNNNI mod&? yield the cess of equilibration and sampling is repeated for the new
ortho-lIl Structures, but neither the ortho-V nor ortho-VIlI temperature_ In this way we perform Stepwise Coo”ng,
structures. A detailed description of strain effects, and othegquilibration, and sampling in equal temperature steps, until
mesoscopic features as twin formation, is beyond the presegt gesired minimum temperature—typically* =0.05—has
goal. Our simulations are more accurate than the mean-fielgeen reached. At each temperature the results from different
simulations with respect to the phase diagram and the locghembers of the ensemble are averaged.
structureginside a twin domain Due to the reciprocal space  Thijs scheme was found optimal for studying the ordering
method used in Ref. 37 a wavelike structure with very shorfyrocess of structural phases with frozen domain structures,
chains is proposed. This is not found in any real space simuand it is different from previously used strategte€?where
lations. _ _ a single-member “ensemble” was averaged over a long-time
In very recent MC simulatiorf$ the focus was on the geries instead. In particular, the present method allows a
original ASYNNNI model with strain effects included as a study of the average domain structure that the system as-
Chain Iength penalty The main reSUItS are tha.t f|n|te Chai%umes_ |mportant|y, the approach toward Sing|e domain
lengths and twin domains are formed by construction, thetates for low temperatures proceeds exceedingly slowly in
tetragonal to orthorhombic transition temperature is signifithe simulations®3*This is also observed in the experimental
cantly reduced, and no new phases result from the strain. sjtyation partly due to slow oxygen diffusion at low tempera-
tures, which effectively freezes the structures at a tempera-
ture of ~325 K or atT*~0.06. However, the simulations
show that the highly anisotropic models favor creation of
All Monte Carlo simulations have been carried out usingstraight, stacking-fault-like, domain walls, which have no
Kawasaki dynamics at fixed particle number and thus fixedendency to move under curvature driven domain growth. A
oxygen concentratiox. We have used a multimember en- previous Monte Carlo study of the domain growth kinetics
semble approach, which ensures that we obtain independehas shown that it may result in logarithmicly slow growh.
configurations when sampling our observables. This is par- The 2D Monte Carlo simulations were performed as func-
ticularly important at the lowest temperatures where the systion of the reduced temperatufé for two different values
tem tends to freeze, and the single-member ensemble apf the Vg parameter:Vs=0.02/; and 0.04 at 23 and 22
proach vyields very poor statistics due to the fact that thalifferent compositions in the interval GsX=<0.9, respec-
states that are sampled are practically identical. Simulating ively. The above description of the 2D simulation scheme is
multimember ensemble is a task which is trivial to do inapplicable to 3D simulations as well, if these are considered
parallel, since it basically consists in performing the sameo be coupled 2D simulations. This picture is valid since
simulations with different initial conditions and then averageparticle-hole interchange is confined to take place within a
the results of the individual simulations afterwards. We havegiven layer of the three-dimensional system.
typically used ensembles with 32 independent members for The 3D simulations were performed for nine different
the 2D simulations and eight-member ensembles for the 3Bompositions between 0.25=<0.75 and fotV,= —0.02V/,
simulations. The predominant system size used in the simund a few runs with/,=—0.01V;: atx=0.25 and at 0.5 in
lations is 128128 (2D) and 128<128x 32 (3D). Periodic  order to determine the optimal value in presence of the finite
boundary conditions have been imposed in all spatial dimenV;=0.02/,. The phase diagram was determinec&t0.25,
sions. 0.333, 0.40, 0.5, 0.60, and 0.66 using samples of size

Ill. MONTE CARLO DETAILS
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FIG. 1. Lower panels: the 2D-simulated structure factor for selestedilues fromx=0.2 to x=0.85 for V5=0.02/, at T*
=kgT/|V4|=0.06 for q along{h0}. Note the absence of a Bragg peak. Above: corresponding snagshoten to show perpendicular
domaing; black symbols indicate oxygen positions. Note the remaining domain structure.

64X 64X 32 and an ensemble of eight independent systemdonger range repulsion parameter, we also present data for
At x=0.25, 0.375, 0.5, 0.64, and 0.75 we used the large¥s=0.04V,, and discuss them along with other valu¥s:
samples of size 128128x 32 and also ensembles with eight =0.01V,; andVs=0.

independent members in order to obtain a sufficiently accu-

rate determination of the structure factor.
A. Reciprocal and real space information

IV. RESULTS OF THE 2D SIMULATION In Fig. 1 we show, fofT* =0.06 and several values &f
. . Ehe simulated structure factorS(q*) on a logarithmic scale
In this section we present the results of the structura or the wave vectoi* in the (h,0) direction. It should be

properties of oxygen ordering in YBCO fo”i‘d fO/s  emphasized that the major intensity of the ortho-V and ortho-
=0.02v; and 0.04 at the different values 0indT*. Inthe peaks are expected to be ht=2/5 and 3/5, and at

analysis and presentation of the structure factor data for con-. 3/8 and 5/8, respectivelys(q*) was also evaluated and
vemencs we* use the *reduceg coordmatq_§=(h,k) analyzed forg* in the k direction at chosei; values. Two
=(an/a*,qu/b™), wherea® andb* are the reciprocal lat- oy amijes forx=0.4 and 0.5 and™ at the transition tem-
tice constants. For symmetry reasons there is no distinctio erature are shown in Fig. 2

between thér andk directions in the ASYNNNI model, and P g-<

on average the superstructure intensity is the same along the

(h,0) and (0k) directions. We shall throughout present the 10° " -
superstructure ordering vector as beinchatlong theh di- h = 0.484375 T =0.085
rection, although the actuab(q*) data represent an en- 10° x=04
semble average over both directions. Similarly averaged, we
will describe the transverse scans through the superstructure & ;44
peaks ag* =h; by k. The g*-space data are fitted with the o
function .o j/ \\_\
% 2 Ai Kj 2 102 jaseses Posses;
S ICRE TS @ 107 " ; ]
E h=0.50 T =010 3
whereg* =h andg¥ =h; for an ah scan atk=0, andg* 10° x=0:5
=k andq =0 for ak scan ath;. «; is the inverse correla- 105 F
tion length andj, is the amplitude. We allow for a line shape =z jx
as a Lorentzian raised to a power# 1, as expected for @ 104 |
scattering from distributions of small domains with sharp J/ \'-_
boundaries. 10° L s
In the following we shall first discuss the behavior for e a oo
V5=0.02/,. The results obtained fdrs=0.04v; are quali- 10° 04 02 0 02 04
tatively very similar to those fo;=0.02/,, except that ’ ) e ’ )

considerable signs of the short-range order of ortho-lll is
found in the ortho-I phase at=0.5. Since this is not seen FIG. 2. Line shapes of thk scans througlg* =0.5 for (a) x

experimentally, we conclude that this value\bfis too high.  =0.4 and(b) for x=0.5 andT* =Tg. The line is a fit to a Lorent-
However, to show the systematics introduced by varying theian line shape.
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FIG. 3. Lower panels: temperature evolution of the 2D-simulated structure factor=for625 forVs=0.02v; from T* =kgT/|V,|
=0.05 toT*=0.12 forqg along{h0}. Note the onset of enhanced short range orddrat 0.09. Above: typical corresponding snapshots;
black symbols indicate oxygen positions.

The S(g*) profiles provide characteristic reciprocal spaceshows snapshots of the corresponding real-space structures.
signatures of the various phases for increasing composition At the lowest temperatures this might be interpreted as an
and at the relatively low temperatufé =0.06. It is evident, ortho-VIII structure withhg=3/8. In Fig. 4 we show the
and very interesting, that no long-range order is developingtemperature variation of the characteristic peak positipn
This feature has been a longstanding puzzle in experimentébr x=0.375 and 0.625. There are symmetric pealy aind
investigations on YBCO, and has been attributed to effects of —h;, as can be seen in Figs. 1, and 3, but for clarity we
random fields from impuritie¥ It is clear that the ortho-lIl  show only one set in Fig. 4. With decreasing temperature the
peak ath,= 0.5 for x=0.5 splits up into two peaks for both peaks move continuously in position and with an intensity
higher and lowerx values. This constitutes the scattering that increases and a linewidth that sharpens rapidly at a given
signatures for the higher order orthbstructures, also found temperaturdindicated by arrows Here, as when analyzing
experimentally. In both situations it is found that the ortlio- the experimental data, we shall define this temperature as the
structures represent highly correlated structures, without bedransition temperature between the ortho-I structure and the
ing true thermodynamic phases, since no Bragg peaks amthoN structures,T5=T§(l-N). However, it is clearly
found, and hence no true long range order exists. The MG@emonstrated in Fig. 3 that short-range correlations of ortho-
simulations allow a representation of the corresponding real type exist far up in the ortho-l phase. The presence of an
space pictures, shown in the upper panel of Fig. 1. These atsrtho-Ill phase is indicated by peaks in the structure factor
excerpts of the simulated 128128 cells, and they are of and a periodicity 1/3 with peaks at=1/3 and 2/3. This is
course only single snapshots. To obtain the shown reciprocalearly seen in Fig. 1. This structure is directly stabilized at
space information one needs an average over the 32 differept= 1/3 and 2/3 even by a repulsi%. However, it is by no
ensemble members, further averaged over ten consecutiv@eans clear that the addition of thg parameter will give
configurations separated by ten MCSS. With this in mind it isrise, for example, to the ortho-V structure, since an extra
possible to judge that most of the structures consist of fairlyeven longer range interaction might be needed to resolve a
small domains in which there exists considerable disorder iflegeneracy between ortho-V and other similar phases. Nev-
the form of mixed phases of various orthbpatterns. As a ertheless we have observed clear indications of ortho-V do-
result theg-space peaks may be broad and shifted relative to

the expected purhy positions, thus inviting to an interpre- 0.12

tation as incommensurate structures. These peaks cannot be | V,=0.02V, |
decomposed into a sum of even broad peaks characteristic of ™ 017 — i
different pure orthaN phases. The snapshots give an idea of £ 008 | .
how the corresponding structure should be understood. In the = I — ]
simulations we find, as mentioned above, a small fraction of s 0.06 | % § ]
the ensemble members to have perpendicular domains in ad- o 004 | -
dition to simple antiphase domains. In real YBCO we expect E 002 | x=0.375 x=0.625 ]

the former to be even further suppressed—if not totally re-
H H '_ 0 L 1 L L N L n 1 n 1 L 1 L
move_d by the OI’.thOI’hC.)mbIC strain effe_cts. However, the fi b2 03 04 05 06 07 08 09
nite size of the simulations does effectively reduce the prob- .
o . . . ORDERING VECTOR q
ability that such domains are present in more than just a few
Of the el’lsemb|e membel’S, and hence in thlS I’eSpeCt m|m|C FIG. 4. Temperature dependence of the peak positiorx at
the effect of strain, as discussed previously. =0.375 (filled symbol$ and x=0.625 (open symbols The pres-
Figure 3 shows the evolution with temperature of oneence of a mixed phase is indicated by the appearance of two sets of
such structure ax=0.625. The lower panel shows the en- symbols, one for each of the distinguishable peak$(ig). The
semble averaged structure fact(h), and the upper panel transition temperaturegy, are indicated by the arrows.
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008 009 0.0 0.1 300 325 350 375 400 425 TZ(I-11) by inspecting the combined behavior of the increase
T TIK] in peak intensity and the decrease in widthl4sis reduced.

FIG. 5. () The peak intensity of the 2D-simulated structure Similar analyses were done for all the simulatedalues.

factor for a 12& 128 system at oxygen compositior=0.50 vs Below T} there is no Bragg peak and the width of the diffuse
temperature(b) Same, obtained experimentaliRef. 17. (c) The  Scattering does not increagigs. 9c) and §d)], in either
simulated temperature dependence of the peak half-width at halthe simulations or in the experiments, as would be expected
maximum(HWHM) (Ah*), in reciprocal lattice units (2/a). (d) for regular continuous phase transitions. The reason for this
Same, obtained experimentalliRef. 17. (e) The fitted Lorentzian s the freezing of the rather small-scale domain structure. In
power ¢. (f) Same obtained experimentallRef. 17. A close simi-  Fig. 5) we show that the line shape in tiedirection at
larity between the experimental and simulated properties is ewdent.% ,0) is described with ap that increases towarg=1.5

mains both in the structure factor data fonear 0.4 and 0.6, P€loW T¢ . A similar behavior in the experimental data is
and in snapshots of system configurations as shown in Fig. iilsplayed in Fig. &).
If the system had established long range ortho-V order the The typical interpretation of such deviations from Lorent-

major peaks in the structure factor would behgt=2/5 and ~ 21@n line shape is the building up of sharpening domain
hs=3/5, but due to the random mixture of Ill and V chain walls. For a low-density distribution of equal-size spherical

sequences, which one may call an ortho-VIIl phésith particles (domaing with sharp boundariesS(g*) follows

he=23/8 andhg=5/8), the peaks are shifted away from theseP0rod's law, i.e., it hagb=(d+1)/2, whered is the dimen-

values. This is rationalizing the seemingly incommensurat&ionality. However, the basis for the Porod model is, by ex-
phased?!? amination of the snapshots, clearly not fulfilled. There are no

separate spherical domains. The model is therefore not

directly relevant for the YBCO system. An alternative

model will be discussed below in connection with the 3D
The line shapes alorigandh for x~0.5 are well resolved  simulations.

and described by a Lorentzian fo* =T (I-11). In contrast Summarizing, in two dimensions for near 0.5 the line

we obtain significantly better fits to bothandk scans in the shape in neither thk nor thek scans can be well fitted with

ordered phase using a Lorentzian raised to a poserl.  a Lorentzian shape at* =0.05, whereas using @>1 pro-

This is most clearly detected in the ortho-Il phase wherevides a much better fit. As shown, the exponénincreases

there is no peak overlap. Figure 5 shows the result of a pearadually from the value of 1 at the transition temperature.

analysis forx=0.5 as function of the reduced temperatureThe variation withx of the obtained)>1 is shown in Fig. 6.

T*. In Fig. 5@ we show the peak intensity as a function of Some of the corresponding line shapes and fits are shown in

temperature for the peak &, =0.5; it compares very well Fig. 7. Outside the interval where multiple peaks occur in

with the behavior of experimental data shown in Fi¢p)5 theh scans, the line shape is not sufficiently well determined

The half width at half maximunfHWHM) is shown in Fig.  with respect top# 1, and we have used simple Lorentzians

5(c), again in good agreement with the experimental behavin our fits. This provides perfect fits to &lscans. Hence

ior in Fig. 5d). We determine the transition temperatureis probably 1 outside the interval shown in Fig. 6.

B. Line shape

224520-6



OXYGEN ORDERING IN YBgCu;Og. 4 USING MONTE . .. PHYSICAL REVIEW B 64 224520

S(h,0) S(12K)

107

107
106 L
105 L

104 L

10°

106 L

105 L

104

105 L
02 03 04 05 06 07 08 09

COMPOSITION x

4
107 . . .
0 FIG. 8. The concentration, of I-coordinated C% atoms(in-

) cluding apical oxygenvs x for T*=0.12 andT* =0.05. Square:

108 L ) s . ) ) . ) 102 twofold coordination; circle; threefold coordinations; triangle; four-
03 04 05 06 07-02 -01 0 01 02 fold circle: coordination. The average chain lengthli$ = 2x/cs.
h k Simulated for 12& 128 2D systems. Note that and henceL)

e - are finite even at the lowest temperatures. Lines are guides to
FIG. 7. Corresponding fits yielding the powers shown in Fig. 6.the eve.

Full lines: fits to the Lorentzian to a power with>1. Broken lines
(where showi fits for ¢=1. (a) and(b) x=0.5 andT* =0.05.(c) The effect of a 3D coupliny, on the phase diagram can
and(d) x=0.55 andT* =0.05. (¢) and (f) x=0.60 andT*=0.10.  ha accounted for by reduciry,| by 26%, judged from the
All with Vs=0.02Vy. simulated 2D and 3077, atx=0.5. On the other hand, the
effect on the ordering, and hence on in adjacent planes
C. Chain length should be negligible. When including the effect\6f in this

In Fig. 8, for various values of, andVs=0.02V,, we W&y we obtain<L>=6.23 in st!ll bett_er agreement with the
show the obtained concentratian of Cu!) atoms withl _exp_er_lmen_tal vaIue.Adlrec_t S|mul_at|on of the average length
nearest oxygen neighborincluding two apical onesfor IS difficult in the 3D simulations, since the ten(_JIency to order
T*=0.12 andT* =0.05, respectively. The system size is 'S €nhanced. We are not able to use larger in-plane system
128x128. The average chain lengti.) is simply?! (L) sizes, since we also need to have sufficiently many ensemble
—2x/cs; it can also be found directly from the length distri- MeMPers and planes stacked to reproduce the 3D effects.

bution. First we note that, and (L) vary smoothly withx, Unfortunately, the chosen systems cannot sustain a realistic

although with a small dip ax slightly higher thanx=0.5. chain length distribution.

This behavior is in qualitative agreement with the experi-d Surprisingly, it 'SthL:nddthat e\t/en tge W(?til.( 3& COlIJp“ng
mental dat# (error bars were not givénThe variation with 0€s cause a greater tendency 1o order within the planes as

x is in the different model and simulation by Haugerud andweII as that between the planes. This is probably because this
Uimin?" found to be somewhat larger, but far=0.5 and ordering is not prohibited by frustration effects. Generally, it
Ve=0 we find exact agreement betw,een their results an§@" be concluded that the introduction of a finfteproduces

ours. Thus ak=0.5 the chain length, surprisingly, is inde- a quite smalKL) also for smallerT*; see Fig. 8.
pendent of the modification of the ASYNNNI model consid-
ered in Ref. 21. Fox=0.5 the experimental data fa; at
T=450 K (Ref. 18 give c3=0.19 or(L)=5.3. They also Based on our data and method of analysis described
give c,=0.44 andc,= 0.37. The difference may indicate the above it is possible to construct a phase diagram in the
size of the error bars, since at=0.5 one would expeat,  (x,T*) plane. This is shown in the lower panel in Figcp
=c,.2! Our value at the corresponding temperatd&  for Vs=0.02V; and in Fig. 10c) for V5=0.04V;. The pre-
=0.08 is(L)=7.8 forV5=0.02/,, This in reasonable agree- viously determined phase boundary for the pure ASYNNNI
ment with the experimental value. In particular, it is rela- model withVs=0 is shown as a dotted line on both graphs.
tively small compared to that expected for well orderedA dramatic change is noticeable upon introduction of a
systems. finite Vs.

D. Phase diagram
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FIG. 9. Data forV5=0.02V/;. (8 The simulated ordering* FIG. 10. Same as Fig. 9 fov5=0.04/,. According to the
values @) at the onset temperatuie* =Tg, and(b) (O) at the  theory of Khachaturyan and MorrigRef. 49 the Q. (and Q_)
lowest temperatur@™* =0.05. The vertical bars indicate the extent regions may possibly extend fully down to low temperatures.
of the peak plateau; two symbols at the sam@éndicate mixed
phase. Thin dashed lines show the theory of Khachaturyan and Further, Figs. 9 and 10 show that the finite introduces
Morris (Ref. 49. (c) The resulting simulated phase diagra®)(is ~ wings of basically ortho-lll order essentially outside the
the simulation data, and the full line is a guide to the eye. Blackrange of x values which shows ordering in the basic
square indicates where two peaks, as signature of mixed phageSYNNNI model. In fact, it appears as if the introduction of
(hatchedl can be detected. Tentatively the Arnold tongues are conthe single longer range repulsion parameter is sufficient to
tinued toT* =0 (dashed linesbelow the investigated region down restore ordering in a region which mean field theory would
to T*=0.05. The phase diagram obtained by the correspondingyredict for ortho-Il ordering within the basic ASYNNNI
pure ASYNNNI model V5=0), using V,=—0.36/; and Vs mpodel, namely, as a parabola extending foom0 to 1. This
=0.12/4, is shown as a thin dotted line. is not too surprising, however, since here we are using the

temperature at which short-range order rapidly sets in. This

Figures 9 and 10 show that; opens up a gapTg be-  was previousl§P found to correlate well with the mean-field
tween the temperatureBy, and Ty, of the tetragonal to ordering temperature, although the true ordering temperature
ortho-1 and the ortho-I to ortho-Il transitions for a wide rangeis strongly suppressed by fluctuations of disorder. At the
of x values belowx=0.5. Such a gap was observed experi-boundaries are observed structures with variable ordering
mentally atx=0.5*>1"4%put remained unexplained by the vectors, hence calle®_ and Q. . For the lowest valuex
basic ASYNNNI model. For a proper estimation of the gap,=0.2, and highest valug,=0.90, the peaks are broad, weak
we must include a small 3D coupling, between the planes, and shifted towardh;=0.3 and 0.7. At these values wfthe
the result of which is discussed below. In the simulations indata hardly meet the criterion for being regarded as even a
Ref. 21, using a differently extended ASYNNNI model with quasistructure using the present method. It is interesting that
a temperature dependeévi, a small lowering of the ortho-lIl  experiments on the higk-side found a phase diagram in
transition was discussed, but an opening of a gap was nafery close agreement with the simulations, whereas at the
demonstrated at=0.5. low x side this terminates with ortho-1l order at=0.36
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without showing the simulated symmetric phases. At low
temperatures, we observe a weak tendency to phase separa-
tion at the boundaries between neighboring phases. This is
evident in the snapshots and in the developmentbodad
characteristic peaks of both structures.

In the phase diagram shown on Figc® the hatched
areas represent regions with mixed phase, and the lines are
guides to the eye through the determined points of transition
temperaturesT’étAT*. For most points the error bars are
small AT*~0.002, but unfortunately they are particularly
large, AT* ~0.005, atx<0.25 andx=0.85 as well as at the
eutectic points. However, even with this uncertainty there is
evidence of stabilization of “Arnold tongues” of the princi-
pal ortho-Il, -1ll, and V structures. This is not found in the
basic ASYNNNI model withVs=0. It is in good agreement
with the experimental observations, but is rather surprising
from the point of view of the simulations, since the exifa
could be regarded as just one out of many possible long-
range repulsion parameters, and which does not directly sta-
bilize the ortho-V order. This phase diagram is radically dif- —_

. . ; . =]
ferent from previously published diagrams calculated with a — ) *e
finite Vs, using, for example, cluster variation methdds? n
In these the ortho-l phase was found to penetrate down to . .
T*=0 in place of the mixed phases. No such behavior has 104 . L.
been experimentally observed. Ceeerl3® reproduced and o .
discussed this result, and were able to remove the ortho-I . ..
penetration by including an effective 3D interaction between o *
adjacent planes. They then found Arnold tongues of ortho-II
and ortho-1ll order. The latter is displaced towatdarger
than the ideak= %, as we also find. This was also observed 3
experimentally}*” However, in place of ou®, phasethey 10 0'3 0'4 0'5 0|6 0'7
only discussek=0.5) they only found a mixed region of ' ' ' ' '
ortho-1l and ortho-lll phases. They did use a value\&f h
~0.02V, (there calleav,) identical to one of our values. FIG. 11. Atypical plateau peak and the corresponding structure,

Although we have not been able to make simulations fohere atT*=0.08, x=0.425, andVs=0.04V,. The width of the
T*<0.05 it is tempting to draw such Arnold tongues down plateaus are indicated by the vertical bars in Figs. 9 and 10.
to the respective pure values @t =0, indicated by the
dashed lines. This picture may not be true. Or at |east’ it maTOSSS and 0.400 there is an almost continuous variation of
not be possible to drive neither the MC nor experimentahi=Q_ from g*=Q_=0.333 to 0.5 afT*=Tg. We call
systems to such equilibrium phases from high-temperaturthis theQ_ region. Betweernx=0.575 and 0.625 the peaks
structures due to the slow oxygen kinetics. first form flat plateaus without clearly showing satellite
peaks(see Fig. 11 At low temperaturd™* =0.05[Fig. 9b)],
the situation is more symmetric and shows a stabilization of
h;=Q_=0.4 andh;=Q, =0.4 (and 0.6, corresponding to

In Fig. (@) we show, forVs=0.02V,, the ordering vector an ortho-V phase, fox=0.4 and 0.6. In a small region
values for the simulated range of oxygen fillingat T*  around that, these peaks are found in combination with the
=Tg, the temperature for the onset of the ordering. Figureneighboring, ortho-lll or ortho-Il phases, respectively.

9(b) shows the ordering vector values at the lowest studied For the larger valud/s;=0.04v, the behavior is similar,
temperaturel* =0.05. Similarly Figs. 1@ and 1@b) show as shown in Fig. 1@). However, there are also important
the behavior foM5=0.04V;. A vertical bar indicates that no differences. First we note that tﬁ'% phase boundary is de-
clear peak is found, but only a broad flat maximum, the toppressed further, especially toward the ortho-Il phase around
width of which is indicated by the length of the vertical bar. x=0.5, and thatQ.. regions become broader at the expense
A typical example of such a line shape is shown in Fig. 11of the mixed-phase regions. The previously discussed gap
with a corresponding real space shapshot. between the tetragonal-ortho-I and the ortho-I-ortho-II tran-

Let us discuss th¥;=0.02/; case first; see Fig. 9. Itis sitions does become slightly larger; however, since both tran-
evident that there exists a broad region aroxs€l0.5 for  sition lines are severely depressed, the effect on the gap is
which the ortho-Il structurel,=0.5) is found. The devia- not very large.
tions from this is very symmetric for lower and higher values  The g* variation on the lowx side exhibits an almost
of x. First considerT* = 6; see Fig. %a). Betweenx continuous variation of = betweermg* =0.333 and 0.5 fok

E. Ordering vectors and comparison with theory
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FIG. 13. The simulated HWHM ak=0.6 andV5=0.02/;.
Filled symbols: 3D withV,=—0.02/;; open symbols: 2D. Note
that Al1* remains high througﬁ'g. For all other investigatec
valuesAl* drops to a constant minimum a$h* andAk*. The 2D

TEMPERATURE T*
(=]
)
T

0.05 4
width increases at low temperature due to the development of two
peaks.

0 . . . . . . =0.05 forx=0.25 andAl* ~0.010 atT* =0.08 forx=0.5.
0z 03 04 05 06 07 08 09 The ordering is weaker for larget In the interval 0.64<x

COMPOSITION x <0.66 the peak at},0,0) hasAl* ~0.03 atT* =0.09, and

FIG. 12. Simulated 3D phase diagram fg5=—0.02/; and ¢~ 1.5. GenerallyAl* drops to a constant minimum &g, ,
V5=0.02V/, (open symbols The full line is a guide to the eye. asAh* and Ak*. However, forx=0.6 we find an interest-
Closed symbolsV,= —0.01V;. Dotted line: the 2D simulation for ing, different behavior, shown in Fig. 13. A[’ézo_117,
Vs=0. We did not investigate the detailed ordering below theAp* drops to a low value of 0.010, indicating extended
ortho-I to ortho-N phase line. Results for a 16-member ensemble ofhort-range order along tredirection. This is independent
size 64<64x 32 are indicated by open and clos€d, while open  of the order along the direction, which remains very weak
and closedO indicate results for 16-member ensemble of Sizé (and is actually corresponding to that found experimentally
128x128x32. atx=0.4). At lower temperaturesT{ ~0.1) the order along
the ¢ axis increases Al*decreases). This occurs simulta-
—0.05; see Figs. 18) and 10b). On the highx side this neously with the development of signatures of mixed phases

behavior is terminated whe@ . approaches 0.550 by broad N the plane indicated by coexistence of theQ,0) peak and
plateau peaks, one of which is shown in Fig. 11. The regio® (Q+,0,0) pealk. ForV,=—0.0v; at T*=0.09 andx
with ortho-Il order ©,=0.5) is not surprisingly rather =0.5we findAl*=0.015 and¢~1.5.

between 0.333 and 0.425, with sign of mixed phas&”at

smaller than fols=0.02V,. The used 3D interaction parametéys| are probably too
large, resulting in longer ranged ordering in thelirection
V. RESULTS OF 3D SIMULATION than observed experimentaffyThe smallness of the inter-

plane coupling underpins the validity of the extensive 2D
A small attractive interaction of oxygens occupying results. The ordering within the planes is extended in the 3D
equivalent positions in neighboring planes is needed to acsimulation for the used/,= —0.02V,, with signatures of
count for an observed weak correlation along ¢texis. The  long-range order for some ensemble members for the avail-
resulting phase diagram is shown in Fig. 12 mainly ¥ar  able sample size. This makes it difficult to determine the line
=0.02v; andV,=—0.02V/; (a value suggested by de Fon- shape in then andk directions. Forx=0.4 andT* =0.09,
taineet al %) Although less detailed, it is clearly very similar S(h) is consistent with a simple Lorentzian, i.e., with
to that forV,=0, Fig. 9. Atx=0.5 the 3D simulations per- =1. Forx=0.5 andT* =0.08 the line shape is consistent
formed by Fiig et al3® with V5=0 yield a gap ofATL  with having 1< ¢=<1.5.
=0.03. ForV;=0.02/,, andV,= —0.02V/; we obtain a gap
ATE=0.033 corresponding taTg~180 K, which is ap- VI. ANALYTIC RESULTS IN THE SPHERICAL
proaching the experimental gapT g, ep~250 K. In order APPROXIMATION
to demonstrate the general dependencé’@nNe have also
made simulations fo¥,= —0.01vV; atx=0.5 and 0.25, in-
dicated by full symbols.
The line shape fog*

A shortcoming of the Monte Carlo method is that it is
difficult and time consuming to explore a large part of the
in thel direction has. of course. a Parameter space. Hence an approximate theory is valuable

relatively low resolution. However, a rough analysis of theP0th for a deeper understanding of the results and for ex-

V,=—0.02V, data shows that the shape, below the ordering}rapmaﬁng them by exploriqg the general influence of vari-
temperature, is consistent with a Lorentzian to a poder °YS parameters. In Ref. 39 it was demonstrated that a gener-

. . a1 . alization of the spherical model to Ising-type systems was
~1.5. This applies to the peak ah.k,l)=(3.0,0) in the possible, and yielded good results for the transition tempera-

interval 0.4<x<0.5. It also applies to the peak at.,k,!)  tyre compared with Monte Carlo and exact results. This
=(3,0,0) in the interval 0.26x<0.375. The HWHM at the amounts to a scaling of the mean field results in order to
lowest simulated temperatures Ad* ~0.015(r.l.u,) at T* fulfil the exact spin length constraint, which can be written
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FIG. 14. The calculated reduction at. relative to the mean-

field value as a function ofs, in two and three dimensions. FIG. 15. The calculated reduction @f, relative to the mean-

field value as a function of the 3D interactidi, at a fixed value of

Ve=0.02.
1 TMF ° !

R=-JQ)/TQ) T Very good agreement is obtained with the transition tempera-
It is clear that the reduction factor fdF., 1/G(R), is very tures found in the Monte Carlo studies for both two and three
sensitive to the general behavior of the interaction surfacéimensions witHV,|=0.02V,|. The additional repulsive in-
J(q) in Fourier space, in particular faj~Q whenR—1. teractionVs increases the frustration effects and fluctuations
For the ortho-I to ortho-II transition we have/(q) and hence decreas@s/TY" significantly. This is probably
=2[V, cos@y) + V3cos@y) +Vscos@)+Vscos(2y)], Q  the explanation of why no Bragg peaks appear in the simu-
=(,0,0), using the convention from Ref. 39. The mean-lations or experiments. A test shows that we obtain identical
field transition temperature is, assuming predominant occuresults using Eqg3) and(4). Figure 15 shows the effect of
pation, x—e, of sublattice a with chains in the a 3D couplingV,#0 upon a model which contains a finite
a(y)-direction, and only a small occupatienon the sublat- v.=0.02v,. Again a strong effect, much larger than the
tice b with chains in theb(x) direction, given by  simple linear modification that the addition of parameters
TeF(1-1l) = J(Q)(x—€)(1—x+¢€) for the compositionx  cause in the mean field" .
close tox=1/2. The parameteR=1+A at the transition Using integral (4) we can easily estimate the effect
temperature is determined by fitting to the Monte CaFlo  on T,(I-Il) of possible further interactions with oxygens
for the 2D ASYNNNI model(at x=0.5 and withV,=Vs  on more distant chains. Suppose we include a com-
=0). This yields simultaneously, in comparison with simplerplete screened Coulomb interaction of the form = « exp
Ising models, an agreement within 6% of the exact 2D(—xr)ir in Eq. (5). For a=V3/[J(Q)Vs] and «

nearest-neighbofNN) Ising T, and within 0.5% agreement —|n(v,/2V;) we obtain the first two interactiong; and Vs
with the best Monte Carlo determination ®f for the 3D a5 pefore, which gaveT(I-Il) 35=0.127V,| for Vs

NN Ising modef’® A is found” to have the valueA  _ 15/ and Vim0.02V.. The new scale factot(Q)
=0.0216. It represents the fact that it costs a finite energy to j(Q) (11+f) n05w néedeld in Eq(3) includes the contribu-
correaponding 10 the Goldsione mode for Heisenberg sylon ffom the infinte tail: f=257_(~1)"aexp
tems. Because of this finite gap, the sum—or correspondin _Ign)lli/{(Qtr)] Howetvert, if-in Eq.(5)a\éve glst::.?,wi’cf:ﬁ
triple integral—can in fact be performed directly. A more ( h ) the constan Sgl,az,[_ﬁrﬁ W | °0(5 4
elegant method is to use the reduction into a single integra‘"ilre the same as above. e result ®E0.5 Is

over an elliptic function by Morita and HoriguéRiand gen- | c{I"!!) screened coulonts 0.137Vy|/ks . We can also consider
eralized in Ref. 39 a more slowly decaying interaction of the fowmp=a exp

(—«r) representing the total interaction of oxygens on corre-
8 [ lated chains. For=2V3/[ J(Q)Vs] and k=In(V5/Vs) we
G(R)= —f k K(k?)dx, (4)  obtain the first two interaction¥; and Vs as before and
VyBJo =237_3(—1)"a exp(—«n)/J(Q). The result forx=0.5 is
Te(I-11) £xp. decay= 0-134V4|/kg . In both cases the changes
are small and increase.(I-11) slightly toward the mean field
TQ"F(I-II) =0.24V,|, as expected for long-range interactions.

1
G(RI= % 3

whereK (k?) is the complete elliptic integral of the first kind
(See Ref. 48 andk now equals

48y 172 However, the effect o (I-11) of the tails can easily be
k= 5 , (5) included in an effective value fovs, as used in the MC
(R—Z @, cosnx) —(B—7)? caIClIJtlggions. In the above evaluation we have used the exact
n resu

where the normalized interaction constants arg

=2V31J(Q), B=2V,IJ(Q), y=2V,/J(Q), and a, e
=2V:;/J7(Q), and we have assumed,-.,=0. Figure 14 E
shows the influence oii.(I-1l) by the introduction ofVs. n=1

e* KN I 1 (6)
cosnx=In ,
n J1—2e “cosx+e %«
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0.15 w by the formation of many small dilutely populated, but pure
o EUERR R —— aandb domains, the size of which strongly dependsxand
: [ - T. At the transition one of these starts to dominate.
T o This means that the tetragonal to ortho-I transition is very
Eootol . ——— i sensitive to details in the model. It may explain the fact that
E T in experiments the gap between the T-I and I-II transitions is
s Qo found to be somewhat larger than can be obtained by the
F L 5;333 extended ASYNNNI model, including a finiiés, as demon-

0.05 = 71 03 strated below.

0.4 0.5 0.6

COMPOSITION VIl. THEORETICAL MODELS FOR THE ORDERING

FIG. 16. The calculatedf’{g as a function ok for various values
of the parameters. These are indicated as the sag)( where
(—=V4,V5)=0.0V4(m,n). The symbol values are from the Monte
Carlo simulations; open and closed circle: two dimensions; ope

How can one understand the regioQs. which exhibit
pseudo continuous variation of the ordering ve&oishown
in Figs. 9a) and 1@a). Khachaturyan and MorfiS made a

and closed box: three dimensions. simple model and a corresponding theory that rather closely
accounts for this behavior. It described the diffuse scattering
w w from Magneli-type random faulting of lon@nfinite) oxygen
COoSXx—e . :
E e~ “Ncosnx=e" X _ ) chains (or actually planes where only narrow antiphase
n=1 1—2e “cosx+e 2« boundaries are allowed. This results in the interesting predic-

tion that the “ortho-Il" peak, regarded as a broad peak cen-

The variation withx around 0.5 is shown on Fig. 16, tered ath,=0.5, is stable fronx=0.5 up tox=0.556. Then
neglectinge for clarity, for the parameter choices used in thethe peak should split with a splitting going continuously to-
Monte Carlo simulation. The agreement is goodkat0.5. ward 0.333 ak=0.667, indicated as the dashed lines in Figs.
The effect of a finitee is to shift the maximum transition 9(@ and 9b) and 1Qa) and 1Q@b). Clearly, the prediction
temperature tax>0.5. This effect is clearly seen in the follows roughly the results of the simulation. It is remarkable
Monte Carlo results, cf. Figs. 9 and 10. that all that is assumed in the model is a repulsion between

The above scaling correction mﬁ"F can of course not be neighboring defects, and otherwise no interaction. Reference
expected to remain valid near the percolation limit in the49 discussed the regioh<x=<%. However, our data show
dilute systems, where the long-range order disappears. Thibat this may apply fos<x<3 as well.
was demonstrated fof(I-11) by comparison with 2D and We believe our restricted range model, enforced by intro-
3D simulations withvs=0.3° ducing a finiteVs, is indeed sufficient to account for this

At the tetragonal to ortho-l transitiori,.(T-1), the sym- important feature, and that no new qualitative phenomena
metry is broken between equal populations of the sublatticegould be found by including further ranged interactions in
a andb. A similar estimate can be made using E8). with the temperature range considered. The theory was criticized

) — o o by de Fontaine and MosS,in particular with respect to the
= + 2+ 4V 12 2), wh ) X g . i
J'(@=[Ja)+ )] 1 cosb/2)costyy/2), whereq picture described requiring planar Magneli defects of infinite

=(0y,0x.9,), Q=(2m,0,0), and T{"™(T-)=7"(Q)(X2)  extent. We see from our real-space snapshots that the above
X[1-(x/2)]=0.84V,| for V,=-002/; and Vs  assumed idealized picture by no means is needed to produce
=-0.02/;. It yields a substantial reductionTc(T-I)  results for the diffuse scattering as predicted by Khachatu-
=0.56T;" (T-I). Although the reduction factor is similar to ryan and Morris, although the random faulting picture prob-
that for the ortho-I to ortho-Il transition, it is not sufficient aply is close to the actual reality. If we were to assume the
and gives & .(T-1) about a factor of 4 larger than obtained in simpler de Fontaine mod&,which only assumes repulsion
the Monte Carlo simulations. We believe the reason for thigof any range between any chains of oxygen ions, one
is that for theT-I transition we are, at~0.5, too close to the  would expect an almost linear approach frofh=% toward
percolation limit for the ortho-I order. This is corroborated g* = with possibleQ. phases of so-called “structure com-
by the fact that thex dependence of ((x)(T-I) shows about pination branching” on larger real space scale, and hence not
twice as large a slope as can be obtained from a rigid scalinghowing the stabilized region af* =0.5 aroundx=0.5.
of TVF(x)(T-I) nearx~0.5 Such large-scale superstructures are only expected at low
The above way of including the fluctuation correction to temperatures, but have not been observed beyond the ortho-
the mean-field behavior gives surprisingly good results in a/lll phase. We believe our extended ASYNNNI model with
large number of cases, as demonstrated. The failure of th¢;=0.02v, does give a realistic picture of the real-space
description of the T-I transition, shows that this transitionoxygen ordering in YBCO. The theory of Khachaturyan and
must be very strongly fluctuation or dilution depressed. AnMorris accounts quite well for thg* variation at lowT*,
inspection of the snapshots obtained from the MC simulaand in fact also for the symmetric case fo< 3; however,
tions reveals, that the structure just abdvgT-1) does not  the picture they advanced as their basis is much more re-
have a randona andb occupation, as presumed in the moststricted, and hence unphysical, than needed. Clearly, small
simple mean field theory, yielding the aboV%ﬂF(x)(T-l). domains of rather mixed order regions are sufficient to pro-
Rather, the overall symmetry is retained, but broken locallyduce the diffuse scattering they predict. Further, their simple
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model was of course not designed to describe the mixe |
phases for which we have found evidence. Another differ-
ence is that the broad diffuse line shape they predicted fo 34
1<x<32 is rather too simple and appears with a more flat @ ,|
top; see Fig. 11. It reduces to a Lorentzian-raised-to-a-powe
for x=0.5. We have previously studied diffuse scattering in
similar simplified linear models in which we have described
the line shape as a function of possible distributions of non
overlapping antiphase domaifis:' The model of Khachatu- £ o
ryan and Morris constitutes a particular case of that; henc
the line shape is in the same class.
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Discussion of dynamical effects and nonequilibrium behavior
4

In experimental investigatioh&it was shown that the de-
termined pseudo-ordered structure found in various sample
depends on the history of the sample. It is thus possible, b
very long and specially designed annealing schemes, to ol
tain a structure chacterized by larger domains at a given low )
temperature, than if a fast quench to the same temperature is FIC_;. 1_7. _Slab mod_el and the corresponding structure factor. Top:
performed. In the simulations we similarly find transitions (e distribution functionD (L) =exp(-«L), «=1/8, except forL
which are not characterized by the development of Braggzl’ where it is reduced by 25%. This yields the averdge

eaks. but rather onlv by a rapid decrease of the width and a=8.16. Middle panel: a corresponding, typical array of slabs with
ﬁlcrea’se of the intenéityof diFllfuse short-range order eaksé]ternating scattering length(r). Lower panel: the resulting line
Y ! 9 P shape of the Fourier transforff (q*)|? in reciprocal lattice units.

; : S
We have tested that the corresponding domain structure do?ﬁs clearly not Lorentzian, but it can be perfectly fitted to a Lorent-
zian to a powerp=1.36.
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not depend strongly on the way we cool through. For
example, the same structure is obtained by standard stepwise
cooling from a relatively highT* >Tg (T-1) in equidistant |attice units. As a test, a simple model calculation was per-
steps ofAT* =0.05 as is obtained after a direct quench fromformed for an exponential distribution of slab thicknesses
a very highT* =T (T-I) to slightly belowT (I-11), and then  with average(L)=1/k=8, and a(periodid sequence with
allowing the system to develop from there. At lower tem-total length 800, and using 2000 different members in the
peratures the system often develops into stripe phases. Thimsemble. Using the half width of the line shape one obtains
is not the equilibrium single-domain structure, but because ol/(wA*)=7.97, in agreement with the direct evaluation
periodic boundaries the structures are frozen in a metastabfeom the sequences and the analytic re&tifthe reason it is
multidomain state. Since the calculated and measured strustightly smaller than 8 is that in the finite length model dis-
ture factors are very similar, we believe the simulated realiribution there is not quite sufficiently many very very thick
space patterns also correspond to the actual oxygen orderisgabs.
in the planes when taking into account the observed scale. In Ref. 52 the distributiorD(L) which gives rise to the
Analyses of the simulated 3D structures reveal that ther¢orentzian-squared line shape was derived for the dilute
is an almost perfect orderin@t low T*) of the structure in  case. It shows that a decrease of the probability of the nar-
adjacent planes in slabs of several planes thickness. Thergwest slabs is all what is needed to provide that line shape.
abruptly, an ordering of alternative domains sets in, and majased on this conclusion we reduced the probability of the
prevail for the next couple of planes. In other words, thepresence of a single isolated layer in the exponential distri-
simulations produce a pronounced slab structure stackesution (see Fig. 17, top panelThe middle panel shows part
along thec direction. Similar slab structures are found in the of a typical distribution of slabs. The picture is clearly domi-
plane, in particular in thex direction. Simultaneously, the nated by slabs around the directly calculated average thick-
line shape develops into a Lorentzian to a povpef 1. ness (L)=8.16. The absolute square Fourier transform
In order to interpret this we have made a simple 1D mode|F(g*)|? of an ensemble of 10000 such randomly different
with two space filling alternative domains: an in-phase dosequences is shown at the bottoi@learly, to demonstrate
main with a scattering length df(r)=1, at layerr and an these effects with a similar number of independent Monte

out-of-phase-domain with a scattering length at layeof
f(r')=—1. The thickness or length of the slabs are as-
sumed to be distributed exponentiall(L)=exp(—«L),
with an average lengtfL) (in units of lattice constantsThe
analytic result for this case was considered by Fiical>?
The Fourier transform is a perfect Lorentzian with a HWHM
of A*, plus a background. However, the half width is related
to the average length &k )=1/(7A*) lattice constantfi.e.,

not 1/(2wA*) as for the dilute cagefor A* in reciprocal-

Carlo simulations is outside numerical possibilitjes.per-
fect fit to the resulting line shape can be made with a Lorent-
zian to the powerp, where ¢=1.36 when, as shown, the
probability of finding a single layer is reduced by 25%. If it
is reduced by 50%, the fit is perfect with a powgs 1.86.
However, the relation between the HWHMT) and k,
and in particular the average length, is now more compli-
cated. For a Lorentzian raised to a powefor a space filling
distribution of domains, for whichS(q*)=1/(2«)?
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+g*2]?, one finds that ZA* =2«{2Y¢—1}'2 But the av- VIIl. CONCLUSION

erage length is underestimated usiagletermined directly With the introduction obneextra in-plane parameter, the
as above. For the distribution yielding the Lorentzian-AsyNNNI model, thus extended, is able to explain several
squared ¢=2), one finds? for x=1/8, that the average experimentally observed properties of the oxygen ordering in
length is twice as large asA/For the line shape in Fig. 17 YBa,CusOg,  that the original ASYNNNI model is unable
with ¢=1.36, we findA*=0.0735. If we naively use the to account for. In this work it is demonstrated that this re-
HWHM to determine the average slab thickness agA/), = mains true when a 3D interactions and other interactions are
we would obtain(L)wum=4-33. This is incorrect. It is only ~also included. The general influence Bh(l-1) of the value

about half of the actual thickness @f )=8.16 directly de- of the introduced new paramete¥s and Vs is calculated
termined from the distribution. analytically and numerically using a generalization of the

Both experimentally and in simulations, it is observed tha§ph0|er:c§|]happr:)x2|11atizn tot apply to the e;x(t)egg;ad'ASY:ﬂNNl
the linewidth does not change significantly belot, model. The introduced extra parametéy=0.02V, is opti-

. _ N . mal in explaining experimental observations, and is in accord
whereasy increases toward=1.5 neax=0.5, see Fig. 5. it the estimated interaction, based on a screened Coulomb
The above analysis indicates that this is a signature of Botential, wheread/s=0.04V, is too large. The effect on

disappearance of the thinnest slabs, simultaneously with agx ) of possible interactions to more distant neighbors is
increase in the average thickness of about a factor of 2. Withsg|cylated using the spherical approximation. The effect is
out a knowledge of the actual distribution functions, it is notgmga|| and can be included in effective values 5. Their
possible to make a more precise statement. effect on the structures can be neglected because it would

The above interpretation of deviations from Lorentziangccur at such low temperatures that the slowing down of the
line shape is quite different from the Porod argument, Whicrbxygen diffusion prevents a realization in YR,0q. , as
arises when assuming a random distribution of equal siz@lready discussed by de Fontaieteal 2°
(low density circular or spherical domains, a picture not We conclude, in agreement with Ref. 1, that the present
supported by the simulations. The domain structure in thaimple fixed parameter model does account for most of the
simulations is similar to the above assumed space-filling boxbserved short-range order phenomena. This indicates that
model, and this gives structure factors in agreement withhe inherent disorder in the oxygen structure, which is al-
experiments. Therefore, we conclude the Porod model is navays observed in YB#&u;Og., may not be driven by the
likely to be relevant for YBCO, which rather has stripelike electron transfer between the Cu@nd CuQ planes. More
and slablike domain structures, as can be seen in the simgimply, we suggest that the variation in the copper valence is
lated snapshots. Because the YBCO domains are box shapefictated by the disorder given by the oxygen interactions in
an integration in one directiofi.e., thel direction does not YBa,Cu;O4,,. This conclusion is in agreement with the
change the line shape and hence the expomeriVe can lack of experimental evidentefor the predicted peak split-
conclude that both our 2D and 3D simulations are in agreeting as a consequence of a finite chain length distribuffon.
ment with the experimentally found line shape with exponentwe do not claim that the effective paramet¥isare strictly
dexpr= 1.45+0.06 forx=0.5. The line shape and the devia- independent off andx, only that qualitative effects of this
tions from a Lorentzian shape is not a unique indicator of thevould be still more difficult to find in the structural data. The
local structure. The domain structure of YBCO is most likely present study gives a more direct insight into the chain
not given by simple models, but is similar to that demon-length distribution than the count of various valence Cu ions
strated by the snap-shots obtained by the present simulationsbtained by NMR experiment§.

The experimentally determined HWHNRef. 13 at room The simulated phase diagram of ordering versus oxygen
temperature T* =0.055) are Ah*=0.050, Ak*=0.022, filling x and temperature is in good agreement with the ex-
Al*=0.26 in reciprocal-lattice units, fox=0.4. The line perimental observations fax=0.4. In the model a fairly
shape is not Lorentzian, but has>1. This is, following the  symmetrical behavior is found for<0.5 andx>0.5. How-
above analysis, consistent with boxlike domains with the avever, in the experiments the intensity becomes too weak to
erage dimensions of about (@830 X2c). At x=0.5 the allow the observation of any sign of order fak0.35. It
average length in the direction is 1@ at T=375 K, in-  should be pointed out that the simulations can account for
creasing to~30a at lower temperatures; cf. Fig. 5. Such some but not all of the gap between the onset of the ortho-I
domain sizes can easily be fitted into the twin domain strucand ortho-Il order, as observed»at 0.5. Theory and simu-
ture, which is caused by strain effects. This substructures thiation indicate that the large gap is related to very strong
crystals in perpendiculaa and b domains on a mesoscale correlation effects in and between patches of parallel and
about ten times larger. Experimentally it is found fer perpendicular chains. This is not fully understood, and pro-
=0.5, that the linewidth, and hence the degree of orderingyides an interesting challenge for further theory or simula-
depends on the purity of the sample and the sample prepartens.
tion. The more perfect samples have larger short-range or- The domain structure is found to be roughly boxlike, in
dering. For othei values we expect this dependence to beparticular in the directions perpendicular to the chains, i.e.,
smaller because of the inherent oxygen disorder. The relativalong thea andc axes, and with a more diffuse termination
size of the short range order at the variougalues may be along the chainsk{ direction. Based on the understanding
judged from the line widths obtained in the simulations; seebtained in the present work and the experimentally deter-
Fig. 1. mined line widths and shapes at0.4!% the domains in
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YBa,Cu;Og. , at low temperatures are estimated to have avshape. This is radically different from the Porod model. The
erage dimensions of (4 30b X 2c). We have found agree- physical basis for this is not supported for Y&asOg .
ment between the simulated and measured line shapes &gcording to the simulations,

temperatures where oxygen diffusion becomes very slow.

This makes it plausible that the corresponding simulated real
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