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Dynamics of oxygen ordering in the cell-doubled phase of YBsCu 304,

P. J. Kundrota$, E. E. Tornau, and A. Rosengren
Department of Theoretical Physics, The Royal Institute of Technoleghg®44 Stockholm, Sweden
(Received 25 March 1996

The dynamics of domain growth, related to oxygen ordering into the cell-doubled orthorhombic phase of
YBa,Cuz0¢.,, Was studied. The growth, described using Monte Carlo simulations of the asymmetric next-
nearest-neighbor interaction model without impurities, after annealing and quench from finite temperatures is
found to be different at early and late times. At early times of domain growth a growth exposdhg5 is
observed for both nearest-neighd®dN) and next-nearest-neighbor diffusion ane-0.15 for NN diffusion
only. At late times the growth behavior is very close to taghich is related to the anisotropy of the O-Cu-O
chains. The growth dynamics in the case of a small amount of cation substitutional impurities supports the idea
that the logarithmic behavior is an intrinsic property of the model chosen and depends very little on impurities.
[S0163-182806)07330-4

I. INTRODUCTION boundaries, dislocations, or even a rearrangement of the oxy-
gen atoms were mentioned.

The time evolution of a system ordering towards equilib- In this paper we study numerically whether an oxygen
rium is an interesting problem of statistical as well as con+earrangement in the pure or slightly cation substitutgd O
densed matter physics. The dynamics of domain growth fophase can be considered as the cause of RFE. We want to
the Ising model, for instance, was thoroughly investigated byanswer the question if the RFE are an intrinsic property of
many authors(see, e.g., Refs. 134 These studies were such a complex anisotropic model, which is used to describe
mostly restricted to the isotropic systems. The extension tthe oxygen ordering in YBgCu3;O4., or if the RFE are
anisotropic systems is highly motivated for the following caused by the impurities. The dynamics of domain growth is
reason: there are compounds which exhibit ordering govstudied for a system which is quenched from temperatures
erned by a strong anisotropy. Oxygen ordering in the higtcorresponding to the tetragonal phase of the compound down
temperature superconductor YB2u;Og, , is a typical ex- to temperatures below the transition point to thg ghase.
ample of such a process. The modelling of oxygen ordering in YB&u3;Og., . IS USU-

The structure of this compound depends on the concerally performed using the asymmetric next-nearest-neighbor
tration x and order of the oxygen atoms in the basal planeinteraction(ASYNNNI) modef which exhibits a rich phase
The main orthorhombic structure of this compound, the so{T,x) diagram® With the inclusion of an extra longer-range
called Q phase with stoichiometry= 1, exhibits long-range term this model demonstrates a variety of phase transitions,
order(sharp Bragg peaksContrary to what is found for this comprising first-order transitiohs and even transitions to
phase, sharp Bragg peaks do not emerge at the superstructimeommensurate phas¥s.
positions of the other orthorhombic low-temperature
phases~’ The O, phase with stoichiometry=0.5 and the Il. THE MODEL
0,, phase with stoichiometrx=0.67 demonstrate short- _ o
range order and quasi-two-dimensional character of their or- The ASYNNNI lattice-gas model has the Hamiltonian
dering into O-Cu-O chains along tleaxis. The correlation
lengths along the main axdgiven in units of lattice cells Ho=v12, nikn}Jrvz > nikn}(Jrng nikn}
obtained by neutron and x-ray diffraction studies, are NN NNN NNN
£,=10.2, £{,=445 (x=0.5) (Ref. 6 and £,=5 and
£,=19 (x=0.77) (Ref. 7 for the O, and the G, superstruc-
tures, respectively. _(“+6)Ei ny, @

It was demonstrated in an early Monte CaC) study?
of the oxygen ordering dynamics of YB&u3;04_ , thatthe  wheren;=0, 1 is the occupancy number of the oxygen site
excess energy decreases with time according to a power lawin the basal CuQ plane of 123. Here the sums run over the
However, in a recent x-ray diffraction study by Schlegersets of nearediNN) and next-neareSNNN) neighbor oxy-
et al.® it was found for thex=0.5 sample that the domain gen sites of thek, |=0(1);, O(1),, and @5) sublattices,
growth only in the beginning follows the Allen-Cahn power- u is the chemical potential, anglis the site binding energy.
law behavior. At later times the domain growth was found toWe use the crystallographic notation for the oxygen atoms,
be logarithmic in time below the phase transition to thg O taking also into account that, in the Ophase, the Q)
phase. The idea was therefore raised that random field effecgsiblattice splits into two sublattices. Note, that if we have to
(RFE) are responsible for the short-range order of thg O consider chains running along tlzeaxis as well, as in the
phase. As possible causes for the RFE(ICahain-site sub- case of Cu substitutionsee the Sec. I} the Q5) sublat-
stitutional impurities, strain fields arising from twin domain tice too splits into two sublattices, (8); and Q5),. The

(over Cu
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FIG. 1. The basal plane of YB&u;Og¢.,, with different sub- e o

lattices and constants of interaction demonstrated. Oxygen sites of e O s O ? O 9 0 ? O Q O ? 0 Q
the Q1); and 1), sublattices are shown by the open circles, b4 a Q =) e O Q O e O Q O 4 O ¢
oxygen sites of the ), and Q5), sublattices by open squares, 05500259229 :.9,29.
and copper atoms by small filled circles. S %9 ®
o009 090 ®
sublattices and the interaction constants of the oxygen atoms O e O e O e O e

are shown in Fig. 1. The ground state of the ghase corre- (©)

sponds to fully occupied @), and Q1), sublattices and a
vacant O(5) O(5),+O(5), sublattice,Co(1), =Co(1),=1, FIG. 2. Three types of interfaces in a late stage of domain

Co(s)= 0. HereCkZ(n:‘) are the sublattice oxygen concentra- growth. The symbols are the same as for Fig. 1. Additionally, large
tions. The ground state of the Ophase x=0.5) corre- filled circles represent occupied sites of thélQ and Q1), sub-

sponds tocqq), =1 andcgo;y. =Cos=0. The total oxygen lattices.
O(1), o(1),~ Lo(s)

content of the Cu@ plane IS 0, phase transition T/v;=0.15) and then perform

x=(Co(1), * Co(1), * 2Co(s))/2- quenches into the Pphase down ta/v;=0.1, 0.07, and
The ASYNNNI model(1) with attractivev, and repulsive  0.05.

v, andv interactions, gives al(,x) phase diagram contain- Our simulations were performed using Kawasaki dynam-

ing the experimentally observed structufgstragonal, Q@ ics for a square lattice of the size ¥$44. To make sure that
and Q; (Ref. 10]. In the present study we use the values ofour results are not caused by finite-size effects, some simu-
the interaction constants obtained by Sterne and Wiltem  lations were also performed for the 12828 lattice. The
first-principles calculationv;=4358 K,v,/v;=—0.35 and annealing time for the system with randomly chosen initial
v3/v,=0.16. For this set of interaction constants the maxi-oxygen arrangement was 5000 MCS/site.
mum of the Q, phase in the phase diagram is at For the case of NN hopping only we conclude the simu-
T/v,=0.126 andk= 0.5, and the room temperature section islation after 5< 10° MCS/site. For the case of both NN and
correspondingly af/v,=0.07. NNN hopping the time required for the system to reach equi-

We study here the dynamics of oxygen ordering in thelibrium is about one order of magnitude shorter. In both
ASYNNNI model for oxygen concentrations correspondingcases the ordering due to the disappearance of the oxygen
to the Q, phase x=0.5). Similar calculations were per- atoms in the @) sublattice is found to be fast, and this
formed in Ref. 8, where the system quenched from infinitesublattice becomes almost empty during the time of anneal-
temperatures to temperatures well inside the ghase was ing. The occurring domains are related to ordering in the
studied. These simulations were carried out assuming thaublattices @L); and Q1),. Snapshots of possible types of
oxygen atoms diffuse via hopping over NN and NNN sites.domain walls are shown in Fig. 2. These walls are caused by
In that study the initial growth of domains was explored, i.e.,a two-fold degeneracy of the Ophase when the B) sub-
the process while the ©) sublattice still is occupied. The lattice becomes empffthe system is fourfold degenerate be-
exponent describing the growth of the linear size of a domairore). The domain wall is caused either by two neighboring
was found to ben=0.25-0.35 for the @ phase. occupied(or empty O-Cu-O chains belonging to different

In view of the basal plane interactions, oxygen diffusionO(1) sublatticeqg see Fig. 2a) and 2b)] or by the interface
by means of NN hopping only is the most probable. Theshown in Fig. Zc).
simulations in this case are time consuming and sometimes To reduce the effect of fluctuations, which might occur
the system gets “locked-in” in a metastable state with verywithin a single MC run, the calculated parameters were av-
slow kinetics of the domain walls. In this paper we study thiseraged over different runs. For each quench temperature 20
type of oxygen diffusion as well and compare it to that whichruns were performed. Three typical sets of the time depen-
allows also for hopping of the NNN oxygen atoms. In orderdence of the @), and 1), sublattices oxygen concentra-
to describe the experimental ddtaie anneal the samples at tions are shown in Fig. 3. For calculations restricted to NN
finite temperatures somewhat above the tetragonal to thieopping only the number ofa)-type runs varied from 9 to
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FIG. 4. Semilog and log-log plots of the time dependence of the

FIG. 3. Three typical time dependences of the order parameteexcess energga and &), the order parameter of the,(phaser (b
of the Q, phasei(a) successful(b) intermediate, an¢c) locked in.  and b'), and the average length) of the O-Cu-O chairic and ¢)
Time is given in MCS/site. obtained for NN hopping only. The curves correspond to quench

temperature§/v,=0.05(1), 0.07(2), and 0.1(3). For clarity the

12. The numbers of “successful(a)-type and “unsuccess- curves are shifted with respect to each other along the vertical axis.
ful” (c)-type runs were almost equal depending, thoughrhe arrows mark the crossover time from power-law to logarithmic
weakly, on quench temperatures. About 2—3 runs were of theehaviort,.
intermediate(b) type when domain evolution is suspended

for a time interval of 1-X 10° MCS/site. Almost all of our IIl. RESULTS AND DISCUSSIONS

runs for the case of l.)Ot.h NN and NNN hoppir_1g were ‘“‘suc- A. No impurities

cessful.” This analysis is important to determine the behav- , , )

ior of domain growth(see discussion in Sec. lI)A The results of our simulations for NN hopping only are

A main characteristic of domain evolution with timés ~ Presented in Fig. 4. The results for NN as well as NNN
the excess energy of the syster&(t)=E(t)— E(x), where ~NOPPiNg are shown in Fig. 5. _ o
E(e) is the equilibrium energy. Another important param- '€ Process of domain growth is found to be quite differ-
eter is the average length of the O-Cu-O chaiils, which is gnt at early and late times. At ea.rly times of domain dynam-
a measure of the linear size of a dom&fFor exponential €S the growth exponem~0.25 is observed for both NN

domain growth the following relation is valid and NNN hoppingtime interval up tot,~1000 MCS/sitg
andn~0.15 for NN hopping only(up to t.,~30000 MCS/

(Y~ (AE) " 1~t", (2)  site) for the quenches td/v;=0.1 and 0.07. For quenches to
0.05,n is approximately 0.22 and 0.10, respectively. These

where the growth exponemt depends on the nature of the results are obtained faxE and 7. The exponents fofl ) are
domain walls. For studies of domain growth in the 10% lower. Herd,, defines the crossover point above which
ASYNNNI model also the order parameter of thg Phase domain growth starts to demonstrate a behavior very close to
7= Co(1), ~ Co(1), is introduced. If multiplied by the linear
size of the MC lattice, it gives an effective linear size of the
domains characteristic to the,(phase. An analogous pa- 0.04 | 1-15¢
rameter was first introduced for a lattice-gas model with re- aE \ o0l
pulsive NN and NNN interactions by Sadiq and Bindét. 2 ’
was shown in that paper that relatit®) with (1) substituted 000 T @ 125 @

/

3

by such an effective domain size holds quite well for b 1 (b,)’ 3 a
Glauber dynamics, but is not always satisfied for Kawasaki 1o © | 2.1 097 T
dynamics. The parametey, however, has a meaning only Y os ! l el / |
(1) for the case of the “successful” runs described in Fig.
3(a), and(2) when the @5) sublattice is already empty. 0.0 - ‘ L4710~ ‘ .
The condition(1) is almost always satisfied for NN and 08 (0 3"‘:’“ 4 00r (@ ]
NNN hopping and for approximately half of the runs for NN ;5 | // . | st v
hopping only. Thus, the results fax(t) growth for the latter 04 '
type of diffusion should be obtained by averaging over “suc- 00 - / 1 40t i
cessful” runs only. The consequences of an inclusion of 10° 0 10" 10 10° 10°
“locked-in” runs in the average are discussed below. At late t ¢t

stages of domain growth conditid®) is always satisfied in
our calculations. FIG. 5. Same as in Fig. 4, but for NN and NNN hopping.
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logarithmic. Straight lines for>t., are best seen in the semi-
log plots of Figs. 4b) and 5b). They are not so pronounced
in the time dependence of the excess energy @nhdThe
te point might be determined also from a Rglogt plot, 16 j
where R=(l), or (AE)"!, as the intersection of the
straight line with a slop@ at earlier times with the curve at
later time which has its slope decreasing with time charac-
teristic to a logarithmic behavior. As might be anticipated,
the lower the quench temperature the later the system
reaches the logarithmic behavior. a

The transition to the late-time regime is related to the fact -2.0 | i
that the @5) sublattice becomes empty and all interfaces
occurring due to the existence of O-Cu-O chains along dif- b
ferent directions vanish. The system turns out to be highly w -
anisotropic in the sense that only the chains alongbtlagis 10 10 10 10
are left. Thus, only the three types of interfaces shown in t

Fig. 2 are observed far>t,. FIG. 6. Difference in time dependence of excess energy for NN

di The domain gfrozvth' fortf>tcr IS frelgte(; to hthe.gra%ual hopping obtained by averaging over all possible ri@sand by
Isappearance of the _|nt_er aces of Fig. 2. T € time eperHveraging only over successfiffig. 3(@] runs (b). Quench tem-
dence of the characteristic parameters of domain growth an ratureT/v,=0.1.

the t;,, dependence on quench temperature are qualitatively
very similar to the time dependence of the correlation lengt
obtained in the x-ray diffraction study of YB&u3O¢ 5 (Ref.
6): an early-time power-law growth with a transition to a
late-time logarithmic behavior. However, for the power-law
regime we find much lower values of especially for NN

hopping 6 only, than what Allen-Cahn growth gives Fig. 2) due to the existence of chains perpendicular to each
(n=172). . . . other. We have also performed simulations for NN and NNN
An obvious difference between our results obtained fot,,inq for quenches from infinite temperatures. We find
NN and N.NN and NN hopping only is th_e time scalt_a, wh|c_h that the @5) sublattice is occupied considerably longer than
clearly shifts due to the slower NN hopping only. This factis, yhe case of finite-temperature annealing. However, after
reflected, e.g., in the timig, at which the logarithmic behav- o qenjetion of this sublattice€t,,) both systems behave

ior of growth parameters starts. Note, however, that the timgyeically (Fig. 7), both demonstrating a logarithmic behav-
interval of logarithmic behavior in a logarithmic scale is al- ior. As might be seen from Fig. 7, the growth behavior is

thSt ;hﬁ samIeA_Iog(t)~C|).8_ for bo;_?f types of diffusion,  yitterent for the two cases in the early stage<t.,): for

though the real time scale is very ditferent. quenches from infinite temperatures a growth exponent
A”_O”“?f Important dlﬁerence_ between the two types of, _q 55 for very early times is followed by~0.35-0.4 in

hopping is observed by comparing the excess enw@ghe accordance with Ref. 8, while for quenches from finite tem-

parametek|)) for NN hopping only obtained by averaging erature the exponem~0.25 holds all the way up to
over all possible runs and by averaging only over successflﬁ

runs (see Fig. 8 There is no difference at early stages. It

turns out, however, that the late stage logarithmic behavior is ‘

less and less evident if more and more lockedRig. 3(b)

and 3c)] runs are included in the average. This fact allows a

us to make an important distinction between the results for -15 ¢ .

NN and NNN hopping(successful runsand only NN hop-

ping (partly successful runsif NN hopping only best de-

scribes the dynamics of oxygen ordering in the basal plane of 4

YBa,Cu;04.,, then the late-stage logarithmic behavior

might be questionable. Of course, it might be argued that all

runs are successful in the sense that sooner or later the pa-

rametery would start to grow if one just waits long enough.

But the average would anyhow not show logarithmic behav-

ior. On the other hand, if there would be some supporting

evidence for both NN and NNN diffusion in YB&u3;0

6+« (if, €.g., the oxygen vacancies in the neighboring BaO 25

planes would mediate such a type of diffusidhen our re-

sults would clearly point to a late stage logarithmic behavior

of domain growth. FIG. 7. The difference in excess energy for quenches to
Taking the anisotropy in the late stages of domain growthr/y,=0.07 from “infinite” (a) and finite,T/v;=0.15,(b) tempera-

and the differences of the two types of diffusion into ac-tures. The simulation is performed using NN and NNN diffusion.

53]
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r%ount, we can only speculate why the logarithmic behavior
was not seen for the quenches from infinite temperature.
According to Poulseret al.? in the latter case the oxygen
atoms in the @) sublattice remain in their positions for very
long times, creating therefore extra interfa¢est shown in
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t=t,. The change frorn~0.25 ton~0.35-0.4 might be 0%
understood from how the ) sublattice disappears. This _02 7
sublattice splits into two sublattices(8); and Q5),, and 02%

the disappearance of the(%), aftert~1000 MCS/site cor- 0.4 %
relates with the change af, while the following disappear-

ance of the @) ; aftert~2000 MCS/site—wittt, (here the 1.0 %
numbers are approximate and given for NN and NNN diffu-

sion). For a quench from finite-temperature boti5Psub- 0.6 | 20 %
lattices disappear very fast. Thus, the most probable reason

why the logarithmic behavior of the growth parameters was

not noticed for the quenches from infinite temperafuie,

that the system in that case was not “sufficiently” aniso-
tropic: the @5) sublattice was not empty and the “locked-

log,, <>

in” runs, shown in Fig. &), dominated the average. It -1.0 —5 3 ‘4 =
should be noted, that this was not the case for our simula- 10 10 10 10
tions of domain growth for NN and NNN hopping. t

Comparing the time dependences of the two parameters
characterizing domain sizél) and », some differences are

found. At late times, when the occupancy of th¢SDsub- diffusion and quench temperatur€/v,=0.07. For clarity the

Iattllce IS zero, the order parametersaturates.to almogt 1.’ curves are shifted with respect to each other along the vertical axis.
while the saturation value of the average chain length is lim-

ited to 0.6—0.7 of the linear size of the lattice. The reason . Gt .

why there is an incomplete saturation of the order parametefQUr-coordinated as Cu, Al*" prefers a sixfold oxygen

is found from an analysis of the snapshots. It happens at lafePerdination. This fact can be considered in our model in a
stages of chain growth that a short chain in sublatticeV@y described in Ref. 14: the site binding energy of an oxy-
O(1), will be locked between two “infinite” chaingi.e., the ~ 9€N atom,e, depends on its aftractive interaction Wlth the
ends of these chains are connected by the periodic boundapgo closest metal atoms. To get a higher coordination of Al
conditions in sublattice @1);. Due to the interactions im- t an that of Cu, it is reasonable to assume that the site bind-
posed in our model, the oxygen atoms of such a short chailfd €nergy of oxygen next to Ak, , is much larger than

might move only along the channel created by the two “in-cu: and thate,>|v,|. We takeea /|v| =5.
finite” chains, break up “their” chain and then stick again  After what was found for the pure ASYNNNI model, we

together. The probability for an “infinite” chain to break up 2nticipated that the effect of impurities in a small amount
(and allow for a short chain to dilute 9us in this case very (Which means that the pphase is not yet destroyethight
low. This locking might change the value ¢f) consider- Cause the disappearance of the late-time logarithmic behavior
ably, though the saturation threshold for the parametés of the growth parameters. There were two reasons for that.
still around 0.95. Thus, for later times is a better charac- First, the introduction of impurities leads to the formation of
teristic of the average linear size of the, @hase domain, Cchains, directed along both tieandb axes and intersecting
since(l) describes the length along the preferentiadxis, each other at an impurity sit8.Second, with an increasing

- L ; ; t of impurities, we expected that most of our runs
neglecting the length of the domain in the perpendicular di2mMeun : _ St O
rection, while effectively describes the average size of thewould be of Fig. 8c) type which blur the logarithmic behav-

- . . ior. Both factors would destroy the anisotropy needed for the
growing O, phase domain. However, for early times, when'©" .
the Q5) sublattice is still occupied, the average length of aocgrur:renﬁ_e c.’f the”RFE in the ASYNNfNI m?:(jel.g h h
chain(l) takes the chains existing in all sublattices into ac-. atthis Is really the case Is seen from Fig. 8, where the
count. The parametey describes only changes in the sub- time depen(_jenqe OT the average length of Fhe dqmam for NN
lattices @1), and Q1) . Thus, for a description of thever- and NNN diffusion is presented for the Al impurity concen-
all growth dynamics at early stages, especially for system

gration, Cal» Up to 2%. The cusp at, =0, which is the
quenched from very high temperatures, the paran{édior manifestation of the logarithmic behavior, disappears for
equivalently AE) '] is more appropriate than.

FIG. 8. Log-log plot of the time dependence of the average
length obtained for the model with impurities for NN and NNN

|3+

small values ot (0.2, 0.4%. However, forc,=0.5% it is
seen that the curves start to bend again at late time implying
a new type of behavior. It thus looks like a very small
B. The effect of impurities amount of impurities destroys the RFE, which are due to the

Here we study the possibility that RFE might occur due toanisgtropy of the mode. Impu_rities in larger amount, though,
are likely creating RFE of their own. However, we could not

the substitution of Cu in the basal plane by a cation with &~ : . . .

higher oxygen coordination. We rely on an experimental ob-Verlfy t_h|s assumption, since fmA'BZ% domain growth
servation that in YBaCusOs. , (especially that grown in Al dynamics starts to be very complicated.

crucibles impurities are present at the basal plane copper

positions. The concentration of these impurities even in a CONCLUSIONS
high-purity single crystal can be around 0.£%or our cal-
culations we choose small amounts of Al impurities. In summary, simulations of oxygen ordering dynamics for

The attractive interaction between Al and O ions is strontwo types of diffusion(NN hopping only and both NN and
ger than that between Cu and O, therefore, contrary to beinfNN hopping were performed for the { phase of
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YBa,Cu;04., 4 using the ASYNNNI model. It is found that fields, a small amount of impurities destroys the anisotropy,
the domain growth dynamics of this system is different atthe main cause of the random field effects in this system. It is
early and late stages. At early stages the domain growtfurther found likely that higher concentrations of such impu-
could be described by growth exponents which are found teities cause random fields of a different nature.

be different for the two types of oxygen diffusion. At later
stages a transition to a logarithmic behavior of the param-
eters characterizing the domain growth is observed which is
caused by the anisotropy of the O-Cu-O chains. This might
be the reason of the random field effects observed experi- This work was supported by The Swedish Natural Science
mentally for YBa,Cu3O045. The effect of impurities with  Council and partly by Grant No. LHT 100 from The Inter-
higher oxygen coordination than copper is shown to be difhational Science Foundation. P.K. is indebted to the Knut
ferent than in other systems: instead of creating randonand Alice Wallenberg Foundation.
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