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Dynamical Scaling of Oxygen Ordering in YBa2Cu307 —h
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Computer simulation on a two-dimensional anisotropic lattice-gas model of oxygen ordering in high-
T, superconductors of the YBa2Cu307-& type shows that the ordering dynamics obey algebraic growth
laws which are diAerent in the ortho-I and ortho-II phases. It is possible to relate this dynamical scaling
behavior to a similar scaling in the experimentally observed temporal variation of the superconductivity
transition temperature, hence suggesting a specific coupling between the coherence of oxygen order in
the basal Cu-0 planes and the superconducting state.
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Dynamics of nonequilibrium ordering processes in

condensed matter is a general area which has proved of
fundamental interest because of the substantial theoreti-
cal and experimental evidence which points towards a
description of the dynamics in terms of temporal scaling
invariance and universality. ' Nonequilibrium ordering
processes are widespread in nature. Among the more
well-known examples are phase separation and spinodal
decomposition, order-disorder phenomena, and grain
growth. Theoretically, ' the description of such phenom-
ena is extremely dificult due to inherent far-from-
equilibrium conditions. Experimentally, the major part
of the information available derives from three-di-
mensional systems. However, progress with high-
resolution, time-resolved spectroscopy has recently pro-
vided dynamical data for low-dimensional systems,
specifically concerning ordering processes in adsorbates
on solid surfaces.

The purpose of the present paper is to point to a class
of systems, high-T, superconductors of the YBa2Cu3-
07 —$ type, as being interesting candidates for studying
the dynamics of two-dimensional ordering process. First,
we show by a specific model calculation of the dynamics
pertaining to the oxygen ordering in the basal Cu-0
planes that this ordering process obeys dynamical scaling
as characterized by an algebraic growth law

R(t) —t",
where R(t) is a time-dependent linear length scale of the
ordered domains. The growth exponent n is found to
have a characteristic dependence on whether the order-
ing is of the ortho-I type (n=0.50) or of the ortho-II
type (n =0.25-0.35). This dependence may be rational-
ized in terms of well-known phenomenological theories
of domain growth, provided the nature of the domain
walls are taken into account. Second, we show by a sim-
ple reanalysis of existing experimental data for the tem-
poral variation of the superconducting transition temper-

ature, T, (t), of YBaqCu3064i subsequent to a quench
into the ortho-II phase that the equilibrium transition
temperature, T, (T) =T, (t ~), is approached alge-
braically as

aT, (t) =T, (T) —T, (t) -t ™, (2)

where m=0. 5=2n. Hence, AT, (t) —R(t); i.e. , the
transition temperature scales as the area of the coherent
two-dimensional oxygen order in the ortho-II phase.
Our theoretical predictions for the ordering dynamics at
different compositions suggest that it would be of great
interest to perform quenching experiments systematically
as a function of oxygen content to further test the scaling
property and to examine how this may be used as an in-
dicator of the relation between the morphology of oxygen
order and the superconductivity.

Our numerical simulations are based on the locally an-
isotropic two-dimensional lattice-gas model proposed by
Wille, Berera, and de Fontaine to describe the oxygen
occupancy and ordering on a square lattice in the basal
Cu-0 planes of YBa2Cu307 —~. This model has been
used successfully to describe a variety of thermodynamic
equilibrium and nonequilibrium data for this material.
The effective Hamiltonian of the model is given by

NN NNN(QU) NNN

P = —Vi g nn~ —Vq g nn~ —V3 g nn~, (3)

where n; =0, 1 is an occupation variable and Vi is the
nearest-neighbor (NN) interaction strength. Interac-
tions between a pair of oxygen atoms at next-nearest-
neighbor (NNN) sites are given by Vz or V3 depending
on whether or not the pair is bridged by a Cu atom. The
oxygen concentration is given by c =(n;) =(1 —8)/2.

%'e are going to focus only on the physically relevant
case, V2 & 0 & V3 & V i, and oxygen concentrations
c ~ 0.50. This choice of parameters leads at low temper-
atures to a strong tendency towards creation of diagonal
CuO chains and chains of vacant oxygen sites, in effect
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FIG. 1. Log-log plot of the excess energy hE(t) vs time
(given in units of MCS/S) for quenches to diff'erent tempera-
tures, kaT/V~, in the ortho-II phase. The oxygen concentra-
tion is fixed at c =0.25. Inset (a): The structure of the
ground-state oxygen ordering in the ortho-I I and ortho-I
phases (Q, oxygen; S, copper). Inset (b): The phase diagram
of the model in Eq. (3).

making the structure and dynamics inlluenced by one-
dimensional eff ects. The phase diagram is shown
schematically in inset (b) of Fig. 1. The diagram con-
tains a high-temperature tetragonal phase and two low-
temperature orthorhombic phases, ortho-I and ortho-II.
At c =0.50, the ground state is a simple twofold-
degenerate structure consisting of alternating filled and
vacant chains of oxygen sites. At c=0.25, a fourfold-
degenerate structure is stable with three vacant chains
alternating with one filled chain. The oxygen ordering of
the orthorhombic phases is illustrated in Fig. 1. At non-
stoichiometric concentrations phase separation does not
occur. Rather, chain-diluted versions of the ortho-I
structure of chain-diluted versions of the ortho-II struc-
ture are prevalent. Fitting the interaction parameters,
via an equilibrium Monte Carlo calculation, to the re-
cently reported neutron powder diffraction data of An-
dersen, Lebech, and Poulsen ' we have obtained the pre-
liminary values —V&/ktt =4300 K and (V2/V&, V3/V])
=(—0.36,0.12). This set of values, which will be used
throughout the present paper, leads to transition temper-
atures to the tetragonal phase around —0.55V~/ktt and
—0.13Vt/ktt for c =0.50 and c =0.25, respectively.

We have performed Monte Carlo simulations of
quenches from infinite temperature to different tempera-
tures well inside the ortho-I and ortho-II phases for
different fixed oxygen concentrations. The dynamics is
described by a density-conserving Kawasaki algorithm
involving isotropic NN and NNN vacancy-particle ex-
change. The time t is measured in Monte Carlo steps

FIG. 2. Log-log plot of the excess energy hE(t) vs time (in
units of MCS/S) for quenches into the ortho-II and ortho-I
phases at different oxygen concentrations c as indicated in the
figure.

per site (MCS/S). The simulations are carried out on a
variety of different lattices sizes, LxL, L =100, 180,
260, and 400, in order to eliminate possible size effects.
The results reported below are believed to be size in-
dependent. To monitor the rate of growth we have cal-
culated the temporal evolution of the excess energy,
AE(t) =E(t) —E(T), where E(T) is the equilibrium en-
ergy. As a measure of the total length of the domain-
boundary network, AE(t) is expected to scale as an in-
verse linear length scale, " AE(t) —R(t) '. To check
this relation we have in some cases also used a length-
scale measure, R(t), derived from the full domain-size
distribution function.

The evolution of the excess energy as a function of
time at c =0.25 is shown in Fig. 1 for quenching temper-
atures —ktt T/V~ =0.09, 0.07, and 0.05. For the temper-
atures 0.07 and 0.05 we find an algebraic growth behav-
ior with growth exponents n =0.27(3) and 0.28(3), re-
spectively. The corresponding result for R (t) is
n =0.27(3) and 0.28(3). For the higher temperature of
0.09 we find a transient of n =0.28(3) in the decade
from t =100 to 1000 followed by a crossover to a late-
stage value of n =0.37(4). To further elucidate the tem-
perature dependence, several simulations with low
quenching temperatures are performed. For tempera-
tures below 0.04 we find fairly low exponent values
which may be attributed to crossover effects, since for
quenches to T =0 the system freezes in and gets trapped
in a metastable domain state. At c =0.50 and for inter-
mediate temperatures, asymptotic exponent values of
around n =0.47(3) are observed over several decades.
As an example, the relaxation of excess energy for the
temperature —ksT/V~ =0.27 is shown in Fig. 2 (lower
curve). The growth exponents found for both c=0.25
and 0.50 are robust to the specific values chosen for the
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interaction parameters Vq and V3.
To investigate the dependence on concentration of the

growth dynamics we have performed simulations at con-
centrations c =0.205, 0.28, 0.45, 0.48, and 0.5. The cor-
responding relaxation of excess energy is shown in Fig. 2.
Simulations for quenches into the ortho-II phase are per-
formed at a constant temperature —kqT/V~ =0.07, es-
timated to be close to room temperature, while quenches
into the ortho-I phase are done at temperatures roughly
corresponding to half of the pertinent orthorhombic-to-
tetragonal transition temperature. In all cases the
growth data conform to algebraic growth laws with
asymptotic exponents of n =0.28(3), 0.29(3), 0.51(2),
0.45(3), and 0.47(2) for the series of concentrations list-
ed above. The results for quenches into the ortho-I
phase are obtained using only NN particle hopping.
Corresponding sets of data for both NN and NNN hop-
ping all gave effective exponents of n=1.2 for times up
to t =1000 MCS/S except from the c =0.50 case, where
n =0.47(3). We attribute these anomalously high ex-
ponent values to transient coalescence effects. ' We con-
clude that the ordering dynamics is little affected by con-
centration variations within hc =0.05 of the stoi-
chiometric values of c =0.50 and 0.25.

The different algebraic growth laws and the associated
exponents found for oxygen ordering dynamics in the
ortho-I and ortho-II phases may be rationalized within a
general theoretical context. Except for the well-known
effect of freezing in at low temperatures caused by me-

tastability and thermal activation, '' the coherent pic-
ture which emerges from the results in Figs. 1 and 2 is

that the ordering dynamics in the ortho-I phase is de-
scribed asymptotically by an exponent n=0.50 and in

the ortho-II phase by an intermediate-time exponent
n=0.25 with a tendency to a crossover to n=0. 35 at
late times. The dynamics in both phases is characterized
by a nonconserved order parameter. Hence one would

expect the Lifshitz-Allen-Cahn growth law with n =
& to

apply. ' This is consistent with our findings in the
ortho-I phase. In the ortho-II phase, however, the lower
asymptotic exponent as well as the intermediate-time ex-
ponent are more in accordance with the theory for spino-
dal decomposition (conserved order parameter) ' or for
phase separation involving phases of different densities. '

These latter phenomena are both governed by long-range
diffusion processes and hence covered by a Lifshitz-
Slyozov growth law' with n = —,'. By inspection of the
different types of domain walls which characterize the
ortho-II phase we find that in the late-time regime a
dominant component of the domain-wall network con-
sists of walls with excess or deficit local oxygen density.
As first pointed out by Sadiq and Binder, " the annealing
of such a network requires transport of material over
large distances. It may therefore be argued that the
Lifshitz-Slyozov exponent should apply. This is indeed
consistent with our results for the asymptotic exponent.
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FIG. 3. Log-log plot of the relative variation, AT, (t) in Eq.
(2), of the superconducting transition temperature in YBaq-
Cu3064[ as a function of time (in units of min) shown as ob-
tained from an analysis of the experimental data (O) of Jor-
gensen et al. (Ref. 5). The solid line is the best power-law fit,
r r, (r) —r
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Furthermore, our finding of an intermediate-time ex-
ponent value of n =0.25 is also in agreement with the ex-
ponent values observed during the transient behavior in

spinodal decomposition processes in a variety of model
calculations. ' Finally, the effective temperature depen-
dence of the growth exponent at c=0.25, specifically
with regard to the low-temperature slowing down due to
freezing in and the early crossover to Lifshitz-Slyozov
behavior at high temperatures, is in close analogy with
the results reported by Sadiq and Binder'' for fourfold-
degenerate Ising models with (2X I) structures which
also produce domain walls with excess or deficit density.

Turning now to a comparison of our theoretical pre-
diction of dynamical scaling of oxygen ordering process-
es with pertinent experimental data we note that only
very little data are available. In particular, no data exist
for the dynamical structure factor of the oxygen ordering
in YBazCu307 —&. However, magnetic-susceptibility
data are available ' which give the temporal evolution
of the superconducting transition temperature, T, (t), for
a quenched sample of YBapCu3064t, i.e., corresponding
to a quench into the ortho-II phase. The data were ana-
lyzed by Jorgensen et al. in terms of different exponen-
tial functions of time. In light of the findings of the
model calculation in the present paper we are led to
reanalyze the experimental data in terms of an algebraic
decay, Eq. (2), where the equilibrium transition temper-
ature is determined by simple extrapolation. The results
of this reanalysis are shown in Fig. 3 which demonstrates
that a power-law fit with exponent m =0.54, Eq. (2), de-
scribes the entire set just as well as the ad hoc exponen-
tial fits proposed by Jorgensen et al. The experimental
data in Fig. 3 should be compared with the upper curve
in Fig. 2 corresponding to c=0.205. It is important to
note that the exponent value pertinent to the experimen-
tal system in the ortho-II phase is that of the transient
regime of a Lifshitz-Slyozov process due to the nature of
the domain walls. This transient time regime becomes
the relevant regime for the experimental system due to
inherent limitations of the orthorhombic crystallinity by
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twin domains which are only coherent over approximate-
ly 100 lattice spacings. ' Hence we conclude that the
superconducting transition temperature varies algebrai-
cally and displays dynamical scaling with an exponent
which is the same as that characteristic of the growth of
the area of the coherent two-dimensional oxygen order in

the ortho-II phase. The existence of a relation between

T, and the oxygen ordering in the basal plane is further
supported by a phenomenological theory of charge
transfer. This theory, which is based on a counting of
ordered oxygen clusters in the basal plane, is capable of
reproducing the essential behavior of the experimentally
observed variation of the equilibrium superconducting
transition temperature with oxygen content. ' All this
evidence strongly suggests that the properties of the su-

perconducting state is coupled to the oxygen order in the
Cu-0 planes of this material.

We have in this paper, based on a model calculation of
the dynamics of oxygen ordering in the basal Cu-0
planes of high-T, superconductors of the YBa2Cu307 —$

type, shown that this dynamics is characterized by alge-
braic growth laws with exponent values which depend on

whether the evolving order is of the ortho-I or ortho-II
type. We have pointed out that these ceramic supercon-
ductors therefore, by virtue of their extreme anisotropy
with respect to oxygen diftusion, ' are unusually interest-
ing candidates for studying aspects of dynamical scaling
in low-dimensional systems. Furthermore, we have
shown that the available experimental data on the time
evolution of the superconducting transition temperature
in the ortho-II phase also display dynamical scaling
characterized by an exponent value which suggests that
the transition temperature scales as the growth of the
area of the coherent two-dimensional oxygen order in the
basal Cu-0 planes of the material.

The results of the present paper are based on the basic
physical principles of scaling symmetries in nonequilibri-
um ordering processes. The finding of the same scaling
symmetry in two diferent material properties, oxygen
order and superconducting transition temperature, is

therefore unlikely to be accidental. Our results hence
suggest that there is a specific coupling between the
coherent oxygen order and the superconducting state of
ceramic superconductors. Further systematic experi-
mental time-resolved studies should be performed to test
these ideas.
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