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Monte Carlo study of transient states of order in YBa2Cu30,
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Monte Carlo simulations of oxygen ordering in the YBa2Cu30, system have been performed us-

ing a two-dimensional anisotropic Ising model. In agreement with experimental findings, transient
phases are obtained at low temperatures. Observed structures are investigated, and the kinetics of
their domain formation is described. The convergence of the system is seen to be exceptionally
slow, and the rate of domain evolution is found to increase with decreasing oxygen content. The
implications of these findings on the development of a complete theoretical ordering model for this
system are discussed.

The tetragonal-orthorhombic structural phase transi-
tion in YBa2Cu30, is caused by an ordering reaction in-
volving the oxygen ions in the Cu-0 basal plane. Upon
ordering, parallel O-Cu-0 chains are formed which are
essential for the superconducting properties of the ma-
terial: the disordered, tetragonal compound is nonsuper-
conducting, while the orthorhombic phase near z =7 is a
90 K superconductor. A large number of experimental
results concerning this order-disorder transition have
been obtained recently [for a review with many references
to the original papers see Ref. I], but theoretically the is-
sue is still not completely resolved. Most treatments
have assumed that the problem can be reduced to a pure-
ly two-dimensional one involving occupied and vacant
oxygen sites, although Khachaturyan et al. ' ' have ar-
gued that the full three-dimensional nature of the materi-
al has to be taken into account for a correct description
of the ordering process.

To some extent, theoretical studies have been ham-
pered by the difficulty of distinguishing experimentally
between stable and transient structures. Partial states of
order in YBazCu30, have been observed by transmission
electron microscopy' ' and x-ray diffraction. ' While
these transient states have been described qualitatively, '

proposed equilibrium models for this system have hereto-
fore been unable to intrinsically reproduce this important
experimental finding. ' As was suggested in previous
publications, ' the equilibrium properties of the tetrag-
onal to orthorhombic transition in YBa2Cu30, can be de-
scribed by means of a two-dimensional Ising model with
isotropic nearest- and anisotropic next-nearest-neighbor
effective interactions between oxygen sites in the Cu-0
basal plane. To analyze the nonequilibrium properties of
this model, Monte Carlo calculations were performed and
the formation of the transient structures was found to
occur in the course of the phase transformations in re-
markable agreement with experiment. The object of the
present communication is to examine so~e of the impli-

cations these findings have on the development of an ade-
quate theoretical model for the equilibrium and kinetic
ordering behavior of the YBa2Cu30, system.

Experimentally, at least three distinct ordered phases
have been observed in YBa2Cu30„while the existence of
others as a true ground state is still under active debate.
A semiconducting tetragonal phase, henceforth called
TetraI to distinguish it from the disordered tetragonal
state, exists at stoichiometry z =6 and corresponds to a
completely oxygen-depleted basal plane, the oxygen con-
centration in the basal plane, co, being to a good approxi-
mation given by co =

—,'(z —6). Near z =7, co =
—,', the or-

thorhombic structure (OrthoI) is known to have a 90 K
superconducting transition temperature and it is now also
generally accepted that a second, cell doubled, ortho-
rhombic phase (OrthoII) exists at stoichiometry z =6.5,
co =

—,', as a true ground state. This compound has a 60 K
superconducting transition temperature and has been ob-
served by means of various experimental tech-
niques. ~6- i7, 20—zs All three structures do indeed belong
to the set of possible ground states admitted by the
present model and the condition of their stability leads to
the following effective-pair-interaction inequalities:
V& & 0, V2 &0, and 0 & V3 & V„exactly as previously de-
rived elsewhere by bonding arguments. In the pro-
posed Cu-0 basal plane model, the V& interaction couples
nearest-neighbor oxygen sites, while the Vz and V3 in-
teractions couple next-nearest-neighbor sites; the V2
differing from the V3 pair interaction to represent the ac-
tion of the mediating Cu ion. It follows that models with
V2 &0, V3 &0 will not include OrthoII as a stable phase
and instead phase separation into OrthoI and TetraI is
predicted.

In previous work, ' the cluster variation method
(CVM) was employed to estimate high-temperature phase
boundaries in a temperature —oxygen-concentration phase
diagram. To clarify the low temperature behavior, a set
of Monte Carlo calculations was initiated with the same
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parameters as were used for the CVM phase diagram:"
V& )0, V2/V& = —

—,', and V3/V& =+—,'. These simula-

tions were performed in the grand canonical ensemble us-
ing Metropolis dynamics, in which the system is allowed
to evolve at constant chemical potential, equivalent to
constant partial pressure of oxygen, as is done in experi-
ment. The Monte Carlo time scale is graduated by
Monte Carlo Steps per site (MCS/site) each of which con-
sists of a complete random "sweep" over all defined sites
in the lattice. In this scheme, the change in energy asso-
ciated with the occupation or deoccupation of oxygen at
each site (a "spin fiip") is determined. Energetically
favorable Hips are always accepted, while unfavorable ex-
changes are accepted according to a Boltzmann distribu-
tion. The Monte Carlo phase diagram results for this
case, to be published later (see also Ref. 27), performed
on 32X32, 64X64, and occasional 128X 128 lattices,
confirm the second-order transition at high temperatures
found in the CVM and gives a transition temperature at
cQ 2

that is only 5go lower than that calculated in the
CVM. However, at low temperatures, the Monte Carlo
calculation shows the OrthoII phase region appearing be-
tween the OrthoI and tetragonal phases in a continuous,
second order fashion, contrary to the CVM results, but in
agreement with recent transfer matrix work. ' In fact,
for this selection of parameters, the model belongs to the
Ashkin-Teller universality class for which mean-field
theories indeed may show erroneous first-order transi-
tions.

In addition to the equilibrium results, it was found
that, for the current choice of parameters, the conver-
gence of the Monte Carlo calculation was exceptionally
slow. In particular, for very low temperature simulations

[T (0.35 V) /kz =—260 K (Ref. 11)]performed with ( 10
MCS/site, additional specific-heat maxima occurred at
chemical potentials fields (](r) intermediate between the
TetraI ~OrthoII and OrthoII ~OrthoI second-order
transition lines. Examination of correlated lattice
configurations revealed that the anomalies corresponded
to the formation of states of somewhat irregularly spaced
parallel 0-Cu-0 chains [intermixed spacings of (1—5)ao
observed] (see Fig. 1). These transient structures were
seen to correspond directly with the set of "transient
homologous structures" or "Magneli phases" described
by Khachaturyan and Morris. ' The generated struc-
tures were also found to correlate exactly with structures
imaged by high-resolution transmission electron micros-
copy of low-temperature-annealed YBa2Cu30, (Ref. 17)
and were also consistent with reported electron
diAraction evidence. ' ' For Monte Carlo calculations
performed at temperatures corresponding to the observed
partial ordering, the order of the transitions has to be es-
timated very carefully. It is felt that thermodynamic
effects induced by the partial ordering act to obscure the
true nature of the transitions in this very low-
temperature regime, and this may well explain the
disagreement between various experiments concerning
the structure of the low-temperature states.

The kinetic evolution of these transient states was in-
vestigated at various chemical potentials. It was found
that short O-Cu-0 chains rapidly ((10 MCS/site) nu-
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FIG. 1. A typical single-domain transient Magneli-type
structure formed from a disordered, high temperature
( T =4.0V, /k~ —=3000 K) structure with p= —3.0 after 10
MCS/spin at T=0.2V&/kz —= 150 K. OrthoI {ao), OrthoII
(2ao), and transient "unit cells" present (3ao, 5ao) are indicated
( co =0.34375, z =6.68). Shaded circles represent oxygens,
open circles indicate vacancies, and black dots represent Cu
ions. Unit cells indicated correspond directly with those de-
scribed by Khachaturyan and Morris. "

cleate throughout the lattice as a consequence of the at-
tractive V2 interaction, and, once formed, propagate in
length whiLe simultaneously inhibiting the formation of
adjacent chains through the repulsive V3 intra- and V&

intersublattice interactions [see Fig. 2(a)]. Since these 0-
Cu-0 chains nucleate simultaneously throughout the
sample with mutually orthogonal orientations and oc-
casional antiphase position, they quickly collide as they
coarsen and further growth occurs only at the expense of
equally stable adjacent phases and is thus extremely slow
[see Figs. 2(a)—2(c)]. In this stage of its evolution the sys-
tem tries to eliminate the excess free energy associated
with the domain walls between regions where the a and b
axis are interchanged. In the actual material these
domains are rather regularly organized and separated by
twin boundaries. However, the twinning process involves
elastic interactions and will not be well described in the
present rigid-lattice model. Nevertheless, very short 45'
domain walls may be observed in Fig. 2(b) and considered
as precursors of twin-boundary formation if elasticity
were included. At chemical potentials favoring the incor-
poration of nonstoichometric oxygen, regions of OrthoI
are found interspersed with regions of OrthoII which or-
der in the Magneli fashion perpendicular to the ortho-
rhombic "a" direction due to the repulsive V3 interac-
tion. As the chemical potential is decreased, less OrthoI
appears in these partially ordered sequences and the sys-
tem exhibits a series of transient phases at concentrations
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z & 6.S, the latter value corresponding to the equilibrium
OrthoII structure. Although the resulting structures are
similar, this mechanism differs from the phase separation
and the spinodal decomposition between z =7 and z =6
predicted by Khachaturyan and Morris, '-' in that the sta-
bility of the OrthoII phase and the short range of the in-
teractions in the current study lead to mixed phases of
OrthoI and OrthoII between z =7 and z =6.S, and a
mixture of OrthoII and TetraI between z =6.S and 6.

Within the range of chemical potentials favorable for
the formation of transient states, the rate of the previous-

ly described domain evolution is found to increase with
decreasing chemical potential. At high chemical poten-
tials, the extra oxygen in the basal plane makes the reso-
lution of convicting domains extremely diScult as large
amounts of energetically unfavorable spin Aips are neces-
sary for final growth to large, single orientation struc-
tures. Thus, typical microstructures at high chemical po-
tentials within the transient phase range were found to
consist of many small convicting "Magneli" domains. As
the chemical potential is decreased, the corresponding
average concentration of oxygens also decreases and the
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FICx. 2. Snapshot series illustrating domain coarsening at constant chemical potential (p= —3.05) and constant temperature
(T =0.2V& /kz —=150 K). These snapshots were obtained from the same kinetic series of Monte Carlo cycles initiated with a com-
pletely disordered structure obtained at high temperature (T=4.0V, /k& -=3000 K) after 2.5X10' MCS/spin. Shaded circles
represent oxygens, open circles represent vacancies, and black dots indicate Cu ions. (a) Lattice configuration achieved after 1

MCS/spin at T=0.2V&/k& —=150 K (co=0.265, z=6.530). Many small O-Cu-0 chain structures have nucleated throughout the
sample but have yet to grow into convicting positions. (b) Lattice configuration achieved after 10 MCS/spin at T=0.2V&/k& ———150
K (co =0.291, z =6.582). Initial domains seen in (a) have coarsened into conflicting positions. Further domain growth occurs only
at the expense of adjacent, equally stable phases. (c) Lattice configuration achieved after 10' MCS/spin at T=0.2V&/k& =—150 K
(co =0.266, z =6.533). Notice that, while slightly coarsened, the domain structure is still reminiscent of the frustrated structure in
(b) reAecting the extremely slow evolution rate.
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average domain size increases until the formation of
single-domain structures is seen with relatively short an-
nealing time ( & 10 MCS/site). At low chemical poten-
tials, corresponding to the OrthoII —+TetraI transition
(p= —3.0), very sparse transient single-domain struc-
tures with interchain spacings often greater than 3ao are
typically formed until the system finally transforms to the
tetragonal structure. However, these low concentration
chain states are probably structurally unstable and un-
likely to be observed experimentally. ' The observed
chemical potential (concentration) e6'ect on the kinetical-
ly achievable domain size is certainly a notable conse-
quence of this anisotropic Ising model calculation and
could form the basis of an experimental investigation.
However, while Monte Carlo calculations do simulate the
progression of a system towards its equilibrium state, sto-
chastic kinetics, although similar, may not directly corre-
spond to the kinetics of oxygen uptake and diftusion in
this system.

In the present model the OrthoII structure is fourfold
degenerate, since the a and b directions can be inter-
changed and the entire structure can be displaced by half
a lattice vector along the a direction. Such degeneracies
(p =4) larger than the dimensionality of the system
(d =2) are known to give rise to extremely slow growth
kinetics; in particular in the model under investigation
the main reason for domain growth inhibition is the de-
velopment of orthogonal chains. A few simulations were
performed to investigate the effects of the fourfold degen-
eracy in the OrthoII structure in this calculation. The
degeneracy was effectively halved by startirig with a
"biased" stoichometric OrthoI configuration, and then
observing the formation of various transient and ground
states at chemical potentials appropriate for the oc-
currence of mixed phases. It is found that in this way the
system can very rapidly achieve single-domain structures
with very short annealing time (&10 MCS/spin). It

wouM be interesting to check for correlated behavior ex-
perimentally under induced oxygen loss at low tempera-
tures in single crystals of the orthorhombic YBa2Cu307.

That this particular choice of interaction parameters
leads to the reproduction of such a wide range of experi-
mentally observed phenomena is notable. For a discus-
sion of the range of interactions over which transient
state formation abides, see de Fontaine, Mann, and
Ceder ~o

Transient phases are observed in this Monte Carlo
simulation of oxygen ordering in the basal plane of
YBazCu~O, in good agreement with previous theoreti-
cal' and experimental' ' ' ' work. Transient phase
formation in this simulation appears to be a direct conse-
quence of the choice of the OrthoII double-cell structure
as a ground state, as reAected in the anisotropic next-
neighbor interactions. Kinetic evolution of these states is
found to be consistent with a second-order phase transi-
tion between OrthoI and OrthoII, leading to mixed
phases corresponding to a series of transient structures
associated with the calculated transitions.

ACKNO%'LED GMKNTS

The authors would like to gratefully acknowledge Pro-
fessor D. de Fontaine for providing the computational
and data analysis facilities used in this study and M.E.
Mann for valuable discussions. C.P.B. would also like to
thank M. Fendorf and K. Fortunati for their assistance
and Professor R. Gronsky for encouragement and 6nan-
cial support. This work was supported by the Director,
Office of Energy Research, Office of Basic Energy Sci-
ences, Materials Sciences Division of the U.S. Depart-
ment of Energy, under Contract No. DE-AC03-
76SF00098. One of us (L.T.W. ) was supported by Grant
No. MDA-972-88-J-1006 from the U.S. Defense Ad-
vanced Research Projects Agency (DARPA).

R. Beyers and T. M. Shaw, Solid State Phys. 42, 135 (1989).
H. Bakker, D. O. Welch, and O. W. Lazareth, Jr., Solid State

Commun. 64, 237 (1987).
E. Salomons, N. Koeman, R. Brouwer, D. G. de Groot, and R.

Griessen, Solid State Commun. 64, 1141 (1987).
4Y. Kubo and H. Igarashi, Jpn. J. Appl. Phys. 26, L1988 (1987).
5J. M. Bell, Phys. Rev. B 37, 541 {1988).
J. M. Sanchez, F. Mejia-Lira, and J. M. Moran-Lopez, Phys.

Rev. B 37, 3678 (1988).
7D. de Fontaine, L. T. Wille, and S. C. Moss, Phys. Rev. B 36,

5709 (1987).
L. T. Wille and D. de Fontaine, Phys. Rev. B 37, 2227 {1988).
A. Berera, L. T. Wille, and D. de Fontaine, J. Stat. Phys. 50,

1245 {1988).
L. T. Wille, A. Berera, D. de Fontaine, and S. C. Moss, in
High-Temperature Superconductivity, Proceedings of the Ma-
terials Research Society Symposia on High-Temperature Su-
perconductivity, edited by M. B. Brodsky, R. C. Dynes, K.
Kitazwa, and H. L. Taller (Materials Research Society, Pitts-
burgh, 1988), Vol. 99, p. 535.

' L. T. Wille, A. Berera, and D. de Fontaine, Phys. Rev. Lett.
60, 1065 (1988).
A. Berera, L. T. Wille, and D. de Fontaine, Physica C
153-155, 598 (1988).

' A. G. Khachaturyan and J. W. Morris, Jr., Phys. Rev. Lett.
61, 215 (1988).
A. G. Khachaturyan and J. W. Morris, Jr., Phys. Rev. Lett.
59, 2776 (1987).
A. G. Khachaturyan, S. V. Semenovskaya, and J. W. Morris,
Jr., Phys. Rev. B 37, 2243 (1988).

~6G. Van Tendeloo, H. W. Zandbergen, and S. Amelinckx, Solid
State Commun. 63, 389 (1987}.

' G. Van Tendeloo, H. W. Zandbergen, and S. Amelinckx, Solid
State Commun. 63, 603 (1987).

8D. J. Werder, C. H. Chen, R. J. Cava, and B. Batlogg, Phys.
Rev. 8 37, 2317 (1988).

9H. You, J. D. Axe, X. B. Kan, S. C. Moss, J, Z. Liu, and D. J.
Lam, Phys. Rev. B 37, 2301 (1988}.
H. W. Zandbergen, G. Van Tendeloo, T. Okabe, and S. Amel-
inckx, Phys. Status Solidi A 103, 45 (1987).



MONTE CARLO STUDY OF TRANSIENT STATES OF ORDER. . . 8799

R. M. Fleming, L. F. Schneemeyer, P. K. Gallagher, B.
Batlogg, L. W. Rupp, and J. V. Waszczak, Phys. Rev. B 37,
7920 (1988).
C. H. Chen, D. J. Werder, L. F. Schneerneyer, P. K. Gal-
lagher, and J. V. Waszczak, Phys. Rev. B 38, 2888 (1988).
D. J. Werder, C. H. Chen, R. J. Cava, and B. Batlogg, Phys.
Rev. B 38, 5130 (1988).

~4R. J. Cava, B. Batlogg, C. H. Chen, E. A. Rietman, S. M.
Zahurak, and D. J. Werder, Nature 329, 423 (1987).

~5R. J. Cava, B. Batlogg, C. H. Chen, E. A. Rietman, S. M.

Zahurak, and D. J, Werder, Phys. Rev. B 36, 5719 (1987).
L. T. Wille, Phase Transitions (to be published).
+. A. Novotny, T. Aukrust, and P. A. Rikvold, Bull. Am.
Phys. Soc. 34, 971 (1989).
N. C. Bartelt, T. L. Einstein, and L. T. Wille, Bull. Am. Phys.
Soc. 34, 598 (1989).
R. Beyers, B. T. Ahn, G. Gorman, V. Y. Lee, S. S. P. Parkin,

' M. L. Ramirez, K. P. Roche, and J. E. Vazquez, T. M. Gur,
and R. A. Huggins, Nature (to be published).
D. de Fontaine, M. Mann, and G. Ceder (unpublished).


