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Monte Carlo studies of oxygen ordering in the YBa,Cu;_, 4, 0,_; systems (4 = Ga,Al)
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Monte Carlo simulation with constant oxygen concentration (Kawasaki dynamics) of a lattice-gas
model with anisotropic interaction is used to explore the effects of thermal quenching on oxygen or-
dering in the basal plane of YBa,Cu;0,_5 and related systems. The oxygen structure factor is calcu-
lated for various quenching conditions and for different oxygen concentrations. The growth of the
orthorhombic domain is monitored through the q dependence of the oxygen structure factor along
the a and b directions. The effect of substituting Ga®>" or AI** ions at Cu(1) chain sites on the oxy-
gen ordering is also discussed within the framework of this model.

INTRODUCTION

Since the discovery of high-temperature superconduc-
tivity in the Y-Ba-Cu-O system, many studies have fo-
cused on various aspects of the effects of processing the
YBa,Cu;0,_s materials, including phase identification,
structure analysis, and superconducting property mea-
surements. It has been shown that the phase responsible
for the 92 K superconductivity in the YBa,Cu;0,_; sys-
tem is a perovskite-related structure whose major
structural feature consists of two-dimensional (2D) CuO,
planes and Cu-O linear chains.!”* 1In addition to
confirming the tetragonal-to-orthorhombic structural
phase transition at 700°C in a pure oxygen atmosphere,
neutron diffraction measurements have determined the
oxygen stoichiometry of the “1:2:3” compound as a func-
tion of temperature in thermodynamic equilibrium.’> The
previously mentioned structural phase transition was
found to be of the order-disorder type and resulted from
the oxygen vacancy ordering along the axis of the unit
cell.

Superconducting properties as a function of oxygen
content (7—35) have been extensively studied by several
authors.®”® It has been found® that the superconducting
transition temperature for thermally quenched samples
changes from 92 to O K as the oxygen content is varied
from 7.0 to 6.5.° On the other hand, results on samples
obtained by the gettered annealing method at low temper-
atures'® show a clear plateau in 7, versus the oxygen-
concentration curve. This plateau at 7. ~60 K is strong
evidence for the existence of two superconducting phases
in the YBa,Cu;0,_g system. The plateau at T, =60 K is
thought to be related to the appearance of the double-cell
orthorhombic structure, which has been seen in several
experiments.!! ~!1* Cluster-variational calculations within
a lattice-gas model'>!® also predict the existence of such
a structure. These results suggest that the superconduct-
ing properties are extremely sensitive to the oxygen or-
dering in the basal plane.

In our previous work, we have used a two-dimensional
lattice-gas model to study the order-disorder transition in
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the CuO plane of the YBa,Cu;0,_j system.!® Using a
model Hamiltonian with isotropic nearest-neighbor and
anisotropic next-nearest-neighbor interactions and with a
suitable choice of parameters, we were able to fit most of
the experimental data’® satisfactorily. In this paper we ex-
plore this model in more detail and report a series of
Monte Carlo (MC) simulations for constant oxygen con-
centration.!” Three reasons for undertaking such a study
are now given.

First, to see if the double-cell orthorhombic structure
is indeed stable, we have investigated the low-
temperature structure of the CuO plane of the 1:2:3”
compound for various oxygen concentrations and
thermal cooling rates using Monte Carlo simulations.
Since the oxygen concentration is fixed, we have used
Kawasaki dynamics in our simulation. Structure factors
associated with oxygen ordering along the a and b axes
are calculated to identify different types of structures.

Second, in their attempt to explain the oxygen-
concentration dependence of T,,'° Zaanen et al'®
developed a simple model relating the superconducting
properties to the hole concentration in the CuO, plane.
The latter depends on the oxygen concentration and oxy-
gen ordering in the CuO plane through the electronic
structure of the CuO chains formed in the CuO basal
plane, these chains acting as a reservoir of holes for the
CuO, planes. To apply their model to real systems, it is
important to know the CuO chain distribution for
different oxygen concentrations. We believe that the in-
formation obtained from Monte Carlo simulations will be
useful for a detailed calculation of the electronic proper-

. ties of these compounds.

Finally, to elucidate the role of Cu in the CuO chains
and CuO, planes in the observed superconducting prop-
erties, several authors have explored the effects of replac-
ing Cu ions by other cations on the superconducting and
structural properties.!”2® It is now known that the
Cu(1) site (the chain site) can be preferentially substituted
by nonmagnetic elements Ga or Al. X-ray and neutron
diffraction studies indicate that the structure of
YBa,Cu;_,(Ga,Al), O, becomes tetragonal for x >0.18.
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Unlike the tetragonal phase of YBa,Cu;0,_5 (6>0.5),
the tetragonal YBa,Cu;_,(Ga,Al), O, system is a super-
conducting with T, as high as 80 K. The Cu(l) site can
also be preferentially substituted by magnetic elements
such as Fe and Co.2!™2 The structure of these systems
becomes tetragonal at a much smaller value of x com-
pared to the Ga- or Al-doped systems. These transition
metal impurities introduce additional complexity into the
systems due to their magnetic moments. We generalize
the lattice-gas model developed for the YBa,Cu;O,_g
system to include the effect of these substituted impurities
and investigate the oxygen ordering using Monte Carlo
simulation. For the sake of simplicity we will consider
only the case of the Ga- and Al-doped systems in this pa-
per.
THE LATTICE-GAS MODEL

The structure of the CuO plane of YBa,Cu;0,_g is de-
scribed as a 2D square lattice consisting of Cu atoms, ox-
ygen atoms, and oxygen vacancies. In the ordered (or-
thorhombic) phase the oxygen atoms and the vacancies
are ordered so that there are linear Cu-O chains parallel
to the b axis, as shown in Fig. 1. For a fixed oxygen con-
centration, the lattice-gas Hamiltonian can be written as

H=V,¥ynn;+V, 3 nn;+V3 3 nn; , (1)

(ij) (ij)a (ij)b

where V| represents the interaction between two
nearest-neighbor oxygen atoms; V, and V; represent the
interactions between two next-nearest-neighbor oxygen
atoms either parallel (V,) or perpendicular (V) to the b
axis. Assuming the oxygen-oxygen interaction to be
predominantly of the screened Coulomb type, we have
V>0 and V;>0. However due to the presence of the
bridging Cu atom, ¥, <0. In our previous work,!® the
values of these parameters were chosen as

V,=0.25¢V, V,=—0.2¢V, V;=0.leV . 2)

Using this set of parameters, Monte Carlo simulations
in our previous work gave results in excellent agreement

® Cu
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FIG. 1. The ground-state structure of the CuO plane of the
YBa,Cu;30; system.
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with experiments.!® The orders of magnitude of ¥, and
V5 can be justified by assuming a screened Coulomb type
interaction between the oxygen ions. If we assume that
there is one mobile hole per unit cell (as is the case in
YBa,Cu;05), using both Thomas-Fermi and ion dielectric
screening (€;=7), we estimate V;~0.3 eV and
V3/V,;=0.4, which are consistent with the choice of the
parameters given in Eq. (2).

From a fit of the experimental value of the oxygen con-
centration at the orthorhombic-to-tetragonal structural
transition temperature'® and the fact that the ground
state of the YBa,Cu;0q 5 system has a double-cell ortho-
rhombic structure,'>!* ¥, is found to be negative. The
attractive interaction between two oxygen atoms bridged
by Cu is primarily due to the transfer of oxygen holes via
Cu. Unfortunately there is no satisfactory method to cal-
culate ¥, because it depends not only on the oxygen hole
density but on the interaction with the localized spins at
the Cu sites. To estimate the order of magnitude of V,,
we consider the CuO chains only and construct a one-
dimensional tight-binding model to describe the motion
of the oxygen hole. We further assume that the localized
spins on the Cu sites are either ferromagnetically or anti-
ferromagnetically ordered. Using values of the parame-
ters from Emery’s model,>* we find that ¥V, is negative
and is of the order of 0.1 eV. Thus we believe that this
lattice-gas model is physically reasonable and the
oxygen-oxygen interaction is basically anisotropic and of
short-range nature in the “metallic” phase. It is known
that the Thomas-Fermi screening length increases with
the decreasing of oxygen content which decreases the
hole density, and the lattice-gas model with short-range
interaction fails to be a good approximation for 8= =0.5
when the system becomes insulating and the interaction
becomes long ranged.

MC SIMULATION OF THERMAL QUENCHING

We have performed Monte Carlo simulations with
Kawasaki dynamics using the previously mentioned
lattice-gas model (Eq. 1). A 40X40 lattice was used to
obtain the ‘“‘snapshot” of oxygen configurations and to
calculate the structure factor of oxygen. The high-
temperature configuration was obtained by using MC
simulations at T =2300 K (well above the order-disorder
phase transition temperature for §=0) and the system
was equilibrated at this temperature with 10000
MCS/site (MCS = Monte Carlo steps). The low-
temperature data were obtained by either slowly cooling
(annealing) with a temperature interval of 100 K or rap-
idly cooling (quenching) to 300 K. 10000 MCS/site were
used to obtain thermodynamic averages for each temper-
ature. The results are shown in Figs. 2-5.

Figures 2 and 3 show the oxygen configurations of the
annealed and the quenched systems at 300 K for the
YBa,Cu;0q 5 system. We find that the structure for the
annealed sample is a double-cell orthorhombic (II) struc-
ture with half of the CuO chains intact and half empty.
The structure for the YBa,Cu;0, system as shown in Fig.
1 is referred to as the orthorhombic I structure. The
quenched system, on the other hand, shows very small
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FIG. 2. Oxygen configuration of the annealed YBa,Cu;30q 5
system.

domains of orthorhombic structure, with CuO chains
oriented along the a and b directions. The overall sym-
metry is, however, tetragonal as indicated by the struc-
ture factor along the @ and b directions.

The difference between the structures of quenched and
annealed systems has also been studied for the oxygen
concentration 6.7. Since this oxygen concentration is not
appropriate for either the I structure or the II struc-
ture, new structural features arise. Typical oxy-
gen configurations and the structure factor for the
YBa,Cu;04 ; compound at 300 K are shown in Figs. 4
and 5 and Figs. 6 and 7, respectively. From these results
we find that the low-temperature structure for the an-
nealed system (Fig. 4) is a highly degenerate one. Instead
of a single domain of ordered structure or a two-domain
structure which is phase separated into I and II domains,
we find long Cu-O chains ““intercalated” into each other
so that one sees a mixture of structure with I and II sym-

1

I

FIG. 3. Oxygen configuration of the quenched YBa,Cu;Oq s
system.
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FIG. 4. Oxygen configuration of the annealed Yba,Cu;Oq ;
system.

metry as indicated by the calculated structure factor (Fig.
6) as well as the “snapshots” of the oxygen configurations
(Fig. 5). From the width of the diffuse peak at (,0,0)
along the a axis [Fig. 6(b)] we estimate the coherence
length of II structure along the a axis to be about 5-6
unit cells corresponding to about 20-25 A, which agrees
very well with the experimental results.!>!* It is also
shown, both by the oxygen structure factor calculation
and the ‘“snapshots” of the oxygen configuration that the
average Cu-O chain length depends sensitively on the
thermal history of the sample. This may in turn, as indi-
cated by Zaanen et al,'® affect the hole density in the
CuO, plane, and the superconducting transition tempera-
ture T,. The quenched system like YBa,Cu;O¢ s shows
short chains in both the a and b directions and the overall
symmetry is tetragonal, as seen in the structure factor for
both the x and y (i.e., b and a) directions (Fig. 7).

FIG. 5. Oxygen configuration of the quenched Yba,Cu;0q ;
system.
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FIG. 6. Oxygen structure factor of the annealed Yba,Cu;0q ;
system (wave vector k is in units of 1/a).

SUBSTITUTION EFFECT

When a divalent or monovalent Cu ion is substituted
by a trivalent M (M =Ga or Al) ion, holes on the oxygen
sites will tend to localize near the M sites (Fig. 8). This
will have two major effects which are (a) the binding en-
ergy of the oxygen is increased near the impurity site and
(b) the oxygen-oxygen repulsion is increased near the im-
purity site either due to the increase of the negative
charge of oxygen ions or due to the decrease in local
screening because of the decrease in the hole density.

Based on this picture, we modify the lattice-gas model
of Egs. (1) to incorporate the effects of the impurities.
The Hamiltonian representing the modified system is

H—_—EV“jninj+V22ninj+EV3ijninj+inn,- 5 (3)
Cij) i

(ij)a (ij)b

where
V,=—0.2¢eV, v 4)
V,;=0.25 eV, V;;=0.1eV, (5)

if neither site i nor site j are the nearest neighbors of M;
V1;=0.5eV, V;,;=0.2¢eV, (6)

if either site i or site j is the nearest neighbor of M;
Vi;j=1.0eV, V;;=0.4¢V, (7)

if both sites i and j are the nearest neighbors of M. In ad-
dition, the single-site binding energy E; = —4 eV if site {
is the nearest neighbor of M and E; =0 otherwise.
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FIG. 7. Oxygen structure factor of the quenched

YBa,Cu;0¢ ; system (wave vector Kk is in units of 1/a).
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FIG. 8. The structure of the basal plane of the

YBa,Cu;_ M, O, system with a single impurity M.

Since the oxygen concentration in
YBa,Cu;_,(Ga,Al),O,_; is very close to 7, we assume
that the oxygen concentration is unchanged for different
values of x. We also assume that the impurity M is ran-
domly distributed in the CuO plane. A Monte Carlo
simulation with constant oxygen concentration and x is
performed on a 60X 60 square lattice. For a given
configuration of impurity M, 10 000 MCS/site are used to
calculate the order parameter S, which is given by the
difference in oxygen concentrations p; and p, in the two

sublattices'® (the circles and squares in Fig. 1):
P17 D>
S=— (8)
pitp;

For each value of x, S is averaged over 20
configurations of the impurities M. The calculated order
parameter S at T =300 K is shown as squares in Fig. 9.

1.0 ' 1 T T v v . T
—4— Xiao's data
—&— MC data
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0 0.10 ©0.20

Ga Concentration

FIG. 9. Oxygen order parameters S of the YBa,Cu;_,M,0,
system as a function of the impurity concentration x at 300 K
from Monte Carlo simulations and from data of Xiao et al.
(Ref. 19).
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FIG. 10. Oxygen configuration of YBa,Cu;_,M,0; for
x =0.02 obtained from Monte Carlo simulation at 300 K.

The order parameter deduced from the experiment Xiao
et al.'® [assuming that S =(b —a)/(b +a)] is also shown
in Fig. 9 as crosses. The general agreement is good, thus
providing a justification of the basic assumptions behind
our modified lattice-gas model. The discrepancy is either
due to the long-range effect of the impurity on local oxy-
gen ordering or the fact that the distribution of M is not
completely random.

From a ‘“‘snapshot” of the oxygen configuration of the
M-substituted systems we find that local “cross links” are
formed around the M sites (Fig. 10). These cross links
destroy the Cu-O chain along the b direction and form
short Cu-O chains along the a direction. As the concen-
tration of the impurity increases, the number of short
Cu-O chains along the a direction also increases (Fig. 11).
For x >0.16 the system becomes tetragonal. However,
unlike the tetragonal phase of the quenched
YBa,Cu;0,_5 systems, the length of the Cu-O chains are
long enough (due to large oxygen concentration) to pro-
duce a large enough density of conducting holes in the
CuO, plane. This may be the reason why the supercon-
ducting transition temperature T, is still quite high in
these Ga- or Al-substituted compounds even though the
structure is tetragonal. The above conjecture has to be
tested by an actual calculation following the procedure of
Zaanen et al.'8
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FIG. 11. Oxygen configuration of YBa,Cu;_,M,0, for
x =0.12 obtained from Monte Carlo simulation at 300 K.
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SUMMARY

Monte Carlo simulation of a simple lattice-gas model
with anisotropic interaction was performed in order to
study the effects of thermal quenching and substitution of
the Cu(l) site by trivalent nonmagnetic impurities
(Ga,Al) on oxygen ordering in the basal plane of a
YBa,Cu;_,M,O,_; system. We find that the oxygen or-
dering is very sensitive to the thermal history of the sam-
ples. The cooling rate should be slow enough to get long
Cu-O chains. The low-temperature structure of the
oxygen-deficient system obtained by annealing is shown
to be a mixture of I and II structures. The
orthorhombic-to-tetragonal transition in Ga-or Al-doped
systems is found the be due to short cross-linked CuO
chains near these trivalent impurities. We believe that
these simulation studies will be helpful in understanding
the structure of YBa,Cu;O,_s systems and provide
structural information for detailed calculations of their
electronic properties.

ACKNOWLEDGMENTS

This work was supported in part by the National Sci-
ence Foundation under Grant No. DMR85-14154. We
would like to thank Professor M. F. Thorpe for stimulat-
ing discussions.

IR. J. Cava, B. Batlogg, R. B. VanDover, D. W. Murphy, S.
Sunshine, T. Siegrist, J. P. Remeika, E. A. Rietman, S. M.
Zahurak, and G. P. Espinosa, Phys. Rev. Lett. 58, 1676
(1987).

2p. M. Grant, R. B. Beyers, E. M. Engler, G. Lim, S. S. P. Par-
kin, M. L. Ramirez, Y. Y. Lee, A. Nassad, J. E. Vazquez, and
R. J. Savoy, Phys. Rev. B 35, 7242 (1987).

3R. M. Hazen, L. W. Finger, R. J. Angel, C. T. Prewitt, N. L.
Ross, H. K. Mao, C. G. Hadidiacos, P. H. Hor, R. L. Meng,
and C. W. Chu, Phys. Rev. B 35, 7238 (1987).

4M. A. Beno, L. Soderholm, D. W. Caponne II, D. G. Hinks, J.

D. Jorgensen, J. D. Grace, I. K. Schuller, C. U. Segre, and K.
Zhang, Appl. Phys. Lett. 51, 57 (1987).

5J. D. Jorgensen, M. A. Beno, D. G. Hinks, J. Soderholm, K. J.
Volin, R. L. Hitterman, J. D. Grace, Ivan K. Schuller, C. U.
Segre, K. Zhang, and M. S. Kleefish, Phys. Rev. B 36, 3608
(1987).

6J. M. Tarascon, W. R. Mckinnon, L. H. Green, G. W. Hull, B.
G. Bagley, E. M. Vogel and Y. L. Page, in Proceedings of the
1987 Spring MRS Meeting, Ancheim, edited by D. V.
Grubser and M. Schluter (unpublished).

1. K. Schuller, D. G. Hinks, M. A. Beno, D. W. Caponne II, L.



40 MONTE CARLO STUDIES OF OXYGEN ORDERING IN THE . ..

Soderholm, J. P. Locquet, Y. Braynseraede, C. U Segre, and
K. Zhnag, Solid State Commun. 63, 385 (1987).

8J. D. Jorgensen, B. W. Veal, W. K. Kwok, G. W. Crabtree, A.
Umezawa, L. J. Nowiciki, and A. P. Paulikas, Phys. Rev. B
36, 5731 (1987).

9W. K. Kwok, G. W. Crabtree, A. Umezawa, B. W. Veal, J. D.
Jorgensen, S. K. Malik, L. J. Nowiciki, A. P. Paulikas, and L.
Nunez, Phys. Rev. B 37, 106 (1988).

I0R, J. Cava, B. Batlogg, C. H. Chen, E. A. Rietman, S. M.
Zahurak, and D. Werder, Phys. Rev. B 36, 5719 (1987).

11C. Chaillout, M. A. Alario-Franco, J. J. Capponi, J. Chena-
vas, P. Strobel, and M. Marezio, Solid State Commun. 65, 283
(1988).

12y, Kubo, T. Ichihashi, T. Manako, K. Baba, J. Tabuch, and
H. Igarashi, Phys. Rev. B 37, 7858 (1988).

B3R, M. Fleming, L. F. Schneemeyer, P. K. Gallagher, B.
Batlogg, L. W. Rupp, and J. V. Wazczak, Phys. Rev. B 37,
7921 (1988).

14C. H. Chen, D. J. Werder, L. F. Schneemeyer, P. K. Gal-
lagher, and J. V. Wazczak, Phys. Rev. B 38, 2888 (1988).

151, T. Wille, A. Berera, and D. de Fontaine, Phys. Rev. Lett.

6563

60, 1065 (1988).
167hi-Xiong Cai and S. D. Mahanti, Solid State Commun. 67,
287 (1988).
17A brief account of this work was presented at the Material
Research Society Meeting (Boston, 1988) (unpublished); Bull.
Am. Phys. Soc. 34, 971 (1989).
18], Zaanen, A. J. Paxton, O. J. Jepsen, and O. K. Anderson,
Phys. Rev. Lett. 60, 2685 (1988).
19Yasukage Oda, Hiroshi Fujita, Toshiyuki Ohmichi, Takao
Kohara, Ichiroh Nadada, and Kunisuke Asayama, J. Phys.
Soc. Jpn. 57, 1548 (1988).
20Gang Xiao, M. Z. Cieplak, D. Musser, A. Gavrin, F. H.
Streitz, and C. L. Chien, Phys. Rev. Lett. 60, 1446 (1988).
21C, L. Chien, Gang Xiao, Marta Z. Cieplak, D. Musser, J. J.
Rhyne, and J. Golaas (unpublished).
22Yasukage Oda, Hiroshi Fujita, Hauruhisa Toyoda, Tetsuyuki
Kaneko, Takao Kohara, Ichiroch Nakada, and Kunisuke
" Asayama, Jpn. J. Appl. Phys. 26, L1660 (1987).
23.P. F. Micheli, J. M. Tarascon, L. H. Greene, P. Barboux, F. J.
Rotella, and J. D. Jorgenson, Phys. Rev. B 37, 5932 (1988).
24V . J. Emery, Phys. Rev. Lett. 58, 2794 (1987).



