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1. F'hys: Candens. Matter 6 (1994) 237-252. Printed in the UK 

Computer simulation of the tweed microstructure in high-Tc 
superconductors 
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t Institute of Nuclear Physics, UlicaRadzikowskiego 152.31-342 Cracow, Poland 
$ Academic Computer Centre, Cyfronet, Ulica Nawojki 11, Cracow, Poland 

Received 28 lune 1993 

Abstract. The tweed miuostrucm in the non-stoichiometric crystal of YBay&@-s is 
sludied by computer simulalion. A two-dimensional model of 99 x 99 unit cells iepresenu 
a layer of h is  crystal with an oxygen deficit and exhibits a ferroelastic temgonal-orthorhombic 
phase transition. The simulation allows us to determine the t e m p e t a t m x y g e n - c n u a t i o n  
phase diagram. Below the transition mpraNte the strain fluctuations form a grid of 
needle-shaped domains, the density of which increases with increasing d e w  of non- 
stoichiomeuy. On quenching, the tweed texture orders through the intermediate stripe phase, to 
a single orthorhombic domain. Oxygen vacancies, appearing due to non-stoichiometric oxygen 
concentration, gather along fhe domain walls, and hence slow down the kinetics of the annealing 
process. 

1. Introduction 

The high-temperature superconducting material YBazCu34-6, with an oxygen concentra- 
tion ranging from 6 = 1 to S = 0, can be regarded as an interstitial solid solution of 
oxygen based on the tetragonal YBaZCu306 phase. A unit cell of YBa2Cu30~ is formed 
by three perovskite-type unit cells a0 x a0 x CO where CO - 3a0, and a0 is the perovskite 
lattice parameter. One perovskite unit cell a0 x a0 x a0 gives rise to a plane of CuOl-s 
with Cu(1) atoms. These planes can easily be filled by oxygen atoms 0(1) or O(5) which 
then sit on sites half the distance between nearest-neighbour Cu atoms. The oxygen atoms 
occupy these sites either at random, or along the x or y tetragonal axis, forming Cu-O-Cu 
chains and in this way causing a reduction of symmetry to orthorhombic symmetry, with an 
elongation of the lattice constant, either a or b respectively. Two other perovskite unit cells 
form CuQ planes (Cu(2) and 0(2),0(3)) in which all oxygen sites are always occupied 
These planes are commonly agreed to be responsible for superconductivity effects. The 
Cu02 and cuO1-6 layers are fiuther bounded by apical oxygen (0(4)), which are located 
on the l i e s  joining the Cu(1) and Cu(2) atoms. 

At high temperatures a random distribution of oxygens in the CUO,-S plane gives 
the disordered tetragonal yBa2Cu3&-~ phase. At several hundred degrees centigrade 
the tetragonal Y B a y 3 ~ ~ 0 , - ~  crystal undergoes a ferroelastic and order-disorder phase 
transition to a low-temperature orthorhombic phase. This ordering results in a preferential 
oxygen occupation of one sublattice, either 0(1) or 0(5), in the CuOl-8 plane. The T-  
6 temperature-oxygen-concentration phase diagram possesses several phases, which differ 
in oxygen arrangements within the CuO1-6 planes (Krables et al 1991, Khachaturian and 
Moms 1988, Ceder et a1 1990a. Ceder et a1 1990b. de Fontaine et a1 1990, Semenkovskaya 
and Khachaturian 1992). At elevated temperatures the oxygen concentration S can be 
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varied by changing the ambient oxygen pressure. At high oxygen concentrations, S 0, 
the low-temperature orthorhombic 01 structure consists of oxygen chains separated by one 
lattice constant. There are indications (Reyes-Gasga et a1 1989, Yang et ul 1992) that 
at intermediate concentrations, 6 - 0.5, the modulated 011 structure appears with oxygen 
chains occupying every second oxygen sublattice. It is believed that all observed ordered 
structures differ only in the distribution of oxygens over the interstitial sites. 

At room temperature the diffusion of oxygen atoms (Tsukui eta1 1991) is so slow that 
a typical diffusion jump time is of the order of hours; therefore, the non-stoichiometric 
YBa2Cu3O7-8 usually exists in the form of a stable or metastable coherent mixture of 
microdomains. Moreover, a slow diffusion of oxygen atoms at room temperature makes it 
difficult to determine the phase boundaries between the above-mentioned phases. 

It has been established that the conducting camers in the high-$ superconducting 
cuprates have wavefunctions located mainly in the CuOz plane, and the relevant conduction 
states are Cu:d,~-y~ and O:p, (Furuyama 1991). It proves to be necessary to take into 
consideration the apical oxygens together with the Cu:d,z orbitals of Cu(2). There are 
theoretical indications that the critical temperature is well correlated with the difference of 
the Madelung energies of apical O(4) and planar oxygens O(2) and 0(3), and that the role 
of the apical oxygen atoms is to prescribe the stability of local singlet states made of two 
holes in the Cu:d,>-y2 and Op, orbitals of the CuOz plane (Ohta er a1 1991). On the other 
hand, a consideration of the four-bond model of CuOx-6 chains together with upper and 
lower apical oxygens, made clear that the holes in the chains are delocalized and strongly 
correlated (OleS and Grzelka 1991). 

When the oxygen atoms enter the sublattices CuOt-6, two effects compete: (i) the 
transfer of electrons from copper to oxygen atoms and (ii) the creation of conducting 
carriers (holes) in the CuOz plane through a charge transfer process (Jorgensen er ul 1991). 
Hence, through the introduction of oxygen defects, the YBa2Cu307-6 crystal becomes 
superconducting. A maximum of the transition temperature to the superconducting state 
is achieved for a non-stoichiometric oxygen concentration which involves a definite camer 
concentration (Tallon ernl 1991). However, as argued by Gupta and Gupta (1991) the charge 
transfer from the CuOz plane takes place only when the oxygen atoms of the CuOl-6 planes 
are already ordered in chains. Burden (1992) has argued that two effects, taking place in 
the CUOL-S plane, are responsible for the hole concentration in the CuOz plane. The first is 
related to the presence of isolated oxygen vacancies in the oxygen chains in an orthorhombic 
domain. Such vacancies lead to the generation of a hole excess in the band of Cu ions in 
the CuOz planes. This effect causes the 90K plateau in the plot of the superconductivity 
transition temperature against oxygen concentration. The second effect is that short oxygen 
chains consisting of a few oxygen atoms are unable to transfer the charge from chains to the 
CuOz planes, since the energy levels generated by short chains lay above the Fermi level 
and are unable to accept electrons. This property is responsible for the 60 K plateau and the 
lack of superconductivity for an oxygen concentration below about S = 0.62. EPR studies 
on Gd3+ introduced to YBa2Cu307-a has shown (Peekker er ai 1991) that the formation of 
chains begins at a threshold of oxygen content of 6 = 0.86. 

The work by Jorgensen er ul (1990) shows that the stoichiometry in oxygen alone is not 
a sufficient condition for the occurrence of superconductivity in YBa;lCu,Ol-s and that the 
local ordering of oxygen atoms in chains of CuOl-6 planes plays an equally important role. 
It has been shown that YBaZCu306.41 crystal quenched from 520T into liquid nitrogen 
does not become superconducting down to 4.2 K. However, annealing the same sample at 
mom temperature with no change of stoichiometry of oxygen results in a material which 
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is superconducting up to - 20K. This is of course a consequence of oxygen ordering in 
Cu0 l -~  chains. 

Another argument for the importance of oxygen ordering in superconductivity properties 
is the annealing experiment of Jorgensen et af (1991). in which the superconducting 
transition temperature of a YBazCu306.45 single crystal was measured after quenching from 
500°C and after subsequent annealing at room temperature for various periods of time. The 
transition temperature was 34K immediately after quenching and increased with annealing 
time at room temperature to a maximum of 43K after 167 hours. Moreover, neutron 
powder diffraction measurements have revealed that the average bond length between the 
copper atom Cu(2) and the apical oxygen atom 0(4), decreased during annealing at room 
temperature by 0.6%. 

Thus, in YBalCu3O.l-s superconductivity is ObSeNed only in the orthorhombic phase. 
It is then tempting to speculate (Jorgensen er al 1991) that superconductivity disappears 
when the orthorhombic domain or the oxygen chain sizes fall below the superconducting 
planar coherence length, which in this material is of the order of - 158, (Xu and Suenaga 
1991). Indeed, every oxygen atom O(1) causes a small displacement of a neighbouring 
oxygen atom O(2) in the CuOl planes. This displacement does not occur when the oxygen 
site remains empty. When the domain is orthorhombic, the CuOz plane remains smcturally 
coherent for superconductivity. When oxygen atoms are randomly distributed over O(1) 
sites, the structural coherence of CuOz is destroyed and the plane is tetragonal and may not 
become superconducting. 

Further quenching and careful annealing experiments (Yang er al 1992) on 
YBa~Cu301-s with 8 - 0.14.5 performed at 51°C revealed two relaxation processes. 
The faster relaxation process is associated with changes in short-range oxygen order. The 
slower process, differing by two order of magnitudes compared to the faster process, is 
attributed to the restoration of long-range chains. It has been shown that the short-range 
disorder shortens the Cu-0 chain segments and thus decreases the hole concentration and 
depresses the critical temperature of the superconducting state (Veal and Paulikas 1990). 

The ordering of the oxygen atoms in the CuO,-s planes has already been studied within 
the framework of several models. The short-range asymmetric next-nearest neighbour Ising 
model (Ceder et al 199Oa) has been used to investigate oxygen ordering in CuOl-s planes, 
and to calculate the temperature-xygen-concentration phase diagram. The parameters of 
this model assume a repulsive interaction between the nearest and direct next-nearest oxygen 
atoms 0-0, and an attractive interaction between those next nearest oxygen atoms 0- 
Cu-0 which are joined by a copper. The repulsive interaction comes from a Coulombic 
interaction between ions of the same kind. A Monte Carlo simulation of room-temperature 
aging showed that the time dependence of the population of four-coordinated Cu atoms can 
again be represented by two time constants, differing by almost a factor of 20 (Ceder et 
a1 199Ob, Ceder er ai 1991). Unfortunately, this short-range interaction model of oxygen 
ordering cannot describe the tweed and polytweed patterns, whose appearance is related to 
the long-range strain-induced interaction. 

The importance of a strain-induced interaction has been discussed in several papers. 
Marais et a1 (1991) have developed an Ising model with a strain-induced coupling; 
they showed by computer simulation that for some cases tweed microstructures, similar 
to tweed textures, evolve. Semenkovskaya and Khachaturyan (1992) have proposed a 
two-dimensional model describing oxygen ordering. The model includes both the long- 
range Coulomb-like repulsive interaction and the strain-induced interaction between ordered 
oxygen atoms. The model has been employed to investigate the kinetics of structural 
transitions using a computer simulation technique based on the crystal lattice-site diffusion 
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theory with the Landau-Ginzburg equation. Domains of a few olthorhombic structures have 
been found, and it has been shown that the vansition path influences the structure of the 
ordered low-temperature phases. 

Another two-dimensional displacive model of the CUO+S plane, for the stoichiometric 
composition 6 = 0 (Parlinski et a! 1993a), has been studied by the molecular-dynamics 
technique. In this model, the short-range oxygen-oxygen and copper-copper interactions are 
linearly coupled, leading to a long-range strain field. The system has a strong tendency to 
form a tweed structure, as observed experimentally. On quenching from high temperatures, 
a pronounced (1, 1) micro-twinning appears (Parlinski et ai 1993b). Annealing at lower 
temperatures produces an intermediate stripe structure before annealing to a single domain. 
From the rate at which the distance between domain walls increases, a temperaturetime- 
transition (m) diagram has been constructed, which shows strong similarities to those 
obtained from experiment 

In this paper we generalize the displacive model used previously (Padinski et a1 1993a), 
to the case of a non-stoichiometric oxygen concentration by adding to the potential energy an 
extemal field (chemical potential) coupled to the order parameter which measures the oxygen 
concentration. The molecular-dynamics technique is used to simulate the system. The 
temperature dependence of the order parameter which describes the tetragonal-xthorhombic 
phase transition allow ns to determine the temperatureoxygen-concentration phase diagram. 
The transition temperature decreases quadratically with decreasing oxygen concentration. 
In the orthorhombic phase the strain fluctuations, being linearly coupled to the oxygen 
concentration field, form a grid of needle domains, and the density of these fluctuations 
increases with increasing degree of non-stoichiometry. On quenching to below the transition 
temperature, the texture first becomes more regular in spacing before the system orders 
macroscopically. The oxygen atoms try to avoid the domain boundaries, and therefore a 
higher concentration of oxygen vacancies is observed along the domain walls. This slows 
down the kinetic behaviour of the annealing process in the non-stoichiometric system. 
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2. Model 

A two-dimensional model is proposed to simulate the behaviour of a single CuOt-8 plane 
of the YBazCu,07-a system. Each unit cell of the model crystallite has a square form and 
contains one copper atom at lattice site (i, j ) .  There are two oxygen sites per unit cell, one 
lying halfway between copper atoms ( i .  j )  and (i + 1, j )  on the X axis to be referred to 
as site 1, and with site 2 being halfway between copper atoms (i ,  j )  and ( i ,  j + 1). The 
oxygen atoms are described by soft king variables Z;,? and Z!,:, referring to sites 1 and 
2 in cell (i, j ) ,  respectively. A positive value of z:!,! indicates the presence of an oxygen 
atom at site k in unit cell (i, j ) ,  while a negative value denotes a vacancy. The soft king 
variable is subject to the extemal field H, thus allowing one to change the concentration of 
oxygen atoms. 

The potential energy V of the model is 

V - H x  = Velastic + Vinteaite + Koed - Vexemi (1) 

where 

vekd. = C [ A ( R ~ . ~ : ~ + ~ . ~  - a0 - CYZ~,',!)* + ~ ( ~ i , j ; t . , + ~  - a0 - ( Y Z ~ . ~ )  (2) 2 

i ,i  
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(6 )  2 I /Z  
Ri.j:i'.i. = [ ( X i , j  - Xi,.i.)* + (Yii,j - YPJ) ] . 
Here, 00 denotes the lattice constant and (Xi.,, Yi.1) the position vector of the copper atom 
( i ,  j ) .  Each copper atom is coupled to its nearest and next-nearest copper atoms by harmonic 
springs with spring constants A and B,  respectively. This choice of forces guarantees that 
phonon normal modes form two acoustic branches, and hence the structure behaves correctly 
as an elastic medium. The interaction between oxygen atoms has two origins. Firstly, a 
direct coupling between oxygen atoms with positive coupling constant J ,  equation (3). 
follows from Coulomb repulsion. A positive value of J means that if one site is occu ied 

the first two terms of (2). give a lengthening of the nearest-neighbour Cu-Cu distance when 
the intervening site is occupied, and a shortening when unoccupied. Such a local strain is 
propagated through the lattice by V,,,,. 

The soft king variable is confined to the double well potential (4), with two parameters 
E and G. If the double well is very deep then the variable 2;; is always near one of the 
minima, i.e. it behaves practically like an king variable U = kl. Denoting the occupancy 
of a site by an oxygen atom U = +1 and a vacancy by U = -1, the concentration 
deviation from a stoichiometric composition is given by the sum of U over the whole 
system, normalized to the number of oxygen sites. By analogy, in a system with soft king 
variables we introduce the off-stoichiometry parameter 

then its nearest-neighbour sites are likely to be unoccupied. Secondly, aZj,y and aZi,j R,. in 

which is a measure of the oxygen concentration. To find the oxygen concentration itself, 6, 
we have to normalize x :  

where (2')o = E/2G is the mean square static displacement in the bare local double-well 
potential QOd. equation (4). Relation (8) follows from mean field theory and will be derived 
in the next section. Thus, varying the external field H, equation (5), one is able to modify 
the oxygen concentration, at least not very far from the stoichiometric value x = 0.0. 

The numerical values of the potential parameters, A = 2000, B = 8000, J = 2500, E = 
3000. a = 1 .O and G = IO6, have been chosen so that the ground-state configuration of the 
model has the required orthorhombic symmetry and the lattice deformation is about 6%. The 
model has been simulated using the molecular-dynamics technique (Parlinski 1987, 1988). 
The crystallite consisted of 99 x 99 unit cells with 29 205 particles. Free boundary conditions 
were used, with the edges of the crystallite cut along [1,0] directions and consisting of 
copper. The free boundary conditions allowed the domain walls to flow in and out of 
the crystallite. The Newtonian equations of motion were solved iteratively by a simple 
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0. 0.06 6 . x = 0.0 
I x = - 0.015 
+ x=-0.020 B m x=-O.O25 

0.04 - 
5 
5 0.02 - 
a 
a 

a 

4 

0 
0 

0.00 

Figum 1. 
stoichiometry parameter x .  

Strain order parameter as a function of temperature for s e v e d  values of Off- 

difference scheme with a time step At = 0.00250. A canonical ensemble, with constant 
temperature T and constant concentration x ,  was used. The temperature was defined by an 
average kinetic energy. The off-stoichiometry parameter x was kept constant by varying 
the magnitude of the external field H. 

We have set the units of length to the lattice constant ao = 1.0, the particle mass 
MO = 1.0 and time unit so = 1.0. Hence the energy and temperature units are 
TO = Moa&', the parameters A ,  B ,  J ,  E and G are in units of Mor;' and Mor;*af2. 
respectively, and the external field H in units of Mor;'ao. 

3. Order parameter and phase diagram 

The local shain coupled to oxygen-vacancy configurations can be deduced from the local- 
strain order parameter 

It is defined as the difference between the average distance of copper atoms in the X and 
Y directions around (i, j )  lattice site. The pi,) is positive or negative when oxygen atoms 
form chains along the [1,0] and [O. 11 directions, respectively. The sum 

where N is the number of unit cells, determines the global strain order parameter of 
the ferroelastic tetragonal+vthorhombic phase transition; p decreases with increasing 
temperature and defines the transition temperature T; when vanishing. To find the 
system was heated for several values of x at a heat rate dT/& = 0.1. This heat rate was 
slow enough to reach equilibrium at each temperature. Figure 1 shows the temperature 
dependence of the global strain order parameter for a few values of the off-stoichiometry 
parameter x .  The temperature T," decreases with decreasing oxygen concentration 6; T: 
defines the phase boundary on the T-8 temperature-concentration phase diagram as shown 
in figure 2. 
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CONCENTRATION 6 
1.00 0.75 0.50 0.25 0.00 

Figure 2 Calculated temperature-concenlration-phase diagram 
showing the phase boundary between tetragonal and onhohombic -0.04 -0.03 -0.02 -0.01 O.O0 

OFF-STOICHIOMETRY X Ph-. 

In the framework of mean field theory the phase boundary line can be derived with the 
aid of the Bogolyubov inequality for the free energy 

g 6 go + (V - V? (11) 

where the brackets denote the thermodynamic average and go is the value of the free energy 
of the local potential 
V" = ~ [ - E [ ( Z / , ~ ) 2  + (2z)2J + G[(Zj,j)4 + ( Z 3 4 1  - $ H ( Z i , j  I l l  + Zi (21 .) 

I 1  
i .j 

The term V" represents the on-site potential with additional forces FL)) and 6:' which are 
used as variational parameters in accordance with the inequality (1 1). For simplicity, we 
ignore the role of V.bt ic  (01 = 0) in this process, so the V - V" potential energy becomes 

The free energy go. corresponding to a single variable Z!:. where k = 1,2, is 

where the indices have been suppressed and u(Z) = E Z 2  + GZ4 - { H Z .  Expanding over 
F,  one finds 

where 
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and the moments 
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(Z')o = /d.ZZrexp(T >[Sa exp(23]-1 
for 1 = 1,2. The term (Z)o denotes the shift of the mean displacement caused by the extemal 
field H, and (Z2)o is the mean square displacement calculated with the local potential only. 
Combining now (15) and (17) and minimizing with respect to F E  in d e r  to eliminate 
these forces, we find the approximate free energy to be 

Here we have used the definition of x (equation (7)). Transforming the above free energy 
to reciprocal space, using 

(2::) - x = -(-l)' Z(k) exp[klC. (qj + r ~ ) ]  
k 

with k = 1 ,2  and rl = (ao/Z, 0) and rz = (0, ao/2), one finds 

(19) 
1 

g = ZN[g;(T) + 2 1 ~ ' )  + 5 Ea(&, T)Z(k)Z(-k) + . . . 
1 

and 

J(k) = -2J[C0Sn(kz + kY)oo + Cosn(kz - k y ) ~ o l .  (21) 

We can now make an estimate of T," defined at k = 0 by the condition Q(0. Tc) = 0; it 
yields 

T t  =4J((Z2)o - x ' ) .  (22) 

(23) 

For the order-disorder h i t  (Bruce 1980) 

E 
(Zz)o = - = 0.0015 2G 

which gives T:* = 15.0T0, rather higher than the value 9.9To obtained for x = 0 from 
the simulation. This difference is due, at least in part, to our approximation of ignoring the 
strain system. Equation (22) describes the phase boundary on the temperaturexoncentration 
phase diagram. This parabolic shape fits the calculated points, provided the parameter J 
is taken as an effective Jeff = 1606. The same equation can be used to establish the 
relationship between the concentration 6 and the off-stoichiometry parameter x .  Assuming 
a linear dependence, 6 = -a, and noting that at 6 = 1 the critical temperature vanishes 
T," = 0, one finds from (22) and (23) that 8 = - x / m  = -25.82r. 
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4. Tweed microstructure 

In order to show the tweed microstructure and fluctuations. it is convenient to draw 
shadowing maps of the local strain order parameter distribution of pi,j, equation (9). As 
discussed in the previous paper (Parlinski et al 1993a) each of these order parameters 
varies between 3=0.0633, which become only occasionally slightly larger. Therefore, we 
take the range between -0.08 and +0.08, to which we assign shading from black to white, 
respectively. The data set (pi.j] at some typical instant of time were placed on a regular 
grid of 99 x 99 or 64 x 64 unit cells, and shading was assigned to each lattice site according 
to the amplitude pi,j. The grid was not corrected for the lattice shear. Hence black and 
white regions correspond to two oppositely sheared orthorhombic domains, with gray lines 
being the domain walls. 

In figure 3 we compare two maps of the strain order parameter distributions taken 
at the same reduced temperatures, T = 0.74T,", and for two values of off-stoichiometry 
parameters, x = 0.0 and x = -0.02. The maps show that the nature of the disorder in 
the strain subsystem has the structure of needle-like microdomains running along [ I ,  f l ]  
directions. The needle-like shape is present both in the stoichiometric and in the non- 
stoichiometric crystals, although the density of fluctuations in the non-stoichiometric case 
are definitely higher, because the thermal fluctuations are additionally influenced by the 
potential field of the oxygen vacancies. 

Flgure 3. Comparison of two maps of the strain order parameter for off-stoichiometry paramems 
(a )  x = 0.0 and (b)  x = -0.02 at the m e  reduced temperature T = 0.74T:. The maps show 
99 x 99 unit cells. 

The features of these fluctuations can be described by the correlation function S(k) of 
the local-strain order parameter 

S(k)  = (p'(k)p(k)) (24) 

where 

1 
p(k) = - c Pi,j exp(-;?nk * q , j )  (2.5) 

and q,j denotes the position vector of the lattice point (f, j ) .  To characterize the fluctuations 
one should concentrate on the [ I , f l l  directions. Thus, only the S(q)  = S(k) for 

N i.j 
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0.01 1 \ -I x =  0.0 

I 0.01 1 x = - 0.02 

Figure 4. The correlation function Stq)  of the 
snain order parameter along the [ I ,  I] direction 
for WO values of off-stoichiometry parameten 
(a) x = 0.0 and (b) x = -0.02 at the same 
reduced temperature T = 0.74T:. 

0.00 0.0 b 0.1 0.2 0.3 

q (1 JaJ 

k = (q/& k 4 / 4  lines have been calculated. Figure 4 shows the correlation function 
S(q) for two values of the off-stoichiometry parameter, x = 0.0 and x = -0.02, and at the 
same reduced temperature, T = 0.74T;. 

Two characteristic length scales which describe the size of needle-like fluctuations are 
seen in the S(4) functions. In the stoichiometric system the longitubinal and transversal 
sizes conhibute to the maxima around q = 0.0 and q = 0.1, respectively. With increasing 
values of the off-stoichiometry parameter these contributions move towards higher wave 
vectors, showing that the sizes of fluctuations decrease. 

To characterize the sizes of the fluctuations we have calculated the mean wave vector 
d of the S(9 )  distributions 

with the aim of zeroth and first moments 

where the intervals of the integrations have been chosen to be qmh = 0.01 and 9mn = 0.79. 
The quantity reciprocal to d describes the mean size of fluctuations. 

Figure 5 demonstrates changes in the mean wave vector 4 as a function of temperature 
for three values of off-stoichiometry parameter x. At the stoichiometric concentration x = 0, 
and when the temperature tends to zero, the amplitude of the fluctuations goes to zero, and 
therefore the mean wave vector tends to zero as well. At a finite oxygen concentration the 
fluctuations survive down to the lowest temperatures and this effect is caused by the potential 
field of oxygen vacancies. The larger the off-stoichiometry, the higher the observed d ,  and 
fluctuations of smaller sizes occur. At high temperatures in the tetragonal phase the size 
of fluctuations becomes independent of the oxygen concentration. In this region thermal 
fluctuations are so pronounced that the influence of oxygen vacancies and off-stoichiometry 
become marginal. 
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Figure S. The mean wave Y e w  4 as a funclion of temperature calculated from the correlation 
function S ( q )  of swain order parameter along [i, I ]  direction for three values of off-stoichiomehy 
parameters x = 0.0. -0.015 and -0.02 

5. Evolution of the tweed microstructure 

The evolution of the tweed microstructure depends upon many factors, particularly time, 
quench and annealing temperature T,. Here we study such an evolution during the following 
process. The initially equilibrated system in the tetragonal phase was quenched to the 
annealing temperature. This was achieved by the fast reduction of particle velocities. After 
the quench, isothennal conditions were applied and the system was left to relax towards 
equilibrium. During this process the formation and time evolution of the microshvcture 
was studied. 

The results of three typical runs with off-stoichiometry parameters x = 0.0, -0.015 
and -0.025 initially quenched from T = 1.24T; to T, = 0.63y.  the same in reduced 
temperature units for each value of x ,  are shown on the maps of the strain order parameter 
in figure 6. The degree of undercooling below T," is rather large, therefore the domain 
walls are narrow and the thermodynamic drive towards equilibrium is strong. The first 
snapshots of figure 6(a), (e), ( i )  taken after the short annealing time of 0.3~0 show a 
definite, although very fine, tweed microstructure, which seems to be independent on the 
off-stoichiometry parameter x .  In the course of time, the number of right-angle domain 
wall junctions reduces rapidly, indicating that junction energies are high and prohibit wall 
crossing. After a long annealing time all domain walls should disappear. This seems to 
be the case for stoichiometric oxygen concentration, figure 6(d), where a large area of 
single orthorhombic domains has already been built up. However, for non-stoichiometric 
concentration the stripe pattern persists much longer, since, as observed in figure 7, the 
oxygen vacancies gather along the domain walls. In figure 7 the map of the strain order 
parameter is compared with the map of the soft king variables q j .  defined as a symmetric 
form of the off-stoichiometry parameter distribution, equation (7) 

V i J  = i ( ( Z $ )  + (z:?,,,) + (ZP9 + (z;,y-,)). (28) 
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Figure 6. Maps of the strain order parameter obtained during annealing at temperature 
T. = 0.63T; after quenching from temperature T = 124T;. for three values of off- 
stoichiometry parameters ( a H d )  x = 0.0, (<)+) x = -0.015, (iHj) x = -0.025. Maps (a), 
(e), (i); (h), (f), ( j ) ;  (c). (g). (k): and (d) ,  (h ) ,  (1) comspand to annealing time I = 0.3.0.9.3.0 
and 2O.Oro. respectively. The maps show 99 x 99 unit cells. 

The shading gradation from black to white denotes the vacancies and oxygen atoms, 
respectively. Both maps have been taken for the same region of the crystallite and at 
the same time. Map figure 7(b) illustrates the distribution of oxygen atoms, and indicates 
clearly that oxygen vacancies prefer to reside at the domain walls. A similar conclusion has 
been reached from the electron energy loss spectroscopy measurements (Blais et a/ 1991) 
made on YBazCu@-a. There, the oxygen concentration was systematically lower in the 
twin boundaries than in the domain of the crystal. Our simulation results indicate that the 
oxygen vacancies hinder the motion and hence delay the annihilation of the domain walls. 

Our model supports the observation that the oxygen vacancies, which normally stay 
in oxygen chains, accumulate on the coherent domain wall. Indeed, at the domain wall 
directed along [ l ,  11 or [ I ,  -11 the neighbouring oxygen atoms, belonging to two opposite 
orthorhombic domains, also belong to the two different sublattices 2"' and Z'z'. These 
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Figure 7. Comparison of ( U )  the map of smin order parameter with (b) Ihe map indicating 
the oxygen concenhatian distribution for I = -0.015 and temperature T = 0.227:. The maps 
show 64 x 64 unit cells. 

two oxygen sites interact via the antiferro-coupling. equation (3). therefore they increase 
locally the potential energy. This energy can. however, be lowered if an oxygen vacancy 
moves from the bulk to the domain wall. Indeed, from (4), one can estimate the energy of 
the oxygen vacancy in the bulk and on the domain wall to be X J Z ;  and 2 J Z i  respectively, 
a n d J > O .  

Figure 6 shows that the length scales of the tweed and stripe pattems increase with 
increasing time, and this process is usually referred to as coarsening. Our rather small system 
is too small for a satisfactory deduction of the relevant rate laws. Nevertheless, we have 
calculated the correlation function S(9 )  along the [ I ,  11 or [l ,  - I ]  directions perpendicular to 
stripes to characterize the time evolution of the microstructure. Figure X shows a number of 
S ( q )  calculated for three values of off-stoichiometry parameters x = 0.0, -0.015, -0.025, 
which correspond to the maps shown in figure 6. The characteristic wall-wall distances 
appear as maxima in the correlation functions. At the early stage of coarsening the maxima 
occur around 9 = 0.05,O.OX and 0.09, respectively. With increasing time the distribution 
functions become narrower and shift to lower wave vector. To describe the average sizes 
of domains we have again followed the experimental procedure expressed by (26)  and (27). 
which define the characteristic mean wave vector q .  The results for the correlation function 
S(q)  are shown in figure 9. At the beginning of the annealing p m e s s  a gradual decrease 
of 4 is observed, approximately the same for each concentration. However, after a period 
of about 270 the process became more rapid for the stoichiometric system x = 0, leading 
eventually at 4r0 to a structure with a predominant single domain. In non-stoichiometric 
systems the domain sizes do not grow so rapidly, and even at 2070 a stripe pattem is still 
observed. Later stages of coarsening are inaccessible by our simulation, since separation 
between domain walls becomes of the same order of magnitude as the size of the simulated 
crystallite. 

6. Concluding remarks 

We have shown that a remarkably simple model can demonstrate a rich microstructure 
of tweed texture, the coarsening of the tweed annealing to a single domain through 
an intermediate stripe phase for both the stoichiometric and non-stoichiometric oxygen 
concentrations. It was not necessary to complicate the model by considering oxygen atoms 
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Figure 8. The correlation functions S(q) of the stain order parameter as a function of wave 
vector q in [I, 11 for (0x4 and (ixl) and in [I .  - I ]  for @)-(/I) directions and at lhe annealing 
temperature T, = 0.63T:. S(q)  has teen calculated during the same process as fhe maps of 
figure 6. 

as part of the elastic medium. It was sufficient to take account that when the oxygen site is 
occupied by an oxygen atom it pushes the adjacent copper atoms apart, whereas when the 
site is empty the copper atoms are pulled together somewhat. The domain boundaries cost 
a lot of strain energy unless they lie along the [I ,  &I] directions. Hence, any fluctuations 
tend to form needles. 

Our model is an extension of an earlier one (Parlinski et a1 1993) which was confined 
to stoichiometric material 6 = 0. Here we have supplemented the local potential energy 
by a term with an external field and related it to the oxygen concentration by the mean 
displacements. There are practical advantages to this method. This approach avoids to the 
explicit consideration of oxygen diffusion, thus from the algorithmic point of view the table 
of neighbours is fixed and the calculations are much less time consuming. Moreover, the 
continuous variables still allow us to treat the system by molecular dynamics. Otherwise 
one would have to treat it in a mixed way, Monte carto sampling for the discrete U variables 
and molecular dynamics for the X j , j ,  Yi.1 continuous variables, which is more cumbersome 



Computer simulation of the meed microsffucture 251 

a 0.1 0 m 

1- 0.08 

. 
7 

8 

5 

& 0.06 
w > 
9 0.04 

z 0.02 < 
UI 
H 

- - . 
I . x = o . o  - 

- . x=-O.O25-  
7 x=-0.015 . ' .  . .  - - 

0 .  
:.'..I.., .' 1 . .  - . "8.. - 

'I... . m .  ... . 'llb - - . . . .,.. 

and again more time consuming. Thus, the prize to be paid for the above-mentioned 
simplifications is that our description of the concenaation of oxygen atoms is approximate 
but this, as we have seen, does not change the qualitative behaviour of the system. 

This model is unable to reproduce the modulated phases On and OIU in which every 
second or third oxygen chain, respectively, remains empty. The reason for that is the 
oversimplified direct interaction between oxygen atoms, which takes into account only the 
potential energy between the nearest oxygen neighbours. To stabilize any of the modulated 
phases an interaction at least up to next-nearest neighbours would be needed. 
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