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M. Fendorf, C.P. Burmester, L.T. Willet, and R. Gronsky 
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Phase transformations in the system Y2B~CU6+x014+x (0~~) are investigated by 

high resolution transmission electron microscopy (TEM) and static lattice Monte Carlo 

computer simulations. Micrographs reveal dislocations and stacking faults associated with 

the diffusion of copper and oxygen as the stoichiometric parameter x varies locally during a 

phase transformation, and these defects are accurately reproduced by the calculations in 

"snapshots" of the simulated structures. In addition, the simulations show the occurrence 

of the well-known YBa2Cu307, YBa2Cu40g, and Y 2B~Cu7015 phases and predict the 

formation of Y 2B~Cu9017 and YBa2Cus09 structures at higher oxygen partial pressures. 

Based on experimental images and Mon~e Carlo results, an atomic mechanism involving the 

intercalation and removal of extra CuO planes by partial dislocation climb is proposed for 

changes in the layered YBaCuO crystal structure. 
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The nature of phase changes related to CuO plane (Cu-0 chain layer) occupation in 

YBaCuO is of great practical interest due to recent reportsl correlating mixed phase 

microstructures with enhanced superconducting properties. Phase changes of this type, 

where only the number of CuO layers in a unit cell changes, lead to a family of related 

crystal structures with stoichiometries Y 2Bll4Cu&x014tx· An experimentally obtainable 

example of the general structure change in this system occurs when x varies from 2 to 1 

during the YBa2Cll408 to Y 2B:14Cu..P15 (1-2-4 to 2-4-7) transformation. Partial 

transformation induced by short-term annealing of pure 1-2-4 material yields a mixed phase 

microstructure (see Figure 1). X-ray diffraction, electron diffraction, and high-resolution 

TEM reveal a variety of structural accommodation defects. 2 The most common defects 

observed in mixed-phase YBaCuO are extrinsic stacking faults with displacement vector R 

= 1/6[031],3 along with bounding partial dislocations. These defects are found to be 

characteristic of the 1-2-4 to 2-4-7 transformation. A fault of this type appears at <V in 

Figure 1, with lateral extent of 50A in the (001) plane. However, the associated strain field 

(revealed by deviations from axial orientation in the micrograph) is much larger, extending 

over approximately 80A in the [001] direction and lOOA in the (001) plane. One of the 

partial dislocations is indicated by the hollow arrow in Figure 1, and a dislocation dipole 

with its .characteristically restricted strain field can be seen at @. Under sufficiently large 

strain, the CuO planes further respond by forming "steps", as at®. 

A static lattice, three-dimensional Monte Carlo calculation is used in this study to 

simulate the evolution of the crystal structure as x varies from 0 to 4 in Y2Bll4CU6+x014+x· 

The calculation is based on an intercalation scheme4 where copper oxide "particles" of a 

certain critical radius (ascertained by analysis of high resolution TEM micrographs) are 

allowed to move from simulated ( 100) grain boundaries into the lattice, parallel to existing 

CuO (001) planes. In the 1-2-3 structure, the configurational environment for particles 
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entering above the existing single CuO plane is identical to that for particles entering below 

it. Planar regions corresponding to these two adjacent CuO layers are therefore included in 

the formulation of the Monte Carlo lattice, resulting in a set of three potential CuO planes 

for each Ba-Y -Ba stacking sequence. It is found that three pair interactions are adequate to 

model the phase transformation: V 1, a basal plane nearest neighbor interaction, V 2, an out­

of-plane nearest neighbor interaction, and V3, an inter-(001) plane interaction. Since the 

CuO planes enter the material as continuous sheets, forming the partial dislocations 

observed, the V 1 interaction is taken to be attractive to model this clustering behavior. 

Purely elastic effects establish the co-linear V2 and V3 interactions to be repulsive and to 

decrease in magnitude with distance. Unique values of V2 and V3 are obtained for this 

simulation by assuming an average over the small spatial variation of these parameters 

within a set of CuO planes. Making a canonical choice of the magnitudes of the interaction 

parameters based on the above considerations, pair interactions for the simulations were 

chosen such that V'2fV1 = -2.0 and V?JV1 = -1.0 where V1 = -1.0 is used as a temperature 

scaling factor. Rigid lattice configurations from this simulation are subsequently relaxed so 

that the output reflects elastic contributions contained in the interaction parameters. The 

derivation of this model will be discussed in greater detail in a forthcoming publication. 

As the chemical potential of CuO in the simulation lattice is varied at constant 

temperature, broad concentration plateaus develop (Figure 2). Simulation "snapshots" in 

the phase plateau regions at moderate values of chemical potential reveal that the atomic 

arrangements correlate with the well known 1-2-3 (x = 0), 2-4-7 (x = 1), and 1-2-4 (x = 2) 

equilibrium structures. 58 This calculated variation of CuO concentration with chemical 

potential agrees remarkably well in form with the experimental results recently announced 

by Karpinski et a/.9 At higher chemical potentials new concentration plateaus are predicted, 

corresponding to 2-4-9 (x = 3) and.l-2-5 (x = 4) structures. Note that the distinction 

between phases is the number of CuO planes per unit cell. Using the present designation 
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for the system Y2B8.4CU6+x014+x, the number of CuO planes per Ba-Y-Ba sequence is 

[x+2]/2. When the direction of chemical potential change is reversed, the transformation 

between phases displays a small hysteresis in copper oxide chemical potential. By making 

a rough fit of the simulation results with available experimental thermodynamic data 11 

obtained at 950°C, it is expected that the 2-4-9 phase transformation would occur only at 

very high oxygen pressures (roughly 500-1000 bar), giving some insight as to why these 

higher CuO-content phases are neither readily formed nor commonly observed. 

In simulation snapshots of the 1-2-4 to 1-2-3 transformation, the predominant 

experimentally observed defect structures are accurately reproduced (cf. Figures 3 and 1). 

The present study suggests that the equilibrium structures in the x = 2 to 0 regime of the 

system will contain only single and double CuO planes. However, recent electron 

microscopy resultslO have identified local occurrences of triple CuO plane configurations 

arising during this same transformation. This apparent anomaly can be explained purely in 

terms of intercalation kinetics. As the 1-2-4 to 1-2-3 transformation progresses, atoms 

within the CuO layers diffuse outward to grain boundaries due to the imposed chemical 

potential gradient (equivalent to the experimental procedure of annealing in an atmosphere 

where the 1-2-3 structure is stable). Monte Carlo simulations show that, during this 

diffusion process, localized regions of triple layer structures can and in fact do occur; this 

can be thought of as a "pile up" of the clustered CuO particles. The elastic distortion 

resulting from such a localized triple CuO layer will be minimized if such features are 

associated with adjacent single layer regions (1-:2-3 structures) in the [001] direction. 

Thus, these defects will appear as localized, quasi-ordered sequences of 1-2-5 and 1-2-3 

structures, alternating along the c-axis in a ratio averaging to the overall composition at that 

point in the transformation. This description is attractive as it involves only in-plane 

diffusion and avoids invoking high energy c-axis diffusion across stable perovskite blocks. 
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It follows from the proposed intercalation model that the propagation mechanism for 

these phase transformations is partial dislocation climb. By this mechanism the occupation 

of CuO planes changes as the transformation progresses, but the necessary rearrangement 

of the overall crystal sl!Ucture is minimal; The partial dislocation climb mechanism is also 

supported by configurational data generated in the intercalation simulation. The strain 

compensation required to nucleate such transformations is readily provided at grain 

boundaries, which also provide high diffusivity paths for copper. Thus it is expected that 

these planar defects readily act as heterogeneous nucleation sites, and high resolution TEM 

images previously published in studies of other topics12.13 indeed clearly show the 

intercalation of extra CuO planes originating from grain boundaries. 

Coherence lengthsl4 (calculated using the anisotropic Landau-Ginsberg theorylS-11) for 

the superconducting YBa2;Cu:P-J phase correspond closely to the dimensions of the most 

common stacking faults accompanying 1-2-4 decomposition, suggesting these faults 

should have a significant effect upon superconducting properties. Recent experimental 

evidencel of a dramatic increase in intragrain critical current density for 1-2-3 phase 

material containing a fine dispersion of the double CuO layer structure indicates that such 

defects act as flux pinning centers. Because this microstructure is associated with the 1-2-

4/1-2-3 phase transformation, a greater understanding of the entire family of copper-

oxygen dependent transformations in YBaCuO (ultimately leading to precise control of the 

CuO plane configuration) may allow the large-scale fabrication of superconducting material 

more suitable for applications than any now available. 

Grateful acknowledgement is given to C.W. Chu (TCSUH, Houston) and D.E. 

Morris (LBL, Berkeley) for providing the material used in this study. Technical assistance 

from E. Kvam and P. Narwankar is also greatly appreciated. Microscopy and image 

simulation were performed at the National Center for Electron Microscopy, Lawrence 
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FIGURE CAPTIONS: 

Figure 1: High resolution TEM image of mixed phase YBaCuO. Features indicated by 

G) and ® correspond to the simulation generated defect structures depicted in Figure 3. 

Computer simulation of high-resolution images confirms that the planes which show bright 

white contrast in Figure 1 are indeed the CuO planes, and that the Y and Ba positions 

appear as prominent black dots, while the Cu02 planes produce very weak contrast 

Figure 2: Stoichiometric parameter (x) versus copper-oxide chemical potential (Jl, 

linearly related to the logarithm of oxygen partial pressure) generated by Monte Carlo 

calculation for a temperature of 1.0 IVIIIkB. Concentration plateaus represent regions of 

constant crystal structure and correspond to proposed equilibrium phases in the 

Y 2B<l4CU6+x014+x system. 

Figure 3: (a) Simulation-generated snapshot of mixed phase structure obtained during the 

2-4-7 to 1-2-3 transformation for a copper oxide chemical potential (!l) of -3.4. Note the 

presence of the small planar defect corresponding to that delineated by G) in Figure 1. (b) 

Snapshot obtained during the 2-4-7 to 1-2-3 transformation for 11 = -3.4. Note the 

presence of complimentary, nearly strain-free dislocations corresponding to those 

delineated by ® in Figure 1. (c) Snapshot obtained during the 1-2-5 to 2-4-9 

transformation for 11 = 5.0. This structure illustrates mixed 2-4-9 and 1-2-5 phases 

obtained at higher chemical potentials. In each snapshot, filled circles represent atoms in 

the CuO planes, fllled dots atoms in the Cu02 planes, small open circles yttrium atoms, and 

large open circles barium atoms. All configurations were obtained at a simulation 

temperature of 1.0 IV1IIkB· 
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Figure 3a. 
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Figure 3b. 
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