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Kinetics of Strain-Related Morphology Transformation in YBa;Cu3;07 -5
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The kinetics of ordering with a reduction of a crystal lattice point symmetry and related transfor-
mation-induced elastic strain is considered for the first time. Ordering in YBa>Cu3O7-; is specifically
discussed. A computer simulation predicts a temporal development of the microstructure through the
tweed to the (110) microtwin structure driven by the elastic strain accommodation. The results obtained
are quite general in the sense that predicted morphologies are typical for other systems with the point-
symmetry reduction where the elastic strain accommodation plays an important role.

PACS numbers: 74.70.Vy, 61.14.Hg

Any phase transformation reducing the crystal lattice
point symmetry results in a misfit between the parent and
product phases and between different orientation variants
of the ordered phase (structure domains). An accommo-
dation of the elastic strain induced by the misfit causes a
structural instability of the single-domain state of the
product phase with respect to the formation of a coherent
mixture of its twin-related orientation variants [1,2].
This structural instability is similar to that producing
domains in ferromagnets and ferroelectrics. The similari-
ty is a result of a profound physical and mathematical
analogy between the strain-induced and magnetostatic
(electrostatic) dipole-dipole interactions between finite
elements of a low-symmetry phase [2]. The elastic in-
teraction, as any dipole-dipole-type interaction, modifies
the classical Gibbs thermodynamics since the total bulk
free energy becomes dependent on the shape, orientation,
and mutual location of the phase components. A sum of
the morphology-dependent energies, elastic and interfa-
cial, is minimized by a morphology consisting of lamellae
of alternating twin-related orientation variants of the
low-symmetry phase (polysynthetic twins) which form
macroscopic plates [1-3]. Typical examples of such
transformations are fcc— bcc, cubic— tetragonal mar-
tensitic transformations, as well as any congruent order-
ing reaction resulting in a reduction of a point-group
symmetry (for example, fcc CuAu— fct CuAu ). A
good and important generic example of such an ordering
system is the high-temperature superconducting oxide
YBa;Cu3;07-;5 undergoing a tetragonal— orthorhombic
transition.

The stable twinned morphology does not necessarily
form at once. We may always expect an occurrence of
intermediate transient states and, particularly, so-called
tweed structure along the transformation path [4-6]. It
is generally believed that the tweed pattern is associated
with the transformation strain, but, to our knowledge,
there is no theory where the kinetic mechanism of the
formation of tweed and twin patterns in an ordering sys-
tem would be investigated and there is very little known
about the structure and morphology of transient states in
general. The purpose of this work is an investigation of a
transformation path during ordering in YBa;Cu307 -5 by
a computer-simulation technique.
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Oxygen ordering of a second kind in YBa;Cu3O7—; is
caused by a redistribution of oxygen atoms over intersti-
tial sites in basal (001) Cu-O planes separated by three
perovskite unit cells. The positions of interstitial sites in
(001) basal Cu-O planes are shown in Fig. 1(a). Each
interstitial site in the a X a X 3a lattice is characterized by
a translation vector r that designates a Cu atom, nearest
to the relevant interstitial site, and by a distance h, be-
tween this site and the Cu atom [h;=a(300), h;
=a(050), where the index p labels the sublattices,
p=1,2]. An O-atom distribution is characterized by oc-
cupation probabilities ¢, (r,z) to find an O atom in a site
(p,r) at the time z. This distribution is defined on the
time-dependent ensemble. In a disordered tetragonal (7))
phase O atoms are randomly distributed over interstitial
sites of both interstitial sublattices, and thus, ¢, (r,t) =¢,
where ¢ is the fraction of interstitial sites occupied by O
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FIG. 1. (a) Positions of interstitial sites (oxygen vacancies)
in (001) basal planes. (b) Orthorhombic completely ordered
phase.
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atoms. Ordering results in a preferential occupation of ry diffusional jump from the site (g,r') to the site (p,r)
one of the sublattices caused by a transfer of O atoms during a time unit. The summation over r’ is carried out

from one interstitial sublattice to another. The complete- over all /V unit cells of a crystal. Equations (1) are, actu-
ly ordered distribution in a basal (001) plane is shown in ally, Onsager equations with respect to 2N relaxing pa-
Fig. 1(b). The ordered phase is orthorhombic (O phase). rameters c,(r,z), where the variational derivative, 6F/

The T— O reduction of the symmetry results in an or- 8¢y (r',1), is a thermodynamic driving force.
thorhombic distortion and, thus, generates the elastic As in most ceramic oxides, the oxygen-oxygen interac-
strain. tion in YBa;Cu3O7—; is long range [8-10]. The free en-
The diffusional kinetics of ordering can be described by ergy F, entering Eq. (1), includes the strain energy in-
a microscopic crystal lattice site diffusion equation [2,7]: duced by interstitial oxygen. The strain-induced interac-
tion is also long range [2]. As is known, the mean-field
dep(r,t) _qizz (r—1") oF (1) free energy is a good approximation for a long-range in-
dt _q=| v Lr=r)p Scg(r',1) ° teraction, especially in the presence of the strain-induced
interaction [11]. The approximation, however, also be-
where F is the free-energy functional of the distribution comes asymptotically correct irrespective of the interac-
function ¢,(r,¢), and L(r—r'),, is a matrix of kinetic  tion radius if the long-range order parameter is large
coefficients characterizing the probability of an elementa- [12]. Using the mean-field approximation for the free en-

J ergy [2],
F=1% 2 W—r1)pc,(0)eg(t) +ksT X e, (0)nc, (1) +[1 = ¢, (D)1Inl1 — ¢, ()]},
pqrr pr

where W(r —1'),, is a pairwise interaction energy between oxygen atoms in sites (p,r) and (g,r') that includes a strain-
induced interaction, kg is the Boltzmann constant, and 7T is the temperature, we can present the Fourier transform of
(1) in the form

2

~ s=2
dc,,(k,l) qz ;E(k)m [V(k)qx+B(k)qs]5p(k’t)+545kBT

T.=

¢ (r,1)

lnr_‘m]k] N (2)

where &, is a Kronecker symbol, ¢,(k,z), V' (k),;, [(k)pq, and (Inc,(r,2)/[1 —c,(r,£)]1)x are Fourier transforms of the
respective functions, ¢, (r,2), W(r)ys, L(r),,, and Inc,(r,1)/[1 —c¢,(r,1)). W(r), is a pairwise interaction that does not
include the strain-induced interaction, k is a wave vector within the first Brillouin zone of the disordered tetragonal
phase, and B(k)qs is the Fourier transform of a pairwise strain-induced O-O interaction potential.

Since the T— O ordering in YBa;Cu307—; is induced by the antisymmetric irreducible representation of the space
group related to the vector k =0, a long-wave approximation for the function B(k),, can be used:

q=1

B(k)pqz —vn,-a(p),-j.(l(k),-ko(q)k/n/ , 3)

where o(p);; =ciixe(p)f), e(p)g is the concentrational coefficient of a crystal lattice expansion associated with O atoms
in the pth interstitial sublattice, c;jxs is the elastic strain modulus tensor, v is the unit-cell volume, n(k)[j is the Green
tensor reciprocal to ¢;jx/njng, and n=k/k [2,13].

Assuming an elementary diffusion jump only between nearest-neighbor sites, we obtain the Fourier transform

. —1 cosk- h;cosk- hyexplik- (h; —h,)]

L(K)pg =4L, cosk- hjcosk: hyexpl—ik- (h;—h>)] -1 ’
where L1 =1/7, and t is a characteristic time of an ele- |
mentary jump. Equation (2) is reduced to the Cahn- ~3.856 A, t=173 A3. The elastic constants cijki for
Hilliard equation in the long-wave limit in the Bravais- YBa;Cu307-; are estimated in [9]. We have chosen the
lattice case [14]. A set of 2NV nonlinear kinetic equations values ¢1; =3.9%10'? dyn/cm?, ¢;=1.36x10"'2 dyn/cm?,
(2) with the periodic boundary condition is solved numer- and ¢44=0.91%10'2 dyn/cm?.
ically by the Euler method. The solution c,(r,z) com- For W(r),, we have chosen the anisotropic screened
pletely describes the ordering and morphology transfor- Coulomb potential proposed by Aligia, Garces, and Bon-
mations. daleo [16] with anisotropy for the next-nearest-neighbor

Since the Cu-O basal (001) planes shown in Fig. 1 are pairs. The anisotropy is introduced by a multiplier, 1 % f,

separated by three perovskite unit cells, we may use a with the minus sign for an interaction across a Cu atom
two-dimensional ordering model for our computer simula- and the plus sign otherwise; f=0.6 is used. The fact of
tion as a first approximation; N =128x%128. The strain observation of the 2axa ordered phase in nonstoi-
tensors in (3) are £(1)9=—£(2)Q=¢(} %) where ac- chiometric oxides indicates that the O-O interaction has a
cording to the experimental data [15], &=0.01, a range not less than 2a. We chose the screening radius
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FIG. 2. Simulated transient structures along the transformation path from an initial disordered state to the (110) twinned ordered

state as a function of the reduced time t*: (a) t*=1.24, (b) 1*=1.48, (c) t*=2, (d) t*=6, (e) t*=24, (f) t*=88. (a)-(c)
demonstrate the development of the tweed structure; (d)-(f) show the tweed — twin rearrangement.

rp=5a~/2 (our tests with the screening radii between
a/~2 and 8a/+/2 gave, practically, the same results). The
oxygen charge was chosen to be z =0.13e, where e is the
electron charge. This potential is supplemented by a
Born-Meyer repuision correction 6W, for the nearest-
neighbor pairs, where 6W,=0.945x10'? erg. These nu-
merical parameters for W(r),, are chosen by fitting to
the observed ordering temperatures 7— O and O— O’
at the stoichiometry § =0.5.

The ordering-related morphology transformations have
been simulated by “quenching’ a disordered T phase well
below the order-disorder temperature T (the reduced
temperature T* =T/T(=0.73). The initial disordered
state has been described by a function ¢, (r,0) randomly
and “infinitesimally” fluctuating around ¢=0.5. Com-
puter-simulation results shown in Figs. 2(a)-2(f) demon-
strate the temporal evolution of the microstructure
characterized in these figures by a long-range order pa-
rameter n(r,t) =c,(r,t) —c,(r,t). Regions with n<0
describe orientation domains of the first type (black) with
preferred occupation of the first interstitial sublattice; re-
gions with >0 (light) characterize domains of the
second type. The larger 7 is, the lighter is the color of a
domain of the second type. Figure 3(a) gives a more de-
tailed representation of the structure shown in Fig. 2(c).
As follows from these results, the value of 7n(r), close to
equilibrium, is reached very quickly, during the reduced
time t* =4t/7 ~1.

Figures 2 and 3(a) demonstrate the appearance of a
coherent mixture of ordered domains which are two
orientation variants of the O phase. The domains are

®

twin related with strongly pronounced (110) boundaries.
Figures 2(a)-2(c) and 3(a) illustrate the development of
the tweed structure aligned along the (110} directions.
Figures 2(d) and 2(f) show how the tweed structure
transforms into a (110) twin structure. Simulated
strain-induced diffraction patterns of the structure shown
in Figs. 2(c) and 3(a) are presented in Fig. 3(b). These
diffraction patterns, typical for the tweed structure, are
usually observed for phase transformations with a reduc-
tion of a point symmetry (see, for example, [4-6]). Both
the striation along both (110) directions in structures and
the (110) streaks on the diffraction patterns, followed
from our simulation [Figs. 2(a)-2(c) and 3(b), respec-
tivelyl, have been observed on electron microscopic im-
ages and thoroughly studied by Zhu, Suenaga, and
Moodenbaugh in YBa,(CuFe);07;—s [17]. They have
also been observed by Zhu, Suenaga, and Moodenbaugh
[17] and by Van Tandeloo et al. [18] in YBa;Cu3O7—s.
Comparison of the electron microscopic pictures obtained
by Zhu, Suenaga, and Moodenbaugh [17] (Fig. 4) and
the computer-simulated pictures in Figs. 2(a)-2(c) shows
excellent agreement. Our results are also in agreement
with the kinetics recently observed in an electron micro-
scope, shown in an in situ filmed movie by Van Tandeloo.
The simulated kinetics demonstrate that the tweed struc-
ture is a transient state along the transformation path and
that the tweed formation as well as the further
tweed— twin rearrangement [Figs. 2(c)-2(f)] is driven
by the elastic strain accommodation. The predicted ulti-
mate (110) twin structure formed by two orientation
variants of the O phase is also in agreement with electron
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FIG. 4. Electron microscopic pictures of the tweed structure
observed in YBa2(CuFe)3;07-5 [17] (courtesy of Zhu, Suenaga,
and Moodenbaugh).

Dr. Long-Qing Chen, Dr. Y. Zhu, and Yunzhi Wang for
numerous discussions and help.
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FIG. 3. (a) A “microscopic” representation of the tweed
structure shown in Fig. 2(c) (+*=2). The dots represent O
atoms; Cu atoms (not resolved here) are located in between.
(b) The simulated strain-induced diffuse scattering (logarithm
of calculated intensity) around (220) and (400) reciprocal-
lattice points from the tweed structure in (a) and Fig. 2(c). Ar-
rows indicate the directions of the (220) and (400) reciprocal-
lattice vectors.

microscopic observations.

It should be emphasized that the morphology transfor-
mation shown in Fig. 2 is mainly a result of the elastic
strain accommodation. A sequence of structures along
the transformation path is not sensitive to a model for a
chemical free energy if the elastic strain contribution is
properly taken into account. For example, the macro-
scopic phenomenological Ginzburg-Landau approxima-
tion for the chemical free energy leads to the same mor-
phology transformations.
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Pittsburgh Supercomputer Center. We are grateful to
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FIG. 2. Simulated transient structures along the transformation path from an initial disordered state to the (110) twinned ordered
state as a function of the reduced time r*: (a) t*=1.24, (b) 1*=1.48, (c) +* =2, (d) 1*=6, (e) 1* =24, () (*=88. (a)-(c)
demonstrate the development of the tweed structure; (d)-(f) show the tweed — twin rearrangement.
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FIG. 3. (a) A “microscopic” representation of the tweed
structure shown in Fig. 2(c) (:*=2). The dots represent O
atoms; Cu atoms (not resolved here) are located in between.
(b) The simulated strain-induced diffuse scattering (logarithm
of calculated intensity) around (220) and (400) reciprocal-
lattice points from the tweed structure in (a) and Fig. 2(c). Ar-
rows indicate the directions of the (220) and (400) reciprocal-
lattice vectors.



FIG. 4. Electron microscopic pictures of the tweed structure
observed in YBa:(CuFe)307-5 [17] (courtesy of Zhu, Suenaga,
and Moodenbaugh).



