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Computer-simulation techniques and TEM analysis were employed to study the dependence of the
twin and tweed microstructures in YBa,Cu;_,M,0O;_5 on doping by trivalent atoms (like Fe, Co, or Al).
Since the trivalent atoms substituting the bivalent Cu(I) atoms have a greater number of the nearest-
neighbor oxygen atoms, it was suggested that doping can be described by the M-O nearest-neighbor at-
tractive interaction. This interaction generates a local oxygen disorder which plays an important role in
the formation of the tweed structure. The M-O interaction and the long-range O-O interaction (screened
Coulomb and strain induced) were taken into account to simulate the oxygen ordering kinetics. The
simulation is based on equations describing the microscopic diffusion of oxygen atoms. The obtained
simulated microstructures are in qualitative and even quantitative agreement with electron microscopic
observations for YBa,Cu;_,Fe,O;_; and with previous electron microscopic data. Both the computer
simulations and the TEM results have shown that the usual twin structure, formed through coarsening
and refining of the transient tweed structure, is produced at small doping (x < ~0.08). At larger
x(~0.08 <x < ~0.2-0.3), the dopant atoms prevent coarsening and a metastable (or stable) mesoscopic
tweed pattern appears. Although the crystal lattice is locally distorted by ultrafine orthorhombic
domains forming the tweed pattern, the average crystal lattice determining the diffraction spot pattern is
tetragonal. At higher x, the ultrafine orthorhombic domains producing the tweed structure disappear
and a disordered tetragonal phase is formed. It is found that doping does not affect the microstructure if
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the long-range model for the M-O interactions is assumed.

I. INTRODUCTION

Any phase transformation reducing the crystal-lattice
point symmetry results in a misfit between the crystal lat-
tices of parent and product phases and between the
different orientation variants of an ordered phase
(structural domains). Accommodation of the elastic
strain induced by the misfit causes the structural instabil-
ity of a single domain state of the product phase with
respect to the formation of a coherent mixture of its
twin-related orientation variants. These orientation vari-
ants should form a polytwin structure.!™> Actually, this
structural instability is a result of the strain-induced
dipole-dipolelike interaction between the finite elements
of the product phase.® Typical examples of such trans-
formations are the fcc—bcc martensitic transformation
where the Bain transformation strain has the tetragonal
symmetry, cubic—tetragonal martensitic transforma-
tions as well as any congruent ordering reaction resulting
in the reduction of the point group symmetry (for exam-
ple, fcc CuAu—fct CuAu I). A good and important gen-
eric example of the ordering system where the transfor-
mation reduces the point symmetry of a parent phase is
the high-temperature superconducting YBa,Cu;0,_5 un-
dergoing the tetragonal—orthorhombic transition. The
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structure transformations in this system will be con-
sidered below.

The stable polytwin morphology does not necessary
form at once. As has been shown by the authors,*> the
oxygen ordering in pure YBa,Cu;0,_s5 compound pro-
ducing the transformation from the tetragonal T phase to
the orthorhombic O(I) phase eventually generates the
(110) polytwin structure through the strain-induced coar-
sening and refining the intermediate transient tweed
structure. This transient structure is called the primary
tweed since it forms due to the primary T — O(I) ordering
reaction. The primary tweed structure pattern consists of
microdomains of two orientation variants of the ortho-
rhombic O(I) phase with a strong alignment along the
(110) directions.

It is, however, interesting that the transient tweed
structure becomes metastable if the secondary ordering
reaction O(I)—O(II) occurs.® This ordering transforms
the domains of the O(I) phase into domains of the O(II)
phase. The secondary tweed consisting of two orienta-
tion variants of microdomains of the O(II) orthorhombic
phase is metastable since after a certain “annealing” time
it does not evolve any more. Because orientation variants
of the secondary tweed are formed from those of the pri-
mary tweed, they are also aligned along the (110) direc-
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tions. Therefore, the mesoscopic patterns of the primary
and the secondary tweed are geometrically identical al-
though they are formed by microdomains of different or-
thorhombic ordered phases.

The tweed pattern was first discovered in Cu-Be alloys
by Tanner® and later was reported in many systems un-
dergoing the phase transformation with the reduction of
the crystal lattice symmetry (see, for example, Refs. 7 and
8). It has been demonstrated that the tweed formation
mechanism is associated with the self-accommodation of
the elastic strain induced by the phase transforma-
tion.>%10

As been found recently by the authors and in Refs.
13 and 14, the stable tweed pattern is also observed in su-
perconducting YBa,Cu;_,M,0O,;_5 doped by trivalent
atoms M which substitute Cu atoms (where M =Fe, Co,
and Al). The tweed pattern in M-doped material seems
to have nothing to do with the diffusion of M atoms. The
latter follows from the observation that oxygen reduction
and reoxidation at 400 °C (where the mobility of M atoms
is very low) results in disappearing and reappearing the
tweed pattern.!? It was shown that the increase of the
dopant content x changes the ultimate microstructure
from a thick twin structure to a thin twin structure and
finally to the tweed structure. At higher x, the tweed
structure disappears and a disordered tetragonal struc-
ture with a short-range order is formed. The minimum
stoichiometry x,, above which the ultimate twinned mi-
crostructure becomes the tweed one, was found to be
near 0.08 [x,<0.09 (Ref. 11) for Fe-doped and
xu~0.07-0.06 (Refs. 13 and 14) for Co-doped
YBa,Cu;_,M,0O,_5]. The upper border x,, above which
the tweed microstructure and tweed-induced diffraction
pattern disappear, is around ~0.3 for Fe-doped ox-
ides.!'l'!12 Hereafter, the stoichiometry x is defined by the
formula (Cu;_,M,) rather than by the formula
(Cu;_,M,);used in Refs. 11-14.

As far as we know, the question why the trivalent dop-
ing causes such a dramatic change in the microstructure
is still not completely resolved. However, experimental
studies, based on the different methods, x-ray-
absorption-fine-stucture, Mdssbauer, thermogravimetry,
neutron diffraction, and others (see, for example, Refs.
15-25), resulted in certain generally accepted con-
clusions.

(a) Trivalent M atoms, like Co, Fe, and Al, substitute
mainly Cu(l) atoms in Cu-O planes [in (001) basal
planes].

(b) At the substitution of a dopant M-atom for a Cu(I)
atom, the in-plane nearest-neighbor oxygen coordination
number for M atom increases from 2 to ~3. Extra oxy-
gen atoms should occupy the “wrong” a sites nearest to
the M atom because there are only two ‘‘right” sites
nearest to the M atom which are along the b axis in the
Cu-O plane. Appearance of O atoms in the “wrong” sites
along the a axis results in disordering.

(c) Doping changes the interaction parameters and
lengths of different bonds producing the asymmetric lat-
tice distortions around M atoms, it also gives consider-
able changes in the unit cell volume and the lattice pa-
rameters. There are also the theoretical works (see, for
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example, Refs. 26—-28) where the doping effect was ana-
lyzed in terms of a simple model describing the change of
interatomic interaction.

The main purpose of this work is an attempt to explain
why and how the doping of YBa,Cu;0,_5 by trivalent
cations changes the mesoscopic structure pattern. It is
shown that even a simple phenomenological model,
which takes into account the most important features dis-
tinguishing the interaction in ceramic oxides from that in
the metal compounds, is able to describe correctly the
main qualitative and even the quantitative characteristics
of the structure transformations in doped YBa,Cu3;0,_;.
These features are the long-range electrostatic and
strain-induced O-O interactions, and the presence of a
short-range M-O interaction related to covalent bonding.
As is shown below, the local perturbation caused by the
M-O interaction, actually, describes the doping effect.

To test the ability of different theoretical models to de-
scribe the observed phenomenon, we use both the com-
puter simulation and new TEM results for Fe-doped
YBa,Cu;0,_5. The computer simulation and electron
microscopy techniques are the same as those employed in
previous works®® and Refs. 11, 12, and 29-31, respec-
tively.

II. COMPUTER SIMULATIONS OF ORDERING

Study of the effect of doping on ordering and micro-
structure transformations in YBa,Cu;_,M,O,_; is actu-
ally reduced to a study of the oxygen ordering in the Cu-
O basal planes in a static external field generated by the
dopant-oxygen (M-O) interaction. We assume the M
atoms to be immobile. For the O-O interaction, we ac-
cepted the same long-range interaction model as that
used in our previous works.*> This model describes the
0-0 interactions as the sum of the anisotropic screened
Coulomb interaction proposed by Aligia and co-
workers®>»3 and the strain-induced interaction. The
model proves to work well for the structure transforma-
tion in undoped YBa,Cu;0,_5.*°

We have tested three possible models of the M-O in-
teraction responsible for the doping effect. In testing, we
compared at different x the computer-simulated struc-
tures with the electron microscopic images. These mod-
els assume the following interactions: (i) a long-range at-
tractive M-O electrostatic interaction; (ii) a long-range
strain-induced M-O interaction due to the strain effect
generated by M atoms (it is related to the macroscopic
crystal lattice distortion upon doping); (iii) a nearest-
neighbor attractive M-O interaction caused by the co-
valent bonding responsible for the increase of the number
of the nearest-neighbor oxygen atoms around the M
atoms.

The employed computer simulation technique is the
the same as in Refs. 4 and 5. The M atoms, whose num-
ber was chosen in accordance with their stoichiometry x,
were randomly distributed over the Cu(I) crystal lattice
sites. Diffusion of dopant atoms, as well as the Cu(l)
atoms, during the oxygen ordering kinetics was not per-
mitted, and only the oxygen atoms were allowed to move
through the diffusional jumps between the closest intersti-
tial sites in the basal (001) Cu-O planes (the nearest-
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neighbor interstitial sites belong to two different sublattices whose sites are on the a and b axes, respectively; these sub-
lattices are designated below by indices p, g, or s). The kinetic equation describing the diffusion of O atoms in the po-
tential field generated by dopant atoms is similar to that employed in Refs. 4 and 5. It has the form

dn(p,k;t) _ 937 22
BEZ =3 L,
g=1 s=1

where r labels the position of Cu(l) (or M) atom nearest
to the interstitial site (p,r); functions 7 (p,k;?), V(k)/

—~ gs?
B(k),,, L(k),,, and

n(q,r;t)
In——2"—
[ n 1—n(q,r;t)

k

are the Fourier transforms of the respective functions:
the occupation probability #(p,r;¢) to find an oxygen
atom in the interstitial site (p,r) at the time ¢, the pair-
wise interaction W(r){;s which includes the anisotropic
screened Coulomb but does not include the pairwise
strain-induced interaction whose Fourier transform is
B(k),,, the matrix L(r—r'),, of the kinetic coefficients
characterizing the probability of an elementary
diffusional jump from the site (g,r’) to the site (p,r), and
the entropy-related function

n(q,r;t)

In 1—n(q,r;t)

Vector k is the wave vector within the first Brillouin zone
of the disordered T phase, kj is the Boltzmann constant,
and T is the temperature. Equation (1) is, actually, the
microscopic extension of the Ginzburg-Landau time-
dependent equation.

S [V (k) +B (k) (s, k1) |+, (k) (k)yi(g,k;t)+kp T

n(g,r;t)
lnl-—n(q,r;t) L] ’ (1)

The only difference of the above equation with the ki-
netic equation in Refs. 4 and 5 is that Eq. (1) includes the
additional term

é4(k)e(k)y 7 (g,k;t)

describing the potential field acting on O atoms from the
immobile M atoms. Here, ¢q(k) is the Fourier transform
of the pairwise M-O interaction, c(k),, is the Fourier
transform of the function c(r),, describing the random
distribution of dopant atoms [c (r),, =1 if a site r is occu-
pied by an M atom and c(r),;,=0 if it is occupied by a
Cu(I) atom]. The function c(r),, is chosen so that it pro-
vides the dopant content x.

As in Refs. 4 and 5, the computer simulation of the ox-
ygen ordering in (001) Cu-O basal (a-b) plane was real-
ized by numerical solution of kinetic equations (1) (with
the same O-O interactions parameters as in Refs. 4 and
5). It allowed us to find the structures formed during the
oxygen ordering kinetics. We have studied the T—O
transformation in YBa,Cu,Cu;_,M,0, with different
dopant content x. The T— O oxygen ordering transfor-
mation was simulated by ‘“quenching” the disordered
tetragonal T phase to the temperature T,, which is below
the order-disorder transition temperature T, and subse-

b

FIG. 1. (a) Simulated temporal isothermal evolution of microstructure in doped YBa,Cu;_, M, O; at x =0.04 and the temperature
T,/T,=0.79. The transformation reduced time ¢* is equal: 4, 8, 48, 108, 348 (from left to right). The transient tweed structure (at
small times ¢ * =4 and 8) obtained along the transformation path from the initial disordered state transforms to the (110) twinned or-
dered state, therefore, showing the tweed —twin rearrangement. Two types of orientation domains are characterized by the value of
the Iro parameter (%) [Eq. (2)]. Black and white colors describe the O(I) ordered domains of two different orientations. Small gray
areas are around the positions of dopant atoms. (b) The corresponding strain-induced diffuse scattering around (400) fundamental
diffraction spot. The intensity is shown on a logarithmic scale. The system size is 128 X 128 unit cells.
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quent annealing at 7,. For example, structures given in
Figs. 1 and 2 correspond to T, /T,=0.79. They demon-
strate the results of the 7—O oxygen ordering for the
(iii) model (the nearest-neighbor attractive M-O interac-
tion) after the annealing during the reduced time
t*=4t /71, where t is the time and 7 is the characteristic
time of an elementary jump of O atom between the two
nearest-neighbor interstitial sites. The initial disordered
structure of the T phase was characterized by a random
distribution of O atoms over interstitial sites of both sub-
lattices (with sites on a or b axes) with “infinitesimal”
fluctuations around the average oxygen concentration
¢ =0.5. In this computer simulation, a 128X 128 compu-

FIG. 2. Simulated microstructures in YBa,Cu;_,M, 0O, at
different dopant content x at the temperature 7,/7T,=0.79.
The values of x are (a) 0.04, (b) 0.08, (c) 0.10, (d) 0.12, (e) 0.18, (f)
0.24, and (g) 0.40. The transformation reduced time ¢ * is equal
to (a) 348, (b) 408, (c) and (d) 188, (e) 168, and (f) and (g) 48. All
conditions are the same as for Fig. 1(a).
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tational cell in a (001) Cu-O basal a-b plane is employed.
Since the (001) basal planes are separated by three
perovskite unit cells, these two dimensional calculations
may be considered as quite a reasonable first approxima-
tion (this was confirmed by our previous results*>).

Simulations carried out for the possible models (i) and
(i) of the M-O interaction have shown that in the case (i)
the long-range screened Coulomb M-O interaction (with
M-atom excessive charge being a half of the oxygen
charge) does not affect the microstructures formed during
the T—O transformation (only the defects emerge
around the M atoms). The structure transformation
occurs exactly the same way as in an undoped material,
by the formation of a transient primary tweed pattern fol-
lowed by its rearrangement into the (110) polytwin pat-
tern.

In the case of the model (ii), the M atoms are assumed
to be the dilatational “point defects.” The dilatational de-
fect results in a symmetrical crystal lattice distortion with
the symmetry of the host lattice. The corresponding M-
O strain-induced interaction was estimated using the
dependence of the crystal lattice parameters of the
YBa,Cu,Cu;_, M, O, on the dopant content x (Ref. 34)
and the elastic strain moduli of YBa,Cu;0, (Ref. 35). We
found that this interaction changes the microstructure: it
decreases the twin spacing at small x and transforms the
twin structure into an aligned fine structure with a modu-
lation whose characteristic length strongly decreases with
x. These alignments, however, are along the ¢ 100)
directions rather than the (110) directions observed for
the tweed pattern in this compound. Therefore, the M-O
interaction described by the model (i) or (ii) is not respon-
sible for the observed microstructures, or its effect is too
small to be taken into account.

The nearest-neighbor M-O interaction model (iii) cor-
responds to a covalent bond formation which certainly
takes place when the bivalent Cu(I) atoms are replaced by
the trivalent M atoms. This interaction is attractive and
of the same order of magnitude as the nearest-neighbor
Coulomb interaction,

—(zp—z¥)z8 /(a/V2)

where z;7, z§&,, and z§ are the effective charges of M, Cu,
and O atoms. Actually, this interaction correctly repro-
duces the experimentally observed tendency for the in-
crease of the oxygen coordination number of M atoms.
Although this model is rather crude (it neglects the mul-
tiparticle effect typical for the covalent bonding), it, nev-
ertheless, gave us the results which are in a good agree-
ment with the observed changes of microstructure upon
doping.

Some of the computer-simulation results are presented
in Figs. 1 and 2 for the particular value of the nearest-
neighbor M-O interaction, W, o= —0.17 eV. To visual-
ize the simulation results, we have to present them in a
form which could be compared with the TEM images.
Particularly, we used the local long-range order (Iro) pa-
rameter averaged over the five crystal lattice sites around
the site r:

() =Kn(l,5;8))—(n(2,5;))+1)/2, 2)
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where n (p,r;t) is the occupation probability to find an O
atom in the interstitial site (p,r) at the time ¢, and the
symbol ( - -+ ) designates averaging over the site r and
the four nearest lattice sites, r+a and r+b (where a and b
are the unit translations in the directions [100] and [010]).
Averaging “smoothes” the Iro parameter and reduces the
“atomic resolution” of images obtained in our computer
simulation to a “resolution” where these images could be
compared with the conventional TEM images. Function
(2) assumes the values between 0 and 1. In our pictures,
this corresponds to the change in color from the black
color, describing the O(I) ordered domains of the first
orientation, to the white color, describing the O(I)
domains of the second orientation. The gray color corre-
sponds to the disordered state. Using (%) instead of 7
results in “‘smearing” a dopant atom into a small area.

Figure 1(a) demonstrates the temporal evolution of a
simulated structure during the “annealing” at the tem-
perature T, /T;=0.79 at small dopant content x =0.04,
the reduced time ¢t* of “annealing” being changed within
the range from 4 to 348. At the initial stage of annealing,
the T'—O(I) ordering results in appearance of ultrafine
domains of two orientation variants of the orthorhombic
O(I) phase. These domains form the tweed pattern.
Later, the tweed structure transforms into the (110) po-
lytwin structure. Figure 1(b) shows the corresponding
strain-induced diffuse scattering around the (400)
diffraction spot (the calculated intensity is shown on a
logarithmic scale, the details of calculations are given in
Ref. 5). Both Figs. 1(a) and 1(b) show the gradual tem-
poral evolution from the tweed structure to the (110) po-
lytwin structure. This is the same type of the evolution
as that observed experimentally>® and predicted theoreti-
cally*> for undoped materials. Doping produces the lo-
cal disorder around the M atoms which is well seen in
Fig. 1(a) at large times ¢* and in Figs. 2(a) and 2(b). The
local disorder in these figures manifests itself as small
grey “islands” on the twin boundaries and within the
(110) twins.

Figure 2 presents the metastable structures for
different x at the same temperature 7,/7T,=0.79. The
structures are metastable (or, possibly, stable) because
they do not practically change after a certain annealing
time ¢§. This time ¢§ strongly depends on the dopant
content x. For example, at x =0.40, 5 ~10. However,
the time ¢§ is about ~30, 50, 100, 150, and 300-400 at
smaller x values, x =0.24, 0.18, 0.12, 0.10, and <0.08,
respectively. We note, that the time #j, necessary to
form the final stable twin structure in undoped material
(x =0), is about 100. This is 3 times less than the time
(t5 ~300) that was found necessary to form the twin
structure at the small doping, x =0.04.

The polytwin structure at x =0.04 shown in Fig. 2(a)
is the same as-in Fig. 1(a) for the time t*=348. Figure
2(a) presents the (110) twins with wide diffuse boundaries
and the “point” defects around the positions of dopant
atoms. Within the range ~0.1<x<~0.2, Figs.
2(c)-2(e) show the tweed structure which is similar to
that previously observed in the trivalent-doped
YBa,Cu;_,M,0O,;_5 (Refs. 11-14) and to the tweed ob-
tained in this work [Figs. 3(c)-3(e)]. Although the
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ultrafine orthorhombic domains forming the tweed pat-
tern locally distort the crystal lattice, the average crystal
lattice determining the diffraction spot pattern is tetrago-
nal. At further increase of x, the tweed structure gradu-
ally transforms into a homogeneous tetragonal phase
[Figs. 2(f) and 2(g)].

Results presented in Fig. 2 describe the final micro-
structures at different x. These microstructures are in a
very good agreement with experiment (compare, for ex-
ample, Fig. 2 with Fig. 3). While the polytwin structure
forms at small dopant content, x < ~0.08, the tweed
structure appears at larger x. The approximate border
stoichiometry, separating the stability regions of the twin
and tweed patterns, is x,~0.08. This stoichiometry is
close to the experimental values: x,=<0.09 for Fe

FIG. 3. Morphologies in YBa,Cu;_,Fe,O,_5 obtained by
TEM (under g =200 two-beam condition) at different dopant
content x: (a) 0.045, (b) 0.06, (c) 0.075, (d) 0.09, (e) 0.15, (D 0.3,
and (g) 0.45. All images have the same scale.
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doped!! and x,~0.06-0.07 for the Co-doped'>'

YBa,Cu;0,_;5. Considering the simplicity of our model
(iii) for the M-O interaction, this quantitative agreement
is very good. We note, that the value x, depends on tem-
perature. It decreases upon lowering the temperature.

III. EXPERIMENTAL RESULTS

The samples of the Fe-dopant oxides,
YBa,Cu;_,Fe, O,_5 (0.045<x =<0.45), were prepared
by mixing the appropriate amounts of Y,0;, BaCOj,
CuO, and Fe,O; powders in an agate mortar. The
ground powders were pressed into pellets and fired in the
air at 900 °C twice. They were heated in oxygen at 970 °C
for more than 40 h, followed by an anneal at 665 °C for 8
h, and then furnace cooled to below 100°C. The resulting
samples were well crystallized with shiny facets on the in-
terior.

The transmission electron microscopy was performed
on a JEM-2000FX electron microscope operated at 200
keV. The majority of the TEM specimens (at least two
for each composition) were prepared by slicing the sin-
tered pellets, ultrasonically cutting out the 3 mm disks,
mechanically dimpling to ~25 pm thick, initially ion
milling at 4 keV at 8°-10° tilt, and, finally, milling at a re-
duced angle of ~6° or a reduced voltage of 2 keV. To
verify that no artifacts were being introduced during the
ion-milling process at room temperature, several speci-
mens of ground pellets suspended on holey carbon films
were examined, as well as the samples ion-milled using
the liquid-nitrogen-cooled stage. The only observable
difference among the specimens prepared by these vari-
ous methods is that the ion-milling samples had a very
thin amorphous layer on the surface.

Figure 3 demonstrates the dependence of the micro-
structure on the dopant content x. All the images were
recorded under g =200 diffraction condition with the
same deviation from the Bragg reflection. This figure
shows that the tweed pattern appears within the range
~0.075<x < ~0.3. At small x (x < ~0.075), the twins,
having the diffuse boundaries and the defect internal
structure, are observed. At larger values of x (x > ~0.3),
we find a more homogeneous structure rather than tweed.

Comparing the electron microscopic images (Fig. 3)
and the computer simulated results (Fig. 2) shows that
both give the same dependence of microstructure on the
dopant atom content x. Both give the same doping range
(~0.08 <x ~0.3), where the appearance of the tweed
microstructure is expected.

We note, that the loinear size of the simulated pictures,
equal to 128X3.856 A~ 50 nm, is about a half of the bar
(100 nm) shown on electron microscopic images (Fig. 3).
Therefore, the experimental images are approximately 10
times bigger than the computer simulated pictures.

IV. DISCUSSION

As was found in previous experimental studies, doping
by atoms with the same valency as Cu(I) atoms (like Ni or
Zn) does not affect the atomic structure and mesoscopic
morphology of superconducting YBa,Cu;_,M,0O,;_ ;.
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Such influence was found only at doping by trivalent cat-
ions (like Fe, Co, or Al). The difference could be inter-
preted in the light of experimental data.?'?32?> These
works showed that the impurity cation M, whose valency
exceeds the valency of a Cu(l) atom, has a greater num-
ber of the nearest oxygen atoms. If this is the case, the
trivalent dopant atom should produce a local oxygen dis-
order which certainly should effect the oxygen ordering
in YBa,Cu;_,M,0O,_s. A reason for this is the follow-
ing.

Since the character of the Cu-O covalent bonding does
not allow a Cu(I) atom to have more than two nearest-
neighbor O atoms in the a-b plane, the O atoms in the or-
dered orthorhombic structure are located on the b-
interstitial sites along the b axis, ‘“permitted” in this or-
dered state. The situation is different for a trivalent M
atom. It binds more than two O atoms in the a-b plane.
Two of them occupy the two b sites, nearest to the M
atom, while the remaining O atoms, binded to the M
atom, must occupy the rest of available sites nearest to
the M atom. These available sites are the a sites. Since in
the ordered state the a sites are not “permitted” for the
occupation by oxygen, the appearance of oxygen atoms
on these a sites produces the local disorder.

Certain qualitative predictions about the doping effect,
which follow from the physical mechanism described
above, could be made.

(i) If the concentration of M atoms is sufficiently high,
their disordering effect should destabilize the ordered or-
thorhombic phase and shift the thermodynamic equilibri-
um towards the disordered tetragonal phase. This is ex-
actly what is observed experimentally at the high dopant
stoichiometry x.

(ii) If the concentration of M atoms is low (a small
amount of local disordering centers), their effect on an or-
dering structure is not expected to be substantial and or-
dering should occur in the same way as in undoped
YBa,Cu;0,_;, i.e., by formation of the (110) polytwin
structure via the transient tweed structure. However,
even in this case, the local disordering may play a role of
pinning centers for boundaries between the domains of
two orientation variants of the ordered orthorhombic
phase. Pinning the domain boundaries may adversely
affect coarsening of the polytwin structure and, thus, may
be responsible for observation of considerably thinner
(110) twins upon further doping within this stoichiometry
range.

(iii) In intermediate range of the M-atom concentra-
tion, the pinning effect of the local disorder may be so
considerable that the tweed—twin transition, requiring
the domain boundary mobility, becomes impossible. If
this is the case, the stable tweed structure should be ob-
served.

These qualitative conclusions following from the
nearest-neighbor M-O attraction [model (iii)] for trivalent
dopant M atoms agree well with the new TEM observa-
tions (Fig. 3) and the previous electron microscopic
data.!'"* They also agree with our computer simula-
tion, for the M-O nearest-neighbor attraction, which pro-
vides a numerical characterization of the multiparticle
nonlinear diffusion process of interacting oxygen atoms.
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The simulation demonstrates that dopant atoms pro-
duce the local disorder areas around them [these areas
appear as the small grey areas in Fig. 1(a), at large time
t*, and in Figs. 2(a) and 2(b)]. It also shows that the ad-
ditional M-O attractive interaction is mostly responsible
for the specific structure characteristics of YBa,Cu;0,_;
doped by trivalent cations. It is interesting that even this
simplified two-dimensional model assuming the pairwise
M-O nearest-neighbor attractive interaction together
with the long-range O-O interactions, anisotropic electro-
static3®3? and strain-induced, 13 produces the structures
which are in a very good agreement with the electron mi-
croscopic observations. The latter could be, particularly,
illustrated by comparison of the simulated structures
(Fig. 2) with the TEM images (Fig. 3). The simulated
structures show an excellent resemblance to the observed
structures on the TEM images. And what is more, they
correctly reproduce the transition from the twin struc-
ture at small M content to the tweed structure at higher
M content and the transition from the tweed structure to
a disordered tetragonal phase at very high M content.

Surprisingly, this simple model gives even good quanti-
tative predictions. It predicts the correct value for the
“critical” stoichiometry x, which separates the twin and
tweed stoichiometry fields. Indeed, as was mentioned
above, the value of x, following from the computer simu-
lation is about 0.08, whereas the experimental values of
xo for Fe- and Co-doped YBa,Cu;0,_g vary within the
range 0.06-0.09.1%1314 The simulation shows that the
tweed structure disappears at the stoichiometries above
the second “‘critical” stoichiometry x;~0.3. At
x>x;~0.3, a homogeneous tetragonal (disordered)
phase is formed [see Fig. 2(g)]. The experimental obser-
vations give approximately the same critical
stoichiometry x; ~0.3. The obtained agreement seems to
indicate that our model of the O-O and M-O interactions,
regardless of all its obvious oversimplifications, correctly
grasps the main physics of the phenomenon.

It is natural to raise a question, whether the computer
simulation results are sensitive to variation of the M-O
potential. In this work, we have investigated the effect of
the long- and short-range M-O interactions on the struc-
ture formation [models (i)-(ii)]. As was mentioned
above, the simulations with the long-range M-O interac-
tions (electrostatic and strain induced) are not able to
produce the observed metastable tweed structures at all.
This result can be readily interpreted in the light of the
fact that the long-range M-O interaction would not gen-
erate the local disorder discussed above. Indeed, if the
M-O attraction is long-range, the argument about the lo-
cal disorder, presented in the beginning of this section, is
not applicable because there is no need for the extra O
atoms to be attracted (by an M atom) to its nearest-
neighbor a sites. Extra O atoms, attracted into a large
M-O interaction radius sphere, have a choice to occupy
the “permitted” b sites beyond the nearest coordination
shell around the M atom. In this case, no local disorder
is introduced. The M-O strain-induced interaction, being
long-range, also does not give a local disorder. There-
fore, we can conclude that only the nearest-neighbor M-O
interaction is responsible for appearance of the metasta-
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ble (or stable) tweed structure in YBa,Cu;_ M,O,_;.
This analysis agrees with the fact that the trivalent
dopant atoms have a substantial covalent contribution to
bonding with oxygen atoms which is always short-range.

Several comments concerning the O-O interaction in
this system could also be made. Although the M-O
nearest-neighbor attraction, in principle, can provide the
stable (or metastable) mesoscopic structure formed by or-
dered domains, it, however, cannot generate the typical
(110) alignment which is a fingerprint of the tweed pat-
tern. The alignment can be obtained only if the long-
range strain-induced O-O interaction is taken into ac-
count. Therefore, the observation of the tweed structure
in YBa,Cu;_ M,0O,_5 conclusively demonstrates that
the strain-induced interaction between oxygen atoms
plays a fundamental role in this system and, thus, cannot
be ignored.

As for the long-range electrostatic interaction between
the oxygen atoms assumed in our model, the tweed struc-
ture could be, in principle, obtained without it. However,
any short-range interaction model for the O-O potential
would be unsatisfactory because it fails to explain the ap-
pearance of the observed long-period structures reported
in undoped YBa,Cu;0;_; (the short-range interaction
cannot provide their stability).

In spite of the good agreement between the simulated
and observed structures, there is a technical shortcoming
related to a limited size of the computational cell. Partic-
ularly, we cannot obtain the effect of rapid decrease of
the twin spacing upon doping at small x, which is ob-
served experimentally in Refs. 11-14 and in our Figs.
3(a) and 3(b). The reason for this is the following. The
thickness of the “thick” twins obtained in our computer
simulations cannot be bigger than the size of our compu-
tational cell (128X128). But this size is of the same or-
der of magnitude as the thickness of the thinnest lamellar
twins observed experimentally. Therefore, to describe
the more thick twins, the computer simulation should be
performed on a computational cell which is substantially
bigger than the cell (128 X128) used in this work. How-
ever, it can hardly be done at the current status of the su-
percomputing.

V. CONCLUSIONS

(1) The proposed simple theoretical model provides a
good agreement between the calculated and observed
structures in the YBa,Cu;_ M, O,_5 doped by trivalent
cations M.

(2) To describe the mesoscopic tweed structure, the
long-range strain-induced O-O interaction and the
nearest-neighbor dopant-oxygen attraction should be in-
troduced. The long-range dopant-oxygen interaction
does not produce the tweed structure.

(3) The nearest-neighbor dopant-oxygen attraction re-
sults in a local disorder. The local disorder, introduced
by dopant atoms, and the strain-induced O-O interaction
are the key factors in the formation of the
stable/metastable mesoscopic tweed structure and in its
transformation to the disordered tetragonal structure at
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high dopant content. This conclusion is, probably,
correct for many other ordering systems as well.
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FIG. 1. (a) Simulated temporal isothermal evolution of microstructure in doped YBa,Cu;_, M, 0, at x =0.04 and the temperature
T,/T,=0.79. The transformation reduced time t* is equal: 4, 8, 48, 108, 348 (from left to right). The transient tweed structure (at
small times ¢ * =4 and 8) obtained along the transformation path from the initial disordered state transforms to the (110) twinned or-
dered state, therefore, showing the tweed —twin rearrangement. Two types of orientation domains are characterized by the value of
the Iro parameter (1) [Eq. (2)]. Black and white colors describe the O(I) ordered domains of two different orientations. Small gray
areas are around the positions of dopant atoms. (b) The corresponding strain-induced diffuse scattering around (400) fundamental
diffraction spot. The intensity is shown on a logarithmic scale. The system size is 128 X 128 unit cells.



FIG. 2. Simulated microstructures in YBa,Cu;_,M,0, at
different dopant content x at the temperature T,/7T,=0.79.
The values of x are (a) 0.04, (b) 0.08, (c) 0.10, (d) 0.12, (e) 0.18, (f)
0.24, and (g) 0.40. The transformation reduced time ¢ * is equal
to (a) 348, (b) 408, (c) and (d) 188, (e) 168, and (f) and (g) 48. All
conditions are the same as for Fig. 1(a).



FIG. 3. Morphologies in YBa,Cu;_,Fe O,_; obtained by
TEM (under g =200 two-beam condition) at different dopant
content x: (a) 0.045, (b) 0.06, (c) 0.075, (d) 0.09, (e) 0.15, (f) 0.3,
and (g) 0.45. All images have the same scale.



