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When subjected to a low-temperature annealing cycle similar to that of Bhargava ez al., 1:2:3 su-
perconducting oxides are shown to form fine, 250-A spaced twins. The symmetry of the crystal is
markedly altered. A theoretical calculation shows that twins introduce minigaps into the electronic
structure. The implications for high-T, superconductivity are discussed.

The recent discovery of superconductivity at 40 Kel-
vin,"? and then at 90 K,? in layered copper oxide
perovskites has continued to interest a wide spectrum of
researchers and laboratories. Coherent twin boundaries
form* in the 90-K material below the tetragonal-to-
orthorhombic transition® at 1023 K. The orthorhombic
phase has symmetry Pmmm and composition
R Ba,Cu;0,_; (hereafter called 1:2:3), where Ris Y or a
rare-earth element. In this paper we focus on two as-
pects: (1) that by systematically cycling 1:2:3 between 85
K and up to 230 K, we find experimentally that coherent
twin boundaries spaced as narrow as 250 A are nucleated;
(2) that their presence modifies both the crystalline sym-
metry and the ancillary electronic structure. The
theoretical microscopic dielectric response of 1:2:3 ma-
terial with the boundaries has changed qualitatively, sug-
gesting a form of plasmonic coupling of electrons. Our
study indicates that twin boundaries may be an important
element in the superconductivity of 1:2:3 materials.

Fine coherent twin boundaries seem to be ubiquitous in
1:2:3 materials.* We know of no published report where
such structures have not been seen with, for example, a
transmission electron microscope (TEM) in material
which was nominally superconducting at 90 K. We have
studied 1-u-diameter powder samples of R=Y, Gd, or
Eu. All samples studied were newly prepared, being
small portions from larger batches which were used for
other measurements and exhibited substantial fractions
(>40%) Meissner behavior at 7 K. The powders were
ground from discs which had themselves been repeatedly
ground, pressed, and sintered.

A series of TEM experiments at various temperatures
and electron beam energies and currents were carried out
to determine their effects on the 1:2:3 samples. A wide
variety of behaviors was found. Some of these were
recorded on video tape using a GATAN TV camera at-
tached to the microscope. Variations in twin structures
were seen on several time scales, ranging from 0.1 s to
several hours as either beam conditions or sample tem-
peratures was changed. In this paper we address phe-
nomena seen at low temperatures using broadly dispersed
beams of low (<20 pA) currents on typical powder 1:2:3
specimens, using tungsten filaments and an accelerating
voltage of 120 kV in a Philips 400T microscope.

In Fig. 1 we show two sequential TEM micrographs of
a portion of a typical 1:2:3 grain. We select here a sam-
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ple with (dark) inclusions of Cu-O, and with internal mi-
crocracking. When viewed in the TEM at nitrogen tem-
perature, excellent superconducting samples, which
showed in other experiments at least 90% shielding effect
at 7 K, always exhibited twin boundaries in every grain.
Twins are omnipresent in excellent 1:2:3 material. Poor
samples with significantly lower shielding effect contained
many 1:2:3 grains without twins.

Thermal cyclings of excellent 1:2:3 materials were un-
dertaken after the appearance of the work of Bhargava
et al.® When cooled once from room temperature to
liquid-nitrogen temperature, and held there for several
hours, a variety of twin spacings in different specimens
were seen, with a medium boundary to boundary spacing
of about 1100-1200 A. Figure 1(a) shows a specimen .
cooled once from room temperature with 800-900-A
twins. When cycled slowly from 85 to 230 K (30 min
each warming and cooling), samples develop finer twin
structures during the warming part of the third and
fourth full cycle. There were no additional structural
refinements upon further cyclings. The refined boun-
daries of the same specimen are shown in Fig. 1(b). The
finer structure is developed through the one-sided intro-
duction of pairs of additional twins from the surface of a
grain and not from the motion of existing twin boun-
daries within a grain. Warming to room temperature
destroys fine twins; they are fully recovered upon recy-
cling. We had observed twins and twin refinement many
times over the last six months. Based on our results and
on the recent increase in superconducting temperatures
observed by Bhargava et al. using a similar thermal cy-
cling treatment, we conclude that coherent twin boun-
daries are an important feature in the unusual high-T, su-
perconductivity of 1:2:3 materials.

Published’ electronic structure calculations of 1:2:3
show a complicated set of narrow bands below the Fermi
level, but a few simple sets of bands about 2.5 eV wide in
the vicinity of E,. The bands near E; arise from co-
valent antibonded cooper e, d orbitals and O p orbitals.
Two sheets of the Fermi surface are derived from the or-
bitals of two-dimensional planes, and one sheet arises
from the (one-dimensional) chain containing plane. The
rest of the planes containing either R or Ba derived orbit-
als do not have any significant fraction of their structure
in the bands near E,. These results were derived for the
Pmmm orthorhombic phase.® What is the effect of the
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FIG. 1. TEM micrographs of a portion of a grain of 1:2:3 superconducting oxide. The different contrast bands are from regions of
the material in which the a and b axes are mirror interchanged forming twins. (a) Twins formed by cooling once from room tempera-
ture; (b) refined twins formed by thermal cycling.

introduction of the 250-A spaced twins? By examining
our own results and the TEM micrographs of other
groups,* we view twinned 1:2:3 materials as similar to su-
perlattice materials produced by artificial layering.® The
superlattices of 1:2:3 materials are formed naturally by
the twins. Atoms in most layers or planes of 1:2:3 ma-
terial are hardly affected by the existence of the twins.
We focus here on the plane containing the chain atoms.
The tetragonal to orthorhombic transition leads to a
difference between the a and b axis lengths which is im-
portant for developing twins.* By examining a series of
total energies using pair potential models, we have con-
cluded that the microstructure of a single (110) boundary
plane must pass through copper atoms. A model bound-
ary is shown in Fig. 2, containing three chain units per
twin. Cycled material contains about ~ 100 chain units
and some boundary relaxations.

Coherent twin boundaries affect the symmetry of crys-
tals.” Looking at the model boundary of the plane of
Cu-O chains depicted in Fig. 2, we see that the o, mirror
operation of the a-b plane has been preserved, that the
orthorhombic-based mirror perpendicular to a and b has
been destroyed, but that a new mirror parallel to the twin
boundaries has been introduced. These new boundary
and antiboundary mirrors are shown in Fig. 2 as cyan
and magenta rods. More subtle is that a new space-group
operation has been introduced by the twins: A glide
operation of a twofold rotation parallel to ¢ about Cu fol-
lowed by a half-lattice translations. (Clearly these opera-
tions hold for all the layers of twinned 1:2:3, not just
those depicted in Fig. 2.) This is shown as the white vert-
ical twofold axis and the white half-lattice translational
arrow. Coherent twin boundaries have destroyed inver-
sion symmetry, introduced boundary mirror and glide
symmetry operations, and formed polarized boundaries.
(Breaking of inversion of oxide perovskites like BaTiO; is
a prerequisite for forming a ferroelectrically active ma-
terial.) The important effect of the breaking of inversion
by the introduction of coherent twin boundaries hold for
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twins of every separation thickness or number of chain
units.

In order to test the effect of the coherent twin boun-
daries on the electronic structure, we have employed a
tight-binding model in which we have included the dom-
inant first-neighbor interactions between both x2—y? and
2x2—x?—y? e, orbitals on the copper sites and an x or y
p orbital on those oxygen sites which point toward their
nearest copper atom in the plane of the chains. We fit a
Slater-Koster—like scheme to the results’ of Yu et al. to
obtain the transfer integral parameters. Further neigh-
bor interactions were derived, but changed results only
slightly. We focus in this work on the interactions occur-
ring within the plane of the chains and those in the inter-
mediate vicinity of the Fermi level. In the upper part of
Fig. 3 we show the electronic energy band structure for
twins with 1, 2, and 3 chain units. The panel labeled 3-1
corresponds to the structure depicted in Fig. 2. Because
of the glide symmetry, the two dimensional zig-zag chain
of Fig. 2 maps onto the one-dimensional gapped structure
seen in Fig. 3. The presence of the glide operation is sig-
naled by the band degeneracy at the X zone edge. Most
linear chain electronic structures show a gap at X. The
coloring in Fig. 3 is based on the fractional parentage of
the bands. The middle green flat bands are pure Cu d
based orbitals. The yellow-white bands are of mixed 50%
Cu d orbitals and 50% O p orbitals. The gap regions in
the upper panel have been colored gray and the band re-
gions have been colored yellow for clarity. There are no
pure oxygen bands. The constancy of the color of the
yellow bands shows that the mixing is independent of k.
This holds for all cases considered.

The sizes of the real space unit cells vary as the separa-
tion of the twins. Brillouin zones vary in Fig. 3 inversely
with unit cell size. By intercomparing the upper cases
shown in Fig. 3, we see that new gaps are developed as
boundaries with more chain units are considered. The
process is similar to, but more subtle than just repeated
zone foldings because of the presence of the glides. Note
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FIG. 2. The modification of the a-b chain plane of 1:2:3 oxides developed by the presence of coherent twins. Pictured is a twin
with three chain units. The blue box marks a unit cell. The twin boundaries are indicated by the cyan and magenta rods. The impor-
tant glide symmetry operation is pictured as the white twofold rotation followed by the white half-lattice translational arrow in the
a-b plane. As discussed in the text, the twins break inversion symmetry making the boundaries polarizable.

FIG. 3. The electronic structure of twinned 1:2:3 superconducting oxides. The bands shown in the upper part are for twins con-
taining 1, 2, and 3 chain units respectively. Case 3 is the twin structure shown in Fig. 2. The density of states, shown in the lower
part, is for the case of a twin with 75 chain units. As discussed in the text, twins in 1:2:3 oxides promote the development of mini-
energy-gaps, break inversion symmetry in the boundaries, and enhance plasmonic superconductive mechanisms.
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also that all gaps occur at I'. Such gaps cannot be under-
stood on the basis of Peirels-like distortions. Adding
further-neighbor interactions slightly changes the shape
and hybridization behavior of the bands forming three-
dimensional rather than one-dimensional structures. But
the physics we have considered here will be preserved.
Gaps develop because of the breaking of the linear chains
by the twins as depicted in Fig. 2. They arise as and ac-
commodation of the electronic structure to the presence
of the complex structure factors in the twin boundaries
and the nature of the Cu d to O P 7 bonding in those
boundaries.

Impossible to show as bands in Fig. 3 is the electronic
structure of a realistic case involving 75 chain units. We
have calculated this case explicitly, solving a large (rank
6 X 75=450) complex secular matrix repeatedly. Most of
our matrix is in tridiagonal form, similar to the case of
disordered one-dimensional phonons considered'® by
Schmidt. Our case differs from his in that every off-
diagonal matrix element is k dependent due to the vary-
ing phase of structure factors. The electronic structure
for the 75 chain case is similar to the cases shown in the
upper panel of Fig. 3, but with many more bands and
gaps. The main features of the 75 case may be gleaned
from the density of states near the Fermi level shown in
Fig. 3. (The Fermi level is at zero energy, dictated by our
fit’ to Yu et al). Gaps are shown as gray and bands as
yellow, matching the upper panel. Relative gap spacings
change systematically as a function of energy, as do the
values of the density of states minima. The maxima at
the gaps diverge, but are parts of integrable singularities.
The material of the density of states depicted in Fig. 3 is
a semimetal or semiconductor in the plane of the chains.
Twin boundaries have introduced an altered energy scale
from 2 eV to of order 200 K into the electronic structure
of 1:2:3 material that contains 75 chain units. Some
consequences of the existence of minigaps have been con-
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sidered!! by Wohlleben.
We apply the Penn dielectric function'? formula

e=1+(w,/gap)*, (1)
and expect that plasmons will be screened as
a)f, =4mne’/em* . (2)

These screening processes interact or affect each other.
Using the gaps near E; in Fig. 3 and an unscreened plas-
ma energy of 2 eV, we find'? an e of about 3600 and a
screened plasma energy of about 0.1 eV or 1200 K. It is
an easy argument that a density of states structure filled
with minigaps as in Fig. 3 leads to an oscillatory dielec-
tric frequency response containing positive and negative
regions. Electrons can be condensed into superconduct-
ing pairs in such regions as described'* by Ginzburg and
Kirzhnits. If we examine the recent!® plasmon ideas of
Ruvalds and use his relation of coupling strength to
plasmon energy, we find a predicted T, of about 240 K
for the electronic structure of Fig. 3. This value is higher
than any of the reported stable and reproducible
enhanced T, values found® by Bhargava et al. We con-
clude that it is likely that the broken inversion symmetry,
electronic minigaps, and screened plasmons induced by
refined twins play an important role in the unusual super-
conductivity of 1:2:3 materials. !¢

We would like to thank R. N. Bhargava, D. Lieber-
man, T. E. Mitchell, and G. Van Tendeloo for helpful
discussions, and R. M. Aikin, W. L. Hults, and J. D.
Thompson for materials characterization. This work was
performed under the auspices of the United States
Department of Energy; theory under the Energy Conver-
sion and Utilization Technologies (ECUT) Program, and
experiment under the Office of Basic Energy Sciences
(BES).

*Permanent address: II. Physikalisches Institut, Universitit zu
Koln, 5000 K6ln 41, Federal Republic of Germany.

13. G. Bednorz and K. A. Miiller, Z. Phys. B 64, 189 (1986).

2R.J. Cava et al., Phys. Rev. Lett. 58, 408 (1987).

3M. K. Wu et al., Phys. Rev. Lett. 58, 908 (1987).

4Y. Syomo et al., Jpn. J. Appl. Phys. 26, L498 (1987); G. Van
Tendeloo et al., Solid State Commun. 63, 389 (1987).

5. K. Schuller et al., Solid State Commun. 63, 385 (1987).

SR. Bhargava et al., Phys. Rev. Lett. 59, 1498 (1987).

7L. F. Mattheiss and D. R. Hamann, Solid State Commun. 63,
395 (1987); S. Massidda et al., Phys. Lett. A 122, 198 (1987);
J. Yu et al., ibid. 122, 203 (1987); F. Herman et al. (unpub-
lished).

8L. Esaki and R. Tsu, IBM J. Res. Dev. 14, 64 (1970).

9R. Cahn, Adv. Phys. 3, 202 (1954).

10H, Schmidt, Phys. Rev. 109, 425 (1957).

1ID. Wohlleben, J. Less Common Met. (to be published).

12D, Penn, Phys. Rev. 128, 2093 (1962).

3Microwave complex conductivity measurements in Eu,CuO,
single crystals provide strong evidence for a (real part) dielec-
tric constant of more than 10%,: D. W. Reagor, A. Migliori,
and Z. Fisk (private communication). We expect that high
dielectric constants will be present in 1:2:3 materials also.

1%High Temperature Superconductivity, edited by V. L.
Ginzburg and D. A. Kirzhnits (Consultant Bureau, New
York, 1982), Chaps. 2 and 7.

15J. Ruvalds, Phys. Rev. B 35, 8869 (1987), and unpublished.

16We have focused on the theoretical portion of this paper on
twins and electronic effects. A theory which stresses the
effects of twin boundaries on phonon dynamics and supercon-
ductivity has been developed recently by Krumhansl and co-
workers. G. R. Barsch et al., Phys. Rev. Lett. 59, 1251
(1987); B. Horovitz et al. (unpublished).



FIG. 1. TEM micrographs of a portion of a grain of 1:2:3 superconducting oxide. The different contrast bands are from regions of
the material in which the @ and b axes are mirror interchanged forming twins. (a) Twins formed by cooling once from room tempera-
ture; (b) refined twins formed by thermal cycling.



FIG. 2. The modification of the a-b chain plane of 1:2:3 oxides developed by the presence of coherent twins. Pictured is a twin
with three chain units. The blue box marks a unit cell. The twin boundaries are indicated by the cyan and magenta rods. The impor-
tant glide symmetry operation is pictured as the white twofold rotation followed by the white half-lattice translational arrow in the
a-b plane. As discussed in the text, the twins break inversion symmetry making the boundaries polarizable.
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FIG. 3. The electronic structure of twinned 1:2:3 superconducting oxides. The bands shown in the upper part are for twins con-
taining 1, 2, and 3 chain units respectively. Case 3 is the twin structure shown in Fig. 2. The density of states, shown in the lower
part, is for the case of a twin with 75 chain units. As discussed in the text, twins in 1:2:3 oxides promote the development of mini-
energy-gaps, break inversion symmetry in the boundaries, and enhance plasmonic superconductive mechanisms.



