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Copper-Rich Planar Defects in Gd-Substituted Superconductors
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The structure of the high-temperature superconductor GdBa,Cu;0, (x = 7) was examined by high-
resolution transmission electron microscopy. The Gd-substituted superconductors, in contrast to the
yttrium-based materials, contained a large number of planar defects corresponding to a shear vector of

1/6 [301]. Detailed image simulation enabled the defects to be identified as copper-rich regions.
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Introduction

Following the discovery of superconduc-
tivity in the temperature range 30-40 K for
the La—~Ba-Cu-O system (), extensive in-
terest focused on the Y-Ba-Cu~-O system
where it was found that YBa,Cu;0- exhibits
a remarkably high 7. above liquid nitrogen
temperature (2). Subsequently, it was
shown that when yttrium (Y) is replaced by
the rare-earth elements La, Nd, Sm, Eu,
Gd, etc., comparable transition tempera-
tures could be obtained (3-16).

To explain the physical source of the su-
perconductivity, it is essential to determine
the crystal structure. X-ray and neutron dif-
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fraction data have shown that the basic
structure of YBa,Cu;O, (x = 7) is an oxy-
gen-deficient perovskite structure (/7-20).
But, to obtain a detailed understanding of
the relationship between the superconduct-
ing properties and the crystal structure, the
local structure on a microscopical level,
which cannot be determined by X-ray or
neutron diffraction, must also be eluci-
dated. High-resolution electron microscopy
is a powerful method of investigating the
local structure in real and reciprocal space
simultaneously and the occurrence of, for
instance, twinning, amorphous phases, pla-
nar defects, and oxygen defect ordering
(21-34). In order to study the relationship
between the defects in the specimen and
the superconductive properties, it is impor-
tant to pay special attention to the origin of
the defects. That is, it is necessary to check
whether the defects are consequences of
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mechanical deformation during sample
preparation or damage during beam irradia-
tion. In either case it would be incorrect to
view them as intrinsic defects in relation to
the superconducting properties. Many elec-
tron microscopy observations of defects
have been due to mechanical deformation,
which characteristically exhibits a high lo-
cal density.

On the basis of high-resolution electron
microscope analysis, we report here the
presence of defects in GdBa,Cu;0, (x = 7)
consisting of Cu-rich planes. In our obser-
vations, the defects contained in the speci-
men were found to be distributed widely
and uniformly throughout the specimen.

Experimental Method

Specimens of GdBa,Cu;0, (x = 7) were
prepared by the solid-state reaction of gad-
olinium oxide (99.999%), barium carbon-
ate (99.999%), and cupric oxide (99.999%).
Powders were ground and calcined in air at
900°C for 2 weeks with repeated grindings.
The compound was finally reheated in an
oxygen atmosphere for 12 hr at 900°C and
then 8 hr at 550°C. X-ray diffraction pat-
terns of the final polycrystalline materials
were taken on a Rigaku diffractometer us-
ing CuKea radiation and a Ni filter. An inter-
nal NBS Si standard was recorded with the
sample. The lattice parameters were then
refined by a least-squares method. Speci-
mens for the electron microscope were
crushed with care to limit mechanical de-
formation and mounted on holey carbon
films without suspension to avoid degrada-
tion by water or other solvents. High-reso-
lution observations were carried out at
room temperature in an H-9000 electron mi-
croscope with a top entry goniometer stage.
In order to detect the difference in structure
due to the stacking sequence brought about
by the irregular cation composition, a very
thin fragment was selected and its orienta-
tion was adjusted until the incident beam
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direction was normal to the ¢*-axis in recip-
rocal space. Image simulations based on
the multislice method were carried out on
an Apollo 660 workstation ring using the
NUMIS programs written at Northwestern
University.

Results

The sample used for observation gave an
X-ray powder diffraction pattern that was
quite similar to that of YBa,Cu;0, (x = 7).
The powder sample proved to be or-
thorhombic with unit cell parameters a =
0.384, b = 0.390, and ¢ = 1.171 nm. The
very small difference in the lattice parame-
ters from that of YBa,Cu;,O, (x = 7) is pre-
sumably due to the slight difference in ionic
radii of Gd and Y. The resistance of a Gd
Ba,Cu;0, (x = 7) specimen as a function of
temperature was measured and the critical
temperature T, defined as the midpoint of
10 and 90% of the transition, was 93.6 K
with a width of 2.8 K. The defect free struc-
ture, which is similar to that determined by
neutron and X-ray diffraction (13-15) for
YBa,Cu;0, (x = 7), is shown schematically
in Fig. 3d.

Figure 1a shows experimental images ob-
tained with the beam along the [100] or
[010] direction. (The small difference be-
tween [100] and [010] is not differentiated
here.) Inset in Fig. 1a is a calculated image
for the following imaging condition, a sam-
ple thickness of 3.8 nm, defocus —30 nm,
Cs = 0.9 mm, an accelerating voltage of
300 kV, a focal spread of 80 nm, and a con-
vergence of 1.0 mrad. The framework of 1
unit cell is indicated in Fig. la. The experi-
mental image shows the ideal structure
of GdBa,Cu;0, (x = 7) without any defects.
Figure Ib shows a high-resolution image
without any defects taken along the [110]
direction together with a calculated image
for a thickness of 3.8 and —25 nm defocus.
The framework shown indicates the unit
cell size projected along the [110] direction.
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FiG. 1. (a) High-resolution electron micrograph of GdBa,Cu;0, (x = 7) without any defects with the
incidence beam normal to the c-axis; inset is a calculated image for a thickness of 3.8 nm and a defocus
of —30 nm. (b) High-resolution electron micrograph for the [110] direction, showing a perfect region;
inset is a calculated image for the same conditions as in (a). The frameworks shown in (a) and (b)

indicate the projected unit cell.

For the imaging conditions of Figs. la and
1b, the calculated images agree with the ex-
periment, leading to the conclusion that the
black dots show the positions of the metal
atoms such as Gd, Ba, and Cu.

Figure 2 is an example of a high-resolu-

tion image showing the typical image con-
trast of the planar defects. The sample was
not subjected to change in structure by
electron beam irradiation during observa-
tion. At least two kinds of image contrast
due to defects in the specimen can be ob-
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FiG. 1.—Continued

served as indicated by the marks S; and S;
in Fig. 2. In the region S, the image shows a
shear structure normal to the c-axis. On the
other hand, S, shows an anomalous row of
white spots between two layers as indicated
by the arrow. In this region a shear struc-
ture could not be observed, but the distance
between two layers is larger than that of the
nominal structure. Both can be interpreted

by assuming that an extra cation (Cu) layer
has been introduced between two layers.
In order to discuss the structure of the
defects corresponding to those shown in
Fig. 2, three possible structural models are
illustrated schematically in Figs. 3a-3c,
with the ideal structure (I7) shown in Fig.
3d for reference. The structures in Fig. 3 all
have a shear with a displacement vector of
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FiG. 2. High-resolution image showing two kinds of planar defects in GdBa,Cu,O, (x = 7).

1/6{301], with reference to the ideal struc-
ture, and were derived by taking the repul-
sion between the neighboring ions into con-
sideration. The arrows in Figs. 3a-3c
indicate the positions of the extra layers
containing copper and oxygen atoms be-
tween Ba-Ba, Gd-Gd, and Ba-Gd atoms,
respectively. In Fig. 3, although the posi-
tions of oxygen atoms are omitted, they are
considered in the calculation based on the
ideal structure (7). Namely, the copper at-
oms in each double layer are assumed to be
surrounded by a square of oxygen in the -
¢ plane. Unfortunately the images are not
sufficiently sensitive to oxygen to confirm
the existence of all four of these oxygen
atoms, or whether any additional oxygen is
present on the vacant oxygen sites along
the a-axis. The imaging conditions for the
calculations were determined by consider-
ing the image contrast of the perfect struc-
ture.

An experimental through-focal series of
images showing the same defect as that at
the S, region in Fig. 2 is shown in Fig. 4.

gCu
ap Ba
¢ V Ocd

FiG. 3. Some possible structure modeis containing
defects with a shear vector of 1/6 [301]. The arrows
indicate the Cu-rich regions. The Cu-rich regions are
located between (a) Ba~Ba atoms, (b) Gd~Gd atoms,
(c) Ba—Gd atoms. (d) The perfect structure.
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F1G. 4. Observed and calculated images of the defect along the [010] direction; the thickness is 3.4

nm and the defocus values are —70 and —60 om.

Corresponding calculated images using the
structure model of Fig. 3a for imaging con-
ditions of a thickness of 3.4 nm, and defo-
cus values of —70 and —60 nm are shown in
the insets of Figs. 4a and 4b. According to
the notation of Fig. 3a, the incident beam in
the calculation is along [010]. Calculated
images of the ideal structure for reference
are also inset. As indicated by an arrow in
Fig. 4b, a shift of half of the spacing of (100)
lattice planes was observed in the images.
The observed images in Fig. 4 are in rea-
sonably good agreement with the calculated

images in the insets. It was also found from
the results of the simulations that the defect
structures for a thickness of less than 3 nm
were not readily observable.

For further analysis of the defects ob-
served in the region S, in Fig. 2, image cal-
culations with the incidence beam along the
[100] direction were performed and com-
pared to experimental images. The region
marked R in Fig. 5b shows the contrast of a
perfect structure with a regular stacking.
The anomalous image contrast showing the
white spots is found in region D of Fig. Sb.
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FiG. 5. Observed and calculated images of the de-
fects along a [100] direction; the thickness is about 4.0
nm and the defocus values are —75 and —25 nm. Re-
gion D in (b) shows the pairs of Cu atoms between Ba—
Gd atoms.

In region D the distance between two layers
is separated by about 0.65 nm which is
about 1.7 times the normal distance associ-
ated with elongated spots along the c-axis.
It should be noticed that the white spots
indicated by the arrows show asymmetrical
contrast in Fig. 5b. In order to explain this
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feature, results of calculated images based
on the structure models shown in Figs. 3a—
3¢ were compared as shown in Figs. 6a-6c¢.
Figures 6a, 6b, and 6¢ were obtained by
assuming that there exist Cu-rich regions
between Ba-Ba, Gd-Gd, and Ba-Gd at-
oms, respectively, which correspond to the
structure models of Fig. 3a, 3b, and 3c, re-
spectively. Calculations were performed
for a thickness of 3.2 nm and defocus val-
ues of —75, —65, —35, and —25 nm. The
arrows ¢ in Fig. 6 indicate the copper-rich
regions. The white spots represent the
atomic positions of cations such as Ba, Gd,
Cu for the defoci of —75 and —65 nm, and
the image contrast reverses for —35 and
—25 defoci. While in Figs. 6a and 6b the
images are symetrical, asymetrical white
spots appeared in the case of the —35 and
—25 nm defoci of Fig. 6¢c as indicated by
arrows. It is difficult to distinguish between
Figs. 6a, 6b, and 6¢c just from the image
contrast; however, by comparison with the
perfect crystal regions adjacent to the de-
fects, it is clear that in this case the best
agreement with Fig. 5 is Fig. 6c. Calculated
images corresponding to the structure of
the defect in Fig. 3¢ with the defocus values
of =75 and —25 nm in underfocus are
shown in the insets of Figs. 5a and 5b, re-
spectively. The sample thickness was esti-
mated to be about 4.0 nm. From the image
simulations, the regions that include the
planar defects with elongated white spots
along the c-axis in this case can be identi-
fied as copper-rich pairs of Cu planes be-
tween Ba—-Gd atoms. (It should be noted
that the other defects observed contained
the additional copper in the basal plane be-
tween two Ba atoms.)

Observations with the incidence parallel
to the [110] direction are required to con-
firm the proposed structures. Figs. 7a, 7b,
and 7c are through-focus images with the
corresponding calculated results (using the
structure model of Fig. 3a) inset, showing
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F1G. 6. A series of the calculated images using the structure models in Figs. 3a-3c. Note the

asymmetrical white spots as indicated by arrows i

defects identified with that of Fig. 4 as indi-
cated by an arrow in Fig. 7a. From the im-
age contrast the thickness of the specimen

was estimated to be about 3.1 nm and the
defocus values —75, —35, and —25 nm. Cal-

culated images of the defects and nominal
perfect structure shown in the insets are in
good agreement with the observed images.
the images along the [110] direction demon-
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lattice spacing along [110} direction as ex-
pected for the proposed structure model of
Fig. 3a.
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Discussion

On the basis of the high-resolution elec-
tron microscopy observations, the struc-
tural defects in GdBa;Cu;0, (x = 7) shown
in Figs. 3a and 3¢ were confirmed. With
these two models, the image contrast indi-
cated by S, and S, in Fig. 2 can be inter-

preted as an additional copper plane with a

n (c).

shift of 1/6 [301] or 1/6 [031], respectively.
The most common observation was of an
additional Cu in the basal plane between the
two Ba atoms, although we have also de-
tected the presence of the defect nlane be-

tween Gd and Ba. A question is the origin
of defects found in the present sample. To
understand this, it should be mentioned
that one can prepare copper-rich yttrium

cunarcnndnctare hy anenching fram Q<n°F
SUpPCICONRGUCIONS Oy Quinining iroiil >ov

and then reannealing (35). These results in-
dicate that copper can be metastably re-
tained within the superconductors. We sus-
pect that this may also be the case for the
gauuumuun materials. At mgnc[ levels of
copper retention, one can generate meta-
stable copper and other rare-earth-contain-
ing rich phases by oxidation of metallic
precursers such as Yb,Ba,Cu,0, (36) or
Yb,Ba,CugO, (37, 38), or by laser evapora-
tion on SrTiO; (39). Their effect on the su-
nerconductmg nronemeﬁ 1S an important

H1E DPIopetilcs 1Is 4 1

question to pursue.



F1G. 7. Observed and calculated images of a defect along the [110] direction; the thickness is about
3.1 nm and the defocus values are —75, —35, and —25 num.
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