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Trigonal ordering is evident from electron microscopy of quenched powders of composition YBa,Cu,
Oqs. The powders are a mixture of phases, some of which are based upon two trigonal phases with ¢ =
0.54 and ¢ = 0.66 nm. In the first the yttrium and barium atoms order on the (111) planes of the parent
perovskite structure rather than the (001) while in the second stacking sequence the yttrium layer of

this structure is interchanged with one of the copper layers.

Introduction

Since the discovery by Wu et al. (I) of a
superconductor with T, = 93 K in a Y-Ba-
Cu-0O mixed-phase sample, many groups
have characterized the superconducting
phase by X-ray and neutron diffraction (2—
4). Although some of the details of their
results differ, there is agreement upon the
major characteristics of the material which
are:

(1) The metal—-ion
Y:Ba:Cu=1:2:3.

(2) The superconducting structure is a
variant of a triple perovskite based upon
(001) stacking of Ba-O, Y-O, and Cu-0O
layers, and oxygen deficiency occurs in the
Y-0 and some Cu-O layers.

(3) The yttrium and barium atoms oc-
cupy the icosahedral sites whereas the cop-
per atoms are in the center of octahedra.

stoichiometry is

In our early electron microscopy studies
(5, 6) of the superconductor we detected
evidence for some disorder of the heavy
metal atoms in a few grains. This has led
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us to suspect that, although the triple
perovskite cell is the stable phase, there
may be other phases where the metal atoms
are in a different order, which may be meta-
stable in nature. In this work we describe
two new structures found in quenched
YBa,Cu30q 5, which are based on a stacking
of (111) perovskite planes with a trigonal
unit cell of = 0.54 nm and ¢ = 0.66 nm,
and space groups of P3ml and P3ml. The
existence of trigonal structures indicates
that the perovskite frame structure is re-
tained at high temperatures (950°C), but
that the yttrium and copper layers are ex-
changeable.

Experimental Procedure

YBa,Cu;0,; was prepared by the usual
method of heating and grinding of CuO,
Y,0;, and BaCO; and confirmed by X-ray
diffraction. The YBa,Cu;0; compound was
heated at 950°C for 24 hr in air and then
allowed to cool in air. After this procedure,
the resulting powder specimen was sintered
at 950°C for 12 hr and then quenched in
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vacuum quench oil. Acetone was used to
remove the oil on the specimen. The inner
part of the pellet was brown, while the
outer part was black. We will only consider
this inner brown material which was pro-
tected from being reduced by the oil. Sus-
ceptibility measurements indicated that the
brown powder was paramagnetic, and its
oxygen content was 6.5 as measured by
thermogravimetric analysis on a DuPont
910 TGA. This is greater than the equilib-
rium oxygen content of 123 in air at 950°C
which is slightly less than 6.2. The sample
was examined in a Hitachi-700 at 200 kV for
electron diffraction patterns. High-resolu-
tion images were obtained in a Hitachi-9000
electron microscope equipped with ultra
high-resolution pole-pieces having a C; of
0.9 mm operated at 300 kV. For image in-
terpretation, images were simulated using
the NUMIS computer programs which are
interfaced to SEMPER routines operating
on Apollo workstations.
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Results

After fast quenching the 123 material is a
brown powder from which a series of elec-
tron diffraction patterns, presented in Fig.
1, was obtained when the crystal was ro-
tated along [100]. These patterns indicate a
reciprocal lattice of a primitive trigonal or
hexagonat structure, in which the sixfold
and the twofold symmetry can be seen in
the [001] and [010] zones, respectively. The
dimensions of the unit cell were measured
as a = 0.54, ¢ = 0.66 nm. Since the heavy
metal atoms (Ba, Y, and Cu) dominate the
HREM images, matching high-resolution
images to calculated images enables the po-
sitions of the heavy metal atoms to be de-
termined. The anions are generally far more
mobile than the metals which are reorder-
ing. We have not attempted to determine
the oxygen sites and have assumed random
occupancy of oxygen site in perovskite for
the purpose of calculations. This is particu-
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F1G. 1. The series of electron diffraction patterns of the trigonal phase in Y-Ba~Cu~O brown

powder, rotating along [100].
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larly unlikely for B2 where, given the nor-
mal coordination requirements of yttrium
and copper, the distortions in the oxygen
lattice should be large enough that the anal-
ogy to perovskite is of little chemical value.
The experimental images for the [001] di-
rection are shown in the upper portion of
Fig. 2 where there are two types of hexa-
gons: one has an edge of 0.54 nm, marked
by the white lines, another has an edge of
0.39 nm. If we calculate the simulated im-
ages using an atomic model with space
group P3m1, as shown in Fig. 3 and Table
I, we obtain a good match between the ex-
perimental and calculated images (see Fig.
2). In Fig. 3, the larger hexagon and its cen-
ter are composed of Y-O columns and the
inner smaller one is a Ba~O column. This
structure, named B1, was identified in
brown Y-Ba-Cu-O powder by electron
diffraction and high-resolution imaging.

In the brown Y-Ba-Cu-O powder we
found another trigonal phase, named B2. In
its [001] images, shown in the lower portion
of Fig. 2, a larger hexagon of 0.54 nm was
retained but within this there is a smaller
one of 0.39 nm broken into two triangles
staggering with respect to each other. This
indicates site exchange between yttrium
and one copper relative to B1 (see Fig. 4).

TABLE 1

POSITIONS OF THE ATOMS IN Bl TRIGONAL PHASE

P3ml
Atoms Sites X Y VA Occupancy
Y 1(a) 0 0 0 1
Ba 2(d) 1/3 2/3 1/3 1
Cu 1(b) 0 0 1/2 1
Cu 2(d) 1/3 2/3 5/6 1
(0] 3(e) 0 1/2 0 0.7
(0] 6(1) 1/3 1/6 1/3 0.7

Note. The oxygen atom positions are assumed
based upon the perovskite unit cell and the oxygen
composition is taken such as to give a total content of
6.5 atoms.
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TABLE 11
POSITIONS OF THE ATOMS IN B2 TRIGONAL PHASE

P3ml
Atoms Sites X Y VA Occupancy
Y 1(b) 1/3 2/3 5/6 1
Ba 1(b) 1/3 2/3 1/3 1
Ba 1(c) 2/3 1/3 2/3 1
Cu 1(a) 0 0 0 1
Cu 1(a) 0 0 172 1
Cu 1(c) 2/3 1/3 1/6 1
O 3(d) 0 1/2 0 0.7
O 3(d) 1/3 1/6 1/3 0.7
[0} 3(d) 1/6 1/3 2/3 0.7

Note. The oxygen positions were derived by the
same approach as described in Table I.

With this model we calculated images and
obtained a good match (see Fig. 2). The
atomic positions for the space group P3ml
are indicated in Table II. The simulated im-
ages of Bl and B2, viewed along the [001]
axis, were calculated under the same condi-
tion with 16 nm of thickness and —10 to
=90 nm defocus and inserted into Fig. 2,
from which we can see that. the calculated
pictures of both phases match well with the
experimental images.

Comparing B2 with Bi, both have the
same unit cell size and the same atomic po-
sitions except for the Cu-Y exchange. As a
result, [001] images of B1 show sixfold
symmetry, while B2 shows threefold sym-
metry. The two trigonal phases can be dis-
tinguished easily from images along [001]
(see Fig. 2) but not from electron diffraction
patterns. A high-resolution image of B1 or
B2 and its electron diffraction pattern along
[211] direction are shown in Fig. 5. (Along
this direction, there is no difference be-
tween Bl and B2.)

When the trigonal phases were damaged
by the electron beam at 300 kV, it was
found that DIET (desorption induced by
electronic transitions) appeared to lead to
some oxygen loss and chemical disordering
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F1G. 2. The high-resolution images of Bl and B2 with their simulated pictures calculated under the
same condition. The agreement between the experiment and calculated images is excellent within the
limits of the signal to noise of the instrument. (Shot noise eliminates some of the finer details apparent
in the calculated images.)
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F1G. 3. Atomic model of BI. Fi1G. 4. Atomic model of B2.

F1G. 5. High-resolution image and diffraction pattern taken along the [2]7] direction, which corre-
sponds to the [001] direction of perovskite. Both the electron diffraction pattern and the high-resolu-
tion image show cubic structures.
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even at very low flux (6). Figure 6 shows
the initial stage of damage. The trigonal
structure is orthogonally deformed where
there exists a 120° relation as indicated by
arrows due to the loss of the threefold axis
during the transformation. Theoretically
this phenomena supports the interpretation
that the basic structure of the brown pow-
der is trigonal, even though the transforma-
tion is not displacive (7).

Discussion

The two trigonal phases, as well as the
Y-Ba-Cu-O superconducting phase, are
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based on a perovskite structure which, with
the formula ABOs, contains one metal atom
A, at the corner; another metal atom B, in
the center; and three oxygen atoms on the
faces (see Fig. 7a). Considered in terms of
close packing of perovskite, there exist two
types of (111) layers and their formulas are
AOQ; and B, as shown in Fig. 7b. The lay-
ers, similar to a fcc structure, are packed in
an ABC sequence as A(AO;)-B(B)-
B(AO3)-C(B)-C(AO3)-A(B).

At high temperature, for the 123 Y-Ba—
Cu-0 compound, the A sites are probably
occupied by Y and Ba randomly, so the so-

F1G. 6. Structure deformation induced by electron beam shows a 120° rotated relation indicating the

trigonal character of the brown matrix.
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a b

F1G. 7. Perovskite frame structure: (a) three-dimen-
sional model and (b) projected model viewed along the
[111] zone.

lution is a disordering cubic structure based
on the [111] stacking of (Y, Ba)O; and Cu
layers. We believe that during slow cooling
an order—disorder transformation takes
place (5) with the yttrium and barium taking
A sites in a sequence of Ba-Y-Ba along
[001] while the copper occupies B sites, and
the ordering shows each (001) plane con-
tains one species. The orthorhombic and te-
tragonal 123 structures are constructed by
six (001) layers in a sequence of Cu-O, Ba-
0, Cu-0, Y-0, Cu-0, and Ba-0O.

Our results indicated that, in Bl1, the
(111) layers are arranged in a sequence
of A(YO;)-A(Cu)-B(Ba0;)-B(Cu)-
C(Ba0O4)-C(Cu). Viewed along [211]
(equivalent to [001] of perovskite) the cubic
structure with an apparent lattice parame-
ter of 0.38 nm is apparent. This means the
perovskite frame exists in trigonal phases
for the same oxygen frame and A and B
sites are taken by metals. But now the spe-
cies habit plane is (111) perovskite, i.e.,
each (111) perovskite contains one species
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of metal atoms rather than (001) in the su-
perconducting 123 structure. The fast cool
is a nonequilibrious procedure, so Bl and
B2 are presumably metastable. The brown
powder is a mixture and some phases arise
from Bl or B2 by change of the composi-
tion or size, so we can identify B1 and B2
from the SAED (selected area electron dif-
fraction pattern) rather than the multiphase
X-ray diffraction pattern. It should be
noted that we did not find any grains of
the normal 123 superconducting phase in
brown powder, but after annealing the 123
phase appeared. We suspect that thin films
of Y-Ba—Cu-O before annealing may have
the same structure as the brown powder be-
cause they are quenched when deposited
on the substrate, and their color is also
brown (8). We have been able to synthesize
materials with excess yttrium and copper
by quenching from 950°C and then anneal-
ing. These results have been presented
elsewhere (9) and, combined with the oc-
currence of the brown phases, indicate that
a major part for slow cooling of the super-
conductors, which is known to be crucial in
producing ‘‘good’’ superconductors, is the
establishment of the metal superstructure
in addition to the correct oxygen stoichiom-
etry. Indeed, the two are unavoidably
linked. In the perovskite Ba;Bi,_,La,O;_,,
the ordering of the B cations has been
shown to be directly related to the oxygen
content and thermal history (/0).

Acknowledgments

We are grateful to Dr. S. N. Song for measuring the
magnetic susceptibility and to Dr. G. Wang for help in
specimen preparation. This work was supported by
the National Science Foundation through Northwest-
ern University Materials Research Center Grant DMR
85-20280.

References

/. M. K. Wu, J. R. AsHBURN, C. J. TornG, P. H.
Hor, R. L. MENG, L. Yao, Z. J. HUANG,



172 LI ET AL.

Y. Q. WaNG, aND C. W. CHu, Phys. Rev. Lett.
58, 908 (1987).

2. F. BEECH, S. MIRAGLIA, A. SANTORO, AND R. S.
RoTH, Phys. Rev. B 35, 87788781 (1987).

3. R. M. Hazen, L. W. FINGER, R. J. ANGEL, C. T.
Prewitt, N. L. Ross, H. K. Mao, C. G.
Hapipiacos, P. H. Hor, R. .. MENG, AND
C. W. CHu, Phys. Rev. B 35, 7238-7241 (1987).

4. T. SEIGRIST, S. SUNSHINE, D. W. MUrPHY, R. J.
CAvVA, AND S. M. ZAHURAK, Phys. Rev. B 35,
7137-7139 (1987).

5. L. D. MARKS, J. P. ZHANG, S. J. Hwu, aND K. R.
POEPPELMEIER, J. Solid State Chem. 69, 189
(1987).

6.

7.

8.

10.

L. D. MARKs, D. J. L1, H. SHIBAHARA, AND J. P.
ZHANG, J. Electron Microsc. Tech. 8, 297-360
(1988).

G. VAN TENDELOO AND S. AMELINCKX, Acta
Crystallogr. Sect. A 30, 431 (1974).

P. M. MANKIEWICH, J. H. SCOFIELD, W. J. SKOC-
poL, R. E. Howarp, A. H. DAYEM, AND E.
Goob, Appl. Phys. Lett. 51, 1753 (1987).

. D, J. L1, H, SHIBAHARA, J. P. ZHANG, L. D.

MARKs, H. Marcy, AND S. N. SoNG, Physica C
156, 201-207 (1988).

R. A. BERYERLEIN, A. J. JacoBsoN, anD K. R.
POEPPELMEIER, J. Chem. Soc. Chem. Commun.,
225 (1988).



