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Donald E. Morris, Janice H. Nickel, John Y. T. Wei, Naggi G. Asmar, Jeffrey S. Scott,
Ulrich M. Scheven, Charles T. Hultgren, and Andrea G. Markelz
Physics Division, Lawrence Berkeley_Laboratory, Berkeley, California 94720

Jeffrey E. Post
Smithsonian Institution, National Museum of Natural History, Washington, D.C. 20560

Peter J. Heaney and David R. Veblen
Department of Earth and Planetary Sciences, The Johns Hopkins University, Baltimore, Maryland 21218

Robert M. Hazen
Geophysical Laboratory, Carnegie Institution of Washington, Washington, D.C. 20008
(Received 4 October 1988; revised manuscript received 14 November 1988)

New high-temperature superconducting compounds RBa;Cu4Os (R =Nd, Sm, Eu, Gd, Dy, Ho,
Er, and Tm) which share the 1:2:4 structure of YBazCu4Os are bulk synthesized using a new

high-pressure oxygen technique.

All compounds show substantial

Meissner diamagnetism

[(3-25)x10~% emu/g at 20 K]. Critical temperatures (57-81 K) vary inversely with ion size
(opposite to 1:2:3), and directly with orthorhombic distortion (which is much smaller than in cor-

responding 1:2:3 compounds).

R,BasCu;0x compounds (with alternating blocks of 1:2:3 and

1:2:4) were also prepared. The variable oxygen stoichiometry of 1:2:3 is not shared by the 1:2:4

compounds.

The number of known high-temperature superconduct-
ing compounds is growing steadily,' ™* yet there is no
clear consensus on relationships among crystal structure,
electronic configuration, and other key physical proper-
ties. We propose a new avenue to synthesis of additional
high-temperature superconductors. It is well known that
the superconducting cuprates are very highly oxidized
compounds (the original La; g5Srg ;5CuQ4 superconductor
has an average Cu valency of 2.15, while in YBa;Cu305
the value is 2.33) and tend to lose oxygen when heated,
e.g., during synthesis. Processing in concentrated oxygen
(high-pressure oxygen gas) can prevent this oxygen loss,
and will thermodynamically favor the formation of highly
oxidized phases, which may be new superconductors.

To demonstrate this principle, we have synthesized the
high-temperature superconductor YBa,Cu4Og and eight
new rare-earth compounds RBa,Cu4Og (R =Nd, Sm, Eu,
Gd, Dy, Ho, Er, and Tm). YBa;CusOs was sintered in
high-pressure oxygen [P(O,;)=120 atm] for 8 h at
930°C using a commercial high-pressure oxygen fur-
nace.’ Preparation of the rare-earth compounds required
differing synthesis temperatures and pressures.® Bulk su-
perconductivity was demonstrated by substantial Meiss-
ner diamagnetism, with y== —25x10~* emu/g for
YBa,Cu4Os at 20 K, corresponding to ~20% volume di-
amagnetism (see Table I and Fig. 1).

The 1:2:4 compounds are thermodynamically stable
in high-P(O,), because the alternative 1:2:3 phase
(RBa,;Cu307—;) loses oxygen upon heating to processing
temperature. These new compounds comprise the first set
of isostructural, stoichiometric (i.e., with well-constrained
oxygen content) superconductors, and thus they are an
ideal system to study effects of small structural variations
on superconducting properties. Their critical tempera-
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tures range from 57 to 81 K and vary with structural pa-
rameters (see Fig. 5). The oxygen high-pressure synthesis
technique can also produce the 2:4:7 compounds
R,Ba;Cu;0,5-, in which 1:2:3 and 1:2:4 layers alternate
along the ¢ axis. P-T-x phase-stability diagrams will be
published elsewhere.

The 1:2:4 structure had first been observed as inter-
growth in YBa,Cu307 -5 (the 1:2:3 compound) as planar
defects in which a second CuO layer is introduced be-
tween the BaO layers, increasing the Y-Y distance from
11.7 to 13.6 A.7% Because the positions of Cu in the Cu-
O layers differ by a/2 along the a axis,® ¢ is doubled to
2x13.6=27.2 A.° Epitaxial thin films were made with
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FIG. 1. Meissner susceptibility curves of superconducting
compounds RBa,CusOs (R=Y, Nd, Sm, Eu, Gd, Dy, Ho, Er).
The transitions are strong and sharp. 7.’s differ and are corre-
lated with ion size, lattice parameters, and orthorhombic distor-
tion (see Fig. 5).
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TABLE I. Superconducting and structural parameters of RBa;Cu4Og compounds. Parentheses denote uncertainties
indicated by Rietveld refinement. Square brackets are values for the 2:4:7 phase.
Superconducting parameters ? Phases present ¢ Lattice parameters® of 1:2:4 phase (2:4:7 phase)

R T. (K) 220K ° dmpyok®  1:2:3  2:4:7  1:2:4 a (R) b (A) c (A) Vv (A3) b/a
Y 80.4+0.2 25 20% no no all 3.8395(2) 3.8703(2) 27.231(1) 404.7 1.0080
Nd ~57 —3.5 3% trace no minor ~27.3
Sm 69.3*04 —11 10% 70% no 30% 3.872(1) 3.886(1) 27.308(5) 410.9 1.0036
Eu 689%+04 —24 21% no 40%  60% 3.8650(6) 3.8837(5) 27.279(4) 409.5 1.0048

[3.879(2)]1  [3.886(1)] [50.39(3)] [759.6]  [1.0018]
Gd 734%x12 —18 16% no 60%  40% 3.863(1) 3.881(7) 27.259(5) 408.7 1.0047

[3.872(1)1  [3.879(1)] [50.36(2)] [756.4]1 [1.0018]
Dy 77.2%0.1 -19 17% no no all 3.8463(3) 3.8726(3) 27.237(1) 405.7 1.0068
Ho 77.4%£0.6 —20 18% no no all 3.8404(6) 3.8704(6) 27.221(5) 404.6 1.0078
Er 783%x02 22 20% no no all 3.8366(5) 3.8685(5) 27.230(4) 404.1 1.0083
Tm 78.6%0.3 =11 10% no no all 3.827(1) 3.864(1) 27.18(1) 401.9 1.0097

2By observation of bulk diamagnetism. The 7.’s correlate with lattice parameters a and b, and with orthorhombic distortion (see Fig.

5).

YFlux expulsion on cooling to 20 K in a constant 6-Oe field, in units of 10 ~* emu/g.

‘Diamagnetic volume fraction, neglecting expelled flux trapped in pores. The density p is calculated from the unit-cell volume.
dRelative amounts estimated from x-ray powder-diffraction patterns and Reitveld refinements.

°The Rietveld procedure was used and a sample displacement correction was refined along with the unit-cell parameters. The
refinement included 1:2:3 or 2:4:7 phases when present. The unit-cell parameters found for the Dy compound did not differ

significantly from those determined using a Cr2Oj3 internal standard.

1:2:4 as a distinct,® or majority phase'®!'! with 7, ~80 K,
but bulk 1:2:4 material could not be prepared. X-ray
diffraction on films'' gave approximate lattice parame-
ters, but orthorhombic distortion, oxygen locations, and
fractional site occupation could not be determined in the
absence of bulk specimens.

Our bulk samples, prepared in high-P(O;), were
confirmed as 1:2:4 by electron diffraction (Fig. 2),
transmission electron microscopy (TEM) (Fig. 3), and x-
ray powder diffraction (XPD) (Fig. 4). The lattice
parameters of YBa,CusOg are a=3.8395(2) A, »
=3.8703(2) A, ¢=27.231(1) A, in general agreement
with Ref. 11 but with higher precision. The average value
of the a and b crystallographic axes (3.855 A) is close to
that of 1:2:3 in both its orthorhombic (3.853 A) and
tetragonal (3.857 A) variants,'? but the axial ratio
b/a =1.008 corresponds to distortion less than half that in
fully oxidized YBa,Cu307 (b/a=1.017).

All phases in the polycrystalline samples appear black
and optically opaque, with average grain sizes <1 um.
Electron microanalyses of samples in the Y-Ba-Cu-O sys-
tem were obtained on a JSM model 35 scanning electron
microscope (SEM), (20 kV, 0.01-uA beam current, 2.5-
um spot size). Standards include pure Cu metal, NBS
microprobe standard K253 for Ba, and Y standard REE3
as described in Ref. 13. Portions of ceramic-disk samples
were embedded in epoxy cement and polished for mi-
croprobe analysis. SEM of the polished surface revealed
smooth areas suited for electron microanalysis, as well as
considerable intergranular porosity characteristic of
ceramic superconductors.

The predominant phase is a ternary oxide with cation
ratios of Y:Ba:Cu close to 1:2:4. Though a few analyses
yielded only 3.7 to 3.8 Cu per three Y+ Ba, no analyses
close to a 1:2:3 stoichiometry were obtained. Occasional

grains of a yttrium cuprate and a barium cuprate, both
with 1:1 cation ratios, were observed. The powder-
diffraction pattern for YBa,Cu4Og shows minor amounts
of Ba cuprate and an unidentified phase (peaks at 7.49,
3.09, and 3.00 A), but no evidence of a 1:2:3 component.
Thus, we conclude that the 1:2:4 compound is the predom-
inant bulk superconductor in these samples. However, the
calculated intensity of the diagnostic 11.7-A line for the
Y-bearing 1:2:3 compound is relatively weak (4.2%), so
trace amounts of it cannot be ruled out.

Calculated powder patterns for 1:2:3 phases show that
the intensity of the 11.7-A peak increases with increasing
atomic number from a relative intensity 4.2% for Y to
33% for Eu and Gd. Therefore, even very minor quanti-
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FIG. 2. A b-axis selected-area electron diffraction pattern of
YBa,Cu4Os, indicating that most of this phase is well ordered.
Minor diffuse streaking parallel to ¢* indicates that some crys-
tals possess some structural disorder affecting the periodicity of
the (001) planes (see Fig. 3).
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FIG. 3. A b-axis lattice image of the bulk 1:2:4 structure. In
this image, planar defects corresponding to (002) layers with
spacing smaller than 13.6 A are seen (arrows), but most grains
are perfect 1:2:4 structure without these defects.

ties of a 1:2:3 phase would be apparent in powder-
diffraction patterns of the rare-earth-substituted samples.
The 1:2:3 peak was seen only in the Sm and Nd patterns.
All of the samples, with the exception of Nd, contained
minor amounts of an unknown phase that has a charac-
teristic diffraction peak at about 7.5 A. Microanalyses of
phases in the R-substituted systems are in progress.
Electron diffraction, TEM, and x-ray analytical elec-
tron microscopy (AEM) were performed with a Philips
420ST microscope equipped with an EDAX energy-
dispersive detector and a PGT 4000 analyzer.'
Selected-area electron-diffraction patterns and AEM
analyses from numerous grains of crushed sample confirm
that most of the material is well-crystallized, bulk 1:2:4
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FIG. 4. X-ray powder diffraction patterns of EuBa;CusOs
and DyBa,Cu4Os. Note the (002) peak near 20=6.5° (d spac-
ing =13.6 A) in both patterns, and the (004) peak of Eu,-
Ba4Cu;0; near 7° (d spacing = 12.55 A).

structure. The data are consistent with the x-ray unit-cell
parameters and space group Ammm. Single crystals of
the yttrium 1:2:4 phase were observed up to several tens of
um across. Electron diffraction patterns (Fig. 2) indicate
that most of this phase is rather well-ordered, though
streaking parallel to ¢* shows that some crystals possess
some structural disorder affecting the periodicity of the
(001) planes.

High-resolution lattice images (Fig. 3) show that at
least part of the disorder results from the insertion of oc-
casional layers that are either smaller or larger than the
13.6-A (002) layers of the ideal 1:2:4 structure. Similar
intergrowth defects have been observed in Bi and T1 based
high-T superconductors, as well as in YBa;Cu307 52"
In the present material, a few ordered crystals of an addi-
tional pure Y-Ba-Cu phase with layer spacing of approxi-
mately 15.2 A also were found. In addition to these com-
plications related to layer spacing, electron-diffraction
patterns and lattice images from 1:2:4 indicate that many
crystals are ordered parallel to the a axis, producing
modulations and superstructures in this direction having
multiples of the 3.84-A a axis repeat; the resulting micro-
structures will be described elsewhere.

X-ray-powder diffraction was performed on a Scintag
automated powder diffraction using Cu Ka radiation.
Diffraction patterns of the samples were examined for evi-
dence of the superconducting phases 1:2:4 and/or 1:2:3, as
indicated by the presence of peaks at approximately 13.6
or 11.7 A, respectively. For each sample that showed the
1:2:4 structure as the major phase, unit-cell parameters
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FIG. 5. T. vs ion size, lattice parameters a and b, and ortho-
rhombic distortion for 1:2:4 compounds (m) from Table I.
Values for 1:2:3 compounds ( A ) from Ref. 12. Ionic radii from
Ref. 17; other data from Table I. In the 1:2:4 series T, de-
creases with axial ratio b/a as ion size and a and b increase. In
contrast, the 1:2:3 compounds show T.’s increasing with ion size
(Ref. 18) while distortion decreases. T. of YBaCuOsis ~3 K
higher than HoBa- Cu4Qs, although lattice parameters are near-
ly identical (see text).
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were refined by the Rietveld method, assuming space
group Ammm and the model structure reported in Ref.
11. (In the cases of samples which also contained 1:2:3 or
2:4:7 phases, they were included in the refinement.) Our
preliminary Rietveld studies indicate that the atomic
structure of our 1:2:4 phases are consistent with that given
in Ref. 11. Our lattice parameters are given in Table I. A
detailed structural study giving atomic positions, lattice
distortions, and anisotropic atomic vibrations has been
performed on a single crystal of DyBa,;CuyOg (Ref. 16).

In the compounds containing larger!’ (lighter) rare-
earth ions, as a and b increase, T. and orthorhombic dis-
tortion decrease (Fig. 5). In contrast, the 1:2:3 compound
show T.’s increasing with ion size'® and distortion de-
creasing.'? This difference in behavior of T in closely re-
lated structures may provide a sensitive test of theoretical
models. We also note that although the Ho and Y 1:2:4
compounds have nearly identical lattice parameters, the
T. of HoBa,Cu4Os is ~3 K lower. This may indicate
that the large magnetic moment of Ho suppresses the cou-
pling between the CuO; planes.

In the Eu and Gd systems, an additional 2:4:7 phase
was found, with alternating 1:2:3 and 1:2:4 blocks joined
at the R layers, analogous to Y;BasCu;0, (Ref. 19).
Surprisingly, the 7. (~40-50 K) of this phase is much
lower than the 70-90-K range of 1:2:3 and 1:2:4. It may
be relevant that axial ratios (b/a = 1.002) are even small-
er than in the corresponding 1:2:4 compounds. Diffraction
peaks were found at about 12.6 A (see Fig. 4) which we
interpret to be the 004 reflection of compounds with 2:4:7
structure. The lattice parameters of the 2:4:7 phase were
determined by refining together with the 1:2:4: phase; re-
sults are given in Table I. The ¢ axes of the 2:4:7 com-
pounds are shorter than the sum of those of the corre-

sponding 1:2:4 and 1:2:3 compounds. We prepared the
2:4:7 phase in the Y, Dy, Ho, and Er systems as well, by
varying the synthesis conditions.

A unique feature of the 1:2:3 compound is the variable
oxygen stoichiometry, and rapid and reversible oxidation-
reduction above 400°C.%° Varying the oxygen content
changes 7, and the normal-state resistivity. An absence
of variable oxygen stoichiometry in 1:2:4: was conjectured
by Marsh ez al.,'! on the basis that each oxygen in the two
CuO layers of 1:2:4 is bonded to three Cu ions, in contrast
to 1:2:3 where the O is bonded to only two Cu ions. Pre-
liminary thermogravimetric studies indicate that YBa,-
Cu40s indeed lacks the variable oxygen stoichiometry of
YBa,;Cu3O7—s Structural studies'® indicate that the oxy-
gen double-chain sites are fully occupied. The consistent
oxygen content should permit precise determination of
differences of T, caused by varying rare-earth magnetic
moment as well as ion size. The twinning caused by the
tetragonal-orthorhombic transition during cooling of 1:2:3
should be absent, so 1:2:4 may be technologically useful.

The authors thank C. G. Hadidiacos for assistance in
microprobe analysis, Daphne Ross for assistance with x-
ray diffraction, R. N. Shelton and J. L. Peng for access to
and assistance with superconducting quantum interfer-
ence device (SQUID) susceptometer and x-ray diffracto-
meter, G. W. Smith for useful advice, and M. T. Tran and
N. A. Crocker for laboratory assistance. Work at the
Geophysical Laboratory was supported by National Sci-
ence Foundation (NSF) Grants No. EAR8419982 and
No. EAR8618602; work at Johns Hopkins University by
NSF Grant No. EAR8609227. D.E.M. wishes to express
his appreciation for the encouragement and support of L.
W. Alvarez, R. A. Muller, and P. J. Oddone.

IC. Michel et al., Z. Phys. B 68, 421 (1987); M. Maeda et al.,
Jpn. J. Appl. Phys. Lett. 27, L209 (1988); R. M. Hazen et
al., Phys. Rev. Lett. 60, 1174 (1988); T. M. Shaw et al.,
Phys. Rev. B 37, 16 (1988); J. B. Torrance et al., Solid State
Commun. 66, 703 (1988); J. M. Tarascon et al., Phys. Rev. B
37,9382 (1988); S. A. Sunshine et al., ibid. 38, 893 (1988).

2D. R. Veblen et al., Nature (London) 332, 334 (1988).

3Z. Z. Sheng and A. M. Hermann, Nature (London) 332, 55
(1988); R. M. Hazen et al., Phys. Rev. Lett. 60, 1657 (1988);
M. A. Subramanian et al., Science 239, 1015 (1988); C. C.
Torardi et al., ibid. 240, 1015 (1988).

4S.S. P. Parkin ef al., Phys. Rev. Lett. 61, 750 (1988).

5Morris Research, 1862 Euclid Ave., Berkeley CA 94709.

6D. E. Morris et al., Lawrence Berkeley Laboratory Report No.
LBL-26250, 1988 (unpublished).

M. P. A. Viegers et al., J. Mater. Res. 2, 743 (1987); J. Naray-
an et al., Appl. Phys. Lett. 51, 940 (1987).

8H. W. Zandbergen et al., Nature (London) 331, 596 (1988).

9A. F. Marshall et al., Phys. Rev. B 37,9353 (1988).

10, Kwo et al., Appl. Phys. Lett. 52, 1625 (1988); K. Char et
al., Phys. Rev. B 38, 834 (1988); M. L. Mandich e al., ibid.

38, 5031 (1988).

1P, Marsh et al., Nature (London) 334, 141 (1988).

123, M. Tarascon et al., Phys. Rev. B 36, 226 (1987).

13M. J. Drake and D. F. Weill, Chem. Geol. 10, 179 (1972).

14K. J. T. Livi and D. R. Veblen, Am. Mineral. 72, 113 (1987);
D. R. Veblen and D. L. Bish, ibid. 73, 667 (1988).

I5SR. M. Hazen et al., Phys. Rev. Lett. 60, 1174 (1988); 60,
1657 (1988); A. Ourmazd et al., Nature (London) 327, 308
(1987).

I6R. M. Hazen, L. W. Finger, and D. E. Morris, Appl. Phys.
Lett. 54, 1057 (1989).

17R. D. Shannon, Acta Crystallogr. A 32, 751 (1976).

188, Dabrowski and D. G. Hinks, in Proceedings of the Second
Annual Conference on Superconductivity and Its Applica-
tions, Buffalo, 1988, edited by H. S. Kwok and D. T. Shaw
(Elsevier, New York, 1988), p. 141.

19p. Bordet et al., Nature (London) 334, 596 (1988).

20D, E. Morris et al., Proceedings of the Symposium of High
Temperature Superconductors, edited by D. U. Gubser and
M. Schluter (Materials Research Society, Pittsburgh, 1987),
Vol. EA-11, p. 209.



FIG. 2. A b-axis selected-area electron diffraction pattern of
YBa;Cu4Os, indicating that most of this phase is well ordered.
Minor diffuse streaking parallel to ¢* indicates that some crys-
tals possess some structural disorder affecting the periodicity of
the (001) planes (see Fig. 3).



FIG. 3. A b-axis lattice image of the bulk 1:2:4 structure. In
this image, planar defects corresponding to (002) layers with
spacing smaller than 13.6 A are seen (arrows), but most grains
are perfect 1:2:4 structure without these defects.



