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A new method has been used to produce uniaxially aligned small single crystals of
Y1Ba;Cu307-5. The superconducting critical current deduced from magnetization data is strong-
ly field dependent and highly anisotropic. In the basal plane at T=4.2 K we estimate that the
critical current at zero field is in excess of 107 A/cm?2.

Despite the fact that anisotropy is widely regarded as
being a key feature of the 90-K ceramic superconductors,
the first single-crystal magnetic data on such materials
were reported only very recently, by Dinger, Worthington,
Gallagher, and Sandstrom.! They used specially pro-
cessed crystals of Y;Ba;Cu3O7-5 that had a volume of
~1073 cm? and a transition temperature of —85 K.
Critical-current densities were strongly anisotropic with
the largest value reported being ~3%x10°® A/cm? for
current flow in the basal plane. It is very desirable to ob-
tain this type of information for crystals produced by the
standard processing route that have transition tempera-
tures in excess of 90 K and are much smaller (~10 !
cm?). Since the magnetization of a single crystal of this
size is too small to measure, we have devised a method to
permanently align quantities of them in a nonmagnetic
matrix.

If a crystal possessing anisotropy in its normal-state
paramagnetic susceptibility is placed in a magnetic field,
it will tend to align so that the direction having the
greatest magnetic susceptibility lies along the field. The
torques involved are small, but a detailed analysis? indi-
cates that alignment of YBa;Cu307 -5 can be rapidly es-
tablished with available magnetic fields and a suitably
chosen medium. (Torques due to shape anisotropy also
exist, but can be shown? to be negligible for the case of
YBa,Cu307-5) Our small crystals were produced by
grinding an essentially single-phase sample whose low-
field magnetic properties and grain size were reported pre-
viously.> The roughly spherical single-crystal grains of
the resulting powder were 2-4 um in diameter. The origi-
nal (resistive) T, was 92.3 K with a 10%~90% breadth of
1 K and the (magnetic) T, of our final aligned sample was
identical to this within the experimental resistive measure-
ment uncertainty of 0.5 K. A permanently aligned sample
was produced by vigorously mixing the powder with Duro
TM-51, a commercial epoxy which is weakly diamagnet-
ic, then curing for 15 min in a magnetic field of 9.4 T at
room temperature. We expected that uniaxial ordering
would be produced with the ¢ axis lying along the field
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direction and with the a and b axes having random orien-
tations in the plane perpendicular to the field. An x-ray
powder pattern obtained with the incident beam oriented
perpendicular to the suspected ¢ axis is shown in Fig. 1(b)
and compared with that from an epoxy-embedded sample
prepared in the same manner but without applying the
magnetic field [Fig. 1(a)l. All the (hkl) reflections with
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FIG. 1. (a) X-ray powder diffraction pattern from an epoxy-
embedded sample of Y;Ba;Cu3O7-; powder. The most conspi-
cuous (hkl) planes with nonzero values of / are indexed. (b)
Powder pattern obtained from an aligned sample, as described
in the text. The (110) peak has been truncated to + of its actu-
al height.
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nonzero / values are absent in the ordered sample,
confirming the anticipated c-axis orientation. [Note that
only the most conspicuous reflections are indexed in Fig.
1(a).] The Laue diffraction pattern obtained with the in-
cident beam close to the ¢ axis consisted of a single sharp
spot, confirming the high degree of c-axis alignment. The
sample of this material that was used for our magnetiza-
tion studies had dimensions of 3x2.5x2 mm?3 and con-
tained 4.0x10 73 ¢cm? of Y Ba,Cu3;07—;5. Magnetization
data were obtained with a commercial superconducting
quantum-interference device (SQUID) susceptometer.*
Sample orientation with respect to the magnetic field was
estimated to have an angular uncertainty of =+ 3°.

Figure 2(a) shows the magnetic moment measured at
4.2 K with the magnetic field perpendicular (m,) and
parallel (m) to the basal plane. The dotted line labeled
myg represents the moment that would be observed if all
the ceramic material was in the form of perfectly diamag-
netic spheres. The actual moments are smaller in both
field directions. This is because the small crystal size re-
sults in a significant degree of field penetration. Although
the penetration depth is clearly anisotropic the possible
presence of crystal-shape anisotropy complicates the fur-
ther analysis of this weak-field data. These geometrical
complications are not present at higher fields, and Fig.
2(b) displays the first magnetic data obtained for any 90-
K superconductor that permits an unambiguous deter-
mination of an upper critical field, in this case H.; . In
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FIG. 2. (a) Sample magnetic moment as a function of field at
T=4.2 K for H perpendicular and parallel to the basal plane
(my and m ., respectively). myg represents the moment that
would be observed for spheres of perfectly diamagnetic material.
(b) Sample magnetic moment m, as a function of field at
T=89.5 K.
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polycrystalline material, anisotropy destroys the linear
magnetization behavior near the upper critical field and
makes an accurate assignment of H., impossible.’ By
contrast, the classic® type-1I linear behavior below H.,
is clearly apparent in Fig. 2(b). (The slope above H,, , is
due to the strong paramagnetic susceptibility of the
Y Ba;Cu307-5 which is only partially canceled by the
diamagnetic contribution from the epoxy.) From mea-
surements close to 7. we obtained

dH:s . /dT | r=7,=—2.3%x103Oe/K ,

substantially smaller than the rough estimate made for
polycrystalline samples.” We have also found that the
field dependence of m, exhibits (small) changes of slope
at fields significantly larger than H,., , and these are be-
ing investigated further. H,.,; was not studied in the
present work.

Finally, Fig. 3 shows the large hysteresis loop obtained
for m, at 4.2 K and half of the much smaller one ob-
tained for m, at the same temperature. We note in pass-
ing that evidence was obtained for flux creep in certain
sections of these loops, as in Ref. 1. In our work, data
were taken —~10 min after latching the field and the
points plotted are believed to be close to the equilibrium
values. The overall shape of the m loop is very similar to
that for m,. However, the magnitudes of the observed
moments are less by a factor of 10, the same anisotropy
ratio as reported in Ref. 1. We can also evaluate a critical
current from the critical-state model applied to a spherical
grain,® viz. J,=(17AM/R) A/cm?, where R is the crystal
radius in cm (~1.5%x10~%) and AM is the magnetization
hysteresis at some particular field in emu/cm3. At T =4.2
K and H=0 we obtain J*~2 %107 A/cm? and
J!'~2%x10% A/cm? The J* value is not far below the ul-
timate depairing limit for 90-K materials, namely, ~10%
A/cm?. Both J* and J! are also significantly higher than
reported by Dinger etal.,! who used crystals that were
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FIG. 3. Magnetic moment hysteresis loops at 7=4.2 K. The
complete loop for m  is shown (data points, open circles). Half
of the much smaller loop for m is indicated by the open trian-
gles.
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essentially free of defects. It is therefore tempting to
speculate that the higher values reported here may be the
result of flux-pinning sites introduced into the crystals
during grinding: Although we have not yet made a sys-
tematic study, we note that both critical currents fell off
rapidly with increased field and temperature. At 4.2 K
they appear to have the same (exponential) dependence
on field, both dropping about an order magnitude on in-
creasing the field from 0 to 15 KOe.

In conclusion, we have discovered a simple technique
for producing uniaxial alignment in high-7, materials and
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have applied it to small single crystals of Y;Ba;Cu3O7—;.
Our method should be of value for many fundamental in-
vestigations of high-7, superconductors, and its further
development might facilitate the eventual production of
aligned bulk ceramics with useful critical currents.

We would like to thank A. Valeriu and R. Garlick for
help with the experiments. We are deeply grateful to L.
Turkevich for sharing with us his insights into the crucial
role of anisotropy for high-7, superconductivity.

*Permanent address: Department of Physics, Western Illinois
University, Macomb, Illinois 01455.

IT. R. Dinger, T. K. Worthington, W. J. Gallagher, and R. L.
Sandstrom, Phys. Rev. Lett. 58, 2687 (1987).

2D. E. Farrell (unpublished).

3D. E. Farrell, M. R. DeGuire, B. S. Chandrasekhar, S. Altero-
vitz, P. Aron, and R. Fagaly, Phys. Rev. B 35, 8757 (1987).

4Quantum Design, Inc., San Diego, California.

5V. G. Kogan and J. R. Clem, Jpn. J. Appl. Phys. (to be pub-
lished).

6A. L. Fetter and P. C.Hohenberg, in Superconductivity, edited
by R. D. Parks (Dekker, New York, 1969), Vol. 2, p. 817.

M. K. Wu, J. R. Ashburn, T. J. Torng, P. H. Hor, R. L. Meng,
L. Gao, Z. J. Huang, Y. A. Wang, and C. W. Chu, Phys. Rev.
Lett. 58, 908 (1987).

8J. R. Clem and V. G. Kogan, Jpn. J.Appl. Phys. (to be pub-
lished).



