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Abstract. Biaxial magnetic alignment of REBa,CuzOy (RE123, RE=Y, Nd, Sm, Dy, and
Er) superconductor powders containing twin microstructures was demonstrated.
Appropriate choice of RE effectively improved the degrees of in-plane and c-axis
orientation in RE123 powder samples aligned under modulated rotating magnetic fields
at room temperature. From the relationship between the magnetic field strength and the
degrees of orientation, it is concluded that heavy RE ions induced the improvement of
the in-plane magnetic anisotropies in RE123 grains with twin microstructures.

1.Introduction

The rare-earth (RE)-based cuprate superconductor REBa&CuzO, (RE123) shows
critical temperature (Tc) with approximately 90 K, and its T¢ is higher than the boiling
temperature of liquid nitrogen (77.3 K). RE123 possesses a layered crystal structure stacked
along the c-axis, which is including superconducting CuO; planes spread along the ab-plane and
a one-dimensional CuO chain running paralel to the b-axis. Due to low electromagnetic
anisotropy of carriers induced by the metallic CuO chain as a blocking layer of RE123 with y ~
7, RE123 shows an intrinsically higher irreversibility field (Hir) at 77 K as compared with those
for other cuprate superconductors [1]. One recognizes that RE123 compounds are practical
superconductors not only for electric power cables but also for magnet application. However,
due to the short coherence length and d-wave symmetry of the Cooper pair in cuprate
superconductors, the intergrain critical current density (intergrain J;) of the c-axis-oriented
RE123 bicrystal decreases significantly with an increase in the misorientation angle at the grain
boundary[2]. Therefore, a biaxial grain orientation is required in addition to the formation of a
densified microstructure to achieve practical in-field and self-field J. properties. Epitaxial
growth methods, such as thin film growth on single-crystalline substrates [3] and
melt-solidification using seed crystals [4], have been adopted to obtain biaxially oriented RE123
materials thus far.

Recently, a biaxial grain-orientation technique using a frequency-modulated rotating
magnetic field, which is a technique for simultaneously aligning both the easy and hard axes of
magnetization using a modulated rotation magnetic field (MRF), has been developed [5]. In
principle, this technique is extensively applied for various polycrystalline functional materials
that have triaxial magnetic anisotropy with sufficiently large differences in magnetic
susceptibilities () along crystallographic axes. Due to magnetic field energy proportional to the
square of H, number of substances appropriate for the magnetic alignment are expected to
increase remarkably by the use of 10-teda-class high field magnets. At the current stage,
cryogen-free superconducting magnets [6] which can generate ~10 T have been available
commercialy. In practice, the biaxial orientation of a twin-free Y,BaiCu;Oy (Y247: y~15)
superconductor [7—9], which is an analog compound of RE123, with high degrees of in-plane
and c-axis orientations below 2°, has been achieved in epoxy resin at room temperature under
an MRF of 12 T [8,9] as a proof of principle. Our group has also reported the biaxial orientation
in epoxy resin at room temperature for twin-free REBaCu,Og (RE124) superconductors [10]
and the triaxial magnetic anisotropies depending on the type of RE ions for RE124 [10] and



RE;Ba;Cu;Oy [11] a room temperature.

On the other hand, in the case of practical RE123 superconductors, one can predict
that their biaxial grain alignment will be difficult to achieve. This is because the RE123 crystal
or grain has twin microstructure [12] originating from the tetragonal-orthorhombic transition
[13] corresponding to an increase of the nonstoichiometric oxygen content [14]. The RE123
grain containing the twin microstructure consists of two different types of domains in which the
c-axes are paralel and the a-axes (or b-axes) are orthogonal, probably leading to the reduction
or disappearance of magnetic anisotropy in the ab-plane direction at the grain level. However,
the development of a magnetic biaxia alignment technique in RE123 is obviously important for
demonstrating the further versatility of the novel magneto-scientific method. In the present
study, we show the biaxial grain orientation of RE123 powders with twin microstructures by
magnetic alignment as a proof of principle and clarify the dependences of the degrees of
orientation on the magnetic field and the type of RE ions.

2. Experimental details

RE123 polycrystals were synthesized by standard solid-state reaction in air. The
starting materials, RE2O3 (RE=Y, Nd, Sm, Dy, and Er), BaCOs, and CuO, were weighed in a
molar ratio of 1:2:3 and ground in ethanol. The mixed powders were calcined at 860°C and
900°C. Then, they were pelletized and sintered at 920°C for 24 h. Y 124 single crystals with ~50
um in size were grown by a flux method in the air using KOH as a flux medium [10,15,16].
Details of the crystal growth have been reported elsewhere [10]. The obtained RE123 pellets
and Y 124 crystals were crushed in agate mortar to fabricate powders for magnetic alignment. A
scanning electron microscope was used to determine the average diameters (d) of the RE123
and Y 124 powders, which were 1.5-3.0 um.

The obtained power was mixed with epoxy resin at a weight ratio of powder : resin =
0.2 g: 2.0 g. The epoxy resin containing the RE123 or Y 124 powder was cured for more than
12 h at room temperature in an MRF. In detail, the specimens were horizontally rotated at two
different stepsin a static field (Ha) of 1H==0, 0.5, 1, 3, 5, and 10 T applied along the transverse
direction. At angles of 0° and 180°, the powder samples of RE123 and Y 124 were rested for 2 s,
whereas the rotation process with 60 rpm was applied at other angle regions. The sample’s
original angle, 0°, was defined with regard to a direction normal to the o plane (see Fig. 1) of
the sample, which was parallel to the transverse Ha direction. For cured resins containing
magnetically aligned powders, XRD measurements were performed for the o, B, and y planes
(see Fig. 1). The easy, secondary easy, and hard axes oriented in an MRF could be determined
from the XRD patterns of the a, B, and y planes, respectively. To determine the degrees of the
c-axis and in-plane orientations for the magnetically oriented powder samples, X-ray rocking
curves (XRCs) and pole figures were examined. The full width at half maximum (Aw) value for
each XRC was obtained as the degree of orientation for a magnetically aligned powder sample.

3. Results and discussion

Figure 2(a) shows XRD patterns at the o. plane for the RE123 powder samples aligned
in the MRF with 1#Hs=10 T, together with that at the o plane for the twin-free Y124 powder
sample aligned in the MRF of 10 T for reference. In the case of Y124 and RE123 with RE=Y,
Nd, Sm, and Dy, only (00I) peaks were clearly enhanced, which indicates the first easy axis of
magnetization parallel to the c-axis. On the other hand, in the case of Er123, the (h00) and (0kO)
peaks were simultaneously enhanced. However, intensities of the (OkO) peak were always larger
than those of the (h0O) peak; therefore, the first easy axis for Erl23 was estimated to be the
b-axis. These results were consistent with the results obtained from RE123 aligned under static
magnetic fields [17-20].



Figure 2(b) shows XRD patterns at the y plane for the RE123 powder samples aligned
in the MRF of 10 T, together with that at the y plane for the twin-free Y124 powder sample
aligned in the MRF of 10 T for reference. In the case of Er123, only (00l) peaks were clearly
enhanced, which indicates the hard axis of magnetization paralel to the c-axis. On the other
hand, in the case of Y124 and RE123 with RE=Y, Nd, Sm, and Dy, the (h00) and (0kO) peaks
were simultaneously enhanced. However, intensities of the (0k0) peak were aways larger than
those of the (h00) peak, leading to the hard axes parallel to the b-axis for RE123 with RE=Y, Nd,
Sm, and Dy. From XRD patterns at the B planes (not shown in this article) in addition to the
results of Figs. 2(a) and 2(b), it was suggested that a biaxial orientation was basically achieved
for all five powder samples of RE123 with twin microstructures. Here, it should be noted that in
Fig. 2, the (110) peaks also appeared only for the RE123 powder samplesin XRD patterns at the
planes where both (h00) and (0kO) peaks were enhanced, and intensities of the (110) peak
depended on the type of RE in RE123. As shown in Fig. 2(b), only (OkO) peaks were strongly
enhanced for the Y 124 powder sample, and the co-existence of (h00) and (0k0) peaks and the
appearance of the (110) peak were not observed. As discussed later, these phenomena observed
only in RE123 were due to twin microstructures formed in RE123 powders.

To understand the details of biaxial magnetic alignment for the RE123 and Y 124
powder samples aligned in the MRF of 10 T, pole figure measurements using (103) for RE123
and (017) for Y 124 were performed at the planes where the (00l) peaks were enhanced. Figures
3(a)-3(f) show the (103) pole figures for the RE123 (RE=Y, Nd, Sm, Dy, and Er) powder
samples aligned in the MRF of 10 T and the (017) pole figure for the Y124 powder sample
aigned in the MRF of 10 T. For comparison, the (103) pole figure at the o plane for the Dy123
powder sample prepared without applying the magnetic field was also shown in Fig. 3(g). As
shown in Fig. 3(f), in the case of twin-free Y124, sharp two-fold symmetric peaks were
observed. This reflects the biaxial orientation of orthorhombic Y124 grains without twin
microstructures. However, in the case of RE123 in Figs. 3(a)—3(e), four-fold symmetric peaks
and a broadening of the peaks to the rotation angle appeared. Clearly, the co-existence of (h00)
and (0k0) peaks in Fig. 2 and the four-fold symmetric peaks in Fig. 3 were correlated with the
generation of twin microstructures in RE123. When one focuses on the pole figure in Fig. 3(g),
distribution of the diffraction peaks showed plateau-shape. This means random orientation of
Dy123 grains was achieved in the case of 1H-=0 T. Furthermore, similar results were obtained
for other RE123 (RE = Y, Nd, Sm, and Er) powder samples prepared without applying the
magnetic field. It was clearly found that the sample rotation under (H-=0 T was not effective
for improving the grain orientation. Therefore, the pole figures in Figs. 3(a)-3(e) strongly
indicate that biaxial grain orientation was achieved by applying the MRF of 10 T even for
RE123 powders with twin microstructures, and the resultsin Fig. 2 and Fig. 3 can be understood
in terms of the biaxial orientation of RE123 grains containing two domains in which the c-axes
are parallel and the a-axes (or b-axes) are orthogonal.

Another difference between RE123 and Y 124 in Fig. 3 is the broadening of the peaks
in the direction of the rotation angle. Especially for Y123, Sm123, and Erl23, ring-like
diffraction emerged in addition to the four peaks. This result indicates that two different
components of magnetic alignment were contained in the powder samples of Y123 and Sm123:
biaxial-oriented grain and c-axis- (uniaxial or weakly biaxial) oriented grain. One can recognize
that the existence of the c-axis-oriented grains leads to the appearance of the (110) diffraction
peak at planes where both (h00) and (0kO) peaks were enhanced. From the results in Fig. 2 and
Fig. 3, the first easy, second easy, and hard axes of magnetization for RE123 a room
temperature in the molecule level can be determined. The magnetization axes for RE123 were
summarized in Table 1, together with ionic radii of RE®* with CN=8 (CN; coordination
number)[23] for reference. For RE123 with RE=Y, Nd, Sm, and Dy, the first easy, second easy,
and hard axes of magnetization were c-, a-, and b-axes, respectively. However, for Er123, the
first easy, second easy, and hard axes of magnetization were b-, a-, and c-axes, respectively.



These magnetization axes in RE123 corresponded with those of twin-free RE124 (RE=Y, Nd,
Sm, Dy, and Er)[10,21] and twin-free RE;BasCu;Oy (RE247: RE=Y, Dy, and Er) [11] for same
RE. That is, the single-ion magnetic anisotropies[24] of RE* are dominant for RE-Ba-Cu-O
with heavy RE and contribution of magnetic anisotropies of Cu ions are large for RE-Ba-Cu-O
with light RE.

To clarify the changes in the degrees of grain orientation depending on Ha and the
type of RE, XRCs were examined for the RE123 and Y 124 powder samples aligned in the
MREFs of 1oHs=0.5, 1, 3, 5, and 10 T using the diffraction peaks of (00I) (I=5 for RE123, I=12
for Y124) and (020). The degrees of the c-axis and in-plane orientations for the powder samples
were determined as Aw values for the XRCs at the (001) and (020) peaks, Aaf?'s and A",
respectively, for the tilt of the samples to the a-axis direction (or the B plane). Note that, for
RE=Y, Dy, and Er, two Aw-Ha curves were obtained individually using two different sintered
pellets of RE123. Figure 4(a) shows the Ha dependence of Aaf' for the magnetically aligned
powder samples of RE123 (RE=Y, Nd, Sm, Dy, and Er) and Y 124 to evaluate changes in the
degrees of the c-axis orientation. In the case of tHa> 1 T, high degrees of the c-axis orientation
with Aaf < 4° were accomplished for al of the oriented RE123 and Y 124 powder samples.
This indicates that c-axis magnetic anisotropy (yc-yab) sufficient for the c-axis grain orientation
under the MRF of 1 T is preserved and is not affected by the twin microstructure. On the other
hand, in the cases of wH=0.5 T, the degrees of c-axis orientation were clearly lowered for
Y 123, and Aaf ' < 4° was maintained for RE123 (RE= Nd, Sm, Dy, and Er).

Figure 4(b) shows the Ha dependence of A4a™?* for the magnetically aligned powder
samples of RE123 (RE=Y, Nd, Sm, Dy, and Er) and Y 124 to evaluate changes in the degrees of
the in-plane orientation. A striking feature is that the A&™™®* values depended largely on the
type of RE and the phase, even for powder samples aligned under the MRF of 10 T. In detail,
the lowest Ad™®® vaue with 4@ < 3° was achieved for Y124 without a twin
microstructure, whereas the AP for RE123 with a twin microstructure showed a relatively
wider range of Aa""°=3-8°. Our group [10] also reported Aw™P@®=2,0, 5.0, 2.6, and 3.2° for
the RE124 (RE=Y, Sm, Dy, and Er) powder samples aligned under the MRF of 10 T,
respectively. That is, in the magnetic alignment in the MRF of 10 T, the in-plane orientation
showed obviously higher degrees of the inplane orientation in RE124 without twin
microstructures than in RE123 with twin microstructures. However, A@"?2™ ~ 3° and Aaf ' <
1° were achieved for Dy123 and Nd123, strongly indicating the high potential of the magnetic
aignment using MRF as a biaxial alignment technique. Another interesting feature is the
difference in the Ha dependence of Aa™™@®, In the cases of Dy123 and Er123, their respective
Ad™P?® values were almost independent of Ha, and those for toHa > 1 T showed similar values.
In particular, 40" < 4° and Aaf™ ~ 1° were achieved even for uH.=1 T for Dy123,
strongly suggesting that biaxial grain alignment with high orientation degrees is achieved even
by the usage of permanent magnets and non-superconducting electromagnets. On the other hand,
the A&™P™® values decreased monotonically with the decrease in Ha for Y123, Sm123, and
Y 124, and decreased below 5 T for Nd123. The Y** ion does not contain 4f electrons, and light
RE*" ions show intrinsically lower single-ion magnetic anisotropies [10,19,20,24]. The decrease
in A&™* at higher Ha for RE123 with RE=Y, Nd, and Sm can be explained in terms of the low
magnetic anisotropies of RE ions in addition to the reduction of in-plane magnetic anisotropies
at the grain level by the twin microstructures.

4. Summary

In conclusion, we attempted biaxial magnetic alignment in MRFs for RE123 powders.
For the MRF of 10 T, the biaxial alignment with A&™*=3-8° and Aa&f®'® ~ 1° was achieved
despite the existence of twin microstructures in the grains of RE123. The Aaf® values were
independent of RE and Ha for oHa > 0.5 T, whereas A¢)™?* is sensitive to Ha and the type of



RE. Consequently, the degrees of in-plane orientation were drastically improved by the
appropriate choice of RE and the increase in Ha. When one chooses Dy123 and Er123, higher
degrees of the in-plane orientation with A@™?* ~ 4° and A@"™P*=7-8° were achieved at the
MRF of 1 T, respectively. The present study suggests that the biaxial magnetic alignment
technique enables the fabrication of biaxially oriented bulks and thick films of twinned RE123
on the basis of combination of the magnetic alignment and colloidal techniques [25-29]. In
practice, our group attempted to fabricate biaxially oriented green compacts of twin-free Er124
by slip-casting under MRFs and clarified relationship between A@™2* and viscosity of slurry
(m)[30]. The increase in 1 was found to be effective for improving 4«™®® whereas the
increase in wHa for the slurry with lower 77 seriously led to the increase in magnetic force,
which was induced by y, magnetic field and magnetic gradient, for fine Erl24 crystals with
large value of y (=5 x 107 [31] in the case of Er247[32]) as a paramagnetic substance. Taking
the formation of the twin microstructure in RE123 into account, the previous report suggests
that appropriate choice of RE, synthesis of particle with single grain and control of grain size
are more important to obtain highly biaxial oriented green compacts of RE123.
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Table 1. The first easy, second easy, and hard axes of magnetization at room temperature for
RE123. lonic radii of RE** for CN=8[23] are shown for reference.

RE123 (ionic radii of RE>* with CN=8)

Y123 Nd123 Sm123 Dy123 Er123
(0.116 nm) (0.125 nm) (0.122 nm) (0.117nm)  (0.114 nm)
1st easy c c c c b
2nd easy a a a a a

hard b b b b c




Figure Captions

Figure1
Schematic of the relationship among Ha, measured surfaces of XRD (a., B, ¥), and the rotation of
asample.

Figure 2
XRD patterns at the (a) oo and (b) v planes for the RE123 (RE=Y, Nd, Sm, Dy, and Er) and Y 124
powder samples aligned in the MRF of 10 T.

Figure 3

(103) pale figures for the (a) Y123, (b) Nd123, (¢) Sm123, (d) Dy123, and (e) Er123 powder
samples aligned under the MRF of 10 T. (f) (107) pole figure for the Y124 powder sample
aligned in the MRF of 10 T. (g) (103) pole figure for the Dy123 powder sample prepared
without applying the magnetic field.

Figure 4

Ha dependence of (a) A& and (b) Ad™™@™ for the RE123 (RE=Y, Nd, Sm, Dy, and Er) and
Y 124 powder samples. Two curves for RE=Y, Dy, and Er were obtained individually from two
different sintered pellets of RE123.
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Figure 3 Horii et al.
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