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Abstract

The texture of Bi—Sr—Ca—Cu—O (BSCCO0)-2212 polycrystaline thin rods, fabricated with a laser induced floating zone
melting technique has been quantified and correlated with their bulk magnetic anisotropy. Scanning Electron Microscopy
(SEM) determinations and X-ray Pole figure measurements on longitudinal and transverse cross-sections have been used to
derive the spatial distribution of the crystallographic axes of the grains. The magnetic anisotropy has been deduced from the
angular field dependence of the irreversible dc magnetisation. The correlation between these properties has been analysed in
samples with a very different microstructure associated to slow and fast growth rates. © 2000 Elsevier Science B.V. All

rights reserved.

PACS: 74.72.Hs; 74.80.Bj; 74.25.Ha; 74.60.J9
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1. Introduction

Laser Floating Zone (LFZ) melting techniques
have enabled a fast and controlled growth of textured
superconducting Bi—Sr—Ca—Cu—O (BSCCO) mate-
rials[1]. In particular, polycrystalline thin rods of the
Bi-2212 phase with high critical currents at 77 K
have been produced [2]. At a great extent, the ratio
between growth speed, R, and temperature gradient
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761957.
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a the solidification interface, G, controls the final
microstructure [3]. The high G values reached in this
technique, which are ailmost fixed by the laser focus-
ing and the precursor material thermal conductivity,
enable a broad variation of the R/G ratios produc-
ing grain size changes within two orders of magni-
tude and very different textures [4,5]. The anisotropic
growth habits of BSCCO and related non-supercon-
ducting phases, which dispose particular crystalo-
graphic planes perpendicular to the solid-liquid in-
terface (i.e., paralel to the temperature gradient),
yield to textured thin rods adequate to develop hy-
brid current leads [6].

For LFZ processed thin rods, the average growth
and texturing direction will coincide with the rod
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axis[2], but the flatness of the solidification interface
would determine the lack of parallelism of neigh-
bouring grains. Thus, the different laser penetration
and the local heating and dissipation intensity will
modify the texture. Generally, any curvature on the
solidifying interface can produce systematic mis-
alignments of neighbouring grains [4].

On Bi-2212 single crystals, the extreme differ-
ences in magnitude, temperature and field dependen-
cies of the critical current densities along the c-axis
(J.¢) and the a—b plane (J, ;) is well known [7,8].
Due to this anisotropy, I, = 3000 [9], for tempera-
tures below a 3D to 2D crossover line, only the field
component parallel to the c-axis, H, contributes to
the dissipation [10]. Moreover, the platelet shape of
the single crystals also give magnetic moments per-
pendicular to the a—b plane.

Polycrystalline textured materials have shown dif-
ferences from single crystal behaviour reflected in
shape effects, lower bulk anisotropy, I, and
higher pinning energies [11]. This is reflected in the
magnetic and transport measurements on two-dimen-
siona textured materials, as it is in the case of
YBa,Cu,0,_, and BSCCO-2212 thin films [12—15]
or 2223—-Ag sheathed tapes [16,17]. In these materi-
als, shape and texture effects yield to J. values only
dependent on the perpendicular magnetic field com-
ponent, H, .. All these effects reflect the influence of
the microstructure in the magnetic response of these
materials and the required deep knowledge of the
relation between both properties.

In a previous work, the modifications in the mi-
crostructure induced by the growth conditions have
been reported and used to describe quantitatively the
changes in transport properties [5]. However, this
performance directly depends on the grain junction
strength and the current trajectories due to its perco-
late character, and only indirectly on the grain size
and texture. To correlate the microstructure of tex-
tured polycrystalline materials with their macro-
scopic performances it would be more adequate to
analyse the magnetic properties, in particular the
anisotropy observed in magnetisation measurements.
That is the objective of this contribution.

With this aim, the first part of this work is
devoted to the quantification of the texture from
Scanning Electron Microscopy (SEM) images and
X-ray Pole figures, analysing also the change in

texture occurring during heat treatments. In the sec-
ond part, the differences observed in the magnetisa
tion measurements, in particular, the evolution of the
low temperature magnetic hysteresis loops for differ-
ent field orientations has been reported. Finaly, the
relation between the bulk magnetic anisotropy and
the texture of the samples is discussed. This study
has been performed on samples with a very different
microstructure.

2. Experimental details

Thin cylindrical monoliths or rods of 4 to 5 cm
length and 0.5 mm radius, r, were produced follow-
ing a LFZ procedure described elsewhere [4,18].
During the rod growth, a counter-rotation of 24 rpm
between seeds and precursors was used in all cases.
The behaviour of the two studied samples corre-
sponds to opposite limits in the observed phe-
nomenology [5]. Sample A, grown at R=15mm/h,
is well textured with an R value chosen inside the
interval of 15-30 mm /h, for which maximum trans-
port current density values are obtained, J.,.(77
K) > 5500 A /cm? [5]. Sample B, grown at R= 70
mm/h, has a worse microstructure, with smaller
grains and a poorer texture. These differences induce
a transport critical current density that is three times
lower than in sample A [5]. For each sample, pieces
of 5 mm in length were used for magnetic and
microstructural characterisations.

As-grown rods do not show superconducting be-
haviour at 77 K and need an additional annealing at
845-855°C in air for more than 12 h to ensure the
disappearance of most secondary phases and to de-
velop the superconducting Bi-2212 phase as the most
abundant phase.

A SEM JEOL 6400 provided with a Link Analyti-
ca EDX spectrometer has been used to study the
distribution of superconducting and secondary phases
as well as the texture of as-grown and anneaed
samples. Annealed samples were polished and chem-
icaly etched at 0°C with 1 part of 60% perchloric
acid mixed with 99 parts of 2-butoxy-ethanol during
30 s[19].

The almost homogeneous phase of annealed sam-
ples introduces difficulties in the quantitative SEM
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analysis of the texture by the lack of contrast in the
micrographs. For this reason, complementary X-ray
Pole figures analysis has been applied in the study of
the annealed samples by means of a Siemens D-5000
X-ray diffractometer equipped with a texture go-
niometer. In this case, the texture has been quantified
from the (00 10) Pole figure measurements of pol-
ished longitudinal cross sections.

Magnetic measurements were performed in a
SQUID magnetometer (Quantum Design). The sam-
ples were initialy characterised using magnetic ac
susceptibility, x,.(T) measurements at 120 Hz and
field amplitudes of 0.1 mT parallel and perpendicular
to the rod axis. Both samples exhibit critical temper-
atures, defined by the onset of diamagnetism, higher
than 92 K, which do not depend on the field orienta-
tion.

3. Microstructure and quantification of the tex-
ture

The microstructure of both samples can be ob-
served in the SEM backscattered electron images of
Fig. 1 on longitudinal polished cross-sections. For
as-grown samples (Fig. 1a and b) the black regions
correspond to the (Sr, _,Ca,)CuO, oxide, while grey
phases correspond to a Bi—Sr—Cu oxide (light grey)
and a Bi-Sr-Ca-Cu one (dark grey). The
(Sr,_,Ca,)CuO, oxide, which is the primary solidi-
fication phase, has a very fast kinetics and grows
amost parallel to the rod axis, independently of the
growth speed. Nevertheless, there is a significant
difference on the orientation of BSCCO grains in
both samples. In sample A (R= 15 mm/h), BSCCO
grains tend to follow the orientation of those sec-

S G e

Fig. 1. SEM images of polished longitudinal cross sections of as-grown and annealed rods. For as grown rods of samples A (a) and B (b),
backscattered electron images have been taken. For annealed samples A (c¢) and B (d), secondary €lectron images after chemical etching are

displayed.
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ondary phases (see Fig. 1a), whereas this is not the
case in sample B, grown at 70 mm/h, where much
higher disorder is present (see Fig. 1b).

In LFZ textured thin rods, the c-axis of the
superconducting grains are disposed radialy in a
near random way [20], forming colonies whose a—b
planes are mainly parallel. The mean dimensions of
the colonies strongly depend on the growth speed.
The length (parallel to the sample axis), width and
thickness of these colonies in samples A and B are
100 X 15 X (1-8) and 20 X 15 X (1-3) wmd, respec-
tively. The thickness of isolated grains takes values
of the order of 0.1-0.3 pm.

During the annealing the secondary phases are not
longer chemically stable and the Bi-2212 phase be-
comes predominant by diffusion mechanisms [21],
and the contrast of SEM images strongly decreases.
As a consequence, to visualise the grains, the cross-
sections have to be chemically etched (Fig. 1c and
d.

3.1. Quantification of the texture from SEM micro-
graphs

Through the analysis of digitissed SEM micro-
graphs of both transverse and longitudinal polished
cross sections, it is possible to derive the spatial
distribution of the a—b planes of the grains. This
study gives a texture quantification and allows ob-
taining average estimations of the angle, 6, between
the a—b planes and the externa magnetic field ap-
plied to the sample.

This can be done for as-grown samples because of
the good backscattered electron image contrast due
to the presence of secondary phases. From the im-
ages of the longitudinal cross-sections it is possible
to record the angles «; formed by the
(Sr;_,Ca,)CuO, grains and the rod axis (Fig. 2).
These phases are elongated with their magjor geomet-
rical axis aimost parallel to the growth direction. In
the transverse cross-section these grains have a
polygonal shape [5]. It has been proposed that some
epitaxial relationship can be found between the flat
faces of these (Sr;_,Ca,)CuO, grains and the
BSCCO grains [22]. Under this hypothesis of paral-
lelism between secondary phases and BSCCO grains,
these angles would correspond to the intersection
lines between the a—b planes of the BSCCO grains

(@) ———» rod axis

& i b
di+ i (b ‘\
1 +1 secondary phases
longitudinal cross section
longitudinal
polished

grains

transverse ‘;
cross section i
M 1

|

sample sample

Fig. 2. Simplified scheme of the angles «;, p; and ¢, derived
from SEM images of longitudinal and transverse cross sections
and used to calculate {|sin 8[)( B).

and the longitudinal polished plane. Note that this
hypothesis is only valid in sample A, as it has
previously been mentioned and therefore the follow-
ing study has been performed only on this sample.

To derive the distribution of «; through the sam-
ple, P(a), a process of four successive steps (Nggy,
=4) of paralel polishing and SEM observations
were performed on the same 2 mm of length sample.
For each longitudinal cross-section, the SEM images
have been scanned and skeletonized by image pro-
cessing to reduce the secondary phases to straight
lines centred on the grains. In addition, a grid of
equally spaced coordinates z =jAz; j=1to N
(Az=10 pm, N =200) along the growth axis has
been constructed (see Fig. 2a). On each cell of this
grid, characterised by z, it is possible to derive an
average angle by summation of finite elements ex-
tended to all intercepted lines,

|+|a. |
Jab(z) = — ¥ Shdy, (1)
bp i1
where d; ., used as a relative weight, is the length of

i,j?
the segment intercepted in the z grid line by the

adjacent i and i + 1 secondary phase lines and verify

that X d; ;= ¢,. Moreover, «;; is the angle be-

iHi,j i,j
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tween the i line of the cell j and the rod axis.
Finally, the subindex p distinguishes the longitudi-
nal sections of transverse length ¢, that have been
analysed. The average misorientation angle of all
grains of a given longitudinal section, {|al),, isthen
calculated, adding up the results of al z; values.

1 N
<|Ul|>p=ﬁ‘zl<|a|>p(zj)- (1b)
j=

The following step is to average over al longitu-
dinal Ng,, sections in order to obtain the average
value over the whole sample, «:

NSEM

Y abpd,
ao=p:1T- (2)

X b
p=1

As expected for the observed conical distribution
of the BSCCO grains, the value {|al), is amost
independent of the section, with maximum differ-
ences of =~ 1.5° In addition, the values of {|a[)y(z)
through the cells of the grid only show minor ran-
dom differences of 1-2°, confirming the homogene-
ity of the samples along the rod and confirming the
consistency of this study because different pieces of
the same rod have been used in microstructural and
magnetic characterisations. From this analysis, it has
been obtained that sample A exhibits a value of
aq = 4.6° (with standard deviation of o, = 3°).

On the other hand, from SEM images of a trans-
verse cross section, the angle p;, associated to the
intersection lines of BSCCO grains with an arbitrary
reference, may be determined (see Fig. 2b). In the
following computations, this angle has been assumed
to be continuously and uniformly distributed be-
tween 0 and 7, as it is widely observed in these
samples [5,18].

Any average of angular functions like sin 6( 8),
B being the angle between the field and the rod's
axis, can be obtained from the measured distribution
of the angles «; and p;. This stereological problem
has exactly been solved in three dimensions (see
Appendix) improving previous 2D approximations
developed for a similar texture study on supercon-
ducting tapes [17]. A particular interesting case cor-
respond to 3= 0° (6( B8 = 0) = 6,), which gives the

grain misorientation, and in conseguence, the texture
of the sample.

The distributions of «; and p;, experimentally
obtained in two perpendicular cross-sections, are un-
correlated. Therefore, we have considered « and p
as statistical independent variables. The angle ¢,
used to characterise the longitudinal polishing plane
is assumed to be uniformly distributed in [0, 7 ].

Using Eg. (A.6) (see Appendix), the average
(lsin 61) is given by:

<|s'ne|>=]”0[” [

¢o=0"a=amy,

sinpsinB + sin( p — ¢y)cosBtana

\/1 + tan‘asin®( p — @)

dpd
g P(a)da. (3)
The results of (|sin 8[)( B) for different «, val-
ues and very narrow P(«) distributions (g, = 0) are
shown in Fig. 3. It is observed that the angular
dependence of (|sin 6[) becomes stronger when
a, decreases. Non-zero standard deviations, lower
than «,, produce small changes in the function
(Isin 01)( B), reducing the elbow observed at 8 = «,.
These changes are more important when o, in-
creases (see inset in Fig. 3). Moreover, for well

707
0.6 =
0.5

04f P
0.3 E4,=20%7

(|sin @)

0.2
0.1

F105 1

RSN D IR O
40

BC)

Fig. 3. Theoretical predictions of (|sin 8[)( 8) for different aver-

age values of the misalignment angle {|a|) = ay and o, = 0. In

the inset, the predictions of Isin 6[)( B) for o, # 0 (discontinu-

ous line, ay=10° g, =5 and «ay=20°, o, =14°) and for
a,, = 0 (continuous line) are displayed.

60
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Fig. 4. (2) Geometrical arrangement of the X-ray Pole figures
experiment on a longitudinal polished cross-section. (b) Angles x
and ¢ and the direction of the three main axes in a stereographic
projection.

textured samples (i.e,, low a, and small standard
deviations) (Isin #]) can be well approximated by
=(2/m)sin B for B> a, and =(2/7)tga, for
B < ay. In particular, in sample A, in which «a, =
4.6°, {Isin 6[)(B=0°) = (|sin 6,|) = 0.05.

3.2. Quantification of the texture using X-ray Pole
figures

To quantify the texture of the annealed samples,
pole figures of the (00 10) reflection of the Bi-2212
phase on longitudinal polished cross sections have
also been measured. The geometrical configuration
of the measurements, the direction of the three main
axes and the representation of the ¢ and y anglesin
a stereographic projection are shown in Fig. 4a and
b. The results of the X-ray Pole figures of both rods,
after annealing, are displayed in Fig. 5a and b.

As expected from SEM results, sample A shows a
narrower distribution of angles than sample B, which
also displays a preferential orientation of c-axes.
Note that for a fully textured sample, i.e., with the
BSCCO c-axis at random but perpendicular to the
sample axis, al intensity peaks would appear at
¢ = +90° (discontinuous line in Fig. 4b). The ob-
served reduction of the intensity values for y higher
than50° in these experiments is due to the typical
reduction of the measurement efficiency for high y
values [23].

To quantify the texture, it should be taken into
account that the diffracted intensity at given angles,
I(x,e), is proportional to the volume of crystallites

in that direction [23]. The angle between the a-b
planes and the rod axis, 6,, can be written as a
function of the spherical coordinates, y and ¢:

sinf, =sinxcose. (4)

As I( x,¢) is proportional to the probability den-
sity function to find grains with the c-axis pointing
in the ( x,¢) orientation, the average values of any

!
by
ST,
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it
N Hy
N\

an
vl
%% 4,’;/l»muu\\
N
iigyy
,,.lumlgt‘l“

Fig. 5. X-ray Pole figures of the (00 10) reflection of a longitudi-
nal cross-section in samples A () and B (b). Steps of 3° for the
angles y and ¢ was used.
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Fig. 6. Distribution of the angles 6( 8 = 0°) = 6,, between the
a—b planes of the Bi-2212 superconducting grains and the rod
axis of samples A (squares) and B (triangles) deduced from the

Pole figures of the (00 10) reflection. The continuous line is a
Gaussian distribution fit, while the discontinuous one is eye guide.

function of these angles can be obtained by simple
averaging. There is always a background signal on
I(x,¢), which has been considered constant for
vaues y < 70° [23], and subtracted from the mea
sured intensity. For this reason, just the data for
x < 70° have been considered in this estimation.
The probability density P(6,) to find supercon-
ducting grains forming angles with the rod axis
between 6, and 6, + dé, is then given by:

P(6,) = Kf::()fjjoé[(arcsjn(sinxcow) — 0]

X1( x,e)dedy. (5)

The values deduced from the Pole figures for both
samples are plotted in Fig. 6. Now, the better texture
of sample A is clearly observed as a narrower P(6,)
function. In this sample the superconducting a—b
planes are almost aligned with the rod axis with a
Gaussian like distribution centred at {6,) = 0° (cy-
lindrical symmetry) and with o, = 5.5° (continuous
line). In sample B, there are also grains aligned with
the rod axis, but an important number with high 6,
values (> 10°) till remains. In this sample, the
distribution is also centred in {6,) = 0°, but with a
standard deviation o, = 16°, much higher than in the
previous case. This result indicates the existence of
texture in the annealed sample B, although poorer
than in sample A (see Fig. 1c and d).

The estimated values of {|6,[) and {|sin 6] are:
SampleA  (]6,)) =4.5°, (|sinf,|) = 0.08;
SampleB (|6, = 13°, (lsing,|) = 0.20.

From these results a value of «, = 8°for sample
A, and of 20° for sample B are estimated. The
former value is compatible with «, = 4.6° obtained
in the above section from SEM analysis on as-grown
sample A, but dlightly higher. The lower values
obtained from the SEM analysis may be associated
to the considered approximation of full parallelism
between non-superconducting and BSCCO grains,
because there are regions where the full parallelism
between secondary and superconducting phase grains
is not maintained. In this case the «, vaue deduced
from SEM would be underestimated. We may sug-

2100

i (a)
110°E SampleALE
0 :
= - 1
-1 105F ]

o pH (M ]
_2105:.‘.J‘..l‘.‘l...\.(‘\...:

1105+

-5 10° -

-6 -4

-1 10°

-2 0 2 4 6
Fig. 7. Magnetic hysteresis loops of sample A (&) and B (b) at 5 K
under different orientations of the external magnetic field: 8 = 90°
(full squares), 45° (full circles), 15° (open triangles) and 0° (open
circles).
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gest that during the annealing of well-textured sam-
ples, the grains orientation remains mainly un-
changed and appreciable texture improvements do
not occur. The behaviour of sample B, which as
grown is poorly textured, is different. X-ray Pole
figure analysis indicates the development of texture
in the Bi-2212 grains after annealing.

4. Magnetic anisotropy

To correlate the quantified microstructure and the
bulk magnetic behaviour, magnetization measure-
ments M(H,8) at 5 K and for various field orienta
tions have been performed. The results, displayed in
Fig. 7, give a decrease of the magnetization with the
external field orientationin both samples. Moreover,
in agreement with the anisotropy results deduced
from x,., the angular dependence is bigger for the
sample grown at the slowest growth speed. In case of
sample A, M(3 T, 0°)/M(3 T, 90°) = 4.2, while a
value of 2.5 has been obtained in case of sample B.

A rough estimation of the bulk anisotropy can be
derived from the average values of the critical cur-
rent density paralel and perpendicular to the rod
axis. From the magnetization measurements at these
orientations, Bean Critica State Model predictions

pomET app ¢ T=5K

10° g | 4

N M\-S ol

[ [ A@ o AA ample ]

L N A \ 1

!\&%% _
Sample B

R 1

m

-M,_(HB)/m_"(B) (A/m)

2 10¢ Lt e
0.1 . 1
(M) h,(B) (T)

Fig. 8. Scaled values of the irreversible magnetisation at 5 K for
both samples. The symbols have the same meaning as in Fig. 7.
The arrows indicate the position of the magnetisation minimum at
B =90°.

B

Fig. 9. Experimental scaling parameters m;,( 3) (open symbols)
and hg(B) (closed symbols) deduced from the M;,(H,3) mea-
surements on sample A (squares) and B (circles). The continuous
lines correspond to the theoretical predictions (see text) and the
dashed one represents the sin( 8) function.

give the relationships (see for instance Ref. [24] and
references therein):

3oy =(3/2AM/r and I, = (3m/8)AM /1
(6)

where AM is the width of the hysteresis loop and r
the sample radius. Therefore, it is possible to derive
the bulk anisotropy values, I',,, (5 K) = 5.3 (sample
A), and 3.3 (sample B).

The study of the angular dependence of the irre-
versible magnetisation, M,,,, has been performed
through the analysis of the M,,, scaling properties.
As it is shown in Fig. 8, for each sample, al curves
M, (H,B) converge to only one when both axes
(M., and H) are properly scaled. The magnetisation
has been divided by an adimensiona factor m;,( 8)
=M, (0,8)/M,.(0,90°), while the field has been
multiplied by another adimensional factor, h( ),
chosen in such a way that al curves coincide with
the B =90° one in a wide range of fields. There are
some discrepancies, mainly for sample A at smal B
and high fields, that correspond to situations at which
the flux has not been totally reversed [18]. The
scaling factors are shown in Fig. 9 for both rods. The
observed scaling properties are common on
anisotropic superconductors where the magnetic and
electrical properties depend on an effective field,
Hy < H, which is related to the anisotropy [12—17].
The higher anisotropy of sample A in comparison to
sample B, is clearly reflected by the stronger depen-
dence of the scaling factors on .
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5. Discussion

The observed scaling in the magnetic properties
can be related to the differences in texture of both
samples. With this aim we consider a theoretical
model in which the magnetic response of a supercon-
ducting Bi-2212 grain whose a—b planes form an
angle 6, with the external field would be analysed.
Furthermore, magnetic fields high enough to fully
penetrate all grains (i.e, H > H,) would be studied
because then the interaction between grains is ex-
pected to be small. In this limit the main contribution
to the bulk magnetization of the rods should be
granular and would be modelled as a distribution of
independent grains.

For 0° < B < 90° the anisotropy yields to a mag-
netisation that is not parallel to the exciting field. In
this case, the measured value M, is lower than
|M,|, because our SQUID magnetometer measures
only the component parallel to H. In strongly
anisotropic materials, M, has been found to be
pardlel to the c-axis except for 6, =~ 0° [12,25].
Moreover, as several authors have pointed out, the
existence of a component of M;,, perpendicular to H
also depends on sample shape effects [26,27].

Under the hypothesis of non-interacting supercon-
ducting grains, the magnetisation of each grain, M, ;,
would depend on the effective field acting on it,
Hg,; = Hsing;. On the other hand, the bulk magneti-
sation of the sample would be the average of the
magnetisation of the grains parallel to the field:

M., = <|sin6l- M., ( Hlsing[)]). (7)

The derivation of the scaling factors m;,( 8) and
hz(B) from this equation requires some additional
hypotheses on the field dependence of M;,,. We have
used the experimental potential behaviour observed
at low temperatures, M,,, o H™9, where the exponent
g takes the value q=0.4 [18]. This alows the
rewriting of Eq. (7) as

My, = Mo( H(lsindly) ~*(lsin6[*~)sin6|)°
= MO( Hhef)_qmm (8)

which certainly gives the same field power law
dependence and the expressions for the scaling fac-
tors: hy(B) ={lsin 6[) and m(B) = {Isin o' %)
X {Jsin 0[)4.

In order to compare the theoretical predictions of
the scaling factors with the above experimental re-
sults, we have calculated the values of hy(B) =
he(B)/hg(90°) and m;(B) = m,(B)/m.(90°)
represented by continuous linesin Fig. 9. A potential
field dependence with g = 0.4 and an angular distri-
bution characterised by «, = 8°and «, = 20° as ob-
tained in the Pole figure studies has been used. The
similarity of these scaling factors with the function
(Isin 8" (B) = (Isin 6[>( B)/{Isin 8]>(90°) should
be noted.

Considering the parameters that have been used,
the practical coincidence of the hz(8) and m; (3)
theoretical predictions is noticeable. Moreover, it
aso should be remarked that the predictions for
a, = 8° (well-textured samples) aimost coincide with
the function sin B (dashed linesin Fig. 9), in awide
range of angles. This means that in well-textured
samples and for high B angles, the misorientation is
so small that in average the response of the sampleis
determined by the angle that forms the externa
magnetic field and the sample axis. In the case of
sample B, the bad texture determines the magnetic
behaviour even for high 8 values.

On the experimental side, however, the values of
h;(B) are aways dightly higher than those of
m( 8), with increased differences at low B values.
Furthermore, theoretical predictions of the scaling
factors, derived with a very narrow distribution
around the average values, reproduce approximately
the observed behaviour, but also increase the dis-
crepancies at low B values. This fact would indicate
that it is necessary to introduce a more realistic
angular distribution in the analysis, although the
main conclusions will remain unaffected.

6. Conclusions

SEM and X-ray Pole figure measurements have
been used to derive and quantify the distribution of
angles 6,( B) between the a—b planes of the Bi-2212
grains and the external magnetic field, which forms
an angle B with the sample axis (0 < 8 <90°) in
polycrystalline LFZ textured thin rods. Macroscopic
average values of (|6])(B) and {|sin 0])(B) have
been derived, which for g=0° give the texture
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quality of each sample. As it was expected, this
quality improves when the growth rate decreases.

The analysis of SEM pictures in as-grown sam-
ples and of X-ray Pole figures in annealed rods, have
been used to follow the evolution of the texture. On
well-textured samples, the alignment of the BSCCO
grains does not improve with annealing and only
adjustments of the Bi-2212 phase stoichiometry, in-
duced by diffusion, take place. However, on samples
grown at high rates some texture is induced during
the annealing and the Bi-2212 grains tend to be
oriented in the direction of the non-superconducting
phases observed in the as-grown samples.

A strong quantitative correlation between the bulk
magnetic anisotropy and the grains a—b plane mis-
alignment with respect to the rod axis has been
found. The angular dependence of the irreversible
magnetisation is enhanced for low growth speed.
Moreover, al M, (H, ) curves stack upon the same
curve, using scaling factors, m;(B8) and hy(pB),
which have been quantitatively correlated with the
measured misorientation average angles. In conse-
guence, the origin of the anisotropy in the magnetic
properties is the texture of the sample, existing a
clear correspondence between the grains misalign-
ment to respect to the rod axis and the magnetic
anisotropy observed in these samples.
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Appendix A. Derivation of the macroscopic aver -
age (Isin @[)( B) from grain orientation measure-
ments in SEM observations

To calculate the distribution of angles, 6;, formed
by an external magnetic field and the a—b planes of
the BSCCO grains, the input needed are the angle

between the external magnetic field and the rod axis,
B, and the misorientation angles measured on SEM
longitudinal («;) and transverse ( p;) polished cross-
section micrographs (see Fig. 2).

As BSCCO grains are platelets perpendicular to
the c-axis, a smple characterisation of the orienta-
tion can be performed using unitary vectors, n,,
parallel to the c-axis of components (n,;, ny;, n,).
In addition, a convenient reference is to choose as
the z-axis the rotational symmetry and the field H
contained in the x—z plane; i.e, of components
(Hsing, 0, HcosB). Then, the angle 6, may be
derived from the scalar product of n;-H by:

sing, = =n,sSinB + n,cosp (A1)
where the n,; and n,; components should be written
as a function of the misorientation angles «; and p,
derived from SEM observations.

Longitudinal planes, which are parallel to the rod
axis, can be characterised by a unitary vector n, of
components (sin ¢,, cos ¢,, 0). Due to the cylindri-
cal symmetry, ¢, is a random variable uniformly
distributed in the interval [0,77]. The straight lines
observed in SEM longitudinal cross-sections corre-
spond to the intersection of the polishing plane and
the a—b plane of superconducting grains and are
paralel to the product n, X n;. Accordingly, the
angle o; measured in the micrographs is related to
the projection of this product along the z-axis (char-
acterised by the u, unitary vector):

(ngXnj)-u,
COSa; = W

Ny; COS@g + Ny;Singyg

B 2 2 2 G2 H 2
\/nzi COS“py + N3 SiN“pg + (nxicos@o + nyism‘PO)

(A2)

which is equivalent to:

N, = £ (N, COSey+ Ny Sing, )tana;. (A.3)

On the other hand, in SEM transverse cross-sec-
tions, the intersection of the polishing plane and the
a—b plane of grains defines straight lines pointing in
the u, X n; directions. The angle p; between these
lines and the x-axis (see Fig. 2b) relates n,; to n,;
by:

Ny = —nytanp;. (A.4)
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Combining these results, Eq. (A.1) may be finally
rewritten as a function of the ¢,, p; and «; angles:

n,-H

sinf, = —— =n,sinB + n,;cosf (A5)

and, in consequence, the average {lsin 6[)(B) is

given by
<|sin0|>=f fgoozofa:amm

p=0

sinpsinB + sin( p — ¢y)cosBtana

\/1 + tan‘asin®( p— ¢@,)

(A.6)
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