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Crossing point of the magnetization versus temperature curves and the Meissner fraction
in granular La 1.9Sr0.1CuO4 superconductors: Random orientation and inhomogeneity effects
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In this paper, we first calculate the extrinsic random orientation effects on the Meissner fraction in granular
layered superconductors with highly anisotropic single crystal grains. Then we present detailed measurements
of the crossing point of the excess magnetization versus temperature curves,DM (T)H , in the reversible mixed
state and of the Meissner fraction in two granular La1.9Sr0.1CuO4 samples, before and after grain alignment.
The analyses of these experiments on the grounds of the calculations indicated above allow us to disentangle
the different extrinsic effects on the excess magnetization at the crossing point,DM* , and on the field-cooled
susceptibility at the crossing point temperature,xFC(T* ): random orientation, demagnetization, and inhomo-
geneities. We show then that once these two measured observables are adequately and separately corrected
from random orientation and demagnetizing effects, the remaining extrinsic effects onDM* ~associated with
structural and, mainly, stoichiometric inhomogeneities! may be taken into account throughxFC(T* ). This
seems to apply at least in samples with relatively good magnetic response@let us say, withuxab

FC(T* )u
*0.2]. Theresulting intrinsic crossing point may be explained in terms of the theoretical approaches proposed
by Bulaevskii and co-workers and by Tes˘anovićand co-workers and based on thermal fluctuations of vortices.
These last results extend to granular high-temperature superconductors~HTSC! our recent conclusions for
highly anisotropic single crystalline HTSC.@S0163-1829~99!09405-9#
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I. INTRODUCTION

One of the most striking manifestations of the therm
fluctuations of magnetic vortices in highly-anisotropic hig
temperature superconductors~HTSC! is the appearance o
the so-called ‘‘crossing point’’ of the excess magnetizat
versus temperature curves in the reversible mixed state:1–7 a
few degrees below the mean-field-like transition tempera
Tc0 , the excess magnetization versus temperature curve
different amplitudes of the magnetic field~H! applied per-
pendicularly to the superconducting CuO2 ~ab! layers,
DMab(T)H , cross at a point of coordinatesDMab* and T* .
Here the in-plane excess magnetization~for H perpendicular
to the ab planes! is defined asDMab(T,H)5Mab(T,H)
2MabB(T,H), where the background magnetizatio
MabB(T,H), is the magnetization associated with the norm
contributions.MabB(T,H) may be approximated by extrapo
lating through the transition the magnetization measu
aboveTc0 , in a temperature region where the effects of th
mal fluctuations become negligible.

Soon after its first experimental observation,1,2 it was pro-
posed by Bulaevskii and co-workers8 ~BLK approach! and
by Tes̆anović and co-workers9 ~TXBLS approach! that the
crossing point of the excess magnetization versus temp
ture curves could be due to thermal fluctuations of the vor
positions and, respectively, of the vortex number. The re
PRB 590163-1829/99/59~6!/4394~10!/$15.00
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tive importance of these two different contributions depen
on the strength of the applied magnetic field relative to b
Hc2(T* ), the in-plane upper critical field atT* , andH0 , the
so-called dimensional-crossover field in anisotropic laye
superconductors.8–10Both theoretical approaches predict th
the crossing point coordinates are related by11

DMab* 52
kBT*

f0se
V , ~1!

wherekB is the Boltzmann constant andse
V is an effective

periodicity length which takes into account the possible m
tilayering effects on the vortex fluctuations.se

V may be re-
lated to the effective number,Ne

V , of fluctuating layers in the
crystallographic periodicity,s ~which in HTSC is equal to
the unit cell length in thec direction if the cell is primitive,
or half of that if it is body centered!, through,se

V5s/Ne
V .

Moreover, it is expected that 1<Ne
V<N, and then thats/N

<se
V<s, whereN is the number of superconducting CuO2

layers in s. Note already here that in the La1.9Sr0.1CuO4

~LaSCO! samples studied hereN51 and, therefore,se
V is

expected to be equal tos.
The importance of Eq.~1! is enhanced by the fact that

relates directly the effective periodicity length,se
V , a micro-

scopic parameter which in multilayered HTSC may depe
on the Josephson and on the magnetic couplings betw
4394 ©1999 The American Physical Society
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adjacent superconducting layers, to two directly measura
macroscopic observables,DMab* andT* . This theoretical re-
sult has led, therefore, to much experimental activity.3–7

However, all theDM* /T* data published until now in poly
crystalline or in single crystalline HTSC strongly disagree,
both the amplitude and thes dependence, with Eq.~1!. In
particular, in most of the experiments the measu
DMab* /T* leads to an effective periodicity length,se

V , larger
than s, in contradiction with the theoretical predictions.3–7

The presence of strong stoichiometric inhomogeneit
which will appreciably reduce the superconducting fractio
has been discarded in most of the studied samples by i
pendent measurements~x-ray and neutron diffraction, in
particular!.4–7 Therefore, until now most of the authors pr
pose that theseDMab* /T* data are intrinsic and that the BLK
and the TXBLS approaches do not explain, even at a qu
tative level, the crossing points observed in highly ani
tropic HTSC.3–6,12,13It has been proposed recently, howev
that this important and long standing problem could be
solved by taking into account all the possible nonintrin
effects on the magnetization.7 These nonintrinsic effects wil
be associated with structural and stoichiometric inhomoge
ities, at different length scales and amplitudes, and not o
with those due to the presence of strong stoichiometric in
mogeneities at long length scales~i.e., at length scales muc
larger than the superconducting coherence lengths, which
those easily observable with conventional x-ray and neu
diffraction techniques!. This conclusion was strongly sup
ported by simultaneous measurements of the crossing p
in the high magnetic field limit@H&Hc2(T* ); H@H0# and
of the field-cooled susceptibility~the so called Meissner frac
tion!, xab

FC, in different single crystals of various highly an
isotropic HTSC families with different values ofN ands: For
each crystal, the differences between the measuredDMab*
and the in-plane excess magnetization predicted by Eq.~1!,
with se

V5s, were found to be similar to the differences b
tween the measuredxab

FC ~corrected from demagnetizing e
fects! and the total flux expulsion (xab

FC521).14 This con-
clusion seems to apply at least in crystals with relativ
good magnetic response@in particular, with uxab

FC(T* )u
*0.2]. In other words, the results of Ref. 14 demonstr
experimentally that in high quality anisotropic HTSC cry
tals DMab* /uxab

FC(T* )u verifies, within the experimental un
certainties, Eq.~1!, with se

V5s, independently ofN. Comple-
mentarily, these results show that in spite of the fact t
DMab* andxab

FC(T* ) are measured under very different ma
netic field amplitudes@H&Hc2(T* ) and, respectively,H
<Hc1(T* ), the lower critical magnetic field atT* ], the non-
intrinsic effects on both observables, associated with
ichiometric and structural inhomogeneities at different len
scales, are the same within the experimental uncertain
DMab* /uxab

FC(T* )u is, therefore, the intrinsic excess magne
zation coordinate of the crossing point.

It is worthwhile wondering now how the above results
the crossing point and on the Meissner fraction, obtained
very good single crystals and for a magnetic field appl
perpendicularly to theab planes are affected by the rando
orientations of the grains in polycrystalline and granu
samples. In particular, is the Meissner fraction also the
equate correction to introduce in order to obtain theintrinsic
le
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excess magnetization at the crossing point in granular, w
randomly oriented single crystalline grains, highly anis
tropic HTSC? In addition to their importance for the unde
standing of the vortex thermal fluctuation effects in polycry
talline and granular highly anisotropic HTSC, the
questions also concern central aspects of the interplay
tween structural and stoichiometric inhomogeneities and r
dom orientation effects on the magnetization in these gra
lar materials. To answer these questions, in Sec. II we
calculate the intrinsic~associated with the intrinsic aniso
ropy of the HTSC! and extrinsic~associated with the extrin
sic anisotropy of the magnetic flux trapping! random orien-
tation effects on the magnetization of granular samples w
anisotropic single crystalline grains randomly oriented w
respect to an applied magnetic field. These results are
used to analyze detailed measurements of the crossing p
and of the Meissner fraction of two granular La1.9Sr0.1CuO4
~LaSCO! samples with randomly oriented grains and af
magnetic orientation of the grains. In this way, the rand
orientation effects on both observables are separated f
the effects due to stoichiometric and structural inhomoge
ities. Let us also stress already here that the choice of LaS
samples was mainly motivated by the fact that, as indica
before, this HTSC family has only one superconducti
CuO2 layer per periodicity length (N51). Therefore, the
possible complications associated with the multilayering
fects are absent in this case, i.e.,se

V5s in Eq. ~1!. These
measurements will be shown in Sec. III, whereas the co
sponding analyses will be presented in Sec. IV. The con
sions are summarized in Sec. V.

II. THE AVERAGE MAGNETIZATION OF GRANULAR
HTSC AT THE CROSSING POINT
AND IN THE MEISSNER REGION

The magnetization of a granular sample with anisotro
single crystalline grains randomly oriented may be related
ML(u,w), the longitudinal component~along the applied
magnetic field! of the magnetization vector of a single gra
~see inset in Fig. 1!, by just through the angular average,

^M &5
1

4p E
0

2p

dwE
0

p

ML~u,w!sinu du, ~2!

whereu andw are the polar coordinates which character
the orientation of the anisotropic grains with respect toH. In
the case of the layered HTSC, one may assume just unia
anisotropy@the possible small differences between both
plane ~ab! magnetizations may be neglected, i.e.,Ma
'Mb]. In this case, ifu is chosen to be the angle betwee
the c-crystallographic axis and the applied magnetic fie
~see inset in Fig. 1!, Eq. ~2! may be simplified to

^M &5E
0

p/2

ML~u!sinu du. ~3!

This angular average has been already used by Cho
co-workers15 to calculate the magnetization of randomly o
ented polycrystals of highly anisotropic HTSC in the reve
ible mixed state. For that, these authors took into acco
that in these superconductors the out-of-plane magnetiza
~for H parallel to theab layers! may be neglected in the
mixed state, i.e.,Mc(T,H)'0. In this case,ML(u) is related



to

nt
or
ng

ol

d
-
-
a
e

gl
o
ys
ow
s-
tin

e
o
n
io
th
p

nt
fo
ly
il

ag
x
ct

e
u

o

lie
a

,

e-
e

ine
of

ir

-

tial
r
n-

ple

ra-
les

m-

l

4396 PRB 59J. MOSQUEIRAet al.
to the in-plane magnetization@for H perpendicular to the
superconducting CuO2 ~ab! layers# of each crystalline grain
by ~see the inset in Fig. 1!, ML(u)5Mab(T,H cosu)cosu.
At the crossing point, i.e., forT5T* , Mab does not depend
on H, and ML* (u) is related to Mab* by just, ML* (u)
5Mab* cosu. By using this last expression and taking in
account the background magnetization in real samples~see
the Introduction!,

^DM* &5
1

2
DMab* , ~4!

a relationship first obtained by Cho and co-workers15 and
that relates the excess magnetization at the crossing poi
a randomly oriented polycrystalline HTSC sample to the c
responding crossing point excess magnetization of a si
crystalline grain forH perpendicular to theab planes.

The same procedure may be used to relate the field-co
susceptibility in the Meissner state~for H below the lowest
Hc1) of a polycrystalline HTSC, with randomly oriente
single crystalline grains,̂xFC&, to the field-cooled suscepti
bility of a single crystal with theab planes oriented perpen
dicularly toH, xab

FC. Let us stress already here, however, th
there is an important conceptual difference in both cas
The relationships between̂M& and Mab in the mixed state,
and in particular that of̂DM* & andDMab* through Eq.~4!,
are a direct consequence of theintrinsic anisotropy of the
individual single crystalline grains (DMab@DMc) and,
therefore, they will apply in all the cases, even if these sin
crystalline grains were ideal, without any extrinsic inhom
geneity effect. However, in the case of an ideal single cr
talline grain and neglecting also any demagnetizing or l
dimensionality effect~this last being associated with the po
sible smallness of the grains relative to the superconduc
characteristic lengths, see later!, the susceptibility in the
Meissner state will be alwaysxFC521, independently of the
orientation of the grains relative toH. Therefore, a polycrys-
tal with ideal single crystalline grains will also have^xFC&
521. In other words, in such an ideal polycrystallin
sample the Meissner effect is not affected by the rand
orientation of the grains, independently of their intrinsic a
isotropy. In fact, one may directly reach such a conclus
by just taking into account that in the ideal Meissner state
applied magnetic field is fully expelled and the internal pro
erties of the grains, as their anisotropy, are then irreleva

The almost trivial conclusions summarized above
^xFC& in a polycrystalline superconductor, with random
oriented anisotropic ideal single crystalline grains, w
change dramatically if the Meissner expulsion of the m
netic field in each individual grain is affected by some e
trinsic effects, as inhomogeneities or demagnetizing effe
In fact, these extrinsic effects, which will modifyxFC of each
grain from its ideal value of21, will be always present in
some extent in real samples. In addition, it is reasonabl
assume that in the case of strongly anisotropic supercond
ors, xab

FC is different from xc
FC ~for H parallel to theab

planes!. Also, the demagnetizing effects, very relevant f
values ofH below the lower critical fields in HTSC~where
the amplitudes ofM andH are of the same order!, will de-
pend on the orientation of the grains relative to the app
magnetic field. In this case, the two components of the m
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netization of each single crystalline grain, forH perpendicu-
lar and parallel to theab planes, are given by, respectively

Mab5
xab

11xabDab
Hab ~5!

and

Mc5
xc

11xcDc
Hc , ~6!

where Hab and Hc are the components ofH in these two
directions andDab andDc are the corresponding demagn
tizing factors of the individual grain. The projection of th
magnetization vector along theH direction is then given by
~see inset in Fig. 1!,

ML~u!5Mab cosu1Mc sinu

5HS xab

11xabDab
cos2 u1

xc

11xcDc
sin2 u D , ~7!

which through Eq.~3! leads to

^x&[
^M &
H

5
1

3 S xab

11xabDab
1

2xc

11xcDc
D . ~8!

This equation relates the average~measured! susceptibility in
a granular sample with randomly oriented single crystall
grains, with the susceptibilities and demagnetizing factors
the individual grains forH perpendicular and parallel to the
ab layers. Note that if each grain would behave as anideal
superconductor, i.e., if the flux expulsion is total (xab

FC5xc
FC

521) and without demagnetizing effects (Dab5Dc50),
Eq. ~8! will lead to ^xFC&521, in agreement with the com
ments presented above.

In many real HTSC samples, Eq.~8! may be still simpli-
fied by taking into account thatuxc

FCu!uxab
FCu,1. This is be-

cause, in these materials, the magnetic flux in this par
Meissner state is in general much more easily trapped foH
parallel to the layers than in the perpendicular direction. U
der these additional conditions Eq.~8! becomes

^xFC&'
xab

FC

313xab
FCDab

. ~9!

Moreover, usually each grain in a granular HTSC sam
may be approximated as spherical~and thenDab51/3) or as
ellipsoidal~and then, by assuming for instance an aspect
tio of c/ab'0.65, well adapted to the grains of the samp
measured in this work,Dab'0.45), which reduces Eq.~9! to

^xFC&'
xab

FC

31xab
FC

, ~10!

for spherical grains, or

^xFC&'
xab

FC

311.35xab
FC

, ~11!

for ellipsoidal grains with an aspect ratio of 0.65. For co
pleteness, let us note that Eq.~9! will also apply to the so-
called excess diamagnetismDx ~associated with therma
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fluctuations of Cooper pairs7! measured aboveTc in granular
anisotropic HTSC. In this region,^M & is also proportional to
the applied magnetic field andDxc!Dxab , due in this case
to the intrinsic anisotropy of the excess diamagnetism.7 In
addition, in this regionuDxabu!1, and Eq.~9! reduces to
^Dx&51/3Dxab .

Figure 1 clearly illustrates some of the results obtain
before for a granular sample with randomly oriented sin
crystalline grains. In this figure, we compare the behavior
the average excess magnetization at the crossing point~nor-

FIG. 1. Relative random orientation effects on the excess m
netization at the crossing point,^DM* &, and on the field-cooled
susceptibility in the Meissner state,^xFC&, versusxab

FC, the field-
cooled in-plane susceptibility of an individual grain.xab

FC provides
an estimation of the magnetic quality of the individual grains. T
random orientation effects on̂DM* & are due to the intrinsic an
isotropy of the individual grains (DMc!DMab) and, therefore,
they are independent of the presence of extrinsic inhomogen
effects~which reducexab

FC). In contrast, the extrinsic random orien
tation effects on̂ xFC& will depend on the grains magnetic quali
and, therefore, onxab

FC. To obtain^xFC&, we have assumed ellipso
dal grains~with Dab50.45 andDc50.27) and differentextrinsic
anisotropies~due to an anisotropic flux trapping!: The solid curve
was obtained by assuming strongextrinsic anisotropy, i.e.,
xab

FC/xc
FC@1. The dot-dashed curve was obtained by assum

xab
FC/xc

FC'3, this last value corresponding to one of our samp
For completeness, it is indicated also the ratio of the excess diam
netism,^Dx&/^xab&, associated with the creation, by thermal flu
tuations, of Cooper pairs above but nearTc . In this case the random
orientation effects are due to the intrinsic anisotropy of the laye
HTSC ~which leads toDxab /Dxc@1).
d
e
f

malized toDMab* ), ^DM* &/DMab* , and of the field-cooled
susceptibility in the Meissner state~normalized toxab

FC),
^xFC&/xab

FC, as a function of the field-cooled in-plane susce
tibility of each grain,xab

FC, this last observable being to som
extent a measure of the magnetic quality of each individ
grain. The dotted parts of thêxFC&/xab

FC curves just indicate
that for very low and very high values ofuxab

FCu the extrinsic
anisotropy condition,uxc

FCu,uxab
FCu, will not be fulfilled and,

therefore, Eqs.~9! to ~11! will not be a good approximation
The random orientation effects onDM* in granular samples
are associated with theintrinsic anisotropy of the grains and
therefore,^DM* &/DMab* does not depend on the magne
quality of each grain. In contrast, the random orientat
effects onxFC are due to theextrinsic flux trapping anisot-
ropy of each grain in the partial Meissner state, which
manifested only if the Meissner effect is incomplete, i.e.,
both uxc

FCu and uxab
FCu are less than one. In thêxFC&/xab

FC

curves in Fig. 1 we have assumed ellipsoidal grains, with
aspect ratio of the order ofc/ab50.65 and two different
extrinsic anisotropies:xab

FC/xc
FC53 or xab

FC/xc
FC@1. As can be

seen in this figure, in all cases these extrinsic random eff
will affect more severelŷxFC& in the granular samples with
low magnetic quality grains~with lower uxab

FCu).
The above results are of central importance for the co

parison between the crossing point measurements in gran
highly anisotropic HTSC and the theoretical approaches,
cause they allow an easy disentanglement of the diffe
extrinsic effects on botĥDM* & and^xFC(T* )&. The crucial
idea here is that, whereas the random orientation affects
shown above,DM* andxFC(T* ) in a very different way, the
other extrinsic effects, associated with structural and s
ichiometric inhomogeneities at different length scales aff
both observables in a similar way, in spite of the fact th
they are measured under very different magnetic field am
tudes @H,Hc1(T* ) and, respectively,H&Hc2(T* ); see
next section#. In fact, this last hypothesis was fully confirme
by the direct measurements of bothDMab* and xab

FC(T* ) in
highly anisotropic HTSC single crystals performed in R
14. Therefore, theintrinsic in-plane excess magnetization
the crossing point, corrected from inhomogeneity effects
2DMab* /xab

FC(T* ), which using the above results may b
easily related to the measured observables in gran
samples. For instance, from Eqs.~4! and ~10! we found

2
DMab*

xab
FC~T* !

5
2^DM* &

3^xFC~T* !&/„^xFC~T* !&21…
, ~12!

which is a good approximation in the case of a sample w
randomly oriented very anisotropic spherical~with Dab
5Dc51/3) single crystalline grains. Note that although t
above estimations have been developed for indepen
single crystalline grains, they may also be a good appro
mation in the case of ceramic HTSC with weak Joseph
coupled grains. This is because these weak couplings wil
destroyed by the magnetic fields needed to perform the
ceptibility measurements, even in the case of^xFC&, and
each single crystalline grain may then behave as indep
dent. Let us, finally, note also here that some attempts
correct througĥ xFC& the crossing point measurements
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4398 PRB 59J. MOSQUEIRAet al.
granular HTSC were already published by other groups.6 Un-
fortunately, due to an incorrect treatment of the random
entation effects, these authors erroneously concluded
such a procedure increases the disagreement between E~1!
and their measurements~see our comment in Ref. 6!.

III. EXPERIMENTAL DETAILS AND RESULTS

The La1.9Sr0.1CuO4 powder samples with randomly or
ented grains were obtained by crushing pieces of the orig
crystals in an agate mortar. These crystals were synthes
by the travelling solvent floating zone method~TSFZ!. De-
tails of their synthesis and characterization may be found
Ref. 16. Let us only mention here that this method produ
large twinned cylindric crystals of typically 5 mm diamet
and 80 mm long, with thea axis of the structure within a few
degrees from the growth axis: two parallel ab-type flat fa
running along the whole crystal are often observed. Part
size analysis~made with a Coulter Multisizer II analyzer!
showed that the grains in the resulting powders have a m
diameter around 5–10mm. The grain dimensions are, the
much bigger than the in-plane magnetic penetration de
and, indeed, than the superconducting coherence len
which are those that directly concern the thermal fluctuati
of vortices. Therefore, we neglected any possible lo
dimensionality effect on these vortex fluctuations associa
with the grain dimensions. The x-ray diffraction patterns
these powders@see an example in Fig. 2~a!# show only the
peaks corresponding to the La1.9Sr0.1CuO4 phase. The mag
netization measurements were made with a commer

FIG. 2. X-ray diffraction patterns of theL1 powder sample
before~a! and after~b! grain alignment. In the case of the random
oriented sample, some of the peaks are hidden by the backgr
and not indicated.
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SQUID magnetometer~Quantum Design, model MPMS!.
The instrumental resolutions are 0.1% for the temperat
10211A m2 for the magnetic moment and 231026 g for the
sample mass. The resolution in the as-measured magne
tion is then better than 5%. After the magnetization measu
ments were performed, thesamepowders were used to ob
tain grain aligned composites. To make the alignment,
powders were dispersed in low-magnetic susceptibility
oxy ~EPOTEK 301! and held at a temperature of 300 K in
5 T magnetic field during 15 h.17 The LaSCO volume frac-
tion in the resulting epoxy matrix was near 20%. We ha
measured the magnetic moment of the epoxy alone:
resulting data show that its contribution to the magnetic m
ment in the grain oriented samples is less than 5%. The x
diffraction pattern of the grain-aligned sample@Fig. 2~b!#
exhibits only the~001! peaks which indicates the excelle
alignment of the grains. The measurements of the magn
zation as a function of the sample orientation relative to
applied magnetic field were carried out with a commerc
~Quantum Design! rotating sample holder that allows a rel
tive precision of 0.1° in angle~see also the inset in Fig. 1!.

A typical example of the excess magnetization vers
temperature curves measured in one of the granular LaS
samples before and after grain alignment is presented in
3. The solid points correspond to^DM (T)H& measured in the
sample with the grains randomly oriented~noted L12R),
whereas the open data points are theDMab(T)H data for the
samesample after the grains have been aligned (L12A).
These measurements were performed with external magn
field amplitudes within 1 T and 4 T. The crossing of th
different ^DM (T)H& andDMab(T)H curves appears in both
cases at a temperatureT* '24.5 K. In the case of the ran
domly oriented sample, the spread ofT* over a few tenths of

nd

FIG. 3. Excess magnetization versus temperature curves ar
the transition for the powdered sampleL1 before ~closed data
points! and after~open data points! grain alignment. In the second
case the magnetic field was applied perpendicularly to theab layers.
The mean-field-like normal-superconducting transition tempera
at zero applied magnetic field,Tc0 , was estimated as the temper
ture wherexc(T) ~for H parallel to theab layers! starts to decrease
when the sample is cooled from the normal state~for details see the
main text!.
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a degree is probably due, at least in part, to the fact that
different grains are under magnetic fields which cover diff
ent amplitudes perpendicular to the correspondingab planes
~see also Ref. 11!. The excess magnetization amplitudes
the randomly oriented and grain aligned cases are, howe
very different: ^DM* &'240 A/m for L12R, whereas
DMab* '285 A/m for L12A. Let us notice already here tha
such a difference of nearly a factor two, provides an exc
lent confirmation of Eq. ~4!. The mean-field-like
superconducting-normal transition temperature,Tc0 , was es-
timated by measuring the magnetic susceptibility of the gr
oriented samples with the magnetic field applied paralle
the ab layers of the grains. Under this field orientation, t
thermal fluctuations of the Cooper pairs above the transi
are negligible,18 and Tc0 may be then approximated as th
temperature wherexc(T), measured with a relatively low
magnetic field amplitude of 0.3 T, starts to decrease w
the sample is cooled from the normal state.

The magnetic susceptibility versus temperature curves
theL1 sample before and after grain alignment are prese
in Fig. 4. These susceptibility curves were obtained un
field-cooled~FC! and zero-field-cooled~ZFC! conditions, in
both cases by using an external magnetic field
531024 T, which is smaller than the lower critical field
~see later!. These susceptibilities were calculated from t
measured magnetization by just using the conventional d
nition, ^x&5^M &/H. As it can be seen in Fig. 4~a!, in the
case of the sample with randomly oriented grains (L12R),
this procedure leads to absolute values of the shielding
ceptibility, ^xZFC&, bigger than one at low temperatures. Th
unphysical result is due to the fact that the above definit
applies only in the ideal case and does not take into acc
either the demagnetizing effects or the random orienta
effects. These last random orientation effects are pre
even in this zero-field-cooled case because the partial m
netic field penetration is also anisotropic, due to the stro
anisotropy of the magnetic field penetration length of th
materials. Therefore, it is not possible to overcome th
extrinsic effects by just using a conventional expression
the magnetic susceptibility in single crystals that takes o
the demagnetization effects into account@as, for instance,
through^x&5^M &/(H2D^M &), as proposed in Ref. 6#. An
analysis of these extrinsic effects on the zero-field-coo
susceptibility of Fig. 4~a! in terms of the approaches summ
rized in Sec. II is going to be presented in the next sect
Moreover, in Fig. 4~a! we see that the field-cooled suscep
bility, ^xFC&, is only 20% of the correspondinĝxZFC&. As
already discussed in Sec. II, these differences are mainly
to the magnetic flux trapped by the different stoichiomet
and structural inhomogeneities.

The magnetic susceptibility versus temperature for
same sample but after its grains have been aligned~sample
L12A) is presented in Figs. 4~b! and 4~c! for the magnetic
field applied perpendicular and, respectively, parallel to
ab layers. These measurements were also performed u
FC and ZFC conditions with a magnetic field amplitude
again 531024 T. In this case, there are no random orien
tion effects and the susceptibilities may be then calcula
from the measured magnetization through the conventio
expressions, Eqs.~5! and ~6!, which take into account the
corresponding demagnetization factor. In what concerns
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4~b!, the central point to be stressed is that in the satura
low temperature region we have imposedxab

ZFC(T→0) to be
equal to21. This is because the magnetic penetration len
for the in-plane shielding currents,lab , is in these com-
pounds around 500 nm,19 a value much smaller than th
mean grains size~5–10mm!. So, by imposingxab

ZFC(T→0)
521 in Eq. ~5! we found for sampleL1,Dab'0.45, which
corresponds to an aspect ratio for the grains ofc/ab'0.65.20

Such a value is reasonable in view of the structural anis
ropy of the material. Moreover, through the relationDab
12Dc51, this Dab value leads toDc'0.275.20 As we can
see in Fig. 4~b!, xab

FC is only 35% ofxab
ZFC. As stressed be-

fore, these lower values ofxab
FC are due to magnetic flux

trapping by inhomogeneities.

FIG. 4. Magnetic susceptibility versus temperature curves
sampleL1, measured under FC and ZFC conditions with a m
netic field of 531024 T, which is smaller than the lower critica
magnetic fields. The data in~a! were taken before grain alignmen
~i.e., with the grains randomly oriented!. The data in~b! and ~c!
were taken after grain alignment, with the magnetic applied perp
dicular and, respectively, parallel to theab layers. These last data
have been corrected for demagnetizing effects through Eqs.~5! and
~6! and by imposingxZFC(T→0)521, as explained in the main
text.



e
cu

of
h

ia
gl

w
pe
is
in

o
f

,

a
le
a

e

a

the
in
be

ing

es.

n

be-

n
on-

the
era-
re-
the
the
e
me

n-
ic

n-

ret-

is

a-
the

een

al
s

in
the

nsic

very

di-
io-
en-

rv-

eld
d

cu

4400 PRB 59J. MOSQUEIRAet al.
As can be seen in Fig. 4~c!, for H parallel to theabplanes,
xc

ZFC saturates at low temperature at a value around20.7,
which is well below that corresponding toxab

ZFC. This may
be easily understood by considering that the magnetic p
etration length for the shielding currents flowing perpendi
larly to the ab planes, lc , is around 2 mm at low
temperatures,19 a value that is this time of the order of that
the grains size. It can also be seen in this figure, finally, t
xc

FC has absolute values much smaller thanxab
FC. In this case,

this may be due to the layered structure of the mater
which again makes the magnetic flux to be much stron
trapped during the field-cooling process forHiab than for
H'ab.

All through the above analyses in the Meissner state
have assumed that the magnetic susceptibilities are inde
dent ofH. When the Meissner expulsion is only partial, th
could not be always the case due to nonlinear flux trapp
effects.21 So, it is crucial for the validity of our analysis t
check that the measurements were performed not only
magnetic fields belowHc1 , the lower critical magnetic field
but also in the linear region, i.e., in the region wherex is
independent ofH. For that, we have performed detailed me
surements of the magnetic susceptibility under field-coo
and zero-field-cooled conditions, versus the external m
netic field. Two examples corresponding to the sampleL1
after the grains have been aligned and for a temperatur
10 K, are presented in Fig. 5~a! for H'ab and in Fig. 5~b!
for Hiab. Let us remark that these FC measurements h
been performed by fulfilling the FC conditions foreachdata

FIG. 5. Magnetic susceptibility versus external magnetic fi
for sampleL1 after the grains have been aligned, measured un
FC and ZFC conditions at a temperature of 10 K. The data in~a!
and ~b! were obtained with the magnetic field applied perpendi
larly and, respectively, parallel to theab layers. The solid lines are
guides for the eye.
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point, i.e., each data point was obtained by heating
sample above the transition, and then cooling it again
presence of the new magnetic field amplitude. As can
seen in these figures, bothxab

ZFC and xc
ZFC are almost

H-independent up tom0H5231023 T and 1023 T, respec-
tively ~values which may be related to the correspond
lower critical magnetic field amplitudes!. As commented
above, the field-cooled susceptibilities,xab

FC and xc
FC, are

slightly H-dependent below these last magnetic field valu
However, they tend to a saturation value asH decreases, and
for m0H5531024 T ~the magnetic field amplitude used i
the measurements presented in Fig. 4! they are already al-
most H independent. Note that the small discrepancies
tween the data of Figs. 3 and 4@of the order of 10% in the
case ofxab

FC(T510 K)] are due to the uncertainties whe
correcting the remanent field of the magnetometer superc
ducting coil.

IV. DISCUSSION

Let us first comment on our experimental results on
crossing point of the excess magnetization versus temp
ture curves of Fig. 3. As we have already noted in the p
vious section, it can be easily seen in that figure that
magnetization at the crossing point for the sample with
grains randomly oriented (L12R) takes an absolute valu
which is nearly one half that corresponding to the sa
sample after the grains have been aligned (L12A). This
result, which is also obtained for the other sample~see Table
I!, provides a quantitative confirmation of the random orie
tation effects on the crossing point in highly anisotrop
HTSC @Eq. ~4!#. However, even in the case of the grai
aligned sample~without, then, random orientation effects!,
the crossing point coordinates do not agree with the theo
ical predictions @Eq. ~1!#. In fact, using in Eq.~1! T*
524.5 K ~which, due to the spread of the crossing point,
determined with an accuracy around 0.3 K! and a periodicity
length for the vortex fluctuations ofse

V5s56.6 Å, we obtain
DMab* 52248 A/m, a value three times larger than the me
sured one. A similar discrepancy has been observed for
other grain-aligned sample studied here~see Table I!. The
central point here is that, as can be seen from Fig. 4~b!, such
a disagreement is almost the same as the shift betw
xab

FC(T* ) and its ideal value of21: For this sample,
DMab* /uxab

FC(T* )u52280 A/m, i.e., exhibiting a difference
with the theoretical prediction well within the experiment
uncertainties~of the order of 10%!. Such a result, that ha
also been observed in the other grain aligned sample~see
Table I!, confirms thatDMab* /uxab

FC(T* )u is the intrinsic mag-
netization of the crossing point, as first noted in Ref. 14
the case of single crystal samples. In other words, once
random orientation effects have been corrected, the extri
effects onxab

FC(T* ) and onDMab* are almost similar, in spite
of the fact that these observables are measured under
different magnetic field amplitudes@H,Hc1(T* ) and H
&Hc2(T* )]. These results suggest the presence in the in
vidual single crystalline grains of structural and stoich
metric inhomogeneities, too small to be observed by conv
tional techniques~as, e.g., conventional x-ray diffraction!,
but that may appreciably affect in a similar way both obse
ables.
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TABLE I. Values of some of the parameters related to the thermal fluctuation effects of the two
crystalline LaSCO samples studied here. The mean-field transition temperature was determined by th
of the diamagnetic transition forH parallel to the ab planes in the grain-aligned samples. The other pa
eters are defined in the main text. The errors in the in-plane excess magnetization values are estima
no more than 10% whereas for the in-plane susceptibility, due to the demagnetization factors, the er
estimated to be no more than 15%.

Sample
Tc0

~K!
T*
~K!

^DM* &
or DMab*

~A/m!
^xFC(T* )&
or xab

FC(T* )

Theoretical
DMab*
~A/m!

DMab* /uxab
FC(T* )u

~A/m!

randomly oriented 240 20.20
L1 27.1 24.5 2248 2280

grain-aligned 285 20.30

randomly oriented 233 20.15
L2 28.0 25.0 2253 2220

grain-aligned 265 20.30
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As a complementary but important check of the adequ
of the above analyses, the solid lines in Fig. 4~a! have been
obtained by using the data of Figs. 4~b! and 4~c! in Eq. ~8!.
As can be seen in that figure, the agreement with the m
sured^x&, under both field-cooled and zero-field-cooled co
ditions, is excellent, the small deviation, in both cases of l
than 10%, being mainly due to the uncertainties in the de
mination of the demagnetizing coefficients. These res
show, therefore, that in spite of the entanglement of the
trinsic and extrinsic effects on̂xFC& and ^xZFC&, both ob-
servables still obey the usual vectorial composition of
magnetization which leads to Eq.~8!. Let us stress here agai
that the extrinsic random orientation effects onxFC are due
to the flux trapping anisotropy of the grains, whereas in
case ofxZFC these random effects are mainly due to t
anisotropy of the penetration depth.

As a further illustration of the random orientation effec
on the magnetization in granular HTSC, in Fig. 6 we pres
an example corresponding to sampleL12A, of the longitu-
dinal magnetization,ML , versus the angle between thec
direction and the applied magnetic field~see inset in Fig. 1!,
for m0H5531024 T andT510 K under FC and ZFC con
ditions. Note that the FC measurements have been perfor
by fulfilling the FC conditions foreachangle, i.e., each dat
point was obtained by heating the sample above the tra
tion, rotating it to the following angle, and then cooling
again in presence of the magnetic field.22 As expected,
ML(u)T,H follows theu dependence of Eq.~7! ~solid lines! at
a quantitative level for both the ZFC and the FC cases. Th
lines were calculated by using forxab

ZFC, xab
FC, xc

ZFC, andxc
FC

the experimental values ~for T510 K and m0H
5531024 T) already shown in Figs. 4 or 5, and by usin
alsoDab50.45 andDc50.275 for the demagnetization fac
tors, as explained in the previous section. Let us remem
here that in the ZFC measurement the angle dependenc
ML is due to theintrinsic anisotropy of the penetratio
length, that is, the magnetic field penetrates deeper in
grains whenH is applied parallel to theab layers (u
590°). Instead, in the FC measurement, these differen
are due to theextrinsicanisotropy in the flux trapping during
the field-cooling process. In addition, the differences inML
for u50° andu590° are amplified by the demagnetizin
y
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effect, which is smaller for this last field orientation due
the usual ellipsoidal shape of the grains.

Finally, let us note here that we have also checked that
DMab(T,H)/uxab

FC(T* )u data obtained in aligned grai
samples obey, at least at a qualitative level, the explicit s
ing function proposed by Tes˘anovićand co-workers.9 In do-
ing this comparison, the in-plane superconductin
coherence-length amplitude was crudely estimated
comparing the magnetization data aboveTc0 with the theo-
retical excess diamagnetism associated with the Cooper p
created by thermal fluctuations.18 These last results extend t
grain-oriented highly-anisotropic HTSC our previous quan
tative findings obtained in Tl-2223 crystals~see third paper
in Ref. 7!. In this last case the agreement with the scal

FIG. 6. Field-cooled and zero-field-cooled longitudinal magn
tization, ML , versus the angle between the applied magnetic fi
and thec-crystallographic axis~see inset in Fig. 1! for the grain-
aligned sampleL12A. These measurements were performed a
temperature of 10 K and with an external magnetic field
531024 T which, for this sample, is well below the lower critica
magnetic fields~see Fig. 5!. As can be seen, the data follow at
quantitative level the angular dependence predicted by Eq.~7!
~solid lines!.
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function of Tes̆anović and co-workers was excellent. Ne
magnetization measurements above and belowTc0 in differ-
ent HTSC granular samples will be necessary to confirm
quantitative level these results and also to determine the s
ing behavior in randomly oriented granular samples. No
however, that in LaSCO samples this type of scaling may
affected by the loss of the 2D behavior for temperatu
close toTc.

V. CONCLUSIONS

In conclusion, the experimental results and the analy
presented in this paper provide unambiguous answers to
questions addressed in the Introduction: In a granular HT
with randomly oriented anisotropic single crystalline grain
both the measured magnetization at the crossing point
the Meissner fraction are strongly affected by random ori
tation effects. In the case of the magnetization at the cros
point these effects are intrinsic and due to the anisotrop
the individual single crystalline grains. In contrast, for t
Meissner fraction the random orientation effects are extrin
and due to the fact that in real single crystalline HTSC
partial flux expulsion depends on the relative orientation
tween theab planes and the applied magnetic field. The
last effects have been estimated as a function of the m
sured susceptibilities in each direction and also of the co
sponding demagnetization factors. Then, it was shown
once these random orientation effects are taken into acc
separately and independently for^DM* & and ^xFC(T* )&
@and also the demagnetization effects in the case
^xFC(T* )&], both observables are affected in a similar w
by the other extrinsic effects associated with different inh
mogeneities at different length scales. Our results here an
Ref. 14 strongly suggest that these last extrinsic effects
mainly due to the presence of important nonsuperconduc
domains in the apparently very good samples, in spite of
fact that in some cases they are not observed by x-ray
fraction. These stoichiometric inhomogeneities will, the
fore, affect in the same waŷDM & and ^x&. In other words,
D.
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as is the case in single crystalline samples,14 the resulting
DMab* /uxab

FC(T* )u is also the intrinsic excess magnetization
the crossing point in granular HTSC. Then, it was shown t
it is this intrinsic excess magnetization at the crossing po
that obeys Eq.~1!, with se

V5s. Let us stress here again
however, that we have observed that the corrections of
inhomogeneity effects onDMab* (T* ) throughxabFC(T* ) do
not always apply in the case of samples with a very defici
magnetic quality, let us say withxab

FC(T* ) below about 0.2.
For these low-quality samples one may expect that the
trapping will depend on the magnetic field amplitude. So,
these cases the structural inhomogeneities may affect q
differently DMab* andxab

FC(T* ).
The results presented here extend to polycrystalline

granular HTSC with randomly oriented single crystallin
grains and domains, our previous conclusions on the cros
point of the magnetization versus temperature curves
tained in single crystals: Once the different extrinsic effe
are disentangled, the crossing point effect observed in hig
anisotropic HTSC may be explained, even in granu
samples, in terms of thermal fluctuations of vortices, as p
posed by the BLK and the TXBLS approaches.8,9,11 The ad-
equacy of our treatments of the random orientation effect
also confirmed at a quantitative level by comparing our m
surements of̂ DM* & and ^xFC(T* )& in granular samples
after and before grain alignment. In addition to their inter
for the understanding of the vortex fluctuation effects
highly anisotropic HTSC, these results may also be use
for a better understanding of other aspects of the magne
tion in polycrystalline and granular HTSC.
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V. Andreev, Phys. Rev. B49, 4064~1994!.

10See, e.g., M. Tinkham,Introduction to Superconductivity
~McGraw-Hill, New York, 1996!, Chaps. 8 and 9.

11In the case of the BLK approach~Ref. 8!, applicable in the low
magnetic field limit@H!Hc2(T* )#, there is a prefactor on the
right side of Eq.~1! which depends on the structure of the vort
lattice and on the vortex core. However, this prefactor is p
dicted to be of the order of one, and the corresponding cor
tion is in general well within the experimental accuracy, main
in the case of polycrystalline samples where due to their rand
orientations the different grains are under magnetic fields wh
cover different amplitudes perpendicular to the corresponding
planes.
s
-

ing

or-
i-
r
n

at
he
ese
d
d

e
e

of
e-

-
c-

m
h
b

12A. E. Koshelev, Phys. Rev. B50, 506 ~1994!.
13A. Junod, J. Y. Genoud, G. Triscone, and T. Schneider, Physic

294, 115 ~1998!. In this paper it is proposed that the crossin
point of theDM (T)H curves, for different values ofH, is located
just at the normal-superconducting transition, i.e., thatT*
5Tc0 . However, our susceptibility measurements forH,Hc1

clearly show@see, e.g., Fig. 4~b!# that forT5T* the correspond-
ing in-plane field-cooled susceptibility,xab

FC(T* ), is already in
the saturated part of thexab(T) curves, i.e.,xab

FC(T* ).xab
FC(T

→0). Thesexab
FC(T) curves also clearly show thatT* is always

well below ~by a few degrees! the drop of the susceptibility a
the diamagnetic transition. In fact, our previous measuremen
different high-quality HTSC crystals~see Refs. 7 and 14! clearly
show that, at least for theDM (T)H curves obtained in relatively
high magnetic fields~i.e., m0H>I T!, T* is always belowTc0 ,
estimated as the temperature wherexc(T), which is not appre-
ciably affected by thermal fluctuations, drops when approach
the transition from above. Only in samples exhibiting bro
transitions ~due to stoichoimetric inhomogeneities!, the
DM (T)H curves for some values ofH belowHc1(T* ) may pass,
just by chance, through the crossing point~as it is the case for
the results presented in that paper! and then some ambiguitie
about the location ofT* relative toTc0 may arise. Indeed, even
in the case of low quality samples, for other values ofH ~always
below Hc1) the DM (T)H curves, which in this partial Meissne
state must be proportional toH, will not cross at all at the same
point.

14J. Mosqueira, J. A. Campa´, A. Maignan, I. Rasines, A. Rev
colevschi, C. Torro´n, J. A. Veira, and F. Vidal, Europhys. Let
42, 461 ~1998!.

15J. H. Cho, D. C. Johnston, M. Ledvig, and V. G. Kogan, Phys
C 212, 419 ~1993!.

16A. Revcolevschi and J. Jegoudez, inCoherence in High Tc Su-
perconductors, edited by G. Deutscher and A. Revcolevsc
~World Scientific, Singapore, 1996!, p. 19.

17D. E. Farrell, B. S. Chandrasekhar, M. M. Fang, V. G. Kogan
R. Clem, and D. K. Finnemore, Phys. Rev. B36, 4025~1987!.

18M. V. Ramallo, C. Torro´n, and F. Vidal, Physica C230, 97
~1994!.

19T. Shibauchi, H. Kitano, K. Uchinokura, A. Maeda, T. Kimur
and K. Kishio, Phys. Rev. Lett.72, 2263~1994!.

20J. A. Osborn, Phys. Rev.67, 351 ~1945!.
21L. Krusin-Elbaum, A. P. Malozemoff, D. C. Cronemeyer,

Holtzberg, J. R. Clem, and Z. Hao, J. Appl. Phys.67, 4670
~1990!.

22If the measurement is performed by first field cooling the sam
and then taking the data as the sample is rotated@see, e.g., S. K.
Hasanain, S. Manzoor, and M. Aftab, Physica C272, 43
~1996!#, the flux trapped during the field-cooling process wou
rotate solidarily with the sample, resulting in an erroneous m
surement of the true FC magnetization.


