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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 QAINES),, , in the reversible mixed
state and of the Meissner fraction in two granulay &, ,CuQ, 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 crossingfbliit, and on the field-cooled
susceptibility at the crossing point temperatygES(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 effedtdén(associated with
structural and, mainly, stoichiometric inhomogenejtiesay be taken into account througff(T*). This

seems to apply at least in samples with relatively good magnetic resplaises say, with|X§§(T*)|

=0.2]. Theresulting intrinsic crossing point may be explained in terms of the theoretical approaches proposed
by Bulaevskii and co-workers and by Eesvicand co-workers and based on thermal fluctuations of vortices.
These last results extend to granular high-temperature supercond(¥8€) our recent conclusions for

highly anisotropic single crystalline HTSCS0163-182@99)09405-9

I. INTRODUCTION tive importance of these two different contributions depends

0 £ 1h ik it . f the th Ion the strength of the applied magnetic field relative to both
ne of the most striking manifestations of the t ermchz(T*)’ the in-plane upper critical field &t*, andH,, the

fluctuations of magnetic vortices in highly-anisotropic high- 44"cajled dimensional-crossover field in anisotropic layered

temperature superconductaTSC) is the appearance of gnerconductord:°Both theoretical approaches predict that
the so-called “crossing point” of the excess magnetizationype crossing point coordinates are related'by

versus temperature curves in the reversible mixed $téte:
few degrees below the mean-field-like transition temperature * _ kgT*

o AMZp=——v, )
T, the excess magnetization versus temperature curves for b0Se
different amplitudes of the magnetic fieltl) applied per- . . .
pendicularly to the superconducting CuQab) layers, whgreks Is the Bolt;mann constant arg] is an effeptwe

. ] * * periodicity length which takes into account the possible mul-

AM ,p(T)y, cross at a point of coordinateésM ¥, and T*. filavering effect i tex fluctuations’ b
Here the in-plane excess magnetizatifor H perpendicular II ay(;arlnghe ifc s on the \t/)or sx fuf? uations, lmay N rf]_
to the ab planes is defined asAM ,(T,H)=M (T,H) ated to the effective numbeN, , of fluctuating layers in the

—M,s(T,H), where the background magnetization, crystallographic periodicitys (which in HTSC is equal to

M pa(T,H), is the magnetization associated with the normalthe unit cell length in the direction if the cell is primitive,
or half of that if it is body centergd through,sy=s/NY .

contributions.M 4,,5(T,H) may be approximated by extrapo- e v

lating through the transition the magnetization measured/oreover, itis expected thatsIN.<N, and then thas/N

aboveT, in a temperature region where the effects of ther-<Se =S, whereN is the number of superconducting CuO

mal fluctuations become negligible. layers ins. Note already here that in the Lgbr,;CuQ,
Soon after its first experimental observatidfit was pro-  (LaSCQ samples studied held=1 and, thereforesy is

posed by Bulaevskii and co-work&réBLK approach and  expected to be equal ®

by Tesnovic and co-workers (TXBLS approach that the The importance of Eq(1) is enhanced by the fact that it

crossing point of the excess magnetization versus temperaelates directly the effective periodicity Iengﬂ:ﬁ , @ micro-

ture curves could be due to thermal fluctuations of the vortexscopic parameter which in multilayered HTSC may depend

positions and, respectively, of the vortex number. The relaen the Josephson and on the magnetic couplings between
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adjacent superconducting layers, to two directly measurablexcess magnetization at the crossing point in granular, with
macroscopic observable§M?*, andT*. This theoretical re- randomly oriented single crystalline grains, highly aniso-
sult has led, therefore, to much experimental acti¥ity. {ropic HTSC? In addition to their importance for the under-
However, all theAM*/T* data published until now in poly- standing of the vortex thermal fluctuation effects in polycrys-

crystalline or in single crystalline HTSC strongly disagree, in;ﬂlég%onznglsgrgggl:aerrn hclgrrllt)r/al igzggg p'gf trljgisnct:érpﬁgssge-
both the amplitude and the dependence, with Edl). In

articular. in most of the experiments the measured”V/€&N structural and stoichiometric inhomogeneities and ran-
P % . perim Y om orientation effects on the magnetization in these granu-
AMZ/T* leads to an effective periodicity lengtsy , larger

h . dicti h the th al ictiond lar materials. To answer these questions, in Sec. Il we first
than's, in contradiction with the theoretical predictions. = qi0jate the intrinsidassociated with the intrinsic anisot-

The presence of strong stoichiometric inhomogeneitiesmpy of the HTSQ and extrinsio(associated with the extrin-
which will a.ppreciabl.y reduce the superg:onducting fracti'on,sic anisotropy of the magnetic flux trappingndom orien-

has been discarded in most of the studied S?mp'e_s by_'nd'?étion effects on the magnetization of granular samples with
penglent T_%asuremen(x-ray and neutron diffraction, in anisotropic single crystalline grains randomly oriented with
particulay. TherSforf, until now most of the authors pro- \eqhect to an applied magnetic field. These results are then
pose that thesa M3,/ T* data are intrinsic and that the BLK seq to analyze detailed measurements of the crossing point
and the TXBLS approaches do not explain, even at a qualiang of the Meissner fraction of two granularLgSr, ;CuO,
tative level, the crossing points observed in highly aniso{| 35CQ samples with randomly oriented gréins'and after
tropic '_"T_S‘C?_G'lz'ls't has been proposed recently, however, magnetic orientation of the grains. In this way, the random
that this important and long standing problem could be regientation effects on both observables are separated from
solved by taking into account all the possible nonintrinsicie effects due to stoichiometric and structural inhomogene-
effects on the magnetizatidnThese nonintrinsic effects will jties et us also stress already here that the choice of LaSCO
be associated with structural and stoichiometric inhomogene\s-ammes was mainly motivated by the fact that, as indicated
ities, at different length scales and amplitudes, and not Onllﬁefore, this HTSC family has only one superconducting
with thog(_-,\ due to the presence (_)f strong stoichiometric inhoCuOZ layer per periodicity lengthN=1). Therefore, the
mogeneities at long length scalge., at length scales much 4sgihle complications associated with the multilayering ef-
larger than the superconducting coherence lengths, which afEcts are absent in this case. i.e’=s in Eq. (1). These
those easily observable with conventional x-ray and Neutron. - <urements will be shown ’in Seéc. Ill, whereas the corre-

diffraction tgchmque)s This conclusion was strongly sup- o onding analyses will be presented in Sec. IV. The conclu-
ported by simultaneous measurements of the crossing POt s are summarized in Sec. V

in the high magnetic field limifH=<H_(T*); H>H,] and

of the field-cooled SUSCGptibi”t@he so called Meissner frac- II. THE AVERAGE MAGNETIZATION OF GRANULAR
tion), x5, in different single crystals of various highly an- HTSC AT THE CROSSING POINT
isotropic HTSC families with different values dfands: For AND IN THE MEISSNER REGION

each crystal, the differences between the measiretf,
and the in-plane excess magnetization predicted by(Hg.
with sY=s, were found to be similar to the differences be-
tween the measuregl;> (corrected from demagnetizing ef-
fects and the total flux expulsiony(;S=—1).1* This con-
clusion seems to apply at least in crystals witpC relatively
ood magnetic responsfin particular, with T* 1 (2= w )
iO.Z]. Ingother WOI’gS, the repsults of Ref. 14|)((jaebr$10n)s|trate (M)= EJO d‘Pjo ML(6,¢)sin6do, @

experimentally that in high quality anisotropic HTSC crys- ) ) _
tals AMzb/Ing(T*H verifies, within the experimental un- where 6§ and ¢ are the polar coordinates which characterize

the orientation of the anisotropic grains with respedttdn

{he case of the layered HTSC, one may assume just uniaxial
anisotropy[the possible small differences between both in-
plane (ab) magnetizations may be neglected, i.éd,

The magnetization of a granular sample with anisotropic
single crystalline grains randomly oriented may be related to
M, (6,¢), the longitudinal componentalong the applied
magnetic fieldl of the magnetization vector of a single grain
(see inset in Fig. 11 by just through the angular average,

certainties, Eq(1), with sy =s, independently oN. Comple-
mentarily, these results show that in spite of the fact thal
AM3, andxgg(T*) are measured under very different mag-

netic field amplitudeq H=Hq,(T*) and, respectivelyH ~My]. In this case, iff is chosen to be the angle between

<H.,(T*), the lower critical magnetic field &t*], the non- g . i . S
intrinsic effects on both observables, associated with stot—he c-crystallographic axis and the applied magnetic field

ichiometric and structural inhomogeneities at different Iength(See inset in Fig. & Bq. (2) may be simplified to

scales, are the same within the experimental uncertainties. w2 _

AMZ% /| xE(T*)| is, therefore, the intrinsic excess magneti- (M)= fo M (6)singdo. ©)
zation coordinate of the crossing point.

It is worthwhile wondering now how the above results on  This angular average has been already used by Cho and
the crossing point and on the Meissner fraction, obtained owo-workers® to calculate the magnetization of randomly ori-
very good single crystals and for a magnetic field appliecented polycrystals of highly anisotropic HTSC in the revers-
perpendicularly to theb planes are affected by the random ible mixed state. For that, these authors took into account
orientations of the grains in polycrystalline and granularthat in these superconductors the out-of-plane magnetization
samples. In particular, is the Meissner fraction also the adifor H parallel to theab layerg may be neglected in the
equate correction to introduce in order to obtainititensic ~ mixed state, i.eM(T,H)~0. In this caseM () is related
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to the in-plane magnetizatioffor H perpendicular to the netization of each single crystalline grain, fdrperpendicu-
superconducting Cu{(ab) layerg of each crystalline grain lar and parallel to th&b planes, are given by, respectively,
by (see the inset in Fig.)1 M (6) =M 4,(T,H cosé)cosé.

At the crossing point, i.e., fof =T*, M, does not depend M. = Xab H )
on H, and M (6) is related toM%, by just, M} (6) 71+ xapDap 2P

=Mj,cosh. By using this last expression and taking into and

account the background magnetization in real samfdes

the Introduction, M= Xe H ®
1 ¢ 1+x.D, ¢
(AM*)=ZAMZ, (4)  whereH,, and H, are the components df in these two

directions andD ., and D, are the corresponding demagne-
a relationship first obtained by Cho and co-workerand tizing factors of the individual grain. The projection of the
that relates the excess magnetization at the crossing point ihagnetization vector along the direction is then given by
a randomly oriented polycrystalline HTSC sample to the cor{see inset in Fig. X1
responding crossing point excess magnetization of a single

crystalline grain fotH perpendicular to thab planes. ML(6)=Mgpcos6+M,sing

The same procedure may be used to relate the field-cooled
susceptibility in the Meissner statéor H below the lowest = H(Lcosz o+ Lsinz g) )
H..) of a polycrystalline HTSC, with randomly oriented 1+ xapDab 1+xcDc ’

single crystalline graing,x™), to the field-cooled suscepti- \hich through Eq(3) leads to
bility of a single crystal with theab planes oriented perpen-

dicularly toH, x5S. Let us stress already here, however, that (M) 1
there is an important conceptual difference in both cases: X'="H T3
The relationships betweeiM) and M, in the mixed state, . . o
and in particular that ofAM*) and AM?, through Eq.(4), This equation relates.the averdgeeagureﬁsu;cepnb|||ty in
are a direct consequence of therinsic anisotropy of the @ granular sample with randomly oriented single crystalline
individual single crystalline grains AM,,>AM,) and, gral'ns,.vxlnth the spsceptlbllltles aqd demagnetizing factor§ of
therefore, they will apply in all the cases, even if these singléhe individual grains foH perpen_d|cular and parallel _to their
crystalline grains were ideal, without any extrinsic inhomo-2P layers. Note that if each grain would pehaveFasdH'?CI
geneity effect. However, in the case of an ideal single crysSuperconductor, i.e., if the flux expulsion is totalf= xc
talline grain and neglecting also any demagnetizing or low= —1) and without demagnetizing effect®{,=D.=0),
dimensionality effectthis last being associated with the pos- EQ- (8) will lead to (x"=—1, in agreement with the com-
sible smallness of the grains relative to the superconductingients presented above. o
characteristic lengths, see Iatethe susceptibility in the In many real HTSC samples, E(B) may be still simpli-
Meissner state will be alwayg= — 1, independently of the fied by taking into account thdi 9 <| x5l <1. This is be-
orientation of the grains relative td. Therefore, a polycrys- cause, in these materials, the magnetic flux in this partial
tal with ideal single crystalline grains will also hayg™)  Meissner state is in general much more easily trappettfor
=—1. In other words, in such an ideal polycrystalline parallel to the layers than in the perpendicular direction. Un-
sample the Meissner effect is not affected by the randonsler these additional conditions E@) becomes
orientation of the grains, independently of their intrinsic an- FC
isotropy. In fact, one may directly reach such a conclusion E Xab
by just taking into account that in the ideal Meissner state the (x %“ a1 a2 FCH °
; g . 3+3xapDab

applied magnetic field is fully expelled and the internal prop-
erties of the grains, as their anisotropy, are then irrelevant.Moreover, usually each grain in a granular HTSC sample

The almost trivial conclusions summarized above formay be approximated as spheri¢ahd thernD ,,=1/3) or as
(xF© in a polycrystalline superconductor, with randomly ellipsoidal (and then, by assuming for instance an aspect ra-
oriented anisotropic ideal single crystalline grains, will tio of c/ab~0.65, well adapted to the grains of the samples
change dramatically if the Meissner expulsion of the mag-measured in this work) ,,~0.45), which reduces E¢9) to
netic field in each individual grain is affected by some ex-

®

Xab " 2Xc )
1+ xapDap 1+ xcDe/’

(€)

trinsic effects, as inhomogeneities or demagnetizing effects. F XSE

In fact, these extrinsic effects, which will modify™ of each (X"~ 34 4FC’ (10

grain from its ideal value of-1, will be always present in Xab

some extent in real samples. In addition, it is reasonable téor spherical grains, or

assume that in the case of strongly anisotropic superconduct-

ors, o5 is different from xE© (for H parallel to theab . Xas

planes. Also, the demagnetizing effects, very relevant for (x %%%1—35{% (11
" a

values ofH below the lower critical fields in HTS@Qwhere

the amplitudes oM andH are of the same orderwill de-  for ellipsoidal grains with an aspect ratio of 0.65. For com-
pend on the orientation of the grains relative to the appliegleteness, let us note that E§) will also apply to the so-
magnetic field. In this case, the two components of the magealled excess diamagnetisthy (associated with thermal
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malized toAM},), (AM*)/AM%,, and of the field-cooled
susceptibility in the Meissner stat@ormalized to x5p),
(x"O)1xEs, as a function of the field-cooled in-plane suscep-
tibility of each grain,x%5, this last observable being to some
extent a measure of the magnetic quality of each individual
grain. The dotted parts of thg™®)/ xS curves just indicate
that for very low and very high values bﬂﬂ the extrinsic
anisotropy condition}x£% <| x5S, will not be fulfilled and,
therefore, Eqs(9) to (11) will not be a good approximation.
The random orientation effects daM* in granular samples
are associated with thatrinsic anisotropy of the grains and,
therefore,(AM*)/AM?, does not depend on the magnetic
quality of each grain. In contrast, the random orientation
effects ony are due to thextrinsic flux trapping anisot-
ropy of each grain in the partial Meissner state, which is
manifested only if the Meissner effect is incomplete, i.e., if
both |x-9 and |x£§| are less than one. In thg™)/xES
curves in Fig. 1 we have assumed ellipsoidal grains, with an
aspect ratio of the order af/ab=0.65 and two different
extrinsic anisotropiesyh5/ xf=3 or x5/x"°>1. As can be
seen in this figure, in all cases these extrinsic random effects

0.2 ‘ B0 forTs T, <X§Z> for ne o1 ‘ will affect more se\./erel)(?(F%.in the granFuCIar samples with
Aot 1 1€ low magnetic quality graingwith lower | x;¢]).
7 The above results are of central importance for the com-
parison between the crossing point measurements in granular
ottt highly anisotropic HTSC and the theoretical approaches, be-
0 0.2 0.4 0.6 0.8 1 cause they allow an easy disentanglement of the different

| %E€| extrinsic effects on bothAM*) and{x"“(T*)). The crucial
ab idea here is that, whereas the random orientation affects, as
FIG. 1. Relative random orientation effects on the excess magSNOWn aboveAM™ andy"(T* ) in a very different way, the
netization at the crossing pointAM*), and on the field-cooled _oth_er extrinsic effects, §5500|at¢d with structural and sto-
susceptibility in the Meissner statéx"©), versusyC, the field- ~ ichiometric mhomo_genel_tle_s at dlffer.ent Igngth scales affect
cooled in-plane susceptibility of an individual graigis provides ~ both observables in a similar way, in spite of the fact that
an estimation of the magnetic quality of the individual grains. Thethey are measured under very different magnetic field ampli-
random orientation effects opAM*) are due to the intrinsic an- tudes [H<H.;(T*) and, respectivelyH=H.(T*); see
isotropy of the individual grains AM.,<AM,,) and, therefore, nextsectioh In fact, this last hypothesis was fully confirmed
they are independent of the presence of extrinsic inhomogeneitpy the direct measurements of badM?*, and x55(T*) in
effects(which reduce/\/gg). In contrast, the extrinsic random orien- highly anisotropic HTSC single crystals performed in Ref.
tation effects on(x™) will depend on the grains magnetic quality 14. Therefore, théntrinsic in-plane excess magnetization at
and, therefore, on5s - To obtain(x"), we have assumed ellipsoi- the crossing point, corrected from inhomogeneity effects, is
da! gralns(wnh Dab=0.45. andD§=O.27) anq dlfferene'xtnnsm —AM;b/xgg(T*), which using the above results may be
anisotropiegdue to an anisotropic flux trappingThe solid curve easily related to the measured observables in granular

W?(;s obtained by assuming strongxtrinsic anisotropy, i.e., samples. For instance, from Edg) and (10) we found

XhsIxE®>1. The dot-dashed curve was obtained by assuming

Xh5/xEC~3, this last value corresponding to one of our samples. .

For completeness, it is indicated also the ratio of the excess diamag- AM ab 2<A M *> (12)
netism,{Ax)/{ xan), associated with the creation, by thermal fluc- ~FC ) 3CFST* W UAFST* )N —1)
tuations, of Cooper pairs above but n&ar. In this case the random Xa(T") OO T ) =1)

orientation effects are due to the intrinsic anisotropy of the layered . = . . L .
HTSC (which leads tad y,p/A x> 1) which is a good approximation in the case of a sample with
a Cc .

randomly oriented very anisotropic spheric@lith D,
fluctuations of Cooper paifsmeasured abovE; in granular  =D_.=1/3) single crystalline grains. Note that although the
anisotropic HTSC. In this regiodgM) is also proportional to above estimations have been developed for independent
the applied magnetic field anlly.<A x,,, due in this case single crystalline grains, they may also be a good approxi-
to theintrinsic anisotropy of the excess diamagnetiSim  mation in the case of ceramic HTSC with weak Josephson
addition, in this regionA y,p| <1, and Eq.(9) reduces to coupled grains. This is because these weak couplings will be
(Ax)=1L3Axap- destroyed by the magnetic fields needed to perform the sus-
Figure 1 clearly illustrates some of the results obtained:eptibility measurements, even in the case(gfc), and
before for a granular sample with randomly oriented singleeach single crystalline grain may then behave as indepen-
crystalline grains. In this figure, we compare the behavior ofdent. Let us, finally, note also here that some attempts to
the average excess magnetization at the crossing frmnt  correct through({xF©) the crossing point measurements in




4398 J. MOSQUEIRAEet al. PRB 59
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g (b) ——3T
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30001 _ 7 ¥
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. 2000 g . T (K)
&z FIG. 3. Excess magnetization versus temperature curves around
= 1000 5 7 the transition for the powdered samplel before (closed data
g points and after(open data poinjsgrain alignment. In the second
0 L A - case the magnetic field was applied perpendicularly tathayers.
T L ! I . The mean-field-like normal-superconducting transition temperature
10 20 30 40 50 60 70 80 at zero applied magnetic fiel,.,, was estimated as the tempera-
20, (degrees) ture wherey(T) (for H parallel to theab layer9 starts to decrease

when the sample is cooled from the normal stébe details see the
FIG. 2. X-ray diffraction patterns of thé1 powder sample main tex).

before(a) and after(b) grain alignment. In the case of the randomly
oriented sample, some of the peaks are hidden by the backgrour8QUID magnetometefQuantum Design, model MPMS
and not indicated. The instrumental resolutions are 0.1% for the temperature,
10" **Am? for the magnetic moment andx21.0~® g for the
granular HTSC were already published by other grdlga: ~ sample mass. The resolution in the as-measured magnetiza-
fortunately, due to an incorrect treatment of the random orition is then better than 5%. After the magnetization measure-
entation effects, these authors erroneously concluded thatents were performed, theamepowders were used to ob-
such a procedure increases the disagreement betweéh)Eq. tain grain aligned composites. To make the alignment, the
and their measurementsee our comment in Ref)6 powders were dispersed in low-magnetic susceptibility ep-
oxy (EPOTEK 301 and held at a temperature of 300 K in a
5 T magnetic field during 15 . The LaSCO volume frac-
tion in the resulting epoxy matrix was near 20%. We have
The La ¢Sty CuQ, powder samples with randomly ori- measured the magnetic moment of the epoxy alone: The
ented grains were obtained by crushing pieces of the originaksulting data show that its contribution to the magnetic mo-
crystals in an agate mortar. These crystals were synthesizedent in the grain oriented samples is less than 5%. The x-ray
by the travelling solvent floating zone meth¢@iSF2). De-  diffraction pattern of the grain-aligned samdlBig. 2(b)]
tails of their synthesis and characterization may be found irexhibits only the(001) peaks which indicates the excellent
Ref. 16. Let us only mention here that this method produceslignment of the grains. The measurements of the magneti-
large twinned cylindric crystals of typically 5 mm diameter zation as a function of the sample orientation relative to the
and 80 mm long, with tha axis of the structure within a few applied magnetic field were carried out with a commercial
degrees from the growth axis: two parallel ab-type flat facesQuantum Designhrotating sample holder that allows a rela-
running along the whole crystal are often observed. Particléive precision of 0.1° in anglésee also the inset in Fig).1
size analysigmade with a Coulter Multisizer Il analyzer A typical example of the excess magnetization versus
showed that the grains in the resulting powders have a medemperature curves measured in one of the granular LaSCO
diameter around 5—-1@m. The grain dimensions are, then, samples before and after grain alignment is presented in Fig.
much bigger than the in-plane magnetic penetration deptB. The solid points correspond A M(T)y) measured in the
and, indeed, than the superconducting coherence lengthsample with the grains randomly orientédoted L1—R),
which are those that directly concern the thermal fluctuationsvhereas the open data points are Ad ,,(T) data for the
of vortices. Therefore, we neglected any possible lowsamesample after the grains have been aligned {A).
dimensionality effect on these vortex fluctuations associate@hese measurements were performed with external magnetic
with the grain dimensions. The x-ray diffraction patterns offield amplitudes withm 1 T and 4 T. The crossing of the
these powdergsee an example in Fig.(&] show only the different(AM(T)y) andAM,,(T)y curves appears in both
peaks corresponding to the 1451, ;CuQ, phase. The mag- cases at a temperatulé ~24.5K. In the case of the ran-
netization measurements were made with a commercialomly oriented sample, the spreadldf over a few tenths of

Ill. EXPERIMENTAL DETAILS AND RESULTS
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a degree is probably due, at least in part, to the fact that the [ ' T ' ' '
different grains are under magnetic fields which cover differ- 0 jsamp ‘§§;L;§f;tghr;§:;d°“ﬂy
ent amplitudes perpendicular to the correspondihglanes
(see also Ref. 11 The excess magnetization amplitudes for
the randomly oriented and grain aligned cases are, however,
very different: (AM*)~—40A/m for L1-R, whereas
AM%,~—85A/mforL1—A. Let us notice already here that [ e
such a difference of nearly a factor two, provides an excel- -1 ) NN
lent confirmation of Eqg. (4. The mean-field-like ®%
superconducting-normal transition temperatdrg, was es- @)
timated by measuring the magnetic susceptibility of the grain -1.5 . L . L . L
oriented samples with the magnetic field applied parallel to ol Sam lelLll W'ith' ‘
the ab layers of the grains. Under this field orientation, the | aligpned grains 8®
thermal fluctuations of the Cooper pairs above the transition T —l AL
are negligible’® and T, may be then approximated as the re e
temperature wherg(T), measured with a relatively low AAGAAAAAASAALA

magnetic field amplitude of 0.3 T, starts to decrease when 051 HiTe]

poH = 5x10°4 T

H
g

=(M)/H
S

oy

/2

[a¥a) B

TcO

Xab
0
®

the sample is cooled from the normal state. S=

The magnetic susceptibility versus temperature curves for o %%% =
theL1 sample before and after grain alignment are presented S0 %@éé
in Fig. 4. These susceptibility curves were obtained under ak ooooooooooOO by
field-cooled(FC) and zero-field-coole@ZFC) conditions, in X s . . . .
both cases by using an external magnetic field of T ' ' ' -
5x10°*T, which is smaller than the lower critical fields 0r EC AAAGMG T
(see latex. These susceptibilities were calculated from the SABAAAAABANAAATTO
measured magnetization by just using the conventional defi- o
nition, {x)=(M)/H. As it can be seen in Fig.(d, in the .
case of the sample with randomly oriented graibd { R), & 05F o H // ab]
this procedure leads to absolute values of the shielding sus- 7FC o0 Wd}]}]})@ 0
ceptibility, (x*F©), bigger than one at low temperatures. This 000000007 @%}Dma]]ﬂ])
unphysical result is due to the fact that the above definition s ) i) @m])a]]]]])‘[ﬂm)

. . . . ample L1, with

applies only in the ideal case and does not take into account 1L aligned grains 1
either the demagnetizing effects or the random orientation i , , , , , , ©
effects. These last random orientation effects are present 5 10 15 20 25 30 35 40
even in this zero-field-cooled case because the partial mag- T X)

netic field penetration is also anisotropic, due to the strong ) -
anisotropy of the magnetic field penetration length of these FIG. 4. Magnetic susceptibility versus temperature curves for

: . . ampleL 1, measured under FC and ZFC conditions with a mag-
materials. Therefore, it is not possible to overcome thes(%etic field of 5<10°“T, which is smaller than the lower critical

extrinsic effects by just using a conventional expression for . . g
. R magnetic fields. The data if®) were taken before grain alignment
the magnetic susceptibility in single crystals that takes only. . . . _
L . . (i.e., with the grains randomly orientedThe data in(b) and (c)

the demagnetization effects into accolias, for instance,

o ) were taken after grain alignment, with the magnetic applied perpen-
through(x)=(M)/(H—D(M)), as proposed in Ref]6An i ar and, respectively, parallel to tlad layers. These last data

analysis of these extrinsic effects on the zero-field-cooleq\aye peen corrected for demagnetizing effects through Ggand
susceptibility of Fig. 4a) in terms of the approaches summa- (g) and by imposingy?*%(T—0)=—1, as explained in the main
rized in Sec. Il is going to be presented in the next sectionyeyt.

Moreover, in Fig. 4a) we see that the field-cooled suscepti-

bility, (x C> IS only 20% of the corr_espondln(g( % AS 4(b), the central point to be stressed is that in the saturated
already discussed in Sec. Il, these differences are mainly dye

; ; C
to the magnetic flux trapped by the different stoichiometric:V\l'J;?gp_elraﬁ:E riggt;ggavzgeh;veerggpﬁzﬁ%:g (;Ztgaztif)on?gn th
and structural inhomogeneities. d ' 9 P 9

The magnetic susceptibility versus temperature for theIor the in-plane shielding currents,qy, Is in these com-
same sample but after its grains have been aligsathple ~Pounds around 500 nifl,a value much ?maggé than the
L1—A) is presented in Figs.(d) and 4c) for the magnetic Mean grains siz€5—10 um). So, by imposingyg, (T—0)
field applied perpendicular and, respectively, parallel to the= —1 in Eq.(5) we found for samplé.1,D,,~0.45, which
ab layers. These measurements were also performed undé@rresponds to an aspect ratio for the graine/afo~0.65
FC and ZFC conditions with a magnetic field amplitude ofSuch a value is reasonable in view of the structural anisot-
again 5<10 “T. In this case, there are no random orienta-ropy of the material. Moreover, through the relatién,,
tion effects and the susceptibilities may be then calculated 2D=1, this D,p, value leads td.~0.2752° As we can
from the measured magnetization through the conventionaiee in Fig. 4b), x5 is only 35% of x4,¢. As stressed be-
expressions, Eqg5) and (6), which take into account the fore, these lower values o,fgg are due to magnetic flux
corresponding demagnetization factor. In what concerns Figrapping by inhomogeneities.
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| Sample L1-A
(aligned grains) &

point, i.e., each data point was obtained by heating the
sample above the transition, and then cooling it again in
presence of the new magnetic field amplitude. As can be
seen in these figures, botRZiC and x2™C are almost
H-independent up ta,H=2x10"3T and 10 3T, respec-
. tively (values which may be related to the corresponding
T=10K lower critical magnetic field amplitudgsAs commented
above, the field-cooled susceptibilitiegis and x5©, are
slightly H-dependent below these last magnetic field values.
() 1 However, they tend to a saturation valuethgecreases, and
. for ugH=5x10"*T (the magnetic field amplitude used in
the measurements presented in Figtley are already al-
mostH independent. Note that the small discrepancies be-
tween the data of Figs. 3 and[df the order of 10% in the
case ofxL5(T=10K)] are due to the uncertainties when
correcting the remanent field of the magnetometer supercon-
ducting caoil.

IV. DISCUSSION

ZFC H// ab

Let us first comment on our experimental results on the
-1r (b 1 crossing point of the excess magnetization versus tempera-
10°* 1073 102 1(').1 1 ture curves of Fig. 3. As we have already noted in the pre-
W H (T) vious section, it can be easily seen in that figure that the
0 magnetization at the crossing point for the sample with the
FIG. 5. Magnetic susceptibility versus external magnetic fieldgrains randomly orientedL(l—R) takes an absolute value
for sampleL1 after the grains have been aligned, measured undewhich is nearly one half that corresponding to the same
FC and ZFC conditions at a temperature of 10 K. The dat@)in Sample after the grains have been alignéd  A). This
and (b) were obtained with the magnetic field applied perpendicu-result, which is also obtained for the other samglee Table
larly and, respectively, parallel to theb layers. The solid lines are |), provides a quantitative confirmation of the random orien-
guides for the eye. tation effects on the crossing point in highly anisotropic
HTSC [Eq. (4)]. However, even in the case of the grain-

As can be seen in Fig(d), for H parallel to theabplanes, ~aligned samplewithout, then, random orientation effefts
X2 saturates at low temperature at a value arouii7, the crossing point coordinates do not agree with the theoret-

which is well below that corresponding tfFC. This may ical predictions[Eq. (1)]. In fact, using in Eq.(1) T*

be easily understood by considering that the magnetic peric 24-5 K (which, due to the spread of the crossing point, is

etration length for the shielding currents flowing perpendicu-détérmined with an accuracy around 0.B&d a periodicity

larly to the ab planes, \., is around 2 um at low length for the vortex fluctuations 6ﬁ=s=6.6A, we obtain
temperature&? a value that is this time of the order of that of AM3,=—248 A/m, a value three times larger than the mea-
the grains size. It can also be seen in this figure, finally, thagured one. A similar discrepancy has been observed for the
x5C has absolute values much smaller théi. In this case, Other grain-aligned sample studied he¢see Table )l The
this may be due to the layered structure of the materialC€ntral point here is that, as can be seen from Rig), 4uch
which again makes the magnetic flux to be much strongly?_disagreement is aimost the same as the shift between
trapped during the field-cooling process fdiiab than for ~ Xap(T*) and its ideal value of—1: For this sample,
Hlab. AMZJ|xES(T*)|=—280 Alm, i.e., exhibiting a difference
All through the above analyses in the Meissner state wavith the theoretical prediction well within the experimental
have assumed that the magnetic susceptibilities are indepenncertaintiesof the order of 10% Such a result, that has
dent ofH. When the Meissner expulsion is only partial, this also been observed in the other grain aligned sartgee
could not be always the case due to nonlinear flux trapping able ), confirms thatn M ¥/ x55(T*)| is the intrinsic mag-
effects?! So, it is crucial for the validity of our analysis to netization of the crossing point, as first noted in Ref. 14 in
check that the measurements were performed not only fahe case of single crystal samples. In other words, once the
magnetic fields belowd ., the lower critical magnetic field, random orientation effects have been corrected, the extrinsic
but also in the linear region, i.e., in the region wherés  effects onXaFg(T*) and onAM?}, are almost similar, in spite
independent oH. For that, we have performed detailed mea-of the fact that these observables are measured under very
surements of the magnetic susceptibility under field-cooledlifferent magnetic field amplitudefH<H,(T*) and H
and zero-field-cooled conditions, versus the external magsH.,(T*)]. These results suggest the presence in the indi-
netic field. Two examples corresponding to the sample vidual single crystalline grains of structural and stoichio-
after the grains have been aligned and for a temperature @fietric inhomogeneities, too small to be observed by conven-
10 K, are presented in Fig(& for HLab and in Fig. %b)  tional techniquegas, e.g., conventional x-ray diffractipn
for Hllab. Let us remark that these FC measurements havbut that may appreciably affect in a similar way both observ-
been performed by fulfilling the FC conditions feachdata ables.
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TABLE |. Values of some of the parameters related to the thermal fluctuation effects of the two poly-
crystalline LaSCO samples studied here. The mean-field transition temperature was determined by the onset
of the diamagnetic transition fdd parallel to the ab planes in the grain-aligned samples. The other param-
eters are defined in the main text. The errors in the in-plane excess magnetization values are estimated to be
no more than 10% whereas for the in-plane susceptibility, due to the demagnetization factors, the errors are

estimated to be no more than 15%.

(AM*) Theoretical
T orAMZ, (X)) AMZ, AM A/ [x5a5(TH)]

Sample (K) (A/m) or x25(T*) (A/m) (A/m)
randomly oriented —-40 -0.20

L1 24.5 —248 —280
grain-aligned -85 -0.30
randomly oriented -33 -0.15

L2 25.0 —253 —220
grain-aligned —65 —0.30

As a complementary but important check of the adequacegffect, which is smaller for this last field orientation due to
of the above analyses, the solid lines in Figg)have been the usual ellipsoidal shape of the grains.
obtained by using the data of Figqdbjtand 4c) in Eq. (8). Finally, let us note here that we have also checked that the
As can be seen in that figure, the agreement with the meaxM ,,(T,H)/|x55(T*)| data obtained in aligned grain
sured(y), under both field-cooled and zero-field-cooled con-samples obey, at least at a qualitative level, the explicit scal-
ditions, is excellent, the small deviation, in both cases of lesthg function proposed by Tesovicand co-workers.In do-
than 10%, being mainly due to the uncertainties in the detering this comparison, the in-plane superconducting-
mination of the demagnetizing coefficients. These resultgoherence-length amplitude was crudely estimated by
show, therefore, that in spite of the entanglement of the incomparing the magnetization data abdyg with the theo-
trinsic and extrinsic effects o™ and(x* ), both ob-  retical excess diamagnetism associated with the Cooper pairs
servables still obey the usual vectorial composition of thecreated by thermal fluctuation&These last results extend to
magnetization which leads to E@). Let us stress here again grain-oriented highly-anisotropic HTSC our previous quanti-
that the extrinsic random orientation effects g are due tative findings obtained in TI-2223 crystalsee third paper
to the flux trapping anisotropy of the grains, whereas in thén Ref. 7). In this last case the agreement with the scaling
case of y“"C these random effects are mainly due to the

anisotropy of the penetration depth.

As a further illustration of the random orientation effects
on the magnetization in granular HTSC, in Fig. 6 we present
an example corresponding to sample— A, of the longitu-
dinal magnetizationM, , versus the angle between tlee
direction and the applied magnetic fidkke inset in Fig. 11
for uoH=5x10"*T and T=10K under FC and ZFC con-
ditions. Note that the FC measurements have been performed
by fulfilling the FC conditions foreachangle, i.e., each data
point was obtained by heating the sample above the transi-
tion, rotating it to the following angle, and then cooling it
again in presence of the magnetic fiéfdAs expected,

M (6)1  follows the § dependence of Eq7) (solid lineg at

a quantitative level for both the ZFC and the FC cases. These
lines were calculated by using faEC, x55, x&7C, andyE©

the experimental values(for T=10K and ugH

=5x10 “T) already shown in Figs. 4 or 5, and by using
alsoD,,=0.45 andD.=0.275 for the demagnetization fac-
tors, as explained in the previous section. Let us remember

here that in the ZFC measurement the angle dependence t?zfa

and thec-crystallographic axigsee inset in Fig. JLfor the grain-

M, is due to theintrinsic anisotropy of the penetration

o

Sample L1-A

Y

I (aligned grains)

FC

ZFC

90
O (degrees)

135

180

FIG. 6. Field-cooled and zero-field-cooled longitudinal magne-

tion, M, versus the angle between the applied magnetic field

length, that is, the magnetic field penetrates deeper in thaigned sampld.1—A. These measurements were performed at a

grains whenH is applied parallel to theab layers @

temperature of 10 K and with an external magnetic field of

=90°). Instead, in the FC measurement, these differencesx 10-4 T which, for this sample, is well below the lower critical
are due to thextrinsicanisotropy in the flux trapping during magnetic fieldssee Fig. 5. As can be seen, the data follow at a

the field-cooling process. In addition, the differencedvin

for §=0° and 6=90° are amplified by the demagnetizing (solid lines.

guantitative level the angular dependence predicted by (Eq.
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function of Tesnovic and co-workers was excellent. New as is the case in single crystalline sampfethe resulting
magnetization measurements above and bdigyin differ-  AMZ%./|x55(T*)| is also the intrinsic excess magnetization at
ent HTSC granular samples will be necessary to confirm at ¢he crossing point in granular HTSC. Then, it was shown that
quantitative level these results and also to determine the scat-is this intrinsic excess magnetization at the crossing point
ing behavior in randomly oriented granular samples. Notethat obeys Eq.(1), with s;’:s. Let us stress here again,
however, that in LaSCO samples this type of scaling may b@owever, that we have observed that the corrections of the
affected by the loss of the 2D behavior for temperaturesnhomogeneity effects oAM?*,(T*) throughyyrc(T*) do
close toT.. not always apply in the case of samples with a very deficient
magnetic quality, let us say with55(T*) below about 0.2.

V. CONCLUSIONS For these low-quality samples one may expect that the flux

apping will depend on the magnetic field amplitude. So, in

In conclusion, the experimental results and the analyse . s .
ese cases the structural inhomogeneities may affect quite

presented in this paper provide unambiguous answers to th . FC/oy
questions addressed in the Introduction: In a granular HTscaIfferently AMz, and ya5(T). _

with randomly oriented anisotropic single crystalline grains, 'N€ results presented here extend to polycrystalline and
both the measured magnetization at the crossing point arfgfanular HTSC with randomly oriented single crystalline

the Meissner fraction are strongly affected by random orien9rains and domains, our previous conclusions on the crossing
oint of the magnetization versus temperature curves ob-

tation effects. In the case of the magnetization at the crossin%, o . L
point these effects are intrinsic and due to the anisotropy o ined in single crystals: Once the different extrinsic effects

the individual single crystalline grains. In contrast, for the &€ disentangled, the crossing point effect observed in highly
Meissner fraction the random orientation effects are extrinsi@nisotropic HTSC may be explained, even in granular

and due to the fact that in real single crystalline HTSC the>@mPples, in terms of thermal fluctuations ofﬁ\g)étlices, as pro-
partial flux expulsion depends on the relative orientation beP°S€d by the BLK and the TXBLS approacties.” The ad-

tween theab planes and the applied magnetic field. ThesedUacy of our treatments of the random orientation effects is
last effects have been estimated as a function of the me&ISO confirmed at a quantitative level by comparing our mea-

FC i
sured susceptibilities in each direction and also of the correSurements okAM™) ‘and (x"(T*)) in granular samples
sponding demagnetization factors. Then, it was shown thaAfter and before grain alignment. In addition to their interest

once these random orientation effects are taken into accouff’ the understanding of the vortex fluctuation effects in
separately and independently f6AM*) and (x"(T*)) highly anisotropic HTSC, these results may also be useful

[and also the demagnetization effects in the case ofor a better understanding of other aspects of the magnetiza-

(x"S(T*))], both observables are affected in a similar wayton in polycrystalline and granular HTSC.

by the other extrinsic effects associated with different inho-

mogeneities at different length scales. Our results here and in ACKNOWLEDGMENTS
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