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The results are presented of experiments on the paramagnetic Meissner effect, the appearance of a net
paramagnetic moment when some high-temperature supercondigspesially Bi-Sr-Ca-Cu-Dare cooled in
a very small magnetic field. For ease of interpretation the experiments relate exclusively to Bi-Sr-Ca-Cu-O in
finely powdered form. Attention is paid not only to the magnetic moment observed during a field cool, but also
to the moment remaining during a subsequent zero-field warm and to the moment developed during a field
warm following a zero-field cool. The moments observed during a field cool are similar to those reported by
other authors. A tentative interpretation of the results is made in terms of a model in which there is a
concentration within the material of small local moments that can be polarized during a field cool. Information
about both the magnitudes of these local moments and their concentrations is deduced. Evidence is presented
that the observed local moments are too small to be accounted for by half flux quanta trapped in loops or within
grains, such half flux quanta being associated witfunctions ord-wave pairing. This suggests that either the
local moments originate in some other way or the model is incorrect.

[. INTRODUCTION paramagnetism is observed in the normal state in a large field
(up to 0.8 7 (Ref. 4 and that the onset of paramagnetism
All high-temperature superconductdidTS’s) are type Il always occurs a few degrees beldly even whenT, is

in their magnetic behavior. Generally, they exhibit irrevers-changed by 20 K by altering the oxygen concentratidine
ible magnetic behavior, consistent with that expected froneffect is therefore well established and is now known as the
the trapping of flux lines, although reversible behavior canparamagnetic Meissner effe@PME) or the Wohlleben ef-
be observed at high temperatures, where the flux lines arect
sufficiently mobile for equilibrium flux distributions to be Most of the reported work has been on the 2212 phase of
achieved within the time scale of an experiment. The HTSBi-Sr-Ca-Cu-O in melt-processéd’ sintered?’® and
material can be in various forms: a bulk single crystal; bulkpowdered®°form, although the PME has also been seen in
material consisting of large numbers of small grains that ar¢he 2223 phas&®°in an erbium compountf, and in single
coupled together through weak superconducting links, as ierystals of Y-Ba-Cu-G214
the case with the common sintered granular form of the ma- A paramagnetic moment could arise in an assembly of
terial; or powder in which there is no superconducting con4oops (with or without weak link$ over certain ranges of
tact between grains. In the sintered granular form of the mafield if the loops are noninteracting and all of essentially the
terial, the network of weak links behaves in many ways likesame sizdthis moment is closely related to the Little-Parks
a conventional type-ll superconductor, with a penetratioreffecy. However, in the limit of very small applied fields the
depth that depends on the strength of the weak fnks. moment is always diamagnetic, and a range of loop sizes will
conventional type-Il superconductor is as a rule diamagnetialso lead to a net diamagnetism, which disappears at high
in the sense that, when it is cooled through its transitiorfields. Otherwise, it is tempting to suggest that the effect
temperatureT. in a fixed external magnetic field, flux is must arise from the breaking somewhere in the system of
expelled, although the amount of flux expelled may be smaltime-reversal symmetry, and it is for this reason that the
if the material is magnetically irreversible. effect is of great potential interest. However, it has also been
However, some HTS materials, when cooled in a suffi-suggested by a number of authors recénth/ that in disk-
ciently small magnetic field, acquire a n@ramagnetiano-  shaped specimens a paramagnetic moment can arise from
ment. This paramagnetic moment seems to be superimposednventional flux trapping, although this suggestion has not
on a conventional Meissner diamagnetism and on any coryet been explored for the case of very small particles with
ventional trapped flux, and the moment is found to be frozemwhich this paper is concerned.
in if the external field is removed at a low temperature. The A very simple superconducting system that does break
effect was reported by Svedlingt al,? who interpreted itin  time-reversal symmetry is a superconducting loop containing
terms of a Kosterlitz-Thouless transition coupled with fluxone (or more generally an odd number) dfosephson junc-
trapping. There were early concerns that the effect might b&ons in which the coupling energy is negati@
instrumentaf but an extensive amount of work on a range ofjunction).!® Provided that the McCumber parametg; See
samples in a variety of cryostats has shown that this cann@ec. IV A) is sufficiently large, the state of lowest energy of
be the case. Spurious effects due to paramagnetic impuritiesich a loop in zero applied magnetic field is doubly degen-
have also been ruled out on the grounds that no significargrate, with a trapped flux equal to approximatelyy/2. A
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7 junction can arise in a weak link between a conventionakamples exhibiting the PME, the results relating not only to
and a suitable unconventional superconddét@fand also in  the paramagnetic moment observed during cooling in an ap-
weak links in which electron spin flips can occur in the bar-plied field (a “field cool” ), but also to the remanent moment
rier region!®*-?2More significantly perhaps in the present and its temperature dependence, observed after removal of
context, effectiver junctions can form between two differ- the field at various temperaturdfor example, during a
ently oriented crystals of d-wave superconductd?,a fact  “zero-field warm”). Second, we offer a different approach
that is important in the interpretation of recent observationgg the interpretation of the experimental results. We shall
of the trapping of half flux quanta in Y-Ba-Cu-O tri- grgue that the form of the PME suggests that it can be ac-
crystals as providing evidence fat-state pairing in that  counted for in terms of fcal moment model.e., that it is
material™ , - _due to an assembly of a fixed number of entities that acquire
The idea that samples of HTS’s exhibiting the PME in- o anent magnetic moments when the sample is cooled

corporate for some reason an array of loops containing through the superconducting transition temperature, these

Junctions has been suggesteq in a number Of. Papers. Tqﬁoments becoming partially aligned under the influence of
paramagnetic moment then arises from a polarization of thgn external magnetic field, but we make no assumption ini-
loops in the applied magnetic field. The loops have beer'Eiall about the nature of tr;e entities. By suitable analysis of
regarded either as isolated from one andther as interact- y - BY y

ing with each other magnetical®§?” The observed magne- the experimental results, including the observations on rem-
tization in an applied fieltH has been fitted empirically to a anent moments, we can deduce both the density of these

relation of the forrf57:8:10 entities in each samplg anq a distripution of mag.ne.tic mo-
ments. An assumption in this analysis that magnetic interac-
MoH tions between the entities can be neglected is justified by the

M=xoH+ H+Hy' (1.1) results. Trapping of conventional flux lines is also seen in

our finely powderedamples, but we argue that it is small in
whereM, andH, are constants. The negative teygH isa  the smallest magnetic fields and that it seems to occur inde-
conventional diamagneti¢eissney contribution to the mo-  hendently of the PME(This argument would not hold for
ment, and it may also i_nclude the e_ﬁect of flux tra_pping. Thejess finely powdered samples or for sintered samplBse
second term on the right-hand side @1 describes the \5qnetic moments associated with the entities turn out to be
PME, '.t being sugg.ested that the parametgy arises frqm smaller than can reasonably be explained in terms of half
an antiferromagnetic ordering of the loop moments in afjux guanta. We deduce that half flux quanta are not involved

“ H " 4,5,26,27 _ . .
orbital glass” state. “Some trealtme,nts havg CONCEN- and that some other explanation of the PME must be in-
trated on the value of the “crossover field?.y at which the

observed magnetization vanishes. It has been suggested, \allP—ked'
beit on the basis of very simple and unrealistic mod&fs,
that this field is related to the are&of the average loop
through the relation Il. EXPERIMENTAL METHOD
A. Specimens
Hco:%, (1.2 Almost all the experimental results that we report relate to
0

finely powdered samples produced commercially by spray
where the numerical factar is either 2 or 4, depending on pyrolosis, either as received or after some processing. A few
the exact model. Loop diameters of orden B were derived results obtained on sintered material and on powder pro-
in Ref. 8 in this way. Numerical simulations based on loopduced by crushing bulk material will be mentioned towards
models and giving some agreement with experiment werghe end of the paper. In the spray pyrolosis process, a nitride
described in Ref. 28. Account was taken of a distribution ofsolution with the appropriate cation ratio is forced under
critical currents at the junctions, of a reasonable assumepressure through a nozzle into a furnace, the resulting pow-
temperature dependence of these critical currents, and of tister being calcined and annealed. For the most part we used
possibility of thermally excited jumping between quantumthe 2212 phase with &; of 80-83 K. Scanning electron
states of the loops. Numerical simulations based on a twomicroscope studies of this powder, as received, showed it to
dimensional orbital glass model were described in Refsconsist of clumps, predominantly with diameters of about 5,
29,30. 20, and 50um. These clumps were in turn made up from
The appearance of the PME in some samples correlatesuch smaller platelets of irregular size and shape but typi-
with the observation of anomalies in the dependence of acally about 2umX2 xmx0.2 um, randomly oriented, with
and microwave response on a steady applied magnetitiec axis normal to the plane of the platelet. Careful inspec-
field.*>7"3132For example, in powdered samples showing notion of many larger platelets showed them to consist of
PME the microwave absorption has a minimum at zero apsmaller platelets, closely adhered together. Although the
plied field, whereas in samples that do show the PME thelatelets within a clump appear to touch at their edges, with
microwave absorption exhibitsraaximumat zero field, with ~ a contact area of order 0.2—0w4m?, it is not immediately
minima when the applied field is of ordet-0.1 mT. clear whether or not they are in electrical or superconducting
Khomski*® has reviewed many of these experiments anctontact. Typical scanning electron microscS&M) photo-
their theoretical interpretation. graphs are shown in Fig. 1. One of our samgeRA) was
This paper has two aims. First, we present new experiof the 2223 phase with @, of 108 K, again obtained by
mental results on a range of finely powdered Bi-Sr-Ca-Cu-Cspray pyrolosis, but with a small addition of lead to stabilize
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For the magnetic measurements described below, each
powder sample was encased in 1@6+thick aluminum foil.
A hole of cross section 1:41.6 mn? and depth 3.0 mm in a
brass block was lined with the foil and the powder pushed
gently into the hole. The foil was folded over the top, the
resulting aluminum box containing the powder removed
from the hole, trimmed, and sealed all over with a thinned
layer of GE7031 varnish. The structure of the randomly ori-
ented platelets might be expected to yield a packing fraction
of about 0.1. However, the insertion of the powder into the
aluminum container involves some compressibeit
small, and we find that our observed packing fractions are
around 0.2. Each complete sample contained around
2% 10 platelets per kilogram. In our various calculations
we have taken the density of bulk Bi-Sr-Ca-Cu-O to be 6.5
X 10° kg m~3.

B. Magnetic measurements

Measurements at low magnetic field were performed with
a home-made superconducting quantum interference device
(SQUID) magnetometer, very similar to one described
earlier®* The superconducting pickup coil is in the form of a
first-order gradiometer, with the sample held stationary in
one half, and is connected to the input coil of a low-noise
commercial dc SQUID. The sample temperature could be
controlled between 4.2 and 120 K. A magnetic field up to 0.5
mT could be applied with a small solenoid surrounding the
sample without driving an unacceptably large current
through the SQUID input coil, the field homogeneity over
the sample being about 2%. The whole assembly was en-
closed by a thin lead tube at 4.2 K anduametal shield at
room temperature. Separate measurements with a flux gate
magnetometer showed that, after cooling through the transi-
Fig- 1 (6) 57— tion temperature of the lead shield, the residual field trapped
at the position of the sample was less than 50 nT. The ver-
FIG. 1. Scanning electron micrographs of two samplasFine  tical component of this field could be reduced to less than 10
powder having a typical clump size of 3+8n (sample MPA; (b))  nT by passing a current through the solenoid and using the
a coarser powder having a typical clump size of 20—%0®  sjgnal from the sample on cooling through its critical tem-
(sample MLB. perature as a sensor of any residual field. All electrical leads
. ] ) were carefully filtered against rf interference, and the control
it. In some cases, powder specimens with a narrow range Qfng measurement electronics were mounted well away from
clump sizes were obtained by sedimentation in a column ofhe cryostat. Measurements were normally taken either dur-
dry acetone. _ _ ing heating at a rate of 100 mK'¢ or during cooling at a
The samples for which detailed data are presented later ifyte of 30 mK s'L. This rate was chosen for two reasons: to
the paper were as follows. Samples MRA, MRB, and MRC,engyre that a negligible temperature difference existed be-
o.btamed .by spray pyrolosis, were unselected as t.o particlgyeen the sample and the thermometer, and to avoid a de-
size and in the band 0-1Q0m. Other samples obtained by pendence of the sample signal on cooling rate, as explained
spray pyrolosis were particle size selected: MLA and MLB |ter.
in the band 20-10@m; MPA-1,2,3 and MPB-1,2,3 in the  Hjgh-field (0.1-10 mT measurements were made in a
band 3-8um; and MSA in the band less than.an. commercial SQUID magnetometé€ryogenic Consultants
Some of these powders were subjected to further thermalyg, model S10pwhich has a residual field of about;sT
and mechanical treatment. The sample MPA-2 is simplyand which takes measurements by moving the sample slowly
MPA-1 remeasured after it had been taken to room tempergyy and down within the coils of a second-order supercon-
ture for 1 week. MPA-3 was obtained by first sealing MPA-2 4y cting gradiometer. The magnetic field was homogeneous

between room temperature and 77 K over a period of 3

months. MPB-2 was obtained from MPB-1 by first sealing it

under air in a glass ampoule, which was then placed under
water in a conventional ultrasonic bath for 4 h. MPB-3 was In presenting the observed magnetic behavior we shall,
obtained from MPB-2 by compressing it in a brass die undefor the sake of clarity, first present schematic diagrams, ex-
a pressure of TN m~2, amples of actual experimental data being presented later.

Ill. EXPERIMENTAL RESULTS
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ZFW, FC, and FW curves satisfy the equation

Mzrw=Mec—Mew 3.

within experimental error, at least for the data discussed in
this papef(i.e., for the full range of fields at low temperatures
and for low fields for the full range of temperatures up to
T.). It may be true more generally. The FC line is reversible
provided that temperature changes are made sufficiently
slowly; if cooling takes place too quickligreater than about
T 200 mK s 1), the paramagnetism is reduced. Included in
Fig. 2 is the result of removing the applied field during a
field cool at a relatively high temperatuiie® (say, 70 K:
E—F. Immediately after the field removal, there is some
relaxation, the moment tending to fall over time by typically
10—-20 %. The decay is such that the change in moment is
proportional to the logarithm of the time. The amount by
FIG. 2. Schematic diagram illustrating the temperature depen\-’vhICh th_e moment relaxes over a g'Ye” t'me,decree}ses with
dence of the magnetic moments of our samples under varioud€creasing temperature, and relaxation practically disappears
warming and cooling conditions. whenT* is less than about 50 K. The ZFW line is not re-
versible, except at the lowest temperatui28 K or less: if

Schematically, the behavior is summarized in Figs. 2 and 3the sample is warmed fro@ to F and then cooled, it fol-
Fig. 2 relates to a sample showing a strong paramagneti@"_"s the lineFG. The lineFG is t.he same whether the pomt
Meissner effect, in the case when the magnetic fielavhen  F iS reached by a ZFW or by field removal from the point
applied, is small. The way in which the behavior is changedE- When the specimens are subjected to mechanical stress,
whenH is changed is shown in Fig. 3. This behavior is very Mechanical damage, or thermal cycling, the ZFW line moves
similar to that observed by other authors. towards theT axis and the FC line moves towards the FW
The field-warm(FW) line (B—T,) is obtained by first line, provided that the a_pplied field is less than qveﬂuﬁ
cooling the specimen in zero field {—A), then applying a (#oH,~0.5-1.0 m7, which also marks a change in behav-
field H (A—B), and then warming in this constant field. The 10f of Mzey and Mgc, as shown in Fig. 3. For fields
field-cool (FC) line (T.—E—C) is obtained by cooling in H>H,, the momenMg, is found empirically to obey an
the constant fieldH. The zero-field-warm(ZFW) line  €duation of the form
(D—F—T,.) is obtained by first performing a field cool, Moco=aH? 3.2
then removing the fieldG— D), and then warming in zero ZFW : '
field. As we see from Fig. 3, the FC line is paramagneticwhere the exponent is typically about 1.6. We note that the
along most of its length only at fields below a crossover fieldPME sets in only at a temperature beldy, which is itself
Heo- about 2—3 K belowT.. Along the line AB in Fig. 3 the
We find that the observed magnetic moments along thenomentMpg, is proportional toH and reversible, provided
that the temperature is less than about 50 K and the field less
than 2—4 mT. This fact is consistent with flux being excluded
from a fixed proportion of the sample when a field is applied
after a zero-field cool, by straightforward diamagnetic
screening currents without flux line penetration; however,
the corresponding “diamagnetic fractior{defined as the ra-
tio of the observed magnetic moment in fidddto that ex-
pected for complete flux exclusion in a bulk sample with the
same total mass armkro demagnetizing coefficigmtirns out
Heo Hv to vary from sample to sample, to be typically in the range
l 0.2-0.5, and not to vary in any systematic way with clump
size. If the field applicatiorA— B is carried out at a tem-
AC(Mrc) perature above about 50 K, the measured morivasy is no
longer either strictly reversible or accurately proportional to
H and can no longer be due entirely to simple diamagnetic
screening.
AB(Mrw) Examples of actual experimental data are shown in Figs.
4-11.

AD(Mzrw

IV. INTERPRETATION OF THE EXPERIMENTAL

o _ _ _ RESULTS
FIG. 3. Schematic diagram illustrating the field dependence of

the magnetic moments of our samples under various warming and Analysis of our experimental data in terms of the local
cooling conditions. moment modekwhich is described in detail in Sec. IV)C
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FIG. 4. Magnetic moment plotted against temperature for
sample MRA under FW, FC, and ZFW conditions. The magnitude 0 0.02 0.04 0.06
of the applied fielduoH is 10 T, at which there is little flux poH [mT]

trapping. The inset shows the region closél'toin more detail and

includes the tem_peratur@p _above which there |s_ no significant FIG. 6. ZFW, FC, and FW magnetic moments for sample MLB

PME. The magnitude of, is almost completely independent of . e :
L plotted against applied field for a temperature of 30 K. The FW line

oH for our powder samples over the range 0.2—400 This is in is reversible at this temperature

contrast to the behavior of our bulk samples whggdalls by 1-2 P ’

K as the field is increased to 2Q0T. This latter effect is probably

associated with conventional flux trappingj, then being an irre-

versibility temperature.

analysis of our field-warm and field-cool data, we argue that,
although significanintragranular flux line trapping can oc-
cur, it is small at low magnetic fields and can be allowed for

(Sec. IV B). Suitably corrected values & 4, can then be
must take account of the fact that they may be affected byaken as direct measures of the PME. We show that the be-

trapping of conventional flux lines. Such trapping might behavior of this deduced PME is consistent with the predictions
associated with supercurrents that are eithtrgranularor  of the local moment modeSec. IV D), but that the magni-
intragranular. Our use of fine unsintered powders serves toyde of the majority of the local moments is much smaller
minimize these types of flux trapping and facilitates the subthan would be expected from half flux quanta in loops that
Sequent theoretical anaIyS|S. We first analyze our fleld-Warm}'icﬂate time-reversal Symmet()gec_ \V} B Fina"y, we com-
data and conclude that the observed dlamagnetlc fraCtlor]ﬁent bneﬂy on the behavior of bulk Samp|es and compare

are explicable in terms of diamagnetic screening within in-our approach with analyses based on orbital glass models
dividual platelets, any intergranular screening currents beingsec. |V B.

negligible (Sec. IV A). It follows that there can be no sig-
nificant amount ofntergranular flux trapping. From further A. Diamagnetic fractions

We noted in Sec. Il that after a zero-field cool to a low

temperature the application of a small magnetic field to our
0.6 I 0.0002 mT
100
0.001 mT
03 r
|
z :
= S 1
B =
S 00 - 2
2 0.03 mT S
Z :
E o0
z
03 - 0.1 mT
0.0001
0.0001  0.01 1 100
-0.6 1 i 1 i
0 20 40 60 80 100 HoH [mT]

T[K] FIG. 7. ZFW magnetic moment of sample MSA at 10 K plotted

against applied fieldthe moment is normalized to its value at an
FIG. 5. FC and FW susceptibilities plotted against temperatureapplied field of 0.1 mT. The rise at the highest fields tends to the
for sample MPA-1. These results are similar to those reported by1'® power law, associated with flux trapping in the powdered
other authors. The susceptibility is defined as the ratio of the magsamples. The dotted line is the best fit with a single-tanh function;
netic moment per unit volume of th&ully compressefimaterial to  the solid line to a double-tanh function. The dashed line is a fit of
the applied magnetic field. the high-field data to Eq.3.2).
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FIG. 8. FC(¢) and FW @) magnetic moments plotted against (@) Time [Sec]
temperature for various applied fields for the heavily crushed 1.0
sample MPB-3, which shows no apparent PME and a Meissner )
fraction of only 0.044. Note that for fields below about 0.5 mT the 4o
L 10 ¢ 0.0001
two moments are equal within the accuracy of the S100 magneto- L 00.001
meter, but that they differ by an increasing amount as the field is | w2 0.005
increased, the difference being due to conventional flux trapping. N
‘g‘ * 0.01
powdered samples led to a reversible diamagnetic moment £
Mgy, due to diamagnetic screening, with a “diamagnetic E 0.9 0.06
fraction” in the range 0.2-0.5. g 0.1
We recall that the powdered samples consist of clumps of 3 ’
platelets and thag priori, the platelets within a clump may §
Z L
4
L 30.0
_ =, 403 0.5
NE 3 — § . 0.8 1 II|IIII| L IIIIIII| Lo L
< L 1 10 100 1000 10000
C{«o 2r (b) Time [Sec]
=
5 I FIG. 10. Magnetic moment plotted against time during a flux
o 1 creep following removal of the applied field at temperaturd*.
E () Sample MRB: creep at various temperatutfés for uoH=10
= uT. (b) Sample BLA: creep for various fielgsgH at T* =69.8 K.
0 The very large initial slew rate does not allow the response to be
followed for the first 1 or 2 sec, but the zero of time is still taken
Y A S A from switch-off with an accuracy of 1 sec. The decay is always
0O 20 40 60 80 100 observed to be logarithmic in time. All moments are normalized to

T [K] the value obtained by extrapolation to the valué-atl sec.

FIG. 9. FC and ZFW magnetic moments plotted against tem-or may not be in superconducting contact. If they are indeed
perature for sample MRB. The sample is first cooled in a field of 10in superconducting contact, then each clump can be treated
wT (lower heavy ling to a temperaturd™ (eight different values  as a more or less spherical piece of granular superconductor.
are shown and the applied field is then reduced to zero. TheThe penetration of a magnetic field into such a superconduc-

sample is left for 3—4 min, during which there is a rapid flux creep,tor can be characterized by an effective penetration depth,
and it is then cooled at the usual rate to 10 K. Subsequent warminghich is given roughly by

follows the same path up t®*, above which the path joins the

normal ZFW curve(upper heavy ling Traversing the full ZFW X 1

curve normally takes about 10 min. A small stepTéat is seen in Zeff o ~ 4.2
some of the data. This arises because the amount of flux creep that a’ 2mp(1-Flga (1-)B° '
occurs during the 3—4 min wait after removal of the applied field at

T* is slightly greater than that which occurs during a ZFW taken atwherea is the linear spacing between the intergranular con-
the normal rate. The step would disappear if the ZFW were takefacts, |l o is the critical current associated with each contact,
more slowly. f is an effective filling factor for the granular material, and
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Let us assume that magnetic interactions between plate-
lets can be neglected. We model each platelet as a spheroid
of diameter and thickness equal to that of a typical platelet.
We model the random orientation by taking one-third of the
platelets to be normal to the applied field, the other two-
thirds being parallel to the field. We take the penetration
depth for current flow in theb planes to be 180 nm at low
temperatures, the penetration depth for current flow normal
to these planes being much larger. The thickness of the plate-
0 ; + — lets being only about 200 nm, the moments produced in

platelets parallel to the field will be small and can be ne-
glected. The moment for a platelet normal to the field is
obtained by solving numerically the London equation
4V?A=A/\?, by a method very similar to that described in
4}ef. 35. The resulting diamagnetic fraction for the random

Moment per gram [10°Am¥/kg]

0 0.02 0.04 0.06 0.08 0.1
HoH [mT]

FIG. 11. ZFW magnetic moments per gram at 10 K plotte
against applied field for various samples. The solid lines are fits t

the double-tanh function described in the text. assembly, as defined in Sec. Ill, is then predicted to be ap-
proximately 0.65, somewhat larger than the observed values.
B is the McCumber parameter 2.1,/ ¢) for a supercon- This calculation ignores magnetic interactions between

ducting loop of radius: (inductance.) containing a junction the platelets. We can take crude account of these interactions
with critical currentl,.! The observed diamagnetic fraction by using a local mean-field theory. Taking the local field as a
in our samples is not apparently related to the clump size, sthird of the magnetization per unit volume and taking into
that the penetration depthes must be either much larger account the observed packing fractions of about 0.2, we find
than or much smaller than a typical clump sif€he ob- that the necessary correction reduces the diamagnetic frac-
served reversibility rules out the formation of intergranulartion by only a few percent.
flux lines) If it is much smaller, the intergranular currents in ~ The value of the penetration depth equal to 180 nm relates
each spherical clump would lead to complete screening ofo Bi-Sr-Ca-Cu-O that is slightly overdoped with oxygén.
the field, which would lead to a diamagnetic fraction of Loss of oxygen leads to penetration depths that are signifi-
about 3/(), wherep is the packing fraction within a clump cantly larger’” values as high as 260 nm having been
(typically 0.2. Such a diamagnetic fraction is much |argerreported3,8 and to an increase ifi..>% An increase in pen-
than is observed. We conclude therefore thgt is much  etration depth of this magnitude would be more than enough
larger than the diameter of the largest clurtgbout 100 to account for our observed diamagnetic fractions. Further-
um). The corresponding intergranular critical current mustmore, we observe some decrease in the diamagnetic fraction
therefore be very smalthe McCumber parameter being less after the specimens have been subjected to thermal cycling
than 0.0, and it is likely to have a negligible effect. We or mechanical damage. Such cycling is likely to lead to oxy-
must examine therefore whether the observed diamagnet@en loss, evidence in our case coming from the observed
fractions can be explained in terms of the behavior of thechange inT.. It is significant that, when a sample whose
individual platelets. diamagnetic fraction had been reduced from 0.3 to 0.1 by

thermal cycling(MPA-3) was reannealed in oxygen for 72 h

at 580 °C, the diamagnetic fraction recovered to 0.53 at 30

0.12 K, quite close to the predicted value. We note that this an-
nealing also served to increase the PME component.

o 009 F We conclude that the observed diamagnetic fractions as-
2 sociated with the momem g, at low temperatures and low
2 006 | fields can be satisfactorily explained by diamagnetic screen-
2 ing within each platelet, the platelets not being in supercon-
= 0.03 L ducting contact with each other.

0.00 ' .

B. Flux line trapping
0 20 40 60 80 100

K] Our conclusion that the platelets are not in superconduct-

ing contact rules out the possibility of intergranular flux trap-
FIG. 12. Distribution function for the temperature at which the pIng. . . .
local moments become trapped on cooling in an applied field The extent to which flux lines are tra}ppmnthlnaplatelet
(sample MRB. The function has been obtained from the datadepends (_)n the form of the-T phase_dla_gram for the plqte-
shown in Fig. 9 as follows. The difference between The10 K |€t, especially neaf, and on the activation energy required
values of the moment corresponding to field switch-off tempera{0 Overcome any barriers opposing the motion of a flux line
tures of T* and T* +AT* are used to form a histogram against through the platelet. The associated problems are quite com-
T*. The values are normalized so that the area under the wholglicated, depending as they do on the shape and size of the
distribution is unity. The distribution shown relates to a cooling platelet and on the fact that a flux line in Bi-Sr-Ca-Cu-O is
field of 10 uT. The distribution is slightly broader for a cooling probably decomposed into pancake vortices at high tempera-
field of 100w T. tures. We shall not discuss them here, but we plan to address
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them in a future paper. For the present we shall make use &Within the sample there are “entities” that acquire perma-
only one theoretical prediction. Suppose that a magnetic fieldent magnetic momentsn when the sample is cooled
H is applied normally to a flat circular type-1l superconduct-through the superconducting transition temperature. These
ing disk of radiusR. The state of minimum Ginsburg- local momentsre like the atomic moments in a conventional
Landau free energy of such a disk contains no flux lines if paramagnetic material, although their spatial extent may be
greater. Furthermore, unlike atomic moments, the moments
HeH .~ ®o . 4.2 m may have magn'itudes that' depend on temperature; for
¢ m example, they may increase with decreasing temperature be-

. . ow T., and they may not set in until the temperature has
For platelets of the size relevant to the present experimen ¢ y may b

o . llen to some value that is significantly less than If the
and for magnetic fields applied normal to the platelet, the . - : L )
critical field 120H is roughly 0.5 mT. For a field applied cooling takes place in zero applied magnetic field, the mo

- , ments are oriented at random and give rise to no net para-
lr;&:;&!lrel to the platelet, the critical field would be much magnetic moment. If cooling takes place in a fielda finite

W te that the field . is cl . itude to th net moment will be established, as in a conventional para-
€ note that the Teldi, IS close In magnitude 1o the magnetic material. If interactions between the local moments
observed fieldH,, above which there is a sharp rise in

My (Figs. 3 and 7. We suggest therefore that this rise can be neglected and if the system is in thermal equilibrium,

; _ - the net moment will be given by an appropriate Brillouin
marks the onset of conventional flux trapping within the n ion | the simple case where each local moment can
platelets. ForB<B, , MZFW. must then be'due almost en- point in only two directions(parallel or antiparallel to the
tirely to the PME. Conventional flux_trapplng and the PMEfieId), the total moment will be given by
seem therefore to be separate and independent effects.

Further evidence in favor of our suggestion comes from momH
several other experiments. We see in Fig. 8 that the field- M=Nmtan|‘( T )
warm and field-cool curves for the heavily crushed sample B
MPB-3 coincide within experimental error for fields less whereN is the total number of local moments in the sample.
than 0.5 mT, but that they diverge at higher fields. This be- The fact that a paramagnetic Meissner moment remains in
havior is consistent with the destruction of the PME byplace after the polarizing magnetic field has been removed
crushing and with the retention of flux trapping for (The ZFW line in Fig. 2 shows that nonequilibrium mo-
B>B,~0.5 mT, confirming that the PME and flux trapping ments can be frozen in. This means that the reorientation of
are independent. Very similar behavior was observed in ou local moment must involve the surmounting of a potential
2223 powder, which showed little or no evidence of thebarrier. Let the magnitude of this barrier bk, in the ab-
PME. The moment$/ - and Mg, coincided within 3% at sence of an applied field. The rate at which the barrier can be
fields below 0.3 mT and diverged increasingly above thasurmounted in zero field is then given by
field. Earlier work® on Y-Ba-Cu-O powder with similar par-

4.3

ticle size, and exhibiting no PME, had indicated similar flux > ex;{ B ﬁ) 4.4
trapping behavior, including the dependent&2 with 0 kgT)’ '
a=1.6.

wherewyg is an attack frequency. Moments will be frozen in
if 1/v>ty, wheret, is the time scale over which an experi-
ment is conducted; i.e., they will be frozen in if

It follows from Eg. (3.1) that, at low temperatures and
low fields, Mc is due to a linear superposition of the dia-
magnetic screening momem g, and the PME moment
Mzew - At higher temperatures, as we saw in Sec. Mgy,
in a small field can no longer be due entirely to a diamag- T<T¢=
netic screening current, and we conclude therefore that there
must then be a contribution from the PME. Nevertheless, EWe have assumed that the bartigy is not affected much by
(3.1 is still found to hold. We shall find that the model the small applied field. Equatio®.3) then holds only for
described in the next section provides a simple explanatiod>Ts; if T<Ty,
of this fact.

In analyzing the bulk of our experimental data in terms of
the local moment model, we shall confine our attention to
fields up to about OB, . We takeM zr, as being due to the
PME, with a small correction for trapped flux given by an
extrapolation of Eq(3.2) to low fields.

Uo

kein(voto) @9

(4.9

whereH(T;) is the field to which the system was exposed
during cooling through the temperatufg. Of course, the
transition between Eq$4.3) and (4.6) will not be abrupt at
T=T;, although the rapid variation of with T [Eq. (4.4)]
will ensure that the transition is quite rapid. Strictly speak-
ing, Eq. (4.6) will hold only at a temperature just below
We see from Fig. 3 that as a function of the figddin  T;. Later, we shall apply the equatigor its generalization
which the sample is cooled the moment that we associatet.7)] at temperatures well belod;. This procedure will
with the PME first rises linearly and then saturates to a confail to take account of the fact that the local momentis
stant value. temperature dependent. This temperature dependence is re-
This dependence of the paramagnetic Meissner momersponsible for the fact that curves suchFS in Fig. 2 rise
on the fieldH suggests strongly that its origin is as follows. with decreasing temperature; examples of this rise in real

C. Origin of the paramagnetic Meissner effect:
A phenomenological local moment model
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data are shown in Fig. 9. The value of inside the tanh mentsM(T*) to which these curves tend at the lowest tem-
should be the moment at a temperature just bélopwwhile  perature. The momemt (T*) is due to those moments with
the value ofm outside the tanh should be the moment at theenergy barriers high enough to ensure freezing-in at the tem-
low temperature. However, as we see from Fig. 9, these meratureT*. If we assume that at the relevant temperatures
ments differ by only about 30%, which is probably less thanall the momentsn; have the same magnitude, we can deduce
other uncertainties that are present in our analysis. distribution functions such as those shown in Fig. 12. We

In practice, different local moments may have associatedan see that it is sharply peaked at a temperature of about 77
with them different values afn andT;. Equation(4.6) must K. In our later analysis we shall therefore take to be

then be generalized to constant and equal to 77 K.
We have already noted that the moment along the FW line
momiH(T4) (B—T. in Fig. 3 is due to diamagnetic screening at tem-
M= Z Nimitam‘(w) (4.7 peratures below about 50 K, but that a component due to the

PME must be present at higher temperatures, with(Eq)

If the moments can point in any direction, these results willStill holding. This is easily understood. Below about 50 K
be modified, but only to a minor quantitative extent. there can be no reorientation of the local moments, and
In this analysis we have ignored magnetic interactiongherefore they can make no contributionMg., after a zero-

between adjacent local moments. We shall argue later thaield cool. Above about 50 K some of the local moments can
this neglect is justified. change their orientations within the time scale of an experi-

ment, and these moments will contributeMig,y, . At a given
temperature it is these same moments that are subject to re-
laxation following field removal at the poitid during a field

We show now that the phenomenological local momentool. Thus, at temperatures exceeding about 50 K,(&4)
model can give a satisfactory description of the observedtill holds at the low fields of interest hefsee Fig. 4, the
paramagnetic Meissner effect, provided that the local moeontribution toMp,, from the local moments being equal to
ments are assumed to have certain characteristics. the difference between the contributions of these moments to

At temperatures abové, the magnitudes of the local M c and Mgy . (It is interesting to note that this type of
moments must be negligible. As the sample is cooled belovbehavior would be different if the PME that is established
T, in afieldH (T,—E—C), the moments become signifi- during a field cool were due to a nonequilibrium distribution
cant and are partially or totally aligned by the field. At a of flux trapped during cooling through, .)
sufficiently low temperature, the moments become frozen in, If, as we suggest, the form of the curd® in Fig. 2 can,
and there is no reorientation when the field is removed. Buin the absence of flux trapping, be described by a superposi-
the field removal eliminates the diamagnetic screening curtion of Brillouin functions, such as is given by E@.7), then
rents. The momenM ,y must then be due simply to the we ought to be able to use this curve to obtain information
frozen-in momentsi.e., the PMB, and Eq.(3.1) must obvi- about the number and magnitude of the local moments
ously be obeyed. present in our samples. Although the expres$bf) gives a

As we have already noted, the FC curve.E—C in qualitatively correct description of our results, it is not in
Fig. 2, is reversible only if traversed sufficiently slowly. guantitativeagreement with the observed dependence of the
This is consistent with the idea that reorientation of the locamomentM ;¢\, at a low temperature on the field in which
moments takes time. We also noted that if the field is turneatooling takes place, as we see from Fig. 7. We are led there-
off at a pointE, say, the net paramagnetic moment increasefore to try the more general expressi@n?). As we have just
abruptly, corresponding to an abrupt loss of the diamagnetiseen, there is evidence thBt can be taken as constant and
screening moment, and then relaxes back by some 10-20 &gual to 77 K, so that we must assume that the localized
in such a way that the change in moment is proportional tatnomentsM; are spread over a range of values. In fact, for all
the logarithm of the tim¢Figs. 1@a) and 1@b)]. We identify  our samples, we can fit our experimental results by assuming
this relaxation with a gradual reorientation of the local mo-that there are just two groups of localized moments: a total of
ments that have not been completely frozen in at the temN, entities each with magnetic momemi and N, entities
perature concerned. As can easily be shown analytically angach with momenin,, both withT;=77 K. In carrying out
has been shown by computer modelfighe logarithmic  this fitting procedure, we have included data at fields in
dependence on time can be accounted for if there is a widehich there is some conventional flux trapping, and we have
spread of relaxation ratesas defined in Eq4.4). We iden-  assumed that this trapping is correctly described by an equa-
tify the curveF— G, taken after relaxation at the tempera- tion of the form(3.2), the parametera and o being deter-
ture T*, as being due to a temperature dependence of theined from fits at high field, where the PME makes a neg-
magnitudes of the local momems rather than in thewum-  ligible contribution. Examples of the quality of the fit are
ber of moments that are frozen in. Below about 50 K there isshown in Figs. 7 and 11. Of course, the assumption that there
little relaxation, theF— G and the ZFW curves almost co- are only two groups of moments is likely to be an oversim-
incide, and all temperature dependences must be associatglification, but the valuesn;, m,, N;, andN, are likely
with temperature dependences of thgs. nevertheless to representvaluable estimate of the magni-

In reality, there may be a range of freezing-in temperatudes of the local moments and their concentrations and of
turesT;. Our measurements allow us to judge the width ofthe spread of these valua#/e find that most of the moments
this range. We have followed curves of the type-G fora  have a value of about410 1" A m ~2 at a concentration of
range of temperatureE*, and we have measured the mo- typically 2x 10 kg~! (equivalent to a concentration per

D. Comparison of the local moment model with experiment
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unit volume of sample of typically 8 10'* m 3, whichis a  the states with minimum energy contain trapped flux equal
factor of about 10 less than the concentration of platgletsto, or a little less thant ¢o/2 and have magnetic moments
but that a few percent of the moments are a factor of order 1@iven approximately by

larger.
The analysis that we have carried out in this section has 7R,
been based on two assumptions relating to the neglect of m==* (4.9

SO : . T 2uo
magnetic interactions: first, between the local moments #o

themselves and, Second, between the local moments and th%nsitions between these two values are Opposed by a po-
diamagnetic moments of the surrounding diamagnetic pafential barrier.

ticles. We can judge whether the first is a reasonable assump- |n principle, such loops could provide the localized mo-
tion by incorporating a Lorentz local magnetic field in the ments with which we are concerned. They might be formed
deviation of the total magnetic moment of the assembly ofrom rings of platelets, the junctions being formed at the
local moments. If all the moments have the same valuat  points of contact between the platelets, although there is evi-
a concentratiomN/V per unit volume of sample, the effect of dence, as we have seen, thanerallythese contacts are not
the Lorentz field is to introduce a Curie temperature, give%uperconducting_ Mechanical damage m|ght well destroy

by such loops, so that the observed effect of such damage in
destroying the moments would receive a natural explanation.

wom?N However, for the typical powdered material on which we

TCuriezm- (4.8 have carried out experiments, such loops will presumably

have radii of order the width of a platelet in tlad plane,

Using the valuesn=3x10"1® Am?2 and N/V=1.3x 105 i.e., of order lum. Equation(4.9) then leads to a moment of
m~3, appropriate to the small concentration of large mo-order 2.6<10"*> Am?, which is a factor of almost 100
ments, which will have the highest Curie temperature, wearger than the majority of the observed moments. In fact, to
find that Tcie~4 K. It follows that the interactions will obtain from Eq.(4.9) a moment as small as the majority of
have only a small effect at temperatures of order 70 K, wher&10se observed, it would be necessary to tKess than a
freezing in of the moments occurs. penetration depth, which is fundamentally impossible. A
Turning now to the second type of magnetic interaction Single junctionsharing two loopsould have an arbitrarily
we see that during a field cool the local moments responsibl@mall magnetic moment if the loops are of essentially the
for the PME are exposed to a combination of the externafame size. However, such a geometry seems very unlikely to
field and the field due to the diamagnetic moments of thedlise in a random arrangement of grains. We conclude that
surrounding particles. The effect of the surrounding particledntergranular loops containingz junction are unlikely to be
can be viewed as a local field, and as we have already seenfiisponsible for the PME.
Sec. IV B, the effect of this local field is quite small and can  This conclusion can be strengthened by the following ar-
be neglected. gument. To obtain the required value for the local moment,
We find that both thermal cycling and mechanical damagéhe loop size would certainly have to be comparable with the
result in a substantial reduction in the PME and that thig?€netration depth. This would require a circulating current in
reduction is due generally to a reduction in ttencentration ~€ach loop of order 5 mA in order to generate half a flux
of local moments rather than in their magnitudes, the reducduantum. We might try to imagine such a loop to be formed
tion in the concentration of large moments being particularlyffom several platelets in contact, thejunction forming at a
strong. An exception is provided by the heavy compressiopoint of contact between two platelets; if, as we have already
of the powder, which results in a reduction in both momentestimated, the area of contact between two platelets is about
magnitude and moment concentration. As we mentioned -2 um?, the current density through the junction would
Sec. IV B, annealing in oxygen of a powder sample serves t§ave to be greater than 0A m 2, which is larger than the
reverse the loss of the PME moment due to thermal cyclingcritical current in a single Bi-Sr-Ca-Cu-O crystal at low tem-
peraturegtypically 1 Am ~2) (Ref. 41, and is therefore
quite unreasonably large.
Another possibility is that a loop forms within a platelet,
Our model supposes that there are within some of théhe junctions existing at grain boundaries. One interesting
superconducting particles entities that have permanent magnd attractive possibility is that the loop is centered on the
netic moments, due presumably to persistent circulating curintersection of three grain boundaries, the effectivgunc-
rents, even in the absence of an applied magnetic field and ion forming between differently oriented crystals and being
the absence of conventional flux trapping. Such moments camssociated withd-state pairing in the superconduct8r®
appear only if there is breaking of time-reversal symmetry. Yet another possibility is that a platelet contains one grain
It has been suggestetf?®that the paramagnetic Meissner boundary with a negative Josephson coupling energy along
effect is due to superconducting loops that contain one opart of its length?? However, confinement of the trapped
more Josephson junctions, an odd number of such junctiorffux within an area comparable with the square of the pen-
within a loop having a negative coupling energy. Such a loogetration depth would again require currents through the grain
breaks time-reversal symmetry. Consider a circular loop, raboundaries that are unrealistically large.
dius R, containing one such junction. Its inductankteis In fact, there is a more serious objection to these possi-
roughly ugR. If the McCumber parameteg8=27xLIy/¢pgis  bilities. The required half-quantum flux trapping would
significantly greater than unity and the applied field is zeroamount to the trapping of something like a half-quantum flux

E. Origin of the local moments
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line. At first sight the moment associated with such a fluxmoments without affecting the magnitudes of those that re-
line is (¢ot/2up), Wheret is the thickness of the platelet and main. Yet another possibility is related to the fact that any
where we have taken account of only the circulating currentirculating current arising from a violation of time-reversal
flowing within a penetration depth of the core of the vortex.symmetry is confined to the surface of the sample and that its
However, such a calculation ignores the current that mustnagnitude is strongly affected by the boundary conditions on
necessarily flow on the whole surface of the platelet, to ahe order parameter at the sample surf&cany moment
depth equal to the penetration depth, associated with the rerising from a surface current could therefore be affected
turn flux. This latter contribution is particularly important in strongly by local oxygen loss from the surface of a platelet.
the case where is small; in our plateletst is not much  As we have seen in Sec. IV B, there is some evidence that
larger than the relevant penetration depth. Taking account ghechanical damage can lead to oxygen loss, so that the loss
this extra current, we estimate that the moment is probablyf the PME in some of the platelets following mechanical
increased by an amount equal to rough#,R/2uo), where  gamage could indeed be associated with oxygen loss from

Riis the radius of the platelefA general expression for the theijr surfaces. Further experiments would be required before
moment of a platelet containing a flux line at its center seem$,y, conclusions could be drawn.

not to be available. We have therefore based our estimate on
published calculations of the current distribution due to one

flux line in an4;nfinite disk o_f thic_kness, in. tvvp limits. In F. Bulk samples and analyses by other authors
the caset<<\,™ the current is uniformly distributed across ) )
the thickness of the disk and falls off as i3y at distances e have analyzed the data for a bulk ceramic sample in

large compared with an effective penetration depth ofthe same way as for the powder samples. Again, we take the
2)\?/t. In the case>\,* the current in the bulk is signifi- ZFW data and obtain the PME component by subtracting a
cant only out to a distance of order but there is in addition component due to conventional trapped flux that is assumed
a surface current density that again falls off asr{f)l/ at to be given by an expression of the for(®.2), the param-
distances large compared with the ordinary penetration deptétersa and @ being determined from the observed behavior
\. For a disk of finite radiusR, large compared with the at high magnetic fields. The component due to conventional
relevant penetration depth, with one conventional flux line atrapped flux is much larger than is the case with powdered
its center, the surface current in both limits contributes arsamples, and so the procedure by which the PME is extracted
amount @R/ 1) to the total magnetic moment. In the caseis less reliable. To the extent that our procedure is formally
t>\, there is an additional contribution equal téq/wu,)  equivalent to a fitting of the FC data to the sum of a trapped
from the current flowing in the bulk. Our estimate of the field term, a conventional Meissner moment, and a term due
moment in the case whetr~\ is based on the reasonable to the PME, we are following other authors. We find that the
assumption that the surface contributiapoR/ 1) is present  yalues of the localized moments derived from the double-
throughout the transition between the two extreme lifits. tanh fit are very similar to those obtained from the powder
This increased moment is certainly very much larger tharsamples, a fact that adds support to our view that the PME is
that ol:_)served, o) thamtragr_anular Ioop_s_, mg:ludlng those ot associated with intergranular contacts.

that might be associated witistate pairing in a tricrystal, A e mentioned in the Introduction, other authors have

) : eéhalyzed their experimentally observed FC curves in terms
on the assumption that the half-quantum flux line round Eq. (1.1), where the first term on the right-hand side in-
which the loop forms is on average not too far from the '

center of a platelet. If the flux line were always positionedcorporaltes the effects of diamagnetic flux expulsion and of

very close to the edge of a platelet, then the moment could bféux trapping, while the second term describes the fundamen-

reduced to a value comparable with that observed. tal paramagnetic Me?saner eﬁact. Thia second term incorpo-
Yet another possibility is that the local moments arise"a(€S @ fieldH, describing the interactions between the mo-
from the fundamental nature of the superconductivity in Bi-MeNts responsible for the paramagnetic Meissner effect.
Sr-Ca-Cu-O. If the superconducting ground state lacks time- W€ emphasize that in our own analysis we have assumed
reversal symmetry, the ground state of an individual crystafhat interactions between the local moments can be ne-
can in principle carry a circulating current and therefore havedlected, and we have presented evidence in favor of this
a magnetic moment. A search for such moments in Y-Baassumption. In contrast, the formu(a.1) and the orbital
Cu-O powder was unsuccessfflllf, as has been suggested, glass model underlying it are based on the idea that there are
the pairing in Y-Ba-Cu-O isl,2_2, time-reversal symmetry strong interactions between the local moments. We mention
is not violated, and no moment would be expected. The situat this point one other piece of evidence that interactions are
ation might be different in Bi-Sr-Ca-Cu-O. However, we not important. We have obtained values Mg andH, by
must emphasize that our results suggest that only a smdilting Eq. (1.1), for three representative groups of samples
fraction (of order 1 in 10 of the platelet crystals in our (powder, sintered material, and ground sintered majerial
Bi-Sr-Ca-Cu-O samples exhibit a moment, so that evidenceome of which were used in our own work and some in the
for any general violation of time-reversal symmetry is lack-work of others. We find that within any given grou,
ing. Perhaps the pairing is modified in a small fraction of thedecreases with increasimd),. This is contrary to expectation
Bi-Sr-Ca-Cu-O crystals, as a result, for example, of strainif Hg is to be associated with interactions.
Again, mechanical damage might then lead to loss of the We have reanalyzed the experimental results of other au-
moments, although it is curious that the less extreme form#hors in terms of our own model, in the same way as for our
of mechanical damage seem to reduce rthenberof local ~ own bulk samples. We find that the magnitudes of the result-
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ing local moments and their concentrations turn out to beve have taken the view that they are sufficiently good to
very similar to those found for our own samples, if we use amake it worthwhile pursuing an analysis based on them. In
single-tanh function. This points strongly to a common ori-this analysis we have introducedl@al moment modein
gin for the moments found in all samples, and it furtherwhich the PME arises from the presence within the powders
reinforces our view that the PME is not associated with in-of local magnetic moments of unspecified nature, which
tergranular contacts. form just below the superconducting transition temperature.
We recall from Sec. | that some auth®¥€ have used At high temperatures the moments can be partially oriented
relation (1.2) to deduce an effective loop ar&associated by an applied magnetic field and therefore contribute to a net
with each local moment. Typically§ has a magnitude of a moment, but the net moment becomes frozen in at a lower
few square micrometers, which could arise only if the loopstemperature. Our experimental results are broadly consistent
are formed from a number of grains. Equations of the formwith this model, and we are able to deduce the magnitudes of
(1.2) are based on simple and unrealistic models. In ourthe moments, their concentrations, and the temperatures at
approach the crossover fiel, results from a balance be- which freezing-in occurs. The suggestion that the moments
tween the PME on the one hand and conventional diamagarise from superconducting loops containing an odd number
netism and flux trapping on the other; these two groups oPf Josephson junctions with negative coupling energy is ex-
phenomena being, as we see it, unrelated, there is no bagiglined, but it is shown that the magnitudes of the moments,
for Eq. (1.2). Indeed, the application of E@1.2) to a set of as deduced from our analysis, are almost certainly too small
our own samples, derived by successive crushing of a bulko be consistent with this suggestion. Another possibility is
ceramic sample, gives rise to a value®fhat increases as that the effect is associated with some fundamental violation
the clump size decreases and indeed becomes larger than ®fetime-reversal symmetry within the single-crystal grains,
clump size for the most severely crushed powder. This doeglthough, if our analysis is correct, the effect must be con-

not make sense. We suggest that the use of(E@) is not  fined to only a small fraction of the grains. A possible con-
justified. clusion of our work is that the local moment model is in fact

incorrect and that the PME is due to some form of more or

less conventional flux trapping, taking place in addition to,
V. CONCLUSIONS and independently of, that described by E8,2). The pos-
ibility that forms of conventional flux trapping are indeed

netic Meissner effect, and we have concentrated our attentioigSPOnSible for the PME has been suggested in several recent
on the effect as observed in finely powdered Bi-Sr-Ca-Cu-d)aloeré Howev_er, a theory of S.UCh flux trapping, reI.-
produced by spray pyrolosis. We have presented argument@,’am to the PME in very small particles and consistent with
based on the form of the experimental data, for supposin&ur observations, has yet to be developed.

that the PME is not due to conventionally trapped flux lines, ACKNOWLEDGMENT
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