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Rice and Sigrist~RS! have proposed ad-wave mechanism to explain the paramagnetic Meissner effect
~PME! observed in some inhomogeneous samples of high-Tc superconductors. However, the observation of a
PME in some inhomogeneous samples of Nb~ans-wave superconductor! demonstrates that ad-wave pairing
mechanism is not needed to produce the effect. Moreover, the remarkable similarity between the PME ob-
served in these Nb and in the high-Tc samples argues that the same mechanism is operable in both types of
superconductors. In this Reply, new measurements on La2CuO41d and on irradiated Nb are discussed, which
strongly support the notion that the PME is most likely associated with layeredTc inhomogeneities. Further
experiments to test this notion are proposed. We also discuss critically the three experiments proposed by RS
to distinguish between two PME mechanisms unrelated to layeredTc inhomogeneities.
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In several papers1 and in the previous Comment,2 Rice
and Sigrist~RS! argued that the observation of a parama
netic Meissner effect~PME!, or Wohlleben effect, in some
granular samples of Bi2Sr2CaCu2O81d ~BSCCO! provides
strong evidence for the existence of ad-wave pairing mecha-
nism in the high transition temperatureTc cuprates. How-
ever, a similar effect was recently reported3 and confirmed
by us4 in some inhomogeneous disk-shaped samples of N
fieldsH normal to the disks. Upon polishing the surfaces
those Nb samples exhibiting the effect, the shape of the
perconducting transition was altered and the PME dis
peared. Thus, we3,4 attributed the PME to surfaceTc inho-
mogeneities, combined with inhomogeneous flux pinn
effects, which were also known to be present.

We argued that the origin of the PME is likely to be th
samein Nb ~an s-wave superconductor! and BSCCO, and
thus cannot be attributed to ad-wave mechanism. Some re
cent measurements provide additional support for a comm
mechanism in all superconductors exhibiting the PME
date. Although the precise mechanism is presently unkno
the phenomenon appears to be closely associated with
eredTc inhomogeneities in the samples. In their Commen2

RS presented three experimental tests to distinguish betw
two proposed mechanisms, flux compression and orb
magnetic moments~OMM’s! appearing as a consequence
d-wave pairing, neither of which contains this crucial fe
ture. In the following, we summarize these new and ot
experimental results, and propose additional experime
We also critically review the three experiments proposed
RS.

The field-cooled magnetization~FCM! M (T) andM (H)
curves obtained3,4 for inhomogeneous Nb werestrikingly
similar to those obtained for some melt-cast, polycrystall
samples5 of BSCCO. With cooling, theM (T) showed a pro-
nounced dip atTc , followed by a rise to a paramagnet
~positive! value at lower temperaturesT, and remained rathe
constant down toT50. With increasingH, the low-T
M (H) increased from 0 to a broad maximum, and then
creased, eventually becoming diamagnetic~negative!. These
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are the same characteristic PME behaviors of those BSC
samples.5

Most BSCCO samples do not exhibit the PME. The bro
transitions in those few BSCCO samples exhibiting the PM
~Refs. 5–7! indicate that those samples are veryinhomoge-
neous. It appears this strongTc inhomogeneity is a necessar
condition for the appearance of the PME in both Nb a
BSCCO.

The PME was also observed in single crystals
YBa2Cu3O72d ~YBCO! ~Ref. 8! and La2CuO41d ~LCO!.9

Similar to the effect of polishing the surfaces of Nb, th
PME disappeared after cleaving the single-crystal
YBCO.8 These single-crystal results are apparentlyinconsis-
tentwith the RS model. The RS model requires the prese
of p junctions arising from different lobes of thed-wave
order parameter present at internal interfaces~grain bound-
aries!, where spontaneously generated OMM’s occur. A
though p junctions could arise in YBCO and LCO from
magnetic impurities at sites of oxygen inhomogeneities, th
could only occur in thed-wave model of RS forc-axis
aligned grains if the grains have substantialab orientation
variability other than at twin boundaries, which variabili
does not occur in single crystals. Thus, as RS agree
d-wave mechanism is apparently notessentialto produce the
effect in high-Tc cuprates. Furthermore, it cannot explain t
appearance of the PME in single-crystal YBCO and LCO

In YBCO, the PME observed to date is quite small, rath
similar in magnitude to the effect observed to date in N
Some samples of BSCCO have shown a much larger PME6,7

However, in single-crystal LCO,9 a very large PME was also
reported. The field-cooled susceptibilityx at 2 Oe and
T→0 was 26% of 1/4p. We note that in Ref. 9, systemati
measurements were not made to determine the maxim
PME x. However, in BSCCO, the maximum PME occurs
H!2 Oe;7 the response is diamagnetic at 2 Oe.5–7 Thus, it is
possible that the maximum PMEx would be even larger in
LCO than in BSCCO. In any event, very large PME’s can
observed in high-Tc oxides under special circumstance
which are not explainable with the OMMd-wave mecha-
nism of RS.
14 649 © 1997 The American Physical Society
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Very recently, neutron-diffraction measurements were
ported for thesameLCO single crystal which showed th
very large PME.10 Those measurements showed that
composition was aninhomogeneouslayered mixture of dif-
ferent stage oxygen intercalation compounds, with roug
60% of stage 2, and 20% each of stages 3 and 4, res
tively.

Since La2CuO4 is an insulator, theTc value of LCO de-
pends strongly upon the oxygen stoichiometry. The obse
tion of variable local oxygen intercalation compositio
strongly supports the notion thatTc varies substantially in
that material, with the primaryTc variability being layered in
nature. This behavior would appear to be similar to that
served in the Nb and YBCO samples where evidence of
ered Tc inhomogeneity was reported.3,4,8 Furthermore, we
note that it has been reported very recently11 that the PME
could be enhanced and eveninducedin Nb samples not pre
viously showing it, by irradiating the top and bottom 120 n
of the disk-shaped Nb samples with Kr ions. In all of the
cases, it appears the magnitude of the PME is closely co
lated with the amount of layeredTc inhomogeneity.

Thus, the evidence is strong that the same mechan
which causes the PME in Nb, in single-crystal YBCO, and
single-crystal LCO, is also causing the PME in the inhom
geneous BSCCO samples. We do not find it persuasive th
separate mechanism need be proposed to account fo
PME in BSCCO. Nor do we find it persuasive that the oc
sional observation of the PME in inhomogeneous BSC
provides any evidence pertaining to the pairing mechani

In their Comment,2 RS state that OMM’s have been ob
served in a number of experiments involving controlled g
ometries~Ref. 6 of Ref. 2!, and assert that these experimen
confirm the existence of OMM’s which appear as a con
quence of theird-wave mechanism. While a Reply is not th
appropriate forum for us to comment specifically on deta
of other experiments, we remark that each of those exp
ments cited has its own set of experimental problems, c
plicating the interpretations. Some of those experiments h
already been discussed as arising from corner effects12 or
self-field effects,13,14 and the rest of those cited experimen
can have other possible interpretations, usually involv
sample defects and/or trapped flux.15,16

RS described three experiments, which they asse
would distinguish between two different mechanisms~OMM
and flux compression17! that had been proposed to expla
the PME. They did not consider any mechanism involvi
layeredTc inhomogeneity. Here, we consider those propo
experiments.

~1! RS note that the magnitude of the reported PME in
is small, and thus may be consistent with flux compressio17

They infer that one would never expect to find a large PM
in Nb, whereas a large PME has already been observe
BSCCO. We agree that additional information could co
from comparative magnitude studies. We do not know h
large the effect can be in Nb, since optimal conditions for
effect are not known. However, we do know that, like in N
a small~or even zero! PME is usually observed in BSCCO
Again, special~unknown! sample conditions are needed b
fore the signal can be observed. If a large PME were
served in Nb, this would provide more evidence that
effect had a common origin in Nb and the cuprates. Ho
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ever, if larger PME magnitudes were not found in Nb, o
could not be sure that suitable samples had been prepar
maximize the effect.

~2! An anomalous, nonmonotonic microwave absorpti
~MWA ! in a static external field was observed in some c
prate samples that showed the PME.5 These experiments
have not yet been performed on inhomogeneous Nb, and
agree that such experiments should be performed. Howe
we again disagree with RS regarding the likely significan
of such experiments. In the work reported in Ref. 5, of t
eight cuprate samples exhibiting the PME in which the fie
dependence of the MWA was measured, three samples
hibited the anomalous MWA and five samples did n
Clearly, there is not a robust correlation between the P
and the anomalous MWA, as one might expect if the MW
were readily understood in the context of OMM’s.

In addition, the anomalous MWA was only observe
within a narrowT range, approximately between 1 and 6
belowTc ,

5 which corresponds roughly to theT regime over
which x(T) is rapidly decreasing with increasingT, or ap-
proximately the width of the transition. If the anomalou
MWA were found to occur in PME-exhibiting samples of N
in the very narrowT range~roughly 0.1–0.2 K wide! over
which dx/dT,0, our contention that the origin of the PM
is similar in BSCCO and Nb would be further supporte
However, nonobservation of the anomalous MWA in seve
samples of inhomogeneous Nb would not imply a differe
origin of the PME from that in BSCCO. Even in BSSC
samples showing the PME, the anomalous MWA is on
sometimes observed just belowTc .

~3! RS assert that the direct observation of the OMM w
a superconducting quantum interference device~SQUID! mi-
croscope in zero-field-cooled~ZFC! cuprate samples exhib
iting the PME would constitute a proof of their propose
OMM ~i.e.,d-wave! mechanism for the PME. Implicit in this
assumption is their belief that trapped flux could be co
pletely eliminated by sufficient magnetic shielding. How
ever, inhomogeneous samplesalways exhibit trapped flux,
possibly generated spontaneously in the creation of vor
antivortex pairs upon cooling throughTc . The signature of
the trapped flux can be indistinguishable from OMM wh
observed in SQUID microscopes.18 Moreover, good-quality
single crystals of YBCO have recently been shown by
sephson junctions19 and by a SQUID microscope20 to have
substantial trapped flux lying in theab plane,evenwhen the
sample was cooled in a well-shielded, nominally zero m
netic field. A SQUID microscope placed above a ZF
sample would only measure the field component in a fix
direction, usually normal to the layers. In general, it wou
not accurately account for flux which lies predominantly
theab plane~parallel to the layers!, and pops out~normal to
the layers! at defect sites, as in Ref. 18. The observ
SQUID signals, resulting from trapped flux, could easily
mistaken for OMM’s.

RS argued1,2 that optimal samples for showing the PM
consist of clusters ofc-axis aligned large grains~platelets,
'10 mm!, which are randomly oriented but well connecte
within the basal plane. According to simulations, optim
PME conditions are also obtained with a high density of su
c-axis aligned grains.21 To test their hypothesis, we hav
measured 12 samples of Bi1.8Pb0.4Sr2Ca2Cu3O101d
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~BSCCO-2223! which should very closely satisfy these op
timal conditions. The samples are silver clad tapes conta
ing high-purity, densely packed BSCCO-2223 polycrystal
with grains that are 1–10mm in size, approximatelyc-axis
oriented, and randomly oriented in theab plane.22 The
samples typically have sharp superconducting transitions
109.5 K, with a width of 1 K, as determined from the 10–
90% zero-field-cooled magnetization~ZFCM!, and have
large transport current densities ('1.73104 A/cm2) at 77 K
in the tape plane, measured in zero field. These measu
ments indicate that the samples are homogeneous and of h
quality. Figure 1 shows typical ZFCM and FCM measure
ments. The ZFCM was measured on warming in 0.1 Oe fie
For the FC masurements, samples were cooled and meas
on warming in fields of 0.01, 0.1, and 0.5 Oe. These a
typical measuring fields at which the PME has been observ
in the other materials. However, these data show the ordin
Meissner effect behaviornormally observed in high-Tc su-
perconductors. Of the 12 samples measured, none show
the PME. Thus, the experimental configuration optimal fo

FIG. 1. Comparison of FCM and ZFCM measurements from
c-axis aligned polycrystalline sample of Bi2Sr2Ca2Cu3O101d tape.
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the observation of the PME from the RSd-wave-generated
OMM mechanism does not always lead to a PME. In ad
tion, these results reinforce our notion that the PME is as
ciated withTc inhomogeneities, or broad transitions.

In the interest of clearly determining the PME mech
nism, we suggest the following set of experiments:~1! Per-
form a careful study of the PME in single-crystal LCO wi
varying oxygen compositions. Correlate the effect w
structural and compositional variations, including sample
mogeneity.~2! Try to induce the PME in cuprate sample
such as the sample for which the magnetization data are
sented in Fig. 1, which do not show the effect. This could
done~a! by ion bombardment of non-PME cuprates,~b! by
making a multilayer of differentTc cuprates, or~c! by mak-
ing mixtures of sintered cuprate samples, in which the d
ferent components of the mix have sharp, but differentTc
values. These experiments might help to determine if
layering aspect of theTc inhomogeneities is indeed an esse
tial ingredient in the actual mechanism for the PME.

In short, the experiments suggested in the previo
Comment2 could provide supporting evidence that th
mechanisms for the PME in inhomogeneous Nb and cupr
were the same, but could not be used to decide if they w
different. We have presented substantial evidence that
actual mechanism for the PME in both Nb and the cuprate
indeed the same, and is closely associated with layeredTc
inhomogeneities in the samples. We have also proposed
ditional experiments to help identify the precise conditio
necessary for the appearance of the PME. Finally, we bel
that the preponderance of evidence demonstrates that the
gin of the PME, while unknown,4,17 is unlikely to be related
to d-wave superconductivity.
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4P. Kostić, B. Veal, A. P. Paulikas, U. Welp, V. R. Todt, C. Gu, U
Geiser, J. M. Williams, K. D. Carlson, and R. A. Klemm, Phy
Rev. B53, 791 ~1996!.

5W. Braunischet al., Phys. Rev. Lett.68, 1908~1992!; W. Brau-
nischet al., Phys. Rev. B48, 4030~1993!.

6N. Knauf, W. Braunisch, G. Bauer, A. Kock, A. Becker, B. Fre
tag, V. Kataev, B. Roden, and D. I. Khomskii, Physica B194-
196, 2229~1994!.
,
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