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The paramagnetic Meissner effect~PME!, or Wohlleben effect, in which the field-cooled magnetization of
superconducting samples is paramagnetic belowTc , has been reported to occur in some samples of a variety
of high-Tc cuprate superconductors. It has been proposed that the effect arose in granular hole-doped cuprates
from current loops withp phase shifts of the superconducting order parameter at some grain-boundary junc-
tions. It is argued that such behavior would be expected to occur in ad-wave superconductor, but not in a
conventionals-wave superconductor. To test this hypothesis, we have searched for the occurrence of the effect
in Nb, and have confirmed a recent report by Minhajet al. of its occurrence in some Nb samples. For these
studies, the effects of stray fields and field gradients in the measurement volume of the superconducting
quantum interference device magnetometer have been carefully considered to rule out the possibility that
measurement artifacts might be responsible for the apparent paramagnetic behavior in Nb. TheM (T) and
M (H) curves obtained in Nb samples that show the PME also show remarkably strong resemblance to those
curves reported for the cuprate materials exhibiting the PME. Evidence is presented that the effect arises from
inhomogeneously trapped flux, and is strongly influenced by sample geometry and surface effects. These
results suggest that, for the effect to be observable,Tc on the sample surface must be different from the bulk
Tc . The occurrence of the PME in Nb strongly suggests that the observation of this effect is unrelated to
d-wave superconductivity.

I. INTRODUCTION

In addition to zero resistance below the transition tem-
peratureTc , the second defining property of ordinary super-
conductors is the Meissner effect. When a superconducting
sample is cooled in a magnetic fieldH to a temperatureT
below Tc ~or Tc1 in the case of type-II superconductors!
ideally all magnetic flux is expelled, and the sample behaves
like a perfect diamagnet, i.e., its susceptibilityx is 21/4p.
Because some flux pinning is always present in real samples,
flux expulsion is incomplete; the sample goes diamagnetic,
but with a susceptibility magnitudeuxu less than 1/4p and can
exhibit some amount of hysteresis.1 Recently, however, a
number of workers have reported observations of an unusual
low-field magnetic behavior in some samples of cuprate
superconductors.2–8 In these samples, the zero-field-cooled
~ZFC! x was diamagnetic, as in conventional materials, but
the field-cooled~FC! x was found to beparamagnetic, or
positive, belowTc . This effect has since come to be known
as the paramagnetic Meissner effect~PME! or Wohlleben
effect.

One of the earlier experiments3 reported measurements
using a commercial~Quantum Design, Inc.! superconducting
quantum interference device~SQUID!, in which the sample
is moving during the measurement. It has been argued that,
for such a system, the reported paramagnetism could have
been due to an artifact of the measurement.9 However, sev-
eral authors4–7 have since used SQUID magnetometers in
which the sample is not moved during the measurement, so
as to avoid that particular pitfall, and still claim to see the
effect.

Observation of the PME has been reported in films and
single crystals as well as sintered and melt-textured polycrys-
talline samples of cuprate superconductors. Typically, the

effect is observed in only a relatively small number of
measured samples. Samples of Bi2Sr2CaCu2O81d ~Bi2212!
which showed the effect were either sintered2 or melt-
processed polycrystalline,4 with the latter exhibiting the larg-
est paramagnetic signals. In the Bi2212 samples, the grains
were very flat, and thec axes for a significant fraction of the
grains were mutually aligned. In the measurements,H was
applied normal to the flat grain surfaces. There are two re-
ports of PME in single-crystal samples forHic, namely in
La2CuO41d ~Ref. 7! and in YBa2Cu3O72d ~YBCO!.6 A sub-
stantial effect was observed8 with Hic in c-axis-oriented
HoBa2Cu3O72d films and in polycrystalline, pressed pellet
~Er0.2Ca0.8!Sr2~Tl0.5Pb0.5!Cu2Oy samples.

3 The magnitude of
the PME varies from more than 50% of 1/4p ~50% of the
magnitude of full flux expulsion! in melt-processed Bi2212
to less than 3% in YBCO single crystals.

One proposed explanation10–14 for the origin of the PME
is based on the idea that Josephson coupling between grain
boundaries can result in spontaneous current loops originat-
ing fromp junctions at some of the grain boundaries. Sigrist
and Rice10 considered a single wire loop containing either a
single 0 junction or a singlep junction. For the 0 junction,
the current for Josephson tunneling across the junction could
be written asI5I c sind, whered is the phase difference of
the superconducting order parameter on the two sides of the
junction, which depends upon the magnetic flux trapped in
the ring. In this 0-junction case, the free energy was mini-
mized if no current spontaneously flowed in the ring, and
hence no magnetic flux was spontaneously trapped in the
loop. For ap junction, however,I52I c sind, which could
be written asI5I c sin~d1p!, corresponding to an additional
relative phase shift ofp across the junction. Sigrist and
Rice10 showed that the free energy was minimized if a spon-
taneous current flowed in the ring, creating a magnetic flux

PHYSICAL REVIEW B 1 JANUARY 1996-IIVOLUME 53, NUMBER 2

530163-1829/96/53~2!/791~11!/$06.00 791 © 1996 The American Physical Society



equal to one-half of a flux quantumF0 in the area enclosed
by the ring. They then argued that if the granular cuprate
sample exhibiting the PME consisted of a substantial collec-
tion of Josephson junctions at the points of nearest contact of
the grain, and if a substantial fraction of these junctions were
p junctions, then a significant amount of spontaneous current
and corresponding amount of fluxopposite in sign to the
applied field direction could be produced, and could account
for the large PME magnitudes observed in granular Bi2212
samples. Simulations by Domı´nguez, Jagla, and Balseiro11

were supportive of this contention, resulting in magnetiza-
tion M (T) curves that exhibited the dip just belowTc , fol-
lowed by the gradual saturation to large paramagnetic values
in the ‘‘Tp’’ regime, as observed.

2–5 For this explanation to
be valid, the orbital pair wave function must be very aniso-
tropic, changing sign about a center of symmetry. In Refs.
10–14, the order-parameter symmetry was considered to be
d wave.

To test the validity of this explanation we looked for the
PME in disks of elemental Nb cut from a variety of source
materials. Nb is generally considered to be a conventional
superconductor, exhibiting the usual BCSs-wave order pa-
rameter and isotropic gap function. If the paramagnetic effect
could be observed in Nb, then the PME can have a conven-
tional explanation and may not require ad-wave or exotic
pairing mechanism. We consistently observe the PME in Nb
disks cut from some sheets of rolled Nb. Disks cut from
other source materials do not show the effect. TheM (T) and
M (H) of the PME Nb samples are remarkably similar to
those reported for the PME cuprate superconductors. The
PME in our Nb samples is very sensitive to the details of the
sample surface and geometry. In particular, we present evi-
dence that the surface layers of the PME samples have a
differentTc than the bulk, and that removal of these surface
layers removes the PME as well. These results confirm a
recent report by Minhajet al.15 who observed the effect in
inhomogeneous samples of Nb that show very broad or mul-
tiple superconducting transitions. Thompsonet al.15 ob-
served thatTc’s on the sample surfaces were lower thanTc’s
of the bulk. We have observed similar behavior in samples
cut from one source of rolled Nb. PME samples cut from
another source of rolled sheet showTc’s on the sample sur-
faces that are apparently higher thanTc’s of the underlying
bulk. The latter behavior~PME associated with a high sur-
faceTc! was also reported by Luchtet al.

18 on measurements
of single-crystal YBCO. It appears that the PME can be
found ~perhaps quite generally! in samples showing strong
flux pinning if the sample surface is appropriately altered
relative to the bulk. We speculate that the effect might be a
result of flux compression, possibly aided by strong surface
pinning, that might develop as the sample cools throughTc .

We have extensively checked our experiment for artifacts
~stray fields, nondipolar response, etc.!. Details of these stud-
ies are given in the Appendixes.

II. EXPERIMENTAL

A. Samples

A variety of Nb samples were prepared for this study.
Some showed the PME effect, some did not. All of these
were disk-shaped, with diameters from 3 to 6 mm, and vary-

ing in thickness from 25mm ~1 mil foil ! to 1.8 mm. Samples
that did not show the effect include:~1! A 3 mm diameter
sample~labeled JW! prepared from ultrahigh-purity Nb, by
rolling a Nb ball ~of nominally 99.9999% purity! between
sheets of 99.99% Nb, to a thickness of;0.2 mm, ~2! disk
samples, from Materials Research Corp., 0.3–1.6 mm thick,
sliced from 1/4 in. diameter rod~labeled BV!, with specified
purity 99.8%, and~3! disks, 6 mm in diameter, cut from one
mil thick Nb foil of unknown purity.

Samples that reliably showed the PME came from two
different batches of commercial cold rolled Nb sheet of un-
known origin, purchased between 5 and 30 years ago, with
thicknesses 0.25 and 0.51 mm~10 and 20 mils!. A chemical
analysis of the 0.25 mm sheet~labeled KG! showed this
material to be no more than 99.9% pure.~The Nb could be
significantly less than 99.9% pure owing to contaminants not
determined, i.e., elements lighter than the first row transition
elements.! Ta and W were the principal contaminants in con-
centrations totaling;800 ppm. TheTc values for all Nb
samples in this study were 9.2 K or higher, with transition
widths of 0.2 K or less. The 0.51 mm sample was labeled
BK.

B. SQUID magnetometers

Essentially all results that we report here were obtained
from a noncommercial low-field instrument16 which we des-
ignate SQUID No. 1. However, one sample~KG! which
showed a strong PME, was also measured in a commercial
instrument manufactured by Quantum Design, Inc. We des-
ignate this instrument SQUID No. 2.

Generally, samples were placed in the SQUID’s with the
appliedH oriented parallel to the disk axis. Because of de-
magnetization factors, this orientation gives the largest signal
for a given appliedH. The magnitude ofM was calibrated
previously by measuring it for a Pb sphere in the Meissner
state and for a soft ferromagnetic sphere.

In the low-field SQUID No. 1, the detection system con-
sists of two balanced counterwound superconducting coils,
axially oriented, with the sample normally located at the cen-
ter of the upper coil. The positions of the coils are at approxi-
matelyz550 and 60 mm relative to a fiducial mark on the
sample probe. When a superconducting sample is cooled in
an appliedH through itsTc , magnetic flux is normally ex-
pelled from the sample and a current is induced in the pickup
coil which is fed to the SQUID and detected. In the usual
mode of operation, diamagnetism or paramagnetism is deter-
mined by the sign of the induced signal, monitored asT is
swept throughTc . Since it is much easier to control the
warming rate than the cooling rate in this system, measure-
ments were normally taken with the sample warming after
cooling in the appropriateH. In order to avoid stray mag-
netic fields caused by the heater current, the sample heater
was not used for these measurements. The sample was al-
lowed to warm slowly as a result of heat leaks into the sys-
tem. With this procedure, the sample is not moved during the
course of the measurement. The magnetic response was
readily studied vsT with H between 0.01 and 50 Oe.

Measurements with a stationary sample avoid problems
which can be caused by moving the sample through a poten-
tially nonuniform appliedH. However, measurement fields
in the PME experiments are sometimes very small~e.g.,
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mOe!. Thus, care must be taken to insure that effects of
residual fieldsHr are eliminated~see Appendix A!. Further,
stationary sample results do not allow one to judge whether
the observed signal is really a reflection of a magnetic dipole
moment or if it is caused by some distortedM distribution.
By scanning the sample through the superconducting pickup
coils and analyzing the resulting traces we confirmed that the
Nb discs can show paramagnetic dipole moments in the
Meissner state. The results were corroborated in SQUID No.
2.

In SQUID No. 2, the sample moves vertically between
detection coils during the measurement. A central coil is axi-
ally located between two counterwound coils, with each
outer coil containing half the turns of the central coil. The
magnetic moment is determined, at a fixedT, by fitting a
function with the character expected from a dipole sample to
the observed signal which is oscillatory in the vertical posi-
tion. M (T) is obtained from a series of such measurements.

The low-field SQUID No. 1 contains double mumetal
shielding to minimize effects from the earth’s and other stray
fields. SQUID No. 2 is not magnetically shielded. Thus, the
earth’s magnetic field~;0.5 Oe! and other external fields of
unknown origin, might appear within the measurement vol-
ume. From SQUID No. 2, we consider only those measure-
ments taken at fields of 5 Oe or higher, where effects of stray
fields are sufficiently small.

To investigate the effects of residual stray fields and field
gradients, the system response of SQUID No. 1 was exten-
sively studied at fixedT,Tc as the sample vertical position
z along the axis of the two detection coils was varied~see
Appendix A!. A procedure was devised to measure the re-
sidual fieldHr(z) and axial field gradientH r8(z)5dHr(z)/
dz within the measurement volume. We found thatHr(z)
varied by about 4 mOe between detection coils. This stray
Hr was found to distort the dipole signal, sometimes confus-
ing the apparent sign of the response. By subtractingHr ,
such ambiguities were removed.

III. RESULTS

A. Shielding and remnant flux measurements

In Fig. 1, obtained from SQUID No. 1, we show a shield-
ing measurement; i.e., the ZFC~zero-field-cooled! M (T) for
a sample~KG-y! that shows a strong PME. The sample was
cooled inH50, and measured on warming inH50.1 Oe.
This sample exhibits the full diamagnetic signal expected for
the ZFC measurement. Note that the transition is sharp, oc-
curring within;0.15 K. However, a clearly defined step is
visible indicating the presence of two distinct transitions.

In Fig. 2, the low-fieldM (T) for a Nb sample~BV! is
shown. These data were obtained from a disk-shaped Nb
sample, 6 mm diameter and 0.25 mm thick, cut from an
ingot. The lower curve shows the~diamagnetic! ZFC curve,
measured in 0.01 Oe; i.e., the~essentially complete! exclu-
sion of the flux imposed on the sample after cooling it below
Tc . The upper curve representsM (T) measured on warming,
with H50, after cooling belowTc in 0.01 Oe. This curve
measures the flux retained by the FC sample, whenH is
subsequently removed belowTc . This signal is comparable
in magnitude to the ZFC trace indicating that nearly all flux
penetrating the sample aboveTc has been trapped atT,Tc .
The open circles are the FCM , when the sample is both
cooled and measured~warming! in 0.01 Oe. The FC data are
roughly equivalent to the sum of the ZFC data and theH50
data taken after cooling in 0.01 Oe. Thus, while this sample
does not show a PME, it displays very strong flux pinning
and a very small FC signal, behavior typical of all the Nb
samples that we studied. For different Nb samples with dif-
ferent surface preparations, we find that the small FC signal
is sometimes positive~paramagnetic!, and other times
weakly diamagnetic.

Note, also, that the transition in Fig. 2 is very sharp~less
than 0.05 K! anddoes not show the foot associated with a
second transition, as found in Fig. 1. We have repeatedly
observed that the paramagnetic behavior is associated with a
double transition; if the transition is sharp and singular, we
do not observe the PME.

FIG. 1. ZFC magnetization versusT, measured inH50.1 Oe,
for a Nb sample~KG-y! cut from a sheet 0.25 mm thick. This
sample shows a strong paramagnetic Meissner effect. The supercon-
ducting transition occurs within 0.2 K temperature interval but
shows two apparentTc’s.

FIG. 2. Magnetization versusT, measured on warming, of a
disk-shaped Nb sample~BV!, 6 mm in diameter and 0.25 mm thick,
cut from an ingot. Lower curve: ZFC, measured inH50.01 Oe.
Upper curve: FC in 0.01 Oe, measured in zero field~trapped flux!.
Open circles: FC and measured inH50.01 Oe. These results show
that flux pinning is very strong. As the sample cools throughTc ,
little flux is expelled and the field-cooled magnetization signal is
extremely weak.
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B. Field-cooled magnetization—surface
and bulk superconductivity

A series of FCM measurements, obtained in SQUID No.
1, for a 6 mmdiameter Nb disk~sample KG-1! with disk
axis parallel to the applied field, are shown in Fig. 3. After
positioning the sample in the upper pickup coil atz560 mm,
the sample was cooled, in the specified field, and measured
while warming throughTc . The sample was not moved until
the measurements were completed. The FC susceptibility
x(T)5M (T)/H is shown in the vicinity ofTc . In Fig. 3~a! x
is shown for fourH values, over the range 8 K,T,9.5 K.
For H525.6 Oe, the response is diamagnetic, but asH is
successively reduced to the values 3.2, 0.2, and 0.05 Oe,x is
increasinglyparamagnetic. Note further that all of these data
exhibit a dip just belowTc , followed by a rise inx to some
particular saturation value. For the three cases in which this
saturation value is paramagnetic, we denote theT at which
this occurs asTp , as it is quite well-defined, precisely as in
the single crystal of YBCO which exhibited the PME.6

Shown in Fig. 3~b! is a detail of the transition region, withx
curves atH525.6, 20, and 12.8 Oe. A diamagnetic onset
occurs for all three fields at precisely the same value, 9.25 K,
very close to the bulkTc of high-purity Nb.

17 A x minimum
occurs at roughly 9.15–9.20 K in all three data sets, and at
lower T values,x increases to a maximum at about 9.06 K.
For the two largerH values in Fig. 3~b!, this maximum is not
paramagnetic, andx remains diamagnetic for allT,Tc . Be-
low ;8.5 K, x becomes independent ofT. The behavior

shown in Fig. 3 is remarkably similar to that obtained in a
single crystal of YBCO, as pictured in Fig. 1~b! of Ref. 6.

In Fig. 4,M (H) at low T ~;7 K! from the same sample
as shown in Fig. 3 is plotted~top curve!. At low H, M (H)
increases almost linearly. The slope decreases with increas-
ing H, with a maximum inM (H) appearing at about 6–7
Oe;M (H) becomes negative at about 18 Oe. This behavior
is very similar to that pictured in Fig. 6 of Ref. 6~sample 1!
with Hic in single-crystal YBCO. Also shown in Fig. 4 are
M (H) measurements for three other Nb samples~BK, JW,
and BV! described in Sec. II A. These show much weaker, or
no paramagnetism.

Figure 5~a! ~solid circles!, shows the FCM measured in 1
Oe on a disk-shaped commercial rolled sample 6 mm in
diameter, 0.5 mm thick~sample BK!, prepared by cutting
from a sheet with scissors. This paramagnetic sample exhib-
its the usual dip belowTc , followed by the rapid rise to a
rather constant value belowTp . Following that measurement
~solid circles!, the sample was removed, and the faces were
polished using 0.1mm diamond polishing grit. The sample
was remeasured. The data are pictured as the solid triangles
in Fig. 5~a!. Curiously, polishing the surfaces has caused the
PME to disappear entirely. Although we were not aware of
this behavior having been observed by others at the time of
measurement, the recent work of Thompsonet al.15 on Nb
has reached the same empirical conclusion: that the PME is
strongly sensitive to the surface microstructure, and can dis-
appear with polishing. In another sample we cut from a
sheet, the PME disappeared upon polishing the edge~cir-
cumference! of the sample.

The data in Fig. 5~a! suggest that the surfaceTc is higher
for the unpolished sample than for the sample with faces
polished. To check this point, ZFC measurements~recorded
in 0.01 Oe! were taken for the unpolished~solid circles! and
polished~solid triangles! samples. Results are shown in Fig.
5~b!. Additional ZFC results taken in 0.05 Oe for another
sample cut from the same~BK! material are pictured in the
inset of Fig. 5~b!. Consistent with Fig. 5~a!, a shift in Tc
~;0.1 K! is observed between these measurements.@The on-
set of diamagnetism appears to occur at a slightly lowerTc
for the FC measurements~upper panel!, which were made at

FIG. 3. Field-cooled susceptibility (M /H), measured on warm-
ing, versusT for a disk-shaped Nb sample~KG-1!, 6 mm in diam-
eter and 0.25 mm thick, cut from a rolled sheet. Fields in which
measurements were taken are indicated on the curves. ForH525.6
Oe, the response is diamagnetic, but becomes paramagnetic at fields
below 20 Oe.

FIG. 4. M (H) curves for a series of Nb samples. Curves, from
top to bottom, were obtained from samples KG-1, BK, JW, BV. The
KG and BK samples were cut from rolled sheet stock, the JW and
BV samples were cut from ingots.
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1 Oe, compared to the 0.01 Oe measuring field for the ZFC
measurements~lower panel!.# The apparent shift ofTc be-
tween the polished and unpolished samples could occur if the
Tc of the surface layer of the unpolished sample were higher
than that of the bulk. Luchtet al.18 have observed similar
behavior from single crystals of YBCO; that is, samples
showing the PME had a surface superconducting layer with a
Tc higher than that of the bulk. Thus, for both YBCO crystals
and the~BK! Nb sheet samples, removing the high-Tc sur-
face layer caused the PME to disappear.

However, disk samples cut from sheet stock labeled KG
showed somewhat different behavior. This material also
showed a strong PME~even larger than the BK material!.
Like the BK stock, the ZFC measurement showed a distinct
foot in the superconducting transition~Fig. 1!. Figure 6~a!
shows 4 Oe FC measurements from a Nb sample~KG mate-
rial! before ~circles! and after ~triangles! polishing. Like
sample BK@Fig. 5~a!#, the PME has disappeared with pol-
ishing. Figure 6~b! shows ZFC measurements before
~circles! and after~triangles! polishing. Unlike sample BK
~Fig. 5!, the onset of superconductivity~ZFC! is unchanged
but the foot has now disappeared with polishing. These re-
sults suggest that the sample is stratified with a component
on the sample surface that has aTc lower than that of the
bulk. This behavior is similar to that reported by Thompson
et al.15 We were able to find the PME only in samples that
showed evidence of stratification. It appears, however, that
the PME can occur in samples where the surface layerTc is
eitherhigher or lower than the bulkTc .

Another feature that is repeatedly observed in FC samples
which show the PME, is the strong diamagnetic overshoot
which is visible just prior to the onset of paramagnetism~see
Figs. 3, 5, and 6!. As seen in Fig. 3~b!, the overshoot can be
very strong in these samples, even when the response is dia-
magnetic at the higher fields. Observe, however, that this
overshoot behavior is strongly diminished or absent in the
polished samples of Figs. 5 and 6, which do not exhibit the
PME. This correlation~strong overshoot in samples exhibit-
ing the PME, no overshoot if the PME is absent! appears to
be quite robust. The indication from these measurements is
that the altered surfaces in the rolled Nb sheet might be re-
sponsible both for the PME and for this overshoot behavior.

Apparently, the Nb samples most likely to show the PME
have relatively low~;99.9%! Nb purity and may have sub-
stantial defect concentrations resulting, for example, from
cold working the material. Probably, strong flux pinning is a
requirement for observation of the paramagnetic signal. We
have observed that the magnitude of the paramagnetism can
be substantially altered by smoothing the sample faces and
edges, varying the sample purity or homogeneity, and chang-
ing the sample shape. While we have not observed FC para-
magnetism atH.0.1 Oe in a survey of other superconduct-
ors, includingA-15’s, Pb, BSCCO, and YBCO, it may be
that paramagnetism could be observed in these materials if
attention were given to sample shapes and surface condition.
In particular, as both Luchtet al.18 and Thompsonet al.15

have argued, it appears that those samples which show the
PME have a surface layer whoseTc is slightly different from

FIG. 5. ~a! Solid circles: FC magnetization measured in 1 Oe
from sample BK. Solid triangles: FC magnetization measured in 1
Oe after both faces of the sample were polished.~b! Tc measure-
ments from ZFC measurements in 0.01 Oe. The solid circles~tri-
angles! were taken before~after! polishing the sample faces. Inset:
a high point density ZFC measurement at 0.05 Oe from another
sample cut from the BK material.

FIG. 6. FC~4 Oe! and ZFC~0.01 Oe! measurements on a Nb
sample~KG material! taken before and after polishing the sample
faces. Curve identification is the same as that in Fig. 5. Like sample
BK ~Fig. 5!, polishing the sample faces eliminates the PME. How-
ever, unlike sample BK, polishing removes the lowTc foot ~b!
which is apparently associated with a surface layer.
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theTc of the bulk. Our measurements on Nb strongly support
this conclusion. Note, however, that the work of Lucht
et al.18 indicate that the surfaceTc is higher than the bulk
Tc , while Thompsonet al.15 conclude that the surfaceTc is
lower. Our studies have found that both of these conditions
can be realized in Nb samples that show the PME. Results
from a given source of rolled sheet Nb are robust, but can
vary considerably with different sheet stock.

For additional confirmation of the paramagnetic behavior
in Nb, sample KG-1 was sent to the University of Ko¨ln,
Germany for additional study. The presence of the PME was
confirmed.19

Samples exhibiting the PME haveM (H) and M (T)
curves that are remarkably similar to those obtained from
single-crystal YBCO.6 The main differences between the re-
sults obtained in this work for Nb and results obtained from
melt-cast polycrystalline Bi2212 are~1! the magnitude of the
effect, which is about two to three orders of magnitude
smaller in our Nb samples~when measured at comparable
fields!, with x values on the order of 0.1–1% of 1/4p, com-
pared to 20–50 % of 1/4p in some cuprates, and~2! the
sharpness of the dips in theM (T) curves in the vicinity of
Tc . In melt-cast polycrystalline Bi2212, theM (T) curves are
much more gradual.

IV. DISCUSSION

Paramagnetic effects atTc have been observed in various
circumstances. In 1943, Steiner and Schoeneck20 reportedM
measurements on a Sn single crystal of several mm in thick-
ness, and found that for weak applied current values, the FC
M exhibited the usual Meissner effect, becoming fully dia-
magnetic. Upon using stronger applied currents and reducing
T throughTc , M (T) first became paramagnetic, and then
went diamagnetic at a lowerT value. They found that the
effect was unaltered by reversing the current direction, al-
though reversing the direction ofH changed the sign of the
overallM , as expected. Similar results were later found by
Meissner, Schmeissner, and Meissner in Sn and Hg
samples.21 While these authors were not able to determine
the precise three-dimensional field and current density distri-
butions in their samples, their results did at least indicate that
current distributions different from those induced by diamag-
netic shielding could give rise to a paramagnetic signal. We
note that both Sn and Hg are type-I superconductors.

Later, experiments on wire samples of the type-II materi-
als Nb and NbTa were performed by LeBlanc.22 In these
experiments, a current was passed along the wire, being se-
quentially added and removed. As this occurred, the static
longitudinal magnetization alternated between paramagnetic
and diamagnetic. LeBlanc proposed that the overall current
formed helical paths in the wire, so as to maintain a constant
inward Lorentz force density in the presence of the applied
longitudinal magnetic field.

More recently, cylindrical samples of Pb doped with 1.0
at. % Tl were prepared by de la Cruz, Fink, and Luzuriaga.23

These type-I samples hadk values of 0.54, which allowed
for an Hc3 exceeding the critical fieldHc ~since 1.695
k.0.707!. The samples were then coated with chrome on
part, none, or all of the radial surface, so as to prevent su-
percurrents from flowing in the surface sheath around the

sample. AnH parallel to the cylindrical axis was applied,
and the sample cooled throughTc . In the uncoated samples,
in theT regime betweenT(Hc3) andT(Hc), a supercurrent
flowed in the surface of the sample, but the interior of the
sample was normal. The resulting response was paramag-
netic; they called the source of this paramagnetism a ‘‘giant
vortex state.’’23 BelowT(Hc), the sample went fully diamag-
netic. In the partially and fully coated samples, however, no
such paramagnetic signal was observed. Thus, a paramag-
netic signal could be obtained when surface currents could
themselves trap the magnetic flux inside the core region of
the sample. We note that in type-II materials, one will always
have Hc351.695Hc2.Hc1, so thatT(Hc3).T(Hc1), and
the effect ought to be much more pronounced than in type-I
materials, especially for largek values, for which
T(Hc3)@T(Hc1).

A possible explanation for the PME comes from inhomo-
geneous flux trapping that can occur during sample cooling.
A diamagnetic signal is recorded in the magnetometer if flux
is excluded, or moved outward, from the sample, as occurs in
the usual Meissner effect. If, however, flux were compressed,
for example, during the cooling process, in excess of the flux
expulsion, then an apparent paramagnetic signal could be
recorded.

Very recently, a flux compression mechanism has been
investigated theoretically by Koshelev and Larkin~KL !.24 In
their model, surface supercurrents inhomogeneously trap
magnetic flux in the sample interior, as in the ‘‘giant vortex
state’’23 ~and perhaps in the earlier observations of
paramagnetism20–22!. They consider a sample in the shape of
a long flat strip whose thicknessd is much smaller than its
width w. The length of strip is considered infinite, andH is
applied normal the the surface of the strip.25 KL assume that
in the FC state, the critical current densityj c flows in the
central region of the strip of width 2b, with uxu<b<w, and
the surrounding regions of widthw2b are flux free. Relative
to the magnetizationMM5H/4p for full flux expulsion, KL
found that M in the sample had the general form
M /MM5A1Bf , wheref is the fraction of trapped flux com-
pressed in the central region of the sample.A and B are
functions of b/w involving elliptic integrals. In the limit
b/w→0, they found thatA→21 andB→4/p. For full flux
compression~f51!, the maximumM /MM reduces to2114/
p50.273, which is equivalent to a paramagnetic susceptibil-
ity of 27% of 1/4p. In this situation of maximal flux com-
pression,M is diamagnetic forf,p/4. KL also showed that
most of the parameter space resulted in a diamagnetic re-
sponse, but a paramagnetic response was always obtained for
f51. In the limit b/w→1, however, the magnitude of the
paramagnetic response vanished. Hence, for systems in
which the flux free region is a small portion of the total
sample volume~as might be expected for Nb samples much
thicker than the penetration depthl;500 Å!, one expects a
small PME. In very thin aligned Bi2212 micrograins~as are
apparently present in the melt-cast polycrystalline samples4!,
this mechanism could lead to a PME of macroscopic propor-
tions.

While it remains to be seen whether the KL model can be
successfully applied to samples of different geometries~KL
were able to obtain a solution for a disk-shaped geometry,
but only in the limitw2b!w, for which the PME would be
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small!, KL have successfully shown that a single, simple
mechanism, based solely upon the Maxwell equations, can
explain the overall sign and magnitude of the PME, both in
cuprate and in Nb samples.

Nevertheless, one aspect of the PME which is not well
described by the KL model is the role of the sample surfaces.
Since Thompsonet al.,15 Lucht et al.,18 and this work indi-
cate that polishing the samples causes the PME to disappear,
it is not clear how this feature would be incorporated into the
KL model. Sincew2b could characterize the region of
higherTc , polishing the edge of the sample could reduce this
region to zero, eliminating the effect. Otherwise, the only
free parameter would bef , the fraction of flux trapped in the
interior region. Perhaps by polishing the top and bottom sur-
faces, the flux in the interior region may become depinned,
greatly reducingf , and driving the FCM diamagnetic. It
remains to be seen if there might be some further experimen-
tal basis for either of these scenerios, however.

V. SUMMARY

We have confirmed the existence of the paramagnetic
Meissner effect in some samples of Nb. While the magnitude
of the PME in Nb is considerably smaller than that observed
in melt-cast Bi2212, theM (T) andM (H) curves obtained
are remarkably similar to those obtained by Riedlinget al.6

on a single crystal of YBCO. A simple flux compression
picture, resulting from inhomogeneous cooling throughTc ,
has been presented as a plausible explanation of the effect.
Using this picture as a mechanism for achieving an inhomo-
geneous flux distribution, Koshelev and Larkin24 have pre-
sented a simple model to explain how the PME can be large
in some samples, small in others, and nonexistent in most
samples~with f,p/4!. Polishing the sample surfaces, with
consequent alteration of the PME, suggests that surface pin-
ning of the magnetic flux plays an important role. There is
also strong evidence that samples showing the effect have a
surfaceTc different from the bulkTc . These observations
lead us to conclude that the PME is likely to arise from
inhomogeneously trapped flux, and is unlikely to have any
relationship withd-wave superconductivity.
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APPENDIX A: RESIDUAL STRAY FIELDS
AND GRADIENTS

These experiments involve measurements with small ap-
plied H values, and for the FC samples, a very small mag-
nitude SQUID response. Consequently, it is a challenge to
minimize measurement errors. Unless considerable care is
taken with the measurements, even the observed sign~i.e.,
paramagnetism vs diamagnetism! can be incorrect. Problems

can arise from stray fields, from field inhomogeneities~e.g.,
resulting from inhomogeneities in the field coil!, from inad-
equately balanced pickup coils and heater coils, and possibly
from stray fields trapped in the superconducting pickup coils
during the cooldown of the SQUID. In the presence of stray
fields, inadvertent sample motion can introduce spurious sig-
nals. Errors from such sources encountered in a moving
sample SQUID magnetometer have been previously
considered.4,9 Several papers have since emphasized that
their data were taken using systems in which the samples
were not moved during measurement; i.e.,M (T) was
scanned throughTc . This may be a safer procedure for the
detection of weak paramagnetic signals. Nonetheless for re-
liable low-field measurements, considerable care is required,
even when the sample is not moved during the course of the
measurement.

In the counterbalanced dual pickup coil system used here
~SQUID No. 1!, the signal from a superconducting sample
~e.g., ZFC, measured in a smallH at fixed T,Tc! will
change sign as the sample is repositioned vertically~z direc-
tion! from one coil to the other. The shielding response is
S(z)5[ f 1(z)2 f 2(z)]b2H whereb251/4p for perfect dia-
magnetic shielding and the functionsf 1(z) and f 2(z) give
the shielding signal amplitudes in coils 1 and 2 as the sample
is moved alongz; f 1(z) and f 2(z) are equivalent symmetri-
cal functions but each is centered at its respective coil center.
Figure 7 ~open circles! shows S(z) from sample KG-y,
which was cooled in 0.1 Oe~retained flux! at z557.5 mm,
and then measured inH50 as a function of the sample ver-
tical position z. The responseS(z) is antisymmetric, both
about zero magnetization and the center point between the
coils, with minimum amplitude atz549 mm and maximum
at 60 mm, the approximate positions of the lower and upper
pickup coils, respectively. ~The z-axis positions are mea-
sured relative to a fiducial mark on the sample probe.!

We have determined that a field gradient exists in the
measurement volume of this system. The field varies by
about 4 mOe between the pickup coils. We will see that this
relatively small field gradient can seriously affect the mea-
surements unless careful procedures are followed.

In Fig. 8~a!, we show a series of measurements probing

FIG. 7. The magnetization responseS(z) of sample ~KG-y!
measured as a function of the positionz along the vertical axis of
the pickup coils in SQUID No. 1. The sample was measured in zero
field, after cooling in 0.1 Oe~retained flux!. This S(z) is the stan-
dard, nearly ideal dipole function showing peaks atz549 and 60
mm, the approximate locations of the pickup coils.
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the magnetization responseS(z) along the vertical axisz of
the pickup coils for a Nb sample~BK! held at fixedT;7 K.
For each of these curves, the sample was cooled, from
T.Tc , in zero applied external field,with the sample at the
vertical position indicated. S(z) was then measured with
zero applied external field at different positionsz. Since we
obtain a position-dependent signal which varies with the lo-
cation where the sample was cooled, it is clear that a spa-
tially varying residual fieldHr(z) exists between the pickup
coils. If the sample were cooled in zero external field andHr
were zeroeverywhere between the coils, no signalS(z)
would be observed. If aconstant Hr existed between the
coils, then after cooling in zero external field,S(z) would be
independent of cooling position, the signal being a measure
of the Meissner signal~flux expulsion! resulting from the
constantHr . However, for small constantHr , S(z)'0, since
the Nb samples show very little flux exclusion in a low-field
FC measurement~Fig. 2!, because the flux pinning is very
strong. Consequently, theS(z) curves shown in Fig. 8~a!,
which are strongly dependent on the location where the
sample was cooled, are sensing the residual field gradient
Hr8(z)5dHr(z)/dz in the measurement volume.

That is, to obtain the curves of Fig. 8~a!, the sample was
cooled in theHr(z) at the specifiedz positions. The flux
trapping is sufficiently strong so that the sample retains es-
sentially the entire field in which it was cooled. Thus, as a
~residual! FC sample of Fig. 8~a! is repositioned alongz, a
shielding response is generated that is proportional to the
difference between the trapped field and the existing field at
pointz. Because of the varyingHr(z), the response curves in

Fig. 8~a! do not show the desired antisymmetrical response
expected from a dipole sample repositioned between the
pickup coils~such as in Fig. 7!.

We have seen thatHr8(z) provides substantial signal dis-
tortion. We now describe a procedure for measuringHr8(z)
and correcting for its effect on the response functionS(z). If
we cool the sample in zero external field at positionz1 ~e.g.,
50 mm!, then measure the functionS(z) at all pointsz @Fig.
8~a! is the function at 50 mm#, we obtain for coil 1,
S50(z)5 f 1(z)b2[Hr(z)2Hr1] where Hr15Hr(z1), and
b251/4p, assuming perfect shielding. The functionf 1(z)
gives the shielding signal amplitude in coil 1 as the sample is
repositioned alongz. Considering the signal from both
~counterwound! coils, we have

S50~z!5 f 1~z!b2~Hr~z!2Hr1!2 f 2~z!b2~Hr~z!2Hr1!

5@ f 1~z!2 f 2~z!#b2~Hr~z!2Hr1!.

Now, we can define a ‘‘correction’’ functionScorr(z), at all
points z, obtained after cooling the sample in zero external
field at positionz2 ~e.g., at 57.5 mm!. In this case

Scorr~z!5 f 1~z!b2~Hr~z!2Hr2!2 f 2~z!b2~Hr~z!2Hr2!

5@ f 1~z!2 f 2~z!#b2~Hr~z!2Hr2!,

whereHr25Hr(z2). Thus the corrected response function
obtained when the sample was cooled at 50 mm is

S~z!5S50~z!2Scorr~z!52@ f 1~z!2 f 2~z!#b2~Hr12Hr2!.
~A1!

The corrected functionS(z), obtained after cooling atz550
mm, is a shielding~dipole! function for a sample sensing a
constant fieldHconst5(Hr12Hr2) at all z.

Figure 8~b! shows the correctedS(z) functions obtained
after the sample was cooled at the indicatedz positions. That
is, the measuredS(z) curves in Fig. 8~a! were corrected by
simple subtraction of theS(z) function @Fig. 8~a!# obtained
after cooling the sample atz557.5 mm. The corrected curves
in Fig. 8~b! are now the usual antisymmetric functions ex-
pected from a dipole sample. We chose to use theS(z) func-
tion at z557.5 mm for the correction function since, when
the sample is cooled at this position and repositioned to the
center of pickup coil 1 or coil 2, either pickup coil senses a
comparable shielding signal from the change in field~i.e., the
magnitude of the change in field fromz557.5 mm to the
center of either coil is the same!. Had the field gradient been
exactly linear between the coils, this ‘‘central point’’ would
have occurred midway between the coils, atz554.4 mm
instead of 57.5 mm. In Fig. 8~b!, the antisymmetricS(z)
signal inverts relative to the selected ‘‘zero point’’ obtained
for a sample cooled atz557.5 mm.

The maximum amplitude for each of theS(z) functions
~i.e., the value at 60 mm! shown in Fig. 8~b! is proportional
to the difference in the residual field atz, where the sample
was cooled, from that at 57.5 mm@Eq. ~1!#. Figure 9~right
scale! shows a plot of the maximum ofS(z) for each curve
of Fig. 8~b!.

We now present procedures for measuring the absolute
Hr(z) andHr8(z). In general, it is not straightforward to ob-
tain accurate measurements of very smallHr ~e.g., mOe lev-

FIG. 8. ~a! A series of measurements probingS(z) along the
vertical axis of the pickup coils of SQUID No. 1 for a sample~BK!
held at fixed temperature;7 K. For each of these curves, the
sample was cooled, fromT.Tc , in zero external field, with the
sample at the vertical position indicated.~b! S(z) functions appear-
ing in panel~a! after correcting for the field gradient. The corrected
S(z) curves in panel~b! were obtained by simple subtraction of the
S(z) function for z557.5 mm from each curve of panel~a!. All
curves in this figure have the same scaling factor. The corrected
curves in~b! are now the usual antisymmetric functions expected
from a dipole sample. See text.
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els! and Hr8(z) values in the measurement volume of the
magnetometer. To accomplish this, we exploit the fact that
flux trapping in the Nb samples is so strong that at low fields,
such a sample retains essentially the entire field in which it
was cooled. This property provides a sensitive capability for
calibrating theHr8(z) appearing between the pickup coils.

To calibrateHr8(z) ~Fig. 9! observed between the pickup
coils, we position the sample atz557.5 mm, cool the sample
in a known field, e.g., 0.01 Oe. Then, atT,Tc , set the
external field to zero and record the axial responseS(z).
Then, we subtract theS(z) obtained after cooling in zero
external field at 57.5 mm@Fig. 8~a!, response at 57.5 mm# to
correct forHr8(z). This procedure yields the dipole response
resulting from the flux retained in the sample after cooling in
0.01 Oe. The amplitude associated with a known 0.01 Oe
field is shown by the double arrow in Fig. 9~right scale!.

We now describe a procedure to measure the absoluteHr

at z550 and 60 mm, the approximate pickup coil positions.
For these measurements, we exploit the Meissner effect, i.e.,
flux expulsion from a sample cooled in an external field. We
use a single-crystal YBCO sample for which the FC diamag-
netic signalb1 ~expulsion! is about 6% of the ZFC~shield-
ing! signal forH,0.01 Oe. In principle, it is sufficient to do
two FC measurements at each coil position. For measure-
ments 1 and 2 at one of the coil positions, we cool the
sample belowTc in applied fieldsHa1 andHa2, then mea-
sureS15b1[Hr1Ha1] andS25b1[Hr1Ha2], the diamag-
netic signals observed as the sample warms throughTc .
Eliminating b1 yields Hr5[S2Ha12S1Ha2]/[S12S2] at
each coil. For optimal measurement sensitivity,Hr should be
comparable in magnitude toHa1 andHa2. For improved ac-
curacy, the amplitude of the Meissner signal can be measured
as a function of applied fieldHa at each coil position, as
shown in Fig. 10. Since the total field at the sample is
Hr1Ha , zero Meissner signal impliesHr52Ha . The mea-
suredHr at z550 and 60 mm appear on the left-hand side of
Fig. 9, and provide an absolute field calibration. Within 10%,
these results are in agreement with the aboveHr8(z) between
the coils, measured by monitoring the shielding signals as
the samples are repositioned inHr(z).

Note, in Fig. 10, that if measurements ofM (T) were car-
ried out at the lower coil position inHa less than;6 mOe, a
diamagnetic sample would erroneously appear to be para-
magnetic, even when the sample was measured at fixed po-
sition. If, at a fixeduHau, pairs ofM (T) measurements were
taken with sgn(Ha) reversed, the difference of theseM (T)
functions should correct forHr , yielding 2M (T), providing
M (H,T)}H. However, a safer procedure is to carry out the
measurements in a system with an accurately characterized
Hr(z).

APPENDIX B: FIELD-COOLED MAGNETIZATION
MEASUREMENTS

We now measure the FCM as a function ofHa for Nb
disk sample KG-y. A simple procedure, discussed above, for
measuring the FCM is to cool the sample in the desiredHa ,
while it is positioned in the plane of the upper detector coil,
and then raiseT throughTc . FC M (H) measurements ob-
tained in this way appear in Fig. 4~upper curve!.

It is also instructive to examine the response functions
S(z) to monitor the magnetic response of the sample after
cooling in aHa . Figure 11~a! showsS(z) measured below
Tc after cooling in the desiredHa with the sample atz557.5
mm. We see that the response functions for smallHa values
are highly distorted by theHr8(z) between the measuring
coils. Referring to Fig. 8, we see that within one of the
pickup coils, the response functionSHa(z) obtained after
cooling in the Ha is SHa(z)5b1(Ha1Hr2)1b2[Hr(z)
2Hr2], which reduces tob1Ha1b2(Hr(z)2Hr2) for
Ha@Hr2. But the correction function,Scorr(z), measured
in Ha50 after cooling at z557.5 mm, is Scorr(z)
5b2[Hr(z)2Hr2]. Thus,SHa(z)2Scorr(z)5b1Ha , the de-
sired response function corrected forHr8(z).

Figure 11~b! shows the measurements of Fig. 11~a! after
correcting for the shielding signal resulting fromHr8(z); that
is, after subtracting from each curve, theS(z) response at
57.5 mm obtained after cooling inHa50 @Fig. 8~a! at 57.5
mm#. We see that forHa,8 Oe, the correction procedure has
converted the highly distortedS(z) measurements@Fig.
11~a!# to the remarkably antisymmetric axial response func-
tions expected from a dipole sample. Of course, the correc-

FIG. 9. Maximum ofS(z) ~right scale! for each curve of Fig.
8~b! and the associated vertical component of the residual magnetic
field ~left scale! within SQUID No. 1. The double arrow indicates
the amplitude~right scale! associated with a known field of 0.01
Oe.

FIG. 10. Determination of the residual field at the coil positions
of SQUID No. 1. The magnitude of flux expulsion~the Meissner
signal! is measured as a function of applied field. At zero Meissner
signal, the residual field is compensated by the applied field.
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tions are most profound for smallHa values, where the FC
S(z) is small and shielding signals fromHr have a relatively
large effect onS(z). Figure 11~b! shows that, forHa,16 Oe,
the symmetry of theS(z) signals clearly reveals that the
samples are paramagnetic.

We note that, forHa,1 Oe, the uncorrected FCS(z) is
highly distorted by shielding currents fromHr8(z) in the
measurement volume, even thoughHr(z) is very small
~varying by about 4 mOe!. The distortion occurs because FC
signals are only a few percent, or less, of shielding signals.

For an ideal dipole response, we expect the maximum in
S(z) to appear approximately in the plane of the upper de-
tector coil; i.e., atz560 mm. However, in Fig. 11~b!, we
observe that the maximum is not always atz560 mm. This
is an indication of higher multipole components that result

from the flux distribution peculiar to these FC samples.26 In
the vicinity of 24 Oe @Fig. 11~b!#, the paramagnetic-
diamagnetic crossover region, effects ofHa(z) introduced by
the external field coil might become important. Quadrupole
and higher multipole components in the field distribution
around the sample that could result from an inhomogeneous
flux distribution in the sample, will also contribute to the
signal distortion. Thus, while some ambiguity exists in the
nature of the magnetic response in the vicinity of the
paramagnetic-diamagnetic crossover, it is clear that the sig-
nal is paramagnetic at low fields~Ha,10 Oe! and diamag-
netic at high fields~Ha.50 Oe!.

Inhomogeneities in external field coils can also lead to
spurious results, especially when the magnetic response of a
sample is small in the presence of relatively largeHa(z). In
Fig. 11, for example, withHa near 24 Oe,S(z) is very weak
even thoughHa is quite large. In this case, shielding effects
from smallHa8(z) contributed by the solenoid can become
important. That is, shielding signals inS(z) will again appear
as the FC sample is repositioned throughHa8(z). Such a gra-
dient could also be responsible for the double-peakedS(z)
appearing at 24 Oe. The peak-to-peak magnitude of the 24
Oe FCS(z) ~Fig. 11! is about twice the peak-to-peak mag-
nitude of theHr S(z) @Fig. 8~a!# for 50 mm,z,60 mm,
which results from a 4 mOeHr8(z) between the pickup coils.
Thus, aHa8(z) of about 10 mOe~;0.05% ofHa! appearing
between the pickup coils apparently could produce the
double-peaked structure. The observed sign ofM (T) could
be incorrect in the immediate vicinity of the paramagnetic-
diamagnetic crossover~near 18 Oe in Fig. 4!; i.e., Ha8(z)
provides some uncertainty in the value of the field where the
crossover occurs. While not necessary for this study, it is
possible to measureHa8(z) using procedures similar to those
described above.

Clearly, when measuring withmoving sample systems,
extremecare must be taken to ensure that a proper signal
response is observed. For SQUID No. 2, this condition was
not satisfied forH,5 Oe. For FC measurements obtained in
H.5 Oe,M (H) measurements from SQUID No. 2 were
comparable to those obtained with SQUID No. 1.M (H)
measured at 10 Oe in SQUID No. 2 was 4.131025 emu for
sample KG-1, compared to 4.531025 emu measured in
SQUID No. 1. For both SQUID’s, the onset of diamagnetic
behavior for the FC measurement appeared withH;20 Oe.
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