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Paramagnetic Meissner effect analyzed by second harmonics of the magnetic susceptibility:
Consistency with a ground state carrying spontaneous currents
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It has been reported recently by Braunisch et al. [Phys. Rev. Lett. 68, 1908 (1992)] that some ceramic
high-T, superconductors (HTSC s) exhibit a paramagnetic signal if cooled through the superconducting
transition temperature in small external magnetic dc fields (H„, &1 Oe). In the present work, this

paramagnetic Meissner effect (PME) is experimentally confirmed and further experimental details are re-

ported on this phenomenon. This is accomplished by applying a recently developed compensation tech-

nique based on the measurement of the second harmonic of the magnetic ac susceptibility in external dc
fields. This technique allows one to detect sensitively the dc magnetization of a HTSC sample and makes

it possible to observe the PME under conditions where its dc superconducting-quantum-interference-
device signal is totally masked by the dominating diamagnetic behavior of most of the sample. The ex-

periments were performed on melt processed Bi2Sr2CaCu208 samples, some of which did not exhibit

the PME. Thus, a comparison was possible between samples with and without the PME, subjected to
different field-cooling procedures. The experimental results are consistent with the occurrence of a re-

versible transition into a PME state carrying spontaneous orbital currents resulting in corresponding
paramagnetic moments, which can be reversibly aligned by small external dc fields. This PME state is

attributed to loops containing relatively strong weak links, which are able to remain superconducting
close to the bulk T, of the grains (e.g., at T/T, =0.9) and in external dc fields of at least 30 Oe.

I. INTRODUCTION

If a superconductor is cooled below its transition tem-
perature T, in a small external dc field Hd, ~ H„(assum-
ing a type-II superconductor with lower critical field
H„), it is expected to exhibit a diamagnetic response by
expelling magnetic Aux from the interior of the sample.
Under ideal conditions without pinning, this well-known
Meissner effect (DME) leads to a bulk susceptibility of
y= —I /4' in gaussian units. If pinning of magnetic flux
is possible, the Meissner effect will be incomplete
( ~y~ ( I/4m ) but still diamagnetic. In this case, the mag-
netic behavior becomes hysteretic and the value of the
temperature-dependent magnetization depends on wheth-
er the sample is field cooled (FC) as above or zero field
cooled (ZFC), where the magnetic field is switched on at
T & T, thereby inducing a shielding response of the su-
perconductor. For granular superconductors consisting
of superconducting grains which are coupled to each oth-
er via weak links, the situation is more complex as in-
tr agranular and inter granular effects must be dis-
tinguished when discussing the magnetic response. Since
bulk samples of the new high-T, superconductors
(HTSC) obtained by sintering are prototypes of granular
systems, their magnetic behavior has been extensively
studied during the last few years. The experimental re-
sults, though revealing quite complicated features in de-
tail due to the interplay between the grains and the weak
link network, showed the expected usual diamagnetic
response in all cases at least for fields Hd, ~ 1 Oe. A re-
cent review of this situation can be found in Ref. 1.

Thus it came as a surprise when Braunisch et al. re-

ported on a paramagnetic response of some sintered
high-T, Bi2Sr2CaCu208 samples during field cooling in
small fields Hd, &1 Oe. The paramagnetic effect was
found to be temperature and time independent well below
T„similar to the DME, and therefore was addressed as
paramagnetic Meissner effect (PME) by these authors. In
the following, we will adopt this nomenclature.

Since the absolute value of the paramagnetic magneti-
zation turns out to be small, making the use of supercon-
ducting quantum interference device (SQUID) magne-
tometers necessary for its detection and furthermore the
PME is easily masked by the diamagnetic response ob-
served for Hd, ~ 0.5 Oe, a necessary reaction of an exper-
imentalist is to look for possible artifacts caused by a
specific apparatus. But meanwhile, by exchanging sam-
ples between different laboratories, such a possibility can
be clearly excluded. A summary of the experimental situ-
ation in this respect is given in Ref. 3. Thus emphasis
must be put on the question as to the physics behind the
PME. Two different approaches are possible. One could
try to attribute the effect to an interplay between the
magnetic response of the grains and that of the weak link
network taking into account a distribution of coupling
strengths within the network and additionally assuming
an inhomogeneous spatial distribution of these couplings.
Such an approach is certainly triggered by earlier reports
on paramagnetic responses of conventional superconduc-
tors. In this context, very early measurements by Steiner
and Schoeneck and Meissner, Schmeisser, and Meissner
have to be mentioned; they found a paramagnetic
response of current carrying type-I superconductors in an
external magnetic dc field parallel to the current, if the
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current was high enough to lead to the intermediate mag-
netic state. Similar results have been reported for current
carrying type-II superconductors and are totally under-
stood on the basis of a conventional theory assuming
force-free configurations of the magnetic Aux. Though
the above conditions are certainly not given for the PME
results reported for high-T, materials, the measurements
may serve as an example that the complicated interplay
of different magnetic fields can lead to a counterintuitive
magnetic response of a superconducting system.

Another well-documented paramagnetic response is
the so-called "differential paramagnetic effect" (DPE),
which is observed in ac-susceptibility experiments if
type-I or -II superconductors are brought into the inter-
mediate or mixed state by applying an appropriate exter-
nal dc field H&„. If the DPE is to be observable, the
magnetic response of the superconductor should show no
hysteresis, since then the magnetization M is a single-
valued function of the field H and a paramagnetic ac sus-
ceptibility y=dM/dH is reAecting the positive slope of
the M vs H curve in the intermediate or mixed state.
Thus this effect has been used to distinguish the reversi-
ble from the irreversible magnetic regime also in
HTSC's. The DPE may be important in the present con-
text of the PME, since it is conceivable that the conven-
tional diamagnetic Meissner effect of the grains could in-
duce a differential paramagnetic effect in the weak link
network under appropriate conditions.

The second more intriguing approach to explaining the
PME is to invoke a new type of ground state for a loop
containing a weak link. At the corresponding transition
temperature, such a ground state must build up a spon-
taneous current resulting in a magnetic moment. In an
ensemble of loops, these spontaneous currents average
out and no net magnetization is expected unless the tran-
sition occurs in an external dc field, which should polar-
ize the magnetic moments. Theories predicting such a
behavior have been developed prior to the experimental
finding of the PME and are mostly based on the assump-
tion of an additional phase shift by ~ within a weak link
("~junction"). ' '" Quite recently, such a phase shift has
been shown to result in a weak link loop of a d-wave su-
perconductor. ' In this case, the existence of the PME in
HTSC samples could be taken as a hint to d-wave pairing
in this class of materials.

Another explanation of paramagnetic orbital moments
is given by theories dealing with anyon superconductivi-
ty. ' But experimentally, no convincing evidence for the
corresponding internal fields could be provided. ' Fur-
thermore, since in HTSC ceramics the PME can be
suppressed by grinding, i.e., by destroying the intergrain
couplings, theories based on superconducting loops con-
taining a weak link appear to be a more appropriate ap-
proach for explaining this phenomenon.

From these remarks it is quite clear that additional ex-
periments are needed to distinguish between the two
above approaches or at least help to let one interpretation
appear more probable than the other. It is the aim of our
work to present such a contribution mostly based on the
behavior of the second harmonics of the magnetic suscep-
tibility of HTSC Bi2Sr2CaCu208 ceramics, which un-

derwent different cooling procedures in external dc fields.
By comparing samples with and without a PME, this
effect could be characterized in detail.

The modulus of the complex second harmonic ~g2~ is
especially suited for such a study for the following
reasons. If a weak link network is exposed to an external
dc field, a large ~y2 signal can be observed, which is ex-
trernely sensitive to the value of Hd, .' ' Furthermore, it
has been demonstrated recently' that y2~ can be used to
sensitively monitor an internal dc field such as the mag-
netic remanence after field-cooling HTSC ceramics and
switching off the external field. Since most of our con-
clusions are based on this technique, in the following sec-
tion, II, we will first describe and exemplify its potential
by using a HTSC YBa2Cu307 ceramic, which did not
show the PME. Then, in Sec. III the results on the PME
of HTSC Bi2Sr2CaCu208 samples will be presented
and discussed.

II. POTENTIAL
OF A SECOND-HARMONICS ANALYSIS
FOR DETECTING INTERNAL dc FIELDS

If the full cycle of the time-dependent magnetization
M(t) covered in an ac-susceptibility measurement using
an external field H(t)=H„sin(2mft) with frequency f is
of odd symmetry with respect to H =0, no even harmon-
ics can be generated. ' Thus, to obtain especially second
harmonics the above point symmetry must be broken.
Generally, this can be realized by applying an additional
dc field. In more specialized cases, the above symmetry
can be broken, e.g. , by a spontaneous magnetization or by
the preparation of a remanence. Based on these general
principles, the generation of higher harmonics in sintered
HTSC samples has been extensively studied both experi-
mentally as well as theoretically and a recent review of
the field is given by Ishida et al. '

In the context of the present paper, the recently found
"memory" effect of the second harmonic' is of utmost
importance. It means that ~y2~&0 even for Hd, =0 due
to the preparation of a remanent magnetization within
the sample. Due to the presence of pinning, such a
remanence can be easily prepared in HTSC samples by,
e.g. , field cooling to T & T, and switching off the external
field. The resulting dc remanence ~M„~ —=M„can be
further analyzed by applying a special compensation
technique using the second harmonic as null detector. To
accomplish this, an additional external field Hd, is ap-
plied at T & T, . If the direction of Hd, is identical to that
during the FC procedure, the induced shielding currents
will reduce the remanence and as a consequence, also ~y2~

is decreasing until at a well-defined field Hd, =H„„the
signal of the second harmonic is minimized. Depending
on the linearity of the detection circuitry the minimum
can be practically made zero. By performing the same
compensation procedure within a SQUID magnetometer,
it could be independently demonstrated that the magneti-
zation induced by H, p p compensates the remanence.
For fields Hd, larger or smaller than H

p
one has an

overcompensated or undercompensated state with a
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nonzero value of y2. Furthermore, as has been shown in
Ref. 17, H„ is proportional to M„and can be used to
determine M„quantitatively.

The above-described compensation technique is
demonstrated in Fig. 1 for a sintered YBa2Cu307 sample
(size 2 X 1 X 5 mm, T, =90. 1 K), which was field cooled
to 77 K in Hd, =30 Oe. The sample is positioned at the
center of a pair of Helmholtz coils providing the external
exciting ac field (frequency f =1049 Hz). The magnetic
response of the sample is detected by a pair of counter-
wise wound pick-up coils and measured by a vector-lock-
in amplifier tuned to 2f. The amplitude of the ac field

H„ is 1 Oe in this case. Additional dc fields up to
Hd, = 110 Oe can be superposed via the same Helmholtz
coils. The sample is thermally coupled to a liquid-
nitrogen bath and its temperature can be varied and con-
trolled between 65 and 300 K. More details on the sus-
ceptometer can be found in Ref. 19. In Fig. 1(a), the
compensated state is approached by reducing the field,
which was applied during FC (cf. arrows). The minimum
of the second harmonic (here given by the corresponding
voltage) at H„can clearly be seen. It is important to
note that after reversing the field direction (Hz, &0) no
minimum is obtained for increasing field values. In the
following we adopt the convention that positive compen-
sation fields H„)0 always compensate internal mag-
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netizations, which were produced by external fields paral-
lel to H„~. Thus from Fig. 1(a) one can immediately
conclude that a paramagnetic remanence has been com-
pensated at H„z as is expected for the FC remanence in
a type-II superconductor with pinning. To corroborate
that the sample at H„ is really in a compensated state,
in Fig. 1(b) the real (yz) and imaginary (yz') parts of the
second harmonic are presented. Here, the important
feature is the intersection of the real and the imaginary
part at H„. The finite values of yz and yz' at H„are
due to the experimental imperfection of the electrical cir-
cuitry (under ideal conditions Ig2I =0 at H„~). Taking
this into account, the observed intersection of yz and yz'
indicates a change of sign of both of these quantities. For
a virgin sample such a change of sign is only expected at
Hd, =0 Oe. ' ' Thus at H„one has the effective zero
point for dc fields in accordance with the idea of compen-
sation.

After this example, the interpretation of the following
results obtained after zero field cooling the same
YBa2Cu 307 sample, which are shown in Fig. 2, is
straightforward. Starting with a virgin sample from
Hd, =0 Oe no compensation can be expected for increas-
ing fields IHd, & 50 Oe, solid squares in Fig. 2(a)]. Only
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FIG. 1. Second harmonic of the magnetic ac susceptibility
(H„=1 Oe) obtained for a YBa2Cu307 ceramic after field cool-
ing in a dc field of Hd, =30 Oe to T =77 K and stepwise reduc-
ing Hd, . (a) Modulus IyzI of the complex second harmonic. (b)
Real (y2) and imaginary (y2 ) parts of the second harmonic.
Additional experimental details are given in the text.

FIG. 2. Second harmonic of the magnetic ac susceptibility
(H„=2 Oe) obtained for a YBa2Cu307 ceramic (same as in Fig.
1) after zero field cooling (ZFC) to T= 77 K. (a) Modulus Iy2I
of the complex second harmonic for increasing dc fields (solid
squares) up to 50 Oe. The open squares are obtained by reduc-
ing Hd, from 50 Oe. An additional ZFC experiment, with the
direction of Hd, reversed, delivers the solid triangles. (b) Real
(gz) and imaginary (yz') parts corresponding to the procedure
described in (a). The symbols used in (a) and (b) correspond to
each other; the field changes are indicated by arrows.
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after decreasing the field again [open squares in Fig. 2(a)],
is a remanent magnetization developed, which can be
compensated at H„. Alternatively, this remanence be-
comes visible by the finite signal at Hd, =0 Oe after de-
creasing the field. Correspondingly, sign changes of gz
and yz' are expected at Hd, =0 Oe for increasing fields
and at H„ for decreasing fields. This is exactly
confirmed by the experiments shown in Fig. 2(b) (the
solid triangles in Fig. 2 were obtained by an additional
ZFC experiment with a reversed direction of Hd, ).

Another point should be noted. The remanent magne-
tization is a consequence of the hysteretic behavior of the
sample, which manifests itself by the different branches in
Fig. 2(a) obtained for increasing and decreasing fields, re-
spectively. In other words, this type of measurement al-
lows one to determine the reversible and the irreversible
regimes of the magnetic behavior of a HTSC sample. We
close this section by summarizing the most important
properties of our second-harmonics technique.

(1) H„ is a measure of the value of the internal dc
magnetization.

(2) At H,o a sign change occurs for both yz and yz'
(after subtracting the finite value ~y2~ at H„~).

(3) IfH„)0, the internal magnetization is paramag-
netic in hysteretic samples. In any case, the internal
magnetization is parallel to the external compensation
field.

(4) Irreversible behavior is refiected by two different
~y2~ branches for increasing and decreasing dc fields, re-
spectively.

We will rely on these properties when interpreting the
following PME results.

cally shielded by mumetal and a superconducting Nb
cylinder. Nevertheless, additional experiments showed
that the Earth's magnetic field could not totally be shield-
ed. Thus FC experiments in nominal fields as applied in
the Helmholtz coils below 0.1 Oe are not well defined
with respect to the value of Hd, .

The results of magnetization measurements performed
on a sample exhibiting the PME are shown in Fig. 3.
Here, the number of fiux quanta (Po=h/2e) as moni-
tored by the SQUID is plotted versus the temperature
during FC procedures in different external dc fields as as-
signed to each curve. To obtain the magnetization in
gaussian units, the SQUID signal must be multiplied by
the factor 2.38 X 10 Globo. The PME can clearly be ob-
served for nominal fields Hd, ~ 0. 17 Oe. For larger exter-
nal fields the signals become diamagnetic (note the
different scale for the fields 0.44 and 1.05 Oe in Fig. 3).
As a characteristic feature, the PME is always preceded
by a small but significant diamagnetic response starting
at T = T, . Another point is important. In Fig. 3, the sig-
nal height of the PME appears to be independent of the
nominal value of Hd, . But this result is probably due to
the incomplete shielding of the Earth's magnetic field as
mentioned above. This assumption is supported by look-
ing at the dc susceptibility y~, =M, /Hd, (M, is the con-
stant magnetization at T « T, measured in gaussian
units). In the inset of Fig. 3, yd, is given for different
external fields Hd, . The solid line is a fit to
yd, =go+ m /(Hd, +Ho ) resulting in go = —0.012/4m
(expressed relative to the shielding behavior as deter-
mined by ZFC, one obtains go=14. 1%), Ho=0. 1 Oe,
and m =0.005 G/4~. These numerical values are in

III. THE PARAMAGNETIC MEISSNER EFFECT

10 20
A. dc (SQUID) measurements

The samples studied in this work were all of the
Bi2Sr2CaCu208 type, prepared by a melt cast pro-
cedure. The details of the preparation as well as the re-
sults of an extended series of measurements characteriz-
ing the different samples will be described in Ref. 3.
Here, we quote only the most important results: no mag-
netic contaminations were detected within the resolution
of some ppm and the 2:2:1:2stoichiometry was confirmed
within 10—15 %. No significant chemical differences
could be found between samples with and without a
PME.

The dc-magnetization measurements were performed
in a specially designed SQUID magnetometer. Here, the
sample is amounted onto a sapphire lever and held fixed in
the center of a pair of superconducting Helmholtz coils.
The signal is obtained through a pair of counterwise
wound superconducting pick-up coils, which are glued
onto another sapphire part closely above ( —1 mm) the
sample. Thus the sample and the pick-up coils are not
moved during the measurement. The superconducting
leads are connected to a commercial rf SQUID. By
thermally decoupling the sample holder from the
Helmholtz and pick-up coils, the magnetization can be
measured between 5 and 120 K. The system is magneti-
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FIG. 3. Temperature dependence of the dc magnetization of
a Bi~SrzCaCu208 „ceramic cooled in dc fields as assigned to
each curve (note the different scales for M as indicated by the
horizontal arrows). The solid lines result from the high density
of data points (ten points per kelvin) obtained from the SQUID
in units of fiux quanta Po. The inset shows the saturation sus-

ceptibility at T«T, =83 K as a function of the applied dc
field. The solid line is a fit of the expression given in the text to
the data.
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close agreement with those reported by Braunisch
et al. , ' thus providing an independent confirmation of
the PME. The fact that the experimental data can be de-
scribed by the above expression for yd, means that for
fields H«&&Ho a constant value of gd, is obtained result-
ing in a linear decrease of the PME magnetization of the
form M, =(m /Ho )Hz, . On the other hand, for
H«&HO =0. 1 Oe the expression for gd, leads to a field-
independent PME magnetization.

There is another noteworthy point resulting from the
above fit to the data. At H« ~ 1 Oe no direct indication
for a PME can experimentally be detected. Nevertheless,
y« found for, e.g. , H« =1 Oe, is still significantl above
the extrapolated saturation of the DME as given by po.
We conclude that a field-independent PME may be
present up to rather high fields (in the following we will
present evidence for it presence at H„,= 10 Oe), but can-
not be resolved by dc measurements due to the large dia-
magnetic signals. On the other hand, if the PME is relat-
ed to weak links as it is deduced from the grinding exper-
iments mentioned in the Introduction, its possible pres-
ence at 10 Oe implies rather high coupling strengths.

While the DME as observed during FC in fields
H«& 1 Oe is mostly governed by the DME of the indivi-
dual grains, insight into the magnetic response of the
weak link network can be obtained by ZFC experiments,
which monitor the shielding behavior. This becomes
clear by referring to theoretical results on two-
dimensional Josephson networks with pointlike grains
interconnected to the nearest neighbors via identical
weak links. Such a network shows the expected shielding
behavior in ZFC experiments, but does not exhibit a
DME. This is in accordance with the fact that the mag-
netic Aux through a non-simply-connected superconduc-
tor is conserved. Corresponding ZFC results for a PME
sample are shown in Fig. 4, where yd, is plotted as a func-
tion of temperature for two different fields Hd, (0.17 Oe,

1.05 Oe) observed during FC and ZFC procedures. Here,
the steep increase of g«at T =75 K in the ZFC experi-
ment can be attributed to the decoupling of the weak link
network in analogy to ac-susceptibility measurements,
where this decoupling of grains can be studied by apply-
ing additional magnetic dc fields. ' In the present case,
Fig. 4 shows that a field of H« = 1 Oe has practically no
inAuence on the shielding behavior of the network
though it is sufhcient to totally mask the PME during
FC. The insensitivity of the shielding behavior is corro-
borated by corresponding ac-susceptibility measurements
for this sample. The temperature dependence of the real
part g'( T) measured by applying an ac field of H„=0.05
Oe is not influenced by an additional dc field of H«=1
Oe. More details on the ac-susceptibility measurements
will be given in the following section.

B. Fundamental ac susceptibility
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In the following, we concentrate on two samples, one
of which is exhibiting the PME (sample 1 corresponding
to KaMu96 in Ref. 3), for the other (sample 2 corre-
sponding to Bol05b in Ref. 3) no PME could be detected.
In Fig. 5, the temperature dependences of the real (y')
and the imaginary (y") part of the fundamental ac sus-

ceptibility for these two samples are presented. Since
their transition temperatures T, are different as given in

the figure caption, the temperature is expressed in re-
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FIG. 4. Temperature dependence of the dc susceptibility of a
Bi2Sr2CaCu208 ceramic (same as in Fig. 3) obtained by field-
cooled (FC) or zero-field-cooled (ZFC) experiments in fields as
assigned to each curve. The solid lines result from the high den-
sity of data points (cf. Fig. 3).

FIG. 5. Temperature dependence of the real (y') and imagi-

nary (y") parts of the fundamental ac susceptibility [f=1049
Hz, H„=2 Oe in (a) and 0.05 Oe in (b)] for two different

Bi2Sr,CaCu, 08 ~ samples. (a) Sample 2 (T, =86.8 K), without

PME. (b) Sample 1 (T, =73.8 K), with PME. The dashed hor-

izontal arrows indicate the temperature range, where a reversi-

ble magnetic behavior is observed by the second harmonics.
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duced units t = T/T, . For both samples, a temperature
range can be found with t~ ~ t ~1.0, where significant
shielding occurs as indicated by the negative value of y',
while the corresponding imaginary part y" is zero within
the experimental resolution. For an ideal ceramic super-
conductor containing perfect grains, such a behavior is
expected if the grains are still decoupled from each other
at Tclose to T, and their size is of the order of the Lon-
don penetration length A, . In this case, the temperature
dependence of g' for t ~ t~ is due to the corresponding
dependence of A, . In the more realistic case, the grains,
though not perfectly free of weak links, must be small
enough that intragranular losses are not observable by
the applied ac technique. For temperatures t &t~, the
superconducting coupling between grains sets in, leading
to a much stronger shielding response which now is ac-
companied by intergranular losses as indicated by the
nonzero imaginary parts. This overall behavior of the ac
susceptjbjljty is qujte common for HTSC ceramjcs
and the above interpretation is widely accepted. ' The
imaginary part of sample 2 in Fig. 5(a) shows a double-
peak structure, which may be taken as a hint that the
weak link network is more inhomogeneous than in sam-
ple I [Fig. 5(b)] and may consist of two subnetworks with
different average coupling strengths. But the general
behavior of both samples is quite similar and no specific
signature of a PME can be extracted from the fundamen-
tal ac susceptibility. This is contrasted by the following
analysis of the second harmonic which is performed for
both samples at the different reduced temperatures as in-
dicated in Fig. 5(b) by arrows. These measurements ad-
ditionally reveal the temperature range, where the mag-
netic response of the samples behaves reversibly as judged
from the second harmonic. The result is also indicated in
Fig. 5.

C. Analysis of the second harmonics

In the following we present the results of the second-
harmonics analysis as described in Sec. II. If not other-
wise stated the samples are cooled to a specific reduced
temperature in the Earth's magnetic field, which in our
case amounts to 0.1 Oe as separately determined. Then
the external dc field is applied and the real (gz) and imag-
inary (yz') parts of the second harmonic are determined
for increasing fields followed by the corresponding mea-
surements for decreasing fields. In Fig. 6 the data taken
at t =0.9 are shown for sample 2, which does not exhibit
a PME. Here, the results for increasing Hd, are given by
closed symbols, those for decreasing fields by open sym-
bols. The observed overall behavior of ~yz~ as given in
Fig. 6(a) is typical of ceramic HTSC samples after ZFC
with a steep increase of the signal for small external fields
followed by a broad decrease for larger Hd, values.
Theoretically, a possible explanation is to assume a weak
link network, where the maximum current through a
weak link I, depends on the local magnetic field Hi„ in a
Kim-like manner, i.e., I, —(Hi„+Ho ) '. The more re-
markable feature of the data in Fig. 6 is the observed re-
versibility. On the other hand, this fits very nicely with
the behavior of the fundamental ac susceptibility ob-
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tained for this sample at the same temperature t =0.9.
Here, no ac losses could be resolved as indicated by the
vanishing imaginary part y" [cf. Fig. 5(a)]. Another
point is important. For the above sample without a
PME, only at Hd, =0 Oe is a sign change of both y~ and
yz' found. Thus, following the rules stated in Sec. II, it is
concluded that there is no dc magnetization of the sam-
ple, which could be compensated by applying a field Hd„
i.e., H„p 0 Oe. It further should be noted that the
curves of Fig. 6 show an even symmetry with respect to
reversing the direction of the external dc field.

The corresponding results are quite different for sam-
ple 1, which exhibits a PME. This is demonstrated in
Fig. 7, where data taken at t =0.8 are presented. As for
the sample without the PME a remarkable reversibility of
the second harmonic for increasing and decreasing dc
fields is observed at this temperature. But the most im-
portant new feature in Fig. 7 is the steep decrease of ~y~~

at H„„=2.9 Oe. At this finite external field both the
real and the imaginary part of the second harmonic
change their sign as shown in Fig. 7(b). In accordance
with the rules given in Sec. II, this is clear evidence that
by applying H„a dc magnetization is compensated.
Since such a reversible behavior with a finite compensa-
tion field H„ is observed only for samples exhibiting
the PME, we attribute the magnetization, which is neces-
sary to observe H„WO to the PME. Furthermore,

FIG. 6. Second harmonic of the magnetic ac susceptibility
(H„=2 Oe) obtained for sample 2 (no PME) after field cooling
in the Earth's magnetic field to a reduced temperature of
t =0.9. (a) ~g2~ of the complex second harmonic for increasing
fields are given by solid symbols. (b) Real (g2) and imaginary
(y2') parts corresponding to (a).
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FIG. 7. Second harmonic of the magnetic ac susceptibility
(H„=2 Oe) for sample 1 (with PME) after field cooling in the
Earth's magnetic field to a reduced temperature of t =0.8. (a)

IyzI for increasing fields are given by solid symbols, for decreas-
ing fields by open symbols. The compensation minimum at
H„p is indicated by an arrow. (b) Real (y2) and imaginary
(g2') parts corresponding to (a).
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susceptibility (cf. Fig. 5). In the second-harmonic experi-
ment, the exciting field is symmetrically applied relative
to Hd, . Thus its effect is averaged out as long
H H

p Only for larger ac amplitudes is a smearing
out of the compensation effect expected. This is
confirmed by experiment as shown in Fig. 8. Here, IyzI
for another sample exhibiting the PME (sample 3 corre-
sponding to KnBockl in Ref. 3) is shown as a function of
the external dc field. The data are taken at t =0.93 and
again a reversible behavior is found. In Fig. 8(a) the stan-
dard amplitude H„=2 Oe had been applied leading to
the well-resolved signature of the PME at H„. By in-
creasing the amplitude to H„=5 Oe&H„, the corn-
pensation effect is smeared out as can be seen in Fig. 8(b).

The above picture of PME moments suggested by the
results of the analysis of the second harmonics is indepen-
dent of the specific nature of the process producing the
moments. But, if weak links are thought responsible for
the PME, the following additional qualitative statements
can be made. At the high reduced temperatures analyzed
so far, only the strongest weak links are still supercon-
ducting while most of the network is already decoupled.
Thus at these high temperatures it appears plausible to
assume clusters of loops within the sample, which contain
the strongest weak links. At T„ these weak links reversi-
bly pass through the transition into the PME state and in
external dc fields a corresponding magnetization becomes

since as has been mentioned in Sec. II, the value of H„
is a direct measure of the magnetization, the reversibility
found can be interpreted in the following way. The PME
is definitely not destroyed in external fields up to H„,= 10
Oe as the effect of its overcompensation by Hd, is still
clearly visible. For even larger fields the data do not al-
low such a conclusion, but if the PME is destroyed by
these large fields, it obviously can be reversibly restored
by decreasing the field. It is noteworthy that identical
values for H„are obtained for decreasing and increas-
ing fields Hd, leading to the conclusion that the corre-
sponding PME magnetizations are identical. In this con-
text, another feature not shown in Fig. 7 is of utm. ost im-
portance. All curves of Fig. 7 exhibit an even symmetry
with respect to a reversal of the field direction. In accor-
dance with Sec. II, one concludes that the magnetization
due to the PME can be reversed by reversing the external
magnetic field. Even more specific, this reversal is com-
plete since the value of H„ is independent of the direc-
tion of Hd, . Thus the results of the second harmonics
suggest the astonishing picture of magnetic moments due
to the PME, which are saturated even in extremely small
fields of the order of Ho=0. 1 Oe and which reversibly
adjust to the direction of the external dc field. Of course,
such a reversible response of the PME moments is also
expected for the exciting ac fields. Consequently, no
losses are observed in the corresponding fundamental ac
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FIG. 8. Influence of the amplitude of the exciting ac field H„
on the second harmonic of the magnetic ac susceptibility of
sample 3 (with PME). (a) H„=2 Oe. (b) H„=5 Oe. In both
cases, the samples had been cooled to t =0.93 in the Earth' s
magnetic field and the data were taken for increasing dc fields
Hd, .
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measurable. If this picture is qualitatively correct, there
should be an upper limit EI,„above which the supercon-
ductivity even of the strongest weak links involved in the
PME will be suppressed. From our previous experience
with HTSC ceramics, ' we expect 0,„ to be of the or-
der of some tens of oersteds. Thus the reason that the
PME can be observed only in extremely small dc fields by
the SQUID technique is due to the fact that higher fields
produce a large diamagnetic response from the rest of the
sample not containing the PME loops. In this context,
the following FC experiment is of interest. Here, sample
1 is cooled through the transition temperature T, in an
external field of Hd, =30 Oe down to a reduced tempera-
ture of t =0.88. Then, during a stepwise reduction of the
field, the signal of the second harmonic is determined.
The corresponding results are shown in Fig. 9. The most
important feature of these data is that they demonstrate
the presence of the PME by exhibiting a compensated
magnetization at II„~WO even after FC in a relatively
high dc field. Furthermore, the value of 0„ is found
to be identical within our resolution with that obtained
after cooling in the Earth's magnetic field. These results
provide strong additional support for the idea of a rever-
sible transition into a PME state with magnetic moments,
which are saturated even in very small fields.

It is worth noting that the interpretation introduced so
far did not rely on any assumption of what subsystem of
the sample is causing the necessary nonlinearity to make 30

20

0 +&0 4 + QQOpy

the second harmonics visible. As has been shown for
sample 2 (see Fig. 6), second harmonics are also produced
in a HTSC ceramic, which does not exhibit the PME.
The important point is that the magnetization due to the
PME is coupled to the conventionally, i.e., diamagneti-
cally responding part of the sample, which also is produc-
ing the second harmonics. The degree of detection of the
PME by the above compensation technique can be drasti-
cally changed by lowering the temperature. Then, more
and more weak links become superconducting and will
contribute to the magnetic response of the sample. This
increasing coupling of the network by reducing the tem-
perature leads to intergranular losses as can be seen from
the imaginary part of the fundamental susceptibility (cf.
Fig. 5). For sample 1, these losses have a maximum at
t =0.65. For even lower temperatures the shielding abili-
ty of the sample is still increasing hindering a small exter-
nal field from penetrating the sample in a ZFC pro-
cedure. In a second-harmonic experiment, losses should
show up as irreversibility, i.e. , a difference between ~yz
for increasing and decreasing external fields. This
behavior is demonstrated in Fig. 10, where ~yz~ of sample
1 is shown for increasing fields (closed symbols) after FC
in the Earth's magnetic field to the reduced temperatures
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FICs. 9. Second harmonic of the magnetic ac susceptibility
(H„=2 Oe) obtained for sample 1 (with PME) after field cool-
ing to t =0.88 in a field of 30 Oe. The data were taken by step-
wise decreasing this external field to zero. (a) Modulus ~y, of
the complex second harmonic. (b) Real (y&) and imaginary (y2 )

parts corresponding to (a).

Flax. lp. Modulus ~y, ~
of the complex second harmonic

(H„=2 Oe) obtained for sample 1 (with PME) after field cool-
ing in the Earth's magnetic field to different reduced tempera-
tures as assigned to each figure (a) —(d). The data taken for in-
creasing dc fields (up to Hd, =100 Oe) are given by solid sym-
bols, those for decreasing fields by open symbols. The arrows
indicate the field values for which an intersection and change of
sign of the corresponding real and imaginary parts were ob-
served.
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FIG. 11. Temperature dependence of the compensation fields
H, ~ obtained for sample 1. In all cases, the sample is cooled
in the Earth's magnetic field to the corresponding reduced tem-
perature and an external field of Hd, =100 Oe is applied H p
is determined during decreasing Hd, and is reAecting the ZFC
remanence of the sample.

indicated in Figs. 10(a)—10(d). After a maximum of
Hd, =100 Oe, the field is decreased and corresponding
~gz~ data are recorded (open symbols in Fig. 10). At
t =0.8, the behavior is reversible within our resolution
and the typical signature of the PME is clearly obtained.
At t =0.7, for increasing fields the influence of the PME
is still visible [upper arrow in Fig. 10(b)] but strongly re-
duced. For decreasing fields, hysteretic behavior sets in
for Hd, ~ 20 Oe and the field necessary to compensate the
total internal magnetization is shifted to higher values
(the diff'erence b,H„~ for increasing and decreasing
fields amounts to 1.2 Oe). This shift is easily attributed to
the additional remanent magnetization due to the hys-
teretic behavior of the weak link network. Further reduc-
tion of the temperature to t =0.6 leads to the efFect that
for increasing fields the PME is now totally masked by
the conventional behavior of the main weak link network,
though from the complementary SQUID measurements
its presence is obvious (cf. Fig. 3). For decreasing fields
hysteresis starts at approximately Hd, ~ 30 Oe and the
observed compensation at H„=8 Oe is again governed
by the remanent magnetization of the hysteretic network
(H„ is determined from the intersection of y2 and yz'
not shown in the figure and indicated by an arrow). This
interpretation is corroborated by the fact that the curves
no longer exhibit an even symmetry with respect to re-
versing Hd, . The results obtained at t =0.5 and lower
are qualitatively very similar to those at t =0.6 except
that the minimum of ~y2~ obtained for decreasing fields is
shifted to smaller values of H„. This is in accordance
with the above-mentioned enhancement of the shielding
ability of the network. Actually, if the H„values,
which are attributed to the remanence of the network,
are plotted versus the reduced temperature t, the curve

shown in Fig. 11 is obtained. It nicely rejects the loss
peak as obtained from the fundamental ac susceptibility
of this sample (cf. Fig. 5). A last point should be em-
phasized. For both types of samples with and without a
PME, a temperature range is observed where the magnet-
ic response is reversible. Thus this reversibility is not
necessary for the PME providing evidence against an in-
terpretation in terms of the differential paramagnetic
effect, for which a high degree of reversibility is needed as
mentioned in the Introduction. Furthermore, for any
effect hinging on the interplay between the magnetic
response of the grains and the weak link network, we
would expect a dependence on the value of the applied dc
field in contrast to the experimental results reported
above for the PME.

IV. SUMMARY

A new compensation technique has been introduced
based on the measurement of the second harmonic of the
magnetic susceptibility of ceramic HTSC samples, which
allows one to determine their dc magnetization. This
technique is applied to further characterize the PME in
Bi2Sr2CaCu208 samples, which showed this efFect in dc
(SQUID) measurements. Due to its high sensitivity to dc
magnetizations, the second-harmonic analysis makes it
possible to detect the PME under experimental condi-
tions, where its dc (SQUID) signal is totally masked by
the diamagnetic behavior of most of the sample. The re-
sults extracted in this way are consistent with the idea of
a reversible transition into a PME state carrying orbital
currents resulting in corresponding paramagnetic mo-
ments, which can be saturated even in extremely small
external fields. This PME state is attributed to loops con-
taining relatively strong weak links, which are still super-
conducting even close to the bulk-T, value (t =0.9) of
the grains. Furthermore, some details found experimen-
tally such as the constant value of H„ for different
external fields and cooling procedures, let models appear
quite improbable, which rely on a complicated interplay
between the intragranular and intergranular magnetic
response.
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