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Time dependence of the magnetization of BizSr2CaCn2os displaying
the paramagnetic Meissner effect

J. Magnusson, M. Bjornander, L. Pust, P. Svedlindh, and P. Nordblad
Department of Technology, Uppsala University, Box 534, S-751 21 Uppsala, Sweden

T. Lundstrom
Department ofInorganic Chemistry, Uppsala University, Box 531, S-751 21 Uppsala, Sweden

(Received 27 March 1995)

The time dependence of the magnetization of a Bi2Sr2CaCu208 sample displaying the paramagnetic
Meissner e6'ect has been studied as a function of field, temperature, and age of the system using super-
conducting quantum interference device magnetometry. The field-cooled magnetization is found to in-
crease with time at low fields, while at higher fields the relaxation is negative. The zero-field-cooled re-
laxation shows an anomalous field dependence at low magnetic fields. The age of the system does not
yield an observable inhuence on the time dependence of the magnetization. The results are discussed in
terms of a model based on so called ~ junctions.

I. INTRODUCTION

When cooled in a low magnetic field, some granular
samples of Bi-based high-temperature superconductors
have been found to show a positive susceptibility below
T, . This phenomenon has been called the anti-
Meissner effect or the paramagnetic Meissner effect
(PME), in order to distinguish it from the expected nega-
tive susceptibility of a superconductor displaying the or-
dinary Meissner effect. The effect was first observed in
the Bi-2212 system, which is the most extensively studied
system. The PME has also been observed in the Bi-2223
phase. The effect has been found both in sintered, weakly
screening samples' and in melt-textured samples that
show a zero-field-cooled susceptibility close to —1/4m. . '

More recently, a positive field-cooled magnetization has
been reported in other superconductive materials as well.
Riedling et QI. have observed a positive magnetization at
low fields in single crystals of YBa2Cu307 &. They found
that the PME was only observable when the field was ap-
plied along the c axis of the crystal, and not with a field
along the a-b plane. A positive magnetization has also
been found in a disk-shaped sample of niobium.

Bi-based samples displaying the PME have been found
to show anomalous characteristics when studied in mi-
crowave absorption experiments ' as well as in measure-
ments of the ac susceptibility. In the microwave absorp-
tion measurements one finds a maximum of the absorp-
tion at zero applied field followed by a minimum as the
field is increased, contrary to the monotonically increas-
ing absorption with increasing field found in non-PME
samples. In the ac-susceptibility experiments, the field
dependence of the modulus of the second harmonic is
used to monitor the existence of internal magnetic dc
fields. In samples not showing the PME, internal fields
are only detected in a remanent magnetic state, whereas
in PME samples, internal fields exist even after zero-field
cooling through T, .

The experimental results tell that the PME is directly
related to the superconducting state and that spontane-
ous magnetic moments develop below T, . These spon-
taneous moments have been attributed to anomalous
Josephson junctions, so-called m junctions, between su-
perconducting grains. ' ' When a Cooper pair tunnels
through a m. junction it acquires a phase shift of N=—m.

The free energy F of a ring with one Josephson junction,
either a n junction or a normal junction (here called a 0
junction), is composed of the magnetic field and current
energy together with the Josephson junction energy and
is given by

I No 2mF= LI —cos — (4,„+LI)+pm
2 2m 4o

where I is the current in the loop, L is the loop induc-
tance, 4,

„

is the flux threading the ring due to an external
field, and I, is the critical current of the junction. The
parameter p has the value 0 for a 0 junction and 1 for a m

junction. For a m loop in zero external field and with
(=2m.LI, /@0) 1 there is a twofold degenerate energy
minimum state. This implies that a spontaneous current
will circulate in the ring, with equal probability for the
two circulation directions. When applying an external
field, the energy minimum corresponding to a current
generating an orbital momentum whose projection in the
direction of the applied field is parallel to the field will be
lower in energy. For a rr loop with g(1 only one
minimum of F(I,N,„)exists, corresponding to a linear
paramagnetic response to the external field. For a 0 loop
the response to an applied field is diamagnetic for all
values of g. When several m. junctions coexist in a loop, a
spontaneous current is only generated if the number of m

junctions in the loop is odd.
Several possible origins of ~ junctions have been pro-

posed, e.g., electron tunneling with a spin-Rip process due
to randomly distributed magnetic impurities in the junc-
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tion, indirect electron tunneling through a localized im-
purity state in the junction' and tunneling of d-wave
paired electrons between grains with differently oriented
interfaces. Kusmartsev and Sigrist and Rice indepen-
dently pointed out that m junctions can explain the posi-
tive magnetic moments of high- T, superconductors.
Kusmartsev introduced the concept of an orbital glass
state, characterized by the existence of randomly distri-
buted orbital currents. Sigrist and Rice interpreted the
PME as due to ~ junctions originating from d-wave su-
perconductivity. Furthermore, they proposed a simple
model which they showed could reproduce several of the
experimental findings. This model assumes a system
which is composed of noninteracting superconducting
loops, each with one Josephson junction, where the
Josephson junction is either a ~ junction or a normal
Josephson junction. A model of a network of 0 and ~
junctions, including collective effects, was studied by
Dominguez, Jagla, and Balseiro. " This model was also
shown to qualitatively reproduce the experimental mag-
netization versus temperature results, and it exhibited
some glassy properties.

In a recent paper, Magnusson et al. ' have used the
noninteracting m-loop model of Sigrist and Rice to study
time-dependent efFects. By introducing thermally activat-
ed Gipping of the spontaneous moments generated by the
m loops, the general features of the experimental results
of the time dependence of the PME presented below
could be reproduced.

The time dependence of the PME has until now not
been thoroughly investigated experimentally. Braunisch
et al. reported an observation of a change in the zero-
field-cooled (ZFC) magnetization with time, while they
could not detect any change in the field-cooled (FC) mag-
netization, thus concluding that the paramagnetic FC
magnetization corresponds to an equilibrium state. ZFC
relaxation results have been presented by Niskanen
et a/. , ' where it was shown that the relaxation rate of
the ZFC magnetization has a field dependence that differs
from that predicted by the critical-state model. ' In this
paper we report results from measurements of the time
dependence of the FC and ZFC magnetization of a sin-
tered sample of Bi-2212 as function of temperature, mag-
netic field, and age of the system. The measurements
were performed in a noncommercial superconducting
quantum interference device (SQUID) magnetometer.
For the lowest fields applied, the FC magnetization re-
laxes towards more positive values, contrary to what is
found in samples not showing the PME. ' The field
dependence of the relaxation rate of the ZFC relaxation
shows a behavior consistent with that earlier reported by
Niskanen et al. ' No dependence of the response to a
magnetic field upon the age of the system could be detect-
ed. The results are discussed in terms of a m.-junction
model for the paramagnetic Meissner effect.

and CuO. The sample was ground and several times
resintered at temperatures 790—860'C, and then an-
nealed at 850 C in an atmosphere of 8% oxygen followed
by annealing in 100 fo Ar atmosphere at 670'C. X-ray
powder analysis indicated a single-phase sample with the
following cell parameters of an incommensurate struc-
ture: a =5.406(1) A, b =24.976(2) A, and c =37.118(4)
A. Scanning electron microscopy revealed a rather Caky
grain structure with an average platelet area of 1 —4 pm .
The critical temperature was determined magnetically to
be T, =87 K. The magnetization measurements also re-
vealed traces of the Bi-2223 phase with a critical temper-
ature of 110 K. A scanning electron micrograph of the
sample is shown in Fig. 1.

B. Experimental procedure

The measurements were performed in a noncommer-
cial SQUID magnetometer with a third-order gradiome-
ter pickup coil configuration, the distance between two
neighboring pickup coils being 5 mm. The sample, which
was cut as a parallelepiped of volume 2.5X2. 1X1.7
mm, was kept fixed in one of the middle pickup coils
during measurement. The sample rod was designed to
eliminate displacement of the sample due to thermal ex-
pansion, the effective sample rod being as short as 10 cm.
The change in magnetization was always measured rela-
tive to a point well above T, . A constant magnetic field
was produced by a small superconducting solenoid work-
ing in persistent mode, the small size allowing for switch-
ing times of the order of 10 s. The sample space was
screened by p metal and superconducting shielding. Fur-
thermore, the residual background field Hb in the direc-
tion of the applied field was compensated for so that
Hb (0.25 mOe. To get an absolute value of the mea-
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II. EXPERIMENTAL

A. Sample preparation and characterization

The investigated Bi2Sr2CaCu2OS+& sample was
prepared by reaction sintering of Bi2O3 SICO3 CaCG3,

FIG. 1. Scanning electron micrograph of the studied Bi-2212
sample, seen in the direction of pressure applied during prepara-
tion.
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sured magnetization, a calibration measurement was per-
formed in a Quantum Design SQUID magnetometer at
10 Oe.

Before each measurement run, the sample was heated
to 112 K. The sample was then cooled, either in zero
field (ZFC) or in an applied field (FC) using a cooling rate
of approximately 0.05 K/s. In the magnetization versus
temperature measurements, the sample was cooled in
zero field to a temperature well below T„50K or lower,
where the field was switched on. The sample was then
heated, the heating rate being of the same order of mag-
nitude as the cooling rate, and the ZFC magnetization
was recorded. After reaching 112 K, the sample was
cooled without changing the field, giving the FC curve.
At low temperature the field was removed, and measur-
ing while heating the sample yielded the thermoremanent
magnetization (TRM) curve. The sample was always al-
lowed to attain constant temperature before a value of
the magnetization was recorded.

In the relaxation measurements the change in the mag-
netization with time was recorded. The time window in-
vestigated in these measurements was 0.3—3000 s. When
performing the ZFC relaxation measurements the sample
was cooled to the measurement temperature in zero field
and the sample was allowed to reach constant tempera-
ture before the field was switched on, the switching on of
the field defining zero time. Since the switching time of
the magnet is much shorter than the smallest time stud-
ied, the observation time in the ZFC relaxation is well
defined. On the other hand, when performing the FC re-
laxation measurements the sample was cooled in a field
and hence a continuous relaxation occurred during cool-
ing. Since the effective cooling time was of the order of
the measurement times, it is dificult to define zero time
for the relaxation at the temperature of interest. Thus
the functional form of the FC relaxation data does not
immediately relate to intrinsic physical properties of the
sample. Nevertheless, the observed direction and magni-
tude of the relaxation are significant. We have used the
moment when the measurement temperature was reached
as definition of zero time in the FC relaxation experi-
ments.

The quantity measured in all the discussed experiments
is the magnetization of the sample, M. In the discussion
below, the magnetization normalized to the applied field,
M/H, is often (somewhat unstringently) referred to as
the susceptibility, y.

III. RESULTS AND DISCUSSION

A. Field and temperature dependence
of the magnetization

The FC and ZFC susceptibilities, gFC and yzFc, are
plotted versus temperature for fields in the interval
0.003—3 Oe in Fig. 2. The low value of the ZFC suscep-
tibility, only about a tenth of —1/4m. even for the lowest
fields, shows that the intergranular critical currents in the
sample are rather weak. This is characteristic of the sam-
ples where we have detected the PME. Thus, for all the
fields used in this study, one expects the magnetic field to
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have penetrated the intergranular regions of the sample.
Since the size of the grains is comparable to the penetra-
tion depth, one can assume that most of the grains are
also largely penetrated by the field. The first critical field
of Bi-2212 is normally considered to be larger than the
fields used in these experiments. ' However, considering
local demagnetizing effects, one should not exclude the
possibility of having vortices inside the grains, especially
not for the larger fields used. Intergranular vortices will
exist in regions of densely packed grains. Such vortices
are first created when the applied field is of the order
B-N /20d, where d is a typical grain diameter. Since
the average grain diameter in our sample is a few mic-
rons, intergranular vortices are expected to occur for
fields in the order of 1 Oe.

The most striking feature of the PME, the positive FC
susceptibility at low fields, is clearly seen in Fig. 2(a).
The positive susceptibility becomes larger with decreas-
ing field. In the low-field limit, experiments indicate that
y„creaches a constant value. However, since the uncer-
tainty in the lowest field (0.003 Oe) is approximately
10%, the true asymptotic behavior remains uncertain.
For fields 0.3 Oe or larger yFc becomes negative, but,
contrary to what is found in non-PME samples, the abso-
lute value of the diamagnetic susceptibility increases with
increasing field in the field range shown. For even higher
fields, this behavior will inevitably change into a decreas-

40 50 60 70 80 T (K)
FIG. 2. Field-cooled (a) and zero-field cooled (b) susceptibili-

ties versus temperature for applied fields in the range 0.003—3
Oe. The inset of (a) shows an enlargement of the region close to
T„where the FC susceptibility is negative for all fields.
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ing susceptibility with increasing field due to vortices
penetrating the sample. In the temperature region just
below T„y„cis negative and rather field independent, as
can be seen in the inset of Fig. 2(a).

The ZFC susceptibility, shown in Fig. 2(b), also
displays an anomalous behavior. For the low tempera-
tures, yz„cat constant temperature shows a decrease in
magnitude with increasing field, which is to be expected
from a vortex picture. However, at around 70 K, i.e.,
T/T, =0.8, the susceptibility for different fields cross
each other and above this temperature, the magnitude of
yzFc increases with increasing field. The decrease of
yzFc with decreasing temperature, starting from T„is
less sharp in low fields than in higher. If the field is in-
creased even further, the magnitude of the ZFC suscepti-
bility will eventually decrease with increasing fields at all
temperatures due to vortex penetration.

The above results can be understood in terms of an in-
dependent ~-loop model combined with Abrikosov vor-
tices. The contributions to the magnetization in samples
containing m loops are of several different origins: Posi-
tive spontaneous moments from m loops with large
enough value of the parameter g, a positive paramagnetic
response from m. loops with g ( l, a diamagnetic response
from loops containing 0 junctions or an even number of m

loops, a diamagnetic Meissner response from the bulk
material, and possibly also a positive contribution from
vortices. In the case of zero-field cooling, the spontane-
ous moments of the vr junctions will not show any pre-
ferred direction until the field is switched on at low tem-
perature. After the field is applied and the energy degen-
eracy of the two states of a m loop is broken, the thermal
energy governs how efticiently the energy barrier between
the two states has been overcome in the time scale of the
experiment. Thus, the importance of positive magnetiza-
tion from the m loops will increase with increasing tem-
perature. The fact that the penetration depth increases
with temperature further emphasizes the effect of temper-
ature on the polarization of spontaneous moments, since
at high temperature, a larger part of the sample will be
penetrated by a polarizing field. In addition, the energy
barrier of the m loops will decrease with increasing tem-
perature, since the parameter g is dependent on the criti-
cal current. However, this also means that the number of
m loops generating spontaneous moments, instead of
displaying a paramagnetic behavior, will decrease as the
temperature is increased. At the higher temperatures,
where the m. loops play a larger role in determining yzFc,
the susceptibility becomes less negative as the field is de-
creased. This implies that the contribution from the
spontaneous moments is more important relative that
from vortices and diamagnetic currents the lower the
field is. Hence the increase of the number of polarized
moments with increasing field has a weaker field depen-
dence than the competing effect of a linear diamagnetic
response.

A similar discussion can be applied to the yFc results.
Here, the sample is penetrated by the magnetic field dur-
ing cooling, giving rise to a splitting of the energy levels
for the two directions of the spontaneous currents at high
temperatures where the thermal energy is comparatively

large, and hence to a polarization of the moments. As in
the ZFC case, the relative importance of the spontaneous
moments is largest for the smallest fields. The initial
drop in yFc just below T, can be accounted for by the
low value of g near T, . When the temperature is
lowered, the critical current and hence g increases, caus-
ing an increased number of the ~ loops to generate spon-
taneous moments. The experimental observation that
y„capproaches a constant value as the low-field limit is
approached is also found from calculations using the sim-
ple model by Sigrist and Rice. '

In Fig. 3 the field dependence of gzFc +Fc and
MTRM/H is plotted at 70 K. It is worth noting that the
fundamental relation MTRM/H=ypc XzFc is valid also
for a PME sample. The main contribution to MTRM at
low fields is from polarized ~ loops.

B. Time dependence of the magnetization

Below the critical temperature, the results presented in
the previous section do not reQect equilibrium properties
of the sample, but all discussed magnetic properties show
a dependence upon time, which in the y(T) experiments
appears as a dependence upon cooling and heating rates.
This time dependence of the magnetization will be fur-
ther investigated in the following.

The relaxation of the ZFC Inagnetization is always to-
wards a less diamagnetic behavior. This is to be expected
both from an ordinary vortex description of the process
and from a m-loop model. The ZFC susceptibility versus
time at 60 and 70 K is plotted in Fig. 4. At the tempera-
tures and fields and in the time window investigated the
relaxation rate, SzF&=BMz„c/Blog,o(t), is almost time
independent, i.e., the relaxation is close to logarithmic.
As can be seen in the figure, the deviation from a pure
logarithmic behavior is largest for small fields at 60 K
and for large fields at 70 K. At 60 K the curvature of
yz„cversus log(t) is more positive the smaller the field is,
and at 70 K it is negative for the larger fields. Ascribing
the main relaxation at low fields to the polarization of ~
loops and making the realistic assumption that the distri-
bution of relaxation times of the spontaneous currents in
the sample is broad and display a maximum for some re-
laxation time ~,„(T,H ), one can understand the trends
in the deviation of SzFc from a constant value. At low
temperatures and low fields, the observation times are
smaller than ~,„yielding an increase of the relaxation
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FIG. 3. Fie1d dependence of yzFC, ypc, and MTRM/0 at 70

K.
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zation is due to thermally activated Gipping of the spon-
taneous orbital moments. Thus, in samples containing m

loops, the field-cooled relaxation is governed by two corn-
peting effects. In the low-field region, where there are
few vortices, the relaxation is dominated by the positive
m.-loop relaxation. At larger fields, the negative vortex re-
laxation gives the dominant contribution since it has a
stronger field dependence than the contribution from the
m loops. Concerning the temperature dependence of SFC,
a similar discussion as that for Sz„cis relevant. Howev-
er, in addition to the dependence on thermal energy, ex-
perimental time window and the value of g, the recorded
temperature (and field) dependence of SFc also depends
on how fast the sample was cooled to the measurement
temperature, since part of the relaxation takes place dur-
ing cooling.

The positive field-cooled relaxation of the magnetiza-
tion implies that there is a positive contribution to the
magnetization of the ground state. In the m-junction pic-
ture, this means that the spontaneous currents are stable.
Additionally, the expulsion of vortices causes a negative
contribution to the relaxation. The time scales for these
two relaxation processes might differ considerably. How-
ever, at low enough fields, the positive contribution from
spontaneous currents dominates the diamagnetic
response due to Meissner currents and currents in 0 loops
(g„c& ~gzFc) and one can conclude that the ground state
has a paramagnetic magnetization.

The field dependence of the ZFC relaxation rate is
shown in Fig. 8. For low fields, SzFC increases almost
linearly with field at all temperatures. At higher temper-
atures, the relaxation rate levels off when the field is in-
creased and at the two highest temperatures it even starts
to decrease. At the highest fields, there is a tendency to
an upwards bending of the relaxation rate curves. In an
earlier investigation by Niskanen et al. ' reaching higher
fields, the initial linear increase of Szpc with field was at
lower temperatures shown to be followed by an H
dependence.

Numerical results of Magnusson et al. ,
' obtained by

recognizing that the m loops behave as thermally activat-
ed asymmetric two-level systems and using a broad distri-
bution of relaxation times, also show a linear field depen-
dence of SzFC at low fields. The experimentally observed
linear field dependence of Sz„cat low fields indicates that

FIG. 8. Zero-field-cooled relaxation rate versus magnetic
field at 30 (o ), 50 (0), 70 (4), 80 ('7), and 84 K (C'). In the low-

field regime the relaxation rate depends almost linearly on the
applied magnetic field.

the relaxation is dominated by the polarization of m loops
in this field region. However, with increasing field, the
energy difference between the two current directions in-
creases and the energy barrier for Aipping moments to
the favorable direction decreases. The relaxation time
spectrum is thus displaced towards shorter times and, at
high enough fields, there will eventually remain very few
spontaneous moments that have not already Hipped at a
time shorter than those in the experimental time window.
This explains a weaker field dependence, or even a de-
crease, of the relaxation rate with increasing field. With
decreasing temperature the relaxation times increase and
at the lower temperatures, the field region where a level-
ing off of the relaxation rate occurs is not reached at our
field strengths. At these lower temperatures and with in-
creasing fields, a competing relaxation mechanism ap-
pears: ordinary Aux creep. The usual Aux-creep and
critical-state models predict a stronger field dependence
of SzFC for fields between H, i and the field yielding full
fiux penetration: SzFC o- H, where a ~ 2 (the value of a
depends on the field dependence of the critical current). '

For fields lower than H, &, no relaxation is to be expected
from a model based on Aux creep. Thus, the tendencies
of the current investigation and the results by Niskanen
et al. indicate that the ZFC relaxation is dominated by
polarization of m loops in the low-field region and by Aux
creep at high fields.

We have discussed the unusual magnetic properties of
our PME sample in terms of an assembly of noninteract-
ing m. loops. However, if the m-loop concept is correct,
there will inevitably be dipole-dipole forces between the
different m loops. It is also possible that one has a net-
work of connected m and 0 loops in the sample, which
may result in collective effects implying spin-glass-like
properties of the sample. " One signifying property of
slowly relaxing systems with random interactions is the
existence of an ageing phenomenon. Spin glasses in-
herently possess ageing properties. ' Small particle sys-
tems, only interacting via dipole-dipole forces, show age-
ing properties when the particles are close enough, while
ageing is not resolved for more dilute particle systems. '

Ageing in magnetic systems manifests itself through a
dependence of the response to a magnetic field upon wait
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time t, t being the time elapsed between the points of
time when the measurement temperature was reached
and a probing field was applied. Ageing experiments
were performed on the PME sample at temperatures in
the range 22 —78 K using wait times t =30, 300, and
3000 s. The sample was either cooled in a field (0. 1 —1

Oe) or in zero field. At the measurement temperature, a
small probing field (0.003—0. 1 Oe) was applied, and the
magnetization versus time was recorded. %'ithin our ex-
perimental resolution, no dependence upon wait time was
detected in the magnetization of the sample. This indi-
cates that the collective network effects are weak and that
the dipole-dipole interaction energy between the different
spontaneous m-loop moments is small compared to the
thermal energy and to the energy barrier between the two
different states of a m loop. A numerical estimation of
the relative importance of the dipole-dipole interaction
can be made using the relation Ed d =(po/4mkz )(P /r )

for the interaction energy. Using the maximum mea-
sured value of the field-cooled magnetization at 70 K
(4X10 ' A/m at 0.03 Oe) and assuming the size of the
loops to be of the order 1 pm and j, of the junction to be
10 A/cm yield an interaction energy corresponding to a
temperature of the order of 1 K.

IV. CONCLUSIONS

The above presented positive relaxation of the FC mag-
netization in low fields can be explained by thermally ac-
tivated Gipping of spontaneous moments generated by
loops containing an odd number of m junctions, while a
vortex description is not capable of explaining these re-
sults. In higher fields, the FC relaxation becomes nega-
tive, indicating that the relaxation due to vortices dom-
inates that due to m. loops. The relaxation rate of the
ZFC magnetization shows an anomalous field dependence
at low fields, which is consistent with an earlier numerical
study' of a model based on m loops. The relaxation of
the measured magnetization in the particular sample
studied does not depend on the age of the system, which
indicates that the interaction between the different spon-
taneous moments is weak compared to the energy barrier
and the thermal energy.
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