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The magnetic response of MgB2 samples prepared by solid state reaction method, were studied.
Important features revealing the granular character of the specimens were veri�ed, as (i) depressed
magnetization versus �eld response, when compared with the corresponding curve for unlinked
powder, (ii) the paramagnetic Meissner e�ect and (iii) the occurrence of a magnetic remanence in a
limited interval of temperatures. Experimental evidence is added to indicate that these e�ects are
related to 
ux pinning.

I Introduction

Since the discovery of superconductivity in MgB2 [1],
there is an increasing interest on this material, both
for fundamental studies and potential applications. As
usual, research studies are under way to understand
many di�erent aspects of superconductivity in MgB2.
Most samples produced thus far present a granular
character, similar to that exhibited by ceramic super-
conductors, displaying a two-component magnetic re-
sponse.

It has been extensively reported [2-5] that one of
the inherent properties of granular superconductors is
the paramagnetic Meissner e�ect (PME), usually iden-
ti�ed as a positive magnetization exhibited by cer-
tain samples when cooled through the critical tempera-
ture in the presence of a magnetic �eld (�eld-cooled,
FC). As a matter of fact, the PME has been sys-
tematically detected when samples of controlled gran-
ularity were studied, especially those prepared to be-
have as tridimensional Josephson junction arrays (JJA)
[3-5]. The feature has also appeared on the mag-
netic response of good-quality thin-�lms of Nb and
YBa2Cu3O7�ÆgYBCO) cooled in a �eld perpendicular
to the plane of the sample [2]. PME has also been ob-
served in melt-textured YBCO samples submitted to
high magnetic �elds (H) [6,7].

Another feature of interest is a remanent magnetiza-
tion (MR), seen in the magnetic response of some spe-
cially prepared granular samples as, for instance, dis-

ordered tridimensional Josephson arrays of Nb [3] and
YBCO [4]. This feature was also shown to be a charac-
teristic of minimally ordered granular systems [3,4].

Experimental Procedure

A polycrystalline MgB2 pellet was prepared by solid
state reaction. A stoichoimetric mixture of small Mg
chips and �ne B powder was wrapped in a Ta foil and
sealed under Ar atmosphere in a quartz ampoule. The
pellet was sintered at 950 oC for two hours and furnace
cooled to room temperature. Samples for resistivity
and magnetic measurements were cutted from the sin-
tered pellet with a diamond saw.

Resistivity (�) measurements of the sample up
to room temperature were carried out using a low-
frequency AC technique employing a lock-in ampli�er
as a null detector. Data obtained at zero applied �eld
are shown in Fig. 1. The inset shows an ampli�ed
view of the transition region, evidencing the granular
behavior characterized by a double transition.

Magnetic measurements were conducted using two
instruments provided by Quantum Design: a 5 Tesla
Squid Magnetometer and a 9 Tesla PPMS. Fig. 2 shows
the mass magnetization versus �eld, M vs. H, curves for
two samples at low temperatures: One of the specimens
is a small piece (4.4 mg) of a bulk sample, whereas the
other consists of powder (0.7 mg) collected during ma-
nipulation of the reasonably brittle bulk samples. Both
are typical curves of an ordinary type II superconduc-
tor. However, comparison of both curves reveals that
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the bulk sample has smaller absolute values of M, indi-
cating that a paramagnetic contribution due to the in-
tergrain fraction is present. Measurements of the mag-
netic remanence (Mrem), taken after application of an
AC-�eld (h), as described in Refs. [2] and [3], are in
Fig. 3. The positive remanence appearing in a window
of temperatures for certain values of h is a characteris-
tic of a minimally ordered granular systems, similarly
to those reported in Refs. [2] and [3] which were pre-
pared to behave as Josephson arrays. The inset of Fig.
3 shows the magnetic response of the same bulk sample
submitted to a low AC-�eld, h = 0.1 Oe. This curve re-
sembles that of an ordinary superconducting transition,
without any trace of MR.

0 50 100 150 200 250 300
0

100

200

300

MgB
2

H = 0

ρ 
( µ

Ω
.c

m
)

Temperature (K)

38 39 40
0

40

80

 

Figure 1. Resistivity measurement of a bulk MgB2 sample:
the main graph shows � x T up to room temperature; inset
focuses the double transition, revealing a granular charac-
teristic.
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Figure 2. M x H curve for bulk and powder MgB2. Dif-
ferences between values of powder and bulk are detailed on
the inset.
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Figure 3. Magnetic remanence of a bulk MgB2 sample after
application of an AC �eld of 0.1, 1.0, 2.0 and 3.8 Oe. Inset
shows the measurement for smallest h.

Figure 4 shows how the PME is revealed in the stud-
ied sample. It is a quite subtle e�ect, emerging as a
di�erence between the magnetization curves taken in
the presence of a magnetic �eld while cooling (�eld-
cooled cooling, FCC) or warming (�eld-cooled warm-
ing, FCW) the sample. Interestingly enough, depend-
ing on the value of the �eld the FCW curve lays above
or below its corresponding FCC. Curves were selected
to evidence this inversion between FCC and FCW mag-
netizations. Measurements taken at H = 7000 Oe are
largely ampli�ed in the inset. We have also performed
time relaxation measurements of M, which ensured that
the e�ect is not due to relaxation of a metastable state.
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Figure 4. �DC of a bulk MgB2 sample exhibiting PME.
One can see the inversion of FCW and FCC curves, which
is depicted in the inset.

An alternative way to study this peculiar behavior
is to scan the temperature up and down in the presence
of a �eld. Fig. 5 presents some of these measurements
at �elds of 0.1 Tesla and 0.7 Tesla. It is noteworthy
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that these results are independent of the temperature
variation rate. Also, regardless of the value of the �eld,
the magnetization always ends at the FCW curve, sug-
gesting that the e�ect might be related to pinning and
that there might be an ideal \training path" for op-
timizing the magnetic response and, consequently, the
critical current of \dirty" specimens of MgB2.
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Figure 5. Scans of temperature for a bulk MgB2 sample.
The magnetic response suggests a \training path" ending
up at the FCW magnetization.

In summing up, we have presented experimental re-
sults showing that the studied samples of MgB2 ex-
hibit most of the typical characteristics of a minimally
ordered array of weak-links, namely, a suppressed mag-
netization versus �eld curve as compared to the corre-

sponding powder response, the paramagnetic Meissner
e�ect and a magnetic remanence. Moreover, temper-
ature scans in the presence of an applied �eld suggest
that pinning might be the cause of the observed fea-
tures, and that the system magnetization always tends
to the �eld-cooled warming branch.
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