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Glass-Collective Pinning and Flux Creep Dynamics
Regimes in MgBs Bulk

Daniele Di Gioacchino, Paolo Tripodi, and Jenny Darja Vinko

Abstract—Superconducting dynamic response in zero field
cooling (ZFC) of MgB, bulk has been analyzed using
high harmonic ac susceptibility measurements (x,). The
driving external ac magnetic field is in the frequency range
[107THz < f < 2070 Hﬁ], the driving external dc magnetic
field is in the range [0 T < H4. < 5 Tjand the temperature has
been varied in the range [15 K < T < 38 Kj. These responses
are characterized from the critical states that decay in glass states
via creep processes. In this analysis different frequency values at
fixed Hgq. investigate different current levels. This way, different
pinning regimes as single vortex, small bundle, large bundle are
studied. Using this approach some parts of the MgB,, three-di-
mensional phase diagram H-T-J can be described.

Index Terms—Flux pinning regimes, high harmonic magnetic ac
susceptibility measurements, magnesium-boron compound.

1. INTRODUCTION

HE flux dynamic response in a superconductor is deter-

mined by the extrinsic properties namely by the pinning
effects due to quenched disorders present in the material [1].
The statistic sum in the collective weak pinning theory and the
creep pinning vortex dynamic are typical tool for the analysis of
experimental data. The complexity of analysis is mainly due to
a large number of parameters: coherence length £ that describes
the core of the weak pinning potential in a disordered state;
inter-vortex distance ag leading to the pinned vortex bundle for-
mation; A defining the flux extension range and the elastic prop-
erties of flux lattice; mean thermal displacement (u) of the flux
vortex that contributes to the vortex interaction, leading to the
flux melting transition and finally to the hysteretic response. The
interaction of these scale lengths conducts to the presence of
different pinning flux motion regimes [2] resulting in well de-
fined critical current J.(B, T) and pinning energy U,(BT) de-
pendence. Their presence has also an influence in the different
collective creep processes occurring in the flux motion trough
the glass parameter p [3] present in this approach. In the phe-
nomenological tri-dimensional phase B-T-J diagram, the cur-
rent can be considered the time variable through the relation
J(time) = [In(t/t,)] "/ that probes various pinning regimes.
Moreover the ac multi-harmonic susceptibility is powerful and
better tool used to study the dynamic response of superconduc-
tors. In fact the frequency of exciting magnetic field becomes
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the time axes in the B-T-J space. At fixed state in the B-T-J dia-
gram the frequency probes the flux dynamics behavior in time.

In this paper we analyze the third harmonic modulus of ac
magnetic susceptibility as a function of the applied ac mag-
netic field frequency, temperature and applied dc magnetic field.
These analysis render information on the different vortex dy-
namic regimes in the Collective-Glass pinning (CG) framework
[1], [3]. The E-J non linearity, described by the curvature K,
is strictly connected with the ac magnetic susceptibility third
harmonic modulus [4]-[6]. We will describe how the supercon-
ducting pinning can be classified by single vortex (sv) or small
bundle (sb) or even large bundle (Ib) as a function of the ac ap-
plied magnetic field frequency for fixed dc magnetic field and
temperature. The theoretical E-J curvature K(J), in various pin-
ning CG regimes, have been calculated for YBCO because all
the involved parameter are well known in respect to the MgB,.
Moreover, the mathematical K(J) slopes for different CG pin-
ning regimes have general validity for superconductor described
with CG pinning theory. Finally these slopes will be used to ex-
plain the experimental ac magnetic susceptibility third harmonic
modulus for a MgB, sample.

II. EXPERIMENTAL SET-UP

MgB, bulk samples with dimension (1 x 2 x 5.6 mm?)
have been cut from the bar produced by high-pressure reaction
sintering method [7], [8]. Zero resistance critical temperature
of these samples is about 38 K. High harmonics response has
been measured in the LNF-INFN susceptometer with a double
pick-up coil, surrounded by the driven coil. The sample is set
on sapphire holder which is fitted in the pick-up coil in series
and in opposition, one strongly, the other weakly coupled to the
sample. The coil assembly is cooled in zero field cooling (ZFC)
in a thermally controlled He gas flow cryostat provided with an
8 Tesla superconducting magnet. The ac driving magnetic field
frequency range is 61 < f(Hz) < 2070 with 6 G amplitude. The
induced signal has been measured by multi-harmonic lock-in
amplifier. The presented susceptibility data is the result of the
subtraction between the signal with sample and without it, for
each frequency, ac and dc magnetic field and temperature.

III. METHODS
The calculated E-J characteristic is based on the J.(B, T) and
U, (B, T) functions in various pinning regimes as single vortex
(sv) in (1), small bundle (sb) in (2) and large bundle (Ib) in (3)
[2]:
ijU(B, T) 0.8 BsbJC(tsb)

T
U;”(B7T) X Upo<tsb> tsb = Fsb (1)
T3,
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Fig. 1. Modulus of the third harmonic of ac magnetic susceptibility with
external dc magnetic field of O T and ac magnetic field of 6 Gauss. Fixing the
temperature at T = 36.96 K it is evident that increasing the frequency of ac
magnetic field a decrease of the modulus occurs.
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where B, and By, with t;, and t;;, are the cross-over field and
temperature for the vortex pinning regimes.

The characteristic E-J function in the Collective-Glass ap-
proach is as follows in (4) [9]:

E()ereep = pffJC(B7T)e{[fUp(B,T)/uKT][(JC(B-,T)/J)“’71]}
(4)
where pg is the flux-flow resistivity: pg = pnB/B_,(t).
It is evident that the Es¥*"!®(J) behavior is common for any
superconducting material in the given state. The curvature func-
tion K of the E-J characteristic is calculated as follows in (5):

dzE(J)
dJ? (5)

)

As previously published [4] the nonlinearity in the E-J charac-
teristic produces a non harmonic signal in the magnetic suscep-
tibility giving rise to the presence of higher harmonics not null
in the Fourier Series of the ac magnetic susceptibility. Through
the curvature K of the E-J characteristic to describe its non lin-
earity, jointly with the ac magnetic susceptibility modulus of the

K =
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Fig. 2. Modulus of the third harmonic of ac magnetic susceptibility with
external dc magnetic field of 0.5 T and ac magnetic field of 6 Gauss. Fixing
the temperature at T = 29.4 K it is evident that increasing the frequency of
ac magnetic field a decrease of the modulus occurs. While at T = 29.7 K the
contrary occurs.
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Fig. 3. Modulus of the third harmonic of ac magnetic susceptibility with
external dc magnetic field of 5 T and ac magnetic field of 6 Gauss. Fixing the
temperature at T = 16.17 K it is evident that increasing the frequency of ac
magnetic field an increase of the modulus occurs.

third harmonic, in the framework of C-G, we describe a way to
classify the flux pinning dynamics regimes as a function of dc
magnetic field and frequency of the applied ac magnetic field.

IV. RESULTS AND DISCUSSIONS

In Figs. 1, 2, 3 some behaviors of the third harmonic ac sus-
ceptibility modulus for an MgB, sample are shown as a function
of the temperature, external ac magnetic field frequency and ex-
ternal dc magnetic field. The frequency has been varied in the
range [60 < f(Hz) < 2070] while the external dc field was
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Fig. 4. E-J characteristic of YBCO calculated at T = 35 K and H4o = 1T
and the correspondent calculated curvature describing the single vortex.
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Fig. 5. E-J characteristic of YBCO calculated at T = 40 K and H4. = 6.6 T
and the correspondent calculated curvature describing the small bundle.

setat 0 T, 0.5 T, 5 T. In all three cases the third harmonic mod-
ulus shows diverse behaviors in respect to the frequency at fixed
temperature. This is due to different electrical current magnitude
induced in the sample by the ac magnetic field. In other words,
the frequency changes the working point on the set E-J knee
characteristic. Well known parameters of YBCO in the given
set-up (sv, sb and 1b) have been used to calculate and correlate
the general behavior of high temperature superconductors, like
the dynamic flux process and pinning regimes with the E-J char-
acteristics and corresponding curvatures K, using (4) and (5)
for weak collective pinning sv, sb, 1b. These E-J characteristics
are shown in Figs. 4, 5 and 6. The curvature K in Fig. 4 repre-
senting the sv behavior, assumes lower values in respect to the
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Fig. 6. E-J characteristic of YBCO calculated at T = 45 Kand Hgc = 11T
and the correspondent calculated curvature describing the large bundle.
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Fig. 7. MgB, modulus of ac magnetic susceptibility third harmonic versus
frequency at'T' = 36.9 K and Hdc = 0 T'. The single vortex pinning is present.

other pinning regimes. The curvature K versus electrical cur-
rent shows an abrupt increase with the consequent exponential
decrease. Analysing Figs. 5 and 6 for sb and Ib, the curvature
shows significantly higher values with a monotonic exponential
increase. In case of sb, the parameter K/J, assumes a value of
one order of magnitude higher than the 1b. This led us to sepa-
rate the pinning regime. To apply this classification analysis to
our experimental data, arbitrary temperatures have been consid-
ered. In Fig. 7 the third harmonic modulus versus frequency at
T = 36.96 K and H4. = 0 T is shown (see Fig. 1). It is evi-
dent that increasing the ac magnetic field frequency a decrease
of the third harmonic modulus occurs. It is obvious that only sv
pinning regime has this kind of behavior (Fig. 4). In Figs. 8 and
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Fig. 8. MgB, modulus of ac magnetic susceptibility third harmonic versus
frequency at T = 29.4 K and Hdc = 0.5 T. The transition from single vortex
to small bundle pinning is present.
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Fig. 9. MgB, modulus of ac magnetic susceptibility third harmonic versus
frequency at T = 29.7 KX and Hdc = 0.5 T. The transition from small bundle
to large bundle pinning is present.

9 the third harmonic modulus versus frequency at Hge = 0.5 T
for the two temperatures T = 29.4 K and T = 29.7 K is shown
(see Fig. 2). In Fig. 8 a sv regime is evident for frequency in the
range [60 < f(Hz) 1000]. The modulus value at 2 KHz is only
explicable if the sb flux dynamics regime is present. In Fig. 9 the
exponential increase of the third harmonic modulus is shown.
This increase changes the slope at f = 230 Hz indicating an ev-
ident transition between sb and 1b since the slope in sb regime
is greater than in Ib regime as described above. This enhances
the previous conjecture that a change of the frequency is able
to give rise to a flux dynamic transition. Fig. 10 shows a flux
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Fig. 10. MgDB, modulus of ac magnetic susceptibility third harmonic versus
frequency at T = 16.17 K and Hdc = 5 T. The transition from single vortex
to small bundle pinning is present.

dynamic transition between sv and sb at f = 350 Hz with a dif-
ferent experimental set-up for Hg. = 5 T.

V. CONCLUSION

The presented third harmonic ac susceptibility analysis
versus external ac magnetic field frequency, is a powerful
method to study the flux dynamic regimes in high temperature
superconductors around the static working point in the B-T-J
space.
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