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We have studied the TiO, doping effects on the flux pinning behavior of an MgB, superconductor synthesized
by the in-situ solid-state reaction. From the field-cooled and zero-field-cooled temperature dependences of mag-
netization, the reversible-irreversible transition of TiO,-doped MgB, was determined in the H-T diagram (the
temperature dependence of upper critical magnetic field and irreversibility line). For comparison, the similar
measurements are also obtained from SiC-doped MgB,. The critical current density was estimated from the
width of hysteresis loops in the framework of Bean’s model at different temperatures. The obtained results
manifest that nano-scale TiO, inclusions served as effective pinning centers and lead to the enhanced upper
critical field and critical current density. It was concluded that the grain boundary pinning mechanism was

realized in a TiO,-doped MgB, superconductor.
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1. Introduction

The superconducting magnesium diboride (MgB,) is of
great interest due to its relatively high critical temper-
ature, 7,=39 K, which is near to liquid hydrogen with a
strong coupling across the grain boundaries [1]. To be a
good candidate material for practical application, it is
necessary to increase the critical current density (J.) of
MgB, to be high enough since MgB, formed by conv-
entional methods shows poor electrical connection bet-
ween grains and the lack of flux pinning centers.

Generally, grain boundaries in type Il superconductors
can act as vortex pinning sites due to normal regions at
low temperatures. Each vortex contains exactly the same
flux equal to the fluxoid.

High critical currents require efficient flux pinning
since J,. increases with the pinning force [2]. Therefore,
grain boundaries can play important roles of pinning
centers and enhance J.. In this context, many dopants
have been attempted in order to increase J. [3, 4]. It has
been shown recently that doping with SiC nano-particles
enhances the J, by formation of Mg,Si inclusions, which
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plays a role of additional effective pinning centers [5, 6].
A similar increase in the J,. can also be found with TiO,
doping by formation of TiB, and MgO nano-sized
impurities [7].

In our previous work, we studied the flux-pinning
mechanism of grain boundaries in MgB, +2 at.% TiO,
and MgB, + 8 at.% SiC in terms of superconducting pro-
perties [8]. However, the behavior of the grain boundaries
in MgB, superconductor has remained unclear.

In this work, we address a comparative study of the
MgB, superconductor, with a dopant having a different
grain size in order to the elucidate grain-boundary effects
on magnetic properties of MgB, superconductor.

2. Experimental Techniques

The samples were prepared by the in-sifu solid-state
reaction described in detail elsewhere [9]. Mechanically
alloyed MgB, + 2 at.% TiO, (MBT) and MgB, + 8 at.%
SiC (MBS) powders were used for sintering. The average
grain size for the TiO, and SiC nano-particles was 30 and
40 nm, respectively. The microstructures of the samples
were examined using high-resolution transmission-elect-
ron-microscopy (HRTEM) and electron-diffraction (ED).
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These studies were carried out using a Philips CM 300UT-
FEG microscope with a field emission gun operated at
300 kV. The resolution of the microscope was about 0.12
nm. All the micro-structural measurements were perform-
ed at room temperature. The magnetic properties mea-
surement, such as field-cooled (FC) and zero-field cooled
(ZFC) magnetization, was taken with a Quantum Design
SQUID magnetometer in a temperature range of 2 ~40 K.
The magnetization hysteresis loops [M(H)] were measur-
ed at an orientation of an applied magnetic field along a
sample axis, which was three to four times longer than
the shorter ones. The critical current density was deter-
mined indirectly from the magnetic hysteresis loop.

3. Result and Discussions

3.1. Microstructure

Microstructure plays an important role in affecting the
J. in the polycrystalline superconductor [10]. To investi-
gate the microstructures and structural properties of the
TiO,-doped MgB, superconductor, TEM and ED mea-
surements were performed. Fig. 1(a) shows the TEM
image for MBT, manifesting the presence of two regions
with different microstructures. The top part (A) corre-
sponds to a coarse-grained polycrystalline structure with
an average grain size of 50~70 nm, while the bottom one

Fig. 1. (a) HRTEM image of MBT. Region A or B is coarse
grain and fine grain microstructures, respectively. Black
arrows indicate the moiré fringe for the stacked grains. White
arrows are the MgO inclusions. (b) ED pattern for the MgB,
and the TiB, grains ([0001]-zone-axis selected area). (c) ED
pattern for the MgO inclusion ([001]-zone-axis selected area).

(B) exhibits the finer grained microstructure (the grain
size was smaller than 10 nm). The ED pattern of the TEM
image [Fig. 1(b)] reveals that both large-sized and the
small-sized grains have the same hexagonal crystal lattice,
which are assigned to the MgB, and the TiB, phases. The
black arrows in the Fig. 1(a) are the moiré fringe of the
stacked MgB, and TiB, grains. In addition, the white
arrows are identified as the MgO phase, which has a
cubic crystal lattice [Fig. 1(c)] The TEM analysis on the
MBS sample (not shown) reveals that the MgB, phase
has an uniform coarse-grained (the average size of the
grain to be 150~200 nm) microstructure with small-sized
MgO inclusions (similar to MBT).

3.2. Superconducting Properties

To probe the flux pinning state of the samples in the
reversible-irreversible transition [11], temperature depen-
dencies of the ZFC and FC magnetization were measured.
Fig. 2 shows the temperature dependence of the upper
critical (H.;) and irreversibility (H;,) fields for MBT
(open symbols) and MBS (solid symbols), respectively.
The H.(T) was determined by the point at which the
ZFC magnetization starts to deviate from the normal state
linear background while the H,.(7) was obtained by
taking the splitting point between the ZFC-FC M(T)
curves. The line of H,.(7T) denoted the irreversibility line.
Above and to the right of this line, the sample has a
reversible magnetic behavior. Below and to the left of this
line, the sample demonstrated irreversible magnetic
behavior.

It can be seen from Fig. 2 that the H, of MBT was
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Fig. 2. Temperature dependence of the upper critical and
irreversibility fields for the samples.
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Fig. 3. (a) Hysteresis loops for MBT from 5 through 35 K. (b)

Magnetic field dependence of the critical current density for

MBT at various temperatures.
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Fig. 4. (a) Hysteresis loops for MBS from 5 through 35 K. (b)
Magnetic field dependence of the critical current density for
MBS at various temperatures.

quite higher than that of MBS. The irreversibility field,
however, is nearly coincident in both samples. Improve-
ment of the H,, for MBT is connected with formation of
the fine-grained microstructure, which could led to a
decrease in the electron mean free path (and coherence
length), owing to grain-boundary-electron scattering.

A magnetic J. can be derived from the width of the
magnetization loop (AM), being based on the Bean’s
model [12]:

g~ _20AM
©  a(l-al3b)

where a, b stands for the width and the thickness of the
sample, respectively.

Fig. 3(a) and 3(b) showed the magnetization loops and
the field-dependent critical current densities, J.(H) of
MBT at different temperatures. The similar dependencies
of the MBS are presented in Fig. 4(a) and 4(b), respec-
tively. The hysteresis loops manifest that magnetization
jumps are observed in the low-field and the low-temper-
ature range for both samples. This phenomenon is govern-
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ed by the flux-jump instability of the critical state in type-
II superconductors and is determined by the strong pinn-
ing and thermo-magnetic properties of the materials [13].
The hysteresis loops measured at 5 K showed larger flux-
jump instability and occurred at a higher temperature (not
shown) for MBT than for MBS. This can be explained by
the fine-grained microstructure and the high density of the
pinning centers in the MBT.

Such a suggestion is confirmed by analysis of Fig. 3(b)
and 4(b). The critical current density was higher for MBT
at all temperatures and applied magnetic fields, manifest-
ing a large vortex pinning in this material.

4. Conclusions

The bulk MgB, + 2 at.% TiO, and MgB, + 8 at.% SiC
were prepared using the in-situ solid-state reaction. A
HRTEM study revealed that the TiO,-doped MgB, had a
finer grained microstructure than that of SiC—doped one.
The decrease in grain size of the dopant owing to nano-
doping leads to an enhanced upper critical field and
critical current density. We conclude that the TiO, nano-
particle is a more effective flux pinning center due to the
grain-boundary effect.
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