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Abstract

We report on the synthesis, phase formation, microstructure, and magnetization, of nano(n)-TiO,-added MgB, polycrystalline com-
pounds. The added n-TiO, amounts are varied from 1% to 15% in weight (wt). All the studied samples are near single phase with small
amounts of un-reacted Mg/MgO up to 10 wt%. The 15 wt% n-TiO, added sample seems to be a multi-phase compound with unusual
broadening of the main MgB, reflection and additional unidentified lines in its X-ray diffraction (XRD) pattern. The superconducting
transition temperature (7,), as measured by magnetization experiments, decreases marginally with n-TiO, addition, for example the 7s
are at 37.5 K and 35.5 K, respectively, for pristine and 10 wt% n-TiO,-added samples. This indicates that Ti has not significantly substi-
tuted into the host MgB, lattice. The grain morphology of these compounds reveals porous regions and does not change much with TiO,
addition. High resolution transmission electron microscopy (HRTEM) studies revealed the presence of n-TiO, in these samples. The crit-
ical current density (J.) of the MgB,—n-TiO, samples, as estimated using the Bean model, shows better performance under magnetic fields
above 3 T than pristine MgB, for up to 4 wt% of addition, and decreases rapidly for additions above 6 wt%. We conclude that n-TiO,
helps in enhancing the flux pinning centers in MgB, superconductor and hence improves the J(H) performance for additions up to

4 wt% in fields above 3 T.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since the discovery [1] of superconductivity at T, =~ 39 K
in MgB,, much attention has been paid to increasing the
critical current density (J.) of this compound via nano-par-
ticle additions. Basically, a relatively higher critical temper-
ature (7.) in comparison to non-HTSc (high temperature
superconductor) and larger coherence length (&) than that
of HTSc compounds make MgB, a suitable choice for
practical applications. The relatively larger coherence
length of up to 10-20 nm permits most commercially avail-
able nano-particles to act as pinning centers that lead to
better performance in magnetic field for MgB,. Accord-
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ingly, several reports exist on nano-particle doped/added
MgB, compounds [2-5].

In this article, we study the superconductivity of
nano(n)-TiO,-added MgB, superconductor. The n-TiO,
powder used in the present study has an average grain size
of 20nm and was procured from Sigma-Aldrich. Our
results indicated that the J. values of n-TiO,-added MgB,
polycrystalline compounds, as estimated using the Bean
model, shows better performance under magnetic field
above 3 T than pristine MgB, for up to 4 wt% doping level,
and thereafter decreases rapidly with further increase in
TiO, amount.

2. Experimental

Our MgB, samples with additions of #n-TiO, from 1 to
15 wt% were synthesized by encapsulation of well mixed
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and palletized high quality (>3 N purity) Mg, B, and
n-TiO, powders in a soft iron tube. Subsequently, the
encapsulated samples were heated to 750 °C for two and
half hours in an evacuated (107> Torr) quartz tube and,
finally, they were quenched in liquid-nitrogen [6]. The X-
ray diffraction patterns of the samples were recorded with
a diffractometer using CuK, radiation. SEM studies were
carried out on these samples using a Leo 440 (Oxford
Microscopy, UK) instrument. Electron diffraction (ED)
and high resolution electron microscopy (HRTEM) were
performed with an ultra-high voltage electron microscope
(HVEM), a Hitachi H-1500, operated at 800 kV. The sam-
ples were crushed with a mortar into fine fragments in
order to obtain fine edges and then ultrasonically dispersed
in CCl, and transferred to carbon micro-grids. Simulations
of ED patterns and HRTEM images based on dynamical
diffraction theory were carried out using the software
JEMS and Digital Micrograph. The Magnetization mea-
surements were carried out with a Quantum-Design
PPMS-9T.

3. Results and discussion

Fig. 1 depicts the room temperature X-ray diffraction
(XRD) patterns of our MgB,-n-TiO, samples with added
ratios of n-TiO, from 0 to 15 wt%. The pristine compound
crystallizes in hexagonal Bravais lattice with lattice param-
eters of a =3.0857(8) A, and ¢ =3.5230(8) A. The com-
pound is nearly single phase, except with some small
impurity lines at around 20 = 36° and 63°. The one at
20 =2 36° is due to a Mg metal [7] and the other at 63° is
due to the presence of MgO, as suggested earlier by various
authors [7,8]. Both the Mg and MgO peaks are marked in
the pattern in Fig. 1. The ¢/a value of the pure compound is
close to 1.14, which is known to be optimum for stoichio-
metric MgB,; [9]. The main MgB, phase is preserved up to
10 wt% addition of n-TiO, with only a slight increase in
the MgO concentration. The a and ¢ lattice parameters
calculated from identified MgB, peak positions decrease
slightly up to 10 wt% addition. For example, they are
a=3.0839(5) A, and ¢=3.5167(9) A for the 10wt%
MgB,-n-TiO, sample. The small decrease in lattice param-
eters could occur due to formation of Mg;_,B, [9]. This
gets credence from the fact that with n-TiO, addition the
formation of MgO increases and thus gives way to
Mg, _.B, formation. For the highest concentration of
n-TiO, (see the upper most panel of Fig. 1) the main
[101] reflection of MgB,, at 260 = 42.52°, is clearly broad-
ened due to the overlap with the main [200] reflection of
MgO at 20 = 42.86°. Though a compositional analysis of
these samples was not performed, the observed increase
in MgO with n-TiO, addition might be due to the higher
availability of oxygen released from TiO, in the encapsu-
lated sample.

Scanning electron microscope (SEM) images at the same
magnification are shown in Fig. 2a—c, respectively, for pris-
tine, 4 wt%, and 15 wt% n-TiO,-added samples. A homo-
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Fig. 1. Room temperature XRD patterns for various MgB,-n-TiO,
samples.

genous distribution of crystallites can be seen in the SEM
pictures. The typical grain shape appears as platelets with
sizes in the range of 1-3 um. The shape and size of
observed grains for our samples are in general agreement
with results reported in the literature for MgB, [10].
Besides the MgB, grains, there are various porous regions
visible in the micrographs of all samples irrespective of
whether they are doped with n-TiO, or not. However, the
distribution of #-TiO, is not seen at SEM resolution. To
visualize the added n-TiO, particles with sizes up to 10—
20 nm, we employed high resolution transmission electron
microscopy (HRTEM).

The typical dark field image of the 6 wt% n-TiO,-added
sample is shown in Fig. 3a. Several black holes that appear
in the image are presumably the 7#-TiO,. The size of the
n-TiO, particles is about to 10-15nm. The ED pattern
taken from these particles, shown in Fig. 3b and c, resem-
bles that of the Rutile phase but is mixed with MgB, reflec-
tions. Both [100] axis (Fig. 3b) and ring-patterns (Fig. 3c)
were inconclusive in separating the »n-TiO, reflections.
However, what could be confirmed from HRTEM studies
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Fig. 2. Scanning electron micrographs of various MgB,-n-TiO, samples
at the same magnification.

is that n-TiO, particles in the 10-15 nm size range are pres-
ent in the sample.

DC magnetic susceptibility (y) versus temperature (7)
plots for the MgB,-n-TiO, samples under an applied field
of 10 Oe, in a zero-field-cooled (ZFC) state, are shown in
Fig. 4. The field cooled (FC) data are not shown, because
they are of very low magnitude and close to zero-base line.

a

Fig. 3. (a) Dark field image showing n-TiO; holes, (b) [100] zone axis ED
from dispersive n-TiO,, and (c) ring patterns for n-TiO, from the 6 wt% n-
TiO,-added MgB, sample.

Further, the FC diamagnetic transitions are slightly
broader and occur essentially at the same temperature as
for ZFC, although the magnitude of the signal is very weak
due to intense flux trapping. This indicates the presence of
strong pinning centers inside the samples, which should
favor high J, values. It is evident from this figure that the
pristine MgB, undergoes a sharp superconducting transi-
tion in ZFC mode at 7. ~ 37.5 K within less than a 1 K
temperature interval. Then, without any usual rounding,
the signal reaches an almost constant diamagnetic response
all the way to lower temperatures. In fact, the diamagnetic
signal remains more or less constant from 35 K down to
5 K for all #n-TiO, additions up to 6 wt%. With the addition
of n-TiO; up to 6 wt%, the critical temperature (7, ~ 37 K)
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Fig. 4. Dc magnetic susceptibility, y(7), behavior of various MgB,-n-
TiO, samples.

remains within 1 K. However, it drops to 35.5K for
10 wt% addition and to 33 K for 15 wt% addition, while
the transitions become increasingly broader for these sam-
ples. These results indicate that n-TiO, remains almost as
an inert additive in the host of MgB, at least up to
6 wt% doping. For higher additions of n-TiO,, there is a
possibility of degrading the MgB, phase, thus producing
lower T.’s and broader transitions.

High field magnetization, M(H), plots of our MgB,—n-
TiO, samples are shown in Fig. 5 at 5 K under applied
fields from —5T to +5 T. In general the M(H) loops are
quite widely open, reaching maximum values around
300 emu/cm® for |H| < 1T. An important feature seen in
these data is the presence of fluxoid jumps in all samples
below applied fields of about 2 T. Fluxoid jumps are also
seen in high field magnetization M(H) plots of our
MgB,-n-TiO, samples at 10 K, but not at 20 K (plots not
shown). Fluxoid jumps are often seen in high J. MgB, sam-
ples in applied fields below 1-2 T [11-13]. Very recently, we
observed that the flux avalanches seen in high J, carrying
MgB, are quite symmetric in both increasing/decreasing
field in all four quadrants of the M(H) loop [14]. The
dynamics of sinusoidal-like symmetric reproducible flux
avalanches was recently discussed by some of us [14].

Critical current densities (J;) of the pristine and #-TiO,
doped samples were estimated inductively from the M(H)
plots shown in Fig. 6a—c, by using the Bean critical state
model [15]. For a cylindrical sample of diameter d this
model predicts:
Je = (30 x AM/d) x (10/41)(A/cm?) (1)
here, AM is the width of the M(H) loop in emu/cm? units at
a given field and temperature. Since the critical state of the
flux density gradient occurs individually in each one of the
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Fig. 5. Magnetization M(H) plots of various MgB,—n-TiO, samples at
T=5K.

nearly uncoupled grains of the sample, it is reasonable to
use the average grain size as a suitable value for d in Eq.
(1), as has been done in other studies [2-5,13,14]. The cal-
culated J, values are plotted against field (H) in Fig. 6a—
for various MgB,—n-TiO, samples. It is seen that though
the self-field J. value is higher for the pristine undoped
sample at 5 K, 10 K and 20 K, the J(H) values are higher
for the 1 wt%, 2 wt% and 4 wt% n-TiO,-added samples for
H> 3T, but decrease rapidly for additions above 6 wt%.
For example, the J.(H) behavior of the 10wt% and
15 wt% n-TiO,-added samples is quite inferior to that of
pure and other doped samples. It seems that for higher
n-TiO, added concentrations of more than 6 wt%, segrega-
tion on n-TiO, particles takes place and, hence, the pinning
of vortices decreases. Also, the observed degradation of the
MgB; phase for higher n-TiO, additions causes a reduction
of T, thus acting as another mechanism for J. weakening
[16].

In conclusion, our results indicate that the MgB,-n-
TiO, samples with 1-4 wt% of added TiO, nano-particles
show effective pinning centers that improve substantially
their J(H) behavior. Also, the lattice, grain morphology
and superconducting transition (7;) are not significantly
affected for n-TiO, particle additions up to about 6 wt%.
Therefore, we conclude that an addition of up to 4 wt%
TiO, nano-particles to a polycrystalline matrix of MgB,
makes it potentially more attractive for technological
applications. Furthermore, our results of nano(n)-TiO,-
added MgB, superconductor are similar to those observed
in another report by Xu et al. [11] on the same system.
Though a host of different nano-particles have been doped
into MgB,; [2-5,11,12], the best performance yet seen is due
to carbon derivatives [4,5]. The added n-carbon derivatives
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Fig. 6. Critical current density J.(H) plots for various MgB,—n-TiO,
samples at (a) SK, (b) 10K, and (c) 20 K.

[4,5] substituted to some extent on the B site in MgB,, while
the rest remained as additive nano-particles within the
MgB, grains. The former effect creates disorder in ¢ band
superconducting condensate and the later provides effective
pinning centers, thus both collectively improve the perfor-

mance of the doped system and, hence, are superior to
other additives, such as reported in [11,12] and the present
study.
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