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Intrinsic nanostructural domains: Possible origin of weaklinkless
superconductivity in the quenched reaction product of Mg and
amorphous B

S. Li,Y O. Prabhakar, T. T. Tan, and C. Q. Sun
School of Materials Engineering, Nanyang Technological University, Singapore 639798

X. L. Wang, S. Soltanian, J. Horvat, and S. X. Dou
Institute of Superconducting and Electronic Materials, University of Wollongong, NSW 2522, Australia

(Received 9 April 2002; accepted for publication 3 June 2002

Smooth modulation structure of Mg—B alloy in the quenched reaction product of Mg and
amorphous B was studied. It indicates that the Md&med possibly in spinodal decomposition,

thus resulting in MgB nanodomains. It was found that the nanodomains with small angle
boundaries of atomic-scale width were distributed within the subgrains that constitute the clusters in
MgB, grains. This nanostructural characteristic may be intrinsic in the quenched reaction product of
Mg and amorphous B. It makes the nanodomain boundaries not act as barriers to the current
percolation path, thus exhibiting no weak-link problem in the MgB 2002 American Institute of
Physics. [DOI: 10.1063/1.1497712

The discovery of superconductivity at 39 K in MgBas  characteristics of the material are still not clear. In this letter,
initiated enormous scientific interest to understand and dewe report the observation of MgBnanodomains in the
velop this material because of its high performance for magguenched reaction product of Mg and amorphous B and the
netic and electronic applicatiod.The strongly linked cur- origin of weaklinkless superconductivity in this material.
rent flow measured from polycrystalline MgBhows that The Fe-clad MgB wire was prepared by PIT technique
this new superconductor class is not compromised by &sing a mixture of magnesium 99% purity and amorphous
weak-link problem”, The experimental results have demon-boron 99% purity powders in the stoichiometeric ratio of
strated that high critical current density.f can be achieved Mg:B=1:2. The composite tube was drawn inggl mm
in a dense MgBwire, which was prepared by exposing crys- wires from¢10 mm by multistep drawing. In order to inves-
talline boron filaments to Mg vap8rThe achievement of tigate the nanostructural characteristics of MgBshort
85000 Alcn? at 4.2 K in a high dense Fe-clad MgBape samples in lengths of 2 cm were sealed in a small Fe tube
fabricated with powder-in-tub€PIT) technique also prom- and annealed at 745°C—-840°C for 5-60 min in pure Ar
ised the potential large-scale applications of this matérial.atmosphere and then quenched in air. X-ray diffraction
However, MgB thin films still exhibit higher, (Ref. 6  (XRD) showed that the high purity of MgB(above 90%
comparing with bulk materials. It is not clear whether thisWas obtained by using the aforementioned technidfissib-
phenomenon is due to anisotropic superconducting propef€duently the treated wire was mounted into a copper tube of
ties of the MgB although anisotropic superconducting prop- $3 mm with epoxy and then was sliced, dimpled, and ion-
erties do exist in single crystal, in thin films as well as in theP&am milled to prepare the samples for HRTEM character-
aligned crystal§~° For the high-field performance of Mg~ 'Zation. _ o
it was reported that a lack of natural defects might be respon-  Figure 1a) shows a grain {200 nm) consisting of a
sible for the rapid decline of), with increasing field cluster MgB subgrains. The size of the subgrains is only one

strength'® Proton irradiation, therefore, was used to displacdWentieth 10 nm) of the grain size. This phenomenon pre-

atoms from their equilibrium lattice sites, creating a variety
of defects to depress the superconducting order paramete; (2 B8
locally, and thereby create pinning sites to enhance the high& '
field J. in MgB,.'! It is also believed that extremely small
grains would be consistent with strong grain boundary
pinning? Moreover, air quenching the reaction product of
Mg and amorphous B is a common technique to obtain
MgB, superconducting material employed by a number of
research groups. Although the structural feature of MgB E
was preliminarily investigated with high-resolution transmis- 20 nm
sion electron microscopyHRTEM), ! the origin of the

weaklinkless superconductivity and also the nanostructureiiG. 1. () HRTEM micrograph showing that the MgRyrains consisted of
a cluster of subgrains and the grain boundary of the adjacent,Mgins
was constructed by the boundaries of subgraibs.HRTEM micrograph
dauthor to whom correspondence should be addressed; electronic maiteveals the nanostructural characteristics of the MgBhich a nanodot was
assxli@ntu.edu.sg surrounded by nanodomains with small angle boundaries.
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MgB,, always formed beside the B-rich nanodomain,
MgBg. This phenomenon combining with the modulatidn
spacing of a Mg—B alloy implies that the MgBnan-
odomains usually form by the spinodal decomposition. For
spinodal decomposition to occur, the initial and final struc-
tures should share a common lattice or lack of lattice, as in
liquids and glasse®. In addition, the phase diagram should
g L e indicate miscibility gap. It is not very easy to experimentally
SM‘:"' V?B?{b- e follow the spinodal decomposition. However, HRTEM lat-
. SR tice images technique has been employed and a smooth
FIG. 2. (a) HRTEM micrograph exhibits smooth variations of lattice fringes variation of spacing of adjacent lattice planes undergoing
with a range of 8.5 nm and a number of MgRittice fringes are discernible. phase separatié')?ﬁhas been attributed to variations in lattice
(b) A MgB, formed beside the nonequilibrium Mgbserved in the other parameter Caused by Composition modu'ations as in Spinodal
area. decomposition. In the structure studied, the percentage of B
varies from 66.67% to 85.5% as the structure varied from
dominated the microstructure of the materials. HRTEM im-MgB, to MgB; suggesting the formation of many metastable
age in Fig. 1b) exhibits a two-dimensional lattice image of a reactions by continuous mechanism. This suggests the possi-
1x 1 nn? MgB, nanodot(marked with A, which was sur-  bility of spinodal decomposition.
rounded by a few nanodomains with small angle boundaries. It is believed that MgB forms via a process of diffusion
It can be clearly seen that the angle of the boundaries bef Mg vapor into bororf, producing a supersaturated Mg—B
tween (012 of nanodot A and (012 of nanodomain B was solution. The composition fluctuations caused by the random
3°, and the angle of the boundaries betw¢&d2 of nan-  arrangement of B atoms in the amorphous phase caused
odot A and (102 of nanodomain C was 7°, respectively. variations of the coordination numbers around Mg atoms,
Other small angles, such as 5° betweefi®2) and B(102, thus resulting in the modulation structure in the supersatu-
5° between G102 and D(102), 5° between E (OT)Zand F rated solution. However, the amplitude of the composition
(012), and also 10° between A (012and E (012, were  modulations should not have too much deviation from the
observed in Fig. 1. However, th€l02 plane of a nan- chemical stoichiometry of MgR Therefore, by deeply
odomain(marked with G, that was apart from the nanodot, quenching the materials into the miscibility gaps of
having a large angle of 45° misorientation with tf02) Mg—MgB, and MgB,—MgB,, the majority of the reaction
plane of nanodot A is discernible. This indicates that theproducts &90%) are MgB based on the application of le-
subgrain actually consisted of a cluster of MgBan- ver rule to the phase diagram. This has been proved by XRD
odomains(1-4 nm and the majority of the nanodomains analysis:* Although MgB; is a nonequilibrium phase unlike
distributed in the subgrain with small angle boundariesthe equilibrium phases of MgBand MgB; in Mg—B binary
Moreover, the right- and left-hand side edd®2) planes of phase diagram, it was often observed by HRTEM. It is be-
nanodomains A and B joined together at point H. It can bdieved that the reaction path of the Mg—B supersaturated
inferred that the space between these two planes is theolution is rather complex, sometimes involving the forma-
boundary of the nanodomains and the width of the boundaryion of one or more intermediate nonequilibrium phases,
is in atomic scale, which is much smaller than the coherensuch as MgB, prior to reaching the equilibrium two-phase
length of MgB, that is 50 A%® microstructures®” The observation of the nonequilibrium
Smooth variations of atomic plane spadédsspacings  MgBg formation was also reported by other research
from 4.1 to 3.5 A and then to 3.8 A in a span of 8.5 nm weregroupg'* even though MgB was detected more frequently
observed in the sampl§Big. 2(a)]. 4.1 and 3.8 A correspond in the experiments. However, the determination of the mul-
to thed spacings of MgR which are 4.19 and 3.79 A while tiphase nature in the samples is difficult due to the sensitivity
3.5 Ais close to thal spacing of MgB (001) which is 3.52  of XRD to such a small fraction of the other phases.
A. No d spacing in other possible compounds and elements, Figure 3 exhibits field dependence &f calculated from
such as MgB, MgB,, MgB;,, MgO, Mg, and B is around M-—H loops using the Bean critical theory in the samples
4.1 A within the measurement error. Therefore, the corretreated with various processing parameters, such as different
lated lattice fringe can be identified as belonging to MgB  annealing temperatures and durations, but all the samples
is rather difficult to index the planes for MgBbecause the were quenched in air. Obviously, if MgBvas formed by a
information on its lattice parameters and structure system aneucleation and growth mechanism, the various thermal treat-
not available in Powder Diffraction Filé08-0421 although  ment parameters would result in different microstructures,
a number ofd spacing data have been listed. However, it issuch as grain size, etc., thus strongly affecting the field de-
clear that the observed smooth variation of thespacings pendence of...° However, the samples treated with different
was attributed to the variations in lattice parameters causetthermal parameters had simildg at a particular measure-
by the composition modulations of B in the crystal anddhe ment temperature, such as 10, 15, 20, and 30 K, respectively,
spacing decreased/increased with the abundance of &s shown by groups of dotted, dashed, and solid lines in Fig.
decreasing/increasing in the crystal. A lattice fringe of MgB 3. This implies thatl; is independent of the thermal treat-
(100 formed on top of MgR is discernible and a similar ment parameters and it may be dominated by the spinodal
phenomenon can also be found in other regions of th@ecomposition microstructure formed in the quench process-

sample analyzefFig. 2(b)]. It seems the B-less nanodomain, ing. The relative lowed, in this study may be due to the fact
Downloaded 19 Jun 2006 to 130.130.37.6. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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108 — , . . In summary, the observation of the modulation latiice

] spacing of a Mg—B alloy reveals that the Mgi®rms in the
spinodal decomposition, which results the MgBan-
odomains in the subgrains of the clusters. The nanodomains
may be the intrinsic structure in the quenching reaction prod-
uct of Mg and amorphous B and the boundaries of the nan-
. odomains are in the atomic scale that is much smaller than
the coherent length of MgB The nanodomains distribute in
. . : the subgrains with small angle boundaries. It is believed that
10] L\ 10K this nanostructural characteristic is the origin to overcome

: ; the weak-link problem of high-, superconducting oxides.

—— 745 °C, 15 min.
....... 745 °C, 32 min. ]
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