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Origin of self-aligned nano-domains in MgB2
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Abstract

Random arrangement of B atoms in parent amorphous phase leads to a number of atomic defects, such as dislocations, formed in the
reaction product of Mg and B. During the crystallization, dislocation walls form from random arrays of dislocations. Stress at the end of
dislocation wall segments attract the surrounding edge dislocations, which are then incorporated and result in wall growth, forming small
angle boundaries to connect well-ordered nano-domains. To minimize the energy of the system, the dislocations migrate to interdomain
boundaries surrounding the nano-domains. These dislocation rearrangements result in rotation of adjacent nano-domains form a contiguous
crystal. By continuing this subgrain rotation process on neighboring nano-domains, large (2 1 1) nano-domains can be aligned as observed by
high-resolution transmission electron microscopy (HRTEM). It is demonstrated that the (2 1 1) plane may have the minimum surface energy
in MgB2 and the (2 1 1) zone is the favored orientation for crystal growth.
© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The discovery of superconductivity at 39 K in MgB2 has
initiated enormous scientific interest in order to understand
and develop this material to better exploit its high intrinsic
performance for magnetic and electronic applications[1,2].
The strongly linked current flow measured from polycrys-
talline MgB2 shows that this superconductor class is not
compromised by weak-link problem and the supercurrent
density in MgB2 is controlled predominantly by flux pinning
rather than by the grain boundary connectivity[3]. In the
bulk material, the critical current density (Jc) drops rapidly
with increasing magnetic field strength. The magnitude and
field dependence of the critical current are related to the
presence of structural defects that can “pin” the quantized
magnetic vortices that permeate the material. It suggested
that the lack of natural defects is responsible for the rapid
decline of critical current density (Jc) with increasing field
strength[4]. In order to improve the high field performance
of MgB2, a number of techniques, such as proton irradiation,
addition of hetero-nanoparticles, fabrication of fine-grained
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thin films, and oxygen substitution in boron, etc., have
been used to induce crystal defects by atomic displacement,
inclusions, grain boundaries, and lattice distortion, respec-
tively [5–8]. Recently, a significant flux pinning enhance-
ment in a mixture of MgB2 and SiC has been reported and
an effective vortex pinning source—semi-crystalline defect
wells in self-aligned nano-structured MgB2 was discovered
in this material [9,10]. However, the mechanism of the
self-aligned nano-structured MgB2 is still not clear. In this
work, we report an investigation in the origin of self-aligned
nano-domians in MgB2.

2. Experimental procedure

MgB2 samples were prepared by pressing a mixture of
Mg 99% purity and amorphous B 99% purity powders in
the stoichiometeric ratio of Mg:B= 1:2 with addition of
10 wt.% SiC powder into the pellets. The pellets of di-
mensions 10 mm× 2 mm were sealed in a Fe tube and
subsequently sintered at 700–900◦C for 1 h in flowing
high purity Ar atmosphere, followed by furnace cooling to
produce MgB2 (80%) with impurities of MgO (13%) and
Mg2Si (7%) as determined by quantitative X-ray diffraction
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(XRD). High-resolution transmission electron microscopy
(HRTEM) was conducted on a portion of the as-sintered
pellet that was ground under ethanol. Several drops of this
suspension was then deposited onto a holey-carbon-coated
Cu grid for the HRTEM characterization. Lattice param-
eters measured and refined by XRD and Rietveld method
in the as-sintered MgB2 sample with the secondary phases

Fig. 1. (a) HRTEM morphology shows that the majority of the nano-
domains with rectangular shapes were aligned along (2 1 1) in self-aligned
nano-structured MgB2. (b) HRTEM morphology shows that a square nano-
dot nucleates on (2 1 1) plane.

(Mg2Si and MgO) area = 3.0856 Å andc = 3.5296 Å,
a result within experimental error of original commercial
MgB2 powder (a = 3.0864 Å andc = 3.5227 Å). It has
been reported that the substitution of carbon for boron will
cause lattice contraction ofa axis from a = 3.0870 to
3.0550 Å [11]. Our results indicate that substantial lattice
substitution did not occur in the as-sintered sample. This
conclusion is also supported by XPS measurement, which
shows no shift in Mg2+ binding energy in the polyphase
material. Element micro-distribution mapped by energy
dispersive X-ray spectroscopy shows that the size of MgO
and Mg2Si are in micron scale and are too large to act as
vortex pinning centers.

3. Results and discussion

Fig. 1(a) is an HRTEM lattice image of MgB2 (2 1 1)
planes showing well-aligned nano-domains with rectangular

Fig. 2. A schematic illustration showing an atomic structure of MgB2

(2 1 1) planes and its crystallographic orientation in unit cell (solid black
line): (a) three-dimensional atomic structure, (b) top view, and (c) side
view.



S. Li et al. / Ceramics International 30 (2004) 1575–1579 1577

shapes of 2–4 nm×1 nm dimensions. However, alignment is
imperfect and a small angle boundary of 2◦ is discernable in
the area marked “A”. Such nano-structures were commonly
observed in other areas of the sample and it dominates the
structure of the material. The morphology at the edge of the
observed area inFig. 1(a)suggests that MgB2 has nano-scale
growth favoring (2 1 1) facetting. The nature of the growth
in MgB2 is also evidenced by the presence of a square is-
land nano-domain, which nucleated and formed on the ma-
trix of (2 1 1) plane, as shown inFig. 1(b). It is believed that
MgB2 is predisposed to adopt this characteristic geometric
form due to favorable surface energy. In theP622 crystal
structure of MgB2, 12 B atoms surround each Mg atom in
the disposition hexagonal prisms, that are packed together
to share (1 0 0) and (0 0 1) faces.Fig. 2 displays the atomic
structure of the MgB2 (2 1 1) plane, showing that each Mg
is bonded to six B atoms in the Mg atom plane, note three
out-of-plane B above and below the plane. Based on the
“broken-bond” model of the surface structure, the surface
energy of the MgB2 (2 1 1) plane should have the minimum
surface energy in the system[12]. Although the quantitative
surface energy of the (2 1 1) plane is not available, it is be-
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Fig. 3. A schematic illustration showing (a) a random array of dislocations forming in the processing of the diffusion of Mg vapor in the amorphous B
matrix, (b) stress at the end of a dislocation wall segment attracting surrounding edge dislocations resulting in wall growth, (c) small angle boundary
formation of nano-domains, (d) dislocation rearrangements resulting in a rotation of nano-domains and the dislocation piling in the boundaries after
self-alignment, and (e) piled dislocation arrangements from adjacent nano-domains in the horizontal dimension during the self-alignment processing.

lieved that the formation energy of stacking faults on (0 0 1)
MgB2 is very large (∼945 ergs/nm2) [13]. It follows that
high surface energies are associated with low index planes,
including the basal plane.

It has been reported that MgB2 forms in a process of the
diffusion of Mg vapor into an amorphous B matrix[14]. The
random arrangement of the B atoms in the amorphous phase
leads to a number of atomic defects, such as dislocations,
formed in the reaction product of Mg and B. During the
crystallization, dislocation walls form from random arrays of
dislocations [Fig. 3(a)]. Stress at the end of dislocation wall
segments attract the surrounding edge dislocations, which
are then incorporated and result in wall growth [Fig. 3(b)],
forming small angle boundaries to connect well-ordered
nano-domains as shown inFig. 3(c). To minimize the en-
ergy of the system, the dislocations migrate to interdomain
boundaries surrounding the nano-domains. These disloca-
tion rearrangements result in rotation of nano-domains A
and B to form a contiguous crystal [Fig. 3(d)]. By continuing
this subgrain rotation process on neighboring nano-domains
[Fig. 3(e)], large (2 1 1) nano-domains can be aligned as ob-
served by HRTEM [Fig. 1(a)].
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Fig. 4. (a) Schematic of defect well formed through the meeting of dislocations at a point. (b) Nano-defect well observed by HRTEM traps tremendous
dislocations to release strain throughout the system, thus facilitating the further alignment of the nano-domains. Note the nano-defect well has
semi-crystalline structure, which has been heavily distorted by the trapped numerous dislocations.

The dislocations incorporated into the boundaries can
interact with the dislocations incorporated from the neigh-
boring boundaries in two ways: (1) dislocations which
have opposite signs from adjacent boundaries would
self-compensate and facilitate the further alignment of the
nano-domains, and (2) the leading dislocations incorporated
from the neighboring boundaries, which have the same
sign but opposite slip directions, would restrict each other
to slide further, obstructing the dislocation incorporating
subsequently and thus inhibiting the alignment. In the latter
case, there is a competition between dislocation incorpo-
ration and interaction. From the point of thermodynamics,
dislocation incorporation from the grain boundaries is the
favored process when the number of incorporated disloca-
tions is small. Once the number of dislocations piled in front
of the leading dislocation incorporated from the neighbor-
ing boundary reaches a threshold level, the alignment of the
nano-domains in the area would cease, thus causing higher
energy in the surrounding area. This process not only takes
place in the horizontal (X) dimension but also the vertical
dimension (Y). When the piled dislocations from two di-
mensions meet at a point with the arrangement as shown
in Fig. 4(a), the strain caused by the piled dislocations can
be released (although the dislocations with opposite signs
in the same dimension cannot offset each other). The dislo-
cation arrangement inFig. 4(a) results in a defect well to
trap the dislocations from the boundaries, further aligning
the nano-domains. The HRTEM image inFig. 4(b) shows
a square nano-well (1 nm× 1 nm) surrounded by perfect
crystalline nano-domains having identical orientation. The
near-atomic resolution detail within the nano-well is con-
sistent with semi-crystalline structure, which was heavily
disordered by numerous dislocations and provides direct
evidence for the formation of a semi-crystalline defect
trap in the self-aligned nano-structured MgB2. However,

defect traps can only release the local strain. To release
strain throughout the system, many similar semi-crystalline
defect traps are formed and dispersed throughout the mate-
rial, as shown inFig. 1(a). It is believed that the addition
of SiC in MgB2 facilitates the formation of self-aligned
nano-structured MgB2 through promotion of incipient melt-
ing, but the nature of facilitation is still being studied.

4. Conclusion

The origin of self-aligned nano-domain in MgB2 has been
investigated in detail. Experimental results exhibit that the
(2 1 1) plane has the minimum surface energy of the sys-
tem and the (2 1 1) zone is the favored orientation for crystal
growth. Dislocation incorporation from small angle domain
boundaries results in further alignment of the nano-domains
in three dimensions. On occasions, when orthogonal incor-
porated dislocations of different signs meet in the (2 1 1)
plane at a point, nano-defect wells are formed to release the
strain caused by the rotations of nano-domains. This facili-
tates the further alignment of the nano-domains.
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