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The effects of anti-phase domain (APD) boundaries on the magnetic properties of Ni2Mn(Ga0.5Al0.5) alloy were studied by mag-
netic measurements and transmission electron microscopic observations. The growth of APDs at 773 K followed the square root law
for annealing time. While the saturation magnetization and the Curie temperature were hardly affected by the APD size, the mag-
netization curve in the specimen with smaller mean APD size became harder, caused by the pinning effect of the magnetic domain
walls due to the APD boundaries.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Ferromagnetic shape memory alloys (FSMAs)
have attracted considerable interest as a new type of mate-
rials applicable in actuators and sensors which can be
controlled by external magnetic fields. Among the various
FSMAs, the largest magnetic field-induced strain
(MFIS), i.e. up to about 10%, has been reported in off-
stoichiometric Ni2MnGa single crystals [1]. The magnetic
shape memory effect is caused by the magnetic-field-
induced rearrangement of the twin variants, whose
driving force is high magnetocrystalline anisotropy en-
ergy [2]. Besides the MFIS phenomenon, recent studies
have also revealed that Ni2MnGa alloys exhibit other
attractive properties, such as large magnetoresistance
and magnetocaloric effect [3–5]. It has also been found
that the ferromagnetic parent phase with an L21-type
structure in Ni–Mn–Al alloys transforms to the martens-
ite phase with a long period stacking structure [6–9].
Additionally, a polycrystalline specimen of Ni53Mn25Al22

alloy was found to exhibit MFIS behavior with a maxi-
mum value of about�100 ppm just above the martensitic
transformation finishing temperature [9]. Although the
magnetic moment and the Curie temperature (TC) of
the L21 phase in Ni2MnAl alloy have been reported to
be comparable to those in the Ni2MnGa alloy according

to theoretical calculations [10–12], the magnetic proper-
ties of Ni2MnAl alloy are not in accord with the theoret-
ical results, in contrast to Ni2MnGa alloy [13]. Recently,
our group investigated the phase stabilities, crystal struc-
tures and magnetic properties of Ni2Mn(GaxAl1�x)
(0 6 x 6 1) alloys to determine the origin of the difference
in the magnetic properties between Ni2MnAl and Ni2Mn-
Ga, and also to clarify effects of the degree of L21 long-
range order on magnetic properties in Ni2Mn(Ga0.5Al0.5)
alloy [14]. The magnetization and the TC of Ni2Mn
(Ga0.5Al0.5) alloy are functions of the annealing tempera-
ture, which suggests that these magnetic properties are
affected by the degree of long-range order for the speci-
men. It was also confirmed by electron holography and
Lorentz microscopy that most of the magnetic domain
walls (MDWs) in Ni2Mn(Ga0.5Al0.5) alloy with the L21

structure are superimposed with the anti-phase domain
(APD) boundaries that act as pinning sites for migration
of the MDWs in the magnetization process [15]. In the
present study, we investigated the influences of the APD
size on the magnetic properties by using some Ni2Mn
(Ga0.5Al0.5) specimens with different mean APD sizes.

Ni2Mn(Ga0.5Al0.5) alloy was prepared from high-
purity Ni (99.9%), Mn (99.7%), Ga (99.99%) and Al
(99.7%) by induction furnace melting under an argon
gas atmosphere. Small specimens cut from the ingots
were sealed in quartz tubes after being wrapped in
molybdenum foil to prevent reaction with the quartz
tubes. They were annealed at 1273 K for 3 days as a
solution heat treatment and subsequently quenched into
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ice water, and additionally annealed at 773 K for 0.25, 4
and 24 h. Magnetic measurements with a superconduc-
ting quantum interference device magnetometer were
carried out with using the small granular polycrystalline
specimens of 1–3 mg weight. Microstructural observa-
tions were performed by transmission electron micros-
copy (TEM).

Figure 1 shows the thermomagnetization curves ob-
tained under a magnetic field of 500 Oe for the specimens
annealed at 773 K for 0.25, 4 and 24 h. The Curie temper-
atures of these three specimens perfectly coincide with one
another, although the magnetic anisotropy seems to be
different. We have recently reported that the saturation
magnetization (Ms) and the TC for the Ni2Mn(GaxAl1�x)
alloys are significantly sensitive to the degree of long-
range order, which can be controlled by the annealing
temperature, and that especially the TC is a function of
the final annealing temperature [14]. In all the present
specimens where the annealing temperature was fixed at
773 K, the degree of long-range order can be equivalent,
which must result in the coincidence of TC.

The TEM dark-field images using the ð111ÞL21
ordered

reflection of the Ni2Mn(Ga0.5Al0.5) alloy annealed at
773 K for 0.25, 4 and 24 h are shown in Figure 2(a)–(c),
respectively. The micrograph used for Figure 2(c) was
previously reported in Ref. [14]. From these figures, the
mean APD size is confirmed to increase with increasing
annealing time. In our previous paper, it was shown in
Ni2Mn(Ga0.5Al0.5) alloy that the higher the annealing
temperature, the larger the mean APD size becomes,
whereas the degree of long-range order of the L21 struc-
ture also changes at the same time [14]. By the thermo-
magnetization curves and the TEM observations of
Figures 1 and 2, it was confirmed that specimens with dif-
ferent mean APD sizes and a comparable degree of long-
range order can be obtained by controlling the annealing
time at 773 K.

In order to quantitatively analyze the growth rate of
the APDs, the mean diameter of the APDs is estimated
using the point-counting method under the assumption
that all the APDs are spherical in shape [16]. In the pres-
ent procedure, the TEM dark-field images including the
APD microstructure are assigned to a hypothetical grid
with the length of a side being l, as illustrated in Figure
3(a). The mean diameter of the APDs, hDi, is given by
the relation

hDi ¼ lm
N

ð1Þ

where m is the number of the side and N is the number of
intersections between the grid and the APD boundaries.
For example, in the case where l and m are set at 20 nm
and 60, respectively, if the N is counted to be 40, as
demonstrated in Figure 3(a), a value for hDi of 30 nm is
obtained. By application of this method to the present
TEM dark-field images, the hDi values for the specimens
annealed at 773 K for 0.25, 4 and 24 h are evaluated as
about 43, 78 and 168 nm, respectively. Figure 3(b) indi-
cates the square of the mean APD size, hDi2, as a function
of annealing time, t, at 773 K, where a linear relation be-
tween hDi2 and t is clearly shown. The kinetics of APD
growth have been discussed by Allen and Cahn [17].
According to their microscopic diffusional theory for
the motion of a curved APD boundary, the surface area
in a unit volume of specimen, Sv(t), at time t is given by

½SvðtÞ��2 � ½Svð0Þ��2 ¼ 2/Mbt ð2Þ
where SV(0) is the initial value of Sv(t) and / is the geo-
metrical factor related to the shape of the APD struc-
ture. Mb is the boundary mobility, which has the same
dimension as the diffusion coefficient (m2 s�1) and is de-
fined as Mb = 2Ka [17], where K and a are the gradient
energy coefficient and the kinetic coefficient in ordering,
respectively. Since Sv is inversely proportional to hDi,
Eq. (2) can be modified as

hDðtÞi2 � hDð0Þi2 ¼ k � t ð3Þ
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Figure 1. Thermomagnetization curves of Ni2Mn(Ga0.5Al0.5) alloy
annealed at 773 K for 0.25, 4 and 24 h measured under a magnetic field
of 500 Oe. The arrow indicates the Curie temperature TC.

Figure 2. TEM dark-field images using the ð111ÞL21
ordered reflection

taken from the Ni2Mn(Ga0.5Al0.5) alloy annealed at 773 K for 0.25 (a),
4 (b) and 24 (c) h.
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