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Abstract: The microstructure and coupling between structural and magnetic domains of ferromagnetic shape memory alloy
NissMnyosGayg 4 Were investigated by scanning electron acoustic microscopy (SEAM). Stripe ferroelastic domains (martensite
variants) exist in every grain, and exhibit the configurations of the typical self-accommodation arrangement. Magnetic domain
structure of NissMnygsGay 4 Was observed by the Bitter method and magnetic force microscopy (MFM). Due to the unique
subsurface imaging capability of SEAM, combined with the Bitter method, the ferroelastic domain structure can be compared with in
situ ferromagnetic domain structure. It is found that the martensitic variant boundaries coincide well with the ferromagnetic domain
walls, which is beneficial for the understanding of the correlation between two kinds of ferroic domains.
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1 Introduction

The ferroic (ferromagnetic, ferroelectric, and
ferroelastic/martensitic) materials exhibiting one or more
order parameters are important functional materials. For
Ni-Mn-Ga ferromagnetic shape memory alloys (FSMAs),
they contain both ferroelastic and ferromagnetic domains,
and have attracted great attention due to their large
magnetic-field-induced strain  (6.0%-9.5%) in the
martensitic state [1]. It is well known that ferroic
domains play a central role in controlling all the
properties of ferroic materials, in particular the ferroic
properties. Therefore, the characterization of domain
structure in ferroic materials is very important. So far,
ferroelastic domains (martensite variants) of Ni-Mn-Ga
alloys have been investigated widely by optical
microscopy [2—3] and transmission electron microscopy
(TEM) [4], and their magnetic domains have been also
investigated extensively by various imaging techniques,
e.g., Bitter and scanning electron microscopy (SEM) [5],
magnetic force microscopy (MFM) [6], interference-
contrast-colloid (ICC) [7], Lorentz microscopy, and
electron holography [8—9]. However, the study on the

correlations between the ferroelastic and ferromagnetic
domain structure of FSMA remains scarce.

Due to the unique imaging mechanism of scanning
electron acoustic microscopy (SEAM) [10], it exhibits a
subsurface layered imaging ability by tuning the
modulating frequencies. It is thus expected that the
SEAM combined with the Bitter method should be an
effective technique to investigate the relations between
ferroelastic and magnetic domains. In this work,
ferroelastic domain structure, ferromagnetic domain
structure and their relations of NissMnyy¢Gayy s alloys
were investigated by the SEAM, the Bitter method and
the MFM.

2 Experimental

Polycrystalline  NissMnygGasg 4 were
prepared by vacuum arc remelting (VAR) using
high-purity (>99.9%) raw materials of Ni, Mn, and Ga,
and were then homogenized at 1 073 K for 24 h and
quenched into cold water. The alloys were sliced into an

appropriate thickness, and their surfaces were polished
mechanically to a thickness of 1.0 mm. After the polishing
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process, the alloys were diced into the specimens with
the dimensions of 5.0 mm in length and 4.0 mm in width.

The ferroelastic domain structure was observed by
the SEAM modified from a commercial SEM
(KYKY-EM3200) [10]. An electron acoustic image
(EAD) and a secondary electron image (SEI) can be
obtained in situ simultaneously. The ferromagnetic
domain structure was obtained by the Bitter method and
MFM (Nanoscope I[lla Multimode Scanning Probe
Microscope).

3 Results and discussion

Figure 1(a) shows the SEI of a NissMnygsGangy
sample, and Fig.1(b) shows its in situ EAI at modulating
frequencies of 136.0 kHz. In the SEI, no special
information is shown. While, from the EAI, typical
polycrystalline boundaries or twin boundaries with grain
size of 400—900 um can be seen. In corresponding grains,
stripe or lamellar martensite variants (ferroelastic
domains) aligning along different directions exist in each
grain, and exhibit a typical self-accommodation
arrangement. The domain width varies from 10 to 100
pm. These results are similar to those of the
nonstoichiometric Ni,MnGa alloy observed by the
optical microscopy [3]. However, compared with
common optical observation of metallographic
topography, the sample for SEAM imaging does not

(a)

Fig. 1 SEI of NissMn,q Gayg 4 sample (a), in situ EAT at modulating frequency of 136.0 kHz (b),

(c), in situ EAI at modulating frequency of 160.6 kHz (d)

need to be etched with specific acid. In addition, a
subsurface defect region as labeled is also revealed by
the EAI, which exhibits the unique imaging advantage of
the SEAM.

Figures 1(c) and 1(d) show the SEI and the EAI (at
a modulating frequency of 160.6 kHz) of another spot of
the same sample. They also exhibit regular lamellar
variants clearly. Some holes as marked on the surface are
seen in situ in the both SEI and EAI. Especially, in the
region designated by the symbols A, B and C, martensite
variants cross the grain boundaries or the cracks as
marked, and form twin domain structure. In the region
designated by the symbol D, variants intersect here, and
extend themselves into each other. In this EAI, the
domain width varies from 10 to 30 um.

Figure 2(a) shows the SEI giving the ferromagnetic
domain structure of NissMnyysGayy4 alloy in the Bitter
pattern. Though the effect is not perfect, the shape of the
domain walls can be distinguished as stripe or lamellar,
which domains in different regions align in different
directions. Figure 2(b) shows the EAI at a modulating
frequency of 182.0 kHz. Stripe martensite variants are
clearly seen. By comparing Fig.2(a) with 2(b) in situ, an
interesting phenomenon is found that the ferromagnetic
domain walls are well coincident with the martensite
variant boundaries. Though SOLOMON et al [8],
MURAKAMI et al [9], and BRINTLINGER et al [11]
reported the similar coincidence between martensite
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plate boundaries and domain walls in the nano-scale of
Ni-Mn-Ga by Lorentz microscopy, in the micron-scale,
most investigations are focused on the 180° magnetic
domains crossing the martensite variants [5, 12] or on the
fine magnetic domains superimposed upon the
martensite variants [7, 13—14]. In this work, the direct
evidence of the coincidence between micron-scale (or
sub-millimeter-scale) martensite variants (also as
ferroelastic domains) and magnetic domains was

provided. This conclusion is consistent with our early
investigation from a similar material MnsyNiysGay, [15],
and the theory of KISELEV et al [16].

Figures 3(a) and 3(c) show the topography of the
same sample at two regions, and only some surface
defects or impurities are seen. Figures 3(b) and 3(d) are
their in situ MFM images, respectively. The MFM
images show a higher resolution than the EAIL It can
be seen that the primary stripe ferromagnetic domains

Fig. 3 Topography of a NissMn,g sGayg 4 sample (a), in situ MFM (b), and topography of another spot of same sample (c) and in situ

MFM (d)
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marked with lines are observed, and the domain width is
8—12 um. The sub-domains in side of primary domains
are irregular stripe, and the domain width is 2 um. This
particular multilayer magnetic domain structure is
similar to the herringbone ferroelectric domain pattern in
ferroelectrics due to the demand of the minimum domain
wall energy [17—18].

By comparing the sizes of primary ferromagnetic
domains and martensite variants, it is found that they
have approximate size or width, which also means that

ferromagnetic domains coincide with ferroelastic domain.

However, this MFM characteristic is different with
Refs. [13] and [14] also based on MFM, in which
uniformly spaced magnetic Weiss domains terminate at
the interface of the martensitic domains. The reason of
this inconsistency is not known now, and needs to
explore farther.

4 Conclusions

1) A direct evidence of the coincidence between
micron-scale martensite variants (also as ferroelastic
domains) and magnetic domains is obtained. The good
coincidence is also proved by MFM indirectly.

2) The experimental results indicate that the SEAM
technique combined with the Bitter method can be used
as an effective method to observe the relationship
between magnetic domains and martensites. These
results will be beneficial for the development of
and for the
understanding of the correlation between magnetic

ferromagnetic shape memory alloys

domains and crystallographic variant domains as well.
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