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Magnetic domain structures of the Ni-Mn—Ga martensite were observed by means of type | and type
[l magnetic contrast in scanning electron microscope. The different configuration of magnetic
domain patterns coupled together with the twin structures were studied in multivariant, two-variant,
and single-variant martensite. The martensitic band contains broad stripelike magnetic domains
following the easy axis of magnetization, i.e., the crystallograplagis. These stripe domains are
connected by 90° domain walls creating a staircaselike structure in the adjoining bands. It is found
that the internal twins, substructures of the martensite twin domains, are distorted into a zig—zag
shape in order to accommodate the main band magnetization. Furthermore, the dagger-shaped stripe
domains occur only when the internal twins are present. When the sample exhibits the single-variant
state, the internal twins disappear totally and the stripe magnetic domains spread over the whole
specimen. The configuration observed here for the magnetic microstructure together with the
crystallographic microstructure can help in understanding the magnetic shape memory effect.
© 2004 American Ingtitute of Physics. [DOI: 10.1063/1.1773381

I. INTRODUCTION tion has been studied by several techniques: Bitter and scan-
ning electron microscopéSEM) methods-’ with magneto-

The Ni-Mn-Ga alloys have been studied for years. In ptical method* magnetic force microscop)(MFM),lz
martensitic phase transformation some of Ni-Mn-Ga alloysnterference-contrast-colloid CC),** and Lorentz transmis-
transform to a five-layered modulated tetragonal structurgjon electron microscopgTEM).2* The results show that the
(5M), which can Sh?Vg a large magnetic-field-induced strainmagnetic domain structure changes during the phase trans-
(MFIS) of 0.2%—-6%."" This shape change referred to as theformation and during the magnetization process. Further-
magnetic shape memory effe@SME) is due to the rear- more, it has been confirmed that the magnetic domains are
rangement of martensitic twin variants in the magnetic ﬁe|dcoupled with martensitic twins. However, so far no results

The crystal structure in Ni-Mn—Ga alloys is strongly have been reported on the interaction of the magnetic domain
composition dependent. Even though the parent phase exhiBgcture and the internal twins.
its the cubic Heusler-type structure, the martensite structures The type | and type Il magnetic contrasts of SERE.
can be nonmodulated tetragor@), seven-layered modu- 15 are employed in the present work to investigate magnetic
lated, approximately orthorhombic structuf@M) or five-  gomain structure together with the twin structure of 5M mar-
layered modulated, approximately tetragonal structure. Furensite. The type | contrast is obtained from the interaction of
thermore, occasionally also a mixture of different martensit%econdary electrons with the stray magnetic field above the
types may exist. In such alloys as studied in the presentgpecimen surface and, consequently, it is available only
work with the 5M martensite structure, the easy axis of Magthrough the secondary electron ima@El). An overview of
netization in martensﬁi;te always coincides with the Shorteshnderlying magnetic domain structure without particular de-
crystallographic axi§:® During cooling from the cubic par- ails is revealed with this technique. The type Il contrast
ent phase to the martensitic structure, the twins are acconypserved by the backscattered electron im@&j#l), is con-
modating the strain occurring in transformation. These twingyected with both the absorbed magnetic contrast and the de-
also can have a substructure of internal twins, which hagected magnetic contrast, which can be detected with differ-
been confirmed by x-ray diffractichAfter the transforma-  gpy geometry configuration of specimen, electron beam, and
tion the layered tetragonal crystal contains three twin varietector® The type 1l contrast reveals detailed domain pat-
ants with different orientation of the easy magnetization axiserns of the surface. In the present work these techniques are
(c-axis in the cubic coordinatgseparated by twin boundary. gpplied to study the detailed magnetic structures in connec-
Of these variants the one having the easy magnetization axigyn with the multivariant, two-variant, and single-variant

along the applied magnetic field starts to grow at the expensgyctures of the Ni-Mn—Ga 5M martensite.
of the other variants. This leads to the martensitic twin

bMoSu,CIdEalr% motion which is the basis of the mechanics of“_ EXPERIMENTAL PROCEDURES
Therefore, the interaction of magnetic domains and the  The ingot of the polycrystalline W gVinsg §Gayq 5 alloy

twinned martensitic crystal structure play an important rolewas manufactured using a modified Bridgman method at

during the rearrangement of the twin variants. This interacOutokumpu Research Oy, Finland. After casting, it was at
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first homogenized in a vacuum quartz ampoule for 48 h atll. RESULTS AND DISCUSSIONS

1273 K, then directly annealed for 72 h at 1073 K, and fi-

na”y cooled in air to room temperature. The phase transfor- After the martensitic reaction, the structure exhibits the

mation and magnetic transition temperatures of the annealggultivariant twinning system in order to accommodate the

alloy were determined with a differential scanning calorim-transformation strain occurring during the transformation

eter (DSO) of type Linkam-600 and the ac low-field mag- from the cubic to the tetragonal phase. Figuf@) shows the

netic susceptibility method. The Curie point of the alloy wasMagnetic domain structure together with martensitic twin

T.=370 K. while the start and finish transformation tempera-Va”a”t structure of the specimen in the multivariant state.

tucres wereM,=324 K andM;=321 K for the martensitic The viewed area was selected in such a way that it shows

S o . . ..

reaction as well ad,=332 K andA,=335 K for the reverse only those martensitic twin bands having thaxis in plane

reaction of the surface. They are relatively narrow with the width in
The single-crystal specimens for the SEM studies weréhe. region of 100_20@.‘m' Figure ];_a) s_hows also that the

spark-cut to the dimensions of 3 1 mmx 6 mm from a major twin bands consist of some fine internal substructures.

large grain of the polycrystalline ingot. The specimens wereThese parallel thin lines are regarded as belonging to the

. . . . _.internal twinning. In Fig. a), the SEI shows magnetic do-
- 0,
we_t gro_und and electropolished in a solution of 25% nItrICmain structure where the magnetization direction was paral-
acid using 12 V and 0.1 A/mfrat 273 K.

i | ) lel to the secondary detector. When the specimen was rotated
The orientation and crystal structure of the SPECIMeNgne the domain structure of alternative bands appears, as

were studied with a Philips X'pert x-ray diffractometer. It gpo\n in Fig. 1c). Since the type I contrast arises from the
was confirmed that the edges of the specimens were nearlyside magnetic stray field of the specimen, it has limited

parallel to the(100) directions(in the cubic coordinatesvith  asolution. The domain structures shown in Fige) and
a maximum deviation of 6°. Furthermore, it was shown thatl(c) are more or less like stripe patterns following the easy
the material has the modulated five-layered, close to tetragnagnetization axis in each martensitic band. However, even
onal martensitic structure at ambient temperatir8peci-  the type Il contrast is poor in the multivariant state and the
mens prepared in this manner exhibited the magnetic-fieldapproximately stripe pattern is clearly established in Fig.
induced strain of approximately 6% in the MSM 1(b) revealing more details. BEI showed the internal twins
measurement. The details of the method are givermmore clearly and in magnification in Fig(d), it can be seen
elsewheré. in both the magnetic domain structure and the internal twins
In order to study the different variant states of the 5Mnear the twin boundary. In the upper twin band the magnetic
structure, the specimen was at first studied in a multivariandomains form an approximately stripe pattern with some
state, then transformed to a two-state and after the investigalagger-shaped domains. The lower twin band appears as
tion of this structure, the specimen was finally brought to thenore like the stripe pattern of magnetic domains. They are
single-variant state. The multivariant martensitic state occlearly visible due to the bending of the internal twins. Such
curred in the specimen as-prepared’ due to the twin varia®& bending will be discussed in the fO”OWil’lg section. Further-
accommodation in the martensitic transformation. The twoimnore, it is worthwhile to note that the particular magnetic
variant state was obtained by successive compressions fdlomain structure is limited inside the twin band.
lowed by the controlled magnetization. In the third stage, the ~ The dagger-shaped domains observed in Fid) dre the

single-variant state resulted from magnetizing the sample t§/0Sure domains compensating the magnetic charge occur-
saturation. ring on the twin boundary. This is similar to the observed

The magnetic contrast observations and compositioff@tlern across the grain boundafyn an ideal homogenous

analysis were carried out on SEM LEO-1450 equipped witrcase of two adjoining twin vgria_nts ha\{ing the symmetrical
energy dispersive spectroscopgDS). Both type |1 and I arrangement of the magnetization which follows the easy

magnetic contrast were used to investigate the detailed mai—x?s’ there is no magneﬂc chargg. However., when the sample
in the multivariant state the internal twin structure can

netic structure. In these studies the surface of specimen w%s . . . ;
o Isturb this symmetrical arrangement. The resulting slight
normal to the electron beam. The scintillator type secondar

electron detector was placed in a side position and the CO?ﬁeviations can induce the magnetic charges and lead to the
. was p ' de positl appearance of the closure domains. The existence of the
lector bias voltage was set at +300 V. The four-quadran

. X ) i Eomplex internal structure can be also inferred from the sec-
solid state diode backscattered detector was situated just bShdary electron images, mapping the magnetic stray field

low the objective lens. The composition contrfé@SOMPO 51,56 the specimen. This is confirmed with the fact that the
mode of BEI was obtained by using the sum signal from a"dagger-shaped domains disappear when the sample is in the
four quadrants. The topography contr@dOPO mode of e homogenous two-variant state.

BEI was obtained by turning off two diagonal quadrants and  sing a repeated compression and controlled magnetiza-
using the difference signal from the two other diagonal quadtion process the specimen was transformed from the multi-
rants. In order to achieve optimum contrast in the magnetigariant state to the two-variant state. Now, there were only
contrast modes, the accelerating voltage in SEI was 5 kMwo alternating twin bands in the specimen witlaxis in the

and in BEI 30 kV. To avoid local overheating of the speci- plane of surface. Both the magnetic domain contrast and the
men, the probe current was adjusted to the lowest value thalomain wall contrast are greatly enhanced and they are
still could give the maximum contrast. clearly observed by BEI in Fig. 2. The stripe domain pattern
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FIG. 1. Image of the multivariant
specimen(a) by SEI and(b) by BEI,
(c) The same area after 90° rotation by
SEl; (d) The magnified image from the
rectangular area ith) by BELI.

occupies the whole area and no internal twins are visibleture. The domains are connected by 90° domain walls, which
Figure 2 shows the stripe domains magnetized parallel andoincide with the twin boundary. The high contrast between
antiparallel to the easf001] direction. The observed struc- parallel and antiparallel domains decreases the visibility of
ture is in agreement with the previous results with Bitterthe 180° domain wall contrast. On the other hand, the 90°
techniqué® and the ones obtained with the magneto-opticdomain wall has a very high contrast, indicated by alterna-

film.

tive white and dark twin boundaries. The overall arrange-

The stripe domains in the adjoining bands follow the ment of the twin bands and the magnetic domains in two
easy magnetization axis and thus create a staircaselike strugariant specimen is discussed in more detail in Ref. 10. A

rough estimation of the average domain width calculated
from the basic magnetic parameters and the size of the speci-
men is in the region of 10—20m, which agrees with the
width measured from the images. According to the domain
contrast the magnetization direction could be easily
determined;? which is indicated by the arrows in Fig. 2.
According to the mechanism of the type Il contrast, it is
possible to separate the magnetic domain contrast and the
magnetic domain wall contrast with an annular symmetry
backscattered detecljc?rFigures 8a) and 3b) are the type Il
images made in COMPO mode and TOPO mode, respec-
tively. With COMPO mode we obtained a good domain wall
contrast and a domain contrast between the 180° domains.
The domain wall contrast totally disappears in TOPO mode.
Instead, the contrast between the 90° domains is more appar-
ent. Consequently, these two methods can complement each
other and give all information needed about the domain

FIG. 2. The two-variant specimen with the magnetic stripe domain patterrﬁtruc'[ure-

coupled with the twin ban@BEI).

In the two-variant specimen, the substructure, the inter-
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FIG. 3. The type Il magnetic contrast of the two-variant specini@nin COMPO modeg(b) in TOPO mode.

nal twins, disappeared in the majority of the twin bands.crease the magnetic energy stored to the internal twin. As the
However, the residual internal twins remain still in sometwinned martensitic structure is very flexible, the magnetic
areas. An example of two adjoining twin variants with inter- energy can be reduced by deforming the internal twin. The
nal twins is shown in Fig. 4. Both variants contain a stripecritical stress to deform the martensite is given by twinning
magnetic domain structure, however in the left twin band thestress,oy,. When the magnetic energy stored in the internal
domain structure is more dagger-shaped. The stripe magnetiwin exceeds the elastic energy,,c,, Whereg, is the tetrag-
domains meet at twin boundary and fit each other very welbnal distortion, the reorientation of the lattice occtfrdhe
similarly as shown in Fig. 2. However in this cad€g. 4),  local reorientation, i.e., the rotation of the crystallographic
the twin boundary is somehow spread out and no good core-axis locally to the direction of the main magnetization,
trast, either magnetic or crystallographic, can be obtainedesults in apparent tilting of the internal twins. In more quan-
The wide twin boundary could be caused by a complex intitative terms, the twinning stress for this material is in the
tersecting of the internal twins. Both variants contain therange of 1-5 MP&Refs. 20 and 2jland the tetragonal dis-
internal twins observed as light and dark thin lines inside theaortion £,=6%, which gives the elastic energy needed for the
main twin bands. The internal twins are nearly perpendicularattice reorientation in the range of 0.6x30° J/n®. The

to the magnetization direction and have a peculiar zig—zagnaximum magnetic energy stored is given by the anisotropy
pattern following the magnetic domains. This suggests thagnergy K,=1.6x 10° J/m3.® From the energy comparison it
there is a strong interaction between magnetic domains ang apparent that the reorientation can occur to some degree
internal twins. depending on the magnitude of the twinning stress. The tilt-

The origin of the zig—zag pattern can be explained asng of the internal twins occurs in the opposite directions in
follows. A single internal twin has its easy magnetizationthe magnetic domains with parallel and antiparallel magne-
direction along its trace in the observing plane, which istization resulting in the observed zig—zag pattern. Close ob-
perpendicular to the main magnetization direction indicatedervation of the zig—zag pattern of internal twins suggests
by the stripe magnetic domains. Due to interaction with thehat the lattice is not homogeneously malleable as the zig—
magnetic field of the main magnetic domain, the magnetizazag lines are not parallel and create a slightly irregular pat-
tion of the internal twin will rotate away from its own easy tern. This agrees with the stress—strain measurements which
axis towards the main magnetization direction. This will in- jndicate a wide distribution of the magnitude of the twinning
stres<!

It is found that the dagger-shaped stripe domain pattern
is only observed in the twin band if the internal twins are
present. However, the perfect stripe domain pattern can also
be observed in the internal twin area. This indicates that the
specific crystal orientation of the internal twins determine the
magnetic microstructure by affecting the charge imbalance or
breaking the symmetry of the magnetization arrangements in
adjoining twin bands. On this basis it can be suggested that
the twinned structure without the internal twinning and with
the perfect stripe magnetic domain pattern is more favorable
for the twin boundary motion during the magnetization pro-
cess and, consequently, for the existence of MSME.

In the fully magnetized specimen, no twin band is visible
except some residual twin bands near the edge of the speci-
FIG. 4. The area in which the twin boundary and the internal twins areMe€N. The specimen can be considered to be in a single-
present in the two-variant speciméBEl). variant state. Also, the internal twins have disappeared to-
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FIG. 5. The single-variant sample with stripe domain is imagehbyype Il contrast, andb) type | contrast[In (b) the twin boundary of the residual variant
is marked by the arrowp.
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