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ABSTRACT

The crystal structure and magnetic domain patterns of Ni-Mn-Ga alloys are studied in the present
thesis work. The crystal structure of the martensitic phases in these alloys is highly dependent on
the chemical composition. Single crystal X-ray diffraction shows that five-layered martensite is
approximately a tetragonal phase with c < a, seven-layered martensite is orthorhombic and non-
modulated martensite is a tetragonal type with c > a. Powder X-ray diffraction refinement suggests
that five-layered martensite is a modulated structure with its basic structure having a monoclinic
lattice, with the lattice parameter a being slightly different from the parameter b. Two-dimensional
X-ray scattering distribution and electron diffraction confirmed that there are two shuffling systems
with two modulation wave vectors. The interface, i.e. the macrotwin boundary, is formed between
these two domains, which have a nearly orthogonal microtwin plane. This interface consists of two
constituent elements, a step and a crossing. The layered martensite, which can be viewed as a
periodic microtwin sequence, is not perfect; aperiodic plane faults and other-than nominal periodic
microtwins are definitely present.

In a multi-variant martensite, each martensitic band consists of internal twins. The 180  magnetic
domains arise from the major internal twin variant, which is observed both by Type I and Type II
magnetic contrast with a scanning electron microscope. The minor internal twin variants show a
zigzag pattern when the c-axis is out of plane. In a two-variant state sample, the 180  magnetic
domains follow the c-axis in each twin variant and continue to the neighbouring twin variant by a
90  domain wall, which coincides with the twin boundary. In a single-variant state the 180
magnetic domains are parallel to the c-axis and run through the whole observed surface. Optical
observation of the magnetic domain pattern reveals that there is a surface relief associated with the
magnetic domains. This surface relief causes the (011) twins to appear as a zigzag pattern when
projected on the (010) plane. Such magnetic domain associated surface relief is due to the less
strained surface as compared to the bulk during the magnetic shape memory phenomenon.

In this thesis work it is also found that the application of an excitation voltage of 20-30kV and the
K  line for Ga are critical factors for obtaining a reliable chemical composition for Ni-Mn-Ga
alloys using energy-dispersive spectrometer and wavelength-dispersive spectrometer analysis. It is
discovered that there are two shuffling systems and the interface between them consists of step and
crossing elements in five-layered martensite. It is revealed for the first time in Ni-Mn-Ga alloys that
surface relief is associated with the magnetic domains. This provides a new opportunity to observe
the magnetic domain patterns with an optical microscope.

Keywords:
Ni-Mn-Ga alloys, magnetic shape memory effect, martensitic transformation, magnetic domains, X-
ray diffraction, high-resolution transmission electron microscopy, EDS analysis, WDS analysis,
twin boundaries, microtwins
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BRIEF DESCRIPTION OF THE PUBLICATIONS

The present thesis is based on the results of the publications mentioned above and appended to this
thesis. The present work combines and analyses the main results of the individual publications,
which, in summary, are as follows:

Publication 1, “Giant Magnetostrictive Materials”, gives a review of magnetic shape memory
alloys. The focus is on research work with Ni-Mn-Ga alloys, which includes the modelling of the
behaviour of the giant magnetic field-induced strain, the phase transformation, the mechanical and
magnetic properties, the implementation of martensite variant rearrangement in an applied magnetic
field and the relevant parameters, and the outlook for promising magnetic shape memory materials.
The summary suggests that understanding the twinning structure and magnetic behaviour is a key
factor for the design of new active materials and improving the present ones.

Publication 2, “Microanalysis of a NiMnGa alloy”, investigated the reliable microchemical analysis
and homogeneity of a Ni-Mn-Ga alloy with the Wavelength-Dispersive Spectroscopy (WDS) and
Energy-Dispersive Spectroscopy (EDS) methods. Reliable results at 20-30 kV were obtained by
analysing a Ni-Mn-Ga alloy with the K  line for Ga element with both WDS and EDS. The studied
alloy was homogeneous on a micro-scale.

Publication 3, “Crystal structure of three NiMnGa alloys in powder and bulk materials”; three
alloys with different martensitic structures were studied with X-ray diffraction in powder and bulk
material. The alloy Ni49.5Mn28.6Ga21.9 is a tetragonal phase with five-layered modulation. Its X-ray
powder diffraction was in good agreement with single crystal diffraction. The crystal structure was
determined with a modulation model by Rietveld powder diffraction refinement, and the refined
basic structure is a monoclinic lattice. The L21 atomic order was well present in the powder
diffraction pattern of the high-temperature phase. The other two high-temperature alloys showed a
discrepancy between the powder diffraction pattern and the single crystal X-ray results, which was
attributed to heavy deformation (long ball milling time) during the preparation of the powder.

Publication 4, “Crystal structure and macrotwin interface of five-layered martensite in Ni-Mn-Ga
magnetic shape memory alloy”; X-ray diffraction showed that two shuffling systems exist in Ni-
Mn-Ga alloys with five-layered martensite. Conventional transmission electron microscopy (TEM)
studies confirmed their existence and also revealed the interface between them. A high-resolution
transmission electron microscopy (HRTEM) study revealed the detailed structure of the interface,
which consisted of two constituent elements. The other periodic micro-twin sequences, such as
seven and ten, and aperiodic plane faults were mingled with the five-layered martensite.

Publication 5, “Various magnetic domain structures in a Ni-Mn-Ga martensite exhibiting magnetic
shape memory effect”; the configuration of the magnetic domain patterns coupled together with the
twin structures was studied in multi-variant, two-variant, and single-variant martensite by means of
Type I and Type II magnetic contrast in a scanning electron microscope (SEM). In the multi-variant
state, the martensite band consisted of internal twins, and the 180  magnetic domain patterns
corresponded to the major internal twin variants. The minor twin variants displayed a zigzag pattern
commensurate with the magnetic domains. In the two-variant state, the 180  domains were parallel
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and anti-parallel to the c-axis in one twin variant and connected with the domains of the
neighbouring twin variant by a 90  domain wall at the twin boundary.

Publication 6, “Direct optical observation of magnetic domains in Ni-Mn-Ga martensite”, reported
the direct optical observation of the magnetic domain patterns which are associated with a large
surface relief in the martensitic phase of a Ni49.5Mn28.6Ga21.9 alloy. The surface relief was due to the
different straining of the surface and the bulk caused by the internal stresses associated with the
magnetic shape memory effect. The surface relief is coherent at the (101) twin boundary. However,
the surface relief causes the trace of the (011) twin boundary to form a zigzag pattern on the
projection of the (010) plane.

Publication 7, “Magnetic domain evolution with applied field in a Ni-Mn-Ga magnetic shape
memory alloy”, investigated the evolution of the magnetic domain pattern together with a twinning
structure under a magnetic field successively applied in two perpendicular directions by means of
an optical microscope in a Ni49.5Mn28.6Ga21.9 alloy. Both the magnetic domain pattern and the twin
morphology changed to more complex ones after the magnetic field had been switched on and off
three times. It suggested that each time the magnetic domain and martensitic twin nucleation take a
unique path determined by the local imperfections. The optical visibility of the magnetic domain
was caused by a surface relief associated with the 180  magnetic domain. The extent of the surface
tilt that produced the observed zigzag pattern was estimated to be about 2  in the Ni49.5Mn28.6Ga21.9

alloy that was studied.
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SYMBOLS AND ABBREVIATIONS

Symbols

Al aluminium, in the alloys as atomic-%
Ga gallium, in the alloys as atomic-%
Mn manganese, in the alloys as atomic-%
Ni2MnGa the stoichiometric Ni-Mn-Ga alloy
Ni50.4Mn29.3Ga20.3 Ni-Mn-Ga alloy, where the numbers refer to the atomic percentages of the

elements
Ni nickel, in the alloys as atomic-%
W tungsten

Oe, kOe Oerstedt, kilo-Oerstedt, unit for magnetic field
T Tesla, unit for magnetic field, 1T = 104 Oe

L21 the ordering of Heusler alloy X2YZ, where all of the atoms are located at the
sites of a body-centered cubic lattice

B2’ the ordering of Heusler alloy X2YZ, where X is order but Y and Z occupy
their sites in the crystal lattice randomly
the high-temperature phase in noble metal alloys

5M five-layered martensite in Ni-Mn-Ga and Ni-Mn-Al alloy
7M seven-layered martensite in Ni-Mn-Ga alloy
7R seven-layered martensite in Ni-Al alloy
14M seven-layered martensite in Ni-Al alloy

a,b,c, , lattice parameters
ac a-axis length of cubic phase
bt b-axis length of tetragonal phase
ct c-axis length of tetragonal phase

the direction of TA2 acoustic phonon branch
i deformation parameter

twin variant volume fraction
Fm 3 m Hermann-Mauguin symbol of space group No. 225
Fmmm Hermann-Mauguin symbol of space group No. 69
I4/mmm Hermann-Mauguin symbol of space group No. 139
P2/m Hermann-Mauguin symbol of space group No. 10

xj the displacement of the jth atom
An the sinusoid coefficients
Bn the cosinoid coefficients
q modulation vector

j the displacement of the jth plane from its regular position
L the periodicity of shuffling



x

K K  characteristic radiation, the emission is due to the transition of the atom
of the K state to the L state

L L  characteristic radiation, the emission is due to the transition of the atom
of the L state to the M state

B Bohr magneton B = 0.927 x 10-24 J/T
k1 first magnetic anisotropy constant
k2 second magnetic anisotropy constant
TC the Curie temperature

As the reverse transformation start temperature (K)
Af the reverse transformation finish temperature (K)
Ms the martensitic transformation start temperature (K)
Mf the martensitic transformation finish temperature (K)

tw twinning stress
m magnetically induced stress

the angle between the projection of the (011) twin trace on the (010) plane
and the [100] direction
the angle of the tilted surface
the angle between the (011) and (010) planes

l the original length on the surface
l the difference of contraction of the bulk materials and the surface

Abbreviations

BEI backscattered electron image
COMPO composition mode in scanning electron microscope which is used in

observing magnetic domains
DSC differential scanning calorimeter
EDS energy-dispersive spectrometer
f.c.c. face-centred cubic
FFT fast Fourier transformation
FSMA ferromagnetic shape memory alloy
HRTEM high-resolution transmission electron microscope
ICC interference-contrast-colloid
MFIS magnetic field-induced strain
MFM magnetic force microscopy
MSM magnetic shape memory
MSME magnetic shape memory effect
OM optical microscope
SAED selected area electron diffraction
SEM scanning electron microscope
TEM transmission electron microscope
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TOPO topography mode in scanning electron microscope which is used in
observing magnetic domains

WDS wavelength dispersive spectrometer
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1. INTRODUCTION

Ni-Mn-Ga alloys are a new class of active materials, and show giant magnetic field-induced strain
(MFIS). These materials are called magnetic shape memory (MSM) alloys, or ferromagnetic shape
memory alloys (FSMAs). They are potential materials both for sensors and actuators. MFIS is based
on the rearrangement of martensite twin variants under a magnetic field. The crystal structure basis
for the occurrence of MFIS is high magnetic anisotropy of the martensitic phase, in which there
exists only one easy magnetisation axis. Martensite variants that have their easy axis along the
applied field direction grow at the expense of other variants by twin boundary motion driven by the
applied field.

The high-temperature  phase is a cubic L21 structure in the near-stoichimetric Ni-Mn-Ga alloys.
This parent phase, martensite phase transformation temperatures and the martensitic crystal
structure are heavily dependent on the chemical composition. The Curie point (TC) connected to the
temperature region of magnetic transition from paramagnetic to ferromagnetic depends only weakly
on it and the value of the TC fluctuates around 370 K under a wide composition range. The
martensitic phase can be a layered structure or a non-modulated tetragonal phase. MFIS is only
observed in layered martensite: about 6 % MFIS is obtained in the five-layered structure and 10 %
in the seven-layered one. The easy magnetisation axis always coincides with the shortest
crystallographic axis of the modulated martensite while applying the coordinate system of the cubic
phase. The coupling of the crystal structure and the magnetic domain structure is a prerequisite for
MFIS.

In this thesis work the crystal structure is studied by means of X-ray and electron diffraction. The
crystal structure and the twin boundaries are also studied with a conventional transmission electron
microscope (TEM) and a high-resolution transmission electron microscope (HRTEM). It is
postulated and confirmed that five-layered martensite consists of two sets of microtwins and an
interface between two sets of microtwins inside one variant. The magnetic domain structure is
visualised with a scanning electron microscope (SEM) and an optical microscope (OM). The
configuration of the magnetic domain inside the twin variants and at the twin boundary is disclosed.
The cause of the observed surface relief with the magnetic domains is postulated to be the
interaction of the magnetic domains and twin boundary changes during magnetisation.

A brief literature review is provided in the following section. It will focus on the progress of the
determination of the crystal structure and magnetic microstructure as well as the difficulties
connected with this kind of study. An overall review of the magnetic shape memory alloy is present
in the Publication P1. Section 2 explains the experimental methods used in this work. Section 3.1
gives a brief summary of the properties of Ni-Mn-Ga alloys. Section 3.2 outlines the results of the
determination of the crystal structure and the microstructure of the twin boundaries. Section 3.3
presents the results of the magnetic domain patterns and the surface relief associated with it. Section
4 is a discussion of the martensitic structure and the model of the magnetic domain-accompanied
surface relief. Section 5 provides the conclusions.
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1.1 Crystal Structure

Prior to the discovery of the magnetic shape memory effect (MSME) in a Ni-Mn-Ga alloy in 1996
by Ullakko et al. [1], the stoichiometric Heusler Ni2MnGa alloy was studied for its ferromagnetic
properties and chemical ordering [2-6]. The magnetic properties of Ni2MnGa were found to be
dependent on the L21 order of the crystal structure, i. e. ferromagnetism is associated with the Mn-
Mn distance [2,5]. The magnetic moment is about 4.17 B mostly confined to the Mn atom but with
a small moment (< 0.3 B) associated with the Ni sites [3,4]. The Curie temperature of Ni2MnGa is
376 K. This alloy undergoes a cubic-to-tetragonal structure transition upon cooling below 202 K
[6]. This phase transition is a thermoelastic martensitic transformation, and thus Ni2MnGa displays
the shape memory effect and superelasticity [7]. Thermal martensite has a layered structure [4], and
there are four additional spots along the [110]* direction in the X-ray diffraction pattern. Three
successive stress-induced structural transitions were observed for specimens elongated in the
<100>cubic direction or compressed in the <110>cubic direction [8-10]. Only one transition is stress-
induced in compression along the <100>cubic axis. The first step stress-induced product has the same
crystal structure as thermally induced martensite, which is called five-layered martensite because of
the four extra diffraction spots in the X-Ray diffraction pattern. The successive stress-induced
martensites are seven-layered and non-modulated martensite, respectively. Thermally induced
seven-layered martensite has also been found in an off-stoichiometric Ni52Mn25Ga23 [11].

1.1.1 Description of the crystal structure

The high-temperature phase was unambiguously determined by neutron and X-ray diffraction [4] as
a Heusler structure with an L21 order. The lattice parameter of the stoichiometric alloy is around
5.82 Å, a value which is sensitive to chemical composition and heat treatment. The space group is
225, Fm 3 m, where Mn atoms occupy  the 4a position, Ga the 4b position and Ni the 8c position in
the stoichiometric composition. This structure may also be described in terms of four
interpenetrating face-centered-cubic (f.c.c) sublattices A, B, C, and D with the coordinates shown
below [4].
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If the L21 order is perfect, the Mn atoms will occupy the A sites and the Ga atoms the C sites. The B
and D sites are occupied by the Ni atoms. If the Mn and Ga atoms randomly occupy the A and C
sites, the structure becomes a B2’ order. The temperature of a B2’ to L21 transition is in the range
from 800 K to 1000 K, depending on the chemical composition of the specimen [12]. With off-
stoichiometric composition the degree of order is proportional to its chemical composition deviation
from stoichiometric.
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The martensitic structure was first described in the cubic coordinate system. The extra diffraction
spots found along the (110) plane indicate that the (110) plane undergoes a periodic shuffling in the
[ 011 ] direction, while every 5th (110) plane remains in its original position. The shuffling can be
described by a modulation wave in which the martensite structure is refined by the coefficient of the
modulation wave base on the X-ray diffraction data [10]. Shuffling means that transformation shear
occurs periodically on the (110) plane and in the [ 011 ] direction.

From the geometric viewpoint the martensitic transformation proceeds by transformation shear on
the closed packed {110}cubic plane. There are two possibilities for the shear direction, the [ 011 ]
direction on each {110}cubic plane. Because the product phase inherits the atomic order of the parent
phase, the martensite phase has a superlattice, as does the parent phase. In the cubic phase there are
two kinds of atomic planes in the stack of the (110)cubic plane, shown in Figure 1(a). The five-
layered martensite that results from shear on these (110)cubic planes, shown in Figure 1(b), consists
of 10 atomic planes that are shifted relative to each other in the directions [ 011 ] parallel to the
closed packed plane. Similarly, the seven-layered martensite thus consists of 14 atomic planes [13].

(a) Two kinds of
stacking (110) plane

in cubic phase.

(b) (c) (d)

Cubic phase Stacking order modulation

Figure 1. The illustration of two structure models and the original stacking order in the cubic phase.

The seven-layered martensite structure is well known in Ni-Al alloys. It has been named as ( 25 ) by
Zhdanov notation and 7R by Ramsdell notation, in which R stands for rhombohedral symmetry.
Later, the term 7R was replaced by 7M, in which M stands for monoclinic symmetry [14], because
seven-layered martensite does not exhibit rhombohedral symmetry even if the ordering of the atoms
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is disregarded. The abbreviation 14M is also seen in the literature [15] when the unit cell actually
consists of 14 atomic planes after the new nomenclature for a long period stacking order martensitic
structure as proposed by Otsuka et al. [16]. As a consequence, when five-layered martensite was
found in the Ni-Mn-Al alloy it was named 10M by considering the L21 atomic ordering of the cubic
phase [17]. Thus, in the case of Ni-Mn-Ga alloys, the abbreviations 5M or 10M for five-layered
martensite and 7M or 14M for seven-layered martensite are all seen in the literature [18,19]. The
problem of martensite nomenclature arises from the fact that martensite has a long period ordering
structure and in order to describe the crystal structure precisely, the stacking order must be
specified. Using M instead of R in addition to the number of layers is well accepted, because it
reflects monoclinic symmetry. The diversity in the numbering of layers is due to the fact that the
long-range atomic ordering doubles the number of atomic planes.

Furthermore, the naming problem also indicates two representations of the layered martensitic
structure. The first one is the long-period stacking order structure, which is a well-known method to
describe a close-packed layered martensitic structure. This method is based on uniform shear taking
place on each basal plane, which is the (110)cubic plane for the  phase. The unit cell thus includes
one period that usually contains several basal planes, such as 3, 6, 9, or 18. It is necessary to use
Zhdanov notation to explicitly indicate the stacking sequence, such as ( 25 ) for seven-layered
martensite. The uniform shear can easily be calculated according to the stacking order if the  angle
of the monoclinic unit cell is known (which can usually be measured in a selected area electron
diffraction (SAED) pattern) [13].

The second approach is to consider the layered structure as a one-dimensional modulation function
superimposed onto the basic structure. The deviations of atoms from their ideal positions are
defined by the modulation function. Thus, the introduction of a superspace group restores the
crystal lattice periodicity. The modulation function can be described by Fourier series as:

nqjBnqjAx
n

n
n

n
j 2cos2sin (1-1)

where xj is the jth atomic position and q is the modulation vector. Only a few of the lowest orders of
the harmonic coefficients can be determined from the scattering experiment. In [10,11], sinusoid
coefficients up to the third order are determined for five- and seven-layered structures.

The distinction between these two methods is that the stacking order model assumes uniform shear
between two neighbouring atomic planes, which is the case only when considering the modulation
function with the zero-order harmonic coefficients. Thus, the stacking sequence model is a simple
example of a modulated structure and it is valid only for a commensurate modulated structure.
Zheludev et al. found that the modulated martensitic structure of a near-stoichiometric Ni2MnGa is
an incommensurate one, in which the modulation is along the ( 0),  = 0.43 [20] by elastic neutron
scattering. In this case, the modulation model is very suitable as a structure model. Figure 1 (c and
d) gives the representation of two models which are derived from Figure 1(a) of the 10-layered
(110)cubic plane.

From the modulated structure viewpoint, the basic structure of five-layered martensite is a
tetragonal structure and that of the seven-layered martensite is orthorhombic. In the literature the
tetragonal unit cell has two forms, one in the cubic coordinate system, i. e. the martensitic principle
axes are derived from cubic axes, and the other with martensitic principle axes, the a- and b-axes,
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derived from the {110} direction of the cubic phase. The unit cell in the first case is twice as large
as in the second one. The first tetragonal structure can be described by the spacegroup Fmmm (No.
69) and the second one with the I4/mmm (No. 139). This is shown in Figure 2, which illustrates the
unit cell of the L21 structure and two representations of the martensitic unit cell, the space groups
I4/mmm and Fmmm, respectively. I4/mmm is a supergroup of Fmmm. From the crystallographic
viewpoint the I4/mmm unit cell is more favourable because of its small volume. However, in
practice the first description is directly related to the crystal lattice parameters affected by the
magnetic field-induced strain, and the basic lattice vectors to the easy and hard magnetisation axes.
Therefore, the Fmmm unit cell is commonly used in literature. And when the a axis is slightly
different from the b-axis in the basic structure, the Fmmm group can still correctly describe the
symmetry, although sometimes this small difference is indistinguishable within the tolerance of
experimental error.

Figure 2. Heusler L21 structure and two kinds of martensitic unit cell.

1.1.2 Determination of the crystal structure

The determination of the crystal structure is mainly based on the diffraction data of neutron, X-ray,
and electron diffraction. The X-ray atomic scattering factors of the elements Ni, Mn, and Ga are
close to each other, but in neutron scattering the scattering lengths are very different and, therefore,
neutron scattering can give more information about the chemical and magnetic ordering. The earlier
crystal structure studies focused on the identification of the modulation periodicity by detecting
character superlattice reflection [8,10,11,18,21,22]. Wedel et al. were the first to try to determine
the crystal symmetry. They suggested the tetragonal (I4/mmm) and orthorhombic (Fmmm) structure
models to describe martensitic structure [23]. Later Pons et al. analysed the electron diffraction data
of five- and seven-layered martensite using both the modulation model and the stacking order
model [19]. Here, ( 23 ) for five-layered martensite and ( 25 ) for seven-layered martensite gave
good agreement with the intensities of the electron diffraction. They also determined a 10-layered
martensite by the stacking order model as ( 55 ). They discussed these two descriptions from the
physical point of view. Five-layered martensite is more suited to being described by the modulation
structure because there usually exists a ( 0) TA2-phonon branch softening at  = 1/3 or even a
micromodulated premartensitic phase. Seven-layered martensite can be considered as an adaptive
phase, i. e. a microtwinned tetragonal phase with a fixed periodicity. They also point out that the 
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angle is critical for the determination of the structure model for five-layered martensite [19]. The
modulation model should give the  angle as 90 , and apparently with the ( 23 ) stacking sequence
the  angle deviates from 90 . This argument is based on the assumption that the basic structure is
precisely determined as tetragonal: if the basic structure is slightly orthorhombic or monoclinic, the
argument is not valid any more. The fine scale structure has also been studied by means of high-
resolution transmission electron microscopy, in which the stacking sequence seems quite apparent
[24].

Precursor phenomena, i.e. pretransitional effects, in shape memory alloys are associated with
incipiently unstable acoustic modes related to the actual transition path [25]. It is found that the
softening of the ( 0) TA2-phonon branch occurs in a wide variety of Ni-Mn-Ga crystals, with
martensitic transformation from far below room temperature to near the Curie temperature [26-29].
Only the softening width becomes larger with the martensitic transformation temperature
increasing. These results reveal that the softening mode is not only relevant to five-layered
martensite. The premartensitic transformation vanishes at the compositions in which
intermartensitic transformation occurs, i.e. five-layered martensite changes to seven-layered or
anther type of martensite. This may indicate that the softening mode gives rise to intermartensitic
transformation, which is similarly to premartensitic transformation [30]. Indeed, a premartensite
phase is found ahead of seven-layered martensite [31]. However, seven-layered martensite was
mistaken for five-layered martensite in [32], even though its X-ray powder diffraction pattern is
similar to seven-layered martensite, as in [19, P3].

1.2 Magnetic shape memory effect

Ni-Mn-Ga alloys may show ferromagnetic parent and martensitic phases at different temperatures.
This makes it possible that the magnetic field is the driving force for shape change, in addition to
external stress and temperature. The first observed magnetic field-induced strain in the martensitic
phase was 0.2% [1]. This behaviour is also called the magnetic shape memory effect, as the original
shape can be restored either by a field, heating, or stress. The observed strain arises from the twin
variant rearrangement and is similar to that obtained by stress detwinning. Thus, the maximum
strain can be expected with the change from one single variant to another. In a general case after the
thermally induced phase transformation, martensites form a kind of self-accommodation multi-
variant pattern to minimise transformation strain. By increasing the volume fraction of the preferred
twin variant, higher value MSME has been reported, 0.32% [33], 4% [34,35], 5.1% [36], 6% [37]
for five-layered martensite. Later, a giant magnetic field-induced strain of about 9.5% was reported
for a seven-layered martensite [38]. The maximum MSME is limited by the martensitic lattice
parameter, i. e. (1-c/a). Here, c and a are the basic lattice parameters of the Fmmm unit cell. This
limit for five-layered martensite is around 6% and for seven-layered martensite around 10%.

It can be concluded from magnetisation curves that the high-temperature parent phase has weak
magnetic anisotropy, while the martensitic phase possesses strong magnetic anisotropy [4]. Tickle
et al. [35] measured the magnetisation curve of the cubic parent phase at different temperatures, and
the results show that in this phase {100} is the easy axis of magnetization with anisotropy constant
of an order of 103 J/m3. In modulated martensite, there exists only one easy axis, which is the
crystallographic c-axis of the Fmmm unit cell [35]. In a near-stoichiometric sample a value of 2.45
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105 J/m3 is reported at a temperature of 256 K [35]. Many different values of the magnetic
anisotropy constant of the martensitic phase have been presented in the literature [35,39-42]. This is
due to the fact that the magnetic anisotropy constant is dependent on the composition of the alloy
and temperature [43,44,46]. In [45], the magnetic anisotropy constants at room temperature were
reported for five-layered martensite as k1 = 1.65 105 J/m3 (k2 negligible), for seven-layered
martensite as k1 = 1.7 105 J/m3 and k2 = 0.9 105 J/m3 referring to the hard and mid-hard
magnetisation axes, and for non-modulated martensite as k1 = -2.3 105 J/m3 and k2 = 0.55 105

J/m3.

1.3 Magnetic Domain Structure

The magnetic domain structure of martensite is crucial to an understanding of the mechanism of
MSME and it is also a prerequisite for modelling this magneto-mechanical behaviour [1,34,42,47-
49]. The first observations of magnetic domain structure were made by magnetic force microscopy
(MFM) [34], which revealed a hierarchical domain structure with a herring-bone pattern, i.e. the
180  domains formed in each martensite variant. The same pattern was observed later by the Bitter
pattern [50] and with magneto-optical indicator film imaging [42,51,52]. The magnetic domain
width that was observed was in the range of several microns up to dozens of microns. A similar
pattern was also observed with Lorentz microscopy, but the domain width here was 300 nm [53].
Pan et al. studied the evolution of this kind of pattern under an applied field by MFM [54]. The
application of a small field (1-2 kOe) evolves this pattern to a firtree pattern meeting at the twin
boundaries. The application of an intermediate field (4-5 kOe) in the easy direction of one twin
variant caused the magnetisation vector of the neighbouring twin variants to rotate a little and the
firtree pattern to localise at the twin boundaries. With larger fields (8-9 kOe), the magnetisation
vector that was previously orthogonal to the field will rotate in the field direction and eliminate
domain structure within a variant, so each twin band coincides with one magnetic domain.

In a surface with a magnetisation vector out of plane a labyrinth pattern [51] or a patch-like pattern
[54] can be observed. Chopra et al. [55] found a fine ripple domain pattern superimposed with twin
variants under a 400 Oe magnetic field by means of Interference-Contrast-Colloid (ICC) technique
and this pattern did not change with the increase of one twin variant width when the field rose to
1800 Oe. With the use of the same technique the in situ observation of phase transformation showed
that the 180  magnetic domain forms a zigzag pattern in twinned martensite with a well-defined
periodicity of 25-30 m [56].

The magnetic domain structure has been widely studied by means of TEM in thin foil specimens.
The magnetic domain structure in the parent phase studied by means of the Lorentz microscopy
[57] indicates long 180  domain walls with arrays of 71  domain walls in between in a (001) plane.
The 71  domains follow the {111} axis of the cubic phase. The 180  domain walls show a cross-tie
domain wall. Notably it was found that the domain pattern does not change simultaneously with the
martensitic transformation. The evolution of the magnetic domain structure with temperature was
also studied by Park et al. with Lorentz microscopy [58]. They reported in the parent phase large
plate-like domains exceeding 1 m at the edge and distinctive stripe domains in the inside area.
Upon cooling, the stripe domains developed further, and before martensitic transformation they bent
into a maze domain pattern. The premartensitic phase had the same domain pattern as the parent
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phase. On cooling further, the stripe domains disappeared when the martensitic phase was formed.
The domain walls coincided with the twin boundaries and there was also an area of additional
domain walls across the twin boundaries, resulting in the division of each twin band into finer
magnetic domains. Tsuchiya et al. [31] found out that the stripe domain is developed from a larger
plate domain about 3 m wide, just near the martensitic transformation temperature. This stripe
domain pattern extends further upon cooling, while the large domain remains near the edge area.
They also observed the stripe domain in the parent phase and speculated that it resulted from the
demagnetisation field of the thin foil.

The magnetic domain structure observed by Lorentz TEM in thin film shows a similar domain
pattern to the bulk materials to a certain extent: domain walls crossing twin boundaries cause one
twin plate to have several small domains and twin boundaries also correspond to the domain walls
[59]. In two other studies it has been shown that the film has a strong out-of-plane magnetic
component and it indicates that strong anisotropy overcomes the demagnetisation field [60,61]. In
[61], a maze pattern is observed and the domain width depends on the thickness of the film.

1.4 The aim of the present work

To summarise to the review of literature discussed above, the crystal structure of the martensitic
phase of Ni-Mn-Ga martensite still lacks of some details regarding the lattice symmetry and atom
positions, as well as the microstructure of the twin boundaries, even for the well-studied 5M
martensite. Additionally, reports on the magnetic domain patterns show that their variety and their
relationship to the twinning structure are not well understood yet. This work aims to investigate the
crystal structure of Ni-Mn-Ga martensite by means of X-ray diffraction and electron diffraction
together with HRTEM and image magnetic domain patterns in different martensite variant
configurations in order to add detail to the understanding of the crystal and magnetic
microstructure.

2. EXPERIMENTAL METHODS

Various Ni-Mn-Ga alloys were used in this study. The alloys Ni50.4Mn29.3Ga20.3 [P2],
Ni50.4Mn29.6Ga20.0 [P2], Ni52.6Mn26.7Ga20.7 [P3], and, Ni48.9Mn30.8Ga20.3 [P4,P5] were manufactured
in the Outokumpu Research Centre, Finland. The ingots of Ni49.5Mn28.6Ga21.9 [P3,P4,P6,P7] and
Ni48.4Mn31.3Ga20.3 [P3] were produced at AdaptaMat Ltd. All the crystals were produced using a
modified Bridgman method. The alloy Ni48.9Mn30.8Ga20.3 [P4,P5] was homogenised at 1273 K for
48 h and thereafter annealed at 1073 K for 72 h. The alloys Ni50.4Mn29.3Ga20.3 [P2],
Ni50.4Mn29.6Ga20.0 [P2], Ni50.6Mn26.7Ga20.7 [P3] and Ni49.5Mn28.6Ga21.9 [P3,P4,P6,P7] were
homogenised at 1273 K for 72 h and thereafter annealed at 1073 K for 48 h. All these heat
treatments were carried out by putting the samples into vacuum quartz ampoules. The correctly
oriented specimens for the further studies were cut from the ingots by spark cutting and with a
slow-speed diamond saw, ground with wet papers, and electro-polished using a 25% nitric acid
ethanol solution either at ambient temperature or 273 K. The powder specimens were prepared by
iron ball milling in an argon atmosphere containing approximately 1% hydrogen. The chemical
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composition of the specimens was analysed by Wavelength-Dispersive Spectrometer (WDS) [P2]
and Energy-Dispersive Spectrometer (EDS) in [P2,P3,P4,P5,P7,P6]. The reliability of the EDS
results is verified by the WDS results [P2]. The EDS and WDS are attached to a W-cathode LEO-
1450 scanning electron microscope. The crystal structure was investigated with X-ray diffraction
and electron diffraction. The X-ray powder diffraction studies were carried out with a Philips
diffractometer PW1710 with Cu-K  radiation and the single crystal diffraction studies with a Philips
X’pert-MRD with Co-K  radiation [P3,P4]. The conventional transmission electron microscopy
was carried out with a JEOL 2010 [P4], and the high-resolution electron transmission microscopy
with a Philips CM-200FEG [P4]. The martensitic transformation temperature was characterised by
the differential scanning calorimeter (DSC) of a Linkam-600 DSC. The Curie point was measured
with a lab-constructed ac magnetic susceptibility instrument. The Type I and Type II magnetic
contrasts in SEM were utilised to image magnetic domain structure [P5]. An optical microscope, a
Leica DM RX, was used to study the magnetic domain-associated surface relief. For the details of
the experimental equipment and procedures, see also [62].

3. SUMMARY OF RESULTS

A comprehensive literature review on magnetostrictive materials is presented in [P1]. The magnetic
shape memory alloys are compared with other active materials, with the emphasis being placed on
Ni-Mn-Ga alloys.

3.1 The properties of Ni-Mn-Ga alloys

In the off-stoichiometric Ni-Mn-Ga alloy the martensitic transformation and martensitic crystal
structure are highly dependent on composition. The first-principles numerical calculations reveal
the microscopic origin of the lattice instabilities and phase transformations. The macroscopic model
of MFIS behaviour requires the twinning stress ( tw) to be below or close to the magnetically
induced stress ( m), when taking into account the Zeeman energy, magnetic anisotropy energy, and
magnetostatic energy. In reality the twinning stress, tw, which is needed for the variant
reorientation can be less than 1 MPa for five-layered martensite, close to 1 MPa for the seven-
layered one, and at least 6 MPa for the non-modulated one.

The saturation magnetisation of ferromagnetic martensite in the Ni-Mn-Ga system depends on
composition and temperature. The easy axis of magnetization is the crystallographic shortest c-axis
in the five- and seven-layered martensites. In non-modulated martensite the long c-axis is the hard
axis of magnetisation and there is an easy plane of magnetisation.

The large strain of about 6% of five-layered martensite can be obtained under a constant stress
without the application of a magnetic field. This appears as a stress plateau in the stress-strain curve
and the strain remains after unloading. When the same kind of material is mechanically deformed at
a stress above 2.5-3 MPa in the orthogonal magnetic field, it behaves pseudo-elastically and the
obtained shape change recovers totally in unloading. This spring-like behaviour is a prerequisite for
the dynamic activation and it can be obtained when the triggering value of the magnetic field is
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exceeded. The applied stress affects the obtainable MFIS and it should be less than 2.5-3 MPa. The
MFIS value increases with decreasing compressive stress and the full MFIS is achieved when the
stress is zero. During the dynamic actuation of Ni-Mn-Ga elements, an axial movement is usually
applied, even though bending would also be possible. Sinlge Ni-Mn-Ga crystals have been used for
the actuation of 2–4% strains with frequencies decreasing with the generated stroke.

The MSME is limited by the phase transformations and affected by the temperature dependence of
the twinning stress, the tetragonality of the lattice and the magnetic anisotropy. The search for
possible new MSM materials is focused on alloys with a thermally formed or stress-induced
ferromagnetic thermoelastic martensite phase. The martensite should have extremely mobile twin
boundaries. High magnetocrystalline anisotropy and high saturation magnetisation are also
desirable properties.

3.2 Chemical composition, crystal structure, and twins

The martensitic transformation temperature of Ni-Mn-Ga alloys is heavily dependent on their
chemical composition. In general, the transformation temperature increases with the electron-to-
atom concentration (e/a); see Fig. 3.1 in [P1]. Here, it can also be seen that the temperature values
are widely spread and cannot fit a simple linear relation, as suggested in some literature [6,64].
Possible reasons for this are that the chemical compositions are measured by different methods with
different degrees of accuracy and/or the specimens have not been quite homogenous. An
investigation of the reliability of the EDS results is reported in [P2]. When the applied electron
voltage is 15 kV the data are quite spread both for EDS and WDS with the Ga K  line and L  line,
respectively. At 20–30 kV, the EDS and WDS results have a good agreement for Ga K  line.
However, the Ga L  line should not be used in WDS or in EDS analysis as it causes considerable
deviation in the amount of Ga.

The five-layered martensitic crystal structure and its twin structure were investigated in two Ni-Mn-
Ga alloys [P3,P4]. Their chemical compositions and phase transformation temperatures are given in
Table 1.

As can be seen from Table 1, the phase transformation temperatures of the ternary powder
specimens are quite close to the bulk materials. The powder made from the Ni52.6Mn26.7Ga20.7 alloy
was affected by Fe contamination from the long iron ball milling, resulting in a quaternary material
with 1.4 at% Fe alloying. This is the cause of the clear difference between the transformation
temperatures of these two materials.

The X-ray powder diffraction measurements of the powders were carried out at different
temperatures, but the bulk material was studied only at ambient temperature by means of X’pert-
MRD. Figure 3 shows the X-ray powder diffraction of the parent phase and the martensitic phase
measured at 324 K and 298 K, respectively. The atomic scattering factors of the elements Ni, Mn,
and Ga are quite close to each other, and therefore, the second neighbour order may not be visible in
X-ray diffraction. However, in Figure 3(a) the peaks related to the second neighbour order are
clearly present, i.e. the Bragg peaks (111), (311), and (331). The parent phase is indeed an ordered
L21 structure. The crystal structure of the parent phase is refined with the Rietveld method on the
basis of the powder diffraction pattern of Figure 3(a). The resulted lattice parameter is a = 5.837 Å.
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Table 1. Chemical compositions and phase transformation temperatures of the alloys studied.

Alloy Ms (K) Mf (k) As (K) Af (K) TC (K)
Ni49.5Mn28.6Ga21.9

Bulk [P3,P4,P6,P7]
305.8 299.8 314.4 318.8 376.0

Ni49.4Mn28.8Ga21.8

Powder [P3]
305.0 300.1 312.9 319.8 368.0

Ni48.4Mn31.3Ga20.3

Bulk [P3]
354.0 347.4 356.0 363.2 363.0

Ni48.4Mn31.8Ga19.8

Powder [P3]
354.2 346.5 354.1 360.6 362.0

Ni52.6Mn26.7Ga20.7

Bulk [P3]
465.0 459.0 468.0 476.0 371.0

Ni52.2Mn25.6Ga20.8Fe1.4

Powder
423.0 383.0 393.0 428.0 352.0

Ni48.9Mn30.8Ga20.3

Bulk [P4,P5]
324.0 321.0 332.0 335.0 370.0
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Figure 3. X-ray powder diffraction of the Ni49.4Mn28.8Ga21.8 alloy. (a) Parent phase measured at 324
K; (b) Martensitic phase measured at 298 K [P3].

This is in good accordance with the value of (5.82 Å) given in [3] for the stoichiometric alloy,
considering the difference in the chemical composition.
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The martensite lattice parameters of the bulk material measured by a single crystal X-ray diffraction
are a = b = 5.95 Å and c = 5.61 Å in the cubic coordinate system. The Rietveld refinement method
is used to investigate the X-ray powder diffraction pattern of the martensitic structure; see Figure
3(b). Five-layered martensite is treated as a commensurate modulated structure. The modulation
wave function is adapted from [11], in which only the sinusoidal part is taken into account, i.e.:

LjLjLjj /6sinA/4sinA/2sinA 321 (3-1)

where j is the displacement of the jth plane from its regular position in the shuffling direction, and
L is the periodicity of shuffling. The coefficients are A1 = -0.06, A2 = 0.002, and A3 = -0.007. The
basic structure is a tetragonal lattice with I4/mmm symmetry. The resulting big unit cell, which
includes one period shuffling, fits the space group P2/m. The refined structure is a monoclinic cell
and the lattice parameters are a = 4.219 Å, b = 5.600 Å, c = 20.977 Å, and  = 90.2 . The
corresponding unit cell in the cubic coordinate system is also monoclinic with a = 5.96 Å, b = 5.94
Å, c = 5.60 Å, and  = 90.3 .

The fact that refinement by the modulation model gives a angle different from 90  for five-
layered martensite suggests that this angle cannot be used to distinguish the modulation model and
stacking order model. Therefore, the angle deviation from 90  is directly ascribed to the
monoclinic basic structure. The atomic simulation of the modulation structure shows that the Ni,
Mn, and Ga atoms are displaced in different directions, and it indicates that displacement is not
limited to the (110) plane [65]. By adapting the monoclinic basic structure, it is still possible to use
the stacking order model to describe this lattice, but the stacking order model clearly cannot take
this kind of displacement into account.

The Ni48.4Mn31.3Ga20.3 alloy has its martensitic transformation temperature slightly below the Curie
temperature. Single crystal X-ray diffraction shows that the crystal structure of the bulk material is a
mixture of seven-layered martensite and non-modulated tetragonal martensitic phases. The
measured lattice parameters for these two phases in the cubic coordinate system are a = 6.21 Å, b =
5.80 Å, c = 5.50 Å, and a = b = 5.55 Å, c = 6.57 Å, respectively. The X-ray powder diffraction
shows quite a complicated pattern. The main reflection can be fitted to an orthorhombic lattice,
which corresponds to the basic structure of seven-layered martensite, but the tetragonal phase
cannot be identified from the heavily overlapping peaks. The comparison between the experimental
data and theoretical calculations is shown in Figure 4 (a).

The bulk alloy Ni52.6Mn26.7Ga20.7 has a simple non-modulated tetragonal martensitic structure with c
> a. The phase transformation temperature is just above the Curie temperature. Single crystal X-ray
diffraction showed that the lattice parameters are a = b = 5.44 Å, and c = 6.64 Å. In the powder
specimen, 1.4 at% Fe is present, possibly because of the long duration of the iron ball milling
during the specimen preparation. The X-ray diffraction of the powder diffraction is not a simple
tetragonal phase but most of the peaks definitely fit seven-layered martensite, as shown in Figure
4(b).

The time for preparing the powder sample of five-layered martensite is only around 30 minutes, but
for the seven-layered one it is 2 hours and for the non-modulated tetragonal phases over 6 hours.
This may be due to the fact that seven-layered and non-modulated tetragonal  martensites  possess
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Figure 4. X-ray powder diffraction patterns of (a) the Ni48.4Mn31.8Ga19.8 alloy and (b) the
Ni52.2Mn25.6Ga20.8Fe1.4 alloy [P3].

dramatically different mechanical properties from those of the five-layered one [66]. The crystal
structure controversy between the X-ray diffraction results of the powder specimen and bulk
material can thus be ascribed to the deformation during the long period of iron ball milling. Even
though the bulk samples present one phase structure, the powder diffraction patterns tend to be a
mixture of seven-layered and tetragonal phases.

Two-dimensional scanning of X-ray scattering intensity with X’pert MRD can reveal extra
reflections from the superlattice for single-variant martensite. By the phrase single variant it is
meant that the sample contains only one short c-axis. The result is shown in Figure 5(a). The extra
spots for the superlattice always appear in two directions, [110]* and [ 011 ]*. This indicates that
the modulation happens in two directions as well. Consequently, there should be present an
interface separating these areas in which the modulation waves are nearly orthogonal to each other.
The transmission electron microscopy image confirms this assumption. In Figure 5(b), the direction
of the superlattice spots in the wide white band B is indeed orthogonal to the darker areas, marked
A in the figure. The striations in the upper A area are the twin faults which are parallel with the
shuffling plane. These striations cause corresponding steps in the upper interface. The lower
interface is smoothly curved.

Figure 6, [P4], shows that the interface is seen as a saw-like boundary in medium magnification.
Two sets of microtwins exist on both sides of the interface and their microtwin planes are
orthogonal to each other. Apparently the microtwin planes are parallel to the (110) and ( 011 )
planes, respectively. The SAED taken at the interface area is identical to the addition two SAEDs
taken from each side of the interface. Therefore, the crystal structure on both sides of the interface
is identical if the superlattice is disregarded. The high-resolution image in Figure 6(b) reveals the
interface structure on the atomic scale. It indicates that the interface consists of two constituent
elements, which are referred to as “crossing” type and “step” type elements. In the step type
element one set of the microtwins ends at the microtwin plane of the other domain and this forms
one step with several microtwins. In the crossing configuration two domains have similar microtwin
widths  and  the  deformations  of  one  domain  are  seen  to penetrate to some extent into the other
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Figure 5. (a) The X-ray scattering intensity distribution shows additional spots in the conjugate
[110]* directions obtained by using a two-dimensional scan and Epitaxy 3.0 software in the
Ni48.9Mn30.8Ga20.3 alloy. The diffraction is indexed with a tetragonal structure in the cubic
coordinate system. (b) The bright field image of Ni48.9Mn30.8Ga20.3 with corresponding SAED
patterns from areas A and B, respectively [P4].

Figure 6. (a) The bright field image of the alloy Ni49.5Mn28.6Ga21.9 alloy and the insets are the
selected-area electron diffraction patterns from both sides of the interface and the interface area. (b)
The atomic scale image of the interface, in the Ni49.5Mn28.6Ga21.9 alloy and the insets are the FFT of
the whole image [P4].
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domain [67]. One step is indicated by the arrow in Figure 6(b), and the crossings come as
transitions between steps. The Fast Fourier Transformation (FFT) of Figure 6(b) is identical to the
selected area diffraction pattern made in the interface area.

The microtwin family can also be considered as twin faults, which is a basic structure for five-
layered martensite. Thus, it is not surprising that there are, in addition, also other periodic twin
faults other than the five in the sample. Figure 7, [P4], shows an example with several microtwin
sets on the two sides of the interface having different periodicities. The top-left FFT shows a seven-
layered superstructure and the low-left area a ten-layered superstructure. On the right, the top area is
five-layered martensite. The lower-right FFT is obtained from the whole image, in which, on
average, the left side consists of seven-layered martensite and the right side the five-layered one.
The irregular twin faults are clearly visible in the whole area.

The angle between the two sets of the microtwin families is found to deviate slightly, within 1 ,
from 90 . This was measured in all the SAED patterns and FFTs for the two alloys that were
studied. This angle corresponds to the angle between the (110) and ( 011 ) planes and it is also
identical to the  angle in a big monoclinic unit cell. This suggests that the lattice parameter a is
slightly different from b, which is in agreement with the X-ray powder diffraction refinement
results.

Figure 7. The interface and the irregular microtwin sequence on both sides of the interface. The
microtwin sequence is determined from its FFT as seven-layered to ten-layered martensite from top
to bottom on the left of the HRTEM image, five-layered, in the top on the right of the HRTEM
image. The bottom FFT on the right of the HRTEM image is the FFT of the whole HRTEM image.
The arrows indicate the area where the FFT is applied [P4].

7M

10M

5M

5+7M
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3.3 Magnetic domains and their relationship with the twinning structure

The magnetic domain pattern was investigated by means of the Type I and Type II magnetic
contrasts in SEM. The Type I magnetic contrast, also called the secondary electron contrast, arises
from the secondary electrons emitted from the specimen and deflected by the stray field above the
specimen surface [68,69]. To obtain this contrast the secondary electron detector is arranged
asymmetrically and the specimen is oriented perpendicular to the incident electron beam. The
magnetic signal for a given detector geometry depends on the integral over an electron trajectory.
The integral is a smooth function over the stray field, even if the underlying domains have sharp
boundaries. Therefore, Type I images are diffuse, mostly displaying the fundamental harmonic of
the magnetic pattern. Because the Type I magnetic contrast is a pure trajectory contrast, the
specimen must be oriented in such a way that the domains of one polarisation deflect the secondary
electrons preferentially toward the detector, while those domains with the opposite polarity deflect
the secondary electrons away from the detector. Figure 8, [P5], shows such an effect. Because the
magnetisation vectors are nearly orthogonal to each other in the neighbouring twins, Figure 8(a)
shows only one set of the domains in which the magnetisation vectors are parallel to the detector.
After the specimen has been rotated 90 , another set of magnetic domains becomes visible in Figure
8(c).

Originally, the Type II magnetic contrast was described as the deflection of electrons on their path
through the tilted specimen by the magnetic induction inside the specimen – either towards the
surface, thus enhancing the backscattering yield, or away from the surface, with the opposite effect
[68,69]. If the specimen is not tilted and the incident electron beam is normal to the sample surface,
the magnetic field within the specimen can induce an angular asymmetry of backscattered electrons,
which is detectable with a sectored backscattering detector [69,70]. Thus, the domain wall contrast
is based on the accumulation of electrons scattered from both sides of the domain wall, as illustrated
in Figure 9 [71]. Additionally, using the difference of the signal from the split detectors consisting
of two semiannular parts, a clear domain contrast can be obtained.

Figure 8 shows the magnetic domain structures obtained from both the Type I and Type II magnetic
contrasts. Even though the domain pattern in Figures 8(a) and 8(c) is blurred as a result of the
mechanism of the Type I contrast, the results obtained with these two methods agree well with each
other in Figures 8(a) and 8(b). The internal twins formed in the thermal martensite transformation
are visible in all the big twin bands. However, in each big twin band there is one dominant internal
twin variant, and the observed domain pattern is determined by the dominant variant. The viewed
area was selected in such a way that the dominant variant in each band has its c-axis in plane. Each
band consists of many plate-like or dagger-shaped 180  magnetic domains, as shown in Figure 8(d).
The trace of the minority twin variant shows a zigzag pattern. This phenomenon was also studied
with the optical microscopy. It was confirmed that the surface is tilted in the opposite direction
along the opposite magnetisation vector polarity. Consequently, the zigzag pattern of the minority
twin variant is caused by the tilted surface.
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Figure 8. The magnetic domain structure in the multi-variant state of the Ni48.9Mn30.8Ga20.3 alloy: (a)
with Type I magnetic contrast; (b) with Type II magnetic contrast; (c) the same area as in (a) after
90  rotation with Type I magnetic contrast; (d) the enlarged view from the rectangular area in (b)
with Type II magnetic contrast (The magnetisation vector is indicated by arrows) [P5].

The Type II magnetic contrast images were collected with the composition (COMPO) mode by
summing all the signals from four quadrant backscattering detectors. It is clear from the previous
discussion that only the domain wall contrast is visible with the COMPO mode. However, the
domain contrast is also visible in our observation. It is assumed that the domain contrast arises from
the asymmetry of the collection efficiency of backscattered electrons from opposite magnetisation.
There are many factors that could cause this, such as the different domain width, the fact that the
incident beam is inclined to the sample surface, and the arrangement of the geometry between the
magnetisation vector, electron beam, and four quadrant detectors. It is also assumed that the
contrast contribution from the surface relief can be ignored in the COMPO image. The surface relief
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can either enhance or suppress the magnetic contrast because it influences the collection efficiency
of the backscattered electrons by changing their emission path. Thus the grey level of the digital
image inside one domain will be uneven. However in our observation the grey level of the image
inside one domain is quite even and it is quite realistic to consider that the COMPO mode image
shows only the contribution of the magnetic contrast. Figure 10, [P5], demonstrates the magnetic
domain contrast together with the magnetic domain wall contrast with a backscattered electron
image (BEI). The specimen is in a two-variant state obtained by means of the controlled
magnetisation process. The internal twin variants inside the big twin band have mostly disappeared.
This pattern is typical of the two-variant state in which the c-axis in each variant is in plane. The
magnetic domains follow the easy axis of the each variant, creating a staircase-like pattern. The 90
domain wall coincides with the twin boundary. Both the 90  and 180  domain wall contrasts are
visible as black and white lines between domains.

Figure 9. The magnetic domain contrast and the domain wall contrast formation in the SEM at
normal incidence with a sectored backscattering detector under an objective lens [71].

Figure 10. The two-variant specimen with the 180  magnetic domain pattern coupled with the twin
band (BEI) [P5].

Figure 11, [P5], demonstrates the dramatic change of the magnetic contrast in the COMPO and
topography (TOPO) modes, respectively. A TOPO mode image is created by turning off two
diagonal quadrants and using the difference signal from the two remaining diagonal quadrants. The
magnetic domain contrast will be clearly visible in this mode, according to Figure 9. Figure 11(a) is
a COMPO mode image, and, following the foregoing discussion, it can be considered as a pure
magnetic contrast. Figure 11(b) is a TOPO mode image. First, all the domain wall contrast
disappears.  The  180   domain  contrast  is  considerably  enhanced.  The  90   domain  contrast is
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Figure 11. The Type II magnetic contrast of a two-variant specimen; (a) in the COMPO mode, and
(b) in the TOPO mode [P5].

dramatically enhanced in the direction of one magnetisation vector. It is unclear why this
enhancement happens in only one magnetisation direction. It is possibly related to the geometrical
relationship between the magnetisation vector and the two quadrants of the backscattering detector.
Thus, in the TOPO mode the contrast is a combination of both the magnetic and topographic
contrasts.

The internal twins disappear from most of the area of the specimen after the controlled
magnetisation, when the two-variant state forms. However, in some areas the internal twins remain.
One such area is shown in Figure 12, [P5]. Here the (101) twin boundary consists of a thin layer
(indicated by the white dashed lines) instead of a line as in Figure 11(a). The end tips of the traces
of the internal twin cross each other at some places along the boundary (Figure 12). On the right
side of the twin boundary there are regular 180  domains, i.e., parallel plate-like domains, while on
the left side the 180  domains are more dagger-like. On both sides of the boundary the minority
twin variant traces show a zigzag pattern. The possible reason and the orientation relationships of
the structures in this image will be discussed in the next section.

Next, this specimen is further magnetised to one variant. The new domain structure is shown in
Figures 13(a) and 13(b) by means of Type II and Type I magnetic contrasts, respectively. The Type

Figure 12. The (101) twin boundary and the remaining internal twins (BEI) in the two-variant
specimen [P5].
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Figure 13. The single-variant specimen with the 180  domains is imaged by (a) Type II contrast and
(b) Type I contrast. [P5]

II contrast reveals that the 180  domains run through the observed surface. In Figure 13(b) the Type
I contrast image, which is created at very low magnification, shows the 180  domain branching into
fine domains at the edge of the specimen. The observed domain width varies in the range of 1 – 30

m.

When speculating on the possible mechanism for the above mentioned zigzag pattern of the minor
variant, it was clear that the morphology should be studied by means of optical microscopy. It
turned out that the structure of magnetic domains was clearly visible, together with this zigzag
pattern. This indicates that the magnetic domain structure is associated with a large surface relief.
Figure 14 shows one such zigzag pattern observed by means of optical and scanning electron
microscopy [P6]. This discovery provides a new method for studying the relationship between the
twinning structure and the magnetic domain pattern.

Figure 14. (a) Optical image of 180  domains (broad horizontal band) and (011) twins (dark vertical
line); (b) BEI shows the same area as in (a), and the domain wall contrast is visible as alternating
white and dark lines. The c-axis of the dominant variant is horizontal and the c-axis in these dark
vertical lines is perpendicular to the observed surface [P6].
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Thereafter, the study of the evolution of the magnetic domain structure in the applied magnetic field
was carried out on the Ni49.5Mn28.6Ga21.9 alloy by means of an optical microscope. At the beginning
of the study, the specimen contained macroscopically one single martensite variant. Then it was
magnetised to another single-variant state. The optical image was taken every time the applied field
was removed. In Figures 15(a), (b), and (c), the preceding field was applied horizontally, while its
direction was vertical before Figures 15(d), (e) and (f). The field was applied again horizontally
before Figures 15(g), (h) and (f). The observed surface is the (010) plane and the applied field
exchanges the a- and c-axes. However, there exist a small number of other variants, too. These
minority variants are categorised according to their twin boundary with the dominant variant.
Figures 15(b) and (c) show the enlarged view of the upper-left area and the lower-right area of
Figure 15(a), respectively. In the same way, Figures 15(e) and (f) and Figures 15(h) and (i) are
enlarged views of Figures 15(d) and 15(g), respectively.

In Figure 15(a), the visible domain structure shows 180  domains that run horizontally on the
observed surface, which agrees with the direction of the preceding applied field. Figure 15(b) shows
the coupling of the domain structure with the (101) twin variants to form a staircase-like domain
pattern, as in Figure 10. Figure 15(c) shows the 180  domain intersection with the (011) twin
variants. It is noted that in the image the grey levels of the (101) twin variants are only slightly
different from that of the majority variant, but the (011) twin variants are visible as vertical black
lines. The formation of the (101) twins is not accompanied by the surface relief on the (010) plane,
while the (011) twins cause surface relief on the (010) plane. Thus, the weak contrast of the (101)
twin variants arises from their crystallographic orientation, and the deformation of the dark lines of
the (011) twin variants is caused by the tilted surface. The (011) twin variants show a zigzag pattern
similar to that in the SEM image. Another feature noticed in Figure 15(c) is the weakly visible grey
vertical plate, which, we postulate, results from the surface relief of the magnetic domain before
polishing [P7].

In Figures 15(d), (e), and (f), taken after a magnetic field of 1 T was applied vertically, the previous
magnetic domain structure and twin variants totally disappear. New 180  domains are formed
vertically. There are only traces of the (101) twin variants visible in the observed area. Additionally,
the crack grows further. Figure 15(c) shows that the newly formed 180  domains tend to occupy the
residual surface relief as these deformations are types of imperfections on the surface.

Figures 15(g), (h), and (i) show the change in the structure after a magnetic field of 1 T was applied
horizontally. Now, the crystallographic structure becomes complicated. A (101) twin band
approximately 70 m wide forms with a substructure inside. The (011) twin variants are wider than
the ones in Figure 15(a). The domain structure becomes irregular. The 180  domains in the upper
area still follow the preceding field direction. However, in the rest of the image it is hard to detect
any visible domain structure, though there are some fine lines with very weak contrast in the middle
of Figure 15(i). The residual surface relief is still visible as weak grey strips, since they can only be
removed by polishing.
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(a) (d) (g)

(b) (e) (h)

(c) (f) (i)

Figure 15. The evolution of the magnetic domain structure that is in-plane with the specimen
surface during the changing of the direction of the magnetic field, viewed by means of optical
microscopy. Prior to polishing, a magnetic field of 1 T was applied to the short dimension of the
surface being observed (i.e., vertically in the images). Then, after polishing, the field of 1 T was
applied along the long dimension of the surface (horizontally). The resulting images are shown on
the left; (a), (b), and (c). In the images in the middle, (d), (e), and (f), the previous field was applied
along the short dimension of the surface (vertically), and in the images on the right, (g), (h), and (i),
again horizontally. The images in the second and third rows are magnifications of the upper-left and
bottom-right areas of the images in the first row, respectively [P7].

Figure 16 shows a detail of the same area as in Figure 15(i) using BEI. In the optical image the
magnetic domain structure is not visible. The BEI reveals the existence of fine horizontal magnetic
domains. The whole area consists of very fine domains with a typical width of 2 m.
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Figure 16. BEI utilising Type II magnetic contrast reveals the fine magnetic domains that are nearly
invisible in the optical image Figure 15(i) [P7].

Another area in which no domain structure was visible in the optical image was also investigated
with the SEM backscattered electron image, shown in Figures 17 (a) and (b). The optical image in
Figure 17(a) shows a firtree-like domain pattern near the (101) twin boundary, while the BEI in
Figure 17(b) suggests that the firtree-like domain is part of a larger 180  domain structure. This
confirms that the surface relief observed optically is really due to the magnetic contrast. Figures 16
and 17 also suggest that if there is no contrast in the optical image, the magnetic domains are either
not accompanied by the surface relief or the region consists of very fine domains.

(a) (b)

Figure 17. (a) An optical image with a firtree-like magnetic structure close to the twin boundary; (b)
The BEI of the same area, again revealing the firtree-like structure extended with the 180  domain
by utilising Type II magnetic contrast. This demonstrates that the observed non-homogenous
surface relief in the optical image is connected to the magnetic contrast [P7].
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4. DISCUSSION

4.1 Twinning system in a Ni-Mn-Ga alloy.

Both the X-ray and electron diffraction investigations suggest that the basic structure of the Ni-Mn-
Ga alloy that was studied deviate slightly from a tetragonal one in five-layered martensite. The
tetragonal structure may still be used as a simplified mode for the analysis of the twin system in
five-layered martensite. Thermally formed martensite is internally twinned after the phase
transformation. These internal twins are on micrometer scale, so they can be detected by the optical
microscopy. This should be ascribed to the small transformation strain, which can be expressed as:
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where 1 and 3 are the deformation parameters, 1 = at/ac and 3 = ct/ac, which are calculated from
the lattice parameters of the Ni49.5Mn28.6Ga21.9 alloy. The measured lattice constants of the parent
and martensitic phases are ac = 5.837 Å, at = 5.95 Å and ct = 5.61 Å [P3].

The cubic-to-tetragonal transition has been widely analysed with the methods of the geometrically
nonlinear theory of martensitic transformation [72,73,74]. The solutions suggest that martensite is a
twinned microstructure determined by the crystal lattice parameters. All the twin pairs are
compound twins. The twin plane is the {110}c plane, which becomes the {101} plane of the
tetragonal lattice. The internal twins are twinned in the same plane. We can analyse the internal
twins in Figure 12. The specimen is oriented according to the cubic axis, and thus the twin
boundary is (101). The observed surface is (010), and the possible internal twin plane may be either
the ( 110 ) plane or a {011} type plane. The trace of the {011} planes on the (010) plane is parallel
with the a-axis. Thus, the trace of the ( 110 ) plane on the (010) plane will form an angle of 93.75
with the (101) twin plane and the trace of the {011} will form an angle of 43.22  with the (101)
twin plane. The angle between the internal twin boundary and the (101) twin boundary on the both
sides of the (101) plane can be measured from Figure 12. The angle on the right side of the (101)
twin boundary is approximately 45  and on the left side 52 . This suggests that on the left side the
surface is more close to the (010) plane and this is the reason why the magnetic domains are straight
parallel bands. On the left side, the surface deviates by nearly 9  from the (010) plane. Now the
magnetic domain structure is dagger-like, so as to avoid the free-pole on the surface. Additionally,
the (101) twin boundary in Figure 12 is not a planar boundary, but more like a thin layer. During the
martensitic transformation, the transformation front is an accommodation layer for the subsequent
martensitic twins. This accommodation region consists of extremely fine twins which can
accommodate the transformation strain. The width of the layer varies with the local temperature
gradient, the velocity of the transformation, and the local residual stress. If the transformation strain
is relatively small, the accommodation layer will be quite narrow, as can be seen from Figure 8, and
thus the twin boundary is nearly planar. As a results of the local conditions during the
transformation the accommodation region has become wider in Figure 12. This may be the reason
why the internal twins near this twin boundary do not disappear during the controlled magnetisation
process.
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The HRTEM image shows that each martensite variant consists of stacking twins with their twin
plane along the {110} plane. This is because each martensitic variant contains two modulation
waves propagating along the (110) and ( 011 ) planes, respectively. These stacking twins, or
microtwins, are usually several nanometers thick. The boundary between these two families of
microtwins consists of both step and crossing elements. Therefore, this boundary is a curved
interface and parallel to the c-axis. The schematic view of the martensitic morphology that is a
combination of these macroscopic and microscopic twins is shown in Figure 18. The orientation of
the {101} planes and (110) plane is shown in Figure 18(b).

The volume fraction of the twin variants was estimated from Figure 19 in the following way. The
areas to be analysed were selected from both sides of the (101) twin boundary in Figure 12. The
images were transferred into a black-and-white mode. Then the ratio of the black pixels to the white
pixels was analysed using the free UTHSCSA ImageTool program (developed at the University of
Texas Health Science Center at San Antonio, Texas and available from the internet by anonymous
FTP from ftp://maxrad6.uthscsa.edu). The results are shown in Figure 19. According to the
nonlinear geometry theory, the volume fraction, , can be calculated [72]:
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The calculated numerical value of  is 0.32. This is close to the measured value of the fraction of
the black pixels, 0.325, in Figure 19(a). However, in Figure 19(b) the fraction of the black pixels,
0.246, is much less than the calculated value of the volume fraction of the twin variant, 0.32.
However the above equation is valid only at the transformation temperature and the distribution of
the variants may be localised at lower temperatures [76].

a)

b)

Figure 18. A schematic view of the Ni-Mn-Ga hierarchical twinning structure. a) The microtwins
are indicated only in two internal twins with their c-axes perpendicular to the front surface. The
dashed lines on the right and on the top surface are the traces of the {011} plane. There are two
possibilities for this trace in each case and, therefore, there are two sets of dashed lines. b) The pole
figure shows the orientation relationship of {101} planes and (110) plane.
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(a) Fraction of the black pixels is 32.5% (b) Fraction of the black pixels is 24.6%

Figure 19. Two areas selected from the both sides of the twin boundary in Figure 12 are used for
analysing the volume fractions of the twin variants.

4.2 The magnetic domain structure and its surface relief

The direct optical magnetic domain observation has previously been reported for a Terfenol-D
crystal, where the magnetostriction effect causes surface tilting [75]. In our case, with a Ni-Mn-Ga
alloy, the optical magnetic contrast appears as a result of the surface undulation and its origin is
different from that of Terfenol-D.

When the saturation magnetic field is applied, the specimen with the five-layered martensite
structure adopts a nearly single-twin-variant state and contracts by 6% in the magnetisation
direction. However, some residual twin variants with a different orientation can remain in the
structure as the MSM effect does not take place in them. These residual variants cause straining of
the specimen. Furthermore, the inclusions, point defects or other imperfections of the lattice may
alsocause straining. The residual variants have their easy magnetisation axis, i.e. their short
crystallographic axis (c-axis), roughly perpendicular to the c-axis of the surrounding major twin
variant. Therefore, they behave in a magnetic field in a differently way from the major part of the
structure, which can generate additional strain, resulting in compressive stress. After the removal of
the magnetic field, the magnetic vector of the residual variants rotates back towards their easy axis
and the previous compressive stress is gradually reduced by the reverse movement of the twin
boundaries. Consequently, reverse elongation in the direction of the previous magnetisation takes
place – strains of 0.3% [77] and 0.41% [78] have been observed. Because of the volume
conservation, this elongation in one direction will result in contraction in perpendicular directions.

In the saturation magnetic field the whole sample is a single magnetic domain. When the field is
reduced, the single domain breaks down into a multi-domain structure by the demagnetisation field.
These new magnetic domains start to nucleate at the surface. The free surface may undergo less
contraction than the bulk material under it. This produces the roofed or corrugated shape of the
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surface illustrated in Figure 19(a). Simultaneously, the surface undulation may assist the nucleation
of the domain walls. In the end, the magnetic domain walls are pinned at the ridges and the valleys
of the surface. On the other hand, it may also be that the newly nucleated domain walls serve as
formation sites for the surface corrugation, i.e. for the ridges and valleys. Consequently, the surface
relief connected to the magnetic domains is caused by the reduction of the internal energy by the
magnetic interactions and the accommodation of the internal strains between the differently oriented
twins. This mechanism seems to be quite non-homogeneous and random and, thus it may lead to
different metastable configurations during successive magnetisations.

The ridges and valleys, which coincide with the domain walls, follow these domain walls across the
(101) twin boundary, without a change in height between the ridge and the valley. Thus the (101)
twin boundary stays straight, even though the roofed surface morphology follows the direction of
the new magnetisation (and crystallographic), which is nearly perpendicular to the previous
direction. This creates the staircase pattern observed in [P5,50]. Consequently, this surface
undulation is totally compatible when domains cross the (101) twin boundary.

The trace of the (011) twin is a different case. When the surface undulations meet at the (011) twin
boundary, the trace of this twin boundary turns from the straight line by the lifted surface. Since the
martensite lattice parameters for the alloy under study are a = 5.95 Å and c = 5.61 Å, the (011) twin
boundary intersects with the (010) surface at 46.7 . As the twin trace crosses the ascending and
descending parts of the corrugated surface, the (011) twin trace forms a zigzag pattern on the
projection surface, i.e., on the (010) plane. The angle derived from the zigzag shape of the (011)
twin boundary can be used to calculate the extent of surface undulation.

Let  be the intersection angle between the (011) and (010) planes in martensite, i.e.,  = 46.7  for
the alloy under study.  is the angle between the projection of the (011) twin trace on the (010)
plane and the [100] direction, while  is the angle of the tilted surface; see Figure 20(a). Then, by
the geometrical relationship, the angle  is given by

tan  = tan tan . (4-3)

Here,  can be obtained from the figure as half of the angle between two adjacent lines of the
zigzag twin boundary trace. The average angle measured from Figure 15(c) is 1.85  and, therefore,
the calculated tilt angle  is 1.96 .

(a) (b)

Figure 20. (a) An illustration of the surface relief and the magnetic domain configuration; (b) a
model of the projection of the (011) twin configuration on the tilted surface.
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The contraction strain needed for the observed tilting can be calculated with the  angle from the
relationship:

cos1
l
l

, (4-4)

where l is the original length on the surface, and l is the contraction of the bulk material under the
surface, as depicted in Figure 20(b). The average strain that causes the observed tilting of the
surface is 0.059%, corresponding to an elongation of 0.11% in the direction of magnetisation. This
is comparable with the previously reported reversible strain of 0.41%. Furthermore, the
compressive stress may not be completely released by the surface relief.

5. CONCLUSIONS

The crystal structure, twin boundary microstructure, and magnetic domain pattern together with the
twinning structure were studied in this thesis work. On the basis of the results presented, the
following main conclusions can be drawn:

The chemical composition of Ni-Mn-Ga alloys can be determined reliably by WDS and
EDS-analysis, applying an excitation voltage of 20–30 kV and the K  line for the Ga
element.

The crystal structure of five-layered martensite determined by X-ray powder diffraction is
consistent with that obtained by single crystal X-ray diffraction. Five-layered martensite can
be well described as a modulation structure.

The basic structure derived from the X-ray powder diffraction measurement is a monoclinic
lattice. This is confirmed further by HRTEM study, which shows that the length of the a-
axis is slightly different from that of the b-axis. The stacking order model cannot take into
account the non-uniform transformation shear. The HRTEM image showed that the
modulation wave propagates in two directions, (110) and ( 011 ), respectively.

On a macro-scale, the thermally formed martensite consists of the twin bands with an
internal twin structure. The internal twin plane is {101} planes. On a nano-scale, five-
layered martensite has a microtwin feature with two sets of microtwin planes corresponding
to two modulation wave vectors of the (110) and ( 011 ) planes. The interface between these
two sets of microtwins, i.e. the macrotwin boundary, is hinted at by X-ray diffraction and
disclosed in the HRTEM image. The macrotwin boundary consists of two constituent
elements of step and crossing types.

The magnetic domain structure is visualised by Type I and Type II magnetic contrasts in
SEM. In five-layered martensite, the magnetisation vectors are parallel and anti-parallel to
the c-axis separated by a 180  domain wall within one variant. When crossing a twin
boundary, magnetisation vectors continue to follow the c-axis in the adjacent variant. Thus
the 90  domain wall is coincident with the {101} twin boundary.
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The direct observation of the magnetic domains indicates a large magnetic domain
associated surface relief. This surface relief causes the (011) twin variant traces to be
zigzag-patterned, when projected on the (010)-plane. The surface relief is believed to arise
from the different straining of the surface and the bulk material. The straining calculated
from the present model is comparable with experimental values.

The direct optical observation of the evolution of magnetic domain patterns, by applying a
magnetic field in two perpendicular directions alternately, shows that the magnetic domain
pattern and configuration of the twins take a unique path even though the magnetic field-
induced strain is reproducible.
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