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Abstrakt 

Předložená práce se zabývá studiem nízkosymetrických fází (martensitů) Heuslerových slitin na bázi 
Ni-Mn-Ga, zejména pomocí metod rentgenové a neutronové difraktometrie. Důraz je kladen na 
základní výzkum v několika klíčových a dosud nevysvětlených tématech oboru. Kromě toho se 
zaměřuje na standardizaci několika pokročilých difrakčních metod vhodných pro charakterizaci 
zdvojčatělé martensitické struktury a mikrostruktury. 

V první části práce objasňuje teoretické základy – vysvětluje jev magnetické tvarové paměti 
v kontextu struktury a mikrostruktury martensitických fází. Dále se již zabývá možnostmi 
charakterizace rozličných forem vzorků těchto slitin zejména pomocí konvenčně dostupných 
rentgenových difraktometrů a pomocí neutronové difrakce. Charakterizace je značně ztížena 
všudypřítomnou hierarchicky zdvojčatělou mikrostrukturou a rovněž modulovaným charakterem 
některých zkoumaných fází. Ve výsledkové části jsou shrnuty dosažené vědecké výsledky úspěšně 
charakterizovaných nových materiálů ve formě monokrystalů, oligokrystalů a polykrystalů. Dále 
jsou popsány vědecké výstupy týkající se nemodulovaného a 14M modulovaného martensitu. Poté 
jsou již adresována dvě stěžejní témata práce: vazba mezi mikrostrukturním nanodvojčatěním a 
difrakčním obrazem a fundamentální otázka souměřitelné či nesouměřitelné modulace 10M 
martensitu a její možné vazby na velmi specifické a unikátní vlastnosti našich materiálů. 

 
 

 

 

Abstract 

Presented doctoral dissertation deals with the studies of the low-symmetry phases (martensites) of 
Ni-Mn-Ga-based Heusler alloys, especially by the means of the X-ray and neutron diffraction. Focus 
is given on the fundamental research in several pivotal topics of the field. Besides, the emphasis is 
put on the standardisation of several advanced diffraction methods suitable for the characterisation 
of twinned martensite structure and microstructure. 

The first part summarises theoretical background, focusing on the magnetic shape memory effect in 
the context of the martensite structure and microstructure. It also addresses possibilities of 
characterisation of samples of the Ni-Mn-Ga-based alloys employing the conventional multipurpose 
X-ray diffractometers and neutron diffractometers. The characterisation is complicated by the 
inevitable hierarchically twinned microstructure and by the modulated character of the particular 
martensite phases. The results chapter summarises the achieved scientific results of the successful 
characterisation of new materials in form of single crystals, oligocrystals and polycrystals. Further it 
describes the results concerning the non-modulated and 14M modulated martensites. Finally, it 
addresses the most pivotal topics of thesis: the link between the nanotwinned microstructure and the 
diffraction pattern and the fundamental question of commensurate vs. incommensurate modulation 
of the 10M martensite and its possible connection with the specific and unique properties of our 
materials. 
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Introduction 

The discovery of giant magnetically induced strain, also called magnetic shape memory (MSM) 
effect, in Ni2MnGa Heusler alloy by Kari Ullakko [1] stimulated a tremendous scientific interest in 
the Ni-Mn-Ga-based materials, due to their applications as sensors [2], actuators [3,4], micropumps 
[5] and energy-conversion devices [6].   

The essential precursor of the effect is the martensitic transformation from cubic austenite to low-
symmetry phase called martensite. This diffusionless thermoelastic solid-to-solid phase transition 
leads to creation of various martensite phases with specific structural, mechanical, magnetic and 
transport properties. Resulting phases are rich in complex structures and microstructures – combining 
the structural modulation and hierarchical twinning. The modulation and twinning can be responsible 
for the main fundamental effect: the magnetic-field induced reorientation (MIR) of twinned 
martensite variants allowing the aforementioned applications. 

Even though the Ni-Mn-Ga-based alloys were already studied for the long time, some of the basics 
are still an open question that brings the necessity of advanced fundamental analysis. Among is the 
still unresolved topic of the nature of the five-layer modulated martensite or its connection to the 
extremely high twin boundary mobility as an essential precursor for MIR. 

Apart from the fundamental questions, the current development of the new Ni-Mn-Ga-based Heusler 
compounds is aiming to possibly their unique properties and/or bring these to the desired temperature 
region. The research is pointed towards alloying of the Ni-Mn-Ga by Cu-, Co-, Fe- and other metals. 
The new alloys of different stoichiometries bring the obvious necessity of their characterisation. 
Relatively easily preparable bulk polycrystals produced, e.g., by arc-melting often result in the 
complicated highly textured polycrystalline or oligocrystalline nature of the samples that requires 
advanced characterisation methods. 

In my thesis, I present the outcome of my work in the FZU – Institute of Physics of the Czech 
Academy of Sciences, where I have been responsible for the characterisation of the various Ni-Mn-
Ga-based alloys. Here I will focus mainly on the structural studies of modulated and twinned 
martensites as this represents the very base of the understanding the material. During my doctoral 
studies, I have gained extensive experience with the diffraction analysis of Ni-Mn-Ga-based alloys 
that employed mainly the conventional multipurpose in-lab X-ray diffractometers. Therefore, after 
the necessary introduction into the world of the magnetic shape memory alloys, I will try to describe 
my to-date accumulated knowledge of the XRD characterisation of these materials. Not only will I 
list the tasks that became my everyday routine in studies of the newly created samples of various 
forms, but I will also try to contribute to the fundamental research – especially the ongoing discussion 
regarding the modulation of the five-layered modulated martensite, the most promising one from the 
application point of view.  

Thesis is structured as follows: 

 The first chapter introduces the class of Heusler alloys with their specific structure. This 
quickly takes us to the Ni-Mn-Ga system and its martensite phases. I describe their specifics, 
including the omnipresent twinning on various scales and structural modulation, together with the 
notes on the current state of art. The complicated structure and microstructure of our martensites 
brings the need of suitable diffraction methods described in the end of the chapter. 

 In the second chapter, typical forms of our samples are described together with the 
experimental equipment used for our analyses. Focus is given on the diffraction methods, data 
processing and advantages of the beam divergence in our case. 
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 The third chapter deals with the used methodology of our diffraction characterisation of the 
martensites of Ni-Mn-Ga-based alloys. I describe developed specific procedures suitable to obtain 
fundamental results hoping that this will serve as a transparent compilation of the proven methods. 

 The fourth chapter describes obtained results in several directions of the field. At the 
beginning, I present the results of the characterisation of complicated forms of newly created samples 
Ni2MnGa-based alloys alloyed by Cu, Cr and Fe. Then, the different quality of the crystals from 
various producers is shortly addressed. This is followed by the summary of the results of the 
characterisation of 14M and NM martensites. Finally, some of the most pivotal topics of thesis will 
addressed. This begins with the link between the diffraction pattern and the nanotwinned martensite 
microstructure. Finally, our answers to the fundamental question of commensurate vs. 
incommensurate modulation of the five-layered modulated martensite and its possible connection 
with the specific and unique properties of our materials is given at the end. 

 Final chapter summarises our conclusions, their importance for the field and shortly 
discusses the outlook and experiments planned in the near future. 

 

Goals 

The main goals of the dissertation can be summarised in the following points: 

• To characterise the newly created samples of Ni-Mn-Ga-based alloys using the diffraction 
methods and, moreover, to establish the procedures that employ the multipurpose X-ray 
diffractometer in our field of study. The goal is to provide brief practical guidelines for 
successful martensite phase identification and basic characterisation.  

• To employ these procedures and methods in the studies of the twinned Ni-Mn-Ga-based single 
crystals and new Ni-Mn-Ga-based alloys that often result in complicated oligocrystalline 
sample nature. 

• To focus on the most discussed fundamental topics of the field, particularly to the ongoing 
question of the nature of the structural modulation of the five-layered modulated martensite 
and the effect of twinning. 
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1 Martensites of Ni-Mn-Ga magnetic shape memory 

Heusler alloy 

In this chapter, class of Heusler alloys is introduced together with their structure and some of the 
main applications. After that, we focus on Ni-Mn-Ga-based alloys and their specifics. We describe 
the martensitic transformation as the precursor for the (magnetic) shape memory effect and introduce 
the resulting martensite phases. 

1.1 Heusler alloys 

In 1901, Fr. Heusler (1866 – 1947) in his letter announced a new class of ferromagnetic alloys 
constituting entirely of non-ferromagnetic elements: Cu-Mn bronze alloyed with sp elements Sn, Al, 
As, Sb, Bi or B. [7] Two years later, he reported details on their synthesis and, together with 
W. Starck and E. Haupt, on their magnetic properties. [8] The discovery of Heusler alloys excited 
considerable interest resulting in the discovery of vast amount of new ferromagnetic alloys and 
compounds, many of which exhibit peculiar magnetic and structural effects. [9] 

1.1.1 The structure of Heusler alloys  

Nowadays, we define Heusler alloys as ternary intermetallic compounds (rather than alloys) at the 
stoichiometric composition X2YZ, where X and Y are usually transition metals and Z is a main group 
element. In some cases, Y is replaced by a rare-earth element or an alkaline earth metal.  
The structure of Heusler alloys can be described in terms of four interpenetrating f.c.c. sublattices A, 
B, C and D (Fig. 1). Here, the A and C sites are occupied by X atoms, the B sites by Y atoms and the 
D sites by Z atoms. This corresponds to the Strukturbericht type L21 and the cubic space group Fm3m 
(no. 225). [9] 

 

 

Fig. 1: Structure L21 of the ternary X2YZ Heusler alloy together with the coordinates of the sites. 
Adapted from [9] 

Furthermore, there is also a group of XYZ ternary compounds known as “half-Heusler” or “semi-
Heusler”, where one of the four f.c.c. sublattices of the “full-Heusler” alloy remains unoccupied. 
This leads to non-centrosymmetric cubic structure, space group F43m (no. 216), Strukturbericht type 
C1b. [10] 
Even though the Heusler alloys are in fact chemical compounds and as such exhibit the chemical 
order characteristics of compounds, they retain the metallic lustre and high conductivity of metals. 
Their magnetic properties are similarly intermediate: while the majority of Heusler alloys is 
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ferromagnetic, there also exists the large group of antiferromagnetic Heusler alloys. [9] Some claim, 
that properties of many Heusler materials can be predicted by the valence electron count [11] or first 
principles calculations. [12–14] This allows tuning of their properties through variating the 
compositions and alloying. However, many exceptions can be found, emphasizing the needs for 
extensive experimental research. 

1.1.2 Disorder in Heusler alloys and the diffraction studies 

The partial interchange of atoms in different sublattices of the highly ordered L21 structure occurs in 
many full-Heusler alloys. The most prominent is the interchange of Y and Z atoms, leading to the 
L21-B2 type disorder. The random distribution of X and Y or X and Z atoms leads to the D03 structure. 
The less frequent disorders include the B32a disorder (X atoms from one of the f.c.c. sublattices 
mixed with Y atoms, X of the second sublattice mixed with Z atoms) or the A2 disorder (where all 
the positions become equivalent). Disorders can highly influence the properties of Heusler materials 
– even a small amount of disorder cause distinct changes in the electronic structure and thus also the 
transport and magnetic properties. [11] 

Order is best analysed by the diffraction methods. It can be derived, that for the highly ordered L21 
structure, there are 3 distinct reflection types allowed [15,16]: 

F1 = 2fA  + fB + fD h, k, l all even, h + k + l = 4n 

F2 = 2fA – fB – fD h, k, l all even, h + k + l = 4n + 2 

F3 = fB – fD   h, k, l all odd, 

where F1...3 are the structure factors and fA..D are the atomic scattering factors corresponding to the 
sites from Fig. 1. [15] Scattering intensity is proportional to |Fi|2. First type are the principal (also 
called fundamental) reflections unaffected by the state of chemical order. These are present in the 
X–ray diffraction patterns with high intensity: e.g., the strong reflections usually are: (400), (220), 
(440), (620), (422) etc. Reflections of other two types are the superlattice reflections, e.g., (200), 
(600), (420), (311) are weak. In our case of Ni2MnGa, X-ray atomic scattering factors of Ni, Mn and 
Ga elements are quite close to each other: fA = fNi ~ 28, fB = fMn ~ 25, fD = fGa ~ 31 for zero scattering 
vector. In the fully ordered state, this should make F2 ~ 0, since fMn + fGa ≈ 56 ≈ 2 fNi. 
 
For illustration, the B2 order (CsCl structure, B and D positions are equivalent, Fig. 2(a)) gives two 
types of allowed reflections: 

 Ffundamental = fA + fB  h + k + l = even 

Fsuperlattice = fA – fB  h + k + l = odd. 
 

The A2 structure (simple b.c.c. structure, all the positions are equivalent, Fig. 2(b)) only allows one 
type of reflections: 

 F = 2fA    h + k + l = even. 
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Fig. 2: Illustration of B2 order (a) and A2 order (b). Adapted from [9] 

1.1.3 Magnetism of Heusler alloys 

The X2YZ Heusler alloy contains two magnetic sublattices – one containing Y atoms in octahedral 
coordination and one containing X atoms in tetrahedral coordination, if the constituting atoms have 
the magnetic moment, Fig. 3. Due to the two different magnetic sublattices that can couple 
ferromagnetically or antiferromagnetically, Heusler alloys can show various kinds of magnetic 
phenomena. Ferromagnetism, ferrimagnetism and half-metallic ferromagnetism have been reported. 
[11] However, usually only the magnetic moments of the Y atoms are significant despite X being 
transitional metal. 

 

Fig. 3: Two magnetic sublattices of X2YZ Heusler alloys showing the antiferromagnetic 
coupling. Adapted from [9]. 

On the contrary, the XYZ “half-Heusler” alloys can exhibit only one magnetic sublattice. They might 
be ferromagnetic only when X = Mn or rare-earth metal, but usually belong to the group of non-
magnetic semiconducting materials with only a few ferromagnetic half-Heusler compounds 
described in literature. [11]   
 
The Curie temperature of the Heusler alloys can noticeably vary from low, e.g., 105 K for 
Co2VSn [17],  to high (> 1100 K) for Co2FeSi [18]. [19] 
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1.1.4 Current main applications of Heusler alloys 

There are more than 1000 different Heusler alloys that possess physical properties favourable for 
many applications. Later, we will focus purely on the group of Ni-Mn-Ga-based Heusler alloys where 
the main applications employ the magnetic shape memory (MSM) effect. Apart from those, probably 
the most important application of Heusler alloys is in the field of spintronics.[11] The family of full-
Heusler alloys also includes a group (at least 28) of superconducting materials. Their critical 
temperature, however, is quite low; the highest reported value is 5.5 K. [20,21] Recently, applications 
of half-Heusler alloys in the fields of topological insulators [22] or semiconductors [23] are 
examined.  
Comprehensive summary of possible applications of Heusler alloys is provided e.g.  by Graf et al. 
[11] Following our motivation, in the remaining text, we will focus purely on the aforementioned 
magnetic shape memory phenomena which will be introduced from the very basics.  
 

1.2 Martensitic transformation as the origin of martensite in Heusler alloys 

The martensitic transformation (i.e., the transformation from the cubic austenite to martensite of 
lower symmetry) is one of the necessary precursors for the (magnetic) shape memory effect. It is the 
first-order displacive (but diffusionless) phase transition in the solid state. It can be induced by the 
changes in temperature [24], and, if there is a multiferroic coupling, it can be induced by the 
mechanical stress [25], magnetic field and electric field [26,27]. As in other first-order phase 
transitions, both phases, austenite and martensite, can coexist at an intermediate temperature or under 
stress due to the hysteresis. 

The formation of martensite involves coordinated movement of atoms, albeit on small distances. 
Austenite and martensite lattices are intimately related, the martensitic transformations therefore lead 
to a reproducible orientation between them. One of the keys to understanding the transformation is 
the characterisation of these orientation relationships. [28,29] In 1924, Bain demonstrated the simple 
way to transform from f.c.c. austenite structure to b.c.t. martensite in steels.[30] The transformation 
is achieved by contracting the unit cell along one of its axes while expanding the cell along the other 
two. This deformation results in the following orientation relations of crystal planes and directions: 

(010)A || (010)M 

[001]A || [101]M 

This Bain deformation involves the absolute minimum of atomic movements in generating the b.c.t. 
from the f.c.c. lattice. [24] The specific mechanism is in fact different from one alloy to another. In 
many materials, especially in complex steels, the orientation relations are more complicated. Overall, 
it is always possible to create a martensite from austenite by the combination of lattice elongation, 
contraction, shear along certain directions and lattice rotation. [31]  

In many materials, the martensitic transformation is volume-conserving (or nearly volume-
conserving). This secures better compatibility of austenite and martensite, very favourable in the 
applications of shape memory alloys (SMA) and magnetic shape memory (MSM) alloys. 

During the transformation, the habit plane (the plane common to both austenite and martensite) 
macroscopically appears to be undistorted and not rotated. This is possible only due to an additional 
distortions – the dislocation slip (especially in steels) or twinning in martensite (usually in shape 
memory Heusler alloys), reducing the strain of the surrounding austenite, Fig. 4. [24] Only in case 
of the twinning, the martensitic transformation can be thermoelastic (thermally reversible), creating 
the crucial prerequisite for existence of the (magnetic) shape memory effect in general. 
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Fig. 4: Mechanisms of strain reduction on the austenite-martensite boundary. s denotes the 
transformation shear. (a) Shape change upon pure lattice deformation (e.g. Bain 
deformation). (b) Dislocation slip. (c) Martensite twinning. [24] 

The nucleation of martensite is heterogeneous, i.e. the nucleation starts at the lattice defects of 
austenite, sample edges or other sharp discontinuities, and is followed by the continuous movement 
of the phase interface. [24] This interface, especially in the gradual stage, can move very fast, with 
velocities approaching the speed of sound. [11] Because of this, it might be difficult to study the 
martensitic transformation experimentally in situ.  

Usual precursor phenomenon of the martensitic transformation is the structural softening of the b.c.c. 
lattice which, in case of magnetic alloy, can be enhanced by the softening due to magneto-elastic 
coupling. [32] 

In some materials, especially in Ni2MnGa, in a narrow range of compositions, the martensitic 
transformation is preceded by a transition to the premartensite phase. This can usually be detected 
by the diffraction or elastic constants softening. [24,33] 

1.2.1 Insight into the martensitic transformation via the changes of physical properties 

Later in the text, we will mainly focus on the structural studies. Apart from the observation of the 
structural changes indicated by the changes in the diffraction patterns, valuable insight can be 
obtained via measurements of various physical properties. Many of these can be examined 
continuously which brings the insight on the transformation kinetics. 

The martensitic transformation (and later discussed intermartensitic transformations), being the first-
order phase transition, causes the release or absorption of the latent heat that can be detected using 
the DSC, Fig. 5. The martensitic transformation is usually sharp and measurements clearly indicate 
thermal hysteresis with the hysteresis interval from several units to several tens of Kelvin, strongly 
depending on the chemical composition of specific alloys. For many applications, it is favourable to 
find compositions in which the martensitic transformation occurs around the room temperature. 
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Fig. 5: Typical DSC curve for the martensitic transformation in Ni50Mn28.5Ga21.5 MSM 
alloy. Schematically depicted are the characteristic temperatures of the transformation: 
martensite MS start, martensite finish MF, austenite start AS and austenite finish AF. 
Additionally, the Curie point TC can also be seen as a minor change of slope in the heating 
and cooling curves. 

Martensitic transformation leads to a jump change in electric resistivity, Fig. 6, due to the interaction 
of carriers with the twin microstructure and changes in electronic structure including Fermi surface 
nesting [34]. 

 
Fig. 6: Typical thermal dependence of electric resistivity of Ni-Mn-Ga single crystal. 
During the martensitic transformation, steep jump occurs due to the interaction of carriers 
with the martensite microstructure and changes in the electronic structure. Schematically 
depicted are the characteristic temperatures of the transformation: martensite MS start, 
martensite finish MF, austenite start AS and austenite finish AF. The Curie temperature TC is 
also detectable due to changes in magnetic scattering. 
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Regarding magnetism, the AC magnetic susceptibility reveals a change in form of a jump or peak 
during the martensitic transformation caused by the change of magnetocrystalline anisotropy, Fig. 7. 
In the cubic austenite, the magnetocrystalline anisotropy is usually almost negligible in the contrary 
to the strong anisotropy in martensite, which results in a weaker magnetic response in martensite.  

 
Fig. 7: Thermal dependence of the AC magnetic susceptibility of the Ni50Mn28.5Ga21.5 single 
crystal. Steep change caused by change of the large uniaxial magnetocrystalline anisotropy 
of martensite to almost negligible anisotropy of cubic austenite. 

Experimental investigations of the evolution of the elastic coefficients of individual phases with 
changing temperature and/or magnetic field can bring other important data concerning the 
martensitic transformation.[12,35] When approaching the temperature of martensitic transformation 
from above, the austenite usually exhibits an increasing shear instability. The structural softening can 
also be strongly affected by magneto-elastic coupling. [32,33] 

1.3 Martensite variants and twinned microstructure 

The compensation of the transformation strains in martensite by twinning leads to the formation of 
differently oriented crystallographic domains, so called martensite twin variants. The complex 
martensite microstructure is therefore a result of energy minimisation and kinematic compatibility. 
[36] 

The simplest case of deformation from cubic austenite to tetragonal martensite results in formation 
of three martensitic twin variants with different c-axis orientation (schematically in 2D shown in Fig. 

8). These can then form a complex a/c-twinned (schematically demonstrated in Fig. 9). 

 
Fig. 8: 2D schematic depiction of the martensitic transformation from cubic austenite to 
tetragonal martensite. (a) Distortion of austenite (A) cell creates two different tetragonal 
twin martensite (M) variants. (b) These form a twinned microstructure connected by the 
twin boundary. (c) 3D sample containing two martensite variants. In 3D, usually all three 
variants of tetragonal martensite are formed and the twin microstructure is more complex. 
[37] 
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Fig. 9: Schematic depiction of the a/c twining as a base for the twinned microstructure, 
adapted from [37]. 

For the martensites of lower symmetry, the amount of different martensite variants increases. From 
the group theory (following Hane [36]) the number of variants of martensite μ can be calculated as 
follows: Let PA be the point group of austenite and PM the point group of martensite. Following the 
definition of martensitic transformation, one can immediately see that PM ⊂  PA. The number of 
martensite variants then is 

     

    
. (1) 

For tetragonal martensite we therefore obtain 3 aforementioned martensite variants (48 elements in 
point group m3m of the cubic austenite divided by 16 elements in point group 4/mmm of tetragonal 
martensite). Using similar calculations, we obtain 6 variants for orthorhombic martensite, 12 for 
monoclinic and 24 for triclinic martensite. When the modulation is employed, situation might 
become more complicated (see further). 

Generally, in Ni-Mn-Ga-based alloys, complex twinned microstructure consists of up to five types 
of twins (depending on the martensite phase):  

• Type I twins between variants with different orientations of the c-axis with rational twinning 
plane oriented along the {101} plane and irrational shear direction. [38–40] 

• Type II twins between variants with different orientation of c-axis with irrational twinning 
plane (inclined several degrees from the {101} lattice plane. [38–40] 

• Modulation twins – i.e. {100} compound twins, Fig. 10 a) [39,41] 

• “a/b twins” – i.e. {110} compound twins, Fig. 10 b) [39,42,43] 

• Non-conventional twins with a general orientation of the twin plane, Fig. 10 c). [39,44] 
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Fig. 10: Visualisation of the three in-plane twinning systems. The dash-dot lines outline the 
twinning planes. The view is perpendicular to the c-axis direction in all the variants. 
Modulation direction is marked by empty-head arrows. [39] 

Continuum-based microstructural model for the most studied 10M martensite is provided by 
Seiner et al. in [45]. There they illustrated the possible hierarchy of the twin systems, Fig. 11. 

 

 

Fig. 11: Possible hierarchy of laminations in the vicinity of the mobile interface suggested 
by Seiner et al. [45] 

 

Some cases of a/b twins are very close to the merohedral twins. Here, the twinned variants form a 
microstructure that overall appears (at least by some means of investigation) to be more symmetric 
than the originating components are. This can be demonstrated on two hypothetical martensite 
variants: the original one + the same one rotated 90°, and the resulting diffraction pattern from the 
twinned microstructure consisting of both, Fig. 12. Therefore, especially when it comes to diffraction 
studies, careful analysis needs to be employed to avoid possible misinterpretation caused by 
twinning. 
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Fig. 12: Schematic depiction of an apparently higher symmetry suggested by the diffraction 
pattern. (a) Originating martensite variant and the corresponding hypothetical diffraction 
pattern. (b) Second martensite variant (= the originating one rotated by 90°) and the 
corresponding diffraction pattern. (c) In case of twinned microstructure consisting of both 
martensite variants, the corresponding diffraction pattern represents the superposition of 
both original patterns indicating a higher symmetry then the real one.  

 

 

1.4 Magnetically induced reorientation of martensite (MIR) 

Spontaneously created martensite microstructure after the martensitic transformation can be 
reoriented in the magnetic field via the motion of the Type I and Type II twin boundaries. In the 
magnetic field, variants with easy magnetization axis along the field direction are energetically 
favoured and “grow” by the motion of twin boundaries at the expense of unfavourably oriented 
variants. [39] This magnetic field induced reorientation (MIR, schematically depicted in Fig. 13 and 
Fig. 14) of martensite represents the main application potential of the Ni-Mn-Ga-based alloys. 
Analogous reorientation can be achieved by mechanical stress or strain, similarly as in shape memory 
alloys such as Ni-Ti [31]. 

For the martensite variant reorientation, high twin boundary mobility is essential. It has been shown 
that Type I twins require at least 0.2 T switching field or 1 MPa stress to move, while Type II twins 
can move through the crystal under a very low magnetic field of ~ 0.01 T or at much smaller stress 
levels of ~ 0.1 MPa, Fig. 15. [38–40,46] Both Type I and type II boundary motions result in the same 
martensite variants reorientation. They can exist in a sample simultaneously or can be formed 
independently. 

 

Fig. 13: Schematic depiction of the reorientation of the twinned microstructure by magnetic 
field H. (a) Spontaneously twinned microstructure consisting of two martensite variants after 
the martensitic transformation. (b) Microstructure consisting of a single martensite variant 
induced by the magnetic field H. (c) Reorientation of the twinned microstructure carried by 
the twin boundary motion upon the changes of the magnetic field. (d) Fully reoriented single 
variant state consisting purely of the second martensite variant. 
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Fig. 14: Schematic depiction of the MIR effect on sample length. (a) Spontaneously twinned 
microstructure consisting of two martensite variants. (b) When the magnetic field H is applied, 
twin variants reorient via twin boundary motions. (c) Fully reoriented state. (d) When the field 
is applied in perpendicular direction, suitably oriented variant nucleates. (e) Microstructure 
reorients via twin boundary motion. (f) Fully reoriented state. (g) Sample remains reoriented 
when the field is switched off. 

 

 
Fig. 15: Typical stress-strain curves for the type I and type II twin boundaries [38] 
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1.5 Martensite phases of Ni-Mn-Ga and the current state of art 

Since we are now familiar with the basics of the MSM effect, let us now focus on the material - the 
Ni-Mn-Ga-based alloys, their particular martensite phases and their specifics. Since modulated 
phases are going to be discussed in this chapter, if uncertain, reader is kindly advised to consult 
Appendix I: General introduction into structural modulation. 

1.5.1 Introduction to the Ni-Mn-Ga-based alloys and their martensites 

The Ni-Mn-Ga system represents the archetype of magnetic shape memory alloy. It is exactly this 
alloy, on which the magnetic shape memory effect was discovered by Kari Ullakko in 1996 [1]. 
Martensites of Ni-Mn-Ga exhibit giant magnetic field-induced strain (MFIS) (up to 12%) in 
a moderate magnetic field (<1 T). [47] 

The stoichiometric Ni2MnGa has a cubic austenite with a = 5.82 Å. It transforms to modulated 
martensite phase with (a ~ b ~ 5.92 Å, c ~ 5.56 Å) around T ~ 200 K. [25,37,48,49]. The 
transformation is associated with very small volume changes of the unit cell. For compositions close 
to stoichiometric Ni2MnGa, the transformation to martensite can be preceded by the premartensitic 
transition to 3M modulated structure around T ~ 250 K. [12,37,50] Nevertheless in our range of 
stoichiometries this phase was not observed during our later presented experiments and therefore it 
will not be discussed further. 

In general, the Ni-Mn-Ga-based alloys (often off-stoichiometric), are rich in martensite phases: It is 
commonly accepted that three (in some cases approximate) types of particular martensitic phases can 
be distinguished in our system: five-layered modulated (named 5M or 10M), seven-layered (named 
7M or 14M) and non-modulated (abbreviated NM) martensite. [37] This nomenclature is based on 
the closest rational approximant of the modulated phases. Nevertheless, it will be later shown that 
different modulation vectors have been reported within the modulated martensite types. This creates 
a great deal of confusion that can be found in the literature: Some groups use the term “7M modulated 
martensite” for the structure with q ~ 3/7 (defined following q = q g110, where g110 is the [110]* 
reciprocal vector, see Appendix I for definition of the modulation vector) while concluding, that the 
labels such as 5M-, 7M-type modulated structure of the martensite phase are fraught with 
ambiguities. [54] Indeed, other MSM groups use “7M” label for structure with q ~ 2/7 and consider 
q ~ 3/7 a variation of “5M” phase [52,53]. Further confusion originates from the fact, that the symbols 
like 10M, 14M etc., are often used for two different things: while number always represents the 
number of layers, M sometimes represents the monoclinic symmetry [54] and sometimes modulation. 

From the practical point of view, these three types of martensite can be clearly distinguished based 
on the magnetic, electrical, elastic, and other properties. 

Depending on the composition, martensite phases can be connected by intermartensitic 
transformations. The usual full sequence of transformations in Mn-rich Ni-Mn-Ga during cooling is: 
paramagnetic cubic austenite, ferromagnetic cubic austenite, ferromagnetic modulated 10M 
martensite, ferromagnetic 14M martensite and finally ferromagnetic non-modulated (NM) 
martensite, schematically depicted in Fig. 16. [25] In some cases, some of the phases of this sequence 
do not appear, since the transformation path is strongly dependent on chemical composition, atomic 
order and possibly also on the thermo-mechanical history of the specimens. [26,49] The dependence 
on composition is often drawn (although not fully satisfactorily) based on the electron concentration 
e/a, or a number of non-bonding electrons Ne/a [37,55–57]. Simple schematic phase diagram for 
Ni50Mn25+xGa25-x alloys with increasing Mn content is shown in Fig. 17.  
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Fig. 16: Schematic depiction of the typical transformation sequence for the Mn-rich Ni-Mn-
Ga alloy during cooling. In case of the modulated 10M and 14M martensites, two kinds of 
coordinates are demonstrated: the long-periodic (LP) unit cells containing the full modulation 
wave and the pseudo-austenitic/pseudo-cubic unit cells in which the modulation propagates 
in the [110]* direction. See also Fig. 18. 

 
Fig. 17: Schematic phase diagram for typical Ni50Mn25+xGa25-x material with increasing Mn 
content. The red line represents the martensitic transformation; the blue line represents 
paramagnetic-ferromagnetic transformation at the Curie temperature. Dashed lines represent 
the intermartensitic transformations. Adapted from [26].  

As indicated in the figure and in literature, e.g. [49], the transformation temperatures vary strongly 
with changes in composition. Some additional general tendencies might be found: the martensitic 
transformation temperature increases with increasing the Ni content, in high-temperature region it 
merges with the ferromagnetic-paramagnetic transition and further increase shifts the martensitic 
transformation above the TC. The dependence concerning other elements is complex and not yet fully 
described. [37] It has been demonstrated (either by experiment or first-principles calculations), that 
martensitic transformation properties may change drastically by alloying of a fourth element, such 
as Fe, Co and Cu or other transition elements, or even by multiple elements together. [40,58–61] 
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1.5.2 Five-layered modulated martensite (named 5M or 10M)  

From the application point of view, the compositions with the martensite stable at the room 
temperature and above are desired, together with as high TC as possible, since the MIR effect operates 
only at temperatures below TC and below the martensitic transformation temperature. [49] Here, the 
10M modulated martensite phase seems to be the most promising one, thanks to its extremely high 
twin boundary mobility (twinning stress lower than 0.1 MPa has been reported [62]) and to 7 % 
magnetic field induced strain in a moderate field of the order of 0.1 T [63] at room temperature [64] 
and down to 2 K [65].  

For the basic description of this phase, rational approximant with the modulation over 10 (220) 
atomic planes is usually used, Fig. 16. Originally, the unit cell was reported to be tetragonal. [25,66]. 
Thanks to the better instrumental resolution and careful experiments, the structure is nowadays 
mostly described using monoclinic unit cell with lattice parameters apCub ~ 5.97 Å, bpCub ~ 5.94 Å, 
cpCub ~ 5.58 Å, γ ~ 90.3°, where we used the subscript “pCub” for clarity. Here, so called "pseudo-
austenitic" or “(pseudo-)cubic” coordinates are used. These keep the orientation of the axes similar 
to the austenite lattice. Such description is practical since it allows direct comparison of physical 
properties between individual phases. We will stick to these coordinates and indexing in our work as 
this is widely used in the field. [37,44,49,66–68] 

Nevertheless, from the purely crystallographic point of view, several advanced structure studies 
indicate more appropriate choice of smaller 45° rotated unit cell with orthorhombic symmetry and 
lattice parameters adiag ~ 4.22 Å, bdiag ~ 5.58 Å, cdiag ~ 4.20 Å. These coordinates are sometimes called 
“diagonal coordinates” in the field. Here, the structural modulation goes in the c* direction and the 
relations of the lattice parameters to those of the monoclinic unit cell are: apCub = √2 adiag, 
bpCub = √2 cdiag, cpCub = bdiag. For clarity, illustration of both cells is shown in Fig. 18. 

 

Fig. 18: Illustration of the relation between the pseudo-cubic unit cell (black, marked 
“pCub”) and the smaller orthorhombic unit cell (blue, marked “diag”) indicated by some 
current structure studies. 

More insight is necessary here to deal with the lack of monoclinicity in such a structure, especially 
when the monoclinic distortion is clearly observable, e.g., by optical microscopy with Nomarski 
contrast. Currently (end of 2022), additional experiments employing dedicated single crystal X-ray 
diffractometer are performed in this direction of research, see chapter 5. 

This shows that the structure of the 10M modulated martensite is still under discussion and many 
questions emerge. Regardless on the chosen unit cell, in X-ray and neutron diffraction experiments, 
one can limit him/herself to the studies of the modulation satellites between principal reflections 
(regardless on the indexation) in detail. The outcomes of such approach are immediately applicable 
to both used conventions. Nevertheless, the character of the modulation is still and open question. 
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Different scientific groups reported different modulation vectors (especially their magnitude) for 
various compositions. Although different coordinate systems are chosen for the description in the 
original articles, we will now provide the summary transferred to pseudo-austenitic lattice for all the 
cases. We will use the modulation vector q = q g110, where g110 is the [110]* reciprocal vector. 

10M modulated martensite in stoichiometric Ni2MnGa 

The structure of the stoichiometric Ni2MnGa has been first examined by Webster et al. [69] based 
on the analysis of this Weissenberg photographs using instrument D12 at ILL Grenoble. In their 
work, they describe complex tetragonal structure that appears on cooling bellow 202 K with lattice 
parameters a = 5.920 Å, c = 5.566 Å and many satellite reflections denoting long-periodic order. [69] 
Later on, many attempts have been made in refining the structure: 

Currently accepted structure model of “10M” modulated martensite of stoichiometric Ni2MnGa is 
widely based on powder diffraction studies of Righi et al. [70,71] In the contrary to previously 
believed tetragonal lattice, they report an orthorhombic phase with incommensurate modulation 
(q = 0.4248(2) at 100 K), superspace group Immm(00γ)s00. Interestingly, in the same study they also 
report commensurate case with q = 2/5 for non-stoichiometric Mn-rich composition (see below). [71] 

Based on single crystal ND and synchrotron PXRD, Kushida et al. [72]  reports incommensurate 
modulation for the stoichiometric Ni2MnGa alloy bellow approx. 220 K with slight shift of the 
modulation satellites on cooling. For 4.2 K temperature, q ~ 0.428 (~ 3/7) is reported. They used 
harmonic modulation function in their work. [72]  

Fukuda et al. continues the studies with electron diffraction. They report q = 0.427(5) at 21 K. [73]. 
Interestingly, they also report satellites of minor intensity in the unusual [100]* direction (using the 
pseudo-austenitic or “cubic” coordinates). They explain these as either double diffraction or an 
existence of transition state. [73]  

Mariager et al. studied stoichiometric Ni2MnGa single crystal with SXRD. They report q = 0.428(3) 
at 200 K. Possible higher (>5) order satellites are apparent from their q-scans plotted in logarithmic 
scale. Nevertheless, they are not sufficiently addressed (if they are not ignored at all). 

Altogether, the situation appears to be quite clear for the stoichiometric Ni2MnGa and the reports are 
in a good agreement. Nevertheless, although this alloy seems interesting from the fundamental point 
of view, its applications are not very promising given its stability only bellow 220-210 K. 
Surprisingly, in all these studies, values of q ~ 0.428, equal to q = 3/7 within experimental error are 
interpreted as incommensurate. 

10M modulated martensite in non-stoichiometric Ni-Mn-Ga alloys 

Based on powder X-ray and neutron diffraction measurements, Righi et al. [71]  in 2007 reported 
commensurate (q ~ 2/5) modulated monoclinic martensite for the Ni50Mn28.75Ga21.25 alloy. Later on, 
they report both commensurate (q ~ 2/5 at room temperature) and incommensurate (q = 0.412 at 
83 K) modulation for the Ni48.75Mn29.75Ga21.5 alloy [52]. Recently, Righi reported incommensurate 
modulation of the Ni51.75Mn23.25Ga25 alloy (q = 0.410 at 250 K, q = 0.422 at 220 K) [74]. 

Çakir at al. [75] carried out a thorough PXRD and neutron spectroscopy study for various Ni-Mn-Ga 
compositions. During these they observed evolution of the modulation vector upon cooling, where q 
increases with decreasing temperature, ranging from q ~ 2/5 to q ~ 3/7. This interval is spread among 
different compositions, where only one alloy started at q ~ 2/5 (above room temperature) and only 
one (different) alloy attained q ~ 3/7 (at 10 K) [75].  
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A unifying theory connecting these intermittent reports is still missing. Furthermore, since the twin 
boundary mobility was reported to be highest in the 10M martensite, possible connection of the 
modulation effect on twinning creates an interesting direction for research and needs clarification. 

1.5.3 Seven-layered modulated martensite (named 7M or 14M) 

The 14M modulated phase was first reported to be orthorhombic [25]. Similarly to the 10M 
martensite, the monoclinic unit cell is currently believed to be fitting one with lattice parameters 
a ~ 6.19 Å, b ~ 5.78 Å, c ~ 5.50 Å, γ ~ 90.6° in pseudo-austenitic coordinates [25,53,76]. In contrast 
to the 10M modulated phase, commensurate modulation with modulation vector q = 2/7 [110]* 
stable in the whole temperature interval is commonly accepted with the modulation over 14 (220) 
atomic planes, Fig. 16. 

When it comes to material functionality, twinning stress of 0.64 MPa has been reported in Ni-Mn-
Ga single crystal with MFIS of 11.2%. [76] Recently, low twinning stress of 0.2 MPa for type I and 
0.1 MPa for type II twin boundaries has been reported by Sozinov et al. in 5%Fe alloyed Ni-Mn-Ga 
with MFIS of 12 % [53]. These values are attaining the theoretical maximum given by the lattice 
parameters.  

1.5.4 Non-modulated (NM) martensite 

The non-modulated (NM) martensite represents the basic stable structure, usually occurring at the 
lowest temperatures. The unit cell is tetragonal with lattice parameters a = b ~ 5.52 Å, c ~ 6.44 Å in 
pseudo-austenitic coordinates [66] or a = b ~ 3.84 Å, c ~ 6.44 when using the crystallographically 
appropriate 45° rotated primitive cell, space group I4/mmm, Fig. 16. Twin boundary mobility is 
negligible and twin variants are hard to reorient (if possible). High twinning stress of 6.7 MPa has 
been reported [77] and giant MFIS was never observed for this phase in pure Ni-Mn-Ga. However, 
later Sozinov et al. reported the high MFIS of 12% at 1.05 T for the non-modulated martensite of 
4%Co-4%Cu-alloyed Ni-Mn-Ga [47,78]. Nevertheless, given the relatively large magnetic field, the 
application potential of the non-modulated martensite is low. 

1.5.5 Intermartensitic transformations 

As the different types of martensites usually pose different physical properties, it is from the 
application point of view important to study also the intermartensitic transformations between 
individual martensites of Heusler alloys. These can be in fact understood as the phase transformations 
on their own, although, following some approaches, these can also be understood as the 
rearrangement of the structural nanodomains. [79–81] As well as the martensitic transformation, the 
intermartensitic transformations are highly dependent on the composition. 
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1.6 Suitable diffraction methods for the characterisation of the martensites of 
Ni-Mn-Ga-based alloys 

Here we focus on the diffraction methods convenient for practical analyses Ni-Mn-Ga samples, 
considering difficult combination of structural modulation, hierarchical twinning, crystal mosaicity 
and difficult nature or our samples. Given by the necessity to deal with twinning on various scales, 
usually X-ray diffraction and neutron diffraction are used and these will be addressed in detail.  

1.6.1 X-ray diffraction methods 

When it comes to X-ray diffraction, usually two groups of conventional diffractometers are 
recognized: the dedicated single-crystal diffractometers and the multipurpose (often referred to as 
powder) diffractometers. When it comes to our specific material, both of the methods have 
advantages and disadvantages which will shortly be introduced together with the application 
possibilities. At the end of the chapter, specifics of synchrotron X-ray diffraction are briefly 
addressed. 

1.6.1.1 Dedicated single-crystal diffractometers 

Generally, the single-crystal XRD represents the very base of structure solution based on the 
automated collection of the diffraction pattern from the whole instrumentally achievable reciprocal 
space. Nowadays, most of the XRD single-crystals studies are carried out in dedicated laboratory 
four- or six-circle single-crystal diffractometers (usually in kappa-geometry) or their analogues in 
synchrotron facilities.  

Conventional in-lab single-crystal diffractometers usually need samples of small sizes (< 1 mm3), as 
the whole sample should be emerged in the relatively small but highly focused and intense X-ray 
beam.  

The inevitable twinning of martensite leads to the simultaneous collection of the diffraction patterns 
from differently oriented twin domains. Together with structural modulation (bringing even more 
diffraction spots) and the higher crystal mosaicity usually observed for Ni-Mn-Ga crystals, this 
attains the limits the instrumental resolution and represents a real challenge. The resolution of 
dedicated single-crystal X-ray diffractometers is usually relatively lower, but this apparent 
disadvantage is counterbalanced by the collection of the large number of reflections. Unfortunately, 
this could easily lead to misinterpretations caused by the overlapped peaks, especially in the cases 
close to merohedral twinning. 

For these reasons, only the structures of austenite and non-modulated martensite have been solved 
reliably so far with dedicated in-lab single-crystal XRD and many contrasting reports exist for the 
modulated phases. 

To the category of single-crystal diffractometers belong also the Laue diffractometers. These do not 
usually represent a tool for more complex structural analyses, but are typically used for the 
orientation of the larger single-crystals. Application of the Laue diffraction on Ni-Mn-Ga-based 
single crystals will be discussed later in 3.1. 

1.6.1.2 Multipurpose / powder diffractometer 

Multipurpose diffractometers are mainly designed for the analyses of larger bulk polycrystalline 
samples, powders, and thin layers. They are common in the modern material physics laboratories as 
they offer broad field of practical application, i.e., analyses of phase composition, texture and residual 
stress of polycrystals. Importantly, they can be employed for the complete structure solution from 
powder samples. Furthermore, they also excel in various in-situ experiments, including not only 
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measurements during heating or cooling (usually possible also for dedicated single-crystal 
diffractometers) but also measurements under stress or strain, or theoretically even measurements in 
the magnetic field.  

The multipurpose diffractometers can be also used for the analyses of the single crystals. Even though 
do not usually represent a tool for a complete structure solution in this case, they are capable of 
applied research regarding the practical applications of the MSM alloys. This includes determination 
of the phase, lattice parameters, presence of twinned domains, studies of structural modulation etc. 
The great advantage is the ability to study the large bulk samples in which the MIR was confirmed 
previously and that are directly suitable for various other forms of analyses (such as mechanical 
testing, magnetic measurements, measurements of transport properties etc.).  

The notable advantage of the multipurpose diffractometers in our case is the choice of the optics: 
especially the choice between the divergent or parallel optics and optional high-resolution setups. In 
case of twinned and mosaic crystals, beam divergence plays a crucial role for fast analyses (later 
discussed in 2.2.3). Furthermore, selectable length and width of the irradiated area allows to measure 
the large surface at once or to focus on smaller areas (down to tens of µm) in case of large crystals. 

1.6.1.3 Synchrotron X-ray diffraction 

Presented thesis would not be complete without a brief mention of the synchrotron X-ray diffraction 
(SXRD). Nowadays, SXRD is performed in both single crystal and powder dedicated setups. 
Tuneable wavelength allows fitting of the instrument to specific experimental needs, e.g., to avoid 
fluorescence. High energy photons allow higher effective penetration depth and studies of bulk 
effects. Higher brilliance allows better counting statistics and nearly parallel beam ensures the high 
resolution. Nevertheless, the parallel beam setup might be slightly problematic in case of non-ideal 
twinned single crystals (see chapter 2.2.3 for more).  

1.6.2 Neutron diffraction 

Similarly to the XRD, the neutron diffraction can also be used in various dedicated setups (further 
including also the time-of-flight method). Although both XRD and ND share the vast amount of the 
diffraction-related theory, there exist major differences between these two methods, majority of 
which originates from the differences between the properties of photons and neutrons. Let us now 
note those, that are directly related to our research. The complete overview is provided, e.g., in [82]. 

• Absorption: the effective penetration depth of the neutrons is several orders higher than that 
of the X-rays. I.e., the effective penetration depth D99% (the thickness of the sample, where 
99 % of the information recorded in a diffractogram originates from) of X-ray in 
stoichiometric Ni2MnGa is ~ 15 μm (calculated for the Cu radiation), while for neutrons it is 
~ 10 mm. This makes the ND capable of studying the real bulk effects [83,84], while the XRD 
information originates only from the relatively thin surface layer. Irradiation of the larger 
volume also helps while dealing with polycrystals or larger grains. ND is usually not suitable 
for samples of small volumes. 

• Magnetic structure: unlike X-ray photons, neutrons carry magnetic moment (μ = 1.913 μB, 
where μB is the Bohr magneton) and spin (I = ½). Because of this, they interact with the 
magnetic moments inside of material and the magnetic contribution is superimposed to the 
structural one. The ND is therefore widely used for the studies of the magnetic structure of 
solids. 

• Sensitivity to different elements and isotopes: the scattering amplitude of X-ray is a 
monotonous function increasing with increasing atomic number Z. In contrast, the neutron 
scattering amplitude is a complex value originating from the potential and resonant scattering. 
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Thanks to the second, the scattering amplitude changes noticeably (or even change sign) for 
neighbouring elements and even isotopes. This in theory allows the precise studies of atomic 
occupancies with ND.  

• Intensity: The flux of the monochromatized neutrons hitting the sample is generally several 
order lower than the flux of X-ray photons. Because of this, the intensity of the diffracted beam 
is usually lower for the ND, even when using the most brilliant sources available (such as in 
Institut Laue-Langevin, Grenoble). To collect sufficient data allowing to study the modulation 
satellites with the intensity several orders lower than the strong principal peaks, one usually 
needs longer measuring time. This is slightly counterbalanced by usually better signal-to-noise 
ratio of the ND compared to the XRD. 

• Resolution: The diffraction peak width in ND is usually up to 100 times larger than that of the 
high-resolution XRD [82]. Because of this, the peak overlapping caused by twinned martensite 
represents even bigger problem for the ND. 

To sum up, the ND represents a valuable tool for the characterisation of the Ni-Mn-Ga-based 
alloys. Not only it allows the studies of the magnetic structure and atomic occupancies, but it 
also excels in some other practical aspects, such as ability to analyse the real bulk volume of 
the crystals. 

 

1.7 Fundamental question of Ni-Mn-Ga polycrystals 

Although many structure (and other) studies have been performed with polycrystals and powders of 
Ni-Mn-Ga-based alloys, major limitation of these needs to be noted. It has been shown that the grain 
boundaries restrict twin boundary motion and the MIR functionality extensively [37,85]. Random 
polycrystals are not expected to show large deformation in magnetic field due to blocking by adjacent 
grains. Textured polycrystals might exhibit MIR in some directions, nevertheless, the MIR effect is 
not as strong as in single crystals and material is often prone to cracking. [37] Only recently, Wójcik 
et al. reported MFIS of 1.15% in melt-spun ribbons of strong fibre texture and homogenous 
microstructure with no crack formation [86]. 

As the polycrystalline nature influences the very nature of the MSM alloys, the validity of the 
fundamental results obtained from bulk polycrystals and powders can be speculated about. Therefore, 
we strongly believe that the fundamental structural studies should be performed on single crystals 
that were previously proved to show the MIR and highly mobile twin boundaries. The most pivotal 
parts of the presented work will therefore be done on such samples. 

Nevertheless, we fully agree that the growth of single crystals is often difficult and time-consuming 
and, especially in the case of our alloys, it often ends with failures. Therefore, the possibility of fast 
production of highly textured polycrystals and oligocrystals with large enough grains that clearly 
exhibit the MIR functionality represents a stepping stone in the experimental research of the new Ni-
Mn-Ga-based alloys. Thus, part of the presented work will follow this direction. 
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2 Experimental 

2.1 Materials 

I have studied pure Ni-Mn-Ga samples of different stoichiometries as well as the Ni-Mn-Ga-based 
samples with alloying elements, such as Co, Fe, Cr and Cu. Given the various sample forms (bulk 
polycrystals, single crystals etc., see Fig. 19 for illustration), two typical sample groups are described 
in detail in the sub-chapters bellow. Full list of analysed samples is provided in the table included as 
Appendix II. 

 
Fig. 19: Typical Ni-Mn-Ga samples. (a) Bulk polycrystals created by arc-melting. (b) Large 
single crystals and oligocrystals created by optical floating zone furnace. (c) Oriented and 
cut single crystal samples with visibly twinned microstructure. (d) Epitaxial thin layers 
grown on MgO substrate. 

2.1.1 Single crystals 

Single crystals of the Ni-Mn-Ga and Ni-Mn-Ga-based alloys with 1-5% of Fe, Cu or Co content in 
broader range of nominal compositions have been studied. Single crystals were grown by modified 
Bridgeman-Stockbarger method in Adaptamat Ltd. and GoodFellows, and by floating-zone melting 
method at the Charles University and at the FZU. In some cases, crystal growth resulted in formation 
of oligocrystals containing multiple larger grains within one rod. 

In case of true single crystals, resulting crystals were usually annealed, oriented by XRD and cut into 
samples of parallelepiped shape, Fig. 19 (c). Resulting samples were polished by the grinding paper 
and electropolished if needed. 

2.1.2 Polycrystalline and oligocrystalline bulk samples 

Analysed polycrystalline bulk samples of Ni-Mn-Ga and Ni-Mn-Ga-based alloys with 1-5% of Fe, 
Cu, Cr or Co content were prepared at the FZU by arc-melting. Resulting pellets, Fig. 19 a), were 
annealed, cut into samples by spark erosion machine and polished by SiC grinding paper up to the 
grid of 2400. The later analyses showed that these samples are usually of oligocrystalline or highly 
textured polycrystalline nature. 
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2.2 Diffraction studies 

The structure of materials was characterised by the X-ray and neutron diffraction. Experimental 
details are listed below together with the description of the data processing or other important 
information. 

2.2.1 X-ray diffraction 

The X-ray diffraction studies were carried out employing the following diffractometers: 

• PANalytical X'Pert PRO diffractometer at the FZU with Co and Cu X-ray tubes in following 
geometries: 
o Bragg-Brentano semi-focusing geometry used with line focus and divergent slits selected 

based on the sample dimensions. For smaller samples and pole figure measurements, point 
focus was used. In both cases, we used fast PANalytical X'Celerator detector. 

o Parallel beam geometry with the Co tube (λKα1 = 1.78901 Å), parabolic mirror and 
PW3011/20 point detector equipped with parallel plate collimator (maximum acceptance of 
0.09°). 

Diffractometer was equipped with flat sample holder for bulk polycrystalline and powder 
samples, and ATC-3 texture cradle for pole figure measurements and single-crystal studies. For 
in-situ experiments, simple Peltier element for sample heating or custom build heating/cooling 
stage with temperature range of 250 – 400 K was used. This diffractometer was used for most 
of our measurements of single crystals and bulk oligo- and polycrystals. 

• Rigaku SmartLab diffractometer at the FZU with Cu tube (λKα1 = 1.54060 Å) in Bragg-Brentano 
and parallel beam geometry with line focus, employing 2D detector HyPix 3000 and optional 
Anton Paar DCS500 heating/cooling stage for in-situ heating/cooling (temperature range 
80 – 770 K). This diffractometer was used mainly for the standard symmetric and asymmetric 
2θ-ω scans at different temperatures and later for the fast reciprocal space mapping. 

• Brucker D8 Discover diffractometer at the FZU with rotating Cu anode equipped with Anton 
Paar DCS350 heating/cooling stage for in-situ heating/cooling (temperature range: 80 – 620 K) 
and point detector. Device was used primarily for the reciprocal space mapping and the q-scans. 

• PANalytical Empyrean diffractometer at the LUT University, Mikkeli, Finland employing the 
high-resolution optics with parallel beam (Ge hybrid monochromator combining the 
monochromator + the parabolic mirror) and the PIXcel3D –Medipix3 1x1 detector. 
Measurements were done mainly at the room temperature. Custom-built heating element was 
used for measurements with temperature from RT to 350 K. This diffractometer was mainly 
used for fast high-resolution reciprocal space mapping and high-resolution symmetric and 
asymmetric 2θ-ω scans. 

• Laue diffraction analysis was performed at the FZU with Seifert ISO-Debyeflex 3003 X-ray 
generator with W tube. Diffracted pattern was collected using a laser stimulated fluorescence 
image plate. 
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2.2.2 X-ray diffractometer angles and scan types 

For clarity, the diffractometer axes and measurement types are illustrated and described in Table 1. 
Description follows PANalytical definition of the axes and scans. 

Table 1: Description of diffractometer angles and measurement types used in the thesis 

Gonio 

Standard 1D symmetrical Bragg-Brentano scan, i.e., the 
X-ray tube (T) and the detector (D) move symmetrically 
with respect to the vertical line. Here, 2θ is the diffraction 
angle and ω is the beam incidence angle. 

 

2θ-ω 

Standard 1D asymmetrical Bragg-Brentano scan, i.e., 
tube and detector move symmetrically with respect to the 
new line defined by ωoffset angle. This scan is identical to 
Gonio for ωoffset = 0°. 

 

ω scan 

= Rocking curve measurement = ωoffset scan in our 
experimental setup. Intensity as a function of ωoffset while 
keeping the 2θ constant.  

 

χ (chi) scan (= ψ (psi) scan in older software) 

Intensity as a function of χ angle (= sample tilt). 

φ (phi) scan 

Intensity as a function of φ angle (= sample rotation). 
φ axis is connected to χ axis, i.e., when χ ≠ 0°, axis of φ 
rotation is inclined.  

2D 2θ_ω 

2D map consisting of a set of continuous 2θ scans collected for different ω angles (in steps). 

2D 2θ-ω_ωoffset 

2D map consisting of a set of continuous 2θ-ω scans collected for different ωoffset angles (in steps). 

2D 2θ-ω_ χ 

2D maps consisting of a set of continuous 2θ-ω scans collected for different χ angle (in steps). 

Pole figure 

Texture scan, 2D scan: intensity as a function of (χ,φ), consists of a set of continuous φ scans (0-360°) 
collected for selected range of χ tilts (in steps). 
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Pole figures in the dissertation follow the XRD standard choice of coordinates, shown in Fig. 20 for 
clarity. In all the presented pole figures, χ axis covers the whole interval of 0 – 90° while the interval 
that was not measured is kept empty. 

 
Fig. 20: Illustration of the pole figures coordinates used in the thesis 

In case of divergent optics with the X’Celerator detector, the detector was used in Receiving slit 
mode, i.e. the intensity was added together in the selected 2θ acceptance range (selectable from 0.5° 
to 2.1°, Fig. 21), during measurements of the φ, χ, and ω scans and pole figures. Unless stated 
differently, the full acceptance range was used for the pole figures presented in this thesis. 

 
Fig. 21: Schematic illustration of the possible choices of the detector acceptance range. The 
2θ scan reveals the overlapped (400) and (040) reflections, both consisting of Kα doublets. The 
pole figure measurement at the 2θ = 74° with the full 2.1° detector acceptance angle (green) 
would bring the summed information on the orientation of both a- and b-oriented variants. When 
more detailed information on particular variant orientation is needed, smaller detector acceptance 
angle of min. 0.5° can be chosen (blue pattern). The pole figure will then contain mostly the 
information on the orientation of the a-oriented variant, with some residue from the b-oriented 
variant given the broad peaks with overlap. 

Similar settings are available for other listed constant-wavelength diffractometers as well. In case of 
Rigaku SmartLab and PANalytical Empyrean, additional modes were available due to the presence 
of the 2D detector that brings the ability to collect the full 2D image for each step. This in practice 
allows collection of the complete data within the full range of the detector and then selecting the 
appropriate range for the intensity integration (analogous to the one presented in Fig. 21) later during 
the data processing. 
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2.2.3 Advantage of beam divergence in the studies of MSM single crystals 

Our measurements benefit from the combination of divergent beam geometry and 1D detectors 
featuring Real Time Multiple Strip (RMTS) technology or 2D detectors bring the availability of 
scanning line mode measurements. During these, both arms of the diffractometer move in a standard 
way of Gonio or 2θ-ω scans, while the intensity is collected over an array of parallel solid-state 
detectors (in case of RMTS) or lines of the 2D detector. I.e., the intensity at particular 2θ position 
(data point) during Gonio or 2θ-ω scan is measured and then summed, until the data point is no 
longer in range. When X’Celerator detector is used, the total active length is ~ 8.9 mm, which for 
our detector arm length of 240 mm corresponds to the acceptance angle slightly larger than 2°, Fig. 

22. 

Thanks to this, contributions from the crystallites, mosaic blocks or crystallographic twin domains 
misoriented up to ~ 1° (in case of X’Celerator detector) from normal direction can be observed 
simultaneously, depending on the divergence of the incident beam and selected active length of the 
detector. The beam divergence in vertical direction is usually controlled by the appropriate choice of 
divergence slits. Divergence in the horizontal direction can be controlled by introduction of the Soller 
slits. 

In case of twinned martensites of Ni-Mn-Ga-based alloys, the beam divergence brings valuable 
advantage. Since the difference in the orientation of some of the reflections from the individual 
twinned martensite variants is relatively small, contributions multiple variants can often be detected 
in one single 1D scan. Furthermore, as our crystals usually have larger mosaicity [87], 
the contributions from all the mosaic blocks are summed in the divergent beam setup. 

 

Fig. 22: Demonstration of advantage of divergent beam geometry with RTMS detector in 
case of twinned martensite. If the angular difference in orientation of “red” and “yellow” 
twinned martensite variants is within the beam divergence limit, both can be detected in 1D 
scan with this setup thanks to the 1D detector that scans the intensity over its full active range 
of approximately 2°. 

Illustration is presented in Fig. 23. There, part (a) represents 2D 2θ_ω map of the twinned (400) and 
(040) reflections of 10M martensite of Ni-Mn-Ga measured in high-resolution parallel beam 
geometry employing a hybrid monochromator. The measurement took ~ 40 minutes. In the map, the 
slight difference in orientation of both twinned variants is noticeable in the ω direction, as well as 
the crystal mosaicity (the reflection spread into individual spots in the ω direction). For thoroughness 
we need to clarify, that this can either be the true mosaicity, but also the effect of complex twinned 
microstructure. After alignment to the maximum of (040) peak, fast 1D scans were measured in both 
high-resolution parallel beam geometry and divergent beam geometry, Fig. 23 (b) black and blue 
curve, respectively. Each scan took ~ 2 minutes. Thanks to the beam divergence, both (400) and 
(040) reflections were reasonably well detected in case of divergent geometry as a sum 
of contributions from all the crystallographic domains.  
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In contrast, with higher-resolution setup employing hybrid monochromator, only the (040) reflection 
of the one selected domain is clearly dominant. This means that even though the detailed information 
on the particular crystallographic domain was gained, the overall information was lost in case of fast 
1D scan. 

 

 
Fig. 23: (a) 2D 2θ_ω map of (400) and (040) reflections measured with higher-resolution 
optics employing hybrid monochromator. Several crystallographic domains are well 
apparent in the ω direction. (b) Fast 1D scans measured after alignment for the highest 
intensity of the (040) peak with divergent (blue) and higher-resolution optics employing 
hybrid monochromator (black, corresponding to the single line from the 2D map marked 
by black dash line) demonstrating the advantage of divergent geometry for fast analysis: 
both twinned domains with slight difference in orientation are detected in fast 1D scan. 

The dedicated single-crystal, synchrotron or neutron diffractometers do operate with well-defined 
beam of negligible divergence. There, to get the full information on martensite variants and mosaic 
blocks, measurements require either adjustments of the crystal orientation for each variant or mosaic 
block, or time-consuming and/or data-heavy measurements of 2D maps that are more difficult to 
process than the fast 1D scans. Similar case represents also the use of parallel beam achieved by 
parabolic mirror in our multipurpose diffractometer – here the vertical divergence is almost 
negligible, providing the high sensitivity in the ω angle. In contrast to this, the horizontal beam 
divergence from the parabolic mirror is relatively large but can be lowered by the aforementioned 
Soller slits. 
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Importantly for our measurements, great advantage of divergent beam geometry lies in the ability to 
perform different kinds of in-situ measurements. Typical example is the case of single crystal of 10M 
martensite, where both a and b lattice parameters can be quickly evaluated based on one fast 1D scan 
that takes as low as 20 seconds, allowing continuous tracking of these lattice parameters with 
temperature with fine steps (~ 0.25 K) in reasonable time [88]. This will be later demonstrated in 
chapter 4.5. 
 

 
2.2.4 Neutron diffraction 

The neutron diffraction experiments were carried out in ILL Grenoble using the following 
diffractometers: 

• D9 hot neutron four-circle diffractometer with He cryostat. The used wavelength was 
λD9 = 0.838 Å. 

• D10 single crystal four-circle diffractometer with He cryostat. The used wavelength was 
λD10 = 2.360 Å. 

• CYCLOPS (CYlindrical CCD Laue Octagonal Photo Scintillator) neutron Laue single-crystal 
diffractometer with high flux on the sample from a continuous white neutron source. We used 
He cryostat for sample cooling/heating. Due to the high flux and fast total readout time (~ 1 s), 
this diffractometer was used in the search for the (inter)martensitic transformation(s). It was 
also used for confirmation of the sample orientation. 

• Test instrument IN3: three-axis spectrometer on a through-going neutron guide suitable for 
sample orientation checking and q-scans measurements. 

Given the broadness of the instrumentation, the details on the methodology and data interpretation 
for various tasks will be provided directly in chapters 3 and 4. 

 

2.2.5 Diffraction data processing 

We used PANalytical X'Pert Texture [89] for visualisation and processing of the measured pole 
figures and PANalytical Epitaxy [90] for visualisation and processing of the measured 2D reciprocal 
space maps. The final charts, maps and figures were drawn mostly in Origin [91]. 

The phase identification and powder diffraction data fitting was done using TOPAS [92], 
PANalytical HighScore [93] and employed the ICSD [94] and PDF-4 databases [95]. 

The neutron diffraction data collected in ILL Grenoble were processed using Rplot [96] and 
LAMP [97]. Neutron Laue images from CYCLOPS were processed with Esmeralda [98]. 

The majority of the diffraction profile fitting and peak analysis was performed in FitExc [99–101], 
see below. 
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2.2.6 FitExc – diffraction profile fitting program 

The symmetric and asymmetric 1D 2θ-ω scans and q-scans were fitted in my custom-built diffraction 
profile fitting program FitExc, Fig. 24. [99–101] My aim in developing the program was to obtain 
the utmost precision and controllability of the fitting process. This side-project helped me 
significantly with the analyses of the shape memory alloys and thus it is included in my dissertation. 
The program allows for simultaneous fitting of multiple overlapped peaks, which is favourable for 
the complex twinned martensite structure. The controllability of the fitting process is excellent and 
thanks to advanced fitting approaches and possible parameter fixing, it can deal with overlapped 
reflections of up to several-order intensity difference. 

Currently, the program consists of more than 10 000 lines of Visual Basic for Application-based code 
that controls the MS Excel processes and functions and adds new functionality. Furthermore, 
I created user-friendly interface that made my program accessible to other users. Currently, FitExc 
is being used for specific tasks in several laboratories across the globe. 

FitExc was employed when processing the majority of the data discussed in chapters 3 and 4 and 
data from the fits were published, e.g., in references [57,88,102–107].  

 

 

Fig. 24: FitExc interface – the fitting sheet. Fitting of two overlapped Kα doublets for 
illustration. 
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2.3 Complementary experimental techniques 

2.3.1 Magnetic measurements 

AC magnetic susceptibility was measured using the system of three coils – the primary coil, 
producing the AC magnetic field (f = 486 Hz, H = 56 A/m r.m.s.), and two identical secondary coils: 
one for reading the response of the sample and the second, wound in the opposite direction, for the 
background signal cancellation. The signal was detected by SR830 Lock-In amplifier.  

DC magnetic susceptibility curve presented in the thesis for illustration were obtained in 
collaboration with M. Rameš (FZU). Measurements were done with the vibrating sample 
magnetometer (VSM) option of Quantum Design Physical Property Measurements System (PPMS). 

2.3.2 Electrical resistivity measurements 

The temperature dependence of electrical resistivity was measured in a Cryogenic cryostat with 
a closed cycle using a custom-built stage employing the AC four-probe method. It used a Stanford 
Research Systems SR830 DSP lock-in amplifier, a Pico Precision PP102 current source and a PP560 
low noise amplifier. 

2.3.3 Scanning electron microscopy 

The scanning electron microscopy (SEM) micrographs shown in this thesis were taken in 
collaboration with L. Klimša at the FZU using TESCAN FERA3 GM iFIB-SEM equipped with a 
Peltier-element-based heating/cooling stage. Method based on back-scattered electrons (BSE) 
sensitive to different a/b twin variants due to channelling contrast was developed and used. [108] 

2.3.4 Resonant ultrasound spectroscopy 

Resonant ultrasound spectroscopy (RUS) measurements were performed by group of H. Seiner 
(Institute of Thermomechanics, CAS), using laser-based contactless modification of the standard 
RUS method. 

2.3.5 Differential scanning calorimetry 

The DSC curve shown for demonstration in the first chapter was measured by S. Sedláková using 
Linkam DSC6000 system equipped with the LNP95 cooling system. 
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3 Methodology of diffraction characterisation of 

martensites of Ni-Mn-Ga-based single-, poly- and 

oligocrystalline samples 

In the MSM group, I focused on phase analyses, oriented the samples, determined lattice parameters, 
and/or texture (in case of polycrystalline or oligocrystalline samples), all depending on the actual 
needs. Complete list of analysed samples (of various forms, grain distributions etc) is listed in 
Appendix II. I began with the simple lattice parameter determination for large single crystals and 
quickly approached more complicated tasks – polycrystalline samples with strong texture, 
multiphase samples, heavily twinned single crystals etc. The main challenge represented the arc-
melted samples that usually contained many large grains, where I had to employ and standardise the 
approach of oligocrystal characterisation described later in chapter 3.5. 

Although being a routine task, the initial phase determination and lattice parameter calculation 
usually represents a crucial precursor for any future studies and development. In the following sub-
chapters, I will provide an overview of the basic martensite characterisation possibilities 
I encountered, depending on the individual methods and sample state. I will present examples of 
results obtained during particular steps. Individual published results will then be addressed in 
chapter 4. For coherence, we will begin with the simplest characterisation of the single crystals (first 
employing the Laue method and then constant wavelength (CW) methods employing the 
multipurpose diffractometer), then we will discuss the rare case of ideal polycrystals, and, in the end, 
we will describe the possibilities of the basic characterisation of the oligocrystals representing the 
difficult region between the single crystals and polycrystals, typical case for arc-melted Ni-Mn-Ga-
based Heusler alloys).  

The aim is not only to present the individual results, but also to provide a brief guide to diffraction 
characterisation of similar alloys, especially when employing a multipurpose in-lab X-ray 
diffractometer. Here, established procedures have been missing in the field due to the non-standard 
nature of some of the tasks. Therefore, addressing the need, I present compilation of my 
characterisation methods as a part of my dissertation with hope to standardise the process for the 
future. 

3.1 Single-crystal Laue diffraction and sample orientation  

Laue diffraction method which uses the continuous X-ray tube spectrum (also known as 
die Bremsstrahlung) still represents a valuable tool for crystal orientation and basic sample character 
determination (i.e., one can quickly recognize single crystal pattern, multiple grains, polycrystalline 
contribution etc). Regarding the Ni-Mn-Ga-based alloys, this method can be easily used especially 
for the cubic austenite. Nevertheless, it is known to struggle for twinned martensites, especially if 
hierarchical twin system is combined with structural modulation. Due to the heavy spots overlapping 
in twinned martensites, the use of this method is limited for characterisation of multivariant 
martensites. For these reasons, I used the Laue diffraction only occasionally for the aforementioned 
crystal orientation in austenite state and in case of simple NM martensite samples in single variant 
state. 

Example of Laue diffractogram for a single-variant NM tetragonal martensite is presented in Fig. 25 
representing the final Laue pattern after sample orientation. The (001) orientation and the tetragonal 
symmetry is well-apparent. The misorientation from the true (001) direction was calculated to 
be < 1°.  
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Unfortunately, as mentioned earlier, the reality is not always that kind for twinned martensites. To 
illustrate that, Fig. 26 represents the case of heavily twinned 10M modulated monoclinic martensite. 
The evaluation of such a pattern is difficult due to the peak overlapping and worse signal-to-noise 
ratio due to the used imaging plate. Better resolution for distinguishing of the overlapped reflections 
could be obtained by larger sample to image plate distance (we used 30 mm) at the expense of lower 
amount of the detected spots and weaker signal. Greater improvement could probably be achieved 
with better detector (e.g., modern CCD-based panel). Nevertheless, our instrument did not have such 
an option. 

 
Fig. 25: Laue pattern of the (001) oriented Ni46Mn24Ga22Co4Cu4 single crystal. Non-modulated 
tetragonal martensite in single variant state. Four-fold symmetry axis is well apparent. Enlarged 
well-defined diffraction spot is shown in the inset for illustration. 

 
Fig. 26: Laue pattern of the Ni50Mn28.5Ga21.5 single crystal. 10M modulated martensite with 
possible contribution from another martensite phase. Peak asterism indicates complex twinned 
microstructure. Due to peak overlapping and worse dynamic range, further data analysis from 
such Lauegram is practically impossible. Enlarged region of multiple overlapped diffraction 
spots is shown in the inset for illustration. 
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To sum up, even though the X-ray Laue diffraction represents a valuable tool for sample orientation 
that is still present in the majority of the XRD laboratories, its use in our case of Ni-Mn-Ga-based 
martensites is quite limited with experimental setup that was available to me. Therefore, in the rest 
of the text, we will stick to the constant-wavelength (CW) X-ray diffraction experiments that usually 
led to desired information more quickly and relatively more easily. 

But, in the contrary to the in-lab application of the X-ray Laue method, the neutron Laue method 
brought valuable results in our case. It’s implementation in the instrument CYCLOPS in 
ILL Grenoble which was used for some of our measurements, deals with most of the disadvantages 
of our X-ray Laue thanks to larger irradiated sample volume, high neutron flux and, especially, the 
octagonal detector array surrounding the whole sample. Here, one can obtain almost the full image 
(including both transmission and reflection patterns). In our allocated experimental time, this method 
was used for initial temperature scans and determination of intermartensitic transformations.  

Typical neutron Laue pattern for austenite of the Ni50Mn27Ga22Fe1 single crystal with indexed 
reflections is presented in Fig. 27 (a). Diffraction pattern changes noticeably after the transition to 
the 10M modulated martensite, Fig. 27 (b). There, the changes in symmetry caused minor shifts of 
the diffraction spots, but, most importantly, also the appearance of the new satellite reflections in the 
[110]* direction indicating the structural modulation. 

 

Fig. 27: Neutron Laue patterns of the of Ni50Mn27Ga22Fe1 single crystal. a) Cubic austenite 
with indexed peaks. b) 10M modulated martensite with the modulation satellites visible in 
the [110]* direction. 

During our allocated experimental time, we ran such experiments with three selected alloys in small 
temperature steps (as small as 1 K in some of the cases). Our measurements served as one of the 
bases for the following CW measurements with higher resolution performed using the instrument 
D10 (results will be discussed later). Furthermore, obtained Lauegrams (Laue diffractograms) served 
as confirmation of successful martensite variant reorientation of 10M martensite sample prior to the 
follow-up measurements (e.g., when we applied mechanical stress to remove the c-oriented variant. 
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Although our CYCLOPS results were not yet published on their own, they served as important pre-
experiments for the studies described later in sub-chapter 4.5 and published in [107,109]. 

 

 

3.2 XRD characterisation of Ni-Mn-Ga-based single crystals employing the 
multipurpose X-ray diffractometer 

Now, we will move to the constant-wavelength (CW) diffraction experiments and we will continue 
with the simplest sample form - the single crystals. During my work, I analysed large number of 
single-crystal samples in various martensite states. Complete list of analysed samples is presented in 
Appendix II. In this chapter, the basic methods of the single-crystal characterisation employed in the 
MSM group at the FZU will be described. The more advanced studies will be described later in the 
chapter 4. 

Dictated by the necessity of the characterisation of the large single crystals, different scales of the 
twinned microstructure, and considering the notable advantages of the divergent beam, the 
multipurpose diffractometers (often referred as powder diffractometer) were employed in all our CW 
XRD studies instead of the dedicated single crystal diffractometer. Nevertheless, we are fully aware 
of the possibilities, pros and cons of crystal characterisation and structure determination employing 
a dedicated single crystal diffractometer that is usually equipped with kappa goniometer. Although 
our choice of instrument does not represent a tool for an automated XRD data collection from single 
crystals and complete structure solution, it is perfectly capable of dealing with the partial tasks, 
sometimes with notable advantages for our applied research. 

3.2.1 Phase identification and the unit cell determination 

The initial step represents the phase identification or its confirmation (when the prediction based on 
various methods, such as magnetic measurements or microscopy, is available). Every phase is 
characterised by its unique typical diffraction pattern. In practice, we can restrict ourselves to 
matching of our obtained diffraction patterns to single or multiple known phases expected in our 
range of stoichiometries of the Ni-Mn-Ga-based alloys since their amount is very limited (see 
chapter 1.5). Fig. 28 represents a simulation of powder XRD patterns of the most common Ni-Mn-
Ga phases for the Co radiation. Here, the powder patterns are shown as a standard and relatively 
easily approachable representation of the diffraction pattern that transforms the 3D data of the single 
crystal into 1D. In all the cases, pseudo-austenitic coordinates for the indexing of the peaks of 
martensite phases were used. This allows direct correlation of our results with other measurements 
and observations. 
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Fig. 28: Simulated powder patterns calculated for the most common phases of Ni-Mn-Ga-
based alloys. For clarity, peaks are represented as single vertical lines, their lengths are equal 
to intensities (calculated from the structure factors) plotted in sqrt scale for accentuation of 
low-intensity reflections. Strong satellite peaks of the modulated phases are marked with 
magenta. Indices of martensite phases use the pseudo-cubic coordinates. Bragg angles 
correspond to the Co radiation (Kα1 = 1.78901 Å), the chosen 2θ interval of 45-135° represents 
an interval where the strong reflections appear. 

 

Using the dedicated single-crystal diffractometer, one would be able to measure the whole 
(reachable) reciprocal space at once and collect multiple reflections in one go. Even though 
automated reciprocal space scanning becomes slowly available even in multipurpose diffractometers, 
machines that I used unfortunately did not offer such functionality. Furthermore, such measurements 
would require long data acquisition time for basic tasks such as simple unit cell determination in our 
case of limited amount of the probable phases. 

Therefore, the data collection was performed using different approach – by initial inquiry on the 
presence of the typical strong reflections and their orientation and by measurements of several pole 
figures for expected 2θ Bragg angles (based on the reflections of the expected phases from Fig. 28) 
and then by measurements of higher resolution 2θ-ω scans at selected (χ,φ) angles for individual 
reflections to obtain precise 2θ values for the lattice parameters calculation. 

Explicitly, our standard procedure for the Ni-Mn-Ga single crystal of unknown phase looked as 
follows: 
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1. Pole figures: First, set of pole figures at expected 2θ angles for the strong principal reflections 
of martensite phases and austenite (especially the {400} and {220} fundamental reflections) 
were measured, Fig. 29 (showing only the pole figures where reflections were found). The 
measurement was done with larger detector acceptance angle, i.e., the detector collected the 
intensity in the 2° interval around the desired 2θ. Results presented here indicated the 10M 
martensite and excluded presence of other phases (i.e., no intensity was detected at the 2θ angles 
corresponding to other phases, not shown). 

  

  
Fig. 29: Typical pole figures for relatively well oriented single crystal of Ni50Mn28Ga22 - 
10M martensite phase. Low-intensity (400) and (040) reflections are detected at orientation 
close to (004) due to twinning, c-oriented martensite variant is clearly dominant in this set 
of measurements. All the pole figures use the same intensity scale normalised to the global 
maximum of intensity. 

2. Orientation refinement: If any reflections were detected in the pole figures, manual alignment 
followed around the suggested (χ,φ) coordinates by manual χ, φ, and (if necessary) ω scans and 
more precise 2θ scans, to refine the orientation of the peak. The orientation refinement was done 
repeatedly to achieve desired precision. For this step, optics were usually changed from 
divergent to parallel to obtain better precision. 

3. 2θ-ω scans: For every such orientation, 2θ-ω scan containing individual reflection (sometimes 
overlapped reflections from twinned variants) was measured. If better precision was needed or 
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in case of crystal with strong mosaicity (later discussed in chapter 3.5), smaller reciprocal space 
maps (usually 2θ-ω_ωoffset maps) were measured to obtain more insight. 

4. Peak fitting, Bragg angle evaluation: Measured scans were fitted with the FitExc program to 
obtain the 2θ maxima. This advanced fitting was necessary because of the frequent presence of 
the overlapped peaks due to twinning. It also dealt with the possible peak asymmetry due to 
higher tilt angles etc. 

5. Lattice parameters calculation: Following previous points, as many reflections as possible or 
necessary (usually ~ 10, depending on the previous knowledge about the sample) were collected. 
Then, peaks were manually indexed with the pseudo-austenitic cell following the marking 
shown in Fig. 28 and least-squares method was used to calculate the precise lattice parameters 
from all the reflections simultaneously.  

 
Example of the measured reflections for the 10M martensite of Ni50Mn28Ga22 at room temperature is 
shown in Table 2. The lattice parameters were calculated as: a = 5.961 Å, b = 5.943 Å, c = 5.601 Å, 
γ = 90.32°. From the maximum difference between the measured and calculated 2θ positions, the 
precision was determined as 0.001 Å and 0.01°. 

Table 2: Reflections measured for the Ni50Mn28Ga22 sample 

 

In some cases, the analysis is noticeably simplified by the previous expectation of the particular single 
martensite phase (e.g. based on magnetic measurements, information from the producer or based on 
the stoichiometry). Nevertheless, in case of totally unknown state of the sample, large amount of pole 
figures is needed to exclude possible simultaneous presence of other expected or even unexpected 
phases and to investigate possible presence of multiple grains. This makes the analysis quite long (i.e., 
approximately 1-2 days for one sample). Further details on characterisation of multigrain samples are 
discussed in sub-chapter 3.5. 

  

h k l   2θ calculated 2θ measured difference 

6 0 0   128.435 128.422 0.012 

0 6 0   129.131 129.142 -0.011 

0 0 6   146.769 146.773 -0.004 

4 0 0   73.783 73.768 0.015 

0 4 0   74.034 74.034 0.000 

0 0 4   79.409 79.406 0.004 

4 4 0   116.981 116.973 0.008 

6 2 0   143.987 144.005 -0.018 

2 6 0   144.816 144.811 0.005 

0 4 4   122.761 122.754 0.007 

-4 4 0   115.951 115.958 -0.007 

6 0 2   145.657 145.653 0.004 

0 6 2   146.631 146.628 0.003 

; 
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3.2.2 Reciprocal space mapping and the study of modulation 

After the crystallographic unit cell and the sample orientation were determined, the reciprocal space 
mapping is possible, example of the part of reciprocal space map is shown in Fig. 30. Usually, the 
reciprocal maps in the direction of modulation are measured in order to collect the satellite reflections. 
Based on these, the modulated martensite phases can unambiguously be confirmed and analysed. 
Noteworthy, reciprocal space maps can bring additional information on twining, i.e., when the 
modulation twins are involved, modulation satellites of 10M and 14M phases appear in both (110)* 
and (-110)* directions. Alternatively, the single q-scans (one dimensional scans of the reciprocal space, 
usually in the direction of modulation, Fig. 31) can be measured (if implemented in the data collection 
software) in case of simple 1D modulation. 
 

 
Fig. 30: Example of the part of the RSM measured for the 10M martensite of Ni50Mn28Ga22. 
Azure line illustrates a q-scan in the (110)* direction, see Fig. 31. Due to the modulation 
twins, both (110)* and (-110)* directions exhibit modulation satellites. 

 
Fig. 31: The q-scan corresponding to the azure line from Fig. 30. 

The approach of measuring q-scans instead of full reciprocal space maps has the advantage of 
diminishing the necessary measuring time considerably compared to the full reciprocal space maps. 
Nevertheless, this is only possible after the initial RSM measurements confirming the modulation 
direction. 
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3.2.3 Martensite variants distribution 

From the pole figure measurements, one can naturally gain the insight on the twin variants distribution 
and their orientation in the single crystal. Illustration for the NM martensite can be seen in Fig. 32 and 
Fig. 33. Both pole figures were measured with the same sample of the same orientation. Fig. 32 
indicates major presence of the a-oriented variant in the measured direction. Nevertheless, some minor 
contribution from the c-oriented variants can be clearly detected, Fig. 33. The difference in the (χ,φ) 
orientation of the variants is given by the nature of the a/c twinning, orientation of the three present 
crystallographic domains is illustrated in Fig. 34. From the intensities, the variant distribution can be 
roughly estimated: 96.4 % of the intensity comes from the a-oriented variant, 3.6 % of intensity come 
from both the c-oriented variants. 

  

Fig. 32: Pole figure of the (400) reflection of the 
Ni-Mn-Ga NM martensite clearly indicating the 
a-axis perpendicular to the sample surface. 

Fig. 33: Pole figure of the (004) reflection of the Ni-
Mn-Ga NM martensite indicating two c-oriented 
twins present in the sample due to the a/c twinning. 

 

 

 

Fig. 34: Illustration of the orientation of the twin domains suggested by the pole 
figures. According to the intensities, the a-oriented variant (green) is strongly 
dominant in the sample. The real microstructure is more complex and usually 
contains large number of a- and c-oriented parts. 

Similar experiments represent a valuable proof of the twin variant reorientation which is needed for 
some of the experiments and is usually achieved with strong magnetic field or mechanical stress. 
Nevertheless, one should always bear in mind the smaller penetration depth (~ tens of μm, depending 
on the source) of conventional XRD. For full volume, neutron measurements are needed. 

Good example of fast analysis allowed by the divergent beam (see chapter 2.2.3) represents the case 
of 10M martensite. Here, due to very small difference between the a and b lattice parameters and the 
γ angle very close to 90°, usually the a- and b- oriented variants can be present in one single 2θ-ω scan 
consisting of overlapped (400) and (040) reflections when the divergent geometry is used, Fig. 35. 
Therefore, from this fast single scan (and keeping in mind the structural factor) distribution ratio of 
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a- and b-oriented variants can be evaluated fast. Here, for illustration, the ratio of integral intensities 
of the (400) and (040) reflections was determined as 43% : 57% with FitExc. The c-oriented variant 
was not detected in wider 2θ-ω scan, confirming the full martensite reorientation with magnetic field 
(in the particular analysed volume). 

 

Fig. 35: Overlapped (400) and (040) reflections of the 10M martensite of the 
Ni50.0Mn28.7Ga21.3 single crystal detected in a single 2θ-ω scan and fitted with FitExc. 
Integral intensities of the individual peaks were calculated as I400 = 6731 counts, I040 = 8778 
counts, giving the intensity ratios of 43:57. 

Reciprocal space mapping can bring more information on the orientation of the twinned 
microstructure. This is a valuable tool to recognise the orientation of the a/b twin laminate of the 
10M martensite, Fig. 36, which usually cannot be distinguished easily with other common methods, 
such as optical microscopy with Nomarski contrast (DIC), due to the very small angle between the 
a- and b-oriented variants. This angle can be easily calculated as 90° - 2 arctg(b/a), giving the value 
of ~ 0.15°. [110] 

  

Fig. 36: Schematic depiction of a/b laminate of 10M martensite in two cases: a) a/b 
boundary perpendicular to the plane of the goniometer, b) a/b boundary parallel to the plane 
of goniometer. The angular difference between the orientations of the a- and b-oriented 
twin domains is exaggerated for illustration, the real difference is ~ 0.15°. 

When such a sample is examined under XRD, two contrasting reciprocal space maps can be obtained 
(depending on the resolution). When the a/b twin boundary is perpendicular to the plane of the 
goniometer, Fig. 36 a), the (400) and (040) reflections in the reciprocal space maps are detected at 
different ωoffset angles,  Fig. 37 a). In case of a/b twin boundaries parallel to the goniometer, Fig. 

36 b), both reflections are detected at the same ωoffset angle, Fig. 37 b). [110] 
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Fig. 37: Reciprocal space maps of (400) and (040) peaks in the instrumental coordinates. 
a) The a/b twin boundary is perpendicular to the plane of the goniometer - the peaks appear 
at different ω angles. b) The a/b twin boundary is parallel to the plane of the goniometer – 
both peaks appear at the same ω. Adapted from [110]. 
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3.3. ND studies of the modulation and processing of q-scans 

In the later discussed neutron experiments, we studied the evolution of the structural modulation with 
temperature. The base of the method is very similar to the one described above, therefore only some 
specific aspects are described here.  

In our ND measurements at the ILL Grenoble [111,112], mainly the four-circle diffractometers with 
He cryostats were used to analyse the q-scans in the [110]* direction (explained in the previous 
chapter). 

Prior the ND measurements, our samples were oriented and analysed by the XRD, following the 
procedures described in chapter 3.2. Therefore, the lattice parameters of our crystal, direction 
of modulation etc., were already known.  

At the ILL, mechanical compression was used to diminish the contribution of the c-oriented variant 
in the measured scans and the samples were aligned in the goniometer based on the set of selected 
strong fundamental reflections, specifically (4 0 0), (8 0 0), (2 2 0), (0 2 2), (2 0 2), (6 2 0), (8 4 0), 
(0 4 8), (4 8 0), and superstructural reflections (3 1 1), (1 1 1), (5 3 3), (2 0 0), (0 2 0) and (0 0 2). 
The UB orientation matrix was determined at room temperature before enclosing the sample into 
cryostat. The entire automated process was carefully supervised to prevent the errors caused 
by contributions from the twinned variants. 

The cryostats of D9 and D10 instruments allowed us to track the modulation changes while cooling 
down to 10 K and heating to approx. 320 K. Expectably, the sample orientation slightly changes with 
temperature due to the thermal expansion/compression and, more importantly, the intermartensitic 
transitions (newly created martensite variants change the shape of the sample). Ideally, one should 
refine the sample orientation (the UB matrix) based on the set of preselected reflections at every 
temperature step. We indeed adjusted sample orientation at every step during our XRD experiments. 
Unfortunately, due to time limitations and necessity to supervise the process (due to inevitable 
twinning that might send the algorithm toward wrong solution), this was not possible at every 
temperature step of our ND measurements. Additionally, we needed to cope with the aforementioned 
twinning of martensite, i.e., we needed to exclude the unwanted differently oriented martensite 
variants from the q-scans.  

To cope with this problem, our measurements employed the 2D detector and specific data processing 
according to the following procedure: 
 

- The q-scans were not recorded purely as 1D scans. In fact, each step in the q-scan contained 
the full 2D image from the detector, Fig. 38. 

- For each such a scan, the appropriate area of the detector was chosen for the intensity 
integration. With this, we got rid of the problem of possible minor misorientation, problem of 
contributions from the multiple variants, and we generally increased the signal-to-noise ratio, 
see Fig. 39 and Fig. 40 for demonstration. 
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Fig. 38: Adapted screenshot from Rplot [96] containing two parts: a) Image from the detector 
containing the pixel range for the intensity integration and b) the resulting q-scan. The presented 
detector image corresponds to the (220) peak. The q-scan contains the intensity from the full 
detector area of 32×32 pixels integrated at each step along the “q-line”. Such a result is clearly 
obscured, as combined contributions from multiple peaks are integrated at some steps (see 
further). It is also visible that the sample is not perfectly aligned at this temperature, since the 
reflection is slightly off-centre. 

 

 

Fig. 39: Screenshot from Rplot [96] containing two parts: a) Image from the detector containing 
the pixel range for the intensity integration and b) the q-scan. Now, the focus is given on the 
particular point close to the (400) peak in the q-scan. The detector image indeed reveals that 
multiple peaks contribute to the integrated intensity: the (400) reflection, parasite reflection 
from twin variant and satellite reflection that appears in the detector area due to geometry 
reasons. This suggests that the detector area used for data integration needs to be reduced. 
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Fig. 40: After selection of the appropriate integration area (used area is highlighted light green, 
the full detector range is shown here just for context) chosen empirically based on the 2D 
detector images along the whole measured “q-line”, resulting q-scan is clear and reveals minor 
satellite peaks that appear close to the main reflections (later demonstrated in log. scale in Fig. 

71 and others). Now, the q-scan is ready to be fitted. 

 

This procedure could not have been automated due to the different nature of every sample (different 
mixture of variants present, different crystal mosaicity etc.) and different transformation 
temperatures. Therefore, I processed more than 100 such scans manually and chose the appropriate 
integration area. To obtain coherent results for all the temperatures, described procedure was 
performed in several iterations while comparing the resulting 1D q-scans to each other and making 
sure that the overall intensity has not decreased too much, noise is not gained and/or new peaks from 
random variants are introduced. With this, the later-presented final 1D q-scans were obtained. 

For every q-scan, every peak was fitted with pseudo-Voigt function which showed the best agreement 
with the character of the peaks. Given the peak overlapping and up to three orders intensity difference 
of some satellites compared to the main reflections, this procedure was also done manually, 
employing FitExc. With this, set of reflections (main and satellites) present in q-scan was obtained, 
together with their positions and integral intensities. Then the indexing was performed and 
modulation vector has been determined. 

Altogether, for illustration, behind every point in the presented later in the final q(T) charts (later 
shown Fig. 74 etc.), there were tens of minutes of intense experimental work and elaborate data 
processing. 
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3.4 XRD characterisation of the Ni-Mn-Ga bulk polycrystals and powders 

The diffraction pattern of a polycrystal (usually referred to as powder diffraction pattern) represents 
a one-dimensional snapshot of the reciprocal space, where the scattered intensity is measured as 
a function of a single independent variable – the Bragg angle 2θ. The powder diffraction pattern 
includes large amount of additional information (e.g. on texture of the sample, crystallite size, etc.) 
and, when properly collected and processed, a great deal of detail on about a material can be 
established. [113] 

The advantage of the powder XRD when it comes to our materials lies in the fact, that the 
contribution from all possibly twinned martensite variants is gathered in one scan. Therefore, the 
complicated separation of the contributions from the particular twinned domains which must be 
employed for the structure solution from twinned single crystals is not needed here. The powder 
pattern also carries the information on structural modulation. Nevertheless, the method has many 
practical disadvantages when it comes to studies of our martensites. 

3.4.1 Limits 

The full 3D (or even 4D in case of modulation) information is collapsed onto 1D. Therefore, the 
structure solution from the powder data is difficult, results might not be singular and good initial 
model is needed. When it comes to the modulated phases, the high-order modulation satellites of low 
intensity might get overlooked as they might be immersed in the background. 

There is also a problem of sample preparation: obtaining an ideal polycrystalline sample with random 
grain distribution and small particle size (<50 μm) is not simple. In practice, the bulk polycrystalline 
samples produced by conventional methods (such as arc melting) are often highly textured and 
contain large grains complicating the analysis. The attempts to produce powder samples (by milling 
etc.) often result in influenced microstructure and large residual stresses. [113] 

And last, but perhaps most importantly, the MIR functionality of our materials is manifested mainly 
in single crystals and the results obtained from powders might be of limited practical use given the 
possibly influenced structure and microstructure. This was earlier addressed in chapter 1.7. 

In some cases, PND can be used with advantage – due to larger irradiated sample volume, the 
requirement of large amount of randomly oriented grains can be fulfilled more easily. Nevertheless, 
there are only several neutron sources with small-enough instrumental broadening suitable for studies 
of overlapped reflections of some of the Ni-Mn-Ga martensites. 

3.4.2 Powder pattern analysis and Rietveld refinement 

When it comes to sample characterisation practice, if we forget about the aforementioned limits, 
there are multiple methods to approach the measured powder samples consisting of the known 
martensite phases. The most used is the Rietveld refinement, where all the structural and instrumental 
parameters are refined by fitting a calculated profile to the observed data [113–115]. After the initial 
qualitative phase analysis, the determination of lattice parameters, texture, microstrains, crystallite 
size and (in the presence of multiple phases) quantitative phase analysis can be done by Rietveld 
refinement. In case of more complex texture or cases without the known structural model, structure-
less hkl fitting (i.e. Pawley or LeBail fitting, where peak intensities are free parameters to some level) 
can be employed to gain at least some part of the information (such as lattice parameters) in several 
software suites, such as TOPAS [92]. The use of the hkl fitting is unfortunately limited for modulated 
martensites and other low-symmetry phases given the large number of reflections and resulting peak 
overlapping. 
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Furthermore, for Rietveld refinement, a reasonable initial model is needed. When it comes to the Ni-
Mn-Ga-based alloys, the structure databases contain several inconsistent entries, especially when it 
comes to modulated martensites.  

Despite my experience with the Rietveld refinement performed on various Zn-, Mg-, and Ti-based 
materials and their difficult corrosion products, see e.g. [116–121], and further experience with Ni-
Ti-based alloys and Fe-Cr-Ni-Ti-Mn high-entropy alloys, I have unfortunately never encountered 
refinable Ni-Mn-Ga powder sample. The structure was always broken by pulverisation and did not 
correspond to the original bulk.  

Typical case of the samples I encountered is illustrated in Fig. 41 representing the diffraction pattern 
from the Ni45Mn25Ga25Co5 powder prepared by ball-milling. Agate balls were chosen during sample 
preparation to prevent the contamination with Fe or other elements.  

 
Fig. 41: The powder pattern obtained from the Ni45Mn25Ga25Co5 sample, screenshot 
from TOPAS. Strong contamination with SiO2 has been discovered. Non-specified 
additional (probably martensitic) phase is indicated at the low angles. 

Originating bulk oligocrystal exhibited pure austenite. The obtained powder consisted mainly 
(volume content ~ 80(10) %) of textured austenite phase with low crystallite size (< 20 nm) and 
high microstrain. A small (~ 3 %) a residue of martensite phase indicated by the reflections at 
low angles. Surprisingly, the strong contamination (~ 17 %) from the SiO2 in two forms of 
hexagonal quartz was discovered in the pattern, probably originating from the milling. Given 
the smaller crystallite size, possible quantification error is large. This demonstration is therefore 
included just for the completeness of our explanation of the characterisation possibilities. 
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3.5 XRD characterisation of Ni-Mn-Ga oligocrystals and heavily textured 
polycrystals 

Between the ideal single crystals and ideal polycrystals/powders, there is the region of oligocrystals 
– samples consisting of several units or tens of single grains. Here, the application of standard single-
crystal or polycrystal XRD methods is hindered noticeably since the basic requirements (either single 
grain or the distribution of large amount of randomly oriented small grains) are not satisfied. The 
resulting diffraction pattern consists of the contributions from all the irradiated grains that usually 
cannot be reasonably resolved, and, at the same time, the number of single grains is not large enough 
to form the reasonable powder-like diffraction pattern. Unfortunately, this is the case of typical 
samples of the Ni-Mn-Ga-based alloys produced by arc-melting and thus I had to establish a standard 
method of oligocrystalline samples characterisation. 

There are two approaches that could be used to deal with such samples: i) trying to distinguish the 
individual contributions from the individual grains and approaching them with single-crystal 
diffraction methods, or ii) trying to obtain powder-like 1D 2θ diagram from these samples. Both will 
be briefly described in the following chapters. 

3.5.1 Structural characterisation of Ni-Mn-Ga oligocrystals using the single-crystal XRD 
approach 

In case of several large-grains-containing oligocrystals, one could try to focus on a single grain by 
choosing the appropriate X-ray optics (e.g., monocapillary optics or point focus with the very small 
slits) and follow the single-crystal routine listed in chapter 3.2. When such an approach is not possible 
(beam is too large, resp. grains are too small), one could still try to distinguish the contributions from 
distinct grains if their number is low. One should always bear in mind not only the contributions 
from the single grains, but also the contributions from the twinned variants possibly formed in each 
grain. In practice, especially in the case of twinned martensites, if the overlapped patterns from more 
than ~ 5 grains are detected, one has to abandon this method and shift directly to the second approach 
(chapter 3.5.2).  

Optionally, in case of large-enough grains, one can think of an extraction of single grain (e.g., by 
cutting or shock-freezing in liquid nitrogen that might break sample into single grains) and proceed 
with single-crystal characterisation techniques. 

3.5.2 Structural characterisation of Ni-Mn-Ga oligocrystals and highly textured polycrystals 
using the powder XRD approach  

The second approach represent various methods for collection of the powder diffraction pattern from 
single crystals, oligocrystals or highly textured polycrystals. In practice, these methods rely on the 
collection of the combined powder pattern consisting of contributions from different sample 
orientations achieved by sample rotation, oscillation, or other movements and their 
summation/integration. The most popular is probably the Gandolfi method for obtaining the powder 
pattern from single crystal while keeping the intensities ratio related to the structural factors.  

Several analogue setups and experiments can be run using the conventional multipurpose X-ray 
diffractometer without the dedicated Gandolfi stage, usually at the expense of several notable limits: 
i) the intensities of the resulting diffraction peaks depend on various factors and usually cannot be 
easily related to the structure (e.g., in case of non-ideal sample shape without complex absorption 
correction, in case of different irradiated volume caused by sample tilts, or when all the sample 
orientations are not achieved); ii) the defocusing caused by the sample tilts influences the shape 
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of the diffraction maxima; iii) in some cases, results might not be complete (i.e., using these methods, 
one can detect the presence of various phases, nevertheless, one sometimes cannot reasonably 
disprove the possible presence of additional ones that have not been discovered). 

Nevertheless, even though this method cannot be reasonably used for the complete structure solution, 
it can usually be used for the basic characterisation including the phase identification (in our case of 
limited possibilities), lattice parameter evaluation, detection of phase transitions during 
heating/cooling etc. 

In practice, the sample rotation/oscillation/etc. is sometimes not necessary, and one could limit 
oneself to collection of as many reflections as possible from several grains. In this case, for each 
reflection the maximum in (χ,φ) space can usually be found leading to the more precise peak 
positions. The limitation is that traces of other phases (if present) might sometimes be overlooked 
resulting in incomplete results. For certainty, larger amount of measured pole figures for different 
2θ angles is necessary together with the measurements of the 2θ scans in broad 2θ interval. 
Alternatively, this method could be used in combination with other (magnetic, electric etc.) 
measurements. 

Noteworthy, even if it might look that the inevitable twinning is a nuisance complicating the analysis 
of single crystals, when it comes to collection of as many reflections as possible from oligocrystalline 
samples, twinning is in fact beneficial and in some cases allows measuring multiple {hkl} reflections 
in one 2θ scan. 

3.5.2.1 Highly textured polycrystal 

During my work, I encountered many arc-melted samples that were of polycrystalline nature 
(although sometimes with larger grains) with strong fibre texture. Here, the (100) and (001) axes 
of the martensite variants (Fig. 42) usually went in the heat dissipation direction, while the axes 
perpendicular to these covered symmetrically the whole circle of orientations as indicated by the pole 
figures showing typical fibre texture, Fig. 43. 

 
Fig. 42: Original Bragg-Brentano scan for the arc-melted Ni50Mn24Ga18Fe4Cu4 at φ = 0°, 
χ = 0°. Two detected peaks are the (400) and (004) reflections of the non-modulated 
martensite, both are present due to the a/c twinning and the beam divergence. 
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Fig. 43: Pole figures of (400) and (202) reflection of the arc-melted Ni50Mn24Ga18Fe4Cu4 
sample clearly indicating strong fibre texture. 

In case of such fibre texture, full set of achievable reflections can be collected by simple automated 
measurements of individual gonio scans with different sample χ tilts (covering reasonable range) for 
one or several φ angles indicated by the pole figures. Such measurement is demonstrated in Fig. 44 
for φ = 0°. After the summation of the individual scans and peak indexation (here following the unit 
cell and symmetry of the non-modulated tetragonal martensite), Fig. 45, lattice parameters were 
determined as a = 5.408 Å, c = 6.678 Å. 

 
Fig. 44: Set of Gonio scans collected for the newly casted Ni50Mn24Ga18Fe4Cu4 alloy. 13 
scans were performed for different χ tilts from χ = 0° (top) to χ = 60° (bottom) in 5° steps. 
For clearer visualisation, constant offsets are used to accentuate individual scans. Given 
the strong fibre-like texture of the bulk polycrystal, all the achievable reflections were 
reasonably measured with this procedure. 
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Fig. 45: Overall 1D scan obtained as a sum of individual scans from Fig. 44. 

 
3.5.2.2 True oligocrystal 

The unsuccessful attempts to obtain real single crystals sometimes bring bulk samples of 
oligocrystalline nature. This can also be the case of arc-melted samples containing elements like Co, 
that seems to increase the grain growth. Resulting samples usually contain several units or tens of 
grains. Here one usually has to “hunt” for single reflections by initial measurement of multiple pole 
figures and then hunting for the precise 2θ values, similarly to the procedure described in chapter 3.2. 

Illustration of the situation can be shown for the Ni50Mn25Ga20Co5 oligocrystal. From the magnetic 
measurements with temperature (not shown), a non-modulated martensite was expected. 
Nevertheless, to exclude potential presence of another phases, collection of pole figures at 2θ angles: 
66°-82° with 2° steps was conducted (here the main martensite/austenite reflections (400), (040) and 
(004) appear). Open detector with 2θ acceptance angle of ~ 2.1° covered the interval fully (especially 
given the usual broadness of the peaks). In other words, was there any reflection present, it would be 
detected in such pole figures.  

Only peaks at 2θ angles corresponding roughly to the (400) and (004) reflections of NM martensite 
were found in the pole figures, shown in Fig. 46. Measurements clearly indicated the oligocrystalline 
nature of the sample. The rest of pole figures excluded possible presence of other phases expected 
for Ni-Mn-Ga (i.e., 10M and 14M martensite and austenite), Fig. 47. 

Measurement was followed by pole figure scans at 2θ of 50.4°, 55.5°, 91.1° and 103.7°, where the 
(202), (220), (224) and (422) reflections were expected, Fig. 46. 
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Fig. 46: Pole figures of the (004), (400), (202), (220), (224), and (422) reflections collected for 
the Ni50Mn25Ga20Co5 sample (created by arc melting in 2021). Individual spots indicate presence 
of multiple (~ 15) grains. All the pole figures use the same intensity scale normalised with respect 
to the global maximum of intensity (25620 counts). 
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Fig. 47: Examples of the pole figures serving for exclusion of other phases measured in the 
2θ region of expected reflections from 10M, 14M, and/or austenite in the Ni50Mn25Ga20Co5 
sample (created by arc melting in 2021). No peaks were detected, all the detected intensity is 
the background. All the pole figures use the same intensity scale as the pole figures in Fig. 46 
normalised with respect to the global maximum of intensity (25620 counts). 

All the measured pole figures confirmed the presence of ~ 15 grains. To calculate the lattice 
parameters of the detected NM martensite, several points from the figures were chosen (preferably 
those with the highest intensity and those requiring the smallest sample tilt), followed by the 2θ-ω 
scans with parallel beam optics (for better focusing and elimination of the possible sample 
displacement effect during tilting) for the (400), (004), (220), (202), (422) and (224) reflections. For 
illustration, all the collected scans are plotted together in Fig. 48. 
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Fig. 48: 2θ scans measured for the several (χ,φ) orientations chosen from the pole figures. 

Each peak in the scans was fitted using FitExc fitting program to obtain the accurate values of the 
Bragg angles. Then, least squares method was used to obtain the final lattice parameters 
a = b = 5.420 Å, c = 6.635 Å. Given the high precision of the peak maxima determination and the 
number of peaks used for calculation of two parameters, the lattice parameter precision was estimated 
as 0.002 Å or better. 

Described approach works for the situations of several units to tens of grains. In case of single-phase 
samples, the whole process can usually be performed within one day of measurement and 
simultaneous data processing. Unfortunately, given the necessity of on-the-go adjustments, the active 
presence of the XRD operator is necessary during the whole experiment. 
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4 Results and discussion 

Focusing on structural characterisation, I have contributed to the fundamental and material research 
of Ni-Mn-Ga-based Heusler alloys within MSM group. I addressed several essential topics of the 
field. My experimental work dived deeply into structural problems connected with twinned and 
modulated martensites and contributed to the understanding of the structure, which is still far from 
complete. Given broadness of the topic, the results and discussion section are divided into these parts: 

• Characterisation of the newly casted Ni-Mn-Ga-based single-, poly- and oligocrystalline 
samples 

• Evaluation of the crystal quality of Ni-Mn-Ga single crystals 
• Characterisation of the NM martensite – the extrapolation of zero-Kelvin lattice parameters 

for ab-initio study 
• Characterisation of the 14M modulated martensite  
• Analysis of nanotwinned form of 10M martensite 
• Studies of the structural modulation within the 10M modulated martensite of Ni-Mn-Ga(-Fe) 

single crystals 

These are ordered from the simplest routine tasks to more fundamental research with valuable 
outcomes for the field. In each part, the main scientific conclusions and their implication will be 
described and discussed together with the references to the published work.  

4.1 Characterisation of the newly casted Ni-Mn-Ga-based single-, poly- and 
oligocrystalline samples 

My XRD results represented a crucial (although routine) part in the research of newly casted Cu-, 
Cr- and Fe-alloyed Ni2MnGa-based alloys. Here, the information on phase composition, crystal 
nature and lattice parameters represent the very base of understanding of the material. Presented 
results are divided into three sub-chapters based on the alloying elements used and the connection to 
publication outputs. 

4.1.1 Full variation of site substitution in Ni-Mn-Ga by ferromagnetic transition metals 

I took a part in the studies of full variation of site substitution in Ni-Mn-Ga by ferromagnetic 
transition metals [57]. In the study, nine different Fe-, Co-, and Ni- alloyed Ni2MnGa samples were 
analysed with nominal compositions: Ni45Mn25Ga25Fe5, Ni50Mn20Ga25Fe5, Ni50Mn25Ga20Fe5, 
Ni45Mn25Ga25Co5, Ni50Mn20Ga25Co5, Ni50Mn25Ga20Co5, Ni50Mn25Ga25, Ni55Mn20Ga25, and 
Ni55Mn25Ga20. Samples clearly were of oligocrystalline nature, as illustrated in the (400) and (202) 
pole figures of the Ni45Mn25Ga25Fe5 sample, Fig. 49, and (400) and (004) pole figures of the 
Ni50Mn25Ga20Co5 sample, Fig. 50.  

Similarly to the approach described in chapter 3.5.4, for all the measured alloys, care was taken to 
clearly exclude the possible presence of other phases typical for Ni-Mn-Ga. Illustration is also 
presented in Fig. 50, here excluding the possible presence of austenite, 10M or 14M martensite in 
the Ni50Mn25Ga20Co5 sample. Further proof was presented in Fig. 47 used earlier for the 
demonstration of the method – here the pole figures were measured for the sample of the same 
composition from the new batch of casted alloys). 
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Fig. 49: Pole figures of (400) and (202) reflections of the austenite phase of the 
Ni45Mn25Ga25Fe5 sample indicating oligocrystalline nature with ~ 25 grains. 

 

  

  
Fig. 50: Pole figures of the Ni50Mn25Ga20Co5 sample (created by arc-melting in 2019). 
Peaks at the almost same positions in the (400) and (004) pole figures indicate a/c 
twinning, slight differences in the orientations are given by the orientation relation 
between a- and c-oriented variants. Pole figures measured for 2θ of 74.0° and 75.6° are 
plotted as a proof that neither austenite nor 10M martensite phase were present in 
the sample. 
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Noteworthy, the (400) and (004) reflections of the NM martensite appearing with the very similar 
orientation in the pole figures presented in Fig. 50 indicate the twinned microstructure within 
individual grains of the oligocrystal. 

Combined diffraction patterns representing the sums of individual 2θ-ω scans measured for each 
sample are plotted in Fig. 51 with names using simplified previously described identifier. From the 
pole figures and these patterns, phase and lattice parameters were evaluated. Results are summarized 
in Table 3. 

 
Fig. 51: Indexed diffraction patterns of the Ni2Mn-Ga alloyed by 5% of Ni, Co, or Fe. Each 
pattern represents the sum of at least 4 scans collected for different (χ,φ) orientations chosen 
based on the pole figures. Based on these, the distinct austenite (marked A) and martensite phases 
(14M and NM) were identified. Modified image published in [57] (supplementary). 
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Table 3: Determined phase and the lattice parameters (in Å) of the newly casted Fe-, Co-, and Ni-
alloyed Ni-Mn-Ga. Adapted from the original publication with the approval of the first author [57] 

Sample a0 a b c γ c/a Structure 

Ni45Mn25Ga25Fe5 5.827(1) - - - 90 - A 
Ni50Mn20Ga25Fe5 5.814(1) - - - 90 - A 
Ni50Mn25Ga20Fe5 - 6.200(2) 5.764(2) 5.506(2) 90.4(2) 0.89 14M 

Ni45Mn25Ga25Co5 5.822(1) - - - 90 - A 
Ni50Mn20Ga25Co5 - 5.535(2) - 6.384(2) 90 1.15 NM 
Ni50Mn25Ga20Co5 - 5.424(2) - 6.630(2) 90 1.22 NM 

Ni50Mn25Ga25 5.818(5) - - - 90 - A 
Ni55Mn20Ga25 - 5.469(4) - 6.515(5) 90 1.19 NM 
Ni55Mn25Ga20 - 5.392(2) - 6.701(1) 90 1.24 NM 

 

 

4.1.2 Systematic trends of transformation temperatures and crystal structure of Ni-Mn-Ga-
Fe-Cu alloys 

Similar characterisation was performed during the study of systematic trends of transformation 
temperatures and crystal structure of Ni-Mn-Ga-Fe-Cu alloys, i.e., Ni50Mn25Ga23Fe1Cu1, 
Ni50Mn25Ga21Fe2Cu2, Ni50Mn25Ga17Fe4Cu4, Ni50Mn25Ga24.5Cu0.5, Ni50Mn25Ga22.5Fe2Cu0.5, and 
Ni50Mn25Ga20.5Fe4Cu0.5 (nominal compositions) [104]. Samples were mostly of highly textured 
polycrystalline nature with large grains, as illustrated in the pole figures, Fig. 52 and previously 
shown Fig. 43. The aim of the XRD characterisation was to determine the phase composition and 
lattice parameters at room temperature and, for selected samples, also on cooling to 250 K. The 
results are summed up in Table 4. Analysis was performed for both the as-cast and annealed sample 
states. In some cases, multiple coexisting phases were identified, especially in the as-cast samples. 
Illustrative examples of final XRD patterns obtained using the procedures described in chapter 3.5 
are shown in Fig. 53. Results were published in [104]. 

  

Fig. 52: (400) and (202) pole figures of the austenite of Ni50Mn25Ga24.5Cu0.5 sample 
indicating complicated character of the sample – highly textured polycrystal with large 
grains. 

 



66 

 

Interesting side result of the characterisation of these new alloys is the detected strong fibre texture 
in the majority of the analysed samples. This indicates that this bulk material in polycrystalline form 
can probably exhibit the MIR in the specific directions of preferred orientation. 

 
Fig. 53: Illustration of four summed patterns obtained for Ni-Mn-Ga-Fe-Cu samples.  

Table 4: Determined phases found in the newly casted Ni-Mn-Ga-Fe-Cu samples. Adapted from [104] 

sample state phase a [Å] b [Å] c [Å] γ [°] 

Ni50Mn25Ga23Fe1Cu1 as-cast 10M+14M+NM - not analysed further - 

  annealed NM 5.48   6.54   

Ni50Mn25Ga21Fe2Cu2 as-cast NM 5.46   6.60   

  annealed NM 5.45   6.60   

Ni50Mn25Ga17Fe4Cu4 as-cast NM 5.41   6.68   

  annealed NM 5.40   6.68   

Ni50Mn25Ga24.5Cu0.5 as-cast A 5.83       

  annealed A 5.83       

Ni50Mn25Ga22.5Fe2Cu0.5 as-cast A 5.83       

  annealed A 5.83       

  annealed, T=250 K 10M 5.99 5.96 5.59 90.3 

Ni50Mn25Ga20.5Fe4Cu0.5 as-cast 14M 6.22 5.78 5.50 90.7 

    NM 5.39   6.67   

  annealed 14M 6.22 5.78 5.50 90.7 

    NM 5.39   6.67   
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4.1.3 Highly textured polycrystal of Ni50Mn25Ga20Cr5 

Slightly more difficult problem represented the recent characterisation of the Ni50Mn25Ga20Cr5 alloy. 
Measurements indicated highly textured polycrystalline nature with the mixture of small and very 
large grains as indicated by the pole figures, Fig. 54. Due to the nature of the sample and content 
of Cr, the signal-to-noise ratio (SNR) was unfortunately low further complicating the analysis. Full 
set of measured 2θ-ω scans in the (χ,φ) orientations suggested by the pole figures are shown in Fig. 

55 after background subtraction necessary for further processing due to the low SNR.  

  

  

Fig. 54: Pole figures measured for the Ni50Mn25Ga20Cr5  sample at 2θ angles of 55.0°, 64.7°, 
70.3° and 82.0° indicating polycrystalline nature of the sample with some larger grain 
grown in specific directions. Given the noticeable overlap of NM and 14M reflections and 
detector acceptance range of 2.1°, contributions from multiple reflections are present in the 
pole figure. 
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Fig. 55: Seven 2θ-ω scans measured for the Ni50Mn25Ga20Cr5 alloy. Due to the low signal-
to-noise ratio, background has been partially subtracted for better peak visibility. 

The resulting combination of the scans was fitted with combination of NM and 14M phases. These 
were chosen as suitable initial candidates based on the magnetic measurements and based on the 
presented single scans. Twinned NM and 14M variants are indicated by the detected reflections in 
one scan – i.e., the curve for χ = 6.8°, φ = 307° in Fig. 55 contains both (400) and (004) peaks of NM 
martensite thanks to the divergent beam geometry. Indexed combined diffraction pattern is presented 
in Fig. 56. The lattice parameters of the NM martensite were determined as a = 5.458 Å, c = 6.664 Å, 
and 14M martensite as a = 6.229 Å, b = 5.797 Å, c = 5.562 Å, γ = 90.78°.  

 
Fig. 56: Indexed combined diffraction pattern of Ni50Mn25Ga20Cr5 sample. 
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4.2 Evaluation of the crystal quality of Ni-Mn-Ga single crystals 

To see what can influence the MSM functionality or twin boundary motion, we studied crystal quality 
of four single crystals of the same stoichiometry (Ni50Mn28Ga22) obtained from four different 
producers: the FZU, Charles University (CU), Boise State University (BSU), and commercially 
available sample from Goodfellows (GF). All the crystals were cut in the plane with (100) normal 
direction. The crystal mosaicity was chosen as a suitable crystal quality metric readily available. 

Following the traditional approaches, one would measure one-dimensional ω scans of the reflection 
with suitable orientation – in our case, the strong (400) reflection. Nevertheless, this approach is not 
correct in case of twinned Ni-Mn-Ga crystals, because of the overlapped (400) and (040) twinned 
reflections that might influence the 1D rocking-curve and lead to misinterpretation. Orientation of 
these twinned reflections in space depends on the orientation of the a/b twins in the crystal, see 
chapter 3.2.3 and [110]. 

Instead, two-dimensional maps were measured as these contain the full information, i.e., spread of 
both overlapped reflections due to mosaicity (analogue of the rocking curve) as well as the 
information on the contribution from the a- and b- oriented variants. 

The measurements (in form of 2θ-ω_ωoffset 2D maps for (400) + (040) reflections) indicated the 
lowest mosaicity in the CU crystal,  Fig. 57.  Here, one mosaic block was observed with FWHM 
(full width at half-maximum) of 0.66° in the rocking direction. Both FZU and BSU crystal showed 
presence of multiple mosaic blocks. The GF crystal showed a noticeably wider peak in the rocking 
direction with FWHM of 1.7° indicating larger crystal mosaicity.  

The overall results of the paper showed that the crystal quality affects the magnitude of the twinning 
stress only indirectly, through its impact on the character of the twin boundaries. [103] The article 
also showed slight discrepancy from the nominal Ni50Mn28Ga22 stoichiometry. This was obvious also 
from my XRD measurements – differences in the 2θ positions of the (400) and (040) reflections 
indicate slight differences in a and b lattice parameters, that are usually caused by slightly different 
compositions (in cases without any external or internal stresses etc.). 
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Fig. 57: 2D 2θ-ω_ωoffset scans showing the crystal mosaicity. Including the projections to 
the x- and y-axes. [103] 

 
 

4.3 Characterisation of the NM martensite – the extrapolation of zero-Kelvin 
lattice parameters for ab-initio study 

During my PhD studies, I have often encountered the non-modulated martensite. Being usually stable 
at the lowest temperature (if present), it is often considered a ground martensite state. Even though 
the non-modulated martensite does not seem to be the most promising candidate for the MSM 
applications, its understanding still represents the keystone in understanding this whole class of 
alloys. Due to its relative simplicity, the NM martensite is also easiest approachable martensite phase 
by the ab-initio calculations. These first-principles calculations usually deal with the minimum-
energy zero-Kelvin states. This brings the necessity to obtain experimental lattice parameters and the 
c/a ratio at temperatures as low as possible, or enough data for approximation at 0 K. 

To provide such data, Ni53Mn24Ga23 single crystal was analysed. Crystal exhibited stable NM 
martensite for T < 360 K. Thermal evolution of the lattice parameters was examined in the 
temperature range of (93-360 K). The temperature of 93 K was the lowest achievable with our DCS 
500 domed cooling stage at the time of experiment. Aiming to obtain enough data for the reasonable 
extrapolation of the c/a ratio down to 0 K, lattice parameters were measured in small temperature 
steps for better precision of the extrapolation, Fig. 58. Data extrapolation to 0 K was performed with 
rational function. This led to better fit then the standard polynomial functions that are widely used. 
Furthermore, rational functions are known to have more stable interpolatory and extrapolatory 
properties [122]. Based on the fit of the c- and a- lattice parameters, the c/a ratio calculated for each 
temperature was extrapolated down to 0 K as (c/a)T=0 K = 1.221, Fig. 59. 
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Fig. 58: Temperature evolution of the a and c lattice parameters of the non-modulated martensite 
of Ni53Mn24Ga23 single crystal and their fit with rational function. Measurements were performed 
using two diffractometers: PANalytical X’Pert diffractometer with custom-made heating/cooling 
stage in temperature range 245 – 360 K and Rigaku SmartLab equipped with then Anton Paar 
DCS 500 domed cooling stage in temperature range of 93 – 298 K. 

 
Fig. 59: Temperature evolution of the c/a ratio determined for the single crystal of 
Ni53Mn24Ga23. Extrapolation down to 0 K is based on the approximation of c and a 
parameters with rational functions (Fig. 58). 

Results served as one of the experimental keystones for the ab-initio study of the effect of electron 
localisation on prediction of material properties performed by M. Zelený of the VUT Brno, Czech 
Republic, published in [106]. The comparison between the extrapolated c/a ratio down to 0 K 
temperature and the ab-initio calculation once again proved the necessity to use the Coulomb 
repulsion parameter U when employing the Hubbard-model-based generalized gradient 
approximation for Ni-Mn-Ga. Comparison between our data and the predictions performed for the 
U interval from 0 to 3 eV restricted the appropriate interval of U to 1.4 – 2 eV. [106] 
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4.4 Characterisation of the 14M modulated martensite 

During my stay at the LUT University (Finland) in the group of K. Ullakko and A. Sozinov, we have 
focused on the characterisation of the 14M modulated martensite of the Ni50Mn25Ga20Fe5 alloy. 
5 %  Fe alloying was employed to bring the 14M martensite phase to the room temperature. Due to 
higher a/b ratio compared to the 10M martensite, one can get rid of a/b twins more easily in the 
14M modulated martensite. This allows creation of the real single (martensite) variant state, 
favourable for the fundamental research. 

Using the pseudo-austenitic coordinates, the lattice parameters at room temperature were determined 
as a = 6.194 Å, b = 5.780 Å, c = 5.499 Å, γ = 90.55° from 11 main reflections (i.e., (220), (022), 
(400), (040), (004), (440), (044), (620), (242), (224) and (422)). Modulation satellites were analysed 
with higher-resolution optics employing a hybrid monochromator to precisely determine the satellite 
positions and examine possible anomalies in their shape (despite expectation, they were not 
detected). The overall 2D map with all the analysed reflections is shown in Fig. 60 in instrumental 
coordinates. Detailed high resolution maps of the detected satellites are shown in Fig. 61. The q-scan 
in reciprocal coordinates extracted from the RSM is shown in Fig. 62 Analysis proved that the 
modulation is commensurate with the modulation vector q = 2/7 g110. Parts of these results served as 
a base for the publication [53]. 

 
Fig. 60: The overall reciprocal space region between (400) and (620) reflections in 
instrumental coordinates measured for the Ni50Mn25Ga20Fe5 single crystal. The azure 
highlighted regions represent the regions of the reciprocal space maps measured with higher 
resolution. 
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Fig. 61: Detailed 2D reciprocal space maps of the Ni50Mn25Ga20Fe5 single crystal 
measured for the (400) and (620) reflections and the satellites in between presented 
in instrumental coordinates. 
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Fig. 62: The q-scan extracted from the RSM shown in Fig. 60. Satellite reflections are 
marked s1..s3 and s-1..s-3 depending on their order and direction from the main peaks. 

Further proof of the commensurate modulation of our 14M martensites came from the ND 
measurements of the Ni50Mn28.8Ga22.2 alloy during cooling. Based on the measured q-scan at 
T = 180 K, Fig. 63, modulation vector was determined as q = 0.284(2) g110, which is equal to 
q = 2/7 g110 within measurement error. Further experiments in this field are currently underway, see 
chapter 5: Conclusions and outlook. 

 
Fig. 63: q-scan measured for the Ni50Mn28.8Ga22.2 alloy during cooling at T = 180 K with 
indexed reflections. Satellites of the (220) and (400) reflections are marked black and 
blue, respectively. Parasite (202) peak is present in the q-scan due to twinning.  
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4.5 Analysis of nanotwinned form of 10M martensite 

In the first years of my doctoral studies, I took a part in research of structural evolution of the 
martensite close to the martensitic transformation. In the Ni50Mn28.7Ga21.3 single crystals, merging of 
(400)10M and (040)10M 10M martensite reflections into one (400)10M’ reflection was discovered during 
the initial research of J. Drahokoupil and K. Fabianová in the temperature region close to the 
martensitic transformation (T10M–A = 331 K). I analysed the evolution of the diffraction pattern in fine 
temperature steps, Fig. 64. Changes in the diffraction pattern exhibited thermal hysteresis. 
Nevertheless, the modulated character was conserved, as demonstrated in reciprocal space maps 
measured for both discussed states, Fig. 65. The newly discovered intermediate phase indicated 
by the peak merging was marked 10M’ for clarity.  

 

 
Fig. 64: Changes in the diffraction pattern of the Ni50Mn28.7Ga21.3 single crystal: Shifting of the 
(400) and (040) reflection as a function of temperature upon heating (a) and cooling (b) and 
selected XRD patterns at various temperatures (c): austenite (400)A, 10M martensite (400)10M, 
(040)10M, (004)10M  and the (400)10M’ line from the intermediate 10M’ martensite phase. [102] 

 

Effect was initially explained by changes in crystal symmetry. Nevertheless, soon the changes in 
diffraction pattern were found to be connected to the refinement of the sizes of the a/b twin domains: 
in the temperature region where the changes in diffraction patterns were observed, coarse a/b twin 
domains scaled down to sizes of several tens of nm. [102] Connection between both effects was 
explained based on the diffraction theory of nanotwin superlattices proposed by Wang [123,124], 
where he presented, that refinement of the twin domains size leads to the presented diffraction effect 
due to the creation of apparently new average structure. 
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Fig. 65: 2θ-ω_χ reciprocal space maps in instrumental coordinates: a) 10M phase, b) 
intermediate 10M’ phase. Both indicate standard 10M modulated phase. Adapted from 
[102] 

Changes in the diffraction pattern in the region of (400) and (040) reflections were examined in 
detail and measured reflections were fitted using the advantage of FitExc, i.e., the full control of 
the fitting process with the possibility to fix some of the peak parameters or use the same values 
(such as width or shape) for multiple profiles. Representative examples of the fits in the temperature 
region of changes are shown in Fig. 66. From the fitted curves, integral intensities of each 
reflection, Fig. 67, and the lattice parameters of both 10M and 10M’ phases were determined. 
Evolution of a and b lattice parameters (where changes were observed) and corresponding integral 
intensities are plotted in Fig. 68. Due to the overall low intensity of the (400)10M’ reflection in the 
lower temperature region, the error of the a10M’ lattice parameter is relatively large. Nevertheless, 
results indicated that both 10M and 10M’ phases can coexist at the same temperature: thanks to the 
well-controlled fitting process, we were able to track minor contributions of the originating phases 
in a new one after transition, which was also demonstrated in Fig. 66. 

To further examine the possible correlation with other physical properties, we measured the 
temperature evolution of the electrical resistivity, Fig. 69. Results indicated minor decrease in 
resistivity that strongly correlates with the presence of the nanotwinned 10M’ phase. Based on this, 
possible channelling of the conductivity along the newly introduced twin boundaries can be 
speculated about. 
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Fig. 66: Diffraction profiles measured at three selected temperatures. (a) At 309 K, two major 
reflections (400)10M and (040)10M are observable due to use of divergent geometry and the twinned 
microstructure. Including third reflection (400)10M’ originating from the nanotwinning led to a better 
fit. (b) At 326.9 K noticeable changes occur, the intensity of the (400)10M’ reflection increases 
significantly. (c) At 327.7 K, the (400)10M’ reflection is dominant while the (400)10M and (040)10M 
reflections are still present. [88] 

 
Fig. 67: Integral intensities of the observed reflections including the overall intensity during heating 
(a) and cooling (b). Original version was published in [88] 
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Fig. 68: Lattice parameters of the observed reflections during heating (a) and cooling (b). 
Original version was published in [88,102] 

 
Fig. 69: Temperature evolution of the electrical resistivity reveals changes in the 
transport properties just before the transformation to the austenite (TA). [88] 

Later, it was found that the nanotwinned form of 10M martensite was present in the broader range of 
Ni50Mn25+xGa25-x alloys, where 2.6 < x < 3.5 [105]. Surprisingly, unlike in the previous presented 
case, here the nanotwinned phase was stable in the lower temperature region, far from the austenite 
phase. 

Altogether, our studies suggested that the nanotwinning presence in the microstructure can noticeably 
distort the diffraction patterns and false crystal symmetries can emerge. Therefore, for any structural 
study on Ni-Mn-Ga alloys, it is critical to recognize, whether the nanotwinning occurs or not. Results 
were published in [88,102,105]. 
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4.6 Studies of the structural modulation within the 10M modulated martensite of 
Ni-Mn-Ga(-Fe) single crystals 

The most fundamental topic of my doctoral studies was the study of the structural modulation of the 
10M martensite in Ni-Mn-Ga-based single crystals possibly connected with the extreme mobility of 
the twin boundaries. Further motivated by the ongoing discussion regarding the nature of the 
modulation and the commensurate-incommensurate ambiguity (many conflicting reports previously 
discussed in chapter 1.5 can be found in the literature), I have investigated the structural modulation 
of multiple Ni-Mn-Ga(-Fe) single crystals of different compositions. Based on the diffraction studies 
and supported by magnetic measurements, electrical resistivity measurements, and known literature, 
selected suitable composition candidates for the studies have been chosen, following the requirement 
of the suitable temperature range of the 10M martensite stability. All the studies were carried out on 
large single crystals with proven MIR capability and highly mobile twin boundaries. 

4.6.1 Hysteretic structural changes within 10M modulated martensite of Ni-Mn-Ga(-Fe) 

As a base for our studies, I will first present the data obtained for the Ni50Mn27Ga22Fe1 single crystal 
exhibiting a sequence of martensitic and intermartensitic transformations with the 10M martensite 
stable in the temperature range of 220 – 330 K (determined by the DC magnetic susceptibility (Fig. 

70) and following XRD and ND studies).  

 
Fig. 70: DC magnetic susceptibility of the Ni50Mn27Ga22Fe1 single crystal as a function of 
temperature. Transition temperatures (martensitic transformation, intermartensitic 
transformations and Currie point) are schematically marked. [109] 

Following the usual monoclinic approximation using the lattice orientation inherited from the austenite 
[49,52,71], the lattice parameters of 10M martensite at the room temperature were a = 5.982 Å, 
b = 5.945 Å, c = 5.577 Å, γ = 90.3°. 

The XRD experiments confirmed that the structure is modulated in the [110]* direction. In the 
following description, we will stick to the previously introduced simpler notation using the magnitude 
of the modulation vector q defined by q = q g110, where g110 is the (110)* reciprocal vector. 

Given our case one-dimensional modulation of known direction, we have studied the q-scans between 
(400) and (620) reflections. Here I thank O. Pacherová of the FZU for the help with slightly quirky 
measurement software of the Brucker D8 Discover diffractometer. 
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Within the 10M stability region, two different patterns were found, Fig. 71. The incommensurate 
modulation with q = 0.416 g110 was detected at room temperature (T = 298 K). Upon heating, the 
pattern at T = 328 K revealed commensurate 10M modulation with q = 0.400. 

 
Fig. 71: q-scans in the [110]* reciprocal direction determined by XRD for the 
Ni50Mn27Ga22Fe1 single crystal. a) T = 298 K (preceded by cooling to 260 K), b) after 
further heating to T = 328 K. Equidistant modulation satellites s1...s5 belonging to (400) and 
(620) reflections are marked red and blue, respectively. Reflections from the polycrystalline 
sample holder are marked with green asterisks. [109] 

To analyse the evolution of modulation in the whole temperature region of 10M martensite, we 
measured additional q-scans in smaller temperature steps during heating and cooling. We found that 
the shift of modulation satellites with temperature exhibits hysteretic behaviour. At T = 220 K (few 
kelvins above the transition from 10M to 14M martensite, T10M→14M), the structure exhibited another 
(pseudo)commensurate state with q = 0.428(2) ~ 3/7. During following heating, q decreased, reaching 
q = 0.416(1) at room temperature and further decreased to q = 0.400(1) at 328 K (the aforementioned 
commensurate modulation). Surprisingly, during the following cooling, the modulation remained 
commensurate, but started to change again at T = 290 K. Described hysteretic behaviour in the 
evolution of the diffraction patterns during thermal cycling is demonstrated in Fig. 72. [109] 

As the XRD measurements are only sensitive to the surface layer (the effective penetration depth of 
X-ray in our sample is D99% ~ 15 μm for Cu radiation), the necessity of bulk-sensitive measurements 
was imminent and we applied for beam time in ILL Grenoble. There, we collaborated closely with M. 
Klicpera of MFF CUNI, who is an experienced expert on ND.  

Our ND diffraction measurements performed with the instruments D9, D10 and CYCLOPS confirmed 
unambiguously the changes in modulation within the whole sample volume. The evolution of the 
satellite peaks followed the previously described scheme, illustration of the two obtained q-scans is 
shown in Fig. 73. All the neutron data were processed following the procedure described in 
chapter 3.3. For each temperature step, the resulting q-scans were fitted and the value of q was 
calculated. It was found that continuously q covers the range of 2/5 – 3/7 from which only distinct 
parts have been described previously in the literature. The development of q measured by ND shows 
an excellent agreement with XRD. The evolution of q with temperature is summarised in Fig. 74. 
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Fig. 72: Evolution of the XRD diffraction pattern during thermal cycling as seen in q-scans along 
[110]* reciprocal direction. Owing to the a/b twinning, both (400) and (040) reflections were 
present in the q-scans (zoomed in the inset). Reflections from the polycrystalline sample holder 
are marked with green asterisks. [109] 

 

 

Fig. 73: Two typical ND q-scans obtained at T = 300 K after different temperature history. 
Blue curve represents the measurement after heating to 328 K. Black curve represents the 
measurement after cooling to 260 K.[109] 
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Fig. 74: Magnitude of the modulation vector q as a function of temperature determined for the 
Ni50Mn27Ga22Fe1 single crystal. Black squares represent data from the XRD measurement, red 
circles and blue triangles stand for ND measurements on D9 and D10. Dotted and dashed lines 
connecting symbols serve purely as guides for the eyes. The arrows depict the sample 
heating/cooling cycles. Numbers in brackets refer to the SEM micrographs later shown in Fig. 

78. The point marked INI corresponds to the initial undefined state of the sample. [109] 

 

4.6.2 Additional diffraction analysis 

Complementarily to the q-scans, 2θ-ω scans were measured by the XRD. Measurement indicated 
refinement of the a/b twins down to nanoscale with decreasing temperature. Such refinement was 
detected by the observed merging of (400)10M and (040)10M reflections present in the single scans of 
commensurate phase into only one reflection (400)10M’ detected in the incommensurate phase. Such 
behaviour was detected earlier in Ni50.0Mn28.7Ga21.3 [88,102] and was discussed in chapter 4.5. 

Furthermore, several follow-up neutron measurements were performed to further analyse the nature 
of the modulation. Fig. 75 represents a wider q-scans measured by Dr. Klicpera with the IN3 
experiment in ILL. Here the diffuse signal close to the first-order satellites of the (220) and (2-20) 
reflections indicates possible changes in the short-range order. Even though the sample was in 
random state, such finding once again proves the possible changes in the stacking, probably in the 
form of a/b nanotwinning in the structure/microstructure. 

Rather interesting is the amount of the detected satellite reflections of relatively high intensity. 
Nevertheless, all of them can be indexed with respect to the main reflections with the use of the single 
aforementioned modulation vector. Even though the satellites of more than 3rd order are very rare in 
ordinary crystals, satellites of up to 9th order were reported in some specific cases [125,126]. 
Additional research in this direction is currently underway, see chapter 5 for details. 
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Fig. 75: Two q-scans of the Ni50Mn27Ga22Fe1 single crystal measured with the IN3 
diffractometer: a) in the (-110)* direction and b) in the (110)* direction. Broad peaks 
around the first order satellites of the (220) and (2-20) reflection indicate changes in short-
range order. 

 

4.6.3 Relation of the minor changes of the structural modulation to other physical properties 

To check the effect of the detected hysteretic changes in the structural modulation on other physical 
properties, electrical resistivity and elastic properties of the very same sample of the Ni50Mn27Ga22Fe1 

single crystal were examined in the temperature region of subtle modulation changes. 

In the resistivity curve, gradual changes in conductive properties during the temperature evolution of 
the 10M martensite were observed after the subtraction of the metallic linear contribution, Fig. 76.  
Changes exhibited hysteretic behaviour very similar to that of the q with temperatures matching those 
from the diffraction experiments. [109] 

Additional insight was obtained thanks to the fruitful collaboration with group of H. Seiner, who 
analysed our sample by the resonant ultrasound spectroscopy (RUS). After careful measurements of 
the RUS spectra and tracing of the resonant modes, we were able to again observe the similar 
hysteresis in the effective elastic modulus of the lowest detected resonant mode present throughout 
the whole temperature range of 10M existence, Fig. 77, [109]. Furthermore, no discontinuous 
changes of the microstructure or the elastic constants have been indicated by the measurement, 
excluding a presence of a first-order phase transition within the analysed temperature region. 
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Fig. 76: Deviation from the linear dependency of electrical resistivity as a function of 
temperature measured for the Ni50Mn27Ga22Fe1 sample. The points marked INI correspond 
to the initial undefined state of the sample. Inset: Full measured temperature evolution of 
the electrical resistivity before extraction of the linear trend. [109] 

The RUS showed that the commensurate phase has some very soft shearing modes that are 
significantly stiffening with increasing incommensurateness. The soft modes in the commensurate 
phase are strongly dissipative, causing high damping of the RUS spectrum. Altogether, the RUS 
measurements suggest that the commensurate structure is much less stable than the incommensurate 
one, and that the commensurate state may be just a metastable form of 10M martensite, that appears 
only close to the martensitic transformation temperature. This structure tends to transform into more 
irregular but more stable structure. [109] 

 
Fig. 77: Temperature evolution of an effective (mode-specific) elastic modulus for the 
field-cooled Ni50Mn27Ga22Fe1 sample, calculated from the temperature evolution of the 
lowest detected resonant mode. The inset shows the corresponding modal shape and its 
orientation with respect to the dominant c-axis direction in the sample. Measurement and 
analysis done by H. Seiner. [109] 
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4.6.4 Relation to the a/b twinned microstructure 

Merging of the (400) and (040) peaks suggested the refinement of the a/b twin domains (mentioned 
earlier in 4.6.2 and in detail discussed in chapter 4.5). In collaboration with L. Klimša of the FZU, 
we have analysed the a/b laminate in the region of the hysteretic behaviour of the modulation vector. 

The SEM micrographs, Fig. 78, clearly showed that the a/b twin domains become finer in the 
temperature regions of the incommensurate modulation (mean width of the a/b twin domains was 
about 20 nm), while they become coarser for the commensurate case (mean width of ~ 150 nm). 

This indeed indicates that a/b nanotwinning previously discussed for our alloys is involved. Our 
measurements and observations suggest that the microstructure evolves by additional nanotwinning 
during cooling, introducing more a/b twin boundaries and new stacking faults. Both behave as 
obstacles for electronic transport, and, thus, increased electrical resistivity is detected on cooling. 

 

Fig. 78: SEM micrographs of the a/b twin domains. Numbers correspond to the points in 
the q-scan shown in Fig. 74. 

 
4.6.5 Follow-up neutron modulation studies of other stoichiometries 

We performed similar studies for additional Ni-Mn-Ga(-Fe) alloys of various stoichiometries.  

The single crystal of Ni50Mn27.7Ga22.3 was measured with the D10 instrument in ILL. This 
stoichiometry represents an interesting case for fundamental study as this alloy does not undergo any 
intermartensitic transformation. Our crystal exhibited slightly incommensurate modulation with 
q = 0.402(1) at 300 K (few kelvins bellow the martensitic transformation). During cooling, the q 

started to increase and bellow 150 K it almost stabilised at q = 0.416(1).  No further evolution was 
observed down to 10 K. During ongoing heating up from 10 K to 300 K, slight hysteretic behaviour 
was detected, Fig. 79, and confirmed by minor changes in neutron Laue patterns from CYCLOPS. 



86 

 

 
Fig. 79: Magnitude of the modulation vector q as a function of temperature during cooling 
(black) and heating (blue) determined for the Ni50Mn27.7Ga22.3 single crystal. Dotted lines 
connecting symbol serve purely as guides for the eyes. The arrows depict the sample 
heating/cooling cycle. Black vertical line represents the temperature of MT. 

Similar results were obtained for the Ni50Mn28.1Ga21.9 measured with the D9 instrument, Fig. 80. The 
similar behaviour was expected, since the composition is close to that of the previously discussed 
alloy. Here, we managed to cool the sample down to 2 K. The measurement again indicated 
stabilisation of the modulation vector with q = 0.415(1) at 2 K. 

 
Fig. 80: Magnitude of the modulation vector q as a function of temperature during cooling 
(black) and heating (blue) determined for the Ni50Mn28.1Ga21.9 single crystal. Dotted lines 
connecting symbol serve purely as guides for the eyes. The arrows depict the sample 
heating/cooling cycles. Black vertical line represents the temperature of MT. 

Another single crystal of Ni50Mn25Ga21Fe4 exhibited incommensurate modulation with q = 0.421(1) 
at 300 K. q slightly decreased to 0.420(1) upon heating to 315 K (although the change is within the 
error, the slight change in the modulation satellites positions was detected). Unfortunately, we were 
not able to reach higher temperatures due to the instrumental limitations. During cooling, the q 

increased, reaching q = 0.428(1) ~ 3/7 just before the intermartensitic transformation to 
14M modulated martensite, Fig. 81. 
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Fig. 81: Magnitude of the modulation vector q as a function of temperature during cooling 
(black) and heating (blue) determined for the Ni50Mn25Ga21Fe4 single crystal. Dotted lines 
connecting symbol serve purely as guides for the eyes. The arrows depict the sample 
heating/cooling cycles. Vertical lines represent the MT and IMT. 

 
4.6.6 Summary of the modulation studies 

• We confirmed unambiguously that the modulation continuously changes within the 
10M modulated martensite in the q ϵ (2/5 – 3/7) interval. We have found a specific 
composition for which the magnitude of the modulation vector covers this entire interval. This 
means that the modulation in our 10M martensite can indeed be commensurate (q = 2/5), 
incommensurate (q irrational) or, following nomenclature of Righi et al. [71], even pseudo-
commensurate (q = 3/7). 

• We have discovered the hysteretic behaviour of the commensurate-incommensurate transition. 
• Using neutron diffraction, we confirmed that the modulation evolution is a true bulk effect. 
• We believe to be the first who provided thorough study of the evolution of the modulation 

vector within 10M modulated martensite using single crystal samples, especially in such fine 
steps in temperature. Thanks to the single-crystal measurements, we were able to observe 
previously unreported satellites. We studied samples in the state relevant to the applications 
of the MIR effect. 

• Based on own measurements on alloys of various compositions and based on our thorough 
literature study, we present the hypothesis, that described changes in the modulation vector 
within the 10M modulated martensite are common for a wide range of Ni-Mn-Ga(-Fe) 
compositions, probably even for all those that undergo the Austenite → 10M → 14M sequence 
on cooling. We have found an interesting metastable state with q ~ 0.416 in our alloys, even 
in those where no intermartensitic transformation to 14M occurs (sample stays in 10M 
martensite down to the lowest temperatures). 

The above mentioned results were published in [107,109]. I also presented these results at the 
relevant international scientific conferences, such as JEMS 2019 (Joint European Magnetic 
Symposia, Uppsala, Sweden), IUCr 2021 (25th Congress of the International Union of 
Crystallography, Prague, Czech Republic) and ICOMAT 2022 (16th International Conference on 
Martensitic Transformation, virtual, South Korea). 
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5 Conclusions and outlook 

The focus of my thesis is the characterisation of the Ni-Mn-Ga-based Heusler alloys exhibiting the 
MT and consequently the MSM effects, especially the MIR. The main conclusions are: 

i) The structure of the new samples of the Cu-, Cr- and Fe-alloyed Ni2MnGa-based alloys has 
been identified despite their complicated form. The determined phase composition, lattice parameters 
and single/oligo/poly-crystalline nature served as one of crucial bases in the research of systematic 
trends of structure, microstructure, and physical properties of the Ni-Mn-Ga-based alloys upon 
alloying with different elements. Detected strong fibre texture of the Ni-Mn-Ga-Fe-Cu samples 
suggested their possible application potential even in the polycrystalline form. 

ii) Crystal quality of the four single crystals obtained from the four different producers has been 
characterised, mainly by crystal mosaicity. The result showed that the crystal quality affects the 
magnitude of the twinning stress (obtained by mechanical testing) only indirectly, through its impact 
on the character of the twin boundaries. 

iii) The temperature evolution of the lattice parameters of the non-modulated martensite of Ni-
rich Ni-Mn-Ga single crystal down to 93 K was analysed to obtain the c/a ratio at 0 K. Obtained 
extrapolated value served as one of the proofs of the need of Coulomb repulsion parameter U when 
employing the Hubbard-model-based generalized gradient approximation for Ni-Mn-Ga.  

iv) The XRD studies of the modulation satellites of the 14M modulated martensite of 
Ni50Mn25Ga20Fe5 single crystal in collaboration with K. Ullakko and A. Sozinov group proved the 
commensurate nature of the modulation of this phase. This was also confirmed by our ND experiment 
performed on Ni50Mn28.8Ga22.2 alloy. 

v) Evolution of the diffraction pattern of the 10M modulated martensite near the martensitic 
transformation was examined. Observed merging of the reflections from the twin domains suggested 
nanotwinned character of the 10M modulated phase near austenite. 

vi) Thorough studies of the evolution of the structural modulation of the 10M modulated 
martensite with temperature resulted in detection of the commensurate-incommensurate transition 
upon cooling. Transition exhibited a thermal hysteresis. The evolution of the modulation was studied 
in fine temperature steps and, importantly, the studies were performed on the single crystal with 
extremely mobile twin boundaries. Observed changes in the modulation vector were correlated with 
the changes in transport and elastic properties and the changes in the twinned microstructure. Here, 
presence of nanotwinning previously suggested by XRD was confirmed by SEM.  

vii) Performed studies suggest that the commensurate 10M state is a metastable state of 
martensite that evolves through the nanotwinning to more irregular but more stable incommensurate 
state. Follow-up studies on additional samples of other compositions proved that this behaviour is 
universal to wide range of Ni-Mn-Ga(-Fe) compositions. The changes in the modulation vector are 
schematically illustrated in Fig. 82. With this, we gave the answer to the long-rooted commensurate 
– incommensurate – pseudo-commensurate ambiguity. 
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Fig. 82: Schematic depiction of the changes in structural modulation around the 
temperature region of the 10M martensite in the Ni-Mn-Ga(-Fe) alloys. 

 

Selected results were presented on relevant scientific conferences and the majority was published in 
impacted scientific journals. The list of my publications relating to the doctoral thesis is presented at 
page 104. 

The findings on evolution of the structural modulation have been discussed with the leading experts 
of the field of aperiodic crystallography during the 5th International School on Aperiodic Crystals 
(May 2022, Kutná Hora, Czech Republic). Based on that, follow-up studies on dedicated single-
crystal SuperNova (Rigaku Oxford Diffraction) diffractometer are currently underway. For these we 
chose the Ni-Mn-Ga single crystal that undergoes the full sequence of transformations. The main 
aim of the studies is to further clarify the structural changes in the described region of continuous 
evolution within the 10M martensite, especially to address the high intensity of the modulation 
satellites of high orders. Further focus will be given on the changes in the structure and twinned 
microstructure upon the intermartensitic transformations and on addressing the ambiguity in the 
reported crystal symmetries. 

Moreover, computational analysis of the unusually high intensity of the high-order satellites is 
currently underway in the collaboration with L. Straka. It suggests strongly anharmonic character of 
the modulation function, similarly to the case recently described in the incommensurately modulated 
Rb2ZnCl4 [127]  
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Appendix I: General introduction into structural 

modulation 

The additional complexity of martensite originates from the modulation of particular martensite 
phases. The structure of the ideal crystals can usually be described by their translational symmetry – 
the crystal lattice consists of identical cells filled identically with the same particles. In some 
materials (such as Ni-Mn-Ga-based alloys), there might appear phases with an additional subtle long-
range order – the modulation. In modulated crystals, the arrangement of the particles slightly differs 
along the different crystallographic cells (e.g., the atoms are slightly shifted from their positions) and 
such changes can be described by the modulation function superimposed on the original unit cell. To 
accompany the modulation into the description, superspace approach is usually applied. [128,129] 
The diffraction vector H then has slightly more complicated form of 

 ℎ ∗ + ∗ +  ∗ + , (2) 

where h, k, l, and m are integers, a*, b* a c* reciprocal space vectors and q is the modulation vector 
that could be written as 

 ∗ + ∗ +  ∗, (3) 

where α, β and γ are real numbers. There might even exist more complex cases of modulation 
involving the superposition of multiple modulation vectors. [128,129] 

The modulation is called commensurate when all the numbers α, β, and γ are rational. In such a case, 
the crystal structure can be described by a new crystal lattice consisting of larger unit cells, i.e., the 
crystal consists of the identical sections of modulated original cells, Fig. 83 b).  

If at least one of the numbers α, β, and γ is irrational, the modulation is called incommensurate. In 
such a case, the periodicity of the modulation does not belong to the periodicities of the basic 
structure and the set of positions originating from the equation (2) does not form a lattice. [129] 
Crystal loses translational symmetry. Such structure is no longer periodic in three-dimensional space, 
nevertheless, it is still fully ordered, and it can still be described using the originating cell and the 
superimposed modulation, Fig. 83. 

 

Fig. 83: Illustration of the structural modulation: a) Ideal crystal consisting of the identical 
cells. b) Commensurate structure with the hypothetical red modulation function. For clarity, 
the points with zero amplitude are marked with red dots. The new lattice consisting of the 
larger unit cell (bold frame) can be defined. c) Incommensurate structure. 

Structural modulation is manifested in the diffraction pattern of the crystal by additional Bragg 
reflections called modulation satellites that surround the main reflections at distances ± mq. Satellite 
reflections are usually much weaker than the main reflections if the amplitude of the modulation is 
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small. Furthermore, the intensities of the satellites usually decrease with increasing order m. 
Nevertheless, several exceptions have been found. [125]  

Demonstration of the simulated theoretical diffraction pattern originating from hypothetical 
commensurate and incommensurate modulation are show in Fig. 84 and Fig. 85, respectively. 
Satellite reflections of the 1st and 2nd order have been drawn. Figures demonstrate the overlap of the 
modulation satellites of the second order in the presented case of commensurate modulation. With 
increase in the magnitude of the modulation vector, satellite positions shift and the overlap is no 
longer present. Both cases are very similar to the cases detected in the 10M modulated martensite of 
Ni-Mn-Ga described in chapter 4.6. 

 

Fig. 84: Illustration of the diffraction pattern 
from the structure with commensurate 
modulation. Peaks from the average structure 
are marked blue, modulation satellites are 
marked red. Modulation vector q = ¼ a*. 

 

Fig. 85: Illustration of the diffraction pattern 
from the structure with incommensurate 
modulation. Modulation vector is 
q = 0.267…a*. Note the satellite positions 
shift in comparison with the commensurate 
case. 

 

In crystallography practice, structures with more than one independent modulation vector have been 
found. In such a case, equation (2) would then include multiple independent q vectors. Nevertheless, 
to our best knowledge, only one modulation vector has been conclusively described in the Ni-Mn-
Ga-based alloys so far. 

Naturally, the symmetry rules valid for the crystal system must be valid for the modulation vector as 
well. E.g., in case of one-dimensional incommensurate modulation case it can be shown that only 
modulation vectors in the forms of (α,β,0) or (0,0,γ) are admissible for our monoclinic crystal. [125] 

For more information, reader is kindly referred, e.g., to reference [125].   
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Appendix II: Complete list of analysed samples 

no. sample identifier composition 
sample 

responsible state phase at RT 

1 220111TK Ni50Mn25Ga20Fe5 RHC single crystal 10M 

2 austenite ingot slice 1 Ni-Mn-Ga-1.56%Fe RHC oligocrystal A 

3 austenite ingot slice 2 Ni-Mn-Ga-3.12%Fe RHC oligocrystal A 

4 austenite ingot slice 3 Ni-Mn-Ga-4.68%Fe RHC oligocrystal A 

5 austenite ingot slice 4 Ni-Mn-Ga-7.81%Fe RHC oligocrystal A 

6 austenite ingot slice 5 Ni-Mn-Ga-9.37%Fe RHC oligocrystal A 

7 austenite ingot slice 6 Ni-Mn-Ga-10.93%Fe RHC oligocrystal A 

8 2_44-6 Ni-Mn-Ga(-Fe) RHC oligocrystal A 

9 3_37-12 Ni-Mn-Ga(-Fe) RHC oligocrystal A 

10 4_31-19 Ni-Mn-Ga(-Fe) RHC oligocrystal A 

11 5_25-25 Ni-Mn-Ga(-Fe) RHC oligocrystal A 

12 6_18-31 Ni-Mn-Ga(-Fe) RHC oligocrystal A 

13 7_12-38 Ni-Mn-Ga(-Fe) RHC oligocrystal A 

14 8_12.5-37.5 Ni-Mn-Ga(-Fe) RHC oligocrystal A 

15 RHCO56 BI Ni31.25Fe18.75Mn25Ga25 RHC bicrystal 14M 

16 100229_LS3 Ni-Mn-Ga-Fe OH single crystal multiphase 

17 Fe44Mn25Ga31 Fe44Mn25Ga31 OH single crystal A 

18 Fe44Mn28Ga28 Fe44Mn28Ga28 OH highly textured polycrystal 
Fe3Ga, 

Fe2MnGa 

19 FeMnGa ross c4 Fe44Mn26Ga30 OH/RHC single crystal A+M 

20 J013A 200210 Ni-Mn-Ga 200 nm + 20 nm Cr OH epitaxial thin layer A+M+Cr 

21 J014A 200214 Ni-Mn-Ga 24 nm + 20 nm Cr OH epitaxial thin layer A+Cr 

22 J015A 200218 Ni-Mn-Ga 100 nm + 20 nm Cr OH epitaxial thin layer A+Cr 

23 J016A 200220 Ni-Mn-Ga 20 nm + 20 nm Cr OH epitaxial thin layer A+Cr 

24 J017A 200224 Ni-Mn-Ga 50 nm + 20 nm Cr OH epitaxial thin layer A+Cr 

25 J018A 200226 Ni-Mn-Ga 10 nm + 10 nm of Cr OH epitaxial thin layer A+Cr 

26 J038C 210202 Ni-Mn-Ga multilayer OH epitaxial thin layer 10M+14M+Cr 

27 Ni43Mn19Ga28 RHC2008 Ni43Mn19Ga28 RHC oligocrystal A 

28 211014FZU Ni50Mn25Fa20Cr5 OH oligocrystal NM+Cr 

29 190718FZU Ni50Mn25Ga20Cu5 OH polycrystal NM 

30 Ni50Mn25Ga20Fe5 Ni50Mn25Ga20Fe5 OH single crystal 14M 

31 110322 Ni50Mn31Ga19 OH single crystal 14M+NM 

32 412 Ni50Mn28.4Ga21.6 OH single crystal 10M 

33 Ni2MnGa Ni2MnGa OH single crystal A 

34 416 Ni50Mn28.8Ga21.2 OH single crystal 10M 

35 331 Ni50Mn28.1Ga21.9 OH single crystal 10M 

36 190528FZU Ni50Mn32Ga18 OH oligocrystal 14M 

37 NMG NM c1 Ni53Mn24Ga23 OH/RHC single crystal NM 

38 101207 Ni50Mn27Ga22Fe1 OH single crystal 10M 

39 526 Ni50Mn28Ga22 OH single crystal 10M 

40 622 Ni50Mn28.5Ga21.5 OH single crystal 10M 

41 100507_A Ni50Mn28Ga22 OH single crystal 10M 

42 100507_B Ni50Mn28Ga22 OH single crystal 10M 
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no. sample identifier composition 
sample 

responsible state phase at RT 

43 100507_C Ni50Mn28Ga22 OH single crystal 10M 

44 100610HT Ni50Mn27.7Ga22.3 OH single crystal 10M 

45 100301 Ni50Mn25Ga21Fe4 OH single crystal 10M 

46 110301_NMprime Ni50Mn25Ga21Fe4 OH single crystal 10M 

47 201202_NM Ni52.8Mn25.7Ga21.5 OH oligocrystal 10M+14M 

48 NM_0303b_big_piece Ni50.5Mn30.4Ga19.1 OH single crystal NM 

49 NM_0303b_thin_piece Ni50.5Mn30.4Ga19.1 OH single crystal NM 

50 NMG S7 217 Ni46Mn24Ga22Co4Cu4 OH single crystal NM 

51 RHC_2005_A_1 Ni50.5Mn28.3Ga21.2 RHC/OH single crystal 14M 

52 RHC_2005_A_3 Ni50.5Mn28.3Ga21.2 RHC/OH single crystal 14M 

53 RHC_2005_A_3_cut Ni50.5Mn28.3Ga21.2 RHC/OH single crystal 14M 

54 170727FZU-BM-s03 Ni50Mn25Ga25 VK oligocrystal A 

55 191218FZU-PC1 Ni49Mn29Ga22 VK oligocrystal 14M(+A) 

56 200110FZU-bottom Ni49Mn29Ga22 VK single crystal 14M 

57 200110FZU-top Ni49Mn29Ga22 VK single crystal multiphase 

58 200811FZU-PC Ni48.6Mn27.7Ga23.7 VK oligocrystal 10M 

59 210115FZU Ni50Mn28.5Ga21.5 VK single crystal 10M 

60 210415FZU-PC Ni50Mn25Ga25 VK oligocrystal A 

61 210823FZU-PC Ni47.2Mn24.7Ga28.1 VK oligocrystal A 

62 210825_C2 Ni50Mn25Ga25 VK oligocrystal A 

63 211004-2FZU Ni45Co5Mn25Ga25 VK oligocrystal A(+10M) 

64 211005-2FZU Ni50Mn25Ga20Co5 VK oligocrystal NM 

65 220223FZU_B Ni49.9Mn24.4Ga25.7 VK oligocrystal A 

66 220223FZU_D Ni49.8Mn24.7Ga25.5 VK oligocrystal A 

67 220303FZU_B Ni49.8Mn24.2Ga26 VK oligocrystal A 

68 220303FZU_D Ni49.5Mn24.6Ga25.9 VK oligocrystal A 

69 Ni45Fe5Mn25Ga25 Ni45Fe5Mn25Ga25 VK polycrystal with large grains A 

70 180327-1FZU Ni45Co5Mn25Ga5 VK oligocrystal A 

71 190402FZU Ni45Co5Mn25Ga25 VK oligocrystal A 

72 170406FZU Ni45Fe5Mn25Ga25 VK oligocrystal A 

73 Ni45Mn25Ga25Co5_as_cast_new Ni45Mn25Ga25Co5 VK oligocrystal A(+10M) 

74 190318FZU Ni50Co5Mn25Ga20 VK oligocrystal 14M+NM?? 

75 190404FZU Ni50Mn20Co5Ga25 VK oligocrystal NM 

76 170316-1FZU Ni50Mn20Ga25Fe5 VK oligocrystal A 

77 170316-2FZU Ni50Mn25Ga20Fe5 VK oligocrystal A 

78 180822-1FZU Ni55Mn20Ga25 VK oligocrystal NM 

79 180822-2FZU Ni55Mn20Ga25 VK oligocrystal NM 

80 NMG_powder_1-4 Ni45Mn25Ga25Co5 VK powder 
A+M 

+contamination 

81 NMG_powder_5-6 Ni50Mn25Ga20Co5 VK powder 
14M+NM+A 

+contamination 

82 RHC_2011 Ni50Mn25Ga25 VK/RHC single crystal A 

83 190912FZU_piece Ni49.7Mn28.4Ga21.9 DM/VK single crystal 10M 

84 190912FZU_piece_2grains Ni49.7Mn28.4Ga21.9 DM/VK bicrystal 10M 
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no. sample identifier composition 
sample 

responsible state phase at RT 

85 FIB_damage Ni50Mn28.5Ga21.5 DM single crystal 10M 

86 KF2102B1 Ni50Mn28.5Ga21.5 DM single crystal 10M 

87 Ni50Mn28.5Ga21.5 bottom Ni50Mn28.5Ga21.5 DM highly textured polycrystal 10M 

88 Ni50Mn28.5Ga21.5 top Ni50Mn28.5Ga21.5 DM polycrystal with large grains 10M 

89 RHC_2012s3cracked_foil_disc Ni50.4Mn26.2Ga23.4 DM/RHC oligocrystal 10M 

90 RHC_2010 Ni49.4Mn29.7Ga20.9 DM/RHC oligocrystal mostly 10M 

91 RHC2012_s1d Ni51.2Mn26.1Ga22.7 DM/RHC polycrystal + one large grain 10M 

92 RHC2012_s2d Ni50.2Mn27.2Ga22.6 DM/RHC single crystal 10M 

93 RHC2104_T1 Ni49.5Mn26.5Ga22.7Fe1.3 DM/RHC single crystal 10M 

94 RHC2105_top_disc Ni49.5Mn23.3Ga23Fe4.2 DM/RHC single crystal A 

95 RHC2121sc Ni45.1Mn23.9Ga20.9Cu5.1Co4.7Fe0.3 DM/RHC single crystal 10M 

96 RHC2134_1B Ni46Mn24.2Ga21Cu4.1Co4.2Fe0.5 DM/RHC oligocrystal NM 

97 RHC2134_2B Ni44.3Mn25.3Ga20.3Cu4.8Co4.7Fe0.6 DM/RHC oligocrystal NM 

98 RHC2134_2T Ni44.1Mn25.1Ga20.3Cu5Co4.7Fe0.8 DM/RHC oligocrystal NM 

99 RHC2134_3T Ni44.3Mn24.7Ga20.6Cu4.7Co4.8Fe0.9 DM/RHC oligocrystal NM 

100 227A Ni50Mn28Ga22 FN single crystal 10M 

101 526 Ni50Mn28Ga22 FN single crystal 10M 

102 C8 Ni50Mn25Ga23Fe1Cu1 FN oligocrystal A+10M+14M 

103 C9 Ni50Mn25Ga22.5Fe2Cu0.5 FN polycrystal with large grains 14M 

104 ETO_big Ni50Mn28Ga22 FN single crystal 10M 

105 ETO_small Ni50Mn28Ga22 FN single crystal 10M 

106 Ni49Mn27Ga19.5Fe4Cu0.5 as cast Ni49Mn27Ga19.5Fe4Cu0.5 AA/FN highly textured polycrystal 14M+NM 

107 
Ni49Mn27Ga19.5Fe4Cu0.5 

annealed Ni49Mn27Ga19.5Fe4Cu0.5 AA/FN highly textured polycrystal 14M+NM 

108 Ni49Mn27Ga21.5Fe2Cu0.5 as cast Ni49Mn27Ga21.5Fe2Cu0.5 AA/FN highly textured polycrystal 14M+10M 

109 
Ni49Mn27Ga21.5Fe2Cu0.5 

annealed Ni49Mn27Ga21.5Fe2Cu0.5 AA/FN highly textured polycrystal 14M+10M 

110 Ni49Mn27Ga23.5Cu0.5 as cast Ni49Mn27Ga23.5Cu0.5 AA/FN highly textured polycrystal A 

111 Ni49Mn27Ga23.5Cu0.5 annealed Ni49Mn27Ga23.5Cu0.5 AA/FN highly textured polycrystal A 

112 Ni50Mn24Ga18Fe4Cu4 as cast Ni50Mn24Ga18Fe4Cu4 AA/FN highly textured polycrystal NM 

113 Ni50Mn24Ga18Fe4Cu4 annealed Ni50Mn24Ga18Fe4Cu4 AA/FN highly textured polycrystal NM 

114 Ni50Mn26Ga20Fe2Cu2 as cast Ni50Mn26Ga20Fe2Cu2 AA/FN highly textured polycrystal NM 

115 Ni50Mn26Ga20Fe2Cu2 annealed Ni50Mn26Ga20Fe2Cu2 AA/FN highly textured polycrystal NM 

116 Ni50Mn27Ga21Fe1Cu1 as cast Ni50Mn27Ga21Fe1Cu1 AA/FN highly textured polycrystal 10M+14M+NM 

117 Ni50Mn27Ga21Fe1Cu1 annealed Ni50Mn27Ga21Fe1Cu1 AA/FN highly textured polycrystal NM 

118 RHCO4I_AI_MI Ni50Mn28Ga22 FN/RHC oligocrystal 10M 

119 RHCO54_long_rod Ni50Mn28Ga22 FN/RHC single crystal NM+additional 

120 NiMnGa_austenite_long Ni-Mn-Ga(-Fe) OP/RHC single crystal A 

121 NiMnGa_random_cut Ni-Mn-Ga(-Fe) OP/RHC single crystal A 

122 RHC2019_NM Ni46.9Mn28.1Ga18.8Fe3.3Cu3.1 OP/RHC oligocrystal NM 

123 NiMnGa_rod_orientation Ni50Mn28.5Ga21.5 OP/RHC single crystal 10M 

124 NMG_austenite_100 Ni-Mn-Ga(-Fe) OP/RHC single crystal A 

125 NMG_slice Ni-Mn-Ga(-Fe) OP/RHC single crystal A 

126 RHC_2104 Ni49.5Mn26.5Ga22.7Fe1.3 OP/RHC oligocrystal 10M 
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no. sample identifier composition 
sample 

responsible state phase at RT 

127 RHC_2105_0 Ni49.5Mn23.3Ga23Fe4.2 OP/RHC single crystal 10M 

128 RHC_2105_0_cut Ni49.5Mn23.3Ga23Fe4.2 OP/RHC single crystal 10M 

129 RHC_2105_1 Ni49.5Mn23.3Ga23Fe4.2 OP/RHC oligocrystal 10M+A 

130 RHC_2105_2_middle Ni49.5Mn23.3Ga23Fe4.2 OP/RHC oligocrystal A(+10M) 

131 RHC2001 Ni50Mn28.5Ga21.5 OP/RHC single crystal 10M 

132 RHC2103_AFS Ni49.2Mn28.7Ga21.5Fe0.6 OP/RHC single crystal 10M 

133 RHC2126SC1 Ni49.8Mn26.6Ga21.6 OP/RHC single crystal 10M 

134 091014 Ni50Mn25Ga20Fe5 LS single crystal 10M 

135 110301_S4 Ni50Mn25Ga21Fe4 LS single crystal 10M 

136 NiMnGa 10M 10507 Ni50Mn28Ga22 LS/HS single crystal 10M 

137 NiMnGa_207_2 Ni50Mn27Ga22Fe1 LS single crystal 10M 

138 NM-bod Ni50Mn31Ga19 LS single crystal 10M+NM 

 

Sample responsibles: 

AA …   Andrew Armstrong 
RHC …   Ross H. Colman 
OH …   Oleg Heczko 
VK …   Vít Kopecký 
DM …   Denys Musiienko 
FN …   Frans Nilsén 
OP …   Oleksii Perevertov 
HS …   Hanuš Seiner 
LS …   Ladislav Straka 
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