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Summary 
 

 

Ferromagnetic shape memory alloys have raised substantial interest from both 

fundamental and applied points of view, due to the unique properties they show related to the 

occurrence of a first-order structural transformation – the martensitic transformation – between 

magnetically ordered phases. In particular, in Ni-Mn-Z (Z=In, Sn, and Sb) Heusler alloys, the 

so-called metamagnetic shape memory alloys, the transformation takes place between a 

ferromagnetic austenite and a weakly magnetic martensitic phase, in such a way that a large 

magnetization drop occurs at the martensitic transformation. This allows the induction of the 

martensitic transformation by an applied magnetic field, thus giving rise to multifunctional 

properties (namely giant magnetoresistance, magnetic shape memory effect and large inverse 

magnetocaloric effect) of great technical interest for practical applications, like sensing or 

magnetic refrigeration. The transformation temperatures, the magnetization of the different 

structural phases, the entropy change associated to the martensitic transformation and, in 

general, all the magnetostructural features giving rise to those functional properties depend on 

the composition, the structure and the microstructure of the alloys. The compositional 

dependence has been deeply studied in ferromagnetic shape memory alloys, being directly 

related to the electronic concentration. Variations in the composition like doping with different 

magnetic atoms (cobalt doping, in particular) have shown a strong influence in the magnetism 

of these materials.  Also, the effect of the atomic order has been thoroughly analyzed in several 

previous works and shown to be a parameter of great influence to tune the magnetostructural 

properties of this kind of systems, although some metamagnetic shape memory alloys present 

an extraordinary high stability of the atomic order. The role of the microstructure, in turn, has 

been less investigated, in spite of its potential for tuning the magnetostructural properties of 

these systems, in particular as a suitable alternative in cases with highly stable atomic order.  

Therefore, in this work we have focused in the study of the influence of the microstructure in 

metamagnetic shape memory alloys (Ni-Mn-In and Ni-Mn-Sn systems) together with the effect 

of Co-doping, in order to gain insight into these effects and to control and improve the properties 

of these materials. 

Ni-Mn-In and Ni-Mn-Sn ternary alloys, and the corresponding quaternary (Co-doped) 

alloys have been prepared and subsequently subjected to thermo-mechanical treatments (hand 

milling, ball milling, and thermal annealing at different temperatures) in order to modify their 

microstructure in a controlled way. The alloys have been characterized macroscopically by 

calorimetric and magnetic measurements, and studied at the microscopic level mainly through 

X-ray and neutron diffraction, which provided us information about the crystal structures, the 

atomic order in the alloys, the microstructural parameters as grain size and internal strains and 

the magnetic structures. The combination of the results obtained in the microscopic study with 

the calorimetric and magnetic macroscopic characterization allowed us to gain a better 

understanding of the role of the microstructure and cobalt doping in the magnetostructural 

properties of these metamagnetic shape memory alloys and identify routes to obtain improved 

functional properties.  
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Starting with the ternary Ni-Mn-Sn system, we have stablished the correlation between 

microstructural parameters and magnetostructural properties in these alloys. We have 

characterized the different microstructural states induced by thermo-mechanical treatments and 

correlated them with the properties of the alloys (in particular, the magneto-caloric effect).  

First, we have used laboratory X-rays diffraction to obtain the microstructural parameters of a 

Ni50Mn35Sn15 alloy subjected to different thermal treatments after hand-milling, and we have 

related the defects on the sample with the internal strains state induced by the milling and 

annealing processes. Then, powder neutron diffraction has been used to determine the crystal 

and magnetic structures of the alloys, allowing relating the magnetocaloric effect with the 

magnetic coupling. Finally, the magnetic characterization of the set of samples was completed 

by Mössbauer spectroscopy, showing also the suitability of this technique for microstructural 

characterization. 

The cobalt-doped quaternary system, Ni-Co-Mn-Sn-Co has been the next subject of 

study. We have determined the magnetostructural properties in milled and in annealed samples 

of the in Ni45Co5Mn35Sn15 alloy, showing an improvement of the magnetostructural properties 

by Co addition, related with a change in the magnetic coupling of the Mn atoms, and an 

unconventional improved magnetocaloric effect in a soft-milled alloy. Therefore, the presence 

of a small amount of defects affects in a different way to the ternary and quaternary alloys: 

while in the Ni-Mn-Sn system the introduction of defects such as vacancies or antiphase 

boundaries reduces the entropy change associated to the martensitic transformation, the effect 

is opposite in Ni-Co-Mn-Sn. This unusual result incited further investigation of the effect of 

milling, with a systematic study on the microstructure by synchrotron X-rays powder diffraction 

in ball-milled samples, showing the evolution of the microstructural parameters and the 

magnetostructural properties with the milling time. The increase of the milling time produces 

amorphization of the material and induces the martensitic phase, reducing in this way the 

amount of austenite with martensitic transformation and decreasing the enthalpy associated to 

the transition. Moreover, neutron powder diffraction has shown that the magnetic structure in 

austenite remains ferromagnetic upon milling but with a significant decrease of the ordered 

magnetic moments. 

With the aim of obtaining further understanding of the effect of Cobalt doping the 

magnetic coupling, we have selected the Ni-Mn-In system as case study. Ni50Mn34In16 and 

Ni45Co5Mn37In13 alloys with two different thermal treatments were macroscopically 

characterized by magnetometry and calorimetry measurements  and the atomic order and 

magnetic structures studied by neutron diffraction. It has been shown the variation in the Curie 

and martensitic transformation temperatures due to the different thermal treatments and Co 

doping and, more relevantly, the increase produced in the saturation magnetization of the 

austenite phase, reaching ca. 60% when Co-doping and thermal treatment by slow cooling are 

combined. As shown by neutron diffraction in austenite phase, slow cooling thermal treatments 

produce a higher degree of atomic order, together with a reduction of strains and defects, which  

cause an increase in the total ordered magnetic moment and a slight enhancement of the 

ferromagnetic coupling, while cobalt doping has a stronger effect in increasing the 

ferromagnetic coupling, which explains the noticeable effect in the magnetization. The spin 

density maps obtained from polarized neutron diffraction have revealed the magnetic 

interaction pathways responsible for this coupling scheme. 
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Since in the systematic study of the effect of milling we have observed that long milling times 

lead to amorphous states, we have extended our study to the recrystallization processes in Ni-

Co-Mn-Sn and Ni-Co-Mn-In alloys, with the analysis of the evolution of the different phases, 

the cell parameters and microstrutural parameters as grain size, micro and macrostrains.   
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Chapter 1. Introduction 

 

 
1.1.MARTENSITIC TRANSFORMATION 

Hardening of steels by quenching is one of the most important technological processes in 

metallurgy. If the steel is quenched rapidly enough from the austenite state there is no time for 

eutectoidal decomposition and the steel undergoes a diffusionless structural transformation. The 

first observation of this transformation was carried out by the german metallurgist Adolf 

Martens, after who both the transformation and the steel final structure are known as martensitic 

transformation (MT) and martensitic phase, respectively. Although the term “martensitic” was 

initially used to describe the structural transition in steels, nowadays it is applied to all 

diffussionless structural changes in metallic alloys. 

Actually, the MT is a solid-solid shear-dominant displacive diffusionless fist order 

transition between two different crystallographic structures; a high temperature phase known 

as austenite and another crystallographic structure with lower symmetry at lower temperatures 

called martensite. Due to its diffussionless nature, atomic bonds are not broken during the MT, 

and as consequence the atomic displacements are limited by the interatomic distance, the atomic 

order remaining constant in both phases [1–8]. This mechanism, where thermal activation is 

not necessary, allows the MT to take place at low temperature. However, for alloys where the 

MT occurs at high temperature, the thermal energy can produce diffusive phenomena, thus 

altering the stability of the transforming phases and the transformation properties themselves.  

As a first order transition, it has associated an enthalpy, a change of volume, a hysteresis of 

transformation, the presence of an interface and the possibility of the coexistence of phases in 

thermodynamic equilibrium. The MT can be understood as the superposition of two processes; 

a homogeneous deformation of the crystal lattice and an invariant shear of the new lattice. The 

homogeneous deformation of the lattice, which leads to the change of crystallographic structure, 

is produced by a shearing process of certain atomic planes of the austenitic phase. This 

deformation implies the appearance of elastic and superficial energies in the surrounding 

volume of the transformed zone that impedes the transformation, and can even stop it. To 

accommodate the new structure and minimize the emergent energies, a deformation of the new 

lattice is produced by an invariant shearing process. This is a process of accommodation, 

without change of structure, which can occur either by gliding or by twinning, as shown in 

Figure 1. 1. 

The fact that the high temperature phase has a greater symmetry than the low temperature 

one means that several orientations of the martensite are compatible with the austenitic phase 

and, therefore, that the martensitic phase is structurally inhomogeneous. This inhomogeneous 

character is general for ferroic materials (ferromagnetic, ferroelectric, ferroelastic, etc ...). 
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As the growth of the martensitic phase implies an increase in the elastic energy associated 

with the deformation, during the transformation a self-compensating distribution of domains 

(called “martensitic variants”) occurs in order to decrease the overall macroscopic deformation 

and, therefore, minimize the energy of the deformation. Thus, each variant is formed with an 

orientation that counteracts the accumulated energy in the formation of the previous variant. 

 

 

Figure 1. 1. Schematic representation of the gliding and twining accommodation processes 

during the transformation. 

 

1.1.1. Thermoelastic transformation 

Two types of martensitic transformation can be distinguished taking into account the 

kinetics of the transformation, the burst-type (non thermoelastic) and the thermoelastic 

martensitic transformations. The first ones are characterized by a large volume change that 

implies the presence of plastic deformation and a wide thermal hysteresis (hundreds of Kelvins). 

This type of transformations are typical on quenched steels and iron alloys. On the other hand, 

the thermoelastic martensitic transformations have a small volume change associated, a small 

mismatch between the cell parameter of both phases (that favors the absence of plastic 

deformation) and consequently low hysteresis (tens of Kelvins), and a complete reversibility. 

In this type of transformation, the martensite is formed by nucleation and growth on cooling. 

The nucleation and growing of new martensite variants stops when cooling is interrupted, the 

processes resuming on further cooling. On heating, the inverse transformation takes place by 

means of the backward motion of the austenite-martensite interfaces formed in the direct 

transformation, the martensite plates disappearing in the reverse order of their appearance. In 

this way, the structure of the austenite is restored in the inverse transformation, recovering the 

original orientation. According to this formation kinetics, thermoelastic martensitic 
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transformations are considered athermic, which implies that the transformation is solely a 

function of temperature and, therefore, independent of time [3].  

From the macroscopic point of view, it is possible to explain the reversibility of the 

transformation considering the atomic order of the crystal structures. The retransformation path, 

the last variants to be formed being the first to disappear, ensures maintaining the atomic order 

of the austenite phase. So the reversibility associated to the shape memory alloy corresponds to 

the retransformation of the martensitic structure that minimizes the energy of the system. 

From the thermodynamic point of view, the term "thermoelastic" means that, for any 

temperature and applied stress in the temperature range in which the transformation extends, a 

state of thermoelastic equilibrium is established, defined by a local balance of the forces acting 

on the interfaces that separate the martensitic phase from the austenitic phase. The difference 

in the Gibbs free energy between the two phases gives the driving force of the transformation. 

As can be seen in figure 1.2, at a temperature above the equilibrium temperature 𝑇0 the Gibb’s 

free energy is lower in austenite than in martensite, so the cubic phase is more stable. On the 

other hand, the martensite is more stable below 𝑇0 due to its lower Gibb’s energy. During the 

direct transformation (austenite → martensite), there is a balance between the difference in free 

energy, which favors the transformation, and the increase in elastic energy that inhibits the 

transformation. The contribution of the elastic energy makes it necessary to supercool below 

the critical temperature 𝑇0 in which the Gibbs energies of the austenitic and martensitic phases 

are equal (Figure 1. 2.). The reverse transformation (martensite → austenite) is favored both 

by the elastic energy stored in the direct transformation and by the free energy difference of the 

two phases. In addition, the presence of dissipative mechanisms linked to the movement of 

austenite-martensite interphases and the accommodation of the domains of martensite supposes 

a loss of energy that causes the occurrence of hysteresis [9]. 

 

 

Figure 1. 2. Schematic diagram of the Gibb’s free energy of martensite and austenite in the 

martensitic transformation region.  
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On cooling from austenite to martensite (direct transformation) the structural change starts 

at the first critical temperature known as martensite start (Ms), where the variants start to grow, 

and finishes at temperatures lower than martensite finish (Mf) where the whole sample is in 

martensitic state. On the other hand, the transformation from martensite to austenite (reverse 

transformation) starts at a temperature called austenite start (As) and finishes at austenite finish 

(Af) temperature, where the whole specimen is in the parent phase. Figure 1. 3. shows all these 

characteristic temperatures in the reverse and direct transformation. As it has been pointed out 

previously, there is a thermal hysteresis, so As>Mf and Af>Ms where the martensitic 

transformation temperature for the forward transition is defined as 𝑇𝑀 =
(𝑀𝑠+𝑀𝑓)

2
. 

 

Figure 1. 3. Fraction of transformed austenite as a function of the temperature. 

 

 

1.2. SHAPE MEMORY ALLOYS 
The alloys that experience a thermoelastic martensitic transformation are called Shape 

Memory Alloys. The characteristics of such a reversible structural transformation and the high 

mobility of the martensitic variants confer these materials some peculiar and interesting 

properties such as the Shape Memory Effect or the Superelasticity [4]. 

 

 Shape memory effect 

Due to the high mobility of the interphases between the variants, the martensitic phase is 

easily deformable under an applied stress. If a deformed alloy is heated up to temperatures 

above Af, the reverse MT occurs, resulting in the recovery of the crystallographic austenitic 

structure. This leads to the elimination of the stress-induced deformation and therefore to the 

recovery of the initial shape. This effect is known as shape memory effect. 
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Figure 1. 4. Illustration of the shape memory mechanism.  

 

Starting in the austenite phase, the martensitic structure is obtained on cooling down the 

sample below MS. The martensite appears with a specific variants structure, composed by self-

accommodating groups, in such a way that the sample does not experiment any macroscopic 

change of shape. The reorientation of variants, which accommodate the strain induced by an 

applied stress, gives rise to a macroscopic deformation and consequently a change of shape. 

Finally, heating the alloy above Af results on recovery of the austenitic structure and initial 

shape. 

 The formation of martensite nuclei in the alloy occurs non-homogeneously. Bearing this 

in mind, the creation of preferential nucleation sites, such as network defects or precipitates, 

can determine the sequence of appearance of the martensite. The controlled creation of these 

nucleation centers can make possible the control of the MT process under cyclic variations of 

temperature, allowing the control of the transformation path. This process is known as a double-

form memory effect. The introduction of nucleation centers in the crystal can be achieved in 

various ways, such as, for example (i) by deforming above the elastic limit, either in austenite 

or in martensite, (ii) by multiple repetitions of the cycle composed by cooling → deformation 

→ heating, (iii) through repetitions of charge cycles at temperatures greater than Af that induce 

transformation (iv) cooling under load from temperatures greater than Af up to temperatures 

lower than Mf and heating again without load until temperatures greater than Af, or (v) 

introducing precipitates in the sample by heat treatment, among others. These processes of 

creating nucleation centers, called training processes, can produce an increment of the 

deformation during the MT of 0.48% by application of magnetic field in different cycles in Ni-

Fe-Mn-Ga [10] or an increase of 6% in the deformation stabilizing two-way shape memory 

alloys in Cu-Zn-Al [11]. These properties increment the possible applications of these alloys in 
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fields as different as actuators, thermo- and magnetosensors, medicine or civil structures [12–

16]. 

 

- Superelastic effect 

When a mechanical stress is applied to the alloy at temperatures higher than Af the alloy 

may transform to martensite. This is due to the fact that the work carried out by this stress 

supposes an additional contribution to the driving force responsible for the transformation, 

making it possible to promote the transformation at temperatures higher than the one 

corresponding to the transformation induced by temperature. Once the stress is removed, the 

sample recovers the deformation without any residual strain, since at that temperature the stable 

phase is the austenitic structure instead of the martensite. This superelastic effect can be 

described by the Clausius-Clapeyron equation: 

𝑑𝜎

𝑑𝑇0
=

∆𝑆

𝜀
        (1.1) 

where 𝜎 is the external strain, ∆𝑆 is the entropy change associated to the MT and 𝜀 is the 

macroscopic deformation associated also to the structural change. In case of single-crystal, the 

application of stress at temperatures higher than Af can provide a monovariant martensite in the 

alloy producing an strain close to 10% [17]. Furthermore, a tensile strain of 21.3% was found 

in Cu-Al-Ni polycrystalline alloy, where the grain growth was controlled by continuous 

unidirectional solidification [18].

 

 

1.3.Ni-Mn-Z ALLOYS 

The alloys that undergo thermoelastic MT between magnetically ordered phases can have 

certain special characteristics due to the coupling of their structural and magnetic properties. In 

this case, if the magnetic properties of the austenite and the martensite are different, the 

structural transformation (the martensitic one) involves a change in the magnetic properties, 

giving rise to a magnetostructural first-order transformation, where the elastic and magnetic 

subsystems are coupled. Then, magnetic field appears as another stimulus to which the MT is 

sensitive. 

Among the magnetic shape memory alloys, Ni-Mn-Z (Z = Ga, In, Sn, Sb) are by far the 

most studied systems due to the interesting effects they show, as the magnetic-field-induced 

strain, the magnetic shape memory effect or the magnetic-field-induced martensitic 

transformation. The main characteristics of these materials, subject of study in this thesis, are 

described below.  
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1.3.1. Structure 

 

 High-temperature phases 

Ni-Mn-Z alloys with compositions close to Ni2MnZ are a particular type of Heusler 

alloys. Heusler alloys are intermetallic compounds with general composition X2YZ, where X 

and Y are 3d elements corresponding to transition metals as Fe, Co, Cu, Ni, etc., and Z can be 

an element for IIIA, IVA or VA groups of the periodic table. The typical crystallographic 

structure of these materials is a cubic L21 structure (space group 𝐹 𝑚3̅𝑚) with next-nearest-

neighbors long-range atomic order [19–22]. Such structure can be described by four fcc 

interpenetrated sublattices, i, ii , iii and iv, where the origin of each sublattice is located at the 
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) positions, respectively. As illustrated in Figure 1. 5, in 

the Ni-Mn-Z case, the Mn atoms are located at the (0,0,0) position (4a Wykoff position), the 

Z element at the (
1

2
,

1

2
,

1

2
) position (4b Wykoff position) and Ni atoms occupy the 

(
1

4
,
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,

1

4
)  𝑎𝑛𝑑 (

3
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,

3

4
,

3

4
) positions (8c Wykoff position).  

 

 

Figure 1. 5. a) L21 Heusler structure composed by the interpenetrated sublattices i, ii , iii and iv 

where, in the case of Ni2MnZ, the i sublattice is occupied by Mn atoms, ii by Z element and iii 

and iv are occupied by Ni atoms. b) B2 structure where there are only two different sublattices; 

one is occupied by Ni atoms and the other by Mn and Z element indistinctly. 

 

These alloys do not solidify directly from melt to the Heusler L21 structure. During the 

solidification they pass from liquid to a cubic ClCs-type B2 structure with nearest-neighbor 

atomic ordering and space group 𝑃𝑚3̅𝑚. This is a disordered structure with only two different 

atomic occupancies among the four sublattices, 𝑂𝑐𝑐(𝑖) = 𝑂𝑐𝑐(𝑖𝑖) ≠ 𝑂𝑐𝑐(𝑖𝑖𝑖) =

𝑂𝑐𝑐(𝑖𝑣),Figure 1. 5.b. The L21 structure is obtained through a second-order B2-L21 transition 

taking place at different temperatures depending on both the composition and the Z element 

[23]–[27]. The next nearest-neighbor atomic ordering implies that the cell parameter is twice 
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that in the B2 structure. Recently, the presence of the B2-L21 order transition has been 

confirmed by neutron diffraction measurements in Ni-Mn-Ga [26, 28], Ni-Mn-In [29, 30] and 

Ni-Mn-In-Co [31] alloys, thus corroborating the calorimetric curves previously measured in 

Ni2Mn-Ga and Ni-Mn-In systems. In Ni-Mn-Sn and Ni-Mn-Sb alloys, in turn, no B2-L21 

transition has been detected, the L21 structure being stable up to temperatures close to the 

melting point [32]. 

 

 

 

 

Figure 1. 6. Critical temperatures for B2-L21 

order-disorder transformation determined by 

differential scanning calorimetry by 

Miyamoto et al. [27] 

 

 

 

 

 Martensitic phase 

According to the studies carried by Webster et. al, the MT is the result of the structural 

instability that appears due to the Fermi-surface nesting at the limit of the Brillouin zone [33]. 

At this point, the austenite structure is not stable and transforms to a lower symmetry structure. 

The vibrational contribution of the austenite, which is the responsible for the stabilization of 

the Heusler structure at high temperatures (diminishing the Gibb’s free energy) is compensated 

by the lower Gibb’s free energy of the martensitic structure [34]. Due to the presence of Ni and 

Mn atoms, that are 3d atoms, the idea of the Jahn-Teller mechanism as the responsible of the 

MT was assumed by Fujii et. al in Ni2MnGa and Co2NbSn [35]. This idea was corroborated  by 

Brown et. al in 1999 from polarized neutron diffraction measurements in Ni2MnGa, which 

showed that the degeneracy of the d states of the austenite close to the Fermi energy level 

produces a redistribution of the conduction electrons minimizing the Gibb’s free energy and 

changing the magnetism associated to the structure from Mn to Ni atoms [36]. Finally, studies 

in Ni-Mn-Sn and N-Mn-In alloys carried out by Bhobe et. al have shown from extended x-ray 

absorption fine structure (EXAFS) that the origin of the Jahn-Teller mechanism comes from the 

increase of the hybridization of the p and d orbitals from the Z element and Ni as consequence 

of the reduced length of the Ni-Z bond with respect to the Ni-Mn one [37, 38]. 

Thus, on further cooling below the B2-L21 transition temperature, the thermoelastic MT 

can take place from the austenite phase to a martensitic structure. In all the magnetic Heusler 

shape memory alloys, inelastic neutron scattering studies reveal a softening of the TA2 phonon 
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branch of the austenite, that corresponds to the [110] acoustic phonon [39–41], on approaching 

the MT. This softening was firstly observed in Ni2MnGa by Zheludev et. al. [39] as a decreasing 

of the phonon energy on cooling, with a minimum energy value for the wave vector 𝑞 =

(2𝜋/𝑎)(𝜉, 𝜉, 0) whit 𝜉 = 1/3, as illustrated in Figure 1. 7. Irrespectively of the crystallographic 

structure, in all the martensitic structures the (100) direction of the martensite corresponds to 

the (110) plane in the austenite, the direction of the TA2 acoustic phonon showing the soft mode 

at temperatures close to the MS. 
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Figure 1. 7. Temperature dependence of the phonon anomaly in the (ξξ0) TA2 branch in 

austenite [39]. 

 

 Ni-Mn-Ga system 

The first martensitic structure observed in the stoichiometric alloy Ni2MnGa was a body 

centered tetragonal structure with lattice parameters a = b = 5.920 Å and c = 5.566 Å 

(c/a=0.94<1) associated to a modulated superstructure [33]. In that work, it was established that 

MT is due to shears on the (110) planes along the direction [11̅0] of the austenite L21. The 

tetragonal distortion of the cubic lattice results in a macroscopic contraction of the material 

(around 1%) along the [100] axis of the austenite. The observation, in X-ray diffraction 

measurements, of four satellites between the main reflections of the tetragonal lattice suggested 

a superstructure modulated with a period of five unit cells. The modulation of this structure, 

called 5M martensite, consists in a displacement of the planes (110)aust along the directions 

]011[ aust  with a modulation period of ten atomic planes, in such a way that the tenth plane 

(110)aus has the same position as the first. Subsequent neutron diffraction studies carried out by 

Brown et. al [42] revealed a 7M orthorhombic martensite more complex than the 5M tetragonal 

previously obtained by Martinov et. al [43]. In both cases, two consecutive transformations 

were observed on cooling: a first transformation from austenite to a premartensitic cubic 3M 

modulated structure, and then the transformation to the 7M or 5M martensites. In more recent 

studies, high resolution X-rays powder diffraction measurements have revealed a 7M 

incommensurate structure with space group 𝐼𝑚𝑚𝑚 (00𝛾) and propagation vector 𝑞 =

0.33701𝑐∗ [44–46].  
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This structure was confirmed also by Righi et. al, who found the same structure but with a larger 

propagation vector 𝑞 = 0.4248𝑐∗ [47]. Moreover, again Righi et. al have shown that off 

stoichiometric Ni-Mn-Ga presents a 5M commensurate structure with a fundamental 

monoclinic lattice [48]. 

 

 Ni-Mn-Z (Z=In, Sn, Sb)  

In these alloys, the martensitic phase may show many different crystallographic structures 

depending on the Z element and the alloy composition. 

In Ni-Mn-Sn system, an orthorhombic structure with a four-layered modulation (called 4O) and 

𝑃𝑚𝑚𝑎 space group was determined by Sutou et. al. from transmission electron microscopy 

observations [49], where the presence of three new satellites around the main reflection gave 

information about the modulation of the structure. This structure was corroborated from powder 

neutron diffraction measurements performed by Brown et. al. in  Ni-Mn-Sn and Ni-Mn-Sb [50, 

51] and by Rama Rao et. al  [52] in Ni-Mn-Sb alloys. In Ni-Mn-In system, Krenke et. al [53] 

found, from neutron diffraction measurements, that the martensitic structure at 5 K was a 10M 

monoclinic structure. For similar compositions, Brown et. al. [54] found a three-fold modulated 

monoclinic structure with space group 𝑃2/𝑚. In fact, further systematic studies have revealed 

the coexistence of several crystallographic structures (4O, 3M, 5M, 7M, commensurate and 

incommensurate, orthorhombic and monoclinic… [55–57]) in martensites of different alloys. 

In Table 1. I, the different martensitic structures obtained in Ni-Mn based Heusler alloys are 

summarized. The relationship between the austenitic and the 4O and 3M martensitic structures 

is schematically illustrated in Figure 1. 8. 

 

Figure 1. 8. Schematic representation of martensitic transformation in the (001) projection 

showing: a) the ideal L21 Heusler structure with 𝐹𝑚3̅𝑚 space group, b) the tetragonal structure 

with 𝐼4/𝑚𝑚𝑚 space group, c) the transformed orthorhombic structure with 𝑃𝑚𝑚𝑎 space group 

referred as four layered modulation, 4O [50, 51] and d) three-fold modulated structures, 3M: 

the solid line represents a three-fold orthorhombic structure with space group 𝑃𝑛𝑛𝑚, while the 

broken line represents a three-fold monoclinic cell with space group 𝐶2/𝑚. Representation 

obtained from [54]. 
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Table 1. I. Crystallographic structures in austenite and martensite. 

Systems Austenite   Martensite 

Structure Space group 

Ni-Mn-Ga L21 Tetragonal 

Orthorhombic 

Orthorhombic 

Monoclinic 

Monoclinic 

I4/mmm [58–60] 

Pnnm [26, 42, 60, 61] 

Immm(00 γ) [47]  

I2/m(α0γ) [48] 

I2/m [48] 

NiMnSb L21 Orthorhombic Pmma [49, 50] 

NiMnSn L21 Tetragonal 

Orthorhombic 

I4/mmm [55] 

Pmma [49, 51, 62] 

NiMnIn L21 Tetragonal 

Monoclinic 

Monoclinic 

I4/mmm [56] 

P2/m [54] 

I2/m(α0γ) [63] 

Ni-Co-Mn-Ga L21 Tetragonal I4/mmm [64, 65] 

Ni-Co-Mn-Sb L21 Orthorhombic Pmma [66] 

Ni-Co-Mn-Sn L21 Tetragonal 

Orthorhombic 

I4/mmm [67]  

Pmma [68] 

Ni-Co-Mn-In L21 Monoclinic P2/m [69] 

 

1.3.1. Magnetism 

The majority of the Heusler alloys have a ferromagnetic behavior and saturate at weak 

magnetic fields. These compounds have localized magnetic moments, so they are ideal model 

systems for study the effects of both atomic disorder and changes in the electron concentration 

on magnetic properties. In the particular case of X2MnZ compounds, a magnetic moment close 

to 4𝜇𝐵 is provided by Mn atoms.  

The 3d and sp elements occupying the (X) position and (Z) position, respectively, have 

and important role on the magnetic properties of Heusler alloys [70]. It has been shown that sp 

electron concentration is primarily important in establishing magnetic properties, influencing 

both the magnetic moment formation and the type of the magnetic order [33, 71]. On the other 

hand, antiferromagnetic behavior was also discovered in Heusler alloys with B2 structure, 

where the Mn-Mn distances are smaller than in the L21 structure. In particular, 

antiferromagnetic magnetic structure was found in alloys with X=Ni, Pd and Z=Al showing 

B2-type crystal structure [70]. 

Focusing in Ni-Mn-Z Heusler alloys, it has been shown that the variations on the Z 

element change the electronic contribution of the sp electrons, thus producing a variation in the 

Curie temperature, as shown by Şaşisoğlu et. al. [72]. In this work, they also shown that the 

interaction between the Mn-Ni sublattices plays an important role in those compounds, even 

though Ni atoms provide a magnetic contribution lower than 0.3𝜇𝐵. 
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Two main groups of magnetic alloys may be distinguished according to the magnetic 

behavior: ferromagnetic (mainly the Ni-Mn-Ga systems), characterized by presenting 

ferromagnetic behavior in both the austenite and martensite phases, and metamagnetic (Ni-Mn-

Z systems with Z = Sn, Sb, In) characterized by a weak magnetic behavior in the martensite 

phase and therefore by a large magnetization drop at the MT. This large magnetization drop 

occurring at the MT allows the induction of the MT by an applied magnetic field, thus giving 

rise to multifunctional properties (namely giant magnetoresistance, magnetic shape memory 

and large inverse magnetocaloric effect) of great technical interest for practical applications in 

fields like sensing or magnetic refrigeration. 

Brown et. al. developed a thorough study on the magnetic coupling in the austenite in 

ferromagnetic (Ni-Mn-Ga) and metamagnetic (Ni-Mn-Sn, Ni-Mn-Sb and Ni-Mn-In) Heusler 

alloys, those last ones with excess of Mn and presenting MT. In the case of an excess of Mn, 

which is usual for compositions undergoing the MT at temperatures of technological interest, 

some Mn atoms are located at 4b sites (ii sublattice). In all the experiments, the observed 

magnetic structure was ferromagnetic, which means that the coupling between the 4a and 4b 

sites where the Mn atoms are located is ferromagnetic. The calculated magnetic moment values 

lied close to 2𝜇𝐵 and 1𝜇𝐵, respectively, and 0.33𝜇𝐵 in the 8c position assigned to Ni atom [42, 

50, 51, 54]. However, other powder neutron diffraction experiments in Ni-Mn-Sn alloy carried 

out by Umetsu et. al. showed an antiferromagnetic coupling between de Mn atoms located in 

4a and 4b sites [73]. The main difference between both alloys is the amount of Mn atoms, 

having higher Mn concentration in the case of Brown’s study. In addition, another important 

result was obtained by Umetsu et. al. in Co-doped alloy (substitution of Ni by Co),  where the 

magnetic coupling suffers a variation from antiferromagnetic to ferromagnetic. The explanation 

of this change, proposed by Kurtulus et. al by density-functional theory studies,  is related to 

the fact that the interactions between Co and Mn are stronger than the interactions between Ni 

and Mn [74]. Other studies have been carried out to clarify the magnetic structure of the 

martensite of metamagnetic shape memory alloys from neutron scattering measurements. 

Antiferromagnetic correlations were deduced in Ni-Mn-Sn and Ni-Mn-Sb by Aksoy et. al. from 

diffuse scattering measurements with neutron polarization analysis [75, 76]. The presence of 

short-range antiferromagnetic correlations in martensite is supported by the observation of 

exchange bias at low temperatures in some Ni-Mn-based Heusler alloys [77–83]. In Ni-Mn-Sn 

system, however, recent Mössbauer spectroscopy studies seem to give evidence of a 

paramagnetic state [84], hence the exact nature of the magnetic correlations in martensite is 

also still under discussion.

In summary, the magnetism in these alloys mainly arises from the coupling between the 

Mn atoms, in which the magnetic moment is chiefly confined, so the magnetic 

exchangeinteractions (which can be treated in the framework of a Ruderman-Kittel-Kasuya-

Yoshida model) strongly depend on the Mn–Mn distance, and therefore different sequences of 

magnetostructural transformations can be observed depending on both the third alloying 

element and the change in interatomic distances caused by the MT. In particular, in Ni-Mn-Z 

(Z=In, Sn, and Sb) alloys, as mentioned before, the MT takes place between a ferromagnetic 

austenite and a weak magnetic martensitic phase. This behavior is thought to be related to a 
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development of local antiferromagnetic correlations promoted by the variation of the distance 

between Mn atoms taking place as a result of the MT.   

 

 

1.4. MAGNETOSTRUCTURAL EFFECTS IN Ni-Mn-Z ALLOYS  

The alloys that undergo thermoelastic martensitic transformation and are also 

ferromagnetic can have certain special characteristics due to the coupling of their structural and 

magnetic properties. In this case, if the magnetic properties of the austenite and the martensite 

are different, the structural transformation (the martensitic one) involves a change in the 

magnetic properties, giving rise to a magnetostructural 1st order transformation, where elastic 

and magnetic subsystems are coupled. Then, magnetic field appears as another stimulus to 

which the MT is sensitive. As a consequence, new effects linked to the MT may arise, as the 

magnetic-field-induced strain, the magnetic shape memory effect or the magnetic-field-induced 

MT.  

 

1.4.1. Magnetic-field induced strain (MFIS). Magnetic shape memory effect 

(MSME) 

In ferromagnetic alloys, the MT promotes the formation of a structure of magnetic domains 

linked to the structure of crystallographic domains. In this case, the application of a magnetic 

field may cause the movements of the martensitic variants and hence a large macroscopic 

deformation on the alloy. This particular effect, consequence of the coupling between the 

structural and magnetic degrees of freedom in ferromagnetic martensitic structures, can be only 

possible at temperatures below the MT (AS) and Curie temperature (TC). 

The magnetic shape memory alloys are characterized by a net magnetic moment or 

spontaneous magnetization (Ms). When a magnetic field is applied on the alloy, a magnetostatic 

energy known as Zeeman energy tends to align the magnetic moments with the applied 

magnetic field, which can be described with the equation: 

𝐸𝑚𝑎𝑔𝑛𝑒𝑡𝑜𝑠𝑡𝑎𝑡𝑖𝑐 = −µ
0

𝑯 · 𝑴𝑺     (1.2) 

where µ
0
 is the permeability in the vacuum, H is the external magnetic field and the Ms the 

spontaneous magnetization.  

On the other hand, the energy of magnetocrystalline anisotropy opposes to the displacement 

of magnetization out of certain directions, the so-called directions of easy magnetization or easy 

axes. For materials with a uniaxial anisotropy, this energy can be expressed as: 

𝐸𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 = 𝐾𝑢𝑠𝑖𝑛2𝜃        (1.3) 

where 𝐾𝑢 is the constant of uniaxial anisotropy and 𝜃 is the angle between the magnetization and 

the easy axis of magnetization. 
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When an external magnetic field is applied, the magnetization tends to rotate from the 

directions of easy magnetization to the direction of the external magnetic field, this tendency 

being greater the greater the saturation magnetization (Msat). If the energy of anisotropy is high, 

the magnetizations are strongly fixed to the crystallographic orientations of each variant, 

changing the direction of easy magnetization along the interface. In this case, the application of 

a magnetic field creates a Zeeman energy difference along the boundary between the variants 

that causes a pressure on the boundary. If this pressure is greater than the de-twinning stress, 

the movement of the twin boundary will occur resulting in the growth of those variants that are 

favorably oriented with respect to the direction of the external field, in order to minimize the 

Zeeman energy. The condition for the movement of variants can be formulated as: 

𝜎𝑚𝑎𝑔 =
𝐾𝑈

𝜀𝑂
> 𝜎𝑑𝑡𝑤            (1.4) 

where 𝜎𝑚𝑎𝑔 is the magnetic stress, 𝜀𝑂 is the maximum deformation induced by the magnetic 

field and 𝜎𝑑𝑡𝑤 corresponds is de-twinning stress [38]. 

As in the case of stress-induced deformation, the strain will persist after removing the 

magnetic field. Now, if the magnetically-deformed martensite is heated up to temperatures 

above Af, the reverse MT takes place and the austenitic structure, and hence the original shape, 

are recovered. This is called the “Magnetic Shape Memory Effect”. 

 

 

Figure 1. 9. Schematic representation of the magnetic shape memory effect [85]. 

 

1.4.2. Magnetic-field Induced Martensitic Transformation (MFIMT) 

  As a first order transition, the application of an external field may shift the 

transformation temperatures according to the Clausius-Clapeyron equation. The expression for 

the case of a magnetic field is  

 
𝑑𝑇𝑀

𝑑𝐻
= −𝜇0

∆𝑀

∆𝑆
      (1.5) 

where ∆𝑀 and ∆𝑆 are the magnetization and entropy changes linked to the transformation. 

Taking into account that the entropy of the martensite is lower than that of austenite, the 

transformation temperature will shift to higher or lower temperatures depending on the sign of 
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the magnetization change. In the case of metamagnetic shape memory alloys, the large 

magnetization drop occurring at the MT leads to very large negative shifts in the transformation 

temperature under the application of high magnetic fields. Hence, if the magnetic field is 

applied in the martensitic state at temperatures close to AS, it can result in the magnetic induction 

of the reverse MT.   

This phenomenon was firstly studied in Ni45Co5Mn36.7In13.3 Heusler single-crystal, 

where it was demonstrated not only the induction of the austenite by the applied magnetic field 

but also the almost full recovery of the induced strain with the applied magnetic field [86]. After 

this first discovery, the magnetic induction of the MT has been observed and studied in all the 

Ni-Mn-based metamagnetic systems; Ni-Mn-In [87], Ni-Mn-Sn [88], Ni-Mn-Sb [89], Ni-Co-

Mn-Sn [90], Ni-Co-Mn-Al [91] or Ni-Co-Mn-Ga [92]. The weak magnetic state in martensite, 

and consequently the huge change in magnetization at the martensitic transformation, is the 

main responsible of the possibility of inducing the reverse transformation by magnetic field. 

The evolution of the martensitic transformation leading to the magnetic induction of the 

transformation is illustrated in Figure 1. 10. 

 

 

Figure 1. 10. Temperature dependence of magnetization for a Ni-Co-Mn-In metamagnetic 

shape memory alloy [86]. 

 

Taking into account the different magnetic characteristics of the austenitic and 

martensitic phases, the magnetic induction of the MT may give rise to large inverse 

magnetocaloric effects [85, 89, 93–96] or to giant magnetoresistance [97–99], very interesting 

for practical application in magnetic refrigeration or sensing, respectively. 
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1.4.3. Magnetocaloric effect  

The magnetocaloric effect can be defined as the variation in the temperature that a magnetic 

material suffers when a magnetic field is applied on it. Depending of the measuring conditions, 

the magnetocaloric effect can be expressed as a temperature change in adiabatic conditions or 

as an entropy change in isothermal conditions, caused by the application of a magnetic field. 

This phenomenon is intrinsic for all magnetic materials and is produced as a result of the 

coupling of the magnetic sublattice with the applied magnetic field, giving a variation in the 

magnetic contribution to the entropy of the solid [100]. 

The effect of the application of the magnetic field in the temperature and entropy of a 

magnetic material can be obtained from thermodynamic considerations. The total differential 

of the total entropy can be written as: 

𝑑𝑆 = (
𝜕𝑆

𝜕𝑇
)

𝐻,𝑃
𝑑𝑇 + (

𝜕𝑆

𝜕𝐻
)

𝑇,𝑃
𝑑𝐻 + (

𝜕𝑆

𝜕𝑃
)

𝑇,𝐻
𝑑𝑃     (1.6) 

where T,H and P are the thermodynamic variables temperature, magnetic field and pressure, 

respectively. Focusing only in an isobaric process, that is, at constant pressure, and taking into 

account that the partial derivative of entropy with respect to the magnetic field can be related 

to magnetization through the Maxwell equation 

(
𝜕𝑆

𝜕𝐻
)

𝑇
= (

𝜕𝑀

𝜕𝑇
)

𝐻
      (1.7) 

and the partial derivative of entropy with respect to temperature can be expressed as 

(
𝜕𝑆

𝜕𝑇
)

𝐻
=

𝐶

𝑇
       (1.8) 

where C is the heat capacity of the material,  the equation (1.6) results in 

𝑑𝑆(𝑇, 𝐻) =
𝐶(𝑇,𝐻)

𝑇
𝑑𝑇 + (

𝜕𝑀(𝑇,𝐻)

𝜕𝑇
)

𝐻
𝑑𝐻    (1.9) 

where the entropy is expressed in terms of easily measurable variables. In this expression, the 

entropy can be assumed to be the total entropy of the material as long as all the contributions to 

the entropy (vibrational, electronic, etc…) are included in the value of C, which provides all 

the degrees of freedom of the system.  

Figure 1. 11 shows a schematic representation of the magnetocaloric effect in a S-T diagram. 

By applying a magnetic field in a conventional magnetic material (or by increasing the intensity 

of the magnetic field), the magnetic contribution to the entropy is modified as a consequence 

of the increment of the magnetic order on the alloy. There are two different ways to vary the 

magnetic field: adiabatically or isothermally. If the variation of the magnetic field is carried out 

under adiabatic conditions, in a reversible process, the system experiments a variation in the 

temperature ΔTad that corresponds to the adiabatic difference between the functions S(Hf) and 

S(Hi). Applying the adiabatic condition (dS=0) in the equation (1.9), the expression for the 

adiabatic temperature change as a function of the applied magnetic field is expressed as: 

∆𝑇𝑎𝑑(𝑇, 𝐻) = − ∫
𝑇

𝐶(𝑇,𝐻)

𝐻𝑓

𝐻𝑖
(

𝜕𝑀(𝑇,𝐻)

𝜕𝑇
)

𝐻
𝑑𝐻   (1.10) 

where the integration limits correspond to the initial and final magnetic fields. 
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On the other hand, the variation on the magnetic field can be carried out in isothermal 

conditions, thus producing a variation in the entropy of the system ΔSiso. If we impose the condition 

dT=0, the isothermal variation in the entropy can be expressed as follows: 

∆𝑆𝑖𝑠𝑜(𝑇, 𝐻) = ∫ (
𝜕𝑀(𝑇,𝐻)

𝜕𝑇
)

𝐻
𝑑𝐻

𝐻𝑓

𝐻𝑖
       (1.11) 

 

 
Figure 1. 11. Schematic representation of the magnetocaloric effect showing the variation in 

the temperature and entropy of a magnetic material when a magnetic field is applied. 

 

Therefore, ΔTad and ΔSiso are the two magnitudes representative of the magnetocaloric 

effect. As shown in figure 1.11, both variations are dependent on the initial temperature and on 

the magnetic field variation. Both ΔTad and ΔSiso can be positive or negative depending of the 

sign of the partial derivative of the magnetization with the temperature: i) ΔTad>0 and ΔSiso<0, 

when 𝜕𝑀(𝑇, 𝐻)/𝜕𝑇 < 0, as it happens in the ferromagnetic materials around TC, or ii) ΔTad<0 

and ΔSiso>0, when 𝜕𝑀(𝑇, 𝐻)/𝜕𝑇 < 0. The latter case is known as inverse magnetocaloric 

effect.  

As previously explained and as the expressions 1.10 and 1.11 state, the higher values of 

magnetocaloric effect will appear in those regions where the variation of the magnetization with 

the temperature is larger, i.e., in the proximities of phase transitions. For example, in 

ferromagnetic materials the highest values in ΔTad and ΔSiso are at Curie temperature (TC). In 

fact, the magnetocaloric effect has been studied in the vicinity of the second order magnetic 

transition in a large number of materials. Gd has appeared as particularly useful for applications 

at room temperature [94, 101, 102]. However, in the last years, the research is focusing in 

materials where the magnetic coupling is related with a first order transition, as is in Gd5(SixGe1-

x)4 [103–106]. In these materials, the steep variation that the magnetization undergoes during 

the first order transition drives to huge values of ΔTad and ΔSiso, thus taking the name of giant 

magnetocaloric effect. Moreover, they present the advantage that the transition temperatures 

can be shifted by controlling the composition. In the case of shape memory alloys, the entropy 

of the system as a function of the temperature suffers a discontinuity linked to the entropy 
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change at the MT, ∆SMT. As previously explained, the application of a magnetic field promotes 

a shift in the transformation temperature, expressed by the Clausius–Clapeyron equation, 

resulting in the magnetic induction of an entropy change, that is, in a  magnetocaloric effect. If 

the effect of the magnetic field is strong enough to induce the whole first order transition (and 

its effect on the heat capacities of the two phases is small) a limit value of the MCE with ∆S ≈ 

∆SMT should be expected. 

The magnetocaloric effect has been widely studied in the Heusler alloys (Ni-Mn-Ga [96, 

107–109], Ni-Mn-Sn [88, 110, 111], Ni-Mn-In [53, 88, 112], Ni-Mn-Sb[89, 113, 114] and Ni-

Fe-Ga[93, 115]). The highest values of magnetocaloric effect in Ni-Mn-Ga systems have been 

observed in alloys close to the stoichiometry and have been obtained in those alloys where the 

magnetic and structural transitions overlap, reaching values of direct magnetocaloric effect 

close to ∆𝑆 = 23𝐽/𝑘𝑔𝐾 at 5T [116]. The largest reported values of inverse magnetocaloric 

effect in ternary metamagnetic alloys are ∆𝑆 = 19 𝐽/𝑘𝑔𝐾, obtained in Ni50Mn37Sn13 [117] and 

Ni50Mn34In16 [88], while the values obtained in Ni50Mn37Sb13 reach ∆𝑆 = 9.1 𝐽/𝑘𝑔𝐾  [89]. The 

introduction of another 3d element such as Co, which produces an increment of magnetization 

in austenite and reduces the magnetic coupling in martensite, produces an increase of ∆𝑀 that 

implies the increase of the ∆𝑆 in the MT. In this way the large variations in the entropy have 

been obtained, reaching 31.9𝐽/𝑘𝑔𝐾, 34𝐽/𝑘𝑔𝐾 and 30/𝑘𝑔𝐾 for Ni-Co-Mn-Sn [118], Ni-Co-

Mn-Sb [119] and Ni-Co-Mn-In [120], respectively. 

There are two different ways to measure the magnetocaloric effect: directly and indirectly. 

The direct methods consist in the direct measurement (by calorimetry) of the adiabatic change 

on the temperature or the isothermal entropy variation that the material undergoes when a 

magnetic field is applied. On the other hand, indirect methods are based in the calculation of 

the values of ΔTad and ΔSiso from magnetization measurements using the previous equations. In 

the present work, the MCE values (that is, the values of the entropy change) have been estimated 

indirectly from thermomagnetization curves at different applied magnetic fields, using equation 

1.11.

 

1.4.4. Giant magnetoresistance. 

Magnetoresistance is the variation of the electric resistance when a magnetic field is applied 

on a material. This behavior was discovered by William Thomson for iron in 1857. Depending 

on the variation in the resistance it is possible to have giant magnetoresistance or even colossal 

magnetoresistance [121–123] reaching variations of 1300% at room temperature in La-Ca-Mn-

O films. The magnetoresistance is attributed to the influence of the state of spin on the 

dispersion of conduction electrons [124]. This phenomenon has been observed and studied in 

some ferromagnetic and metamagnetic shape memory alloys [97–99, 125]. For example, 

negative magnetoresistance was measured in Ni-Mn-Fe-Ga system in a broad range of 

temperatures, being mostly relevant in the range of temperatures close to the MT. This behavior 

was ascribed to the electronic redistribution and the increment in the dispersion in the presence 

of interphases. Due to the difference in the resistivity between structural phases, a huge change 
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in the magnetoresistance can be expected in the MT in metamagnetic shape memory systems, 

which show values up to -80% linked to the induction of the MT in Ni-Mn-In [126] or -48% in 

Ni-Mn-Sn [127] systems.  

 

 

1.5. TUNNING THE MULTIFUNCTIONAL PROPERTIES  

The MT characteristics and the magnetic properties of Ni-Mn-Z alloys depend on 

composition, atomic order and microstructure. This makes possible to properly tune the 

multifunctional features linked to the magnetostructural properties in these materials. 

 

1.5.1. Composition 

As the MT occurs when the Fermi surface coincides with the Brillouin zone, the 

concentration of electrons in the conduction band (e/a) can be considered as one of the main 

factors in the structural stability. In this sense, the compositional dependence of the Ni-Mn-Z 

Heusler alloys affects to the MT temperature and to the martensitic and austenitic Curie 

temperatures modifying in this way the magnetic and physical properties. 

To obtain the e/a value we assume that each atom contributes with the most external 

electrons, considering the configuration of the electronic band structure in Heusler alloys [128]. 

In this way, Ni (3d84d2) provides 10 electrons, Mn (3d54d2) contributes with 7 and, depending 

of the Z element, it contributes with 3 in the case of Ga (4s24p1) and In (5s25p1), 4 for Sn (5s25p2) 

and 5 electrons for Sb (5s25p3). 

In the case of Ni-Mn-Ga alloys, V. A. Chernenko was the first to establish empirically 

the relation between the MT and e/a, resolving in this way the phase diagram of those alloys 

[129]. Since then, many systematic studies were carried out analyzing the magnetic and 

structural properties as a function of e/a. In this study it was revealed that the temperatures of 

the martensitic and premartensitic transformations increase significantly when the value of e/a 

increases, while the Curie temperature of the austenite remains nearly constant. A critical value 

e/a≈7.7 is reached when MS=TC. Below and above this value, MS<TC when e/a<7.7 and MS>TC 

when e/a>7.7. Additionally, the enthalpy and entropy associated to this structural transition 

increase with the e/a value [130]. It was also demonstrated the importance of e/a in the 

martensitic structures, affecting the symmetry and the type of modulation [131]. More in detail, 

as Figure 1. 12 shows, Ϛakir et. al [132] have demonstrated the relation between e/a and the 

structure in the martensite by replacing Ga by Mn, showing the existence of intermartensitic 

transitions. The authors found that intermartensitic transitions take place following the 

sequence 7M→L10, 5M→7M, and 5M→7M→L10 on decreasing temperature and that the L10 

(non-modulated tetragonal phase with space group I4/mmm) tends to be the ground state as it 

was previously considered theoretically [133]. 
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Figure 1. 12. Phase diagram of Ni50Mn50-xGax system where the filled circles indicates the 

temperature of the martensitic transformation and the open circles correspond to austenite and 

martensite Curie temperatures, squares denote 7M↔7M+L10 transition and open and filled 

triangles represent the forward and reverse transformation 5M+7M↔5M+7M+L10, 

respectively [132]. 

 

The effect of e/a variation in the case of Ni-Mn-In system was systematically studied by 

replacing In by Mn – thus increasing the e/a ratio – and analyzing the magnetic and structural 

properties of the resulting alloys [56, 134]. Three regions can be distinguished in the phase 

diagram (Figure 1. 13). For values of e/a  7.869, the MT is absent. The stoichiometric alloy, 

with e/a=7.526, lies in this region and does not present MT. The Curie temperature of the 

austenite, 𝑇𝐶
𝐴, remains almost constant and an increase of saturation magnetization is observed 

as Mn replaces In in the 4b sublattice, with values of  saturation magnetization that vary from 

80 emu/g in the stoichiometric alloy to 120 emu/g for the alloy with e/a=7.834. This is an 

indication of a coupling of ferromagnetic character between the Mn atoms located in their own 

sublattice with the Mn atoms located in the In sublattice. The MT appears at 264K when 

e/a≥7.869, marking a critical point. Moreover, the alloy with e/a=7.869 is the only one in the 

series where the reverse transformation can be induced by applying magnetic field at 

temperatures close to AS. In this region of the phase diagram (7.869  e/a   8.1) the martensitic 

phase presents modulated monoclinic crystal structures at room temperature. A shift of the 

magnetic ordering temperature of the martensite, 𝑇𝐶
𝑀, to lower temperatures is observed as e/a 

increases, while the magnetism in austenite weakens, presenting linear behavior in the M(H) 

curves. Finally, the alloys with e/a > 8.1, present the MT at high temperature and the big amount 

of Mn in the alloy produces a change to antiferromagnetic coupling as found in Ni50Mn50 [135]. 

The martensitic phase of the alloys in this region shows a non-modulated L10 tetragonal 

structure at room temperature.  



  1.5. Tunning the multifunctional properties 

21 
 

 

Figure 1. 13. Phase diagram of Ni-Mn-In system as a function of e/a [49, 56, 135]. 

 

Regarding the Ni-Mn-Sn system, Krenke et. al [55] carried out a systematic study of the 

compositional dependence of the physical and magnetic properties in the Ni50Mn50-xSnx  series, 

where the e/a ratio increases as the concentration of Sn decreases. The stoichiometric alloy does 

not show MT. The MT is present for values of e/a  8.041, starting at 190 K and showing a 

continuous increase in temperature with the increase of  Mn concentration, linked to an 

increment in the entropy and enthalpy associated to the transformation. On the other hand, as 

Mn is the main responsible of the magnetism in these alloys, its concentration affects the  

magnetic coupling, with the saturation magnetization being reduced by the increase in Mn 

concentration, while the TC shows a slight decrease in austenite and a marked reduction in 

martensite.  The crystal structure of the martensitic phases as a function of the composition has 

been studied by X-rays diffraction by Ϛakir et. al [57] , showing that the martensitic structures 

can present different symmetries according to the amount of Mn in the alloy and that different 

structures can coexist in the same alloy, giving rise to intermartensitic transitions. In this way, 

the analysis has revealed the presence of orthorhombic 5M commensurate and incommensurate 

structures, incommensurate 7M monoclinic structures and non-modulated tetragonal L10 

structures (Figure 1. 14). For e/a between 8.011 and 8.17 the martensitic structures show an 

incommensurate 5M orthorhombic structructure, with an intermartensitic transition to L10 for 

the lowest values of e/a and to incommensurate 7M for the higher ones.  For e/a=8.2 the 

martensitic structure is pure 7M incommensurate, and for e/a=8.25 and 8.30 intermatensitic 

transitions from 7M to L10 are observed. Finally, the martensite is pure tetragonal for e/a=8.34. 

It is worth noting that the propagation vector of the incommensurate orthorhombic 5M structure 



Chapter 1 

22 
 

is very close to q=0.5c*, which would correspond to the commensurate 4O crystal structure 

showed previously by Sutou et. al [49] and corroborated by Brown with neutron powder 

diffraction [51]. Figure 1.14 shows the phase diagram of Ni-Mn-Sn system representing the 

evolution of MT, austenite and martensite Curie temperatures and the structures present in 

martensite as a function of e/a. 

 

Figure 1. 14. Phase diagram of Ni-Mn-Sn system where the filled circles indicate the 

temperature of the martensitic transformation, the open circles correspond to austenite and 

martensite Curie temperature and triangles correspond to the intermartensitic transitions [57]. 

 

In the case of Ni-Mn-Sb system, a similar systematic study was performed modifying the 

composition by replacing Sb by Mn atoms [76, 136] in the Ni50Mn50-xSbx series. Like in the 

case of Ni-Mn-In and Ni-Mn-Sn, the stoichiometric Ni-Mn-Sb alloy does not present MT, the 

transformation appearing for valence-electron concentrations e/a≥8.185. In this way, for lower 

values of e/a, the alloy presents an austenite structure, undergoing only a magnetic ordering 

transition that takes place at temperatures ranging from 360K in the stoichiometric sample to 

340K in the case of the alloy with e/a=8.173. The M(H) curves measured at 5K in those alloys 

show that the saturation magnetization is reduced with the increase of Mn in the alloy, which 

is attributed to the tendency of the extra Mn located in Sb sublattice to couple 

antiferromagnetically with the Mn located in its own sublattice. With the decrease of the value 

of x and the increase in the valence-electron concentration, the MT appears first for the sample 

with e/a=8.185 at 170K, with TC at 339K. As Figure 1. 15 shows, as e/a increases, the 

temperature of the MT shows a clear increase, while 𝑇𝐶
𝐴 and 𝑇𝐶

𝑀 decrease (slightly and 

markedly, respectively). For high values of e/a the MT rises to high temperatures (up to 709K) 

and the alloys show antiferromagnetic coupling between Mn atoms as in the case of Ni50Mn50. 
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On the other hand, the crystallographic structures obtained by X-ray diffraction reveal L21 

structures in the austenite phase and different types of structure in martensite, from the 

tetragonal L10 structure with P4/mmm space group and the 4O orthorhombic structure obtained 

by Sutou [49], with space group Pnnm and Pmma, to 7-fold modulated orthorhombic structures 

[42]. 

 

Figure 1. 15. Phase diagram of Ni-Mn-Sb system as a function of e/a [76]. 

 

Figure 1. 16 shows a comparative of the phase diagrams of Ni-Mn-Z (Z= Ga, In, Sn, 

Sb) alloys. The reason for the differences in the e/a dependencies of MS for different Z-elements 

is attributed to the differences in both the density of conduction electrons and the unit cell 

parameters of the austenite phase. According to the band model, the Fermi surface just touches 

the (110) Brillouin zone boundary to achieve a stable L21 [137]. With increasing valence 

electron number, the energy of the conduction electrons exceeds the Fermi level and moves to 

the corners of the Brillouin zone giving rise to an increase in the energy of the system. In such 

a case, the system tends to minimize the free energy by creating the distortions. The new 

Brillouin zone pattern corresponds to the new crystal structure, which is martensite [129, 138]. 

The increase in the density of the valence electron number leads to a higher MS and, depending 

on the excess in the conduction electrons at the Fermi level, the different martensite structures 

form. For the set of alloys series, 𝑇𝐶
𝑀decreases more rapidly than 𝑇𝐶

𝐴 with e/a because of the 

fact that the lower unit-cell volume in the martensite state leads to strengthened 

antiferromagnetic interactions. The strength of the magnetic interactions between Mn atoms is 
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also strongly correlated with the number of conduction electrons [139]. The reason of the 

decrease of 𝑇𝐶
𝑀 and 𝑇𝐶

𝐴 lies in the rise in significance of antiferromagnetic interactions as Z 

content decreases, due to the increase in the number of Mn–Mn nearest neighbors and to the 

decrease in Mn–Mn distances (see below), with the magnetic coupling becoming 

antiferromagnetic at low Z contents like in Ni50Mn50.  

 

 

Figure 1. 16. Dependence of e/a relation with martensitic transformation and the Curie 

temperature for austenite (𝑇𝐶
𝐴) and martensite (𝑇𝐶

𝑀) [85]. 

 

The e/a dependence of the magnetic moment for Ni–Mn–Z alloys in cubic phase is shown 

in Figure 1. 17. This figure shows how the magnetic moment increases continuously with e/a  

as we increase the amount of magnetic atoms (Mn), up to a certain inflection point, where it 

starts decreasing. This inflection occurs when antiferromagnetic interactions become 

significant, essentially due to the excess of Mn. Comparing the different series, it becomes 

evident that, when the atomic radius of the Z element is smaller (and therefore the lattice 

parameters and interatomic distances are smaller), the inflection point occurs for lower values 

of e/a, since a smaller Mn-Mn distance favors antiferromagnetic interactions. [55, 140].  

The interatomic distances represent clearly a key parameter in the properties of these alloys 

and, in particular, for the magnetic coupling. In order to assess the effect of e/a in the interatomic 

distances, we can compare the lattice constant in the L21 phase for the set of series Ni50Mn50-

xZx  (Figure 1. 18) [85].  For a given Z, the lattice constant of the austenite phase decreases with 

decreasing Z content. Also, if we compare the series with Z = In, Sn, Sb – in the same row of 

the periodic table – the values of the lattice parameter show a continuous decrease with 

increasing e/a. When comparing Z = In with Z = Ga series, since In and Ga are isoelectronic, 

replacing one of these elements by the other causes a change in the lattice constant without 

altering the electron concentration (series Ni50Mn25Ga25-xInx in Figure 1. 18). The whole picture 
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shows that MT is present for alloys with lattice constant in austenite below a critical value 

around 6 Å. 
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Figure 1. 17. The e/a dependence of the magnetic moment per atom [85, 132]. 

 

 

Figure 1. 18. The e/a dependence of the lattice parameter of the cubic phase at room temperature 

in Ni-Mn-based Heusler alloys. The alloys that does not present martensitic transformation are 

represented by open symbols [85]. 

 

 The addition of another 3d element was studied also in the Ni-Mn-Z alloys in order to 

investigate the effect that this doping produces in the physical properties [141–148]. In 

particular, the doping with Co has been shown to enhance the magnetism of the austenite, 
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increasing the ΔM associated to the MT and therefore improving the magnetic properties 

relevant for applications (producing larger magnetically-induced shifts of the MT temperatures 

and higher associated magnetocaloric effect) [73, 86, 90, 119, 149–151]. Co doping in Ni-Mn-

In and Ni-Mn-Sn systems has been proved to increase both the Curie temperature and the 

spontaneous magnetization of the austenite by the enhancement of the ferromagnetic coupling 

[73, 152], leading to an increase of the variation of the magnetization at the MT. Neutron 

powder diffraction in Ni-Mn-Sn and Ni-Co-Mn-Sn has shown that the Co atoms share 8c sites 

with Ni while the magnetic coupling between the Mn moments on the 4a (Mn sublattice) and 

4b (Sn sublattice) of the austenitic cubic structure becomes more ferromagnetic [73]. Density-

functional theory studies in Co-Mn-Sn and Ni-Mn-Sn show that the ferromagnetic exchange 

interaction between Co and Mn is several times larger than the exchange interaction between 

Ni and Mn [74]. Therefore, the substitution of Ni by Co increases the ferromagnetic 

interactions, favoring the ferromagnetic coupling of the Mn moments. The magnetism of the 

martensite is also affected by the Co doping. For example, in the case of Ni-Co-Mn-Ga it has 

been demonstrated by neutron powder diffraction that the martensitic phase presents long-range 

antiferromagnetic order in the range of  𝑇𝐶
𝑀 < 𝑇 < 𝑀𝑓 [153], which results in a larger ΔM at 

the MT.  

 

1.5.2. Atomic order 

The structural and magnetic properties of the Ni–Mn based Heusler alloys depend on 

the atomic order as long as the variations on the configurational ordering of the constituting 

elements in the crystal lattice affect both the MT and the magnetic moment of the alloy. This is 

related to the modification of both the electronic structure and the lattice site occupancy by the 

magnetic atoms. The long-range atomic order can be modified either by changing the 

composition or, once the composition is fixed, by means of different thermal treatments, such 

as quenching from high temperature or post-quench aging.  

Due to its dependence on Mn-Mn distance, the exchange interactions in the cubic L21 

austenitic phase of these alloys are directly related to atomic order (the Mn moments on the 

regular 4a sites are ferromagnetically coupled, whereas different Mn-Mn exchange interactions 

may appear between Mn atoms at the 4b sites and those in the 4a sublattice). Therefore, a 

complete correlation between long-range atomic order and exchange interactions is needed in 

order to properly tune the magnetic properties of these alloys. Such a correlation has been 

recently stablished in Ni-Mn-In alloys, in which the atomic order was modified by means of 

thermal treatments [29]. In Ni-Mn-Sn, in turn, the extraordinary high stability of the L21 

structure precludes the variation of atomic order by means of conventional thermal treatments, 

and therefore no analogous study has been performed. In fact, previous studies based on 

configurational disorder in off-stoichiometric alloys points out to both ferromagnetic [51] and 

antiferromagnetic [73] coupling between Mn moments at 4a and 4b sites,  so some controversy 

concerning the nature of the exchange interactions in the austenitic phase of Ni-Mn-Sn alloys 

still persists. 

The characteristic L21 structure corresponding to the Heusler alloy, presenting a 

complete next-nearest-neighbor atomic order, is only possible in stoichiometric compounds 
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Ni2-Mn-Z (Z= Ga, In, Sn, Sb), in which all atoms are located in its own sublattice. The first 

studies on the influence of the atomic order on the MT were carried out by Kreissl et. al. on the 

Ni2MnGa compound. In this analysis they quenched the alloy from 1073 K and 1273K showing 

a shift of ~100K to lower temperature in the MT temperature for the alloy quenched from higher 

temperature, accompanied by a reduction in the ferromagnetic moment [21, 154]. 

Several systematic studies have been performed in Ni-Mn-Z alloys out of the stoichiometry, 

aiming at determining the long-range atomic order and its dependence on thermal treatments. 

In this sense, neutron powder thermo-diffraction measurements have been proven to be  a 

powerful tool to  quantify the atomic order from the analysis of the integrated intensity of the 

(111) and (200) reflections, which correspond to L21 and B2 structure, respectively [155]. In 

fact, the order parameter corresponding to the L21 structure, L21 (which ranges from 0, for the 

B2 structure, to 1, for the maximum next-nearest-neighbor atomic order), can be assumed as 

L21  (I(111))
1/2  [155]. 

 

In the case of Ni-Mn-Ga, Sanchez-Alarcos et. al. [26, 28, 156] analyzed the effect of the 

thermal treatments and its relation with the atomic order in two different ways: i) by quenching 

the alloy from different temperatures and ii) by post-quenching aging treatments at moderate 

temperatures. Both types of thermal treatment produce changes in the long-range atomic order 

of the alloy, retaining different degrees of disorder by quenching or recovering the order by 

aging. Both kinds of treatments are equivalent since the final parameter, which controls the MT 

and magnetic properties, is the degree of long-range atomic order. It was found that the MT and 

Curie temperatures shift to lower temperatures after quenching from high temperatures, where 

the atomic order degree is low. In the case of the post-quench aging, both critical temperatures 

increase as a consequence of the recovery of atomic order. The calorimetric measurements 

carried on the quenched samples have shown the presence of an exothermic peak at 

temperatures around 600K linked to the recovery of the metastable quenched state. In the 

second heating, this peak does not appear again, what implies the irreversibility of this process. 

Neutron experiments were carried out starting from the as quenched state at room temperature 

and heating up to 1173K  (Figure 1. 19). A slight increase in the integrated intensity of the peak 

(111), linked to L21 order, is observed in the temperature range where the exothermic process 

takes place. At higher temperature, the order L21 disappears according to the order-disorder 

transition L21-B2. During the second heating ramp, the integrated intensity shows the maximum 

degree of long-range atomic order allowed by the stoichiometry at each temperature. 

Rietveld refinement in paramagnetic austenite was carried out in both states, before and 

after heating the alloy to 1173K, and the result revealed a small amount of Ga atoms ~0.5% in 

Mn sublattice displacing the same amount of Mn to the Ga sublattice for the as-quench sample; 

this disorder induced by quenching treatments is recovered on further heating. The migration 

of Mn – the main responsible of the magnetic behavior – to its own sublattice produces an 

increment in the ferromagnetic coupling. This increment in the ferromagnetic coupling is the 

cause of the increment of the saturation magnetization and the shift of the magnetic ordering to 

higher temperatures. In the case of Ni-Mn-Ga, the effect of atomic order is particularly 

pronounced for the martensitic structure, stabilizing this structure with respect to austenite. The 

final result is an increase of the MT temperature as consequence of the atomic ordering [20, 26, 

140, 157]. 
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Figure 1. 19. Evolution of the integrated intensity of the (111) peak of a Ni-Mn-Ga alloy, linked 

to L21 atomic order, as a function of temperature. As-quenched state corresponds to the first 

heating ramp and ordered state to the second one. Inset: Exothermic peak only observed during 

the first heating linked to irreversible recovery of the as-quenched induced atomic disordering.  

 

Recarte et al [29] reported an analogous study in Ni-Mn-In system, presenting its 

response to the thermal treatments. As happens in Ni-Mn-Ga alloys, the Curie temperature 

decreases with the increase of the quenching temperature, but the MT has an opposite variation, 

increasing with quenching temperature. Concerning post-quench aging, the MT and Curie 

temperature have also opposite displacements, with the magnetic order temperature going to 

higher temperatures and the MT shifting to lower temperatures as the aging temperature (and 

therefore the degree of atomic ordering) increases. Again, the exothermic peak observed by 

calorimetric measurements, which disappears during a second heating ramp, has been related 

with the increased atomic order that is observed by “in situ” neutron thermo-diffraction. The 

evolution of the (111) peak integrated intensity shows the maximum value during the first 

heating at the temperatures of the exothermic peak, and decreases on further heating as a result 

of the order-disorder transition L21-B2 (Fig. 1.20), while during the second heating ramp, the 

integrated intensity shows a higher degree of long-range atomic order at all temperatures [29]. 

Once more, the displacement of the Mn atoms to their own sublattice enhances the 

ferromagnetic coupling and increases the Curie temperature. However, for this metamagnetic 

alloy the enhancement of magnetism of the austenite stabilizes this phase against martensite 

and the MT shifts to lower temperatures as the degree of atomic order increases. 

On the other hand, similar studies in Ni-Mn-Ga and Ni-Mn-In alloys with high values 

of e/a ratio, [158] with the MT occurring between a paramagnetic austenite and a paramagnetic 
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martensite, which orders magnetically at lower temperatures, demonstrated that atomic 

ordering only affects the Curie temperature.  Again, the increase of the atomic order modifies 

the magnetic coupling between Mn atoms increasing the magnetic order temperature. 

Nevertheless, the MT is not modified since no magnetically ordered state is involved in the MT.  

Then, it is found that the atomic order variations associated to the thermal treatments 

affect the structural transformation in a different way depending on the character of the 

magnetic ordering in the austenitic and the martensitic phases. The variation on the atomic order 

only affects the MT temperature in those alloys in which at least one of the structural phases 

shows magnetic order at the transformation temperature, whereas those transformations taking 

place between paramagnetic phases remain unaffected.  The observed behaviors are explained 

in terms of the effect of the magnetic exchange coupling variations on the free energy difference 

between austenite and martensite. In particular, it has been proposed that the increase of the 

atomic order degree stabilizes the structural phase showing higher magnetic moment. The 

obtained results demonstrate the key role of magnetism on the MT [158]. 

Completing the investigation of the atomic order effect in the metamagnetic shape 

memory alloys, analogous studies have been reported for in Ni-Mn-Sn and Ni-Mn-Sb systems, 

showing different behavior. Neutron powder diffractograms were measured from room 

temperature to 1173K revealing that the (111) peak does not disappear (Figure 1. 20), meaning 

that there is no L21-B2 order-disorder transition. The evolution of the intensity of the (111) peak 

shows a small and continuous decrease in the integrated intensity. Extrapolating the curve, the 

value for the L21-B2 transition temperatures would be at temperatures higher than the melting 

point (1300K), which implies that in these alloys the L21 structure is exceptionally stable. 

Furthermore, the different thermal treatment carried out do not modify neither the MT nor the 

Curie temperature of the austenitic phase.   
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Figure 1. 20. Temperature dependence of the L21 atomic order parameter in Ni-Mn-Sn, Ni-Mn-

Sn, Ni-Mn-Ga and Ni-Mn-In [32]. 



Chapter 1 

30 
 

Figure 1. 21 summarizes the general behavior of Ni-Mn-Z shape memory alloys under 

modification of the atomic order degree. In this figure, the evolution of TC, of the MT 

temperature, TM and of the change of the saturation magnetization at the MT, M, as a function 

of quenching temperature are shown. As it has been previously explained, the higher the 

quenching temperature the lower the degree of atomic order. M corresponds to the absolute 

value at the MT, i.e. M =Mmart-Maust for Ni-Mn-Ga and M =Maust-Mmar for the three 

metamagnetic systems. The enhancement of Mn-Mn ferromagnetic coupling through the 

increase of atomic order produces an increase TC for the systems where the atomic order can be 

significantly modified, i.e. Ni-Mn-Ga and Ni-Mn-In. Also, M increases with atomic order for 

both systems. Finally, the magnetic coupling enhancement promoted by atomic order stabilizes 

the structural phase showing higher magnetic moment, producing and increase and a decrease 

of the MT temperature for the  Ni-Mn-Ga and Ni-Mn-In alloys, respectively. On the other hand, 

the Z = Sn, Sb alloys show a null variation of TC, TM and M, due to the exceptional stability of 

their atomic order degree.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 21. Shift of the Curie temperature, ΔTC, the martensitic transformation temperature, 

ΔTM, and the magnetization change at the MT, ΔM, as a function of the quenching temperature. 

Values for the highest quenching temperature have been taken as reference. ΔM is the absolute 

value at the MT, i.e. ΔM =Mmart-Maust for Ni-Mn-Ga and ΔM =Maust-Mmar for the three 

metamagnetic systems. 
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1.5.3. Microstructure 

 The microstructure of the alloy may also affect the magnetostructural properties of 

metamagnetic shape memory alloys as long as the variations in the microstructural parameters 

(grain size, vacancies, grain boundaries, dislocations, internal stresses, precipitates, antiphase 

boundaries, etc …) may result in a local modification of composition, interatomic distances or 

atomic order. The influence of microstructure is especially interesting in Ni-Mn-Sn and Ni-Mn-

Sb alloys, in which the L21 structure is highly stable and the atomic order is then hardly 

modifiable by means of conventional thermal treatments [32]. In these alloys, the modification 

of the microstructural parameters appears as the only way to modify the functional properties 

for a selected alloy composition.  

Mechanical milling and subsequent annealing treatments are among the simplest and 

most used methods to modify the microstructure. Typically, the grain size reduction and the 

presence of defects and internal stresses induced by milling degrade the MT and the magnetic 

properties, which can be then partially restored upon microstructural recovery processes 

brought by subsequent annealing [68, 83, 159–162]. Even though the grain size and the state of 

internal tensions are known to be two parameters highly influencing the characteristics of the 

MT through the variation of the elastic energy term [163], up to now, less work has been 

devoted to the analysis of the MT and the magnetic properties at reduced sizes tending to 

nanoscale.  In this sense, it has been recently proposed that below a critical size, shape memory 

alloy nanoparticles show non hysteretic behavior [164]. Taking into account that the 

transformation hysteresis linked to a first order transition is an important drawback for 

magnetocaloric applications, nanoparticle alloys seem to be a promising alternative procedure 

to improve simultaneously the mechanical behavior (see below) and the MCE required for 

refrigeration systems.  

On the other hand, one of the main drawbacks of the metamagnetic shape memory alloys is 

the poor mechanical properties they show. These alloys are very brittle and difficult to handle, 

and cracks form very easily when the crystal is being thermally cycled through the phase 

transformation [165, 166]. Alloys in form of films, ribbons, wires or foams [167–170] have 

been studied as an alternative to overcome the mechanical limitations of the bulk material. In 

particular, the integration of powder alloys into a polymer to form composites has been found 

to be especially interesting for the development of magnetically-controlled dampers and 

actuators. Such composites may show low cost, large mechanical energy absorption and good 

mechanical properties [171, 172]. In this case, a previous complete characterization of the 

powder alloy is needed in order to properly tune the response of the composites.  

Ball milling technique is one of the simplest and cheapest methods to produce 

nanostructured materials. The use of ball milling as a reduction method to nanoscale size has 

been studied in multiple systems, and interesting physical and chemical phenomena have been 
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found to appear. A considerable modification of the magnetic behavior and the synthesis of new 

phases have been reported [173–175]. For instance, the reduction in the size of particles by ball 

milling may optimize the MCE in different magnetic systems, either by increasing the 

temperature range [176] or by reducing the hysteretic losses linked to a magnetostructural first 

order transformation [177]. On the other hand, together with grain size reduction, ball milling 

produces a huge amount of defects (vacancies, dislocations, chemical disorder, strains…) in the 

material. A proper analysis of the milled powder may therefore provide valuable information 

concerning the influence of those defects on both the MT and the magnetic properties.  

The effect of ball milling on the magnetostructural properties has been studied in Ni-Mn-

Ga, where the effect of thermal treatments has been widely characterized and different 

sequences of structural transition (different from those in the corresponding bulk) have been 

found in the achieved nanoparticles [178–181]. Likewise, nanoparticles of Ni-Mn-Sn and Ni-

Mn-In have been recently obtained by ball milling [159, 161, 182, 183]. As in Ni-Mn-Ga, 

atomic disorder and lattice strain inhibit the MT in the as-milled alloys, while post-mill 

annealing treatments are needed to restore the MT. A significant influence of annealing on the 

ferromagnetic exchange interaction, exchange bias and MCE, has been also reported in these 

alloys. In any case, a systematic study of the effect of mechanically-induced microstructural 

defects on the structural and magnetic properties of metamagnetic shape memory alloys is still 

absent. 

 

 

1.6. OBJECTIVES AND THESIS STRUCTURE 

The aim of this thesis is the study of routes to obtain improved magnetostructural properties 

in metamagnetic shape memory alloys, mainly through the modification of the microstructural 

parameters. This thesis is organized in seven chapters including an introduction, the techniques 

used and all the results. In this way, Chapter 1 provides a general introduction to the main 

concepts and a summary of the most relevant work related with the topic of the thesis published 

up to the present date. Chapter 2 explains the different experimental techniques employed 

during this thesis, starting from the synthesis of the alloys and the mechanical and thermal 

treatments performed in the samples, following with the macroscopic (calorimetric and 

magnetic) characterization, and finishing with the microscopic study, mainly through 

diffraction experiments. The results obtained during this research are reported in Chapters 3, 4, 

5 and 6, structured as follows: 

 Correlation between microstructure and magnetostructural properties in Ni-Mn-Sn 

system. Characterization of the microstructure induced by thermo-mechanical 

treatments and its relation with the properties of the alloys (particularly the magneto-

caloric effect). (Chapter 3) 

 Improvement of magnetostructural properties by Co addition. Correlation between 

microstructure and magnetostructural properties in Ni-Mn-Sn-Co system. Improvement 

of magnetocaloric effect in a Ni-Mn-Sn-Co alloy subjected to soft milling. Evolution of 
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the microstructural parameters and the magnetostructural properties with the milling 

time. (Chapter 4) 

 Understanding the effect of Co-doping in the magnetic coupling using the Ni-Mn-In 

system as case study. (Chapter 5) 

 Study of the recrystallization process in Co doped Ni-Mn-In and Ni-Mn-Sn alloys 

amorphized by milling. (Chapter 6) 

Chapter 3 is divided in three parts. The first part consists in obtaining the microstructural 

parameters of a Ni50Mn35Sn15 alloy subjected to different thermal treatments after hand-milling 

in agate mortar by using laboratory X-rays and its magnetic characterization, relating the defects 

on the sample with the internal strains state induced by the milling and annealing processes. In 

the second part, the crystal and magnetic structures of the alloys were obtained by powder 

neutron diffraction, allowing relating the magnetocaloric effect with the magnetic coupling in 

austenite and martensite. In the last part, Mössbauer spectroscopy was used to complete the 

magnetic characterization on the sample set, showing that it is possible to use this technique to 

characterize the microstructure. In Chapter 4, the magnetostructural properties were studied in 

Ni45Co5Mn35Sn15 alloy in milled and in annealed samples, showing an improvement of the 

magnetostructural properties by Co addition and an improved magnetocaloric effect in the soft-

milled alloy. Due to this unconventional result, a systematic study on the microstructure was 

undergone by mechanical ball-milling, showing the evolution of the microstructural parameters 

and the magnetostructural properties with the milling time. The microstructure parameters were 

analyzed by powder diffraction using synchrotron radiation. In Chapter 5, the atomic order and 

the magnetic structure for Ni50Mn34In16 and Ni45Co5Mn37In13 alloys with two different thermal 

treatments were studied by neutron diffraction in order to understand the effect of thermal 

treatments and Co-doping on the austenite magnetism. Polarized neutron single-crystal 

diffraction in Ni45Co5Mn37In13 contributes to clarify the interaction pathways between the 

different atomic positions in the high temperature phase. Since long milling times lead to 

amorphous states, the recrystallization processes have been studied in Chapter 6, with the 

analysis of the evolution of the different phases, the cell parameters and the parameters as grain 

size, micro and macrostrains. Finally, a summary of the main conclusions is presented in 

Chapter 7. 
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Chapter 2. Experimental techniques 

 

 
Taking into account that this thesis is an experimental work, in this chapter we will describe 

the methods employed to prepare the samples and their subsequent characterization. The sample 

preparation and macroscopic characterization (thermal and magnetic measurements) were 

carried out in the Materials Laboratory of the Physics Department of Navarra Public University, 

while neutron scattering and synchrotron X-ray diffraction experiments were performed at 

Institut Laue-Langevin and at ALBA synchrotron, respectively.  

 

 

2.1. SAMPLE PREPARATION 

 

2.1.1. Synthesis 

The polycrystalline samples studied in this work were synthesized in an arc furnace Edmund 

Bühler MAM-1 (see Figure 2. 1) using pure elements. Arc Melting is used for melting metals– 

typically to form alloys. The heating is produced by an electric arc between a tungsten electrode 

and the metals placed in a depression of a refrigerated copper crucible. The chamber is 

evacuated and then back filled with argon gas. Hence, melting is performed in argon atmosphere 

to avoid the oxidation of the alloy. Repeated melting is performed to improve the homogeneity 

of the alloy. Successive evacuations of the chamber avoid oxidation of the melt.  

 

 

Figure 2. 1. Arc furnace Edmund Bühler MAM-1.
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2.1.2. Homogenization and thermal treatments 

After the synthesis of the alloys in the arc furnace it is necessary to submit the ingots to 

a long-time thermal treatment at high temperature. This is due to the high directionality and 

non-homogeneity of the solidification process in the arc furnace and to the great influence of 

the composition on the structural and magnetic properties of the shape memory alloys. Thus, 

once the sample has been melted several times in the arc furnace, the next step is the 

homogenization process, which is done at 1073K-1273K, depending on the alloys system, 

during few days. At these temperatures, thermal energy allows the atomic diffusion, producing 

a high degree of homogeneity throughout the sample. Afterwards, a controlled quenching 

process is carried out on the sample in order to modify the degree of atomic order at room 

temperature and therefore tailoring the martensitic transformation and magnetic ordering 

temperatures. 

  A quenching in iced water from different temperatures or a slow cooling in a controlled 

atmosphere are the typical thermal treatments carried out in this type of alloys. These 

procedures, which allow a control of the microstructural state and the atomic order degree of 

the alloy in a reproducible way, are performed in a vertical furnace described schematically in 

Figure 2. 2 [1] .The sample is placed inside a vertical quartz tube that runs through the vertical 

furnace, holding tied to a Kanthal wire that is fixed to an external metallic pin. When the pin is 

removed, the sample falls into the thermal bath (iced water).  The quartz tube is connected to a 

vacuum pump and to an inert gas bottle (usually argon gas), which allows the control of the 

atmosphere avoiding the sample oxidation.  

 

 

Figure 2. 2. Scheme of the vertical furnace used for the quenching and annealing thermal 

treatments [1]. 
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Furthermore, this furnace was used also to perform thermal treatments in order to 

modify the atomic order and the microstructural parameters in powder samples, including 

samples previously treated by mechanical methods. In that case, the sample is introduced in a 

secondary quartz tube with tantalum balls to remove the oxygen from the atmosphere, avoiding 

oxidation in the powder. 

 

2.1.3. Mechanical treatments 

Mechanical treatments have been applied to the samples throughout this thesis with two 

objectives. On the one hand, to obtain, from the polycrystalline ingots, samples in powder state 

to perform the diffraction experiments avoiding the presence of textures. On the other hand, to 

modify in a controlled way the microestructural state of the samples introducing defects by 

mechanical alloying. 

For the first purpose, hand milling in agate mortar, in some cases followed by sieving, 

was the method employed to obtain homogenous powders. In some cases, once the powder has 

been obtained, an annealing has been carried out to eliminate defects. When we wanted to study 

the influence of the defects and the microstructure in the magneto-mechanical properties of the 

alloys, ball milling at different milling times has been carried out. Thus, by modifying the 

milling parameters, the microstructure has been modified in a controlled and repetitive manner.  

Ball milling is a mechanochemical technique used to induce deformation, grind, mix 

and cold welding of the particles for different materials as minerals, paints, ceramics or metals 

during repeated collisions with a ball.  

 

 

Figure 2. 3. Ball-mill RETSCH EMAX. 

 

A planetary ball mill has been used in this work. The sample to be ground is introduced 

in a cylindrical container together with the milling balls, made of tungsten carbide in our case. 

The cylindrical container is located and fixed in a rotating platform producing the movement 
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of the balls that impact with the powder, reducing the size of the particles and changing their 

structure and their physical properties. The ratio between the volume of the powder and the 

balls, the milling time or the rotation energy are the adjustable parameters in this type of 

process. Controlling those variables allows the reproducibility of the final specimen.

One of the difficulties addressed during the milling process was that, due to the impacts 

between the balls, the cylinder and the sample, the temperature of the environment increases, 

and consequently the risk of sample oxidation. To avoid this issue, the process was carried out 

in short periods of milling of 5 minutes, interrupted by breaks of 30 minutes during which the 

cylinder was removed from the platform in order to cool it.  

 

 

2.2. SAMPLE CHARACTERIZATION 

 

2.2.1. Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM) 

These techniques have been used for the compositional and particle size analysis in an 

occasional way. Therefore, only a general description of the techniques and the instruments 

employed will be given. 

Scanning Electron Microscopy (SEM) produces images of the surface of the sample 

with a focused high-energy electrons beam. The three most common signals used to 

characterize the sample are the secondary electrons, the backscattered and the characteristic X-

rays. As effect of the interaction of the electron beam with the specimen, X-rays linked to the 

inner dexcitations of the atoms are emitted and are used to the compositional microanalysis, 

calling this technique energy-dispersive X-rays spectroscopy (EDX). Moreover, the intensity 

and the angular distribution of the back-scattered electrons are sensitive to the atomic number 

of the probed atoms in the material and to the local direction of the surface, offering the 

possibility to make compositional analysis (different signals for phases with different 

compositions) and topography analysis (different orientations between grains in a single phase 

or between different phases with the same composition). On the other hand, low energy 

electrons from the sample can be extracted by the incident electron beam, named secondary 

emitted electrons which give topography information. During this thesis, a Jeol JSM-5610LV 

system was used for the analysis of the particle size after milling the alloys and also to check 

the composition of the synthetized samples. 

Transmission Electron Microscopy (TEM) produces high-resolution images of the 

inside of a material using the transmitted electron from a focused high-energy electrons beam. 

Depending on the operating mode, the interaction between the transmitted electrons through 

the sample and the specimen creates an image what gives information about microstructure as 

the particle size, presence of defects as dislocations, twins, order domains, and crystal structure 

and symmetry. As the electrons have to be transmitted through the samples, these should be 

very thin; this technique is thus well adapted for the study of nano-sized objects. In this thesis, 

this technique was used to analyze the obtained particle size after high-energy ball-milling using 

(Hitachi H600 100keV TEM). 
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2.2.2. Thermal characterization. Differential scanning calorimetry (DSC) 

Differential scanning calorimetry is a thermal analysis technique consisting on the 

measurement of the heat exchange required to keep the sample and a reference at the same 

temperature during temperature ramps or in isothermal measurements. Then, if the sample 

undergoes a first or second order transition or a chemical reaction, the heat required to keep the 

same temperature on the sample and on the reference will be different. In an exothermic process, 

the sample gives energy to the environment and the heat flow required is lower than in the 

reference, while in an endothermic one, the sample absorbs energy and, consequently, the heat 

flow should be higher in the sample than in the reference. Therefore, with this technique, it is 

possible to detect the different transformations that a material undergoes, determine the 

absorbed or liberated energy during the thermodynamic processes and the temperatures where 

those transitions or chemical reactions occur. 

All the calorimetric measurements were carried out in a commercial DSC Q TA100 

calorimeter. This device consists on a small furnace where two measurement pans (sample and 

reference) are located. The pans are connected to a thermal resistance and to a thermocouple to 

control the sample and reference temperatures, with another thermocouple located in the body 

of the furnace to control the temperature of the whole measurement system. To avoid possible 

oxidations and improve the thermal conductivity in the furnace, the sample environment is 

under a nitrogen gas flux.  

Depending of the required range of temperatures, the calorimeter has different temperature 

control systems, allowing measurements between 90K and 1000K. The FACS system (Finned 

Air Cooling System), based in compressed air refrigeration, allows measuring from room 

temperature up to 1000K. On the other hand, the low temperature range is reached with the 

system LNCS (Liquid Nitrogen Cooling System) that works between 90K and 673K. Finally, 

the most used system during this thesis is the RCS (Refrigerated Cooling System), which using 

a vapor compressor allows measuring between 180K and 673K, the temperature range where 

most of the processes analyzed in this work occur. 

In order to convert the electric signal of the sensors of the calorimeter into thermodynamic 

quantities, a calibration of the system is needed. Calibrations must be performed frequently, in 

particular after changes in the measurement conditions. From the calibration, we obtain a 

baseline and a cell constant, i.e. the ratio between the reference value of a given experimental 

variable and the measured one - in our case, the latent heat of an Indium sample. The baseline 

is obtained in two steps: first, the measurement of the empty furnace in the required temperature 

range; second, the repetition of the same measurement with two identical sapphire disks located 

in the sample and in the reference pans. Then, the latent heat of an Indium sample is measured, 

allowing calculating the values of enthalpy associated to the heat exchanges. 

Due to the fast throughput of this technique, DSC measurements were the first 

characterization experiments performed after the sample preparation. By measuring ramps at 

10K/min in cooling and heating modes it is possible to determine if the obtained alloys present 

a martensitic transformation, the temperatures where this transformation takes place and the 

enthalpy associated to the direct and reverse transitions. An example of the result obtained is 

shown the curve in Figure 2. 5. The critical temperatures are determined in the intersection of 

the tangents of the baseline and the peak where the exothermic and endothermic peaks start and 

finish. It this way, we identify the initial (MS) and final (MF) temperatures of the martensitic 
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transformation, and the initial (AS) and final (AF) temperatures of the reverse transformation 

from martensite to austenite structure. Moreover, the Curie temperature (TC) indicating the 

onset of long-range magnetic order can be identified by a small variation in the baseline of the 

calorimetric curve.  

 

 

Figure 2. 4. Differential Scanning Calorimeter Q-100 DSC, TA Instruments. 

 

Furthermore, other types of processes can be detected and analyzed using this technique, 

like the appearance of secondary phases, atomic ordering, recrystallization, etc. with effects in 

the physical and magnetic properties of the shape memory alloys.  

 

Figure 2. 5. Typical DSC curve with the determination of the critical temperatures obtained by 

tangents method. 

 

2.2.3. Macroscopic magnetic characterization: magnetometry 

The magnetic properties were analyzed in a SQUID magnetometer (Superconducting 

Quantum Interference Device). This system allows stuying the magnetization (M) and the 
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susceptibility (χ) of the magnetic alloys covering a broad range of temperatures (1.5K to 300K) 

and magnetic fields (-7T to 7T). 

The SQUID is a very sensitive magnetometer consisting on a superconducting loop, 

containing one or two Josephson junctions, where an electric current circulates. The Josephson 

junctions are non-superconductiong links between superconductors where the electrons can 

flow through by quantum tunneling from a particular threshold value of the current. Figure 2.6 

shows a scheme of the superconducting ring of a SQUID magnetometer. Since the magnetic 

flux enclosed by the superconducting loop should be constant, any change in an external 

magnetic field produces a current in the loop to counteract the change on the flux. The magnetic 

flux in the superconducting loop is quantized in multiples of the magnetic flux quantum 𝜙0 =

 2πћ ⁄ 2e = 2.0678x10-15 Tm2. If a constant current is maintained in the SQUID device, the 

output voltage in the setup of Figure 2. 6 oscillates with the changes in the magnetic flux 

produced by the presence of a magnetic sample that generate currents exceeding the critical 

currents of the junctions. Counting the oscillations allows evaluating the flux change due to the 

sample, since each oscillation corresponds to the increment of one flux quantum. The great 

sensitivity of the SQUID devices is therefore associated with the possibility of measuring 

changes in magnetic field associated with one flux quantum, making possible the detection of 

very small variations in the magnetic field over large absolute values of the field.  

 

 

Figure 2. 6. Scheme of the superconducting loop of a SQUID magnetometer.  

 

 The magnetic characterization was carried our using the Quantum Design MPMS XL-

7 SQUID magnetometer shown in Figure 2. 7. The magnetic measurements performed in this 

work were the dependence of the magnetization with the temperature at constant magnetic field 

M(T) and the variation in the magnetization with the applied magnetic field at constant 

temperatures M(H). Additionally, one of the physical properties of technological interest of 

these alloys, the magnetocaloric effect, can be indirectly evaluated from the magnetometry 

measurements. According to classical thermodynamics, the magnetic entropy change S as a 

consequence of a magnetic field increase can be indirectly measured by the magnetization 

curves using the following expression as explained in the first chapter [2, 3]. 
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∆𝑆 = 𝑆(𝑇, 𝐻) − 𝑆(𝑇, 0) = ∫ (
𝜕𝑀

𝜕𝑇
)

𝐻
𝑑𝐻

𝐻

0
     (2.1) 

Negative (positive) values of the entropy change are expected when the magnetization 

decreases (increases) with temperature for the full set of applied fields. In the same way, a 

magnetic field reduction induces an entropy change 𝑆(𝑇, 0) − 𝑆(𝑇, 𝐻) = −∆𝑆. 

 

 

Figure 2. 7. Quantum Design MPMS XL-7 SQUID magnetometer. 

 

2.2.4. Mössbauer spectroscopy 

Mössbauer spectroscopy is a technique based on the emission and absorption of 

gamma rays in solids when radioactive nuclei in excited states decay and might excite other 

stable nuclei, giving rise to nuclear resonant absorption and fluorescence. In brief, the sample 

is exposed to gamma radiation and a detector behind the sample measures the intensity of the 

transmitted beam. A radioactive parent atom that decays to the target isotope present in the 

sample produces the gamma radiation. Therefore, the incident radiation has approximately the 

correct energy to be absorbed by the target atoms, the only difference being due to the 

chemical environment, which in fact is the subject of study. Some of the incident gamma rays 

are absorbed producing a drop in the intensity in the measurement. The analysis of the 

number, the shape and the position of those (inverse) peaks in the spectrum gives information 

about the chemical environment. 

Due to the high resolution on the energy measured, it is possible to detect really small 

changes in the atomic environment. Typically, there are three types of nuclear interactions that 

can be observed and analyzed: 

 The isomer shift that gives information about the chemical order and is related with 

the electronic density. It is detected by a small shift of all peaks. 
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 The quadrupole splitting reveals the interaction between the nuclear quadrupole and 

the electric field gradient, giving rise to a splitting of the nuclear energy levels 

corresponding to different alignments of the quadrupole moment with respect to the 

principal axis of an asymmetric electric field gradient (produced by an asymmetric 

electronic charge distribution or ligand arrangement). 

 The magnetic hyperfine splitting is the result of the interaction between the nuclear 

magnetic moment and the intrinsic magnetic field. This interaction splits the initial 

peaks. The splitting is proportional to the magnetic field strength at the nucleus. 

Therefore, the magnetic field can be readily determined from the splitting of the 

peaks. 

 Time-dependent effects, can influence the spectral line shapes and the values of the 

Mössbauer hyperfine parameters. 

The Mössbauer spectroscopy experiments presented in this thesis were performed in 

collaboration with I. Unzueta, J. S. Garitaonandia, J. A. García and F. Plazaola of the University 

of the Basque Country. Mössbauer spectra were obtained using a Ba119SnO3 source in a 

transmission setup and fitted using the NORMOS program 119Sn isotopes instead of the most 

common 57Fe were used as source. This allows for the study of alloys with presence of Sn, 

avoiding the otherwise needed doping of the sample with Fe. 

 

2.3. CRYSTAL AND MAGNETIC STRUCTURE CHARACTERIZATION: X-RAY 

AND NEUTRON DIFFRACTION 

It is straightforward that the physical properties of the alloys studied in this work are 

intimately related with their crystal structure, microstructure and magnetic structure, making 

crucial the insight into these. X-ray and neutron diffraction techniques are the methods of choice 

for this analysis, in particular neutron diffraction, since it presents several advantages for the 

study of these materials, as will be explained in the following sections.  

 

2.3.1. Diffraction: powders and single crystals 

The wave properties of photons and neutrons (and other particles like electrons) gives 

rise to diffraction phenomena when a beam of such particles scatters in an elastic way with a 

crystalline solid, due to the interference of the scattered waves. The wave vector, k, in 

crystallographic convention, is defined a vector in the direction of the beam with modulus 1/λ, 

being λ the wavelength of the radiation. In a scattering process, we can define the scattering 

vector Q = k – k’ with k and k’ the incident and scattered wave vectors, respectively. Being 

diffraction an elastic process, both k and k’ have equal modulus, 1/λ. The diffraction by a three 

dimensional lattice of points is equivalent to a reflection of the incident beam on a family of net 

planes (hkl), and the diffraction condition is described by the Bragg’s law:  

 𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃          (2.2) 

where 𝑑ℎ𝑘𝑙 is the distance between the atomic planes (with Miller indexes hkl), and θ is the 

angle between the incident beam and the atomic planes. We can see that Q has modulus 2sin/λ  

and is perpendicular to the family of planes. 
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Therefore, with the equation (2.2), one can determine the distances between interatomic 

planes from the observed diffraction maxima, allowing obtaining the crystallographic unit cell 

of the studied sample. Moreover, it is possible to determine the content of the unit cell (the 

position of the atoms) from the intensity of the observed diffracted peaks, which is proportional 

to the squared modulus of the structure factor, which in turn depends of the position of each 

atom in the unit cell and the form factors of the different atoms:  

𝐹(𝑸) = ∑ 𝑎𝑗𝑒𝑖2𝜋𝑸∙𝒓𝒋𝑁
𝑗=1       (2.3) 

where j are the labels of the N atoms of the unit cell, rj is the position of atom j in the cell, Q is 

the scattering vector, and aj is the atomic diffusion factor fj(Q) for X-rays of the Fermi length 

bj for neutrons of atom j. 

 

In a single crystal, i.e., a solid in which the atoms, ions, or molecules keep a three-

dimensional order in a continuous way through the entire volume, the Ewald’s construction 

(Figure 2. 8) provides a straightforward interpretation for the scattering condition: 

 

 

Figure 2. 8. Schematic representation of Ewald’s sphere. 

 

According with the Ewald’s sphere configuration, only when the Q vector belongs to 

the reciprocal lattice and this vector intersects a sphere with radius|𝒌| = 1 𝜆⁄ , the crystal is in 

a Bragg position and diffraction maxima are produced. 

 

In this work, most of the samples were in powder state. The principal characteristic of a 

powder specimen is the presence of a large amount of small crystals with different orientations 

and thus with different diffraction conditions, which implies a large number Ewald’s spheres 
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with different orientations. As a result, the diffracted beams produce a geometrical figure 

known as Debye-Scherrer cones, as is shown in Figure 2. 9. 

 

 

Figure 2. 9. Scheme of powder diffraction showing in different colors the different Debye-

Scherrer cones due to the different diffraction conditions. 

 

The intersection of such cones with a linear detector produces a diffractogram, as shown 

in Figure 2. 10, where the position and the intensity of those cones is recorded. 

 

 

Figure 2. 10. Typical powder diffractogram for austenitic phase. 

 

While the positions of the peaks depend on the periodicity (unit cell) of the system, the 

intensities are given by the expression:  

𝐼 = 𝐶
𝐽ℎ𝑘𝑙𝐴ℎ𝑘𝑙𝐹2

ℎ𝑘𝑙

𝐿
        (2.4) 
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where: 

 C is an instrumental constant depending on the instrument characteristics, the beam 

intensity, the wavelength, the sample dimensions or its density. 

  𝐽ℎ𝑘𝑙 is the multiplicity of the plane hkl, that is, the number of the reflections that 

participate in the intensity of the peak. 

  𝐴ℎ𝑘𝑙 is the absorption factor, that accounts for the absorption effects produced in 

the sample 

 𝐹(𝑸) = 𝐹(ℎ𝑘𝑙) = ∑ 𝑎𝑗𝑒2𝜋𝑖(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)𝑒
−𝐵𝑗

(𝑠𝑖𝑛2𝜃)
𝜆2

⁄
𝑗  is the structure factor, as 

deduced from eq. (2.3), that contains information about the position of the atoms in 

the unit cell, where hkl are the Miller indices that identify a family of planes; 𝑥𝑗 , 𝑦𝑗, 𝑧𝑗 

are the coordinates of the atom j in the unit cell, and 𝑒
−𝐵𝑗

(𝑠𝑖𝑛2𝜃)
𝜆2

⁄
 is the Debye-

Waller factor, with Bj the atomic displacement parameter, that accounts for the 

decrease of intensity at high angles produced by displacement of the atoms from 

their positions of equilibrium (because of thermal agitation, for example). 

 L is the Lorentz factor, a geometric factor accounting for the length of time that a 

moving crystal remains in the diffracting position for any particular scattered beam. 

 

 

2.3.2. Rietveld refinement 

The analysis of the structures from the collected powder diffractograms is carried out 

by the Rietveld method, which consists on refining the crystal structure by fitting the entire 

profile of the diffraction pattern to a calculated profile using a least-squares approach. There is 

no intermediate step of extracting structure factors, and so patterns containing overlapping 

Bragg peaks can be analyzed. The equation to minimize is 

 

𝜒2 = ∑ 𝑤𝑖{𝑦𝑖 − 𝑦𝑐,𝑖(𝜷)}
2𝑛

𝑖=1        (2.5) 

 

where i runs for the number of observations, 𝑦𝑖 is the observed intensity and 𝑦𝑐,𝑖(𝜷) is the 

intensity calculated by the model as a function of the parameter vector   (12p, 

with the weight factor, 𝑤𝑖, given by the inverse of the square of the variance of the experimental 

observation, 𝑤𝑖 = 1
𝜎𝑖

2⁄  . The optimization of the parameters is performed by imposing the 

condition  
𝜕𝜒2

𝜕𝜷 𝑖
= 0. A Taylor expansion of 𝑦𝑐,𝑖(𝜷) around 𝜷𝟎 allows the application of an 

iterative process. Several agreement factors allow assessing the quality of the refinement (the 

lower, the better), like the R-profile factor (Rp), R-weighted profile factor (Rwp) and the expected 

R-weighted profile factor (Rexp), or the R-Bragg factor (RB), which are obtained as follows: 

𝑅𝑝 = 100
∑ |𝑦𝑖−𝑦𝑐,𝑖|𝑛

𝑖=1

∑ 𝑦𝑖
𝑛
𝑖=1

         (2.6) 
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𝑅𝑤𝑝 = 100 [
∑ 𝑤𝑖|𝑦𝑖−𝑦𝑐,𝑖|

2𝑛
𝑖=1

∑ 𝑤𝑖|𝑦𝑖|2𝑛
𝑖=1

]
1/2

    (2.7) 

𝑅𝑒𝑥𝑝 = 100 [
𝑁−𝑃

∑ 𝑤𝑖|𝑦𝑖|2𝑛
𝑖=1

]
1/2

       (2.8) 

𝑅𝐵 = 100
∑ |𝐼𝑜𝑏𝑠,ℎ𝑘𝑙−𝐼𝑐𝑎𝑙𝑐,ℎ𝑘𝑙|ℎ𝑘𝑙

∑ |𝐼𝑜𝑏𝑠,ℎ𝑘𝑙|ℎ
     (2.9) 

being the goodness of fit indicator 𝑆 =
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
⁄  or, most commonly used, the reduced chi-

square 𝜒2 = (
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
⁄ )

2

= 𝑆2. N in the expression of Rexp is the total number of points used 

in the refinement, P is the number of refined parameters and N-P is the number of degrees 

freedom. The Bragg factor, 𝑅𝐵, is calculated from the observed and calculated integrated 

intensities (𝐼𝑜𝑏𝑠,ℎ𝑘𝑙and 𝐼𝑐𝑎𝑙𝑐,ℎ𝑘𝑙, respectively) of the Bragg reflections (hkl) in the pattern. When 

different reflections contribute to a region in the pattern, the observed integrated intensity is 

calculated by a proportional sharing between the different contributions according to the actual 

model. 

All the nuclear and magnetic structures calculated during this thesis where refined using the 

programs of the Fullprof Suite [4]. 

 

2.3.3. Microstructural analysis 

The combination of the Rietveld method together with a modeling of the shape of the 

peak is useful for the study of the microstructure of the samples. Dislocations, anti-phase 

domains, micro-strains and small crystallite sizes are structural defects that manifest in a 

broadening of the Bragg peaks in powder diffractograms. 

The Voigt approximation is one of the most useful ways for modeling the peak shape 

and analyze the microstructural effects. Within this approximation, the instrument and sample 

intrinsic profiles are described as a convolution of Lorentzian and Gaussian components. 

Parameters as the volume averages of sizes and strains are derived from the integral breadths 

of the peaks. The normalized Gaussian and Lorentzian functions are defined as: 

𝐺(𝑥) = 𝑎𝐺𝑒−𝑏𝐺𝑥2
       (2.10) 

𝐿(𝑥) =
𝑎𝐿

1+𝑏𝐿𝑥2             (2.11) 

where aG, bG, aL and bL are determined from the full width at half maximum value, H: 

𝑎𝐺 =
2

𝐻
√

𝑙𝑛2

𝜋
   𝑏𝐺 =

4 𝑙𝑛2

𝐻2   𝑎𝐿 =
2

𝜋𝐻
 𝑏𝐿 =

4

𝐻2 

The integral breadths of the Gaussian and Lorentzian functions are described by the expressions 

𝛽𝐺 =
1

𝑎𝐺
=

𝐻

2
√

𝜋

𝑙𝑛2
  ; 𝛽𝐿 =

1

𝑎𝐿
=

𝜋𝐻

2
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The psedo-Voigt function, pV(x), is an approximation of the Voigt function in the form of a 

linear combination of a Lorentzian and a Gaussian function with the same full width at half 

maximum parameter, H, instead of two parameters coming from each contribution: 

pV(x) = L’(x)+ (1-)G’(x)      (2.12) 

The integral breadth of a normalized pseudo-Voight function is the inverse of the maximum 

value, as described by the following expression, since when the function is multiplied by a 

constant (integrated intensity) the integral breadth does not change: 

𝛽𝑝𝑉 =
∫ 𝐼𝑖𝑝𝑉(𝑥)𝑑𝑥

𝐼𝑖𝑝𝑉(0)
=

1

𝑝𝑉(0)
=

𝜋𝐻/2

𝜂+(1−𝜂)√𝜋 𝑙𝑛2
     (2.13) 

The Scherrer formula relates the integral breadth of a particular reflection due to size effect, 𝛽𝑆 , 
with the volume-average of the apparent size of the crystallites in the direction normal to the 

scattering planes: 

〈𝐷〉𝑉 =
𝜆

𝛽𝑆 cos 𝜃
         (2.14) 

In a diffraction pattern, the peak broadening due to size effects increases with 2 as (cos)-1. 

Except for spherical particles, the width depends on the direction in reciprocal space. 

It is worth noting that the ‘crystalline size’ ere refers to the coherent-diffraction domains, which 

does not necessarily have to coincide with the ‘particle size’ observed by other techniques like 

electron microscopy. Moreover, the relation of the apparent size with physical dimensions of 

the coherent domains is not direct. We should normally assume a particular average shape of 

the crystallite (e.g. spheres) in order to relate the apparent sizes obtained for different Bragg 

reflections with characteristics dimensions (e.g. diameter). 

The apparent size can be expressed in terms of a normalized column-length distribution pv(l): 

〈𝐷〉𝑉 = ∫ 𝑝𝑉
(𝑙) · 𝑙 · 𝑑𝑙

∞
0

     (2.15) 

where l is the length (column-length) normal to the scattering planes for each crystallite. The 

distribution pv(l) can be derived from the Gaussian and Lorentzian integral breadths: 

𝑝𝑉(𝑙) = 2𝑙[2𝛽𝐿
2 − 𝜋𝛽𝐺

2 + 4𝜋𝛽𝐿𝛽𝐺
2𝑙 + 2𝜋2𝛽𝐺

4𝑙2]𝑒𝑥𝑝{−2𝑙𝛽𝐿 − 𝜋𝛽𝐺
2𝑙2} (2.16) 

Concerning the strain, the peak shape and width depend on both the particular reflection and 

the direction in reciprocal space, with the width of the peaks increasing with 2 as tan. The 

so-called maximum strain, e, is related with the integral breadth of a particular reflection due to 

strain effect,  𝛽𝐷, by:  

𝑒 = 𝛽𝐷 /4 𝑡𝑎𝑛𝜃      (2.17) 

Therefore, from the analysis and deconvolution of the integral breaths of the peaks in a 

diffractogram as implemented in Fullprof [4], microstructural parameters as the sizes and 

strains can be derived. 

When the structure factors and the associated structural parameters (unit cell content) 

are not know or their knowledge is not the objective of the analysis, a lighter method, the so-

called Le Bail fit, can be used as an alternative to the Rietveld method. The algorithm involves 

refining the unit cell and the profile parameters, with the peak intensities being also adjustable 
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parameters of the fit that are refined to match the measured powder diffraction pattern, avoiding 

considering the structure factors and their associated parameters. The Le Bail method is 

particularly useful when the aim of the analysis is focused on the determination of the 

microstructural parameters. 

 

2.3.4. X-ray diffraction. Laboratory and synchrotron diffractometers 

Powder X-ray diffraction (PXRD) has been used along this work to characterize the 

alloys and for microstructure analysis. We have employed both laboratory PXRD equipment 

and synchrotron PXRD instruments, taking advantage in the last case of the excellent resolution 

provided by this technique.  

The laboratory PXRD measurements presented in this thesis were performed in a 

Siemens Diffractometer D5000 working at room temperature with Cu Kα radiation in 

reflection, in Bragg-Brentano configuration. This configuration is the most extended in 

laboratory PXRD instruments. The powder specimen is located in a plate with both source and 

detector at the same distance to the sample, describing a circle (see Figure 2. 11). The plate, the 

source and the detector can be rotated around the center of the diffractometer.  In the Bragg-

Brentano geometry, in contrast to other geometries, only one reflection can be well focused at 

a time. The focusing condition is fulfilled only when the angles between the specimen surface 

and incident and diffracted rays are equal (). The photon generator and the detector move 

around the circle covering all the real space to analyze the intensity of the scattered beam, 

obtaining peaks when the diffraction conditions are fulfilled [5]. 

 The X-ray source is a vacuum tube where the electrons, due to a voltage difference, 

travel from the cathode to the metallic target constituting the anode, thus emitting the X-rays 

by fluorescence and as effect of the deceleration. Depending of the metal used as target the X-

rays have different energies and wavelengths, with Cu and Mo being the most used targets for 

diffraction experiments, producing wavelengths of 1.54Å and 0.72Å, respectively.  

 

   

Figure 2. 11. Schematic representation of X-rays generation in an X-ray tube and scheme of 

Bragg-Brentano geometry. 

We have also carried out PXRD experiments in the high-resolution powder diffraction 

station of BL04-MPSD beam line at ALBA synchrotron, in Barcelona, Spain, taking advantage 

of the high resolution of this instrument, the high photon flux allowing fast data acquisition, 
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and the possibility of performing variable-temperature measurements. In Figure 2. 12 a scheme 

of BL04-MPSD diffractometer is shown. This beam-line offers a broad range of operation 

energies between 8 and 50keV. The wavelength of the very intense and highly collimated 

synchrotron X-ray beam is selected by a monochromator consisting in a double Si crystal with 

(111) orientation.  The diffractometer works in Debye-Scherrer configuration, in transmission, 

with the sample placed in a capillary (of 0.5 mm of diameter, in our case) that is fixed 

horizontally. During data acquisition, the capillary is spinning around its longitudinal axis to 

average out possible textures in the powder. An Oxford cryostream allows varying the 

temperature of the sample from 80 to 500K by a nitrogen gas blowing system. For higher 

temperatures, a FMB Oxford hot air blower can be employed, covering the temperature range 

from room temperature to 900C. Finally, two possible detectors are used to record the diffracted 

intensity. A MAD26 detector combined with an array of analyzer crystals gives the higher 

resolution, while a Mythen detector composed by 6 modules covering an angular range of 40 

degrees in 2 allows for faster data acquisition.  

In the experiments carried out during this thesis the energy of the beam was set to 28 

keV to avoid the energies where the alloys present absorption. Since the resolution of the 

diffraction patterns was sample-dominated, and in order to perform variable-temperature 

measurements, we used the Mythen detector, with the sample temperature controlled by the 

Oxford cryostream, which is well adapted for the temperature range of interest.  

 

 

Figure 2. 12. Illustration of powder diffractometer BL04-MPSD at ALBA synchrotron. 
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2.3.5. Neutron properties and basic concepts on neutron scattering  

Neutrons are heavy subatomic particles, which, together with protons, form the nuclei 

of the atoms. They were discovered in 1932 by Chadwick, and it was four years later, in 1936, 

when it was discovered that they can be diffracted, corroborating their wave-particle duality. 

The appearance of the first nuclear reactors in 1942, with the consequent increase of the 

available neutron flux, made possible their use for neutron scattering experiments. At present, 

neutron scattering experiments are carried out in nuclear reactors, where neutrons come from 

the fission of 235U, or in spallation sources, where neutrons are produced by the incidence of 

accelerated protons in heavy elements as W, Pb or Hg.  

The excellent properties that neutrons present for the study of condensed matter make 

of them an exceptional experimental tool for the study of the alloys addressed in this thesis: 

 The wavelengths of the neutrons are of the same order of magnitude that the 

interatomic distances in the samples, and the energies of the neutrons are of the same 

order of the thermal excitations in solids and liquids. Therefore, neutrons can probe 

the structural and dynamical properties of the alloys. 

 The neutron has no charge, the interaction with matter is weak, and consequently 

can penetrate more deeply in the matter than other probes like X-rays. That allows 

studying materials in bulk, and the use of different environments as cryostats, 

furnaces or pressure cells. The drawback is the need for relatively big samples to 

compensate for the low scattering probability.  

 The scattering of neutrons is mainly produced in the nuclei, which can be considered 

as point object in comparison with the wavelength of the neutrons. Therefore, the 

scattering amplitude for neutrons, called scattering length or fermi length, b, is 

constant in the reciprocal space and there is no decay of the scattering amplitude 

with Q, which makes neutrons particularly adapted for precise structural 

determinations, since very small atomic displacements can be identified.   

 The neutron has a magnetic moment (spin s=1/2), which means that it interacts with 

unpaired electrons in magnetic atoms. Therefore, the elastic scattering gives 

information about the arrangement of electron spins and the density of the 

distribution of unpaired neutrons. In the case of the inelastic scattering, the energy 

change in the neutron gives information about the magnetic excitations. 

 The scattering cross section is not proportional to Z, which makes neutrons 

particularly advantageous for the investigation of materials with light atoms in 

presence of heavier elements in their composition and, as in the present case, for the 

study of alloys with elements that are neighbors in the periodic table. Moreover, they 

can distinguish isotopes of the same atom allowing the analysis of materials by 

isotopic substitution. 

 

The basic quantity to describe a scattering process is the scattering cross section, , 

defined as the ratio between the number of neutrons scattered per second and the incident flux, 

Φ (number of neutrons per area and time unit). During a scattering process, a neutron with mass 

m, initial wavevector, k, energy, E, and spin , is scattered by the sample into a small solid 

angle, dΩ, in the direction θ, , given by the vector r, with final wavevector, k’, energy, E’ and 
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spin ’ (Figure 2. 13). If we consider only the neutrons scattered into the solid angle dΩ and as 

a function of their energy, we define the partial differential cross section 𝑑2𝜎 𝑑𝛺𝑑𝐸′⁄ , which 

is the quantity measured in experiments, i.e., the number of neutrons scattered per second into 

the solid angle dΩ with final energy between 𝐸′ and 𝐸′+d 𝐸′ , divided by Φ.  Supposing that 

the energy of the scattered neutron is not analyzed but that simply all the neutrons scattered in 

the solid angle 𝑑Ω are counted, this is described by the  differential cross section, 𝑑 𝜎 𝑑𝛺⁄ . The 

kinematical approximation (Born approximation) of neutron scattering supposes that the 

change of the incident neutron wave by the scattering center is almost negligible and can be 

treated as a perturbation. In this approximation, the  differential cross section is derived from 

the Fermi’s golden rule, considering neutrons with initial and final states |𝑘⟩ and |𝑘′⟩ scattered 

by a target with initial and final states |𝜆⟩ and |𝜆′⟩, as follows:  

(
𝑑𝜎

𝑑𝛺
)

𝜆→𝜆′
=

1

Φ

1

𝑑𝛺
∑ 𝑊𝒌,𝜆→𝒌′,𝜆′ =

2𝜋

ћ


𝒌′
|⟨𝒌′𝜆′|𝑉|𝒌𝜆⟩|2 = |𝑓(Ω)|2

𝒌′               (2.18) 

where the 𝑊𝒌,𝜆→𝒌′,𝜆′ is the number of the transitions per second from the state (k, λ) to the state 

(k’, λ’) , 
𝒌′

 is the number of momentum states in 𝑑𝛺 per unit energy range for neutrons in the 

state k’, and V is the interaction potential.* 𝑓(Ω) is the so-called scattering amplitude and it 

depends on the kind of interaction potential: nuclear or magnetic. 

 

 

Figure 2. 13. Scheme of scattering process. 

 

In the case of scattering by the nucleus, taking in to account that the nuclear force, which mainly 

causes the scattering, has an interaction range of about ~10-15m, much smaller than the 

wavelength of thermal neutrons ~10-10m , it is possible to consider the atom as a point scattered. 

As an approximation, we can describe the incident and scattered wavefunctions as flat and 

spherical waves, respectively, and the potential V in the equation (2.18) as a short range 

potential adopting the form of the Fermi pseudopotential 

𝑉(𝒓) =
2𝜋ћ2

𝑚
𝑏𝛿(𝒓 − 𝑹𝒋)      (2.19) 

                                                           
* From ref. 6 (p.12) : It may be noted that although the sum on the left-hand side of 2.18 is over a range of 

neutron states, the expression on the right-hand side is evaluated at a particular state k’  
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where 𝛿(𝒓 −  𝑹𝒋) is a three-dimensional Dirac delta function with r, the neutron position and 

𝑹𝑗, the position of the scattering center j. b is the scattering length, a complex number with 

dimensions of length, where the real part accounts for the nuclear scattering and the imaginary 

one is related to the absorption. By convention, b is positive for repulsive potentials. The 

incident and scattered wavefunctions can be expressed as: 

|𝑘⟩ = 𝑒𝑖𝑘𝑧          (2.20) 

|𝑘′⟩ = −
𝑏

𝑟
𝑒𝑖𝒌′𝒓       (2.21) 

In the case of the scattering by a single nucleus, 𝑑𝜎 𝑑𝛺⁄ = 𝑏2 and 𝜎𝑡𝑜𝑡 = 4𝜋𝑏2, which means 

that the cross section can be considered as the effective area of the nucleus. 

Replacing Fermi’s pseudopotential in eq. (2.18), applying the conservation of the energy, 

adding in λ’ and averaging over λ, the expression for the cross section per energy unit becomes 

[6]:  

𝑑2𝜎

𝑑𝛺𝑑𝐸′
= ∑ 𝑝𝜆 (

𝑑2𝜎

𝑑𝛺𝑑𝐸′
)

𝜆→𝜆′
=𝜆𝜆′

𝑘′

𝑘

1

2𝜋ћ
∑ 𝑏𝑗𝑏𝑗′𝑗𝑗′ ∫ 〈𝑒−𝑖𝑸∙𝑹𝒋′(0)𝑒𝑖𝑸∙𝑹𝒋′(𝑡)〉

∞

−∞
𝑒−𝑖𝜔𝑡𝑑𝑡   (2.22) 

where 𝑝𝜆is the probability that the target (sample) has initial state λ, 𝑸 is the scattering vector 

(𝑸 = 𝒌 − 𝒌′) and  is defined as ћ𝜔 = 𝐸 − 𝐸′ .  𝑝𝜆 is given by the Boltzmann distribution 

𝑝𝜆 =
1

𝑍
𝑒

(−
𝐸𝜆

𝑘𝐵𝑇
)
 where Z is the partition function introduced to ensure that ∑ 𝑝𝜆 = 1𝜆 . 

For a system of N scattering centers, the sum in 𝑏𝑗𝑏𝑗′  gives a term in (𝑏̅)
2
  related with the 

coherent scattering , implying correlation between the positions of different nuclei, j and j’, and 

a term in 𝑏2̅̅ ̅ − (𝑏̅)
2
 related with the incoherent scattering , accounting for the correlation 

between the position of the same nucleus at time 0 and at time t: 

(
𝑑2𝜎

𝑑𝛺𝑑𝐸′)
𝑐𝑜ℎ

= (𝑏̅)
2 𝑘′

𝑘

1

2𝜋ћ
∑ ∫ 〈𝑒−𝑖𝑸∙𝑹𝒋′(0)𝑒𝑖𝑸∙𝑹𝒋(𝑡)〉

∞

−∞
𝑒−𝑖𝜔𝑡𝑑𝑡𝑗𝑗′     (2.23) 

(
𝑑2𝜎

𝑑𝛺𝑑𝐸′)
𝑖𝑛𝑐

= {𝑏2̅̅ ̅ − (𝑏̅)
2

}
𝑘′

𝑘

1

2𝜋ћ
∑ ∫ 〈𝑒−𝑖𝑸∙𝑹𝒋(0)𝑒𝑖𝑸∙𝑹𝒋(𝑡)〉

∞

−∞
𝑒−𝑖𝜔𝑡𝑑𝑡𝑗        (2.24) 

The coherent scattering depends on the direction of the scattering and can give interference 

effects between the waves dispersed by the different nuclei. The elastic ( = 0) coherent 

scattering contains information about structures in equilibrium whereas inelastic ( ≠ 0) 

coherent scattering provides information about the collective motions of the atoms. Incoherent 

scattering is isotropic and gives no interference effect and, since it depends on the correlation 

between the position of the same nucleus at different times, can give information about atomic 

motion. 

When elastic coherent scattering gives interference effects between the waves dispersed 

by the different scattering centers, diffraction phenomena occur. In a periodic system, such as 

a crystalline solid, the partial differential cross section for elastic coherent scattering becomes: 

(
𝑑2𝜎

𝑑𝛺𝑑𝐸′)𝑐𝑜ℎ
𝑒𝑙

= (𝑏̅)
2 𝑘′

𝑘

𝑁

2𝜋ћ
𝑒(−𝑖𝑸∙𝒖)2

∑ 𝑒𝑖𝑸∙𝒍 ∫ 𝑒−𝑖𝜔𝑡∞

−∞
𝑑𝑡𝒍      (2.25) 
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where we have considered the crystal as a Bravais lattice with N nodes with positions described 

by 𝒍 + 𝒖, where l is the position of the cell in the lattice and 𝒖 is the atomic displacement with 

respect to l (only one atom per unit cell).  

The integral with respect to t is ∫ 𝑒−𝑖𝜔𝑡∞

−∞
𝑑𝑡 = 2𝜋ћ𝛿(ћ𝜔) and since ћ𝜔 is the change in the 

energy of the neutron we see that the scattering is elastic and thus |𝒌| = |𝒌′| 

Integrating in energy, that is, counting all the neutrons scattered in a given direction regardless 

of their energy, we obtain 

(
𝑑𝜎

𝑑𝛺
)

𝑐𝑜ℎ
𝑒𝑙

= ∫ (
𝑑2𝜎

𝑑𝛺𝑑𝐸′)𝑐𝑜ℎ
𝑒𝑙

∞

0
𝑑𝐸′ = (𝑏̅)

2 𝑁

2𝜋ћ
𝑒(−𝑖𝑸∙𝒖)2

∑ 𝑒𝑖𝑸∙𝒍
𝑙      (2.26) 

The lattice sum ∑ 𝑒𝑖𝑸∙𝒍
𝑙  implies that diffraction maxima will occur when the interference of the 

waves is constructive, that is, when 𝑒𝑖𝑸∙𝒍 = 1, which occurs when 𝑸 = 𝒌 − 𝒌’ = 𝝉, with 𝝉  a 

reciprocal lattice vector. This condition is the same as Bragg’s law (see section 2.5.1).   

If we consider that we can have different scattering centers inside the unit cell of the lattice with 

position vector d with respect to l, then 

(
𝑑2𝜎

𝑑𝛺
)

𝑐𝑜ℎ
𝑒𝑙

= 𝑁(∑ 𝑏𝑑𝑒𝑖𝑸∙𝒅
𝑑 𝑒−𝑖𝑸∙𝒖)

2
∑ 𝑒𝑖𝑸∙𝒍

𝑙 = 𝑁|𝐹𝑁(𝑄)|2 ∑ 𝑒𝑖𝑸∙𝒍
𝑙     (2.27) 

where 𝐹𝑁(𝑄) is the nuclear structure factor, in a description equivalent to the one in section 

2.5.1. 

 

2.3.6. Magnetic diffraction  

As mentioned before, the magnetic moment of the neutrons makes possible the 

interaction with the magnetic field produced by unpaired electrons of the atoms, since they 

present a magnetic dipole moment. Therefore, the coherent elastic scattering contains 

information about magnetic structures, while the coherent inelastic scattering provides 

information about the collective magnetic excitations (magnons).  

Both, the neutron and the unpaired electron, present magnetic dipole moments that are 

given by: 

𝝁𝒏 = −𝛾𝜇𝑁𝝈      (2.28) 

𝝁𝒆 = −2𝜇𝐵𝒔       (2.29) 

where 𝜇𝑁 = 𝑒ћ 2𝑚𝑝⁄  is the nuclear magneton, determined by the proton mass 𝑚𝑝 , its charge 

𝑒 and a positive constant 𝛾 = 1.913 (gyromagnetic constant); 𝜇𝐵 = 𝑒ћ 2𝑚𝑒⁄  is the Bohr 

magneton, determined by the electron mass 𝑚𝑒, and charge 𝑒; 𝝈 is the Pauli spin operator for 

the neutron, with eigenvalues ±1 and 𝒔 is the spin angular momentum operator for the electron 

with eigenvalues ±1/2. An important consequence of the dipolar nature of the magnetic 

interaction is that the scattering is not isotropic, and only the component of the magnetization 

of the sample that is perpendicular to the scattering vector Q is effective in scattering neutrons. 
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The magnetic interaction potential, Vm, between the neutron dipole moment and the magnetic 

field, H, produced by a system of n unpaired electrons at ri positions with spins si and momenta 

pi is  

𝑉𝑚(𝒓) = 𝝁𝒏𝑯 = −𝛾𝜇𝑁𝝈2𝜇𝐵 ∙ [∑ ∇𝑛
𝑖 × (

𝒔𝒊×𝑹𝒊

𝑅𝑖
3 ) −

1

ћ

𝒑𝒊×𝑹𝒊

𝑅𝑖
3 ]  (2.30) 

where Ri = r - ri . The first term inside the brackets accounts for the dipolar interaction of the 

spin of the neutron with those of the electrons, while the second term comes from the spin-orbit 

coupling between the neutron spin and the orbital motion of the electrons. The Fourier 

transform of Vm can be expressed as:  

𝑉𝑚(𝑸) =
2𝜋ћ2

𝑚
𝑝𝝈𝑸⊥(𝑸)    (2.31) 

where p is a constant (2.696 10-13 cm/𝜇𝑁𝐵) and 𝑸⊥(𝑸) is defined as: 

𝑸⊥(𝑸) =  ∑ 𝑒𝑸𝒓𝒊𝑛
𝑖

1

𝑄2
(𝑸 × 𝒔𝒊 × 𝑸 − 

𝑖

ћ
 𝑸 × 𝒑𝒊)   (2.32) 

If we define the spin and orbital magnetization densities Ms(r) and ML(r) as follows: 

𝑴𝑆(𝒓) = −2𝜇𝐵 ∑ 𝒔𝒊
𝑛
𝑖  𝛿(𝒓 − 𝒓𝒊)    (2.33) 

∇ × 𝑴𝐿(𝒓) = −
𝑒

𝑚𝑐
∑ 𝒑𝒊

𝑛
𝑖  𝛿(𝒓 − 𝒓𝒊)    (2.34) 

we can write  𝑸⊥(𝑸) as: 

𝑸⊥(𝑸) =  
1

2𝜇𝐵
∫ 𝑒𝑸𝒓 1

𝑄2
(𝑸 × 𝑴(𝒓) × 𝑸)   (2.35) 

where 𝑴(𝒓) = 𝑴𝑆(𝒓) + 𝑴𝐿(𝒓) is the total magnetization density. 

We can define a magnetic structure factor for the neutron diffraction by the magnetic field 

generated by the electrons, which is the Fourier transform of the magnetization, M: 

𝑭𝑴(𝑸) =  𝑝 ∑ 𝑴𝑖𝑖 𝑒𝑖𝑸𝒓𝒊     (2.36) 

(the Debye-Waller factor has been omitted for simplicity) and 

𝑭𝑴⊥(𝑸) =
1

𝑄2 (𝑸 × 𝑭𝑴 × 𝑸)    (2.37) 

which is the quantity that plays the role of the nuclear structure factor in nuclear diffraction but 

that has a vector and not a scalar character. 

The magnetic structures can have a periodicity that is different to the one of the nuclear 

structure. To describe it, we use the magnetic propagation vector q (denoted also often as k), 

which relates the nuclear unit cell with the magnetic one. q describes the relation between a 

magnetic moment and its equivalent in the unit cell, the magnetic moment of an atom j in the 

nuclear unit cell being:  

𝒎𝑗𝑙 = − ∑ 𝒎𝑗𝑞𝑞 𝑒𝑖𝒒𝒍     (2.38) 

with l a lattice vector. Then, in the magnetic case, diffraction maxima will occur when 𝑸 = 𝝉 +

𝒒, with 𝝉  a reciprocal lattice vector. A magnetic structure can have several propagation vectors, 

but the most common case is the situation with only one. When the magnetic and the nuclear 
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cell are the same, as in the case of ferromagnetic structures, q = 0 and the magnetic and nuclear 

diffraction peaks are superimposed. 

Therefore, we can treat the magnetic diffraction in an analogous way to the case of 

nuclear scattering by using  𝑭𝑴⊥(𝑸) in the place of 𝐹𝑁(𝑸) and introducing the magnetic 

propagation vectors to describe the periodicity. However, there are important differences that 

arise from the different nature of the interactions. As mentioned before, the magnetic scattering 

is not isotropic, and only the component of the magnetization of the sample that is perpendicular 

to the scattering vector Q can be probed. Also, contrarily to the case of nuclear scattering, the 

magnetic scattering amplitude decays with Q (or, equivalently, with 2) due to the fact that the 

interaction potential is not a delta function, but is spread in the space, and therefore its Fourier 

transform is not a constant in Q-space but decays at high Q. Moreover, the magnetic scattering 

is proportional to the ordered magnetic moment, and thus temperature-dependent (going to zero 

at temperatures higher than the magnetic ordering temperature)  

In the general case, there may be nuclear and magnetic diffraction. If the incident 

neutron beam is not polarized, the nuclear and magnetic intensities simply add up. Nevertheless 

if we consider the possible polarization of the incident and scattered beams, there are 

interference terms between the nuclear and magnetic structure factors. 

 

2.3.7. Polarized neutron diffraction  

As seen in the previous section, the magnetic structure factors are the Fourier transform 

of the magnetization density. Then, the magnetization density distribution can be determined 

from the precise measurement of the magnetic structure factors. Polarized neutron diffraction 

[7] by the classical polarized beam technique is an experimental method that allows measuring 

magnetic structure factors in a precise way. 

 For unpolarized neutrons, when both magnetic and nuclear scattering are present, the 

diffracted intensity is simply the sum of the squared nuclear and magnetic structure factors: 

𝐼 = |𝐹𝑁|2 + |𝑭𝑴⊥|2 = |𝐹𝑁|2(1 + 𝛾2)   (2.39) 

where 𝛾 is the ratio between the magnetic and nuclear structure factors. The fact that neutrons 

have spin can be used to polarize a neutron beam. In a polarized neutron diffraction experiment 

using the classical polarized beam technique, the incident neutron beam is polarized along the 

vertical axis, Z, and no polarization analysis is performed for the scattered neutrons. A vertical 

magnetic field is applied to the sample in order to have a net component of the magnetization 

in the vertical direction. Then, the diffracted intensity can be written, for the simplest cases (see 

below):   

𝐼± = |𝐹𝑁 ± 𝐹𝑀⊥|2 = |𝐹𝑁|2(1 ± 2𝛾 + 𝛾2)   (2.40) 

where the superscript indicates that the incident neutron beam is polarized parallel (+) or 

antiparallel (-) to the vertical axis. Since in eq. 2.40 𝛾 appears as a first order term, in polarized 

neutron diffraction the sensitivity in the measurement of magnetic structure factors is improved 

thanks to the interference term between the nuclear and magnetic structure factors, compared 

with unpolarized neutrons diffraction, where 𝛾 appears as a second order term. Eq. 2.40 is only 
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valid when the magnetic structure is non chiral, the nuclear and magnetic diffraction peaks are 

superposed and the magnetization is parallel to the vertical direction. This condition is fulfilled 

by ferromagnetic materials (as the ones studied in this work), but also by ferromagnetic, 

antiferromagnetic and paramagnetic materials with a ferromagnetic component induced by an 

applied magnetic field. 

 In the experimental setup of a polarized neutron diffraction experiment using the 

classical polarized beam technique, the neutron beam is at the same time monochromated and 

polarized by a polarizing monochromator, which is a single crystal with a Bragg reflection for 

which 𝐹𝑁 = ±𝐹𝑀𝑧
, where 𝐹𝑀𝑧

 is the component of the magnetic structure factor in z direction. 

In this way, the interference between the nuclear and the magnetic terms of the scattering 

amplitude is constructive for one polarization state and destructive for the opposite. Once the 

neutrons are polarized, magnetic guide fields are used to maintain the polarization of the 

neutron beam, which can be reversed with a cryoflipper. A high magnetic field is applied to the 

sample in the vertical direction order to obtain a vertical magnetization component. This 

configuration introduces the limitation that only reflections close to the horizontal plane can be 

measured. The temperature of the sample can also be varied to choose the appropriate 

experimental conditions. 

In this technique, the ratio, R, between the intensities detected for incoming beam 

polarized parallel or antiparallel to the vertical axis is measured instead of the integrated 

intensity; this method is called flipping-ratio method. This technique presents several 

advantages. Apart from the aforementioned increase in the sensitivity to the magnetic signal, 

several corrections in the intensity, like the absorption, are canceled out in the flipping-ratio 

expression. Finally, it is not necessary to measure all the diffracted intensity of a reflection, but 

only to compare the intensities for both neutron-spin polarizations for the same crystal position, 

avoiding the problems related to the integration of Bragg peaks and simplifying the 

measurements. 

In the general case (for non chiral magnetic structures), the expression of the flipping 

ratio is: 

𝑅 =
𝐼+

𝐼−
=

|𝐹𝑁|2+(𝐹𝑁𝐹𝑀⊥𝑧
∗  + 𝐹𝑁

∗ 𝐹𝑀⊥𝑧)+|𝑭𝑴⊥|2

|𝐹𝑁|2−(𝐹𝑁𝐹𝑀⊥𝑧
∗  + 𝐹𝑁

∗ 𝐹𝑀⊥𝑧)+|𝑭𝑴⊥|2
    (2.41) 

This expression is much simplified if the magnetization is perfectly parallel to the 

vertical axis and if the structure is centrosymmetric (both nuclear and magnetic structure factors 

are real), as is the case for the alloys studied in this thesis. Considering the angle 𝛼 between the 

scattering vector and the vertical axis, the flipping-ratio is written as 

𝑅 =
𝐼+

𝐼−
=

|𝐹𝑁|2+2𝑠𝑖𝑛2𝛼𝐹𝑁𝐹𝑀+𝑠𝑖𝑛2𝛼|𝐹𝑀|2

|𝐹𝑁|2+2𝑠𝑖𝑛2𝛼𝐹𝑁𝐹𝑀+𝑠𝑖𝑛2𝛼|𝐹𝑀|2
    (2.42) 

where both FN and FM are now scalar and real quantities. Therefore, if the nuclear structure 

factors are known from a different unpolarized neutron diffraction experiment at the same 

temperature, the magnetic structure factors can be extracted from the measured flipping ratios 

and their Fourier inversion gives directly the spin density distribution. Another important 

advantage of the flipping ratio method can be remarked at this point: the previous equation, 

valid for centrosymmetric structures, gives not only the amplitude of the magnetic structure 



Chapter 2 

74 
 

factor, but also its phase, which is usually lost in a diffraction experiment because what is 

actually measured is an intensity, i.e., the square of a structure factor.  

  The Fourier transform for the determination of the magnetization density distribution 

from the magnetic structure factors is a direct method that does not require the use of any model, 

but has important limitations. Since the Fourier inversion is only exact if all the reflections are 

measured (to infinity in Q), truncation effects appear in real experiments. Moreover, the Fourier 

inversion does not take into account the different experimental uncertainties of the measured 

magnetic structure factors, and all of them are given the same weight in the computation of the 

magnetization density.  The maximum entropy method [8] is also a direct method (no model 

required) that circumvents the limitations of the Fourier inversion. It is a statistical method 

based in finding the most probable magnetization density map that can have generated the 

experimental magnetic structure factors, by applying the maximum entropy principle. The least 

informative map is chosen among the maps that are in agreement with the data. The maximum 

entropy method, as implemented in Dysnomia program [9] linked to the Fullprof Suite [4], was 

used to obtain spin density maps from the polarized neutron diffraction data presented in this 

thesis. 

 

2.3.8. Examples of neutron diffraction instruments: D9 single-crystal 

diffractometer and D1B  powder diffractometer 

During this thesis, neutron diffraction data have been collected in a number of 

diffractometers of the instrument suite of the ILL, specifically D1B, D20 and D2B powder 

diffractometers, D9 single-crystal diffractometer and D3 polarized-neutron diffractometer. We 

will describe two of them as representative examples.  

The single-crystal (unpolarized) neutron diffraction experiments carried out during this 

thesis were performed in D9 diffractometer. The purpose of the experiments was the detailed 

analysis of the structure and atomic order of the studied alloy and providing structural input for 

analyzing polarized neutron diffraction data collected in D3 instrument (see Chapter 5).   

D9 is fed by high-energy neutrons from the ILL’s reactor hot source, allowing working 

in a wavelength range between 0.35 and 0.86 Å. The appropriate wavelength for the experiment 

is selected by changing the takeoff angle of a Cu (220) monochromator. A set of filters is used 

to remove contamination from high-order harmonics. After the collimator, neutrons arrive to 

the sample, which is located in an Eulerian cradle where it can be set in the required orientation 

for diffraction to occur by rotation of the three angles of the cradle (namely ω, χ  and ), 

allowing large access to the reciprocal space. The two-dimensional position-sensitive detector, 

located 40 cm away for the sample and covering 64 x 64 mm2 is rotated in the 2 axis to collect 

the diffracted intensity. The sample is rotated around the vertical axis (ω) while the detector 

records the intensity of the diffracted beam of the selected Bragg reflection. The intensities of 

a large number of reflections are collected in this way in order to determine the crystal and/or 

magnetic structures of the studied samples. 

The available sample environments cover a temperature range from 2 K, using different 

cryostats, to 1133 K, using a Peltier gas flow furnace, or even to 1273 K, using a closed shell 

furnace. Other sample environments allow applying high magnetic fields up to 6 Tesla or 

working at high pressures up to 10 GPa. 
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D1B instrument is a representative example of neutron powder diffractometer. This type 

of instrument is known as two axes diffractometer, because there are two points in the 

instrument where the direction of the neutrons is deflected: the monochromator and the sample. 

The neutrons travel through a neutron guide until the monochromator, which selects the 

wavelength of the neutrons that will reach the sample. In particular, this instrument works at a 

fixed takeoff angle with two possible monochromators: i) a set of crystals of pyrolytic graphite 

(002) that produces a wavelength of 2.52 Å with a neutron flux around 7.9x106 neutrons·cm-

2·s-1 and ii) a germanium crystal (311) that produces a wavelength of 1.28 Å with a neutron flux 

around 0.4x106 neutrons·cm-2·s-1. The neutrons diffracted by the sample reach the 3He 

multidetector containing 1280 cells covering an angular range in 2θ of 128º. Different sample 

environments can be used in this instrument for high and low temperatures, high magnetic 

fields, high pressures, etc.  

 

 

Figure 2. 14. Scheme of D9 single crystal neutron diffractometer at ILL. 

 

During this thesis, this instrument was used with different environments, depending on 

the goal of the experiment. Most commonly, the environment used was a cryofurnace, which 

works from 1.5K to 500K, to study the nuclear and magnetic structures of the austenite and 

martensite phases of the alloys. A furnace allowing working from room temperature to 1200K 

was used in other experiments, like the ones aiming at analyzing the recrystallization processes 

in amorphous samples. All the experiments were performed at λ=1.28 Å because this 

wavelength allows recording a higher number of diffraction peaks in the angular range of the 

detector. In the following figure, a scheme of D1B diffractometer is shown. 
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Figure 2. 15. Scheme of the powder diffractometer D1B at ILL.
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Chapter 3. Relation between 

microstructure, atomic order and 

magneto-structural properties in Ni-

Mn-Sn system 

 

 
3.1. INTRODUCTION 

As explained in the general introduction, the Ni-Mn-Sn (and Ni-Mn-Sb) systems present 

a very high stability of the L21 structure. Therefore, standard thermal treatments (annealing and 

quenching) are unable to modify the atomic order [1], contrarily to what happens in Ni-Mn-In 

and its quaternary systems, where the long-range atomic order can be modified by those 

conventional thermal treatments and large shifts of the MT temperature can be achieved [2–4]. 

In Ni-Mn-Sn alloys, then, it appears that the only way to tune the functional properties is the 

modification of the microstructure, which can be controlled using thermo-mechanical 

treatments such as milling and post-milling annealing. Here, we undertake a systematic study 

of the different microstructural states caused by such thermo-mechanical treatments in the 

Ni50Mn35Sn15 system, aiming at quantitatively correlate them with the magnetostructural 

properties of the alloy.  

In order to create different microstructural states in a controlled way, a Ni50Mn35Sn15 

alloy has been mechanically milled and then annealed at different temperatures. The analysis 

of the microstructural parameters (crystallite size and internal stresses) was performed by means 

of X-rays diffraction at room temperature, while neutron diffraction has been used to establish 

the atomic order and the magnetic coupling between Mn atoms, determining the reason of the 

observed variations in the magnetization. Further insight into the magnetism of the alloys and 

the local environment of the Sn atoms has been obtained by 119Sn-Mössbauer spectroscopy. 

The evolution of the microstructural parameters has been quantified and correlated to the 

evolution of the MT features and the magnetic properties, characterized by means of DSC and 

magnetometry measurements, in order to explain the observation that the relaxation processes 

brought by annealing leads to recovery of the MT and the enhancement of the magnetism at 

both macroscopic and local levels. 
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3.2. EXPERIMENTAL RESULTS AND DISCUSSION 

The Ni50Mn35Sn15 alloy was synthetized in an arc furnace using pure elements as 

described in Chapter 2. Once the ingot melted several times, it was homogenized at 1173K 

during 24 hours and quenched in iced water. The alloy was hand milled in agate mortar until 

obtaining a powder with homogenous particle size. The powder was divided into five samples: 

the first one was kept in the as-milled state (sample named AM273), while the rest were 

annealed at 573K (sample AN573), 673K (AN673), 773K (AN773) and 873K (AN873) for 5 

minutes in order to further modify the microstructural properties. The study of the magneto-

structural transformations was carried out by DSC in heating/cooling ramps at 10K/min. The 

thermal treatments were also performed “in situ” in the calorimeter. The magnetic behavior was 

analyzed by SQUID magnetometry by means of thermomagnetization measurements at 100Oe 

and 60kOe applied magnetic field and magnetization versus magnetic field measurements at 

constant temperatures. For the study of the microstructural parameters, X-ray diffraction 

patterns were collected at room temperature using Cu Kα radiation and analyzed using the 

FullProf package programs [5]. For the determination of the atomic order and the magnetic 

structure, powder neutron diffraction was performed in D2B instrument at ILL with a 

wavelength of 1.59Å. 119Sn-Mössbauer spectra were obtained in collaboration with I. Unzueta, 

J. A. Garcia, F. Plazaola and J. S. Garitaonandia of the University of the Basque Country, using 

a Ba119SnO3 source in a transmission setup at 270K and fitted using NORMOS program. 

 

3.2.1. Calorimetric measurements 

 The first step in this study is the characterization of the martensitic transformation and 

the determination of the magnetic ordering temperature by calorimetric measurements, which 

allow observing the presence of the exothermic and endothermic peaks corresponding to the 

direct and reverse martensitic transformation, respectively, and also the presence of the -type 

shoulder that indicates the Curie temperature of the austenite. As explained in Chapter 2, the 

values of the Curie temperature and the initial and final temperatures for forward and reverse 

transformation were obtained using the tangent method. The values of the enthalpy and entropy 

associated to the MT are also determined. The enthalpy, ΔH, is estimated from the average area, 

between cooling and heating, below the peaks, while the entropy change at the MT is ∆𝑆 =

∆𝐻 𝑇𝑃⁄ , with 𝑇𝑃 the peak temperature. The calorimetric curves obtained for all the samples are 

shown in. The values of the structural and magnetic transformation temperatures and the 

enthalpy and entropy associated to the MT for all the studied samples are summarized in Table 

3. I. 

 

Table 3. I. Temperature of the DSC peak for the forward MT, MP, for the reverse MT, AP, 

enthalpy, ΔH, and entropy change, ΔS, and Curie temperature TC for the set of samples. 

Sample MP(K) AP(K) H(J/g) S(J/kgK) TC(K) 

AM273 208 (1) 228 (1) 1.8 (4) 8 (2) 317 (1) 

AN573 209 (1) 228 (1) 4.2 (3) 19 (1) 322 (1) 

AN673 208 (1) 226 (1) 4.3 (3) 20 (1) 321 (1) 

AN773 209 (1) 227 (1) 4.7 (3) 22 (1) 322 (1) 

AN873 208 (1) 227 (1) 4.8 (4) 22 (2) 322 (1) 
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Figure 3. 1. a) DSC thermogram on heating the as-milled sample, AM273, up to 673 K. b) DSC 

thermograms around the martensitic transformation and the magnetic transition of the alloys 

studied in this chapter. 

 

As can be seen in Figure 3. 1(a), a broad exothermic peak appears between 400 K and 

600 K when the as-milled sample is heated for the first time, which is not observed on heating 

in a subsequent cycle. This feature must be linked to the microstructural recovery processes. In 

order to analyze the effect of such processes on both the MT and TC, the annealing temperatures 

have been chosen inside and above the temperature range of this exothermic peak. As can be 

appreciated in Figure 3. 1(b) and Table 3. I, the values of the MT temperature and TC  do not 

change noticeably, remaining constant for all the studied samples. The biggest change is shown 

in the values of the enthalpy and entropy associated to the MT. In the as-milled sample, the MT 
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is hardly noticeable but present. As the annealing temperature increases, the peaks associated 

to the structural change become narrower and their associated enthalpy and entropy values 

become bigger, indicating an increase of the percentage of the alloy that undergoes the 

martensitic transformation (recovery of the MT) due to the effect of the thermal relaxation of 

the internal strains and defects. The enthalpy and entropy increase remarkably (more than 

doubling their values) after annealing at 573K (Figure 3. 2). Further increase of the annealing 

temperature produces only slight variations in ΔH and ΔS, indicating that the recovery of the 

MT is mainly produced after the treatment at the lowest temperature.  
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Figure 3. 2. Evolution of ΔH a) and ΔS b) at the MT with the annealing temperature for the set 

of samples.  
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As mentioned before, the MT peak temperatures remain practically unchanged for the 

different annealing treatments, and so does the associated hysteresis, defined as the temperature 

difference between heating and cooling transformation peaks (upper panel in Figure 3. 3).  On 

the other hand, since these peaks become narrower as the annealing temperature increases, the 

temperature range in which the martensitic transformation takes place, ΔT, is reduced gradually 

(lower panel in Figure 3. 3). ΔT is determined as the average value of the difference between 

the MT starting and finishing temperatures: MS-MF for the forward transformation and AF-AS 

for the reverse transformation (taken as the temperatures corresponding to the 2% and 98% of 

the normalized integrated area below the peaks). Therefore, although the temperatures of the 

MT and the TC remain constant, as corresponds to the expected lack of variation of the atomic 

order [1], the fact that ΔT decreases and ΔS increases indicates that the thermal induction of the 

transformation is strongly affected by the evolution of the microstructural parameters during 

the annealing.  

 

 

Figure 3. 3. Temperature of the forward and reverse martensitic transformation (upper panel) 

and variation of the temperature range of the transformation (lower panel) as a function of 

annealing temperature. 

 

3.2.2. X-ray diffraction 

In order to obtain quantitative values for the microstructural parameters, as grain size 

and internal stress, and correlate them with the thermo-mechanical treatments of the samples, 

X-ray diffraction measurements at room temperature were performed. Figure 3. 4 shows the 

diffractograms of the studied samples and the corresponding Lebail fits. All the diffractograms 

present the characteristic (220), (400) and (422) peaks that correspond to the well-known 

Heusler L21 cubic structure with space group 𝐹𝑚3̅𝑚 [1]. The position of the peaks remains 

almost unchanged with the different annealing treatments, indicating that the cell parameters 

remain nearly constant. The effect of the annealing treatment is instead appreciated in the width 

of the peaks that become narrower as the temperature of the treatment increases, which is an 

indication of a variation in the microstructural parameters. The values of crystallite size and 
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internal strains obtained from the analysis of the diffractograms are shown in Figure 3. 5 and 

Table 3. II. In the as-milled sample the obtained values of grain size and strain are 88.98 (2)Å 

and 9.33 (3) ‰, respectively. As the annealing temperature is increased, the values of the strains 

decrease down to 1.09 (4) ‰ in the case of the alloy annealed at 873K, which is accompanied 

by an increase on the grain size, reaching values of 222.08 (6)Å.  

  

Table 3. II. Values of the grain size, internal strains and cell parameters obtained by Lebail fit 

refinement for the set of the samples.  

Sample Size (Å) Strains (‰) Cell Parameter (Å) 

AM273 88.98 (2) 9.33 (3)  5.985  (3) 

AN573 104.58 (3) 4.93 (2) 6.001  (2) 

AN673 145.22 (4) 4.74 (2) 5.999  (2) 

AN773 172.23 (9) 3.33 (6) 5.989  (1) 

AN873 222.08 (6) 1.09 (4) 5.999  (1) 
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Figure 3. 4. X-ray diffractograms at room temperatures for the set of samples. The red, black 

and blue lines represent, respectively, the observed and calculated pattern, and the difference 

between both.  
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Figure 3. 5. Crystalline size and strains as a function of the annealing temperatures. 

 

An estimation of the grain size distribution can be made from the Gaussian and Lorentzian 

integral breadths obtained from the peak profile analysis and using equation (2.16) shown in 

Chapter 2 (in the present case, the size broadening has only Lorentzian contribution). The 

distribution for the different samples is represented in Figure 3. 6. 
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Figure 3. 6. Grain size distribution, pV(l), for the different samples. 
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Once the microstructural parameters are calculated, we can relate them with the MT 

features as a function of the thermal treatments. In Figure 3. 7 the relation between the variation 

in the temperature interval of the transformation, ΔT, and the internal strain is shown. It can be 

appreciated the linear relation between both parameters as a consequence of the elastic energy. 

In fact, due to the presence of elastic and frictional terms in the energy balance at the MT, the 

transformation takes place in a finite temperature range and showing hysteretic behavior [6], 

[7]. Thus, at T<T0 a local equilibrium is achieved during the forward martensitic transformation 

when: 

−∆𝐺𝑐ℎ
𝑎→𝑚 + 𝐸𝑒𝑙

𝑎→𝑚 + 𝐸𝑓𝑟
𝑎→𝑚 = 0     (3.1) 

where ∆𝐺𝑐ℎ
𝑎→𝑚 is the difference in the free energy between austenite and martensite, and 𝐸𝑒𝑙

𝑎→𝑚 

and 𝐸𝑓𝑟
𝑎→𝑚 are the stored elastic energy and the dissipated frictional energy during the forward 

martensitic transformation, respectively. On a further cooling, the chemical term, ∆𝐺𝑐ℎ
𝑎→𝑚 , acts 

as the driving force to overcome the elastic and frictional terms which impede the development 

of the transformation. As a result, the recovery of defects during the annealing reduces the non-

chemical terms and hence the martensitic transformation becomes narrower. 
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Figure 3. 7. Martensitic transformation temperature interval ΔT as a function of internal strains. 

 

3.2.3. Magnetic measurements 

Magnetic measurements have been carried out to establish the relation between the 

microstructural state and the magnetic behavior. Figure 3. 8a shows the thermo-magnetization 

curves at 100Oe applied magnetic field. As in the calorimetric results, the TC in austenitic phase, 

indicated by a drastic jump of the magnetization, is observed in all the samples at the same 

temperature (ca. 320K). A drop in the magnetization at lower temperatures is indicative of the 
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martensitic transformation, which takes place from the ferromagnetic austenite phase to the 

martensite phase, characterized by a weaker magnetic character. This drop in the magnetization 

also appears in all the samples at the same temperatures, around 220K, in agreement with the 

calorimetric measurements, and confirming the null variation of the atomic order induced by 

thermal treatments. However, the annealing produces a remarkable increase of the 

magnetization in austenite and a bigger drop in the magnetization associated to the MT. The 

magnetization variation at the MT is better evaluated with measurements at high magnetic 

fields, since the measurements at low magnetic fields can suffer from spurious effects like those 

produced by demagnetization fields. Figure 3. 8.b shows the measurements of the temperature 

dependence of the magnetization at 60kOe. The temperature of the MT remains unchanged, 

which excludes the existence of magnetic arrest phenomena as the observed in other systems 

like Ni-Mn-In, Ni-Co-Mn-In or Ni-Co-Mn-Sn [8–10]. In those cases, the magnetic field 

stabilizes the phase with higher magnetization, decreasing the MT temperature. Concerning the 

effect of the annealing treatment in the present case, the variation in the magnetization  at the 

MT increases with the temperature of the annealing, except for the case of the specimen treated 

at 873K where the variation in the magnetization is smaller in comparison with the alloys 

treated at lower temperatures, since the microstructural recovery induced by annealing produces 

a more pronounced increase of the magnetization in the martensite phase than in the austenite.  

 

 

 

Figure 3. 8. Magnetization dependence with temperature of the set of samples at a) 100 Oe and 

b) 60kOe applied magnetic field. 

 

In order to analyze the magnetocaloric effect associated to these compounds and 

evaluate the effect of the microstructural relaxation, two samples were selected to make a 

comparison: the as milled alloy (AM273) and the alloy treated at 673K (AN673). The 

magnetization of the samples is measured on heating under different applied fields (from 100Oe 

to 60kOe) after zero-field cooling, and the magnetic entropy change, ΔSm(T,H) is evaluated 

using equation 1.11 (Chapter 1).  In Figure 3. 9 are shown the different magnetization curves at 

different magnetic fields for the magnetocaloric effect evaluation.  

 

a) b) 
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Figure 3. 9. Zero field cooled magnetization curves measured on heating under different applied 

magnetics fields ranging from 100Oe to 60kOe for a) the alloy treated at 673K (AN673) and b) 

the as-milled alloy (AM273). 

 

Figure 3. 10 depicts the temperature dependence of the magnetically induced entropy 

change under an applied field of 60 kOe obtained after application of equation 1.11. The 

negative peaks observed (direct magnetocaloric effect) are associated to the magnetic transition 

at TC, and the positive peaks (inverse magnetocaloric effect) that appear at lower temperatures 

are associated to the induction of the reverse martensitic transformation. In both cases, the 

microstructural recovery brought by annealing enhances the magnetocaloric effect, increasing 

the saturation magnetization and decreasing the martensitic transformation temperature range. 

As shown in Figure 3. 11, where the ΔSm values for both transitions are plotted as a function of 

the maximum applied magnetic field, the increase in the entropic variation, and therefore the 

effect of microstructure, is more pronounced for the MT, a magnetostructural transition with a 

first order character, than for the magnetic ordering of the austenite, a second order transition.  

 

 

Figure 3. 10. Magnetically induced entropy change under an applied field of 60kOe, as a 

function of the temperature, for the AM273 and AN673 samples. 

 

a) b) 
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Figure 3. 11. Magnetically induced entropy change at the martensitic transformation and Curie 

temperature as a function of the applied magnetic field. 

 

The significant change observed for the magnetocaloric effect manifests the outstanding 

influence of the microstructure on the functional properties of the alloy. This improvement of 

the magnetostructural parameters and the enhancement of the magnetocaloric effect by 

annealing treatments in ground samples is in agreement with the observed in other systems like 

Ni40Co10Mn40Sn10 [11]. The obtained results confirm that, once the transition temperature has 

been fixed by the composition, the modification of the microstructure through thermo-

mechanical treatments appears as the best way to tune the functional properties of these alloys. 

The magnetic properties of the martensite were measured at low temperatures in order 

to correlate them with the microstructural state. Figure 3. 12 shows the magnetization 

dependence with the applied magnetic field at a constant temperature of 10K for the whole set 

of samples. It is noticeable the increase of the saturation magnetization and the shape change 

of the curves with the increase of annealing temperatures. These variations can be attributed to 

the change in the magnetic coupling between Mn atoms caused by the changes in the 

microstructure, as will be discussed below.  

The magnetization curves have been fitted using the law of approach to saturation expressed in 

the following equation [12]:  

𝑀 = 𝑀𝑆 (1 −
𝑎

𝐻
−

𝑏

𝐻2) + 𝜒𝐻        (3.2) 

where H is the applied magnetic field, MS is the saturation magnetization, 𝜒 is the field 

independent susceptibility and a and b are coefficients related to magnetic and structural 

properties of the alloy [13]. In particular, the a parameter can be related with the stress field 

created by dislocations, vacancies and non-magnetic inclusions [14], that is, with the amount 

of magnetic defects that the specimen presents, and it can be approximated to:  

 

𝑎 ≈ 4𝜋𝜌𝑀𝑆𝑃𝑒𝑓𝑓        (3.3) 
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where 𝜌 is the density of the material and 𝑃𝑒𝑓𝑓 is the effective fraction of porosity and non-

magnetic inclusions. The obtained values of 𝑃𝑒𝑓𝑓 and 𝑀𝑆 are plotted in Figure 3. 13 as a function 

of the internal strains. The high value of effective non-magnetic inclusions corresponding to 

the as-milled alloy 𝑃𝑒𝑓𝑓 = 0.2 can be related, among other defects, with the high density of 

dislocations, where the local atomic disordering in their vicinity hinders the ferromagnetic 

coupling. The weakness of the magnetic coupling is also reflected in the low value of the 

saturation magnetization 𝑀𝑆 ≈ 20 𝑒𝑚𝑢 𝑔⁄ . The initial recovery of the microstructure, when 

the internal strains undergo a decrease of 50%, drastically reduces the density of defects (𝑃𝑒𝑓𝑓 

decreases by nearly a factor 10) and therefore increases 𝑀𝑆 up to values close to 40 emu/g. The 

slight variations of 𝑃𝑒𝑓𝑓 and 𝑀𝑆 during the subsequent reduction of internal strains indicate that 

the evolution of the macroscopic magnetic properties takes place mainly during the first stage 

of the microstructural recovery.  

 

Figure 3. 12. Magnetic field dependence of magnetization at 10K. 
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Figure 3. 13. a) Fraction of non-magnetic inclusions Peff and b) saturation magnetization MS as 

a function of internal strains. 
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3.2.4. Neutron diffraction: atomic order and magnetic structures 

 It has been proved by calorimetric and thermomagnetic measurements the high stability 

of the atomic order of the Ni50Mn35Sn15 alloy, which is not modified by thermomechanical 

treatments, as manifested by the null variation of the equilibrium temperature between the 

austenitic and martensitic phases. Nevertheless, the temperature range of the martensitic 

transformation is considerably affected by the thermomechanical treatments, which also have a 

strong effect in the magnetic properties. In this section, the stability of the atomic order is 

verified at the atomic level and the magnetic structures are investigated by means of neutron 

diffraction, which is the appropriate probe for this type of analysis. With this aim, powder 

diffraction patterns in all the different structural and magnetic states were collected for the two 

representative samples AM273 and AN673.  

 

 Since the martensitic transformation is a diffusionless process and therefore the atomic 

order can be assumed the same in the austenite and martensite phases, the occupancies of the 

different crystallographic positions were determined in the austenitic phase in paramagnetic 

state (at 400 K) in order to simplify the analysis and avoid the magnetic contribution to the 

diffractogram. The diffraction patterns of both samples at 400 K correspond to a cubic L21 

structure (space group 𝐹𝑚3̅𝑚). The data were first analyzed by a Lebail fit to obtain the cell 

parameters, the peak shapes and an estimation of the background. Both alloys present 

practically the same lattice parameter  (a =6.004 (5) Å for the AM273 sample and a = 6.003 

(11) Å for the AN673 sample). Subsequently, a Rietveld refinement was carried out, assuming 

as starting point the occupancies corresponding to an ordered system (i.e. the 4a sites fully 

occupied by Mn atoms, the 8c sites fully occupied by Ni atoms, and the 4b sites containing all 

the available Sn atoms and the Mn atoms exceeding the stoichiometric amount). Then, the 

different species were allowed in all crystallographic sites and the occupancies were refined, 

taking advantage of the negative scattering factor of Mn and using soft restraints according to 

the composition of the alloys to reduce the number of free parameters. When the refined 

occupancy for an atomic species in a particular site recurrently gave negative or negligible 

values, these were fixed to zero. This refinement was repeated until the convergence was 

reached, giving values of RB of 4.06 % for the annealed sample and 2.42 % for the as-milled 

one. Figure 3. 14 andFigure 3. 15 show the experimental and calculated diffractograms obtained 

after the analysis for both samples. The results obtained are summarized in Table 3. III. Figure 

3. 16 illustrates the crystallographic structure of the austenitic phase. 
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Figure 3. 14. Neutron diffraction patterns (wavelength 1.59Å) of the AN673 alloy at 400K, 

where the red dots are the observed pattern, the black line is the calculated one, the blue line is 

the difference between the observed and the calculated patterns and the green marks are the 

Bragg reflections. 

 

 

Figure 3. 15. Neutron diffraction patterns (wavelength 1.59Å) of the AM273 alloy at 400K, 

where the red dots are the observed pattern, the black line is the calculated one, the blue line is 

the difference between the observed and the calculated patterns and the green marks are the 

Bragg reflections. 
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Figure 3. 16. Crystallographic representation of the structure of the austenitic phase where the 

purple color corresponds to Mn, green to Sn and blue to Ni in a) AN673 and b) AM273 alloys. 

 

Table 3. III. Cell parameters and occupancies of 4a, 4b and 8c sites for the AM273 and AN673 

alloys.  

 

Site 

 

Atoms 

Occupancy 

AN673 

a =6.004 (5) Å 

AM273 

a = 6.003 (11) Å 

4a 

(0,0,0) 

Mn 

Ni 

0.94 (3) 

0.06 (3) 

0.95 (4) 

0.05 (4) 

4b 

(1/2,1/2,1/2) 

Mn 

Ni 

Sn 

0.43 (3) 

0.05 (3) 

0.523 (3) 

0.41 (4) 

0.02 (4) 

0.57 (4) 

8c 

(1/4,1/4,1/4) 

Ni 

Mn 

1.000 (0) 

 

0.93 (5) 

0.07 (5) 

 

As shown in Table 3. III there is no change in the atomic order between the as-milled 

and the annealed alloy, in concordance with the results of the calorimetric and thermomagnetic 

measurements, where no variation is observed for the martensitic transformation and magnetic 

order temperatures in all the studied alloys.  

Diffractograms in the ferromagnetic austenite phase were collected in order to give 

insight into the origin of the variation of the magnetization in the austenite produced by the 

different thermomechanical treatments. The magnetic contribution manifests in the diffraction 

patterns by an increase of the intensity of the peaks at lower angles (due to the decay of the 

magnetic form factor with Q). Figure 3. 17 shows the comparison of the diffractograms 
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corresponding to the paramagnetic and ferromagnetic states of the austenitic phase of the 

AM273 sample. In the present case, the magnetic contribution is manifested in the (111) peak, 

the intensity remaining nearly constant in the next peaks. The paucity of significant magnetic 

scattering compared to the total intensity implies that the absolute values of the magnetic 

moments obtained from the analysis may be taken with care, although conclusions may be 

drawn from the relative values and the tendencies observed. 

 

 

Figure 3. 17. Comparison of the paramagnetic and ferromagnetic states in austenitic phase for 

the AM273 alloy. 

 

Figure 3. 18 and Figure 3. 19 show the experimental and calculated diffractograms 

obtained after the analysis for both samples. The obtained values for the magnetic parameters 

are summarized in Table 3. IV. In order to reduce the number of free parameters, the magnetic 

moments in the 8c site have been fixed to the values corresponding to Ni atoms carrying a 

moment of 0.2 𝜇𝐵, in accordance with theoretical calculations and with previous neutron 

diffraction studies [15]. 

 

Table 3. IV. Magnetic moments obtained by neutron diffraction in AM273 and AN673 at 270K. 

Sample Magnetic moment (𝜇𝐵) 

4a 4b 8c mtotal 

AM273 1.26 (6) -0.45 (2) 0.2* (0) 1.21 (8) 

AN673 2.58 (2) 0.37 (2) 0.2* (0) 3.35 (4) 

*The value of site 8c was fixed at 0.2 𝜇𝐵 corresponding to Ni atoms. 
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Figure 3. 18. Neutron diffraction patterns (wavelength 1.59Å) of the AN673 alloy at 270K, 

where the red dots are the observed pattern, the black line is the calculated one, the blue line is 

the difference between the observed and the calculated patterns and the green marks are the 

Bragg reflections. 

 

Figure 3. 19. Neutron diffraction patterns (wavelength 1.59Å) of the AM273 alloy at 270K, 

where the red dots are the observed pattern, the black line is the calculated one, the blue line is 

the difference between the observed and the calculated patterns and the green marks are the 

Bragg reflections. 

 

As explained in chapter 1, the magnetic behavior in these alloys is mainly due to the Mn 

atoms, with the magnetic interactions being strongly dependent of the interatomic distances. 

For the atomically ordered stoichiometry alloys, the Mn atoms are located only in the 4a sites, 

at a distance 𝑎 √2⁄  in the austenite cubic structure and presenting ferromagnetic coupling. 

When the composition is not stoichiometric or when atomic disorder is present, different studies 

propose that, since some Mn atoms locate in 4b sites (at shorter distance) these tend to couple 

antiferromagnetically with the rest [9, 10], although the final result is a net ferromagnetic 
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moment and a macroscopic ferromagnetic behavior, as observed in the magnetometry 

measurements.  

Interestingly, in the present case, the magnetic coupling between Mn atoms in 4a and 

4b positions drastically evolves from antiferromagnetic to ferromagnetic upon annealing (Table 

3. IV and Figure 3. 20). This produces a change in the total magnetic moment from 1.21 (8) to 

3.35 (4) B that is in agreement with the observed drastic increase of the magnetization at high 

magnetic field in the austenite phase. The change in the magnetic coupling is produced despite 

the null variation in lattice parameter (a = 5.992 (8) Å for the AM273 sample and a = 5.989 (8) 

Å for the AN673 sample) and in atomic order. Since the amount of Mn atoms at 4b positions is 

practically the same for both alloys, the change in the magnetic structure must be due to the 

effect of the microstructural parameters. As discussed in the previous sections, the relaxation 

of the internal strains is accompanied by the reduction of the vacancies and non-magnetic 

inclusions and an increase of the grain size on the alloy. The combination of all these changes 

must be at the origin of the switch of the coupling between the Mn atoms located in 4a and 4b 

sites from antiferromagnetic to ferromagnetic, and the resulting increase in the magnetization. 

 

 

Figure 3. 20. Representation of the magnetic structure at 270K for a) AN673 and b) AM273 

alloys. 

Neutron diffraction patterns were also collected in martensite phase. In this case, it is 

not possible to analyze the nuclear and magnetic structures separately from different 

diffractograms, since the martensitic phase presents (weak) ferromagnetism in the whole 

temperature range. To avoid the presence of magnetic scattering, once the pattern indexed, only 

the 40º < 2< 140º range of the diffraction pattern was used for the analysis of the nuclear part. 

The crystal structure of the martensite phase of the studied Ni50Mn35Sn15 alloys corresponds to 
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the one determined by Brown et al. for the Ni50Mn36Sn14 system,[17] that is, an orthorhombic 

structure with a two-fold modulation in the direction of the a axis, with space group P m m a. 

Figure 3. 21 shows an scheme of the crystallographic structure of the martensite phase, and its 

relation with the structure of the austenite. Both samples present the same global structure. The 

structural parameters obtained by the Rietveld refinements are summarized in Table 3. V. As 

mentioned before, assuming that the MT is a diffussionless process, the values used for the 

occupancies are those determined in the austenite phase (see Table 3. V). The values of the cell 

parameters remain nearly constant regardless of the themomechanical treatments, which means 

that also for the martensitic phase these affect mainly to the microstructural parameters. 

Nevertheless, slight variations in the atomic positions and therefore in the interatomic distances 

are observed between both samples, which can affect the magnetic coupling.  In this case, the 

analysis of the magnetic structure becomes unreliable due to the number of free parameters, the 

cumbersome decoupling of nuclear and magnetic scattering, and the low magnetic signal. 

Different magnetic structure models have been tried [17], but no satisfactory results could be 

obtained. The only information that may be drawn is a tendency to refine lower magnetic 

moments than in austenite for both samples, being the lowest for the as-milled alloy, in 

agreement with the magnetization measurements. As an example, Figure 3. 22 shows the 

refinement of the data corresponding to the AN673 sample with the most simple model, that 

assumes magnetic moment only in the crystallographic positions completely filled by Mn (those 

deriving from the 4a site in austenite), with a refined value of 2.6(2) 𝜇𝐵. 

 

 

Figure 3. 21. Schematic representation of crystallograpic structure of martensite phase and its 

relation with the austenite L21 strucuture. 
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Figure 3. 22. Neutron diffraction patterns (wavelength 1.59Å) of the AN673 alloy at 50K, where 

the red dots are the observed pattern, the black line is the calculated one, the blue line is the 

difference between the observed and the calculated patterns and the green marks are the Bragg 

reflections. 

 

Table 3. V. Obtained structural parameters at 50K in AN673 and AM273 alloys in martensite 

phase (space group P m m a). 

 

 

Sites 

AN673 

a= 8.590 (21) 

b=5.612 (13) 

c=4.361 (13) 

AM273 

a=8.589 (26) 

b=5.614 (15) 

c=4.359 (15) 

Occ y z Occ y z 
2a(0,0,0) 

2f(1/4,1/2,z) 

Mn  0.95 (3) 

Ni   0.06 (3) 

 

 

 

0.559 (35) 

Mn  0.95 (4) 

Ni   0.05 (4) 

  

0.564 (37) 

2b(0,1/2,0) 

2e(1/4,0,z) 

Mn  0.43 (3) 

Ni   0.05 (3) 

Sn   0.52 (3) 

 

 

 

0.556 (51) 

Mn  0.41 (4) 

Ni   0.02 (4) 

Sn   0.57 (4) 

  

0.563 (53) 

4h(0,y,1/2) 

4k(1/4,y,z) 

Ni   1.00 (0) 0.249 (10) 

0.240 (76) 

0.089 (40) Ni   0.93 (5) 

Mn  0.07 (5) 

0.248 (12) 

0.240 (90) 

 

0.090 (46) 

** The values used for the occupancies are those determined in the austenite phase, with sites 

2a and 2f in the martensite structure corresponding to sites 4a in austenite, sites 2b and 2e in 

martensite corresponding to sites 4b in austenite, and sites 4h and 4k in martensite 

corresponding to sites 8c in austenite. 
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3.2.5. Mössbauer spectroscopy  

 The magnetism of these alloys has been also analyzed at the atomic level using 119Sn- 
Mössbauer spectroscopy. The experimental spectra obtained, together with the corresponding 

fits are shown in Figure 3. 23, and the results summarized in Table 3. VI. All the spectra have 

been satisfactorily fitted exclusively with two discrete contributions: a non-magnetic singlet 

and magnetic sextet. The relative intensities of both components change gradually with the 

annealing temperature. In this way, while for the AM273 sample the spectrum is dominated by 

a non-magnetic singlet with a non-resolved magnetic component as a minor contribution, the 

magnetic subspectrum is practically the only contribution to the spectrum of the AN873 sample. 

 

Figure 3. 23. Raw and fitted Mössbauer spectra for the set of samples at 240K. 
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Table 3. VI. Values obtained by the fitting of Mössbauer spectra for the whole set of samples.  

Sample ẟ (mm/s) ᴦ (mm/s) Bhf (T) AS (%) 

AM273 1.53 (1) 1.96 (1) 4.1 (1) 31 (3) 

AN573 1.48 (1) 1.67 (9) 4.6 (2) 18 (1) 

AN673 1.48 (1) 1.54 (5) 5.1 (1) 15 (1) 

AN773 1.48 (1) 1.51 (4) 5.3 (1) 6 (1) 

AN873 1.48 (1) 1.50 (2) 5.6 (1) 1 (1) 

 

 According with the obtained results, Figure 3. 24 and Figure 3. 25 show the evolution 

of the magnetic hyperfine field, Bhf, and the singlet component, As, of the Mössbauer spectra 

with the internal strains. The main feature is the decrease of the singlet component and the 

increment of the hyperfine field as the annealing temperature increases. Moreover, the value of 

the ẟ isomer shift of both components, which contains information about the chemical order in 

the surrounding of Sn atoms and is therefore related with the atomic order on the alloy, does 

not change, in concordance with neutron powder diffraction results and with the null variation 

in the martensitic transformation and magnetic order temperatures observed by calorimetric and 

magnetic measurements. On the other hand, the line-width parameter, ᴦ , decreases as the 

annealing temperature increases. The value of ᴦ is related with the slight distortions of the local 

environment of the Mössbauer probe atoms [18] and therefore it is sensitive to the 

microstructure and consequently to the recovery of the defects created by milling. Thus, the 

observed changes on the magnetic properties and in the width of the martensitic transformation 

would rely on different internal stress states and on the presence of defects created during the 

milling. As previously reported in some Heusler alloys, several local distortions as dislocations 

and defects can be created during mechanical treatments while the atomic order is maintained 

[19, 20]. Dislocations in atomic ordered structures appear as super-dislocations: a pair of 

dislocations separated by an antiphase boundary where the atomic order is modified, and 

consequently the magnetic coupling related to it. Sn atoms do not carry intrinsic magnetic 

moment, but since a transferred hyperfine field can be induced from the neighboring magnetic 

ions (Mn ions in the case of Ni-Mn-Sn), [21] 119Sn-Mössbauer spectroscopy would be sensitive 

to the local magnetic field felt by the Sn atoms. The singlet component (Figure 3. 25) is related 

to stressed regions caused by dislocations and antiphase boundaries where the local magnetic 

field is absent. In these regions the ferromagnetic order is altered in such a way that the total 

transferred dipolar field at Sn sites is zero. As decreases with annealing, implying a reduction 

of the density of antiphase boundaries as result of the annihilation of dislocations, while at the 

same time Bhf increases. This increase indicates a reinforcement of the transferred dipolar field 

with the annealing of defects and the recovery of the ferromagnetic coupling in the austenitic 

phase.  
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Figure 3. 24. Hyperfine field as a function of internal strains. 

 

 

Figure 3. 25. Area of the singlet component as a function of internal strains. 

 

 

3.3. SUMMARY AND CONCLUSIONS 

In this chapter, the effect of the microstructure in the martensitic transformation and the 

related magnetostructural properties was studied in Ni-Mn-Sn alloys. The study was carried out 

by the analysis of macroscopic calorimetric and magnetic measurements and, at the microscopic 

level, by X-rays and neutron diffraction and Mössbauer spectroscopy. To evaluate the effect of 

microstructural parameters in the martensitic transformation and in the magnetic behavior, a 

milled Ni50Mn35Sn15 alloy was annealed at different temperatures to induce different states of 

microstructural defects. 

By means of calorimetry and magnetometry measurements, the martensitic 

transformation temperature and Curie temperature were determined, evidencing their null 
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variation with the different annealing treatments, although the temperature range in which the 

martensitic transformation takes place is reduced as the annealing temperature increases. The 

enthalpy and entropy values associated to the martensitic transformation point out that the 

martensitic transformation, significantly affected by milling, is mainly recovered after the 

treatment at the lowest temperature. Also, the significant change observed for the 

magnetocaloric effect manifests the outstanding influence of the microstructure on the 

functional properties of the alloy. Powder X-ray diffraction has been used to obtain information 

about the microstructural parameters as grain size and internal strains, showing the evolution 

of those values with the annealing temperatures. By combination of the magnetic measurements 

and the microstructural analysis by X-ray diffraction, the amount of the non-magnetic 

inclusions was quantified and related with the internal strains, showing a reduction of a factor 

of more than 10 by annealing, together with an associated increase of the saturation 

magnetization.  

Powder neutron diffraction has shown the non-variation in the atomic order, which is in 

agreement with the absence of change in the temperatures of the martensitic transformation and 

magnetic ordering, proving the high stability of the atomic order of the Ni-Mn-Sn alloys. The 

crystal structure of the martensite phase has been resolved, obtaining a two-fold modulated 

orthorhombic structure. The analysis of the magnetic structure in the austenite phase has 

revealed the switch of the magnetic coupling of the Mn atoms from antiferromagnetic to 

ferromagnetic induced by annealing. Finally, Mössbauer spectroscopy has been used for the 

analysis of the microstructure and the magnetism of these alloys at the atomic level. 

In conclusion, the evolution of the microstructural parameters has been quantified and 

correlated to the evolution of the martensitic transformation features and the magnetic 

properties. It is found that the relaxation processes brought by annealing leads to recovery of 

the martensitic transformation and the enhancement of the magnetism at both macroscopic and 

local level. In particular, the density of non-magnetic defects decreases upon annealing, thus 

leading to an increase of the saturation magnetization and a decrease of the martensitic 

transformation temperature range, respectively, which results in a higher magnetocaloric effect. 

The obtained results confirm that, once the transition temperature has been fixed by the 

composition, the modification of the microstructure through thermomechanical treatments 

appears as the best way to tune the functional properties of these alloys. 
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Chapter 4. Enhancement of 

magnetocaloric effect by intrinsic 

defects and microstructure evolution 

by ball-milling in Ni45Co5Mn35Sn15 

shape memory alloy 

 

 
4.1. INTRODUCTION 

  As explained previously in the introduction chapter, the metamagnetic alloys based in 

the Ni-Mn-Z (Z=In, Sn, and Sb) systems in which the martensitic transformation (MT) takes 

place between a ferromagnetic austenite and a weak-magnetic martensite are among the most 

promising alloys for magnetocaloric applications. The MT characteristics and the magnetic 

properties of these alloys depend on composition, atomic order and, in principle to a lesser 

extent, on microstructure. The compositional dependence has been widely studied, being the 

complete phase diagrams of the appearing structural and magnetic phases well stablished [1–

4]. Atomic order has been also systematically studied. In Ni-Mn-In and Ni-Mn-In-Co alloys it 

has been shown that the magnetostructural properties can be properly tuned varying the long-

range atomic order, which can be easily controlled by means of thermal treatments [5–7]. In 

Ni-Mn-Sn and Ni-Mn-Sb alloys, in turn, the L21 structure is highly stable and the atomic order 

is then hardly modifiable by means of conventional thermal treatments [8]. In these alloys, the 

modification of the microstructural parameters (grain size, defects, internal stresses…) is the 

only way to modify the functional properties for a selected alloy composition. Mechanical 

milling and subsequent annealing treatments are one of the simplest and most used method to 

modify the microstructure. Typically, the grain size reduction and the presence of defects and 

internal stresses induced by milling degrade the MT and the magnetic properties, which can be 

then partially restored upon microstructural recovery processes brought by subsequent 

annealing [9–13]. In this respect, by comparing a Ni-Mn-Sn alloy in both the as-milled and the 

annealed states, we have shown that, even though no appreciable long-range atomic disorder 

was induced by milling, the saturation magnetization of both martensitic and austenitic phases 

are considerably higher after annealing, due to the reduction of the density of the anti-phase 

boundaries (linked to dislocations), which promote the antiferromagnetic coupling between Mn 

moments, as it was explained in Chapter 3. A similar magnetic deterioration at anti-phase 

boundaries was indeed evaluated in Ni-Mn-Al-Ga alloys by electron holography, and explained 

as a consequence of a local atomic disordering in the boundary region [14]. 
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On the other hand, the addition of cobalt has been shown to enhance the magnetism of the 

austenite and to hinder ferromagnetic ordering in martensite in Ni-Mn-Z alloys, thus leading to 

an increase of ΔM and therefore to larger magnetically-induced shifts of the MT temperature 

and higher associated magnetocaloric effects [15–20]. In particular, in Ni-Mn-Sn alloys it has 

been also shown that the magnetic coupling between the Mn moments on the 4a (Mn sublattice) 

and 4b sites (Sn sublattice) of the austenitic cubic structure changes from being 

antiferromagnetic to ferromagnetic as a consequence of the substitution of Ni by Co [19] (the 

magnetic coupling between Mn atoms on  the 4a sites is ferromagnetic both in the ternary and 

the quaternary alloys). In this regard, it could be thought that the influence of the presence of 

anti-phase boundaries (and any other microstructural defect resulting in local atomic 

disordering) on the magnetic properties will be different in the quaternary Co-doped alloys to 

that in the ternary ones. In this sense, in the first part of this chapter the effect of mechanically-

induced defects on the magnetostructural properties, and in particular on the magnetocaloric 

effect, is analyzed on a quaternary Ni-Co-Mn-Sn alloy subjected to soft milling and subsequent 

annealing.  It is found that the presence of microstructural defects, far for worsening, can make 

the magnetocaloric effect to be higher in the as-milled state than after subsequent annealing. 

This unusual beneficial presence of defects is explained as the result of the combination of the 

effect of defects on the Mn-Mn distance, the Co effect on the magnetic exchange coupling 

between Mn atoms, and the effect of defects on the vibrational entropy change at the martensitic 

transformation.  

Due to this unconventional result, in a further step, ball milling has been used as a suitable way 

to induce a large amount of defects in the studied Ni-Co-Mn-Sn alloy in a controlled way, 

allowing a systematic study on the evolution of the microstructure. This technique provides 

some advantages like simplicity, high productivity, and cost-effectiveness in fabrication 

metallic particles compared with other methods. On the other hand, the high energy involved 

in the process modifies the characteristics of the MT as consequence of inducing a disordered 

phase. In addition, the null variation in the atomic order degree by thermal treatments those Ni-

Mn-Sn systems present make them suitable to understand the effects of ball milling on the 

properties of the alloys. Therefore, the effect of high-energy ball milling has been analyzed in 

the Ni-Co-Mn-Sn alloy, quantifying the evolution of the microstructural parameters and the 

magnetostructural properties with the milling time.  

 

 

4.2. EXPERIMENTAL RESULTS 

A Ni45Co5Mn35Sn15 alloy was synthetized, as described in Chapter 2, from high purity 

elements by arc-melting under protective argon atmosphere. The obtained bulk was remelted 

several times and homogenized at 1173K during 24h and slowly cooled to room temperature. 

The composition was analyzed by EDS in a Jeol JSM-5610LV Scanning Electron Microscope 

(SEM). In order to induce defects, the alloy was subjected to hand milling in an agate mortar 

until reaching a uniform particle-size distribution. The mean particle size of the powder, 

estimated from SEM images, was 60 ± 20 𝜇𝑚. A part of the obtained powder was then 

subjected to a 5 min annealing at 673K in order to remove some of the defects induced by 
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milling. The as-milled and the annealed samples were then analyzed and compared. The 

martensitic transformation was characterized by differential scanning calorimetry (Q-100 DSC, 

TA Instruments), by heating-cooling  cycles performed form 140K up to 300K at 10K/min. The 

macroscopic magnetic characterization of the alloys was performed by recording 

thermomagnetization curves at 100Oe and 60kOe and the magnetization dependence on the 

magnetic field at constant temperature in both phases in SQUID magnetometer (QD MPMS 

XL-7). The neutron scattering experiments were carried out at Institut Laue-Langevin, in 

Grenoble, France. Nuclear and magnetic structures were analyzed by powder neutron 

diffraction, using data collected in D1B (λ=1.28Å and). As for all the diffraction work in this 

thesis, the data treatment was carried out using the programs of the Fullprof Suite [21]. Starting 

from the as-milled powder, a systematic ball milling in order to study the microstructure 

evolution was performed at different milling times (15, 30, 45, 60, 90, 120 minutes) in a 

RETSCH EMAX ball-mill with ratio 5:1 at 800 rpm under argon atmosphere and controlled 

temperature avoiding the possibility of oxidation. For the microstructure analysis, High 

Resolution X-rays Powder Diffraction (HRXPD) was carried out in BL04_MPSD beam line 

(28keV) at ALBA synchrotron, Barcelona, Spain. 

 

4.2.1. Macroscopic characterization 

4.2.1.1. DSC measurements 

 The occurrence of martensitic transformation is confirmed by the appearance of 

endothermic peaks (see Figure 4. 1.) associated to the reverse MT on the heating curves in 

calorimetric measurements, obtaining also the corresponding values of the entropy change (∆S) 

associated to the transformation. Taking into account the high sensibility of the transformation 

temperatures to long-range atomic order [22], the absence of evolution suggests a scarce effect 

of annealing on atomic order, as it could be indeed expected given the high stability of the L21 

structure in the Ni-Mn-Sn system [8]. With respect to the entropy change, it is worth noting that 

the obtained value (see Table 4. I) is higher in the as-milled sample although  ∆S typically 

increases as a consequence of the microstructural recovery processes brought by annealing (as 

in fact occurs in ternary Ni-Mn-Sn alloys, as shown in Chapter 3). This point will be analyzed 

later in detail. 

 

Figure 4. 1. Calorimetric measurements showing the reverse martensitic transformation. 
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4.2.1.2. Magnetic measurements 

Figure 4. 2 shows the temperature dependence of the magnetization in the as-milled and 

annealed samples under a) 100 Oe and b) 60 kOe applied magnetic fields. The sequences of 

magnetostructural transformations can be clearly determined from the low-field M(T) curves: 

in both samples, the high temperature paramagnetic austenite becomes ferromagnetic around 

360 K and a subsequent magnetization jump takes place around 180 K, coinciding with the 

appearance of the endothermic peaks in the calorimetric curves (Figure 4. 1), linked to the MT 

to a martensite with lower magnetization. The transformation temperatures and the 

magnetization change at the MT obtained from the different M(T) curves are summarized in 

Table 4. I along with the entropy change at the MT, ∆S, estimated from the DSC thermograms. 

As it was shown in Chapter 3 for ternary Ni-Mn-Sn alloys, neither the Curie temperature, 𝑇𝐶
𝑎, 

nor the MT temperature, TM, seem to evolve substantially with the annealing treatment. 

Furthermore, the thermal hysteresis linked to the MT is also practically unaffected by annealing 

(in fact, it is slightly larger in the annealed sample). As shown in Figure 4. 2.b, the MT shifts 

toward lower temperatures under the application of a 60 kOe magnetic field, being the shift 

(with respect to TM obtained at 100 Oe) almost the same in both as-milled and annealed samples. 

On the contrary, the magnetization change at the MT, ∆M, is definitively affected by annealing, 

being ∆M quite lower in the annealed sample. 
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Figure 4. 2. Temperature dependence of magnetization of the as-milled and annealed samples 

under a) 100 Oe and b) 60 kOe applied magnetic field. 

 

Table 4. I. Temperature of the reverse transformation (𝑇𝑀
𝑟𝑒𝑣) at 100 and 60000 Oe, Curie 

temperature of the austenite (𝑇𝐶
𝑎), magnetization change at the MT (ΔM) and entropy change at 

the MT for the as-milled and annealed alloys. 

Sample 𝑇𝑀
𝑟𝑒𝑣(100 Oe)(K) 𝑇𝑀

𝑟𝑒𝑣(60 kOe)(K) 𝑇𝐶
𝑎 (K) ΔM 

(emu/g) 

ΔS 

(J/kgK) 

As-milled 187 159 362 52 9.8 

Annealed 188 159 360 40 8.1 
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The effect of annealing on the saturation magnetization, MS, is illustrated in Figure 4. 3, 

where the magnetic-field dependence of magnetization is shown for both phases in both as-

milled and annealed states. In all cases, the magnetization shows an initial abrupt increase and 

a subsequent trend to saturation, typical of a ferromagnetic behavior. Interestingly, the 

annealing treatment affects the magnetization in a different way in martensite and in austenite. 

In particular, the saturation magnetization significantly increases in martensite after annealing 

(∆MS
mart/ MS

mart ~ 28%) whereas a very slight variation (∆MS
aust/ MS

aust ~ 3%) is observed in 

austenite. This behavior is quite surprising as long as it is opposite to that found in similarly-

milled ternary Ni-Mn-Sn alloys, for which the high-field magnetization increase linked to 

annealing is larger in austenite and in martensite as it was shown in Chapter 3. 

In the same way as in in Chapter 3,the effect of defects on the magnetic properties has 

been qualitatively estimated from the fitting of the field-dependence of the magnetization to the 

classical law of approach to saturation for magnetization. As a reminder, this law is expressed 

as: 

2
1S

a b
M M H

H H


 
    

 
    (4.1) 

where H is the applied field, MS the saturation magnetization, χ the field independent 

susceptibility and a and b are coefficients related to magnetic and structural properties of the 

sample [23–25]. In particular, the parameter a depends on the stresses field created by 

dislocations and non-magnetic inclusions and it can be approximated to a ≈ 4πρMSPeff, where ρ 

is the density of the material and Peff is the effective fraction of porosity and non-magnetic 

inclusions [26]. From the fitting of the magnetization curves in martensite at 10 K to the law of 

approach to saturation (Figure 4. 3.b) Peff  values of 0.021 and 0.014 are obtained for the as-

milled and annealed samples, respectively. The higher value of effective fraction of non-

magnetic inclusions in the as milled sample points out that the density of dislocations where the 

ferromagnetic coupling is lost by the local atomic disordering is higher in the as-milled sample 

than in the annealed one, in agreement with the expected reduction of defects upon heating 

treatment. 

0.0 2.0x10
4

4.0x10
4

6.0x10
4

0

20

40

60

80

100

10 K (mart)

225 K (aust)

 As-milled

 Annealed

M
 (

em
u
/g

)

H (Oe)

(a)

         

0.0 2.0x10
4

4.0x10
4

6.0x10
4

40

45

50

55

60

M
 (

em
u
/g

)

H (Oe)

P
A-m

eff
 = 0.021

 Approach Sat. law

P
Ann

eff
 = 0.014

(b)

 

Figure 4. 3. a) Magnetization in the austenitic (at 225 K) and martensitic (at 10 K) phases of 

the as-milled and annealed samples, as a function of the applied magnetic field. b) Detail of the 

fitting of the magnetization curves in martensite at 10 K to the law of approach to saturation. 
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4.2.2. Neutron diffraction analysis 

In order to ascertain the origin of the different evolution of the saturation magnetization 

in martensite and austenite upon annealing, neutron diffraction measurements were performed. 

The nuclear structures have been first refined from diffractograms obtained at 400 K in 

paramagnetic austenite, which allowed a more accurate determination of the atomic order, and 

then a combined nuclear and magnetic refinement has been performed for ferromagnetic 

austenite at 300 K and ferromagnetic martensite at 10K. 

 

4.2.2.1. Nuclear and magnetic structures in austenite 

Figure 4. 4 shows the Rietveld refinements in paramagnetic austenite at 400K in order 

to avoid all the magnetic contribution and obtain the nuclear structure. The atomic order in the 

form of site occupancies obtained by Rietveld refinement is shown in Table 4. II. The austenitic 

phases show the typical cubic L21 structure (space group 𝐹𝑚3̅𝑚) with almost the same lattice 

parameter. Some of the intensity peaks indexed according to the associated Bragg reflections 

are shown in the diffractograms. In particular, the (111), (200) and (220) reflections, linked to 

the L21, B2 and A2 types of ordering, respectively [8, 27], are clearly distinguished at low 

angles. As expected, no significant variation of the atomic order is observed, in agreement with 

the null evolution of the structural and magnetic transition temperatures. 
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Figure 4. 4. Rietveld refinement in paramagnetic austenite phases at 400K in annealed and as-

milled samples. 

 

Figure 4. 5 shows a detail of the refinement combining nuclear and magnetic structures in the 

main magnetic reflections in ferromagnetic austenite at 300 K for the as-milled and annealed 

samples. The magnetic moments obtained by the analysis on the ferromagnetic austenite are 

summarized in Table 4. III. The magnetic structure shows a collinear arrangement with the 

magnetic moments of Mn atoms all positive in austenite, thus implying a ferromagnetic 

coupling between Mn atoms, even between those in the 4a and 4b sites. Interestingly also, the 

net magnetic moments in austenite are not affected by the annealing. As it was shown in Chapter 

3, in the cubic phase of the ternary Ni-Mn-Sn alloys, the magnetic coupling between Mn atoms 

in the 4a sites is ferromagnetic whereas it is antiferromagnetic between Mn atoms in the 4a and 
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4b sites. Hence, the magnetic coupling between Mn atoms may change from ferromagnetic to 

antiferromagnetic across linear or planar defects, thus leading to a decrease in the net magnetic 

moment. In the austenitic phase of the quaternary alloy, in turn, the presence of Co on the Ni 

sites makes the Mn atoms at the 4a and 4b sites to couple ferromagnetically, and therefore the 

magnetic coupling between Mn atoms (whether nearest or next-nearest neighbors) will be 

always ferromagnetic, irrespectively of the presence of defects. Therefore, assuming that a 

similar annihilation process occurs on annealing the quaternary alloy, the almost null evolution 

of the saturation magnetization of austenite can be explained as a direct consequence of the 

ferromagnetic coupling between Mn atoms.  

 

Table 4. II. Atomic order obtained by Rietveld refinement in paramagnetic austenite at 400K 

in as-milled and annealed samples. 

Sites Sample 

As-milled Annealed 

4a (0,0,0) 0.94Mn+0.06Sn 0.97Mn+0.03Sn 

4b (1/2,1/2,1/2) 0.47Mn+0.53Sn 0.49Mn+0.51Sn 

8c (1/4,1/4,1/4) 0.88Ni+0.12Co 0.90Ni+0.10Co 
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Figure 4. 5. Rietveld refinement in magnetic ordered austenite phases at 300K in annealed and 

as-milled samples. 

 

Table 4. III. Magnetic moments values for as-milled and annealed samples at 300K. 

Sample Sites 

4a (𝝁𝑩) 4b (𝝁𝑩) 8c (𝝁𝑩) 

As-milled 3.11 (2) 1.14 (2) 0.296* 

Annealed 3.11 (2) 1.19 (2) 0.28* 

*Magnetic moments fixed to 0.2 𝜇𝐵 and 1.0 𝜇𝐵 for Ni and Co respectively 
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4.2.2.2. Nuclear and magnetic structures in martensite 

The obtained martensitic structure is the same in both samples; a 3M modulated 

monoclinic structure (space group P2/m) with similar lattice parameters, no trace of austenitic 

phase being observed at all at 10 K. In order to reduce the number of parameters in the 

refinement of the martensitic structures, the same site occupancies obtained in paramagnetic 

austenite have been used in the sites related by the monoclinic distortion in martensite. With 

respect to the refined magnetic structure (a collinear magnetic structure, in all cases), it is worth 

noting that, contrarily to the situation observed in austenite, negative moments are obtained in 

martensite for Mn atoms in those sites related by the monoclinic distortion with the 4b sites (as 

expected due to the weakening of the exchange interactions as a consequence of the abrupt 

change in the Mn–Mn interatomic distances upon the MT). In the case of the martensite, the 

magnetic moments are significantly affected by the annealing, and a marked decrease in the 

negative antiferromagnetic contribution is observed. Figure 4. 6 shows the refinement 

combining nuclear and magnetic structures in ferromagnetic martensite at 10 K for the as-milled 

and annealed samples. The nuclear and magnetic structure parameters of both samples in 

ferromagnetic martensite are summarized in Table 4. IV. Figure 4. 7 shows an illustration of 

the nuclear and magnetic structures in the martensitic phase. 
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Figure 4. 6. Rietveld refinement of nuclear and magnetic structures at 10K in the samples 

studied. 

 

Since neither crystallographic structure nor lattice parameters nor long-range atomic 

order evolve upon annealing, the observed evolution of the saturation magnetization and the 

magnetic moments in martensite must be purely attributable to a microstructural relaxation, just 

as it occurs in the similarly-milled ternary Ni-Mn-Sn alloy showed in Chapter 3. In that case, 

the increase of the saturation magnetization of austenite and martensite after annealing was 

ascribed to a reduction of the density of anti-phase boundaries as result of the annihilation of 

superlattice dislocations. In martensitic phase, the change in the interatomic distances upon the 

martensitic transformation makes the Mn atoms in the martensitic structure to couple 

antiferromagnetically or ferromagnetically depending on whether they are nearest or next-

nearest neighbors, respectively, both in the ternary and the quaternary alloys. Therefore, the 

change of the Mn-Mn distance associated to the presence of defects (or even to internal stresses) 
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may explain the lower antiferromagnetic contribution in the annealed sample, where the amount 

of defects is presumably lower than in the as-milled one. 

 

 

Figure 4. 7. Illustration of nuclear and magnetic structure in martensite of both as-milled and 

annealed samples, where purple balls are sites occupied mainly by Mn atoms, green ones are 

sites occupied by Sn and Mn atoms and red ones are sites occupied by Ni and Co atoms. Purple 

arrows are magnetic moments from Mn atoms and blue arrows for Ni and Co atoms. 

 

Table 4. IV. Atomic coordinates and magnetic moments for martensitic structure with P2/m 

space group in as-milled and annealed samples at 10 K. 

Sites As-milled Annealed 

x y z µ (µB) x y z µ (µB) 

1a(0,0,0) 
1h(1/2,1/2,1/2) 
2n(x,1/2,z) 
2m(x,0,z) 

   2.404(162)    2.502(208) 

        
0.397(1)  0.201(1)  0.397(1)  0.201(1)  
0.032(1)  0.326(1)  0.032(1)  0.326(1)  

1b (0,1/2,0) 
1g (1/2,0,1/2) 
2m (x,0,z) 
2n (x,1/2,z) 

   -0.846(0)    -0.563(411) 

        
-0.034(4)  0.201(1)  -0.034(4)  0.201(1)  
0.453(5)  0.326(1)  0.453(5)  0.326(1)  

2j (1/2,y,0) 
2k (0,y,1/2) 
4  (0,1/4,z) 
4  (1/2,1/4,z) 

 0.245(13)  *0.296  0.245(13)  *0.28 

 0.221(7)    0.221(7)   

  0.201(1)    0.201(1)  

  0.326(1)    0.326(1)  

*Magnetic moments fixed to 0.2 𝜇𝐵 and 1.0 𝜇𝐵 for Ni and Co respectively. 

 

4.2.3. Magnetocaloric analysis 

The magnetically-induced shift of the MT temperature TM is directly related to ∆M 

through the Clausius-Clapeyron equation 
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                                                           0

MdT M

dH S



 


           (4.2) 

(where H is the applied magnetic field). The observed effect of annealing on the magnetic 

moments, and in particular on ∆M, suggests a possible influence of the mechanically-induced 

defects on the magnetic induction of the MT and therefore on the magnetocaloric effect (MCE).  

The effect of magnetic field on the MT temperature has been analyzed from the 

temperature dependence of magnetization under different applied magnetic fields. Figure 4. 8 

shows the M(T) curves obtained on heating under applied magnetic fields ranging from 100 Oe 

to 60 kOe around the martensitic transformation of the as-milled and the annealed samples. As 

expected, in both cases the magnetization jump associated to the MT occurs at lower 

temperatures on increasing the magnetic field, because of the magnetic stabilization of the 

austenite.  
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Figure 4. 8. ZFC M(T) curves on heating under different applied fields ranging from 100 Oe up 

to 60 kOe in the a) annealed and b) as-milled samples. 

 

The shift of TM (determined from the peaks of the derivative curve of magnetization 

measurements) is shown in Figure 4. 9 as a function of the applied field. The transformation 

temperatures linearly decrease with the increasing applied field, being the slope the same in 

both samples, 𝑑𝑇𝑀/𝑑𝐻 ≈  (0.5 K/kOe).  It is worth noting that this slope is in agreement with 

the 𝑑𝑇𝑀/𝑑𝐻 values calculated by substituting into Equation 4.2 the values of ∆M and ∆S shown 

in Table 4.I. 

The MCE, which can be defined as the entropy change in isothermal conditions, ∆Siso, 

has been calculated from the ZFC magnetization measurements shown in Figure 4. 8 using the 

expression  

                            
0

, ,0

H

iso

H

M
S S T H S T dH

T

 
     

 
                             (4.3) 
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Figure 4. 9.  Shift of the transformation temperature as a function of the applied magnetic field. 

 

The numerical integration of ∂M/∂T from a set of magnetization versus temperature spectra at 

different constant values of applied field M(T)H is the correct procedure [28]. The obtained ∆Siso 

values are shown in Figure 4. 10 as a function of temperature and applied magnetic field. In 

both cases, a positive peak (inverse MCE) is observed linked to the magnetostructural 

transformation at TM
rev and the maximum MCE values increase with the increasing magnetic 

field. In particular, the maximum values, obtained under 4.77·106 A/m, are ∆Siso
Mill ≈ 8 J/kgK 

and ∆Siso
Ann ≈ 6 J/kgK for the milled and annealed samples, respectively. These values are much 

lower than the higher values obtained in Ni-Co-Mn-Sn alloys (around ∆Siso ≈ 32 J/kgK [29]), 

but comparable or even greater than those obtained in the Ni-Mn-Sn system [9, 30, 31].  

 

   

Figure 4. 10. Isothermal magnetically-induced entropy change as a function of temperature and 

applied magnetic field for a) as-milled sample and b) annealed sample. 

 

In order to better compare the influence of annealing on the magnitude of the MCE, the 

∆Siso values obtained in both samples are plotted together as a function of temperature in Figure 

4. 11. It can be seen that the magnetocaloric effect is considerably higher in the as-milled sample 
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than in the annealed one. Interestingly, this result suggests that the presence of defects, far for 

worsening, may be beneficial for MCE in these metamagnetic Heusler alloys. In these alloys, 

the magnetically-induced entropy change is linked to the magnetic induction of the MT. In both, 

the as-milled and annealed samples, a similar transformed fraction is induced since the shift of 

the MT temperature and the width of the MT temperature range is nearly the same. Therefore, 

the higher ∆Siso obtained in the as-milled sample must be a consequence of its higher intrinsic 

MT entropy change (see Table 4. I). The entropy change linked to the reverse MT (which 

represents the maximum attainable ∆Siso) can be considered as the sum of a vibrational ∆Svib
(+) 

(positive) and a magnetic ∆Smag
(-) (negative) term, in such a way that ∆S ≈ ∆Svib

(+) + ∆Smag
(-) 

must be positive [32]. Since ∆Smag
(-) (directly related to ∆M [27]) is higher in the as-milled 

sample, a lower total ∆S should be expected. Nevertheless, ∆S is actually higher indicating that 

the vibrational contribution ∆Svib must be considerably higher in the as-milled sample than in 

the treated one. Taking into account that the crystallographic structures are exactly the same in 

both samples, the decrease of the entropy change in the treated sample should be attributable to 

the decrease in the concentration of mechanically-induced defects upon annealing. 
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Figure 4. 11. Isothermal magnetically-induced entropy change under 60 kOe applied magnetic 

field as a function of temperature for the as-milled and annealed samples. 

 

Assuming that in general the presence of defects increases the entropy of the alloy 

independently of the crystallographic structure (phase), the increase of the vibrational entropy 

change ∆Svib is a consequence of the much stronger influence of the induced defects on the 

vibrational entropy of the austenite than on the vibration entropy of the martensite (opposite to 

the above mentioned higher influence of defects on the magnetism of the martensitic phase). 

Although the influence of defects (point defects, dislocations and anti-phase boundaries) in the 

vibrational properties of some metals has been analyzed in several theoretical studies [33–35], 

to the best of our knowledge this is the first indirect evidence of the effect of defects on the 

vibrational entropy change at the martensitic transformation. In any case, further works on the 
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analysis of the type and concentration of defects should be need in order to quantitatively 

correlate defects and magnetically-induced entropy change.   

 

4.2.4. Systematic milling 

Since, as we have seen in the previous sections, the inclusion of defects by hand-milling 

improves the magnetocaloric effect, a further step is the induction of a large amount of defects 

in a controlled way by high energy ball-milling. The objective is to modify the microstructure 

systematically, allowing the structural and microstructural changes to be correlated with the 

variation in the properties of the system. Starting from the hand-milled powder (as-milled 

sample), different samples have been obtained by ball milling at different milling times (15, 30, 

45, 60, 90, 120 minutes) 

 

4.2.4.1. Calorimetric characterization 

As a first step of characterization, calorimetric measurements in all the obtained 

powders are carried out in order to identify the presence of the martensitic transformation and 

determine the thermodynamic properties. Figure 4. 12 displays the calorimetric curves on 

heating at 10K/min, showing the endothermic peaks associated to the reverse MT. The reverse 

MT temperature remains constant with the milling time, as expected from the result obtained 

on Ni-Mn-Sn alloys presented in Chapter 3. However, the enthalpy associated to the MT is 

reduced with milling time as effect of the inclusion of defects and the variation of the 

microstructural state. The reduction of the enthalpy of the MT by milling indicates the 

degradation of the MT, which vanishes for the samples milled more than 60 minutes, as Figure 

4. 13 shows. 
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Figure 4. 12. DSC curves on heating at 10K/min of the samples studied in this section. 
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Figure 4. 13. Dependence of the MT enthalpy with milling time for the reverse MT. 

 

4.2.4.2. Powder characterization 

SEM microscopy was carried out in order to characterize the obtained powders after 

milling. Figure 4. 14 shows images of the Ni-Co-Mn-Sn powder samples with different milling 

times.  

 

    

  

Figure 4. 14. SEM images on a) as-milled (hand-milled), b) 15 minutes, c) 45 minutes and d) 

60 minutes ball-milled samples. 

 

a) b

) 

c) d) 
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The as-milled sample (see Figure 4. 14.a) presents large particle sizes. It is worth 

recalling that this sample is only hand-milled in agate mortar. In this case, the powder particle 

size is not homogenous, with many big particles with 800 μm size. In the case of the sample 

milled during 15 minutes, the powder particles present sizes slightly smaller than the as-milled 

sample, around to 500 μm, but, more remarkable, a higher size homogeneity. This tendency is 

maintained at longer milling times: as the milling time increases, the obtained powders present 

a smaller particle size with higher homogeneity. 

 

In order to obtain more information about the microstructure evolution, Figure 4. 15 

shows the obtained TEM diffractograms at room temperature for the samples milled during 15, 

30 and 45 minutes. For the samples milled during 15 and 30 minutes, the diffractograms show 

enlarged spots corresponding to the reciprocal lattice of the cubic austenite. The presence of 

these spots indicates that de diffraction volume corresponds to deformed single-crystals. In the 

case of the alloy milled during 45 minutes the presence of rings indicates the presence of 

different crystal orientations characteristic of a powder structure with very small crystal size. 

 

 

Figure 4. 15. TEM images corresponding to samples milled during a) 15 minutes, b) 30 minutes 

and c) 45 min. 

 

4.2.4.3. Microstructural analysis 

In order to obtain quantitative values for the microstructural parameters, as grain size 

and internal strains, and correlate them with the mechanical treatments of the samples, high-

energy (28 keV -  =0.4424 Å) X-ray diffraction measurements at room temperature were 

performed. Figure 4. 16 shows the evolution of the diffractograms of the studied samples. 

According to the increase in milling time, the intensity of the (111) peak, that corresponds to 

L21 structure [36–38], is reduced, while an amorphous  phase induced by the mechanical 

treatment appears and increases with the milling time. Furthermore, as shown in Figure 4. 16.b, 

a certain percentage of martensite is present in all the samples, as indicated by the presence of 

the peak at 2𝜃~11.8° that corresponds to the (200) reflection of a I2/m monoclinic structure. 

As it will be further explained hereafter, several processes occur at the same time during high-

energy ball milling. First, the variation in microstructure parameters as grain size and internal 

stress, which decrease and increase respectively with the milling time (see Figure 4. 17.). 

a) b) c) 
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Secondly, the continuous reduction of the percentage of crystalline phases, the sample 

becoming more and more amorphous, as indicated by the disappearance of diffraction peaks. 

Finally, the induction of the martensitic phase and consequently the reduction of the volume 

fraction of the austenitic structure (see Figure 4. 16.b andFigure 4. 18). 
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Figure 4. 16. (a) X-ray diffractrograms at room temperature for the samples studied in this 

section. (b) Detail of the region around the most intense reflection of the austenite phase (2 2 

0) showing the appearance of a peak corresponding to martensite phase. 

 

Figure 4. 17 shows the evolution of the microstructure parameters as grain size and internal 

strains obtained by Lebail fit in the set of samples, in the same way as it was done in Chapter 

3. In the as-milled alloy the values of the grain size and internal strains are 236.74 (2) Å and 

0.31 (2) ‰ respectively. As the milling time is increased, the values of the grain size decrease 
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down to 65.4 (1) Å in the case of the alloy milled during 90 minutes, which is accompanied by 

an increase on the strains, reaching values of 10.86 (3) ‰. 
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Figure 4. 17. Evolution of microstrains and grain size with milling time. 

 

Additionally, as the Figure 4. 16.b shows, the intensity of a secondary peak at 2𝜃~11.8°, 

and the decrement of (220) peak with the milling time indicate the induction of a secondary 

martensitic phase that can be indexed as monoclinic structure with space group I2/m. On the 

other hand, the increase in the width of the peaks, together with the reduction of number of 

reflections noticeable in the diffraction patterns indicate that the samples undergo an 

amorphization process upon milling. In order to evaluate the amount of amorphous phase from 

the diffraction data, this phase was modelled as an A2 phase with space group 𝐼𝑚3̅𝑚 , which 

is the most atomic disordered structure found in this type of alloys [39–41], with all the elements 

present in the alloy sharing the 2a (0,0,0) atomic position. In this way, the powder diffraction 

patterns have been refined combining three phases: austenite (L21, 𝐹𝑚3̅𝑚), the induced 

martensite (I2/m) and the amorphous-like disordered phase (A2, 𝐼𝑚3̅𝑚), and the percentage of 

each phase was obtained for all the samples studied. Figure 4.18 shows the evolution of the 

mentioned phases with the milling time, showing that, as the milling time increases, both the 

martensite and the amorphous-like phases increase in decrement of L21 phase, being the 

martensite almost constant for milling times higher than 60 minutes and reaching 54% of 

amorphous state after 90 minutes of milling. 

Figure 4. 19 shows the relation between the amorphous-like phase fraction and the 

internal strains induced by milling, which shows a linear behavior. Therefore, the milling 

process not only produces an increase of the strains encompassing a reduction of the grain size 

and a degradation of the MT due to the presence of defects, but also an amorphization process. 
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Figure 4. 18. Evolution of phase fractions of austenite, induced martensite and amorphous phase 

with milling time.  
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Figure 4. 19. Dependence of amorphous phase fraction with the internal strains. 

 

4.2.4.4. Magnetic properties 

Magnetic measurements have been carried out to establish the relation between the 

microstructural state and the magnetic behavior. Figure 4.20.a shows the thermo-magnetization 

curves at an applied magnetic field of 100 Oe. The TC in austenite phase, indicated by a drastic 

jump of the magnetization, is observed in all the samples at the same temperature (ca. 365 K). 

In concordance with the results obtained by calorimetric measurements, a drop in the 

magnetization at lower temperatures, indicates the presence of the MT, which takes place from 

a ferromagnetic austenite phase to a martensite phase with lower magnetization. This drop in 

the magnetization also appears at the same temperatures in all the samples, around 150 K for 

the reverse MT. The fact that all samples present the same TC and MT temperatures confirms 

the null variation in the atomic order by high-energy ball milling. However, the mechanical 

treatment produces a remarkable decrease of the magnetization change associated to the MT. 

The variation in the magnetization at the MT is better evaluated at higher magnetic fields. 

Figure 4. 20.b shows the thermo-magnetization curves at 60 kOe. The temperatures of the MT 

change with respect to the measurements at 100 Oe due to the shift of the MT to lower 
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temperatures under an applied magnetic field. Concerning the effect of mechanical treatment 

in the present case, the measurements at high magnetic fields confirm that the induction of 

defects and the variation of the microstructure by milling promote the degradation of the MT 

and consequently the reduction of the variation in the magnetization linked to the 

transformation. 

 

0 100 200 300 400

0

1

2

3

4

5

 

 As-milled

 15 min

 30 min

 45 min

 60 min

 90 min

T (K)

M
 (

em
u

/g
)

a)

 

0 50 100 150 200 250 300 350
0

20

40

60

80

100
 As-milled

 15 min

 30 min

 45 min

 60 min

 90 min

M
 (

em
u
/g

)
T (K)

b)

 

Figure 4. 20. Thermomagnetization at a) 100 Oe and b) 60 kOe in the set of samples. 

 

The magnetization versus applied field was measured in both phases in order to correlate the 

results with the microstructural state. Figure 4. 21 shows the magnetization curves at constant 

temperatures of 10 K and 300 K corresponding to ferromagnetic order in martensite and 

austenite, respectively, and Figure 4. 22 shows the evolution of the saturation magnetization 

with the milling time. Due to the increase of the density of defects, the amorphization process 

and the induction of martensite by mechanical treatment, a decrease in the saturation 

magnetization is produced in both phases. The magnetic coupling between Mn atoms is affected 

by the mechanical treatment, and the induction of a paramagnetic amorphous state in decrement 

of crystalline structures degrades the magnetism on the alloy. 
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Figure 4. 21. Magnetization dependence of applied magnetic field in the set of samples in: a) 

martensite at 10 K and b) austenite at 300 K.   
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Figure 4. 22. Evolution of magnetization at 10K and 300K with the milling time. 

 

4.2.4.5.  Magnetic structures analyzed by neutron diffraction 

The evolution of the atomic order and the magnetic structures with milling was analyzed 

by Rietveld refinement of the neutron powder diffraction data obtained in austenite in the 

samples milled 15, 30, and 45 minutes. Considering only the austenite and the induced 

martensite phases, the atomic order remains constant independently of the milling time, which 

is in agreement with the observed behavior in calorimetric and magnetic measurements, where 

the MT and Curie temperatures remain constant. On the other hand, the magnetic structure in 

austenite was obtained at 300K (see Figure 4. 23). In the milled samples, ferromagnetic 

coupling is observed between the magnetic moment of Mn atoms in 4a and 4b sites. The 

inclusion of defects by milling and the variation of the microstructural parameters has the effect 

of reducing the magnetic moment of the Mn atoms, without changing the type of coupling (in 

contrast with the change observed in the ternary alloy as a consequence of annealing (see 

Chapter 3).  

Figure 4. 24 shows the evolution of the magnetic moments in the different studied alloys. 

The magnetic moment for the 4a sites is reduced by 56% with 45 minutes of milling, evolving 

from 3.11 𝜇𝐵 to 1.74 𝜇𝐵 in the as-milled and 45-minutes milled alloys, respectively. In the case 

of the 4b site, the reduction is of 31%,the magnetic moment changing from 1.14 𝜇𝐵 to 0.35 𝜇𝐵. 

Therefore, in the Ni-Mn-Sn-Co system, doping with Co favors ferromagnetic coupling in the 

alloy. All the samples studied show ferromagnetic coupling, in contrast with the ternary alloy, 

where the as-milled state is characterized by an antiferromagnetic coupling that evolves into 

ferromagnetic upon annealing. Then, in the Ni-Co-Mn-Sn system, the variation of the 

microstructure, merely reduces the magnetic moments of the Mn atoms, and consequently the 

saturation magnetization in the alloy, but does not produce a switch of the type of magnetic 

coupling.  
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Figure 4. 23. Rietveld refinement at 300K in 15, 30 and 45 minutes milled alloys. 
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Figure 4. 24. Evolution of the magnetic moments for 4a and 4b sites with the milling time. 

 

4.2.4.6.  Magnetocaloric analysis 

In order to analyze the magnetocaloric effect associated to these compounds and 

evaluate the effect of the microstructural changes, two samples were selected to make a 

comparison: the as-milled alloy and the alloy milled during 15 minutes (since further milling 

produces excessive degradation of the MT). Figure 4.25 depicts the temperature dependence of 

the magnetically-induced entropy change under a field of 60 kOe obtained after application of 

equation 1.11. The difference in the entropy change associated to MT is due to the variation of 

the microstructural state induced by high-energy ball milling. The higher value of the internal 

strains and the smaller grain size affect the magnetic coupling between Mn atoms, reducing the 

variation in the magnetization associated to the MT. Also, the phases induced by milling 

(martensite and amorphous) imply a reduction of the amount of material undergoing MT.  
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Figure 4. 25. Magnetically-induced entropy change under an applied field of 60kOe, as a 

function of the temperature, for the as-milled and the 15 minutes ball-milled samples. 
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4.3. SUMMARY AND CONCLUSIONS 

In this chapter, the influence of mechanically-induced defects on the magnetostructural 

properties was analyzed in a non-stoichiometric Ni45Co5Mn35Sn15 alloy. The first part of the 

study was centered on the study of the influence of a hand-milling process, a mechanical “soft” 

method, and subsequent annealing, while the second part deals with the effect of a more severe 

milling process carried out on by ball-milling at increasing milling times. The first study was 

performed by combining macroscopic calorimetric and magnetic measurements with powder 

neutron diffraction. In the second part, synchrotron radiation diffraction was used for the 

microstructural characterization. 

The comparative analysis of neutron powder diffractograms carried out on the as-milled 

(hand-milled) and annealed samples reveal no changes in the atomic order induced by these 

treatments and shows a ferromagnetic coupling of Mn atoms in austenite favored by the 

presence of Co in the Ni positions. Both samples present the same modulated monoclinic 

crystallographic structure with P2/m space group with antiferromagnetic coupling as 

consequence of the shorter distance between Mn-Mn atoms, although this  antiferromagnetic 

coupling is weaker in the less defective annealed sample. As consequence of the lower 

magnetization in martensite and the null variation in the magnetization of the austenitic phase, 

the variation of the magnetization associated to the MT is larger in the as-milled alloy. Thus, 

the presence of the defects increases the magnetocaloric effect associated to the MT. 

After the evidence of the enhancement of the magnetocaloric effect by hand-milling, a 

systematic ball-milling was performed in the same alloy. By means of calorimetry and 

magnetometry measurements, the martensitic transformation and Curie temperature were 

determined, evidencing their null variation with the milling time. The enthalpy values 

associated to the MT point out that the MT is affected by mechanical treatments and 

significantly reduced with the milling time. Powder X-ray diffraction has been used to obtain 

information about the microstructural parameters as grain size and internal strains, showing the 

evolution of those values, and the induction with the milling time of secondary phases identified 

as a non-modulated monoclinic martensitic structure (I2/m) and an amorphous phase. The 

amount of amorphous phase induced by milling was estimated. By combination of the magnetic 

measurements and the microstructural analysis by X-ray diffraction, the amount of the non-

magnetic inclusion was quantified an related with the internal strains, showing an increment of 

a factor of more than 10 by milling, together with an associated reduction of the saturation 

magnetization. The magnetic structure was obtained by neutron diffraction in the samples 

milled during 15, 30 and 45 minutes showing the reduction of the magnetic moment when the 

milling time increases, while keeping ferromagnetic  the coupling of the Mn atoms in 4a and 

4b sites. 

Magnetocaloric measurements carried out on the as-milled sample and the alloy milled 

during 15 minutes have revealed the drastic reduction by ball milling of the entropy change 

associated to the martensitic transformation, which is reduced by 33%. 

In conclusion, the evolution of the microstructural parameters has been quantified and 

correlated to the evolution of the martensitic transformation features and the magnetic 
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properties. It is found that the inclusion of small amount of defects can improve the 

magnetocaloric properties on the alloy due to the variation in the magnetism of the martensite. 

On the other hand, high-energy milling creates a big amount of defects that reduce drastically 

the saturation magnetization and the variation in the magnetic entropy associated to the 

martensitic transformation. Additionally, it was found that milling not only produces variations 

in the microstructure, but also entails the induction of martensite, while keeping the atomic 

order invariant.
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Chapter 5. Analysis of the 

improvement of the magnetic 

properties in Ni-Mn-In alloys by 

thermal treatment and cobalt doping 

 

 
5.1. INTRODUCTION 

As explained in the general introduction, the so-called metamagnetic shape memory 

alloys –  Ni2MnX (X=In, Sn, Sb) – present a particularly large variation in the magnetization 

(ΔM) associated to the MT, which allows inducing the reverse MT with moderate magnetic 

fields [1–3]. Their applicability in areas like magnetic refrigeration – based on magnetocaloric 

effect [4–6] – or in sensing – based on giant magnetoresistance [7, 8] – is therefore significantly 

improved. It appears straightforward that the control of the magneto-structural properties and 

the comprehensive understanding of the physics of the system is crucial to develop these 

materials. In this chapter, we focus in the magnetic coupling between magnetic atoms in the 

different crystallographic sites in the austenite phase, and how this coupling can be modified to 

produce improved magnetic properties.  

As a reminder, in magnetic SMAs the magnetic moments are mainly confined to the Mn 

atoms, which are not nearest neighbors, the indirect exchange interactions being strongly 

dependent on the interatomic distances [9, 10]. In ordered stoichiometric Ni50Mn25X25 all the 

Mn atoms locate in the 4a sites of the austenite, with the moments aligned parallel. In off-

stoichiometry compositions and/or disordered structures, the ferromagnetic coupling is in 

principle reduced by the presence of Mn moments at 4b sites that tend to couple 

antiferromagnetically. As regards the martensitic phase, the change of the interatomic distances 

occurring in the MT gives rise to a magnetic phase showing different behaviors ranging from 

weak ferromagnetism to antiferromagnetism or superparamagnetism and spin-glass-like 

behavior [11–14]. 

Composition and atomic order are therefore key parameters that govern the 

magnetostructural properties of these systems. In particular, Co doping in Ni-Mn-In and Ni-

Mn-Sn metamagnetic SMAs has been shown to increase both the Curie temperature (TC) and 

the spontaneous magnetization of the austenite by the enhancement of the ferromagnetic 

coupling [11, 15] while hindering the ferromagnetic ordering in martensite, thus leading to an 

increase of the change ΔM at the MT and consequently improving the magnetic properties 

relevant for applications [1, 13, 16, 17]. On the other hand, the Curie and MT temperatures, as 

well as the spontaneous magnetization, are particularly sensitive to the long-range atomic order, 
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[18–21] thermal treatments being one of the most direct ways to tune such a parameter. We 

have selected the Ni50Mn34In16 and Ni45Co5Mn37In13 alloys in two different states induced by 

thermal treatments (water quenching, WQ, and slow cooling, SC) to study in detail the effect 

of cobalt doping and atomic order in the magnetic properties of these metamagnetic SMAs in 

terms of the magnetic coupling between the different magnetic moments. These alloys have 

been chosen by balancing compositional similarity, transforming character (occurrence of MT), 

and available temperature range in both paramagnetic and ferromagnetic austenitic phases. 

Besides, both specific compositions have been extensively studied in the literature. Following 

the characterization of the macroscopic magnetic behavior by magnetometry measurements, we 

have employed neutron powder diffraction and single-crystal polarized neutron diffraction to 

study in detail the atomic order and magnetic structures in the austenitic phases of the alloys. 

Atomically-ordered and, particularly, cobalt-doped samples show an increase of the 

ferromagnetic coupling between the magnetic moments located in 4a and 4b sites, which 

explains the increase of the magnetization. We have delved into this point by means of polarized 

neutron diffraction on a single-crystal of atomically-ordered Ni45Co5Mn37In13 alloy, a technique 

that allows studying in detail the coupling between magnetic moments [22] and obtaining spin 

density maps that reveal the magnetic interaction pathways responsible for this coupling 

scheme.

 

5.2. EXPERIMENTAL RESULTS 

 The Ni50Mn36In14 and Ni45Co5Mn37In13 alloys were synthetized from high purity 

elements by arc-melting under protective argon atmosphere. The obtained bulks were remelted 

several times and homogenized at 1173K during 24h and quenched in ice water or slow cooled 

in order to induce different atomic order degrees. A single crystal of slow-cooled Ni45-

Co5Mn37In13 alloy, grown by the Bridgman method and cut into a small cube of 3x3x3mm was 

used for the single-crystal neutron diffraction experiments. The macroscopic magnetic 

characterization of the alloys was performed by recording thermomagnetization curves at 

100Oe and the magnetization dependence with the magnetic field at constant temperature.  All 

the neutron scattering experiments were carried out at Institut Laue-Langevin, in Grenoble, 

France. Nuclear and magnetic structures were analyzed by powder neutron diffraction, using 

data collected in D1A (λ=1.9Å), D1B (λ=1.28Å and 2.52Å) and D2B (λ=1.59Å) instruments 

(D2B data were used in the final refinements).  Additionally, single-crystal neutron diffraction 

data were taken in D9 (λ=0.8Å and 0.5Å) instrument for the quaternary SC alloy and combined 

with powder diffraction data to improve the reliability of the atomic order analysis results. The 

polarized neutron single-crystal diffraction experiment was carried out in D3 (λ=0.8Å) 

instrument with an applied magnetic field of 8T along the c-axis. As for all the diffraction work 

in this thesis, the data treatment was carried out using the programs of the Fullprof Suite [23]. 

The maximum entropy method [24], as implemented in Dysnomia program [25], was used to 

obtain spin density maps from the polarized neutron diffraction data. 

 

5.2.1. Macroscopic magnetic characterization 

Figure 5. 1 and Figure 5. 2 show the magnetic measurements. The temperatures 

associated to the MT and magnetic ordering have been determined from the temperature 
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dependence of the magnetization (Figure 5. 1). The values of the critical temperatures are 

summarized in Table 5. I. On cooling from ca. 380 K, a second order transition takes place, 

characterized by a significant increase of the magnetization of the alloy and indicating the onset 

of the magnetic ordering of the austenitic phase (TC). On further cooling, an abrupt decrease in 

the magnetization reveals the occurrence of the MT, the first order character of this transition 

being confirmed by the hysteresis observed on warming. Finally, at lower temperatures, 

changes in the magnetic signal indicate different magnetic transitions in the martensite 

depending on the composition and order degree. The comparison of the curves of the four 

different samples (Figure 5. 1) reveals the effects of thermal treatment and Co doping. 

Regarding the transition temperatures, Co-doping produces increments in both the TC and the 

MT. For the quenched alloys, the increase is ca. 60 K in the TC and ca. 80 K in the MT, while 

for the slow-cooled samples the increments are of ca. 85 K and ca. 40 K for the TC and the MT, 

respectively. On the other hand, the thermal treatment produces a displacement of the MT to 

lower temperatures (ca. 40 K and ca. 75 K for the ternary and quaternary alloys, respectively) 

and an increase of the TC  (ca. 10K and ca. 35 K for the ternary and quaternary alloys, 

respectively), when comparing SC with WQ samples.  

Once the critical temperatures determined, the magnetization dependence with the 

applied magnetic field, M(H), was measured for all samples at similar reduced temperatures 

(T/Tc  0.8) to allow comparison, that is, ca. 265 K and 310 K for the ternary and quaternary 

alloys, respectively. Figure 5. 2 shows the M(H)  curves. Co-doping gives the most pronounced 

effect in ΔM at low fields, due to the substantial increase produced in the magnetization of the 

austenite phase (Figure 5. 1). If we consider the saturation magnetization (Figure 5. 2), atomic 

ordering (slow cooling treatment) and Co-doping  are shown to  produce a similar increase of 

ca. 35 % with respect to the ternary WQ alloy, with the increment reaching  ca. 60 % by the 

combination of both in the SC quaternary alloy. This behavior is in concordance with previous 

works. [13, 15, 20, 26] 

 

 

Figure 5. 1.Thermomagnetization curves at 100Oe applied magnetic field for the set of samples. 
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Figure 5. 2. Magnetization dependence with applied magnetic field for the set of samples in 

austenitic ferromagnetic state.  

 

Table 5. I. Transition temperatures of the studied samples obtained by magnetic 

meauserements. 

Sample Martensitic transformation (K) TC(K) 

Ni-Mn-In- WQ 227 298 

Ni-Mn-In SC 190 309 

Ni-Mn-In-Co- WQ 305 360 

Ni-Mn-In-Co- SC 232 395* 

* Estimated from the values given in ref. [27] 

 

5.2.2. Microscopic insight: Neutron diffraction 

 In order to provide in-depth physical insight into the reasons behind the changes of the 

magnetization, neutron diffraction experiments were performed. We have employed powder 

and single-crystal neutron diffraction to analyze in detail the atomic order of the selected alloys. 

The magnetic structures in the ferromagnetic austenite phase have been determined from 

unpolarized neutron powder diffraction, and we have furthered the understanding of the 

magnetic coupling by means of polarized neutron diffraction on a single-crystal of atomically-

ordered Ni45Co5Mn37In13 alloy.  

 

5.2.2.1. Atomic order 

 To study the long-range atomic order of the different samples, a powder diffractogram 

was recorded for each alloy in paramagnetic austenitic phase and analyzed by Rietveld 

refinement. In the case of the quaternary SC alloy, powder and single crystal data have been 

combined, improving the reliability of the analysis. The results, in the form of occupancies of 

the different crystallographic sites, are summarized in Table 5. II.  
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 The data obtained correspond to the Heusler L21 structure with space group 𝐹 𝑚3̅𝑚. 

The occupancies have been determined assuming as starting point an ordered system. Then, 

using soft restraints according to the composition of the alloys to reduce the number of free 

parameters and taking advantage of the negative scattering factor of Mn, the different species 

were allowed in all crystallographic sites. Since for some of the species the refined occupancy 

recurrently gave negative or close-to-zero values, these were fixed to zero. The refined 

occupancies show how the atomic order increases in SC alloys with respect to WQ ones. In the 

SC samples, a maximum atomic order is obtained, with the Mn atoms fully occupying the 4a 

sites (only a small amount of 2% of In is refined in this position) and practically all the available 

In and Ni atoms located in the 4b and 8c sites, respectively. The Mn atoms in excess with 

respect to the stoichiometric composition complete the occupancy of the 4b sites, while in the 

quaternary alloy the Co atoms complete the occupancy of the 8c site, which is not fully occupied 

by Ni since the composition of this alloy is defective in Ni with respect to the stoichiometric 

one. The atomic disorder in the ternary quenched alloy is driven by Ni atoms that are present in 

all sites, letting space for In in 8c site, with some Mn migrating from 4a to 4b position to 

complete the occupancy of this last one. In the quaternary WQ alloy, Mn fully occupies the 4a 

sites and the excess of this element locates in the 4b site. In turn, a certain amount of In and, to 

a lesser extent, Co, moves from its corresponding site, being both present in the 4b and 8c sites. 

 

Table 5. II.  Occupancies obtained by neutron diffraction in paramagnetic state. 

 

 

 

 

 

 

 

 

5.2.2.2. Magnetic structures 

The diffractograms recorded in the ferromagnetic austenite phase in both SC and WQ 

conditions for the determination of the magnetic structure were measured (as for the M(H) 

curves) at similar reduced temperatures, T/Tc  0.8, to facilitate the comparison, that is, ca. 245 

K and 310 K for the ternary and quaternary alloys, respectively. The magnetic intensity in the 

diffraction pattern is revealed at low angle. The patterns in ferromagnetic phase show an 

increase of the intensity of some nuclear peaks (namely the (2 0 0) and the (1 1 1) reflections) 

due to a magnetic ordering with a propagation vector k=0. This magnetic intensity (see insets 

in Figure 5. 3) gives a first indication about the magnetic coupling, since the magnetic intensity 

ratio between the (2 0 0) and the (1 1 1) reflections should increase as the coupling between the 

atoms in 4a and 4b sites becomes more ferromagnetic. In line with the magnetometry results, 

Co-doping produces a noticeable increase of the ferromagnetic coupling. 

Alloy Occupancy 

4a 4b 8c 

Ni-Mn-In 
WQ 

0.94(1)Mn 
0.06(1)Ni 

0.41(2)Mn 
0.47(2)In 
0.09(1)Ni 

0.88(5)Ni 
0.12(5)In 

Ni-Mn-In 
SC 

0.98(2)Mn 
0.02(2)In 

0.38(1)Mn 
0.62(1)In 

1.00(5)Ni 

Ni-Co-Mn-
In WQ 

1.00(2)Mn 0.57(1)Mn 
0.41(1)In 
0.02(2)Co 

0.88(2)Ni 
0.09(6) Co 
0.03(4) In 

Ni-Co-Mn-
In SC 

0.969(5)Mn 
0.020(6)In 

0.484(5)Mn 
0.503(4)In 

0.898(8)Ni 
0.094(8)Co 
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In order to avoid correlations of the magnetic structure analysis with other parameters, we have 

carefully extracted the magnetic intensity by subtraction of the data taken in the paramagnetic 

phase. The magnetic integrated intensities have been used to obtain the magnetic moments by 

the simulated annealing method, [28, 29] and then these values have been applied in the 

Rietveld fit of the diffraction patterns of the ferromagnetic phase, together with the site 

occupancies determined in the paramagnetic phase. In order to reduce the number of free 

parameters, the magnetic moments in the 8c site have been fixed to the values corresponding to 

Ni and Co atoms carrying a moment of 0.2 and 1.0 𝜇𝐵 respectively, in accordance with 

theoretical calculations [30] and with previous neutron diffraction studies [15]. The 

ferromagnetic patterns refined with the magnetic contributions are shown in Figure 5. 3. 

 

 

Figure 5. 3. Powder neutron diffraction patterns on ferromagnetic state of austenitic phase of 

Ni50Mn36In14 and Ni45Co5Mn37In13 with different thermal treatments, where the red dots, the 

black and blue lines are the observed calculated and difference between the observed and 

calculated patterns, respectively; the green marks are the Bragg reflections. Contamination from 

aluminum of the sample environment around 2.7 Å-1 has been removed from the 

diffractograms. The insets represent the magnetic intensities for the (111) and (200) reflections. 

 

Most of the magnetic moment is carried by Mn atoms. The values of the magnetic 

moments vary with the position where the Mn atoms are located, approaching to 2𝜇𝐵 and 1𝜇𝐵 
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in the 4a and 4b octahedral sites, respectively. Similar results were reported previously by 

Brown et al. for the ternary Ni46Mn41In13 alloy [31]. Although the absolute values of the 

magnetic moments can be affected by the weak magnetic signal compared to the total intensity 

and the large error bars, several conclusions may be drawn by the relative values. In the ternary 

alloys, the overall magnetic coupling between 4a and 4b sites is ferromagnetic, but with 

relatively lower values of the magnetic moment in the 4b position with respect to the quaternary 

alloys. The lower values are observed in the WQ specimen due to the atomic disorder induced 

by the quenching process and the presence of defects, which are reduced by the slow cooling 

treatment. Therefore, the total magnetic moment increases in the SC alloy, with a marked 

increase in the 4a site and the coupling of the moment in the 4b becoming slightly more 

ferromagnetic. The reduced presence of Mn moments at 4b sites, which tend to couple 

antiferromagnetically, [15] appears as a possible cause for the enhancement of the 

ferromagnetic coupling. Additionally, the thermal relaxation reduces the strain and the 

antiphase boundaries in the sample and, as a consequence, favors the ferromagnetic coupling. 

[32]  

However, the most pronounced effect in the coupling between 4a and 4b sites is that of 

Co-doping, with values of the magnetic moment in the 4b sites markedly higher despite the 

higher amount of Mn atoms in these sites with respect to the ternary alloy. In a similar way,  in 

the NiMnSn system [15], it has been observed that Co-doping produces a substantial increase 

of the ferromagnetic coupling, involving even a switch of the coupling between sites 4a and 4b 

from antiferromagnetic to ferromagnetic.  Finally, both effects add up in the ordered quaternary 

alloy when Co-doping is combined with the slow cooling thermal treatment, resulting in 

enhanced magnetic moments with stronger ferromagnetic coupling and giving a total increase 

of the total ordered magnetic moment reaching ca. 60 % with respect to the ternary disordered 

alloy (in concordance with the results obtained by macroscopic magnetization measurements). 

The magnetic moments for each crystallographic position and sample are summarized in Table 

5. III. 

 

Table 5. III. Magnetic moments obtained by neutron powder diffraction. Calculated total 

magnetic moment obtained from neutron diffraction (𝑚𝑡𝑜𝑡) and macroscopic magnetization at 

60kOe (𝑚60𝑘𝑂𝑒) measured in the ferromagnetic austenitic phase. 

 

Sample 

Magnetic moment (𝝁𝑩) Magnetic moment 
(𝝁𝑩/𝒇. 𝒖. ) 

4a 4b 8c* 𝑚𝑡𝑜𝑡 𝑚60𝑘𝑂𝑒 

Ternary WQ 1.76 (10) 0.65 (15) 0.176 2.76 (25) 2.78 

Ternary SC 2.18 (17) 0.71(16) 0.200 3.29 (33) 3.74 

Quaternary WQ 1.63 (13) 1.16 (23) 0.268 3.33 (36) 3.70 

Quaternary SC 2.06 (12) 1.20 (19) 0.274 3.81 (31) 4.44 

*Magnetic moments for Ni and Co atoms are fixed to 0.2 and 1.0𝜇𝐵 respectively. 
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5.2.2.3. Polarized neutron diffraction 

 Polarized neutron diffraction is a powerful technique for analyzing magnetic structures 

and magnetic interaction pathways that has been previously used with success in the study of 

magnetic shape memory alloys [22]. In order to gain more insight into the magnetic structure 

and magnetic coupling, we have employed this technique in the analysis of a single crystal of 

the quaternary SC alloy. The obtained spin density maps show the magnetic moments in all 

sites with parallel polarization and therefore with ferromagnetic coupling, in agreement with 

the unpolarized neutron diffraction results explained before. From the observation of the spin 

density distribution between sites, it is possible to deduce that the stronger interaction takes 

place between 4a and 4b sites, corresponding to a distance of 𝑎/2 in the L21 cubic structure, 

followed in intensity by the interaction 4a-4a or 4b-4b sites, corresponding to a distance 𝑎/√2. 

According to these maps, the interaction of the 8c with the 4a and 4b ones, with distance √3/4, 

should be very weak, but of great importance since the replacement of Ni by Co, occurring 

mainly in the 8c position, has been seen to produce a significant increase in the ferromagnetic 

coupling. Observing the Bethe-Slater curve, that qualitatively describes the variation in the 

intensity of the exchange coupling as a function of the ratio of the interatomic distance to the 

radius of the 3d electron shell, [33] one can understand this behavior. As Co has a bigger 3d 

electron shell radius than Ni, the strength of the ferromagnetic interaction increases. The 

introduction of Co, that mainly shares the 8c site with Ni atoms, produces an increment on the 

ferromagnetic interactions, and since the magnetic moments in 8c positions have ferromagnetic 

coupling with its nearest neighbors in 4a and 4b sites, which in turn are coupled by strong 

interactions, this favors the ferromagnetic coupling of the Mn atoms. Figure 5. 4 shows the spin 

density map obtained by maximum entropy method. 

 

 

Figure 5. 4. Spin density map obtained by maximum entropy method in (110) and (001) planes 

for Ni45Co5Mn37In13 single crystal measured in paramagnetic austenite phase. 
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5.3. SUMMARY AND CONCLUSIONS 

In this chapter, the macroscopic magnetic properties, together with the atomic order and 

magnetic structure in austenitic phase were analyzed in non-stoichiometric Ni50Mn36In14 and 

Ni45Co5Mn37In13 alloys with two different thermal treatments, namely water quenching and 

slow cooling. The study was performed by means of macroscopic magnetometry 

measurements, unpolarized powder and single-crystal neutron diffraction and polarized single-

crystal neutron diffraction. 

Thermomagnetization curves reveal the variation in the Curie and martensitic 

transformation temperatures due to the different thermal treatment and Co doping. Thermal 

treatment by slow cooling produces a shift to higher temperatures in TC with respect to WQ 

samples, while the martensitic transformation moves to lower temperatures. On the other hand, 

Co-doping produces an increment in both transition temperatures. Both slow cooling thermal 

treatment and Co-doping produce an increase in the saturation magnetization of the austenite 

phase, reaching ca. 60% of increase when both methods are combined.   

Neutron diffraction has been used to investigate the microscopic origin of these effects 

by analyzing the atomic order and magnetic arrangement in the austenite phase. The higher 

degree of atomic order, together with the reduction of strains and defects induced by slow 

cooling thermal treatments produces an increase in the total ordered magnetic moment and a 

slight enhancement of the ferromagnetic coupling between the magnetic moments located in 

octahedral sites, while cobalt doping has a stronger effect in increasing the ferromagnetic 

coupling, which explains the noticeable effect in the magnetization. 

The spin density maps obtained from polarized neutron diffraction reveal the magnetic 

interactions responsible for this coupling scheme. Despite the weak interaction of the moments 

in 8c sites with the rest of the magnetic moments, Co, that mainly replace Ni in 8c positions, 

tends to couple ferromagnetically with its nearest neighbors in 4a and 4b sites, where the 

magnetic atoms are mainly Mn, which in turn are coupled by strong interactions, favoring the 

overall ferromagnetic coupling. 
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Chapter 6. Recrystallization process 

in NiCoMnSn and NiCoMnIn 

magnetic shape memory alloys 

 

 
6.1. INTRODUCTION 

The poor mechanical properties of metamagnetic shape memory alloys (brittleness, 

cracks after thermal cycling, etc.) constitute one of the main drawbacks for applications[1, 2]. 

To overcome the mechanical limitations of the bulk material, nanostructuration, processing in 

form of ribbons or wires or, in particular, the integration of powder alloys into a polymer to 

form composites have been reported as interesting options [3, 4]. Regarding the magnetocaloric 

applications, optimum mechanical properties are not necessary since the active material is not 

subject to mechanical stresses. However, it is important to optimize the magnetocaloric effect 

and the heat exchange between the active material and the transmitting fluid. In principle, the 

metamagnetic shape memory alloys in powder form meet the requirements to be used as a 

magnetocaloric element for refrigeration systems [5]. Nevertheless, in all cases, a complete 

characterization of the powdered alloys is needed in order to properly tune the functional 

properties. A proper analysis of the powder may provide valuable information concerning the 

influence of microstructure on both the martensitic transformation and the magnetic properties. 

As stated in the general introduction (Chapter 1), ball milling is one of the simplest and 

cheapest methods to produce nanostructured materials and to modify the properties of alloys by 

mechanical treatment, with the appearance of interesting physical and chemical phenomena  [6–

8]. For instance, an optimization of the MCE may be produced in different magnetic systems 

through the reduction of the particle size by ball milling, either by increasing the temperature 

range [9] or by reducing the hysteresis loss when linked to a magnetostructural first order 

transformation [10].   

The magnetostructural properties of metamagnetic shape memory alloy have been 

deeply studied in polycrystalline bulk alloys. Nevertheless, up to now, much less work has been 

devoted to the analysis of the martensitic transformation at reducing sizes, even though the 

grain size and the state of internal tensions are known to be two parameters highly influencing 

the characteristics of the MT through the variation of elastic energy term [11].  The effect of 

ball milling on the magnetostructural properties has been studied in Ni-Mn-Ga [12–15] and 

nanoparticles of Ni-Mn-Sn and Ni-Mn-In were recently obtained by ball milling [16–18]. In 

the previous chapters, we have delved into the effect of milling in ternary metamagnetic shape 

memory alloys and in quaternary systems with cobalt. The variations observed in the properties 



Chapter 6 

148 
 

and the appearance of new phases stimulates the continuation of the investigation with the study 

of the recovery and recrystallization processes induced by temperature in the milled alloys.  

  This chapter is therefore devoted to the study of the influence of the ball milling and the 

subsequent microstructural recovery under heating in Ni-Mn-In-Co and Ni-Mn-Sn-Co milled 

particles. We have chosen these alloys because mechanical milling in quaternary systems with 

Co has been much less studied than in the corresponding ternary systems. Furthermore, as 

shown in this thesis work, Co doping is a way to improve the magnetic properties, and 

consequently magnetocaloric effect, Ni-Mn-In and Ni-Mn-Sn systems. In previous chapters, 

we have studied the influence of milling the magnetostructural properties and the correlation 

with the microstructure of these systems, showing also the occurrence of an amorphization 

process. Hereafter, by means of neutron thermodiffraction, DSC, SEM and TEM 

measurements, the crystallization process taking place on heating the milled alloys and the 

properties of the resulting ordered structures have been characterized. A relaxation process 

occurs on annealing above 700 K, concurrently with a B2-L21 atomic ordering, in both systems, 

while a disordering process takes place at high temperature in the Ni-Mn-In-Co alloy giving 

rise to an anomalous two-step thermal expansion.  

 

 

6.2. EXPERIMENTAL RESULTS 

Ni45Co5Mn37In13 and Ni45Co5Mn35Sn15 alloys (In-Co and Sn-Co hereafter) were 

prepared from high purity elements by arc melting under protective Ar atmosphere. The as-cast 

ingots were homogenized at 1073 K during 24h and then quenched into iced water. The 

composition of the elaborated alloy was analyzed by EDS in a Jeol JSM-5610/LV Scanning 

Electron Microscope (SEM). The alloys were subjected to a ball milling process in an argon 

atmosphere at 800 rpm during an effective time of 2 h at room temperature using a ball:powder 

ratio of 5:1 in the ball mill described in Chapter 2. The structural transformations and the 

possible recovery processes taking place on annealing the as-milled powder samples were 

characterized by differential scanning calorimetry (Q-100 DSC, TA Instruments). The size and 

shape of the particles were observed by scanning and transmission electron microscopy (SEM, 

Jeol JSM-5610/LV). The evolution of crystal structure, long-range atomic order, crystallite size 

and microstrains was determined from in-situ powder neutron diffraction measurements 

performed on the high-flux D1B two-axis diffractometer, at the Institute Laue-Langevin 

(Grenoble, France). The diffraction patterns were measured on heating from RT up to 1173K 

at 1K/min using a neutron wavelength of 1.28 Å. The structures were refined by the Rietveld 

method using the Fullprof package programs [19].  

 

6.2.1. Bulk and powder characterization 

DSC cooling/heating measurements have been carried out to determine the 

transformation cycle of the bulk samples, shown in Figure 6. 1. The occurrence of a first-order 
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MT is evidenced by the presence in both alloys of the hysteretic exothermic and endothermic 

peaks linked to the forward and reverse MT respectively. The MT temperatures for the forward 

transformation (austenite to martensite) were determined taking the maximum of the 

exothermic peak on cooling; being TMT=175 K and TMT=300 K for Ni-Mn-Sn-Co and Ni-Mn-

In-Co alloys respectively. The second-order magnetic transition taking place in the austenitic 

phase, inferred from the λ-type shoulder above the MT, has only been observed for the In-Co 

sample around  375 K.  
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Figure 6. 1. DSC thermograms performed on cooling/heating the reference bulk alloys at 10 

K/min. 

 

The transformation temperature of the In-Co alloy is higher than the milling temperature, ≥ RT, 

and therefore the phase that is subjected to mechanical stress is the martensite. In the case of 

the Sn-Co alloy the transformation temperature, 𝑇𝑀  < 200𝐾 , is well below the milling 

temperature. Due to the first-order character of the MT and the deformation associated 

therewith, the transition can be induced by the application of a mechanical stress at temperatures 

above 𝑇𝑀(0), the transformation temperature for null stresses. According to Clausius-

Clapeyron expression 𝑑𝑇𝑀 𝑑𝜎⁄ = 𝜀𝐴→𝑀 ∆𝑆𝐴→𝑀⁄ 0, where 𝑇𝑀 is the MT temperature,  the 

applied stress, 𝜀𝐴→𝑀  and ∆𝑆𝐴→𝑀 the deformation and entropy associated with the 

transformation, respectively.  Thus, for an alloy with a transformation temperature below room 

temperature, the martensite could be induced by the stresses generated by the ball milling. 

Nevertheless, in the case of the Sn-Co alloy, the transformation temperature is well below the 

milling temperature, the difference between both temperatures being ~100K. This fact could 

imply that the necessary stresses to induce the MT would be so high that before inducing the 

transition the elastic limit of the austenite would be exceeded [20]. Therefore, we could presume 
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that the milling process is carried out on the cubic structure. However, from the previous results 

shown in Chapter 4, where the microstructural evolution with milling time has been studied in 

this alloy, we know that with long milling times the martensite phase is induced. Thus, in the 

milling process there is a change in the structure deformed over time. For short times the 

crystallographic structure subjected to milling is the austenite and for longer times the 

martensite is being induced. Then, the In-Co sample was milled in martensite phase and in the 

Sn-Co sample there is an evolution in the milled phase. This difference could be reflected in 

the morphology of the obtained particles after 2 hours of milling, Figure 6. 2. A different 

morphology of the particles is observed depending on which crystalline phase they have been 

milled. Thus, the sample that is in the austenite phase when milling starts shows a more 

homogeneous distribution of particle size and a more equiaxial form thereof. On the other hand, 

the particles initially in martensitic state show a planar morphology and a greater tendency to 

agglomerate. The presence of platelets-like particles can thus be related with the fact that the 

milling was done in martensite structure. When the sample is in this phase, the alloy presents 

variants with different directions and the presence of external strains due to the ball-milling can 

induce the break of the sample by the grain border letting the obtained powder in this platelet-

like shape [21]. Other factors as plastic deformation, higher ductility of InCo than SnCo alloy 

and the cold welding effect on the alloy during milling can be the responsible of the flake-like 

shape [22–25]. The tendency to agglomerate can be due to the small particle size obtained by 

crushing the alloy that produces a large free energy or to the small volume/surface relation [26].  

Figure 6. 3 shows the room temperature neutron diffraction pattern of the as-milled 

samples. The absence of well-defined Bragg reflections confirms the achievement of an almost 

amorphous phase as a result of the structural distortion and the associated introduction of 

structural defects caused by milling. In fact, the presence of small and broad peaks would 

indicate the presence of some marginal degree of crystallinity in the particles. In order to 

determine the percentage of amorphous phase, we have modeled it by a disordered A2 phase 

with space group 𝐼𝑚3̅𝑚. The percentage of the disordered A2 phase, corresponding to the 

amorphous state in SnCo and InCo at room temperature is 64% and 78%, respectively. The 

microstructural evolution and the recovery processes taking place on heating the as-milled 

samples has been studied by means of ‘in-situ’ powder neutron diffraction and DSC 

experiments.  
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Figure 6. 2. SEM micrographs of the as-milled samples. Left column corresponds to Sn-Co 

alloy. Right column corresponds to In-Co alloy. 
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Figure 6. 3. Room temperature diffraction patterns of the as milled samples. a) Sn-Co sample, 

b) In-Co sample. 

 

6.2.2. Recrystallization process 

Figure 6. 4 shows the thermo-diffractograms of the Sn-Co sample obtained on heating 

from RT up to 1100 K at a 1 K/min constant rate. The evolution with the temperature of the 

amorphous state could be determined by Rietveld refinement. The 64% of amorphous phase 

determined as starting point at room temperature starts decreasing for temperatures higher than 

400 K reaching 10% at temperatures close to 600 K.  

Recrystallization is evidenced by the sudden appearance of Bragg reflections at 

temperatures above 500 K. Specifically, the sample crystallizes in B2 cubic structure with 

nearest-neighbors long-range atomic order, with 𝑃𝑚3̅𝑚 space group (Figure 6. 5.a). In this 

structure, the Ni-Co atoms tend to occupy the (1 4⁄ , 1 4⁄  , 1 4⁄  ) positions, the rest atomic 

positions being randomly occupied by atoms of Mn and Sn (actually, in Figure 6. 5.a, 8 cells 

of phase B2 are drawn, because when ordering to L21 takes place the cell parameter is doubled). 

Therefore, if we consider the crystallographic structure composed by four FCC sub-lattices, 

three of them have the same atomic occupation. On heating around 700 K, the appearance of 

L21 superstructure reflections (those in which the h, k, l indices are all odd, according to the 

corresponding unit cell structure factor) indicates the occurrence of an ordering process from 

B2 to a L21 cubic structure with next-nearest-neighbors long-range atomic order, with 𝐹𝑚3̅𝑚 

space group (Figure 6. 5.b). In this case, the atoms of Mn and Sn tend to occupy different 

atomic positions and therefore the lattice parameter doubles. A similar recovery process has 

been observed on heating the as-milled In-Co sample, showing the same temperature range for 

crystallization, with the difference of the observation of a disordering  L21-B2 transition at 

temperatures close to 850 K, where the (111) peak disappears reveling the disappearance the 

of L21 superstructure.  
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Figure 6. 4. In-situ neutron powder thermodiffractograms on heating between 500 K and 1100 

K at 1 K/min for the Sn-Co alloy. 

 

 

 

 

 

 

 

Figure 6. 5. a) B2 structure where three of the four FCC sub-lattices have the same atomic 

occupation. b) L21 structure, i and ii sub-lattices have different occupancy and the cell 

parameter doubles. 

 

The crystallization process observed by thermodiffraction has been also analyzed by 

DSC measurements. Figure 6. 6 shows the thermograms obtained on heating the amorphous 

powders up to 700 K at a 10 K/min heating rate. A broad exothermic peak is observed, for both 

alloys, between 400 K and 700 K. The temperature of the maximum of the exothermic peak is 

slightly higher for the In-Co system, with a difference of around 50 K. On the other hand, the 

enthalpy of the whole peak is higher for the Sn-Co system. (∆H ≈ 60 J/g and ∆H ≈ 45 J/g for 

Sn-Co and In-Co respectively). 

The thermodiffraction shows that the crystallization process occurs abruptly in a narrow range 

of temperatures. However, the exothermic peak shown in both thermograms extends over a 

range of 300 K. Although the major contribution to the release of heat is linked to the process 

of crystallization, other contributions related to recovery processes must be included in the 

i 

ii 
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iv 

a) b) 
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enthalpy measured in the calorimeter. Figure 6. 6 also shows the fraction of amorphous phase 

as a function of temperature. There is a slight mismatch between the beginning of the 

crystallization processes and the peaks of calorimetry. In this sense, it should be noted that the 

heating ramp of the calorimetry was performed at a higher speed, 10 K/min. A higher heating 

rate implies a displacement towards high temperatures of any exothermic process. If they had 

been carried out at the same low heating rate as the thermodifraction, the peaks would appear 

less displaced but, on the other hand, the signal would be worse. 
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Figure 6. 6. DSC thermograms on heating at 10 K/min of the milled samples. Points indicate 

the evolution of the fraction of amorphous phase during heating. 

 

In both systems the crystallization process takes place in the same temperature range and with 

the same sequence of atomic ordering, that is, first a crystallization in a B2 structure, and 

subsequently the ordering at next-nearest-neighbors, giving a L21 structure. Nevertheless, 

differences in the process of the microstructural recovery during the heating ramp after 

crystallization have been observed between both systems.   

The kind of atomic order and its evolution with temperature has been determined from 

the analysis of the thermodiffraction spectra. The microstructural relaxation can be also 

analyzed from the width and shape of the Bragg peaks of the diffraction patterns. As an 

example, Figure 6. 7.a and Figure 6. 7.b show the diffractograms obtained for both alloy 

systems, SnCo and InCo respectively, at three different temperatures, together with the 

respective fits by Rietveld method. It can be seen, as a common behavior, that the broadening 

of the reflections significantly decreases pointing out a relaxation of the microstructure on 

heating up to 1173 K. 

In the case of SnCo system the L21 is maintained on heating the sample up to 1173 K. 

In the first diffractogram, at 600 K, just after crystallization, the long-range atomic order 
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corresponds to a B2 structure, i.e. ordered only at nearest-neighbors. A next-nearest-neighbors 

ordering process, that is, a B2→L21 transition, takes place under further heating; this state of 

order is maintained until the highest temperature reached in the heating ramp. This is evidenced 

by the presence of (111) reflection, characteristic of the L21 structure, in diffractograms at 800K 

and 1000K.  
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Figure 6. 7.a). Measured neutron diffraction pattern (dots), calculated profile (full line) and 

difference between the measured and calculated profiles (dashed line) for the milled alloy at 

600 K, 800 K and 1000 K, for the SnCo alloy. 
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Figure 6.7.b). Measured neutron diffraction pattern (dots), calculated profile (full line) and 

difference between the measured and calculated profiles (dashed line) for the milled alloy at 

600 K, 800 K and 1000 K, for the InCo alloy. 

 

On the other hand, in the InCo system, the kind of atomic order observed at 600 K and 

800 K, Figure 6. 7.b, is the same as in the SnCo system: order B2 at 600 K and order L21 at 

800K, as evidenced by the peak (111) at this temperature. However, the L21 peak disappears 

in the diffractogram at 1000 K, indicating the loss of atomic order at next nearest-neighbors 

on heating. 
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Figure 6. 8. Integrated intensity of the (111) reflection as a function of temperature for both 

alloys. 

 

The temperature dependence of the integrated intensity of the (111) reflection shown in 

Figure 6. 8 illustrates the evolution of long-range atomic order of both alloys with temperature. 

The two consecutive order-disorder processes, B2→L21 and L21→ B2, for the InCo alloy are 

clearly identifiable from the appearance and subsequent disappearance of the superstructure 

reflection. It should be mentioned that the same sequence of order-disorder processes has been 

previously observed in ternary Ni-Mn-In as-milled samples [18]. On the other hand, the SnCo 

alloy undergoes the ordering B2→L21, at the same temperature, maintaining the presence of 

the peak (111) up to the highest temperature.  

Comparing with the ordering processes observed in the corresponding bulk samples, 

similar ordering processes has been observed on heating the corresponding bulk alloys 

previously quenched from high temperatures, thought in that case the ordering temperatures 

(which indeed depend on the degree of disorder retained by quenching) typically lie between 

500 K and 600 K. On further heating the intensity of the L21 reflections for Ni-Mn-In and Ni-

Mn-In-Co gradually decreases until it  vanishes completely as a consequence of the L21-B2 

order-disorder transition [27–29]. In contrast, no L21-B2 disordering transition takes place in 

bulk Ni-Mn-Sn alloys demonstrating an extraordinary stability of the L21 structure [30], which 

is also evidenced in the milled sample presented here.  

 

6.2.3. Microstructural analysis 

The evolution of both microstrain and crystallite size with temperature is shown in 

Figure 6. 9.a and Figure 6. 9.b. The main microstructural relaxation takes place between 500 

K and 800 K, where the microstrain abruptly decreases from 10.16 (1) ‰ to 0.93 (1) ‰ and 
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from 19.48 (3) ‰ to 2.45 (1) ‰ in SnCo and InCo alloys respectively. This is precisely the 

temperature range in which the B2-L21 ordering process occurs (see Figure 6. 8). Taking into 

account that atomic ordering implies atomic diffusion, as long as it is meditated by vacancies, 

it points to vacancy elimination and/or vacancy-assisted dislocation annihilation as the main 

recovery processes. On the other hand, the crystallite size for both systems increases with the 

increasing temperature, from 50 Å at RT to 750 Å at 1100K, approximately. As expected, the 

higher growth rate is reached above 800 K, just after recovery. It should be noted the different 

behavior shown in both systems by the microstrain and the crystalline size in its evolution with 

temperature. In the case of the SnCo alloy both magnitudes show an evolution of sigmoidal 

type, unlike the exponential behavior shown in the InCo alloy, Figure 6. 9.  
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Figure 6. 9. a) Microstrain and b) crystalline size as a function of temperature for SnCo and 

InCo alloys. 

 

Likewise, it is interesting to note that the temperature dependence of the lattice volume of the 
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austenite in the InCo alloy, Figure 6. 10, shows a marked change of slope at around 800 K, 

giving rise to an anomalous two-step thermal expansion. On the contrary, the thermal 

expansion of the SnCo alloy shows a monotonous behavior. According to the temperature 

dependence of the integrated intensity of the (111) reflection (i.e. the L21 order degree) shown 

in Figure 6. 8, the L21-B2 order-disorder transition for the InCo alloy starts at 800 K. The same 

two-step behavior of the thermal expansion has been previously observed in a ternary Ni-Mn-

In as-milled sample [18] and also the change of the slope coincides with the initial temperature 

of the L21-B2 disordering process. Therefore, the anomalous behavior of the thermal expansion 

would be linked to the disorder process present in the Ni-Mn-In and Ni-Mn-In-Co alloys. 
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Figure 6. 10. Evolution of lattice volume (in terms of the B2 cell) with temperature for both 

alloys.  

 

In order to obtain more information about the recrystallization and recovery processes 

undergone by the as-milled samples, the thermal evolution of their cell parameter and the degree 

of atomic order of austenite has been compared with the corresponding of the bulk samples. 

For this purpose, the Ni-Mn-In-Co and Ni-Mn-Sn alloys of the references [30, 31] were 

analyzed. In the first case, the composition of the In-Co quaternary alloy is very close to the 

sample of the present thesis. On the other hand, although the Sn alloy is not quaternary, the 

main difference is the substitution of Co for Ni. In both cases, the heat treatment undergone by 

both bulk samples consists of a slow cooling from high temperature to obtain the maximum 

degree of order allowed by the stoichiometry. The thermal behavior of the degree of order 

would be within the stable phase diagram of the austenite phase. 

 

Figure 6. 11 summarizes the thermal behavior of the cell parameter and the atomic order of the 

four samples, bulk and as-milled. Focusing on the evolution of the degree of order, as has been 

previously mentioned, once the samples crystallized (B2 order) undergo the next-nearest 
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neighbors order transition B2-L21, the subsequent thermal evolution of the degree of order is 

the same as that of the bulk samples. Thus, after crystallization, in the intermediate temperature 

range, the degree of order of the milled samples would follow the diagram of stable phases. 

However, the cell parameters show a different behavior. The parameter of the cubic cell (in 

terms of the B2 cell) of the bulk samples presents a practically linear dependency with 

temperature without showing signatures of the order-disorder transitions.  Nevertheless, the cell 

parameter behavior of the counterpart milled samples is very far from linearity, showing a clear 

influence of the recovery processes that takes place at intermediate temperatures, this effect 

being even greater in the InCo alloy. An estimate of the macrostrain of milled samples 𝜀 can be 

made from the deviation from the linear dependence with the temperature shown by the cell 

parameter of the bulk ones, according to the expression: 

𝜀 =
𝑎𝑚𝑖𝑙𝑙𝑒𝑑(𝑇)−𝑎𝑏𝑢𝑙𝑘(𝑇)

𝑎𝑏𝑢𝑙𝑘(𝑇)
     (6.1) 

where 𝑎𝑚𝑖𝑙𝑙𝑒𝑑(𝑇) and 𝑎𝑏𝑢𝑙𝑘(𝑇)  are the cell parameter of the milled and counterpart bulk alloys.  
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Figure 6. 11. Cell parameter (B2 cell reference) and degree of atomic order (intensity of (1 1 1) 

reflection) as a function of temperature of the cubic austenite for bulk and milled samples.  
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Thus, the analysis of the in-situ neutron thermodiffractograms has allowed estimating the 

evolution of the micro and macro strains during the crystallization and structural recovery 

process that takes place in the warming ramp of the milled samples, Figure 6. 12.  
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Figure 6. 12. Micro and macro strains as a function of temperature. a) InCo, b) SnCo 

 

Both samples show the same general trend, being the values larger for the InCo system.  The 

fact that this sample has been milled in martensite should give rise to a greater degree of initial 

deformation as corroborate the SEM micrographs. At low temperatures, just after the dominant 

role of the microstrain indicates that the highly energetic milling process has generated a high 

level of local stress/strains that are recovered in the first part of the heating process until 
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approximately 700 K. In this temperature range the thermal energy is enough to relax the system 

locally, dropping the microstrain values, but the long-range recovery has not taken place as 

evidenced by the fact that the atomic order B2-L21 has not yet been produced, Figure 6. 11. 

During the subsequent heating, the thermal energy allows diffusion and long-range atomic 

movement, producing the atomic order variations and the completion of the microstructural 

recovery. This recovery results in a maximum of long-range homogeneous deformation at 

around 800 K as it is reflected in the evolution of the macrostrain in both systems.  

 

Finally, concerning the difference of the order of magnitude between the values of the particle 

size observed by SEM and the values obtained by diffraction, it should be noted that in this last 

technique the value obtained is related to the coherent diffraction volume. Thus, if the particles 

are not monocrystalline the values do not have to match. The TEM micrograph, Figure 6. 13, 

shows the high resolution image in a SnCo particle after recrystallization. It is observed that it 

is formed by multiple grains, whose size is of the order of magnitude of the nanometers, in 

agreement with the values obtained by diffraction. 

 

 

Figure 6. 13. TEM micrography of SnCo alloy after recrystallization. 

 

 

6.3. SUMMARY AND CONCLUSIONS 

In this chapter, the recrystallization process from an almost amorphous state was studied in 

Ni-Mn-Sn-Co and Ni-Mn-In-Co alloys subjected to two hours of high-energy ball milling, and 

ground in austenite and martensite, respectively. The study was carried out by the analysis of 

macroscopic calorimetric measurements and, from the microscopical point of view, by neutron 
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diffraction, SEM and TEM micrography. The evolution of microstructural and cell parameters 

was determined by Rietveld refinements during the recrystallization process. 

By means of SEM micrography, the particle size of the obtained powder was determined in 

both studied specimens, obtaining values close to 100 μm with different morphology associated 

to ductility of the alloy and to the phase in which the samples were milled. In this sense, Ni-

Co-Mn-Sn presents polyhedral particles while Ni-Mn-In-Co displays flake-like shaped 

particles, as a result of having been milled in martensite and the possible occurrence of cold 

welding due to the higher ductility that this last system presents. 

Powder neutron diffraction in the initial state has revealed that, together with a prevailing 

amorphous phase, the alloys retain some degree of crystallinity after milling, as shown by the 

reflections present in the diffractograms. The amount of amorphous phase was estimated by 

modelling it by a disordered A2 phase, yielding values close to 64% and 78% for Ni-Mn-Sn-

Co and Ni-Mn-In-Co alloys in the as-milled state, respectively. The higher degree of 

amorphization shown by the InCo system is in agreement with the higher strains and lower 

grain size determined in the initial state for this alloy. The recrystallization process occurs in 

two steps for both alloys. Both evolve from amorphous state to disordered B2 phase at 

temperatures close to 500 K and undergo a B2-L21 transition at 700 K. However, the Heusler 

L21 structure remains in SnCo up to temperatures as high as 1200 K, while InCo alloy undergoes 

a L21-B2 order-disorder transition at 850 K, pointing out the high stability of L21 structure in 

the SnCo system. Moreover, the evolution of microstructural parameters as grain size and 

internal strains was obtained from the refinement of the diffraction patterns measured during 

the recrystallization. An anomalous behavior of the cell parameter as a function of temperature 

has been clearly observed in the temperature range where the B2-L21 transition takes place. 

Finally, the grain size determined by TEM micrography is in agreement with the values 

obtained from Rietveld refinement, corroborating the polycrystalline structure of the particles 

after the recrystallization process. Although the particle sizes are large, the order of magnitude 

of the size of the recrystallized grains is in agreement with those obtained by neutron diffraction. 
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Chapter 7. Summary and conclusions 

 

 
In the so-called metamagnetic shape memory alloys the fact that the martensitic 

transformation takes place between a ferromagnetic austenite and a weakly magnetic 

martensitic phase gives rise to multifunctional properties of great technical interest for practical 

applications, like sensing or magnetic refrigeration. Despite many topics as the compositional 

dependence and the effect of the atomic order on the magnetostructural properties have been 

deeply analyzed in several previous works, the role of the microstructure, in turn, has been less 

investigated, in spite of its potential for tuning the magnetostructural properties of these 

systems. 

In this work we have focused on the study of the influence of the microstructure in 

metamagnetic shape memory alloys (Ni-Mn-In and Ni-Mn-Sn systems) together with the effect 

of Co-doping, in order to gain insight into these effects and to control and improve the properties 

of these materials. In order to modify their microstructure in a controlled way, the samples were 

subjected to thermo-mechanical treatments (hand milling, ball milling, and thermal annealing 

at different temperatures). The alloys have been characterized macroscopically by calorimetric 

and magnetic measurements, and studied at the microscopic level mainly through X-ray and 

neutron diffraction, which provided us information about the crystal structures, the atomic order 

in the alloys, the microstructural parameters as grain size and internal strains, and the magnetic 

structures. The combination of the results obtained in the microscopic study with the 

calorimetric and magnetic macroscopic characterization allowed us to gain a better 

understanding of the role of the microstructure and cobalt doping in the magnetostructural 

properties of these metamagnetic shape memory alloys and identify routes to obtain improved 

functional properties.  

As main conclusions of the obtained results we can summarize. 

 

- First, the effect of the microstructure on the martensitic transformation and the related 

magnetostructural properties was studied in Ni-Mn-Sn alloys. The study was carried out 

macroscopically with calorimetric and magnetic measurements and microscopically by 

X-rays and neutron diffraction and by Mössbauer spectroscopy in a milled Ni50Mn35Sn15 

alloy annealed at different temperatures. The conclusions drawn are: 

 

 Macroscopic measurements have evidenced the null variation in the martensitic 

transformation temperature with different annealing treatments, although the 

temperature range in which this structural transition takes place is reduced as the 

annealing temperature increases. The enthalpy and entropy values associated to the 

martensitic transformation point out that the martensitic transformation, 

significantly affected by milling, is mainly recovered after the treatment at the 
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lowest temperature. Moreover, the variation in the magnetocaloric effect manifests 

the outstanding influence of the microstructure on the functional properties of the 

alloy. 

 

 By X-ray diffraction, the evolution of the microstructural parameters as grain size 

and internal strains has been analyzed as a function of the annealing temperatures. 

The amount of the non-magnetic inclusions was quantified and related with the 

internal strains by means of a combination of the magnetic measurements and the 

microstructural analysis, showing a reduction of a factor more than 10 by annealing, 

together with an associated increase of the saturation magnetization. 

 

 The null variation in the atomic order obtained by powder neutron diffraction is 

consistent with the absence of change in the temperatures of the martensitic 

transformation, proving the high stability of the atomic order of the Ni-Mn-Sn 

alloys. The crystal structure of the martensite phase was resolved as a two-fold 

modulated orthorhombic structure. On the other hand, the magnetic structure of 

austenite reveals the switch of the magnetic coupling of Mn atoms from 

antiferromagnetic to ferromagnetic induced by the recovery of the microstructure 

induced by the annealing. 

 

 Mössbauer spectroscopy has been used for the analysis of the magnetism at the 

atomic level and was related with the internal strains, demonstrating the importance 

of the microstructure in the hyperfine field, which is reduced with the increment of 

the internal strains, and pointing out the usefulness of this technique in the analysis 

of the microstructure. 

 

  

- Doping with Co has proved to be a way to increase the metamagnetic character of the 

martensitic transformation in ternary systems. Then, the next step was the study of the 

influence of mechanically-induced defects on the magnetostructural properties in non-

stoichiometric Ni45Co5Mn35Sn15 alloy in milled and post-annealed state. In a further 

stage, systematic high-energy ball-milling was performed and the samples analyzed by 

calorimetry, magnetometry and high-energy X-ray diffraction. 

 

 The long-range atomic order was determined in as-milled and annealed samples by 

Rietveld refinement of  neutron powder diffractograms showing the non-variation 

in the atomic occupancies between both states and the presence of Co mainly in 8c 

sites. Those results are in good agreement with the observed by calorimetric and 

magnetic measurements where the martensitic transformation and Curie 

temperatures remain constant in both specimens. 

 

 The magnetic structure of austenite in both samples shows a ferromagnetic coupling 

between Mn atoms located in 4a and 4b sites due to the presence of Co atoms in 8c 

sites sharing occupancy with Ni. The presence of Co in these sites increases the 

magnetic interaction between Mn atoms, producing an increment of the 
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ferromagnetism in this phase. On the other hand, the annealing treatment increases 

slightly the saturation magnetization of austenite, due to the recovery of defects. 

 

 Regarding the martensitic structure, both the as-milled and annealed samples  

present the same three-layered modulated monoclinic crystal structure with space 

group P2/m and antiferromagnetic coupling between Mn atoms. The annealed alloy 

presents weaker antiferromagnetic coupling, which explains the increase of the 

saturation magnetization in martensite that reduces the change of magnetization 

linked to the martensitic transformation. This fact implies that the as-milled alloy, 

with higher density of defects, presents higher magnetocaloric effect. Thus, the 

inclusion of a small amount of defects can improve the magnetocaloric properties 

on the alloy, due to the variation in the magnetism of the martensite. 

 

 High resolution X-rays diffraction shows how the microstructural parameters are 

modified with the increase of the milling time: the grain size becomes smaller and 

the internal strains increase. We can also observe a degradation to an amorphous 

state, together with the induction of a secondary phase during milling identified as 

a monoclinic I2/m martensite. Moreover, the magnetic structure of the austenite in 

the alloys milled 45 minutes was calculated, determining a progressive reduction on 

the magnetic moment and although the ferromagnetic character of the magnetic 

coupling is maintained. 

 

 SEM and TEM where carried out in order to obtain more information about the 

evolution of the microstructure. TEM was performed in a single particle in the 

samples that present martensitic transformation, showing how the diffraction 

evolves from patterns characteristic of single-crystals to patterns characteristic of 

powders, revealing the reduction of the grain size inside the particles.    

 

- In order to get further insight into the influence of Co doping on the magnetic coupling, 

the macroscopic magnetic properties, together with the atomic order and magnetic 

structure in austenite phase were analyzed in non-stoichiometric Ni50Mn36In14 and Ni45-

Co5Mn37In13 alloys with two different thermal treatments: water quenched and slow 

cooled from 1173 K. The combination of macroscopic magnetic measurements with 

unpolarized powder and single-crystal neutron diffraction and polarized single-crystal 

neutron diffraction allows drawing the following conclusions: 

 

 The variation in the thermal treatment and Co-doping modify the atomic order and 

as consequence the martensitic transformation and Curie temperatures. In the case 

of the slow cooled alloys the TC shifts to higher temperatures with respect to the 

water quenched samples, while the martensitic transformation moves to lower 

temperatures. On the other hand, Co doping produces an increment in both transition 

temperatures. An increase of 60% in the saturation magnetization of the austenite 

phase can be reached by the combination of Co doping and slow cooling treatment. 
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 The higher degree of atomic order, together with the reduction of strains and defects 

induced by slow cooling thermal treatments produces an increase in the total ordered 

magnetic moment and a slight enhancement of the ferromagnetic coupling between 

the magnetic moments located in octahedral sites, while cobalt doping has a stronger 

effect in increasing the ferromagnetic coupling, which explains the noticeable effect 

in the magnetization. 

 

 By spin density maps obtained from polarized neutron diffraction, the magnetic 

interaction responsible for this coupling was obtained. Despite the weak interaction 

of the moments in 8c sites with the rest of the magnetic moments, Co, that mainly 

replaces Ni in 8c positions, tends to couple ferromagnetically with its nearest 

neighbors in 4a and 4b sites, where the magnetic atoms are mainly Mn, which in 

turn are coupled by strong interactions, favoring the overall ferromagnetic coupling. 

 

- Finally, the recrystallization process was studied in Ni-Mn-Sn-Co and Ni-Mn-In-Co 

alloys subjected to high-energy ball-milling during two hours in austenite and 

martensite, respectively. The evolution of the microstructure during the recrystallization 

was deduced from the analysis of parameters as grain size and internal strains from ‘in-

situ’ neutron powder diffraction. 

 

 The average particle size was obtained in both alloys in as-milled states, giving 

values of ~100 μm. The morphology of the obtained powder changes from 

polyhedral in the SnCo alloy to flake-like shape in the InCo one, which is related 

with  the fact that the second alloy was milled in martensitic phase.  

 

 Powder neutron diffractograms in the as-milled state present few reflections, 

indicating that, together with a prevailing amorphous phase, the alloys retain some 

degree of crystallinity after milling. The amount of amorphous phase in the as-

milled state was estimated by modelling it by a disordered A2 phase, giving values 

close to 64% and 78% for Ni-Mn-Sn-Co and Ni-Mn-In-Co alloys, respectively.  

 

 Differential scanning calorimetry shows that the crystallization process occurs 

between 400 K and 700 K. Neutron powder diffraction experiments have shown that 

both samples undergo a first crystallization at 500 K from an amorphous state to a 

B2 structure. Besides, at 700 K the appearance of (111) reflection indicates the B2-

L21 transition. This structure remains stable up to 1200 K in SnCo alloy, 

corroborating the high stability of this ordered structure in Sn-based systems. In 

contrast, in InCo a L21-B2 order-disorder transition is observed at 850 K. 

 

 

 

 The evolution during the recrystallization of microstructural parameters was 

obtained from the refinement of the diffraction patterns measured during the 

recrystallization. The evolution of the cell parameter of the austenite, in both 
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systems, was also determined during the crystallization process showing a deviation 

from linearity in its dependence at temperatures coinciding with the B2-L21 

transition. Finally, the grain size determined by TEM micrography is in agreement 

with the values obtained from Rietveld refinement, corroborating the 

polycrystalline structure of the particles after the recrystallization process. 
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