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Introduction 

One of the greatest challenges in materials science and engineering is 

unquestionably the research of new smart materials able to perform 

multitasking operations exploitable in a wide range of innovative applications, 

keeping a simple and clever design. 

In the last twenty years, the advent of nanostructured materials has 

represented a great revolution covering all the branches of materials science 

and involving materials for electronics and photonics, materials for energy 

storage and harvesting, materials for sensors and healthcare. Nanostructured 

materials are systems in which at least one of the dimensions is reduced down 

to the nanometre scale, with typical lengths ranging from a few to tens 

nanometres. 

The reduction of lateral size can profoundly affect the properties of the well-

known materials commonly employed in their bulk form, opening new 
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possibility and perspectives never thought before, in many technological 

contexts. In particular, the effect of dimensionality reduction is to establish a 

new regime that, thanks to the lateral confinement, shows unique properties 

different from the ones of continuous bulk and discrete atoms. 

These materials are gathering a lot of interest by the entire scientific 

community since the understanding of the mechanisms that rule the variation 

of their properties with the scaling of the dimensionality can permit a 

significant step forward in the comprehension of physical phenomena at the 

nanoscale. 

Today, more than ever, a great expectation has been focused on the 

breakthrough of nanostructured materials, which could be easily implemented 

in common technological systems and therefore quickly spread in many fields 

of our everyday life. 

Among different kinds of nanostructured materials, magnetic thin films and 

nanoparticles are very promising since the magnetism they exhibit is strongly 

affected by the dimensionality. In magnetic thin films, for example, the 

properties can change drastically for effect of the confinement and can be 

modified by changing the thickness; in nanoparticles, the reduced 

dimensionality, as well as the shape and size, determine the properties of the 

superparamagnetic regime induced by the lateral confinement. 

A direct consequence of the low dimensionality and the complex 

behaviours of these nanostructured systems is that sophisticated 

characterizations techniques are requested to investigate the materials 

properties with a spatial resolution comparable or higher than their typical 

dimensions. State of the art transmission electron microscopes are able to 

accomplish these requirements, offering the inimitable capability of joining 

structural and morphological characterizations with analytical and magnetic 

characterizations at a very high spatial resolution, a combination not 

achievable by any other characterization technique. 

This doctoral thesis is focalized on the employment of advanced 

transmission electron microscopy techniques in the investigation of the 
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properties of nanostructured magnetic materials with different dimensionality, 

i.e. magnetic nanoparticles and magnetic thin films. In particular, advanced 

transmission electron microscopy techniques are successfully employed to 

investigate the structural, morphological and magnetic properties of 

magnetite nanoparticles, which are very promising in the field of biomedicine, 

and to study the complex relationship between microstructure and 

magnetism in Ni2MnGa shape memory alloy thin films, that represent the best 

candidates for new classes of actuators and energy harvesting systems. 

Moreover, transmission electron microscopy is successfully employed to study 

the structural, morphological and magnetic properties of a novel class of 

laterally confined nanostructures, obtained by reducing the dimensionality of 

martensitic thin films. 

In Chapter 1, a description of the main topics involved in this doctoral work 

is presented. In particular, the materials and the experimental characterization 

techniques are introduced giving the most important tools necessary to the 

comprehension of the experimental results. In Chapter 2 the experimental 

results obtained on magnetite nanoparticles are discussed, focusing the 

attention on the effects of magnetic dipolar interactions on the performance 

of the nanoparticles as hyperthermic mediators. In Chapter 3 the results 

achieved in the study of martensitic microstructure of Ni2MnGa thin films is 

presented and a model to describe the selective twin variants formation is 

proposed. In Chapter 4 a multi-scale investigation on Ni2MnGa thin films 

displaying magnetic induced twin variants reorientation is carried out to 

correlate the material properties at the macroscopic scale to the structure and 

magnetism at the nanoscale. In Chapter 5, the effects of the lateral 

confinement on the structure and magnetism of the Ni2MnGa martensitic 

phase are for the first time explored in the study of a new class of 

nanostructured materials, i.e. Ni2MnGa nano-disks. The investigation is 

achieved by combining different transmission electron microscopy techniques 

and the actuation mechanisms that survive at the dimensionality reduction are 

studied. 
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1 Materials and methods 

1.1 Introduction 

In this Chapter, the materials investigated in this work and the experimental 

techniques employed in the characterization of the samples are presented and 

described. 

In the first part of the Chapter an overview on the investigated materials is 

given. In particular, in Section 1.2 the structural and magnetic properties of the 

magnetite as well as the peculiar characteristics of magnetite nanoparticles are 

described. In Section 1.3, the main aspects related to the Ni2MnGa shape 

memory alloy are discussed, giving basic information about its structure and 

magnetism. For both the materials some selected examples of promising 

applications are also briefly described. 

In the second part of this Chapter, the main characterization techniques 
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employed for the realization of this doctoral thesis will be presented, focusing 

the attention to transmission electron microscopy (TEM), which represents the 

most widely used characterization technique. The structural, morphological 

and magnetic characterizations of the samples described in this work have 

been carried out combining different and complementary techniques, which 

consent to obtain information at different scale lengths. In particular, TEM 

experiments have been performed to characterize the crystal structure and the 

microstructural orientations, supported by X-ray diffraction (XRD). Moreover, 

the employment of analytical TEM techniques permits to obtain compositional 

information on the investigated materials. 

The study of the morphological properties on a large scale has been 

conducted by means of atomic force microscopy (AFM). In order to 

characterize the magnetic properties of the samples from macro to 

micro/nanoscale, a combination of complementary techniques was employed. 

In particular, besides conventional magnetic characterizations, magnetic force 

microscopy (MFM) and electron holographic techniques permit to achieve a 

deep insight into the magnetic properties at a very fine scale. 

In Section 1.4 the principles at the base of most common transmission 

electron microscopy techniques are briefly introduced, while a more detailed 

description of the less common electron holographic techniques is presented, 

with the aim to give to the readers the basic tools to comprehend the 

discussion of the experimental results. In Section 1.5, an overview of the other 

characterization techniques employed as complementary tools to 

transmission electron microscopy is presented. Finally, at the end of the 

Chapter, a quick description of the instrumental equipments employed to 

perform the different characterizations is given. 
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1.2 Magnetite nanoparticles 

In the last decade a growing interest has been devoted to magnetic 

nanoparticles (NPs) for their peculiar properties which differ from the bulk 

ones and that can be exploited in many application fields, like nanomedicine 

[1-3], sensors [4-6] and magnetic recording [7-9]. 

Magnetic NPs, indeed, represent a very important class of nanostructured 

materials showing a strong size-dependent magnetic behaviour, which leads 

to remarkably different magnetic properties depending on their size and 

morphology. The superparamagnetic regime, in particular, is of fundamental 

importance for the biomedical applications in which stable colloidal 

suspensions are required in order to not compromise the cellular viability. This 

regime, which arises in magnetic NPs with size smaller than the critical value 

above which the magnetic moment of each particle is blocked, represents on 

the contrary one of the most limiting factors to the increase of the magnetic 

recording density. 

Among biomedical applications of magnetic NPs, the most promising uses 

are as contrast agents to enhance the magnetic resonance imaging (MRI) 

signal [10-12], as transport vectors for drug delivery [13-15] and as heating 

agents in hyperthermia treatments [16-18]. 

In the superparamagnetic regime the magnetic NPs don’t show a net 

magnetization if no external magnetic field is applied. Under an external 

magnetic field, on the contrary, the magnetic signal that the NPs are able to 

generate is strong enough to be easily detectable and a magnetic field 

gradient can therefore be exploited to drive the magnetic NPs toward a 

specific target. 

Besides the request on the particle size, that has to be smaller enough to 

permit the establishing of the superparamagnetic regime, another important 

requirement for magnetic NPs concerns the size distribution of the NPS 

suspension: a monodispersed system, in fact, is highly preferable since it 

assures that the physical properties of each particle of the system are the 
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same; this last requirement is of particular importance, for example, in the 

imaging techniques, in which artefacts due to system inhomogeneity are 

preferably to be avoided, or in the drug delivery, in which an accurate control 

of the drug release position is necessary to avoid unpleasant side effects. 

Furthermore, in order to have a better performance under an applied 

magnetic field, a high value of saturation magnetization is required. The 

surface of the NPs can be functionalized with organic molecules in order to 

increase the biocompatibility or promote a selective interaction with other 

biological entities of relevant interest in the fields of magnetic separation [19, 

20] and bio-sensoring [21, 22]. 

Among different materials, iron oxides NPs are very interesting for 

biomedical applications. In particular, magnetite NPs are very promising 

thanks to the magnetite ferrimagnetic behaviour with a high value of 

saturation magnetization (≈ 80 A/m) and its biocompatibility. 

In the first part of this Section the peculiar properties of magnetite will be 

described, highlighting the structural aspects that are at the origin of the 

magnetic properties. Then, a concise description of the superparamagnetism 

will be provided. Finally, the most important biomedical applications of 

magnetic NPs will be described. 

1.2.1 Crystal structure and magnetic properties 

The magnetite, whose composition is Fe3O4, has an inverse spinel crystal 

structure in which 32 O2- ions are organized in a cubic close packing (ccp) 

structure along the [111] direction of the unit cell. The magnetite lattice 

parameter is a = 0.8369 nm and the spatial group of crystal structure is Fd3m 

[23]. The O2- ions packing gives rise to two different interstitial sites in the 

magnetite crystal structure characterized by two different symmetries, which 

are tetrahedral and octahedral respectively. The tetrahedral (A) sites are 

occupied by Fe3+ ions, while the octahedral (B) sites are occupied by the 

remaining amount of Fe3+ ions together with Fe2+ ones, randomly distributed. 
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Fig. 1.1 Inverse spinel crystal structure of magnetite, where tetrahedral (A) and 
octahedral (B) interstitial sites are drawn in green and blue respectively. (From [24]). 

The inverse spinel structure of magnetite can therefore be written as Y[XY]O4, 

where X = Fe2+, Y = Fe3+ and the brackets denote octahedral sites. In the 

stoichiometric magnetite the Fe3+ ions occupy entirely the smaller tetrahedral 

sites and half of the octahedral ones [23]. In Fig. 1.1 a scheme of the inverse 

spinel structure of magnetite is shown, where the O2- ions are drawn in yellow 

while the tetrahedral and octahedral interstitial sites are drown in green and 

blue respectively. 

Below the Curie temperature TC = 850 K [25], the magnetite is ferrimagnetic. 

The two different sites of the structure, the tetrahedral (A) sites occupied by 

Fe3+ ions and the octahedral (B) sites occupied by both Fe3+ and Fe2+ ions, form 

two interpenetrated magnetic sub-lattices. The coupling between ions in each 

sub-lattice (A-A and B-B coupling) is ferromagnetic; however, thanks to a 

strong antiferromagnetic interaction among the spins in A and B sites, the 

coupling between the two different sub-lattices (A-B coupling) is 

antiferromagnetic. This antiferromagnetic coupling between the two sub-

lattices gives rise to the global ferrimagnetic behaviour of magnetite. A 

schematic representation of the magnetic ordering in magnetite is shown in 

Fig. 1.2a. The easy magnetization axes of magnetite correspond to the 8 

equivalent [111] directions of the crystal structure (Fig. 1.2b). 
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Fig. 1.2 (a) Magnetic coupling between two A and B sub-lattices in magnetite; (b) 
magnetization curves for a magnetite single crystal applying a magnetic field along the 
[100] and [111] crystallographic directions. (From [23]) 

1.2.2 Superparamagnetic regime 

The reduction in the dimensionality of magnetic particles down to the 

nanometre scale can strongly affect the magnetic properties displayed by the 

particles. In fact, below a critical value of the particle size (usually in the range 

from few to tens nanometres) depending on the material, the magnetization 

of the particles is no more fixed along well-defined crystallographic 

orientations determined by the crystalline or shape anisotropy, since the 

thermal energy can be high enough to produce a rotation of the particles 

magnetization between different stable orientations. 

The thermal fluctuations of the magnetic moment of a monodomain 

particle were described for the first time by Nèel [26]. In the case of non-

interacting particles and in absence of magnetic anisotropy the moment of 

each particle, which can be ascribed to a giant moment equal to the sum of all 

the magnetic moments of the atoms within the particle, is oriented randomly. 

The described situation is completely similar to the case of a classical 

paramagnet, with the remarkable difference that the considered system must 

be described taking into account the moments of the particles instead of the 

atomic ones: for this reason the effect is called superparamagnetism and the 

saturation magnetization can be achieved at ordinary fields. 
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Fig. 1.3 Double-well potential model for the free energy of a superparamagnetic NP 
(from [27]). 

The magnetic anisotropy induces preferential orientations among all the 

possible orientations of the magnetization of the NPs. In the simplest possible 

geometry, corresponding to the uniaxial anisotropy, only one preferential 

orientation exists for each NP; in this case, the energy of the system can be 

described by a double-well potential (Fig. 1.3) with two energy minima 

corresponding to two stable antiparallel orientations of the NP moment 

separated by an energy barrier ΔEB = KV, corresponding to the anisotropy 

energy [28]. At a given temperature T, the average time necessary to overcome 

this barrier and observe a reversal in the magnetization direction is called Néel 

relaxion time (τ) and is given by the Nèel-Arrhenius equation [29, 30]: 

 !!τ =τ 0 exp(KV /kBT)  (1.1) 

where τ0 is a time characteristic of the probed material (τ0 = 10-9 - 10-12 s) and kB 

is the Boltzmann constant. 

The magnetic characterization of NPs in the superparamagnetic state, 

however, does not only depend on the temperature T and the energy barrier 

ΔEB. Each experimental characterization technique, in fact, has its own 

characteristic measurement time, τm. Depending on the measurement time, 

two different situations can occur and correspondingly two different 

behaviours can be visualized in the magnetization curve: 
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(i) τm << τ: the average time in which the jumps of the magnetization 

between the two antiparallel directions occur is larger than the 

measurement time. In this case the magnetic moment is “blocked” 

and the magnetic loop shows a hysteresis. This regime is called 

blocked momentum regime. 

(ii) τm >> τ: the average time between the magnetization jumps is 

smaller than the measurement time; this implies that during the 

typical time needed to perform the experiment quick and 

spontaneous flips of the magnetization occur. As long as no 

external field is applied, a time-averaged zero moment is 

measured. This regime is the already mentioned 

superparamagnetism. 

The temperature value at which the magnetic relaxation time is equal to the 

measurement time (τ = τm) is defined as the blocking temperature TB: 

 
!!
TB =

KV
kB ln(τm /τ 0)

 (1.2) 

For a given characterization technique, TB permits therefore to distinguish 

between the blocked and the superparamagnetic regime displayed 

respectively in the temperature ranges T < TB and T > TB. The two described 

situations are schematized in Fig. 1.4a and b, respectively. 

 
Fig. 1.4 Schematic representation of the two possible regimes for small 
superparamagnetic NPs: (a) blocked state, (b) superparamagnetic state (from [31]). 
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If an external magnetic field H is applied to the superparamagnetic NPs, 

their magnetic moments start to align along the applied field, similarly to what 

happen for paramagnetic materials. In particular, assuming that the thermal 

fluctuation energy is higher than the anisotropy energy, the orientation of the 

easy magnetization axes does not play any role in the magnetization process 

and, similarly to the case of the classic paramagnetic behaviour, the 

magnetization curve M(H) for an assembly of superparamagnetic NPs can be 

described by the Langevin curve: 

 
!!
M(H)≈ nµL(x)=nµ coth x( )− 1x

#

$
%

&

'
(  (1.3) 

where x = (μ0mH / kBT), n is the suspension concentration, m the magnetic 

moment of each NP and μ0 is the magnetic permeability of the vacuum. The 

salient properties of the magnetization curves attributable to the 

superparamagnetic regime are zero coercivity, zero remanence and the 

existence of a blocking temperature TB. 

If the NPs are dispersed in a solvent and form a colloidal suspension, 

another mechanism for the magnetization relaxation has to be taken into 

consideration, in addition to the Néel relaxation. In fact, a Brownian relaxation 

due to the viscous rotation of the particles inside the solvent can occur. The 

characteristic time of this relaxation process is given by: 

 
!!
τ B =

3ηV
kBT

 (1.4) 

and depends on the volume of particles V, the viscosity of the solvent η and 

the temperature T of the colloidal suspension. 

The global relaxation rate for a colloidal suspension of magnetic NPs is 

therefore given by: 

 
!!
1
τ
=
1
τ N

+
1
τ B

 (1.5) 

where τ is the global relaxation time for the colloidal suspension and τN and τB 

are Néel and Brownian relaxation times, respectively. In Fig. 1.5 the trends of 
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the Néel, Brownian and global relaxation times for magnetite NPs are shown at 

a given temperature [32]. Thanks to a different dependence of the Néel and 

Brownian relaxation times on the particles volume, the behaviour of small 

magnetic NPs is governed by the Néel relaxation while a viscous rotation of 

the particles is the dominant process in the relaxation of big magnetic NPs. 

However, the critical size at which the dominant relaxation mechanism 

switches from the Nèel to the Brownian one depends in general on the 

material (since different materials are characterized by different anisotropy 

energies), the temperature and the viscosity of the solvent. 

 

Fig. 1.5 Typical Néel and Brownian relaxation times, as a function of particle size, for 
magnetite NPs. (From [32]). 

1.2.3 An overview of biomedical applications of magnetic NPs 

1.2.3.1 Magnetic Separation 

A challenging request, crossing many fields related to biomedicine, 

concerns the isolation of entities of interest from the other constituents of the 

complex system they are dispersed in. An efficient and promising method to 

achieve a very controlled and reliable separation is the magnetic separation 

process. 

In fact, thanks to the possibility to functionalize the surface of magnetic NPs 

with small molecules able to selectively interact with the entities of interest, it 
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is possible to make the particles effective in the isolation of the requested 

entities from complex biological mediums. This very promising method relies 

on the capability of properly tailoring the particles sizes in order to make them 

comparable or even smaller than the typical biological entities. 

The magnetic separation method is performed by a two steps process: the 

first step consists in marking the biological entities of interest by the magnetic 

NPs properly functionalized; then the marked objects can be isolated by 

applying a magnetic field gradient and the supernatant can be removed. The 

magnetic force that must be applied has to overcome the hydrodynamic shear 

force given by: 

 !!Fh =6πηRΔv  (1.6) 

where η is the medium viscosity, R is the NPs radius, v is the difference 

between the velocities of the medium and the marked entities within it. In Fig. 

1.6, the two most common methods of magnetic separation are schematized: 

the process of magnetic separation in suspension permits to isolate the 

marked entities (black circles) from the medium by removing the supernatant, 

after the precipitation of the NPs (Fig. 1.6a); the magnetic separation in flow 

permits to isolate the marked entities which are caught by the applied 

magnetic field (Fig. 1.6b). 

 
Fig. 1.6 Conventional magnetic separation methods: (a) in suspension, (b) in flow 
(From [31]). 
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Fig. 1.7 Schematic representation of the magnetically driven drug delivery: the NPs 
travel within the circulatory system driven by the external magnetic field, reaching the 
target area (From [31]). 

1.2.3.2 Drug delivery 

Another challenging aspect to deal with in biomedical applications and, in 

particular, in cancer treatment is the research of new effective drugs able to 

destroy cancer cells avoiding heavy side effects on the patient. At this purpose, 

magnetic NPs properly functionalized can be used as carrying vectors to 

deliver the drugs in a well-defined target region within the body. The 

possibility of finely control the drug release in the desired target region 

permits to avoid the large-scale side effects and, at the same time, to reduce 

the total amount of drug used to efficiently treat the disease. 

In order to make the magnetically-driven drug delivery possible, the 

magnetic vectors need to be small and highly stable against aggregation: in 

this way they can be injected into the circulatory system and, if an external 

field gradient is applied, reach the target area travelling within the blood 

vessels (Fig. 1.7). 

1.2.3.3 Contrast agents in MRI 

One of the most promising applications of magnetic NPs is in the field of the 

diagnostics; in particular, they can be employed as a contrast agent in imaging 

techniques. 

The magnetic resonance imaging technique is based on the employment of 

a large magnetic field able to align the moments of hydrogen nuclei in the 
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water molecules. The magnetic moment of a proton is very small; however, 

since in a mm3 of water there are about 7x1019 protons, the signal they are able 

to generate under a large applied magnetic field B0 ≈ 1 T is easy to detect by a 

resonant absorption experiment (Fig. 1.8). 

In particular, applying an oscillating magnetic field with a frequency ω0 

(corresponding to the Larmor frequency for the precession of the moment m 

of the proton around B0) in the perpendicular direction with respect to B0, it is 

possible to excite the moments precession in the plane perpendicular to B0, 

due to a resonant effect (Fig. 1.8a and b). When the oscillating magnetic field is 

removed, the longitudinal and transversal relaxations of the moments can be 

studied. If the static magnetic field B0 is applied along the z direction, the 

signals generated by the longitudinal and transversal relaxations are 

respectively expressed by: 

 !!mz =m(1−e
−t/T1 )  (1.7) 

 !!mxy =msin(ω0t +φ)e
−t/T2  (1.8) 

where T1 and T2 are the longitudinal and transversal relaxation times 

respectively and ϕ is the phase. The curves describing the mxy and mz 

behaviour as a function of the time (after the removal of the applied oscillating 

field) are reported in Fig. 1.8c and d, respectively. The longitudinal relaxation 

(T1) is related to the loss of energy that flows from the system to the 

surrounding, and is a measure of the dipolar coupling between the protons 

moments and the other moments in the surrounding tissues; the transversal 

relaxation (T2) is rapid and is related to the loss of phase coherence due to the 

magnetic interaction between the protons. Local inhomogeneity in the 

magnetic field can produce a shortening of the transversal relaxation time, 

whose value changes from T2 to T2
*: 

 

!!

1
T2
* =

1
T2
+γ

ΔB0
2  (1.9) 

where ΔB0 represents the local variation of the magnetic field. 
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Fig. 1.8 Schematic representation of the basic concepts concerning the origin of MRI 
contrast: (a) precession of the magnetic moments around the applied field B0; (b) 
precession of the moments in the plane perpendicular to B0, due to the oscillating field 
perpendicular to B0; time-dependent relaxations of the magnetic moments, in the (c) 
transversal and (d) longitudinal directions (From [31]). 

Superparamagnetic NPs can reach saturation at ordinary fields, comparable 

to the typical ones used in an MRI apparatus, and can generate local fields that 

produce a reduction of T2. Moreover, thanks to their reduced size the NPs (with 

diameters in the range 5-20 nm) can travel within blood vessels and can be 

captured by the endothelial system. Since the endothelial system of cancer 

cells is not so efficient as the one of healthy cells, the NPs amount gathered by 

the different cellular tissues is strongly different. Hence, the contrast agent 

does not alter the relaxation times of unhealthy cell, which only gather a low 

amount of NPs. In the images, a contrast between healthy and unhealthy 

tissues is therefore observable and the disease can be localized. 

1.2.3.4 Magnetic hyperthermia 

Among the many possible therapeutic approaches of cancer tissues, 

magnetic NPs can act as heat mediators in the hyperthermia treatment. In fact, 

the NPs can promote a heat transfer when a radio frequency AC magnetic field 

is applied. In this way, the local temperature of the tissue containing NPs can 
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be heated up to 42 °C for a clinical treatment time of 30 min. Since the cells 

constituting the diseased tissue are more sensitive to heat than healthy ones, 

this treatment is effective in causing a selective cancer cells death, while the 

healthy ones are not affected. 

If we consider multi-domains magnetic NPs, the heat generation has its 

origin in the hysteresis losses, which are proportional to the area of the 

hysteresis loop and are related to magnetic domains wall movement. The 

amount of heat generated per unit volume PFM is given by: 

 !! PFM =µ0 f HdM!∫  (1.10) 

where f is the frequency and the integral gives the area of the hysteresis loop. 

For ferromagnetic particles whose size is significantly larger the 

superparamagnetic critical size, an approximate value of PFM can be estimated 

by quasi-static measurements of the hysteresis loop. 

On the contrary, as previously described in Section 1.2.2, if no external 

magnetic field is applied on a colloidal suspension of superparamagnetic NP 

the relaxation of their magnetic moments can occur by both the Néel and 

Brownian relaxations, whose characteristic times were given in Eq. 1.1 and 1.4, 

respectively. In the most general case both the mechanisms are present (Eq. 

1.5), but the global behaviour is governed by the faster relaxation mechanism. 

Within the validity of the linear response theory (LRT), e.g. for low-amplitude 

fields, the power loss density P (in Wm-3) for an assembly of randomly oriented 

magnetic NPs is given by [33]: 

 
!!
P =2µ0π ""χ t( ) f H0

2 =
µ0
2Ms

2V H0
2

3kBTτ
⋅
(2π f τ )2
1+(2π f τ )2  (1.11) 

where χ’’ is the imaginary part of the susceptibility, H0 and f are the applied AC 

field amplitude and frequency respectively, Ms is the saturation magnetization, 

V is the particles volume, T is the temperature, τ is the global relaxation time, μ0 

is the vacuum permeability and kB is the Boltzmann constant. The specific 

power absorption (SPA) is defined as: 

 !!SPA=P /ρ  (1.12) 
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where ρ is the mean density of the particles and the SPA value is expressed in 

[Wg-1]. From the above equations, we can conclude that an optimum particle 

size exists that yields to a maximum heating, which depends also on the 

applied magnetic field intensity and frequency. This optimal size also depends 

on the material through the anisotropy constant. 

Another possible heating mechanism is related to eddy currents. In fact, under 

an applied oscillating magnetic field, eddy currents can be generated on the 

particles surface. The heat production for this mechanism is related to the 

power dissipation due to the resistance of the material. These currents, 

however, depend on the degree of penetration of the field into the particles. 

The eddy currents have been shown to be negligible for small particles (less 

than 100 nm in diameter), if the frequency of the alternating field is less than 

10 GHz [34]. 

1.3 NiMnGa shape memory alloy 

Magnetic shape memory (MSM) alloys are magnetoelastic multiferroic 

materials that exhibit both a ferromagnetic and a ferroelastic (martensitic) 

phase transformation and are characterized by a strong coupling between the 

magnetic and structural degrees of freedom [35]. 

The attentions devoted to MSM alloys have increased continuously since 

their discovery in the 1996 [36]. In particular, in the recent years the ongoing 

research for new active materials employable in actuation devices has focus on 

MSM alloys, which permit to combine macroscopic strains higher than 10% 

[37] with a high cycling frequency, making these materials the favourite 

candidate for a new generation of actuation devices and energy harvesters. In 

the field of machining, active piezoelectric materials commonly used in the 

current microsystems applications can achieve strains that are one order of 

magnitude smaller compared to the ones achievable by MSM alloys; 

nevertheless, the realization of actuation devices based on piezoelectric 
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materials often requires the integration of additional gear mechanisms, with a 

further increase of the system complexity [38]. In the field of energy harvesters, 

MSM alloys have exhibited a significant capability in harvesting mechanical 

energy by cycling the martensite variant reorientation [39, 40]. 

The conventional shape memory effect in MSM alloys is based on the 

thermoelastic transformation between a high temperature cubic phase, called 

“austenite”, and a low temperature phase characterized by a lower symmetry, 

called “martensite”, producing a change in their macroscopic shape that is 

reversible upon heating and cooling [41]. A remarkable property of the MSM 

alloys is that if the material is deformed in the martensitic phase, the original 

shape can be restored by heating the material to the austenitic phase. 

In addition to the conventional shape memory effect, which is controlled by 

the temperature, other actuation mechanisms are possible in MSM alloys. In 

fact, thanks to the strong coupling between their magnetic and structural 

orders, MSM alloys are intrinsically multifunctional materials and external 

magnetic fields can significantly alter the structure of the martensitic phase. 

In particular, applying a magnetic field it is possible to induce boundaries 

motion in the martensitic phase [42, 43], leading to an increase in the amount 

of variants with their easy magnetization axis aligned parallel to the applied 

magnetic field at the expense of the variants with different orientations. This 

effect, called “magnetic shape memory effect” or “magnetic field induced 

reorientation” (MIR), permits to obtain very large magnetic field induced strains 

in the material. Thanks to this effect strains up to 12% [37] have been observed 

in bulk single crystals of Ni2MnGa, making this material a great candidate for 

actuation devices that are able to operate at frequency up to 250 Hz [44]. 

Another actuation mode in MSM alloys derives from the coupling between 

the crystal structure and the magnetization, but it does not involve boundaries 

motion. In fact, cooling down the austenitic phase under an applied magnetic 

field, the phase with the higher magnetic moment is the one energetically 

favoured. This effect produces a magnetically induced martensite (MIM) that 

can be applied for actuation in the proximity of the transformation 
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temperature [45, 46].  

The peculiar aspects of the crystal structure and the magnetic properties of 

the Ni2MnGa alloy will be described in the following Section, giving to the 

reader the necessary tools necessary to comprehend the analysis that will be 

conducted in the discussion of the experimental results on Ni2MnGa thin films. 

The MIR effect, demonstrated in the Ni2MnGa bulk single crystals, will be also 

briefly introduced in Section 1.3.2. In Section 1.3.3 the basic aspect related to 

the epitaxial growth of Ni2MnGa alloy thin films are introduced and finally, in 

Section 1.3.4, few selected examples of applications of Ni2MnGa thin films are 

briefly reported. 

1.3.1 Crystal structure and magnetic properties 

The ternary metallic compound Ni2MnGa, commonly named Ni-Mn-Ga and 

in the following indicated with ‘NiMnGa’ for simplicity, is a Heusler alloy. The 

Heusler alloys, whose general formula for the stoichiometric composition is 

(X2YZ), are ferromagnetic metallic alloys characterized by a L21 crystal structure 

[47] with Fm-3m space group, consisting in four interpenetrated face centred 

cubic (fcc) lattices with position (0, 0, 0,) and (½, ½, ½) for X atoms, (¼, ¼, ¼) for 

Y atoms and (¾, ¾, ¾) for Z atoms. A schematic representation of the L21 

structure of a Heusler alloy is given in Fig. 1.9a, in which the two sub-lattices of 

X atoms are drawn in blue and black, while the sub-lattices of Y and Z atoms 

are drawn in green and the red, respectively. For the NiMnGa alloy, X = Ni, Y = 

Mn, Z = Ga. The lattice parameter of NiMnGa cubic cell is a = 0.5821 nm [48]. 

The stoichiometric alloy exhibits a ferromagnetic phase transition with a 

Curie temperature TC ≈ 370 K; at lower temperature, NiMnGa undergoes a 

martensitic phase transformation from the highly symmetric cubic phase, i.e. 

austenite, to a low symmetry phase, i.e. martensite. The martensitic phase 

transformation temperature (TM) is around 210 K for the stoichiometric 

compound [49]. 
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Fig. 1.9 (a) L21 cubic crystal structure of Heusler alloys (X2YZ). For the NiMnGa alloy, X 
= Ni, Y = Mn, Z = Ga. (b) Tetragonal distortion of the austenitic phase. (c) Monoclinic 
and corresponding pseudo-orthorhombic cells for the distorted martensitic structure. 
(d) Lattice relationships between the cubic L21 (blue) and the martensitic (green) cells: 
the typical extent of commensurate 5M and 7M modulated lattices are also shown ((d) 
is adapted from [56]) 
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However, in non-stoichiometric NiMnGa compounds the transformation 

temperatures as well as the observed martensitic phases are strongly 

dependent on the alloy’s composition [50, 51]. 

The martensitic phase transformation is a first order displacive solid-state 

transition that results from a lattice distortion, the so-called Bain distortion, of 

the high-temperature austenitic phase into a low temperature martensitic 

phase. The Bain distortion is a lattice deformation that causes an expansion of 

the cell in one of the crystallographic directions and, correspondingly, a 

contraction in the two orthogonal ones, reducing the symmetry of the system 

from cubic to tetragonal (Fig. 1.9b). The low temperature martensite can even 

display additional distortions, with a further reduction of the symmetry from 

tetragonal to orthorhombic (the axes are distorted giving a > b > c) or 

monoclinic (if a monoclinic angular distortion is also observed) [52]. 

It is worth noting that, even in the case of the lower monoclinic symmetry, 

the martensitic phase is commonly described by the community working on 

MSM alloys by using a pseudo-orthorhombic setting and assuming a slight 

distortion of the γ angle in the orthorhombic cell with a > b > c, being this 

angle slightly different from 90°. The situation is schematized in Fig. 1.9c, in 

which the pseudo-orthorhombic cell is drawn in light blue; the monoclinic cell 

corresponding to this pseudo-orthorhombic cell is schematized in green. In 

particular, in the monoclinic setting the martensitic transformation product 

phase is properly described by an I-centred unit cell having two of its 

fundamental axes along different directions compared to the 

austenitic/pseudo-orthorhombic axes. In fact the am, bm and cm (in the 

following indicated by a’, b’ and c’ for simplicity) monoclinic axes are parallel to 

the [110], [010] and [-110] directions of the pseudo-orthorhombic structure 

respectively, as schematized in Fig. 1.9c. 

The use of a pseudo-orthorhombic cell is not strictly correct and does not 

reflect the real symmetry of the martensitic phase. However, it offers the great 

advantage to permit a direct and easy comparison between the martensitic 

phase and the parent austenitic phase, since it can be considered as directly 
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generated by the cubic phase for effect of the lattice invariant Bain distortion 

plus a lattice variants deformation, while maintaining its axes parallel to the 

austenitic ones. 

Moreover, many authors have reported diffraction experiments in which 

additional weak reflections corresponding to satellite peaks are present, thus 

proving the existence of structural modulated martensitic phases. This kind of 

distortions are generated by an instability in the parent cubic structure that 

induces a shuffling of atomic layers along the martensitic c’ short axis. 

After Webster et al. [49], which observed a five-fold superstructure (named 

‘5M’) involving five consecutive martensitic unit cells, also other authors have 

reported different superstructures constituted by 5, 6, 7, 10 and 12 cells and 

named 5M, 6M, 7M, 10M and 12M respectively [53-55]. In Fig. 1.9d, the dashed 

lines draw the extension ranges on which the most common 5M and 7M 

modulated structures occur. Recent works have also demonstrated the 

occurrence of incommensurate modulated structures [56-58] in stoichiometric 

and non-stoichiometric NiMnGa alloys. 

The peculiar property of martensites is that the high strain related to the 

phase transformation is accommodated at the austenite-martensite interface, 

the “habit-plane”, by the formation of ferroelastic domains called “martensitic 

variants” through a lattice invariant deformation that leaves the habit-plane 

undistorted and un-rotated [59]. This lattice deformation can occur by 

introduction of defects (slip dislocations) in the crystal structure or by 

twinning. In the latter case, the generated martensitic variants are also called 

“twin variants”. 

To be suitable for the above-mentioned applications, NiMnGa alloys have to 

satisfy two requirements. The first request is that the martensitic phase 

transformation temperature must be above room temperature (RT), since only 

the martensitic phase displays the MSM effect. Second, a low twinning stress is 

necessary for the twin boundaries movement to occur at low applied magnetic 

fields [60]. This low twinning stress is usually achieved in the modulated 

martensitic phases. 
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Fig. 1.10 Scheme of the MIR effect. (a) The two martensitic variants are drawn in blue 
and orange, respectively; the arrows give their respective easy axes. (b) When an 
external magnetic field is applied, the boundary moves and the amount of the blue 
variant increases. 

1.3.2 MIR effect in bulk crystals 

The strong coupling between structural and magnetic ordering is at the 

origin of the magnetic-induced reorientation of twin variants, which is the key 

effect at the base of the magnetic field induced strain. 

Thanks to the high magnetic anisotropy, in bulk crystals the magnetization 

in the pseudo-orthorhombic structure of NiMnGa is favourably aligned along 

the short c axis of the unit cell, which corresponds to the b’ long axis in the 

monoclinic setting [61]. In the tetragonal phase (c > a), an easy-plane 

behaviour is instead observed [62, 63]. The direct consequence of this 

preferential orientation is that the domains oriented with their easy 

magnetization axis parallel to the applied field are the most stable; the 

domains with their easy axis in a different orientation are in an unstable 

configuration and, providing that the magnetic energy across the domains 

boundary is higher than the mechanical energy needed for boundaries 

motion, a reorientation of the martensitic variants can occur [64]. The 

described situation is schematized in Fig. 1.10, in which two martensitic 

variants are drawn in blue and orange respectively. When an external 

magnetic field is applied, the reorientation of the variants occurs with an 

increase of the most stable one. In this process, a deformation of the shape is 

also observed. The microstructural twin variants reorientation induced by the 

applied magnetic field is accompanied by a large and sudden change in the 

magnetization. 
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Fig. 1.11 (a) Magnetization curve for single variant samples: a curve of a sample 
displaying MIR effect is compared to the curve of a sample in which the MIR is not 
displayed. The arrows highlight the point in which the stable variant nucleate. (b) 
Magnetization curves for two samples displaying MIR effect but characterized by a 
different kind of twins: the red curve is relative to a type-I twin, the black curve is 
relative to a type-II twin. (From [64]) 

In Fig. 1.11a the magnetization curve for a single variant martensite 

exhibiting MIR effect is compared to the one of a martensite that does not 

display MIR: the nucleation of a differently oriented twin variant and the onset 

of the twin boundary motion are marked by a sharp increase in the 

magnetization of the sample displaying the MIR [64]. 

Recently, Straka et al. [65] showed that two different kinds of mobile twin 

boundaries, called type-I and type-II respectively, exist in modulated 

martensite. A strong difference in the twinning stresses exists for the two kinds 

of twins, being the twinning stress of type-II twins 10x lower than the one of 

type-I twins. This remarkable difference strongly affects the twin boundary 

mobility and, hence, the critical field values at which the MIR effect establishes. 

In Fig. 1.11b the magnetization curves for two samples containing just a single 

twin boundary but of different kinds, are shown. When a magnetic field is 

applied, the twin boundary can move producing a decrease of the martensitic 

variant with its magnetization axis oriented not parallel to the external field. 

The field needed to start the twin boundary motion is very different for type-I 

or type-II twins. In particular, the low twinning stress of type-II twin is related to 

the irrational character of the involved twinning plane, which does not 

correspond to an exact crystallographic plane, thus permitting an easier 
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motion of the twin boundary with respect to the rational type-I twins [64]. The 

typical fields values necessary to move type-II twins are usually lower than 0.2 

T. 

1.3.3 NiMnGa thin films: microstructure and MIR effect 

In the last years, great attention has been devoted to NiMnGa thin films, 

since they represent the best choice for the realization of integrated devices 

[66]. The presence of a substrate, however, represents a strong constrain, 

which can significantly affect the martensitic film properties. 

The most common way to prepare single crystalline NiMnGa thin films is the 

epitaxial growth [67] on a single crystalline substrate. NiMnGa films have been 

successfully grown on various substrates, e.g. GaAs(001) [68, 69], Al2O3(110) 

[70, 71], SrTiO3(100) [72] and MgO(100) [73, 74]. The large variety of suitable 

substrates for the epitaxial growth indicates the easy adaptation of NiMnGa, 

due to the facility of its structure to deform in order to fit different stress 

conditions. In the present work, the case of MgO(100) substrate is considered. 

The mismatch between the austenitic NiMnGa cell and MgO one (aMgO = 

0.4213 nm [75]) is 27.8% if a cube-on-cube growth is assumed. The mismatch 

reduces to 2.4% if the NiMnGa cell is rotated of 45° with respect to the 

substrate edges. This epitaxial relationship, indeed, is the one observed 

experimentally [74] and is schematized in Fig. 1.12. Besides the lattice misfit, 

also the difference of the thermal expansion coefficients between substrate 

and film can lead to a residual stress in the NiMnGa [76]. Since also the stress 

can affect the martensitic phase transformation, this stress substantially 

increases the martensitic transformation temperature in thin films compared 

to bulk samples. 

During the cooling of the NiMnGa austenitic thin films, the transformation 

to the martensitic phase occurs at temperatures higher than RT. Since the 

austenite orientation is fixed by the epitaxial constrains, the tetragonal or 

orthorhombic phase (we can neglect for a while the monoclinic distortion that 
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Fig. 1.12 (a) Scheme of the epitaxial relationship for the cubic cell of NiMnGa austenite 
on MgO substrate. 

can be ascribed as a further slight distortion of the orthorhombic phase), has 

to adapt to this orientation. The direct effect of this requirement is that a 

complex martensitic microstructure constituted by well-defined orientations 

of twinning planes is generated in the epitaxial thin films. In particular, two 

microstructures are commonly observed in NiMnGa martensitic thin films. 

These two different microstructures are characterized by different geometries 

of the twinning planes, which intersect the film surface at 90° and 45° with 

respect to the [100] direction of MgO (Fig. 1.13a and b) and called in the 

following “90° twinning planes” and “45° twinning planes”. The twin variants 

they generate will be called “90° lamellae” and “45° lamellae”, respectively. 

Usually, in martensitic thin films a complex microstructure generated by the 

co-presence of 90° and 45° lamellae is observed. 90° lamellae can be oriented 

along both the equivalent [100] and [010] directions of the MgO substrate, 

while 45° lamellae along both [110] and [1-10] directions of MgO. The 

exemplificative scheme in Fig. 1.13c represents a portion of a film displaying 

90° lamellae oriented along both [100] and [010] MgO directions and 45° 

lamellae only along [110] direction; the portions of the film constituted by the 

same kind of martensitic lamellae and with the same orientation with respect 

the reference system (given by the principal directions of the MgO substrate), 

are called “twin plates”. By using the introduced nomenclature, the 

morphological, 
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Fig. 1.13 Typical morphologies observed in NiMnGa thin films, showing 90° (a) and 45° 
(b) lamellae (the angular values are expressed with respect to the [100] MgO). (c) 
Example of complex morphology like the typical ones displayed by the martensitic 
films, usually showing the presence of differently oriented twin plates constituted by 
different twin variants. 

structural and magnetic properties of the martensitic phase will be correlated 

to the martensitic twin plates and twin variants in the Chapter 3, 4 and 5, in 

which experimental results on martensitic thin films and nano-disks will be 

discussed. 

As already described in the previous Sections, the relative stabilities of 

differently oriented martensitic variants under an applied magnetic field can 

induce the variant reorientation, with an increase of the variants with their 

easy magnetization axis oriented parallel to the external magnetic field. In thin 

films, the MIR effect has been observed by means of magnetic measurements 

that show the same features typically displayed for the MIR effect in bulk 

crystals (Section 1.3.2). However, in thin films the MIR effect has to occur 

preserving the film shape, because of the strong epitaxial constraints. Hence, 

the MIR effect in thin films has to happen without any evident change in the 
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macroscopic film size. 

The effective employment of the NiMnGa thin films for the realization of 

actuation devices therefore strongly relies on the release of the film from the 

epitaxial constraints imposed by the substrate. This can be done, for example, 

by growing the film on a soluble substrate (e.g. NaCl [77]) or by employing a 

sacrificial buffer layer. A buffer layer of Cr is the most common choice at this 

purpose [78]. In this thesis the case of Cr under-layer grown on MgO will be 

described. 

1.3.4 Actuation devices and energy harvesters based on 
NiMnGa films 

In this Section, two examples relative to the realization of an actuation 

device and an energy harvester based on NiMnGa thin films are reported. 

Besides the pioneering works proposing these model systems, a lot of work is 

still required to enhance the efficiency and optimize the design of such 

technological devices. 

1.3.4.1 Micro-cantilever based on NiMnGa thin film 

The basic implementation of a micrometric actuator based on NiMnGa thin 

film was firstly proposed by Jenkins et al. [79]. In their work, the authors 

realised a cantilever starting from a martensitic NiMnGa thin film. In particular, 

they produced a free-standing cantilever with a total length of 20 μm, by 

means of focused ion beam (FIB) processing. A scanning electron microscopy 

(SEM) image of the cantilever is shown in Fig. 1.14a. 

Once the cantilever was released, a field of 0.6 T was applied parallel to the 

long direction of the cantilever. In the atomic force microscopy image (Fig. 

1.14b) taken in remnant condition after the removal of the applied magnetic 

field, an angle of 86.8° was observed between the 90° lamellae oriented along 

the two different directions (black lines in Fig. 1.14b). Afterward, a magnetic 

field is applied in the plane of the film but perpendicularly to the long 

direction of the cantilever.  
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Fig. 1.14 (a) SEM image of the free-standing cantilever prepared by means of FIB. (b) 
AFM image (the area correspond to the white rectangle in (a)) taken in remnant 
condition after the application of an in-plane magnetic field (0.6 T) along the long axis 
of the cantilever. (c) AFM image in a remnant condition after the application of an in-
plane magnetic field (0.6 T) directed perpendicular to the long axis of the cantilever. 
(From [79]). 

In the AFM image (Fig. 1.14c) taken in a remnant condition, an angle of 83.5° 

was observed between the same lamellae. The authors explained this angular 

variation by assuming that a rearrangement occurs, due to a local 

reorientation of the variants close to the boundary between the plates. The 

observed effect was however remarkably small and the experimentally 

observed deformation was far away from the huge strain values expected for 

the twin variant reorientation typical of this kind of martensitic thin films. 

Moreover, the small effect observed by the authors is irreversible thus 

demonstrating that a proper tailoring of the film properties and the 

optimization of free-standing structures preparation procedures are strongly 

necessary to obtain functional devices. 
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Fig. 1.15 Model for an energy harvesting system based on MSM alloy thin film. When 
the MSM film is contact with the heat source its temperature change from T1 to T2 and 
its magnetization from M1 to M2, as shown in (a) and (b). The change in the 
magnetization ΔM causes a magnetic attraction force towards the external permanent 
magnet (c) and induces a current in the pickup coils placed below the film. The MSM 
film is no more in contact with the heat source and is cooled below the TM temperature: 
the magnetic force thus vanishes and the elastic force of the polymeric cantilever 
restores the initial state of the device. (From [83]) 

1.3.4.2 High-frequency energy harvester based on MSM thin films 

The availability of miniature energy harvesters would be of great benefit to 

the development of novel self-sustaining integrated microsystem, where 

power supply or energy storage devices cannot be implemented.  

Up to now, various concepts related to energy harvesting in microsystems 

have been developed on piezoelectric, electromagnetic induction, 

electrostatic and thermoelectric principles [80-82]. 

Regarding the aforementioned principles, unavoidable problems arise 

when they are applied in the miniaturization of the harvesting systems. MSM 

alloy are very promising thanks to the possibility to control their structure by 

means of different control mechanisms, which are, as already described, 

temperature, magnetic field and stress. Their intrinsically multifunctional 

properties would permit to exploit multitasking processes keeping a simple 

design and obtain energy harvesting devices with high cycling frequencies. 

Gueltig et al. [83] have very recently proposed a model energy harvesting 

system based on MSM alloy thin films and have realized demonstrator devices. 

The model system is schematized in Fig. 1.15, in which a MSM film is at the free 

edge of a polymer cantilever, with a pickup coil mounted above it. A miniature 
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permanent magnet is placed close to the system, in order to have a field 

gradient at the edge of the cantilever. When the MSM film is in contact with 

the heat source its temperature change from T1 to T2 and its magnetization 

from M1 to M2: this step is represented in Fig. 1.15a and b. The change in the 

magnetization causes a magnetic attractive force on the cantilever edge 

towards the external permanent magnet (Fig. 1.15c); the magnetization 

change induces a current in the pickup coils placed above the film. In this last 

step, the MSM film is no more in contact with the heat source and is cooled 

below the martensitic phase transition temperature by heat conduction and 

convection: the magnetic force thus vanishes and the elastic force of the 

polymeric cantilever restores the initial state of the device. 

The results obtained on the test devices prepared by the authors (here not 

reported) have demonstrated that the exploitation of MSM alloys as energy 

harvesters is possible. However, large improvements concerning the 

optimization of the MSM films (in order to increase ΔM for the phase 

transformation and reduce the thermal hysteresis of the transformation, in 

order to minimize the heating time), the optimization of the interface between 

MSM films and heat source (in order to improve the heat transfers) and the 

optimization of the electrical circuit are necessary. 

1.4 Transmission electron microscopy 

Transmission electron microscopy is a very powerful characterization tool, 

which permits to gain information about structure, morphology and 

composition of materials from atomic to micrometre scale. Differently to the 

case of optical microscopy, in which we use light to create a magnified image 

of the sample, in transmission electron microscopy the probe is an electron 

beam. The great advantage deriving from the employment of such kind of 

probing particles relies in the dual nature of the electrons, which behave as a 
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wave and, at the same time, as charged particles making possible the 

exploitation of imaging and diffraction techniques as well as, thanks to a 

strong interaction with the analysed sample, analytical characterizations. 

Moreover, the employment of charged particles, which are sensitive to 

magnetic fields, enables to extract information on the magnetic properties of 

the specimens. Remarkably, thanks to relativistic wavelengths of the electrons, 

which are in the picometre range at the working accelerating voltages, it is 

possible to realise such characterizations at a very fine scale, not reachable by 

other conventional techniques. 

The electrons of the beam, travelling across the specimen, are subjected to 

scattering processes due to electrostatic interactions with the electrons and 

nuclei of the atoms inside the specimen. The scattering processes can be 

grouped in two classes, elastic and inelastic ones, depending on whether the 

electrons lose part of their energy or not. Another classification of the 

scattering processes can be outlined separating the scattering events in two 

groups, the coherent scattering phenomena and the incoherent ones (Fig. 

1.16a). In particular, the scattering process is classified as coherent if the phase 

relationship with the electrons of the incident beam is preserved, while 

incoherent if it is lost. 

 

Fig. 1.16 (a) Scattering processes and (b) the secondary signals arising from the 
interaction between the electron beam and a thin specimen in a TEM. (From [84]) 
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Fig. 1.17 Schematic representation of the imaging (a) and diffraction (b) working 

modes in a TEM. (From [84]) 

Depending on the scattering process, different imaging techniques can be 

exploited [84]. In particular the coherent elastic scattering (Bragg scattering) is 

at the base of the conventional imaging techniques and electron diffraction, 

while the incoherent elastic scattering (Rutherford scattering) is exploited for Z-

contrast imaging. 

In addition, thanks to the inelastic scattering processes, a wide range of 

secondary signals is produced as a consequence of the interaction between 



Materials and methods 

37 

the beam and the specimen, as schematized in Fig. 1.16b. In particular, 

characteristic X-rays and inelastically transmitted electrons are usually 

employed to obtain analytical information (chemical composition, 

coordination state, etc.), and the relative spectroscopic techniques are 

respectively called energy dispersive X-Ray spectroscopy (EDXS) and electron 

energy-loss spectrometry (EELS). 

In Fig. 1.17, the two working modes of imaging (a) and diffraction (b) are 

schematized. In particular, if the imaging system (constituted by the lenses 

below the objective lens) is focused on the image plane of the objective lens 

an high magnification image of the sample is obtained; if the imaging system 

is focused on the back focal plane of the objective lens, a diffraction pattern is 

obtained. 

In the following, the principles at the base of most common transmission 

electron microscopy techniques are briefly mentioned, while a more detailed 

discussion of the less common electron holographic techniques is presented 

with the aim to give to the readers the basic tools to comprehend the 

discussion of the experimental results reported in the next Chapters. 

1.4.1 Conventional transmission electron microscopy 

In conventional transmission electron microscopy, a diffraction contrast can 

be obtained by selecting only one diffracted beam with an aperture in the 

back focal plane of the objective lens. In this way, the contrast in the obtained 

image arises thanks to the local perturbations in the periodicity and 

orientations of atomic planes due to changes in crystalline phases, atomic 

ordering and defects. The image is therefore a high magnification map of the 

diffraction efficiency (or transmission efficiency, if the transmitted beam is 

selected) related to the selected diffraction spot. 

An easy way to describe the image formation for this imaging technique is 

the “two beams approximation” that can be developed following the Howie-
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Whelan formulation [85], not reported here. The most important aspects 

emerging from the formulation are that the transmitted and diffracted 

intensities vary periodically with the two independent variables t and s, where 

t is the sample thickness and s is a parameter related to the deviation from the 

ideal Bragg condition. 

1.4.2 High-resolution transmission electron microscopy 

A different imaging technique can be performed if more diffracted beams 

are selected and contribute to the image formation. In this case, the diffracted 

beams can interfere and the image is created as an interferogram. The 

technique is also called phase contrast, since the phases of the diffracted 

beams have a key role in the contrast formation, or, alternatively, high-

resolution transmission electron microscopy (HRTEM). 

A basic formulation (whose validity is restricted to the ideal case of very thin 

specimens) of the image contrast formation is possible by using the basic 

concepts of information theory [86]. In the case of very thin specimens, a 

detailed description can be carried out by applying the “phase object 

approximation” and assuming that the sample is a “weak phase object”. For the 

detailed theoretical formulation, the reader is addressed to specific textbooks 

[87, 88]. 

It is worth to note that for real specimens, far from the ideal case of 

thicknesses of few atomic cells, the HRTEM images show a complex 

dependence from both the thickness and the defocus. The obtained 

interferogram contains the periodicity of the reticular potential, giving useful 

crystallographic information; however, to correctly describe and interpret the 

HRTEM images, the employment of image simulations is strictly required. 
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Fig. 1.18 Schematic representation of a typical configuration of detectors in STEM 
mode. (From [84]) 

1.4.3 Scanning transmission electron microscopy imaging 

Differently to the techniques briefly introduced up to now, based on the 

parallel illumination of the entire area of the sample that is under 

investigation, in the scanning transmission electron microscopy (STEM) 

technique the beam is concentrated in a very small probe and a raster scan of 

the portion of interest of the sample is performed. In this working mode, the 

electron beam generated by the gun is focalized by the lenses of the 

condenser system (above the specimen plane) and an image of the electron 

source is created in the specimen plane. Thanks to scanning coils, the focalized 

electron probe is moved along the specimen and the transmitted electrons are 

detected below the sample. The intensity revealed by the detectors is 

recorded as a function of the beam position during the scan and the final 

image is therefore obtained. 

The great advantage of this technique is that the spatial resolution achieved 

is strictly related to the size of the probe. The only lens involved in this 

techniques are the lens above the specimen, which are the only one 

contributing in the formation of the focalized probe. The detectors used in 
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STEM imaging modes are positioned below the sample, in back focal plane of 

the objective lens and are constituted by concentric rings. These detectors are 

grouped in bright field and dark field detectors, depending if they integrate or 

not also the transmitted beam (Fig. 1.18). Particularly interesting is the 

employment of a high-angle annular detector (high-angle annular dark field, 

HAADF), which permits to obtain an image by collecting the electrons that 

undergo to incoherent elastic scattering processes. The cross section for the 

scattering process of such electron, which are scattered at high-angles, is the 

Rutherford one and is proportional to Zα (α ≈ 1.7), where Z is the atomic 

number. In this way, if the specimen is sufficiently thin, the contrast in the 

image can be directly related to the atomic number Z and for this reason the 

technique is commonly called Z- contrast. 

The employment of a focalized probe permits to simultaneously acquire 

other signals apart from the transmitted electrons. The interactions between 

the beam and the specimen can generate inelastic processes in which the 

beam loses a part of its energy, which is transferred to the sample. The 

principal techniques making use of secondary signals, exploited in a TEM to 

achieve analytical information, are the already mentioned electron energy-loss 

spectrometry and energy dispersive X-ray spectroscopy. 

For a detailed description of the STEM working mode the reader is 

addressed to the references: [89]. 

1.4.4 Electron Holography 

The recent availability of high brightness, stable and coherent field emission 

guns permits to apply electron holography to a wide variety of materials, 

which range from the semiconductors [90, 91] to magnetic materials [92, 93]. 

At the same time, the great advances in the design and fabrication of 

advanced magnetic materials focus the attention of the scientific community 

on the need for characterization techniques able to investigate the magnetic 

properties of the materials below the micrometric scale. 



Materials and methods 

41 

Electron holography is a very powerful tool that consents to retrieve the 

phase shift of the electron wavefuntion, which is due to the magnetic and 

electric fields. From the magnetic phase shift, the flux lines of magnetic 

induction projected along the direction of the incident electron beam can be 

directly visualized at the nanometre scale, permitting the study of the domains 

structure and the magnetization processes in many nanostructured magnetic 

materials. In a similar way, if the electrostatic phase shift is taken into account, 

electron holography can be also successfully employed to investigate the 

electric potential distribution. 

There are different approaches in electron holography, the most common 

being off-axis holography and in-line electron holography. The off-axis electron 

holography makes use of an electron biprism to create an interference fringes 

pattern. This technique can be divided in two main subgroups: 

(i) high-resolution electron holography, in which the final aim is to 

improve the resolution of HRTEM images using the phase plates to 

correct the lens aberrations [94]; 

(ii) medium-resolution electron holography, which is a technique finalized 

to the characterization of magnetic and electrostatic fields with 

nanometre spatial resolution [95]. 

The in-line electron microscopy technique, commonly called Lorentz 

microscopy, permits to retrieve the phase of the electron wavefunction 

measuring only an intensity distribution along the direction parallel to the 

optical axis of the microscope. This technique does not require an electron 

biprism and it is very powerful to easily obtain qualitative information about 

magnetic fields over a large area of the sample [93, 96]. 

In the following, the basic concepts regarding medium resolution off-axis 

electron holography and Lorentz microscopy are introduced, focusing the 

attention to the most relevant aspects for the characterization of magnetic 

materials. These techniques have been widely employed in the 

characterization of the magnetic materials described in the next Chapters. 
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1.4.4.1 Off-axis electron holography 

Basic	
  concepts	
  

The main requirements to perform off-axis electron holography are a 

transmission electron microscope equipped with an electron biprism and a 

highly coherent field emission gun. In a conventional transmission electron 

microscope, the specimen is inserted in the gap among the pole pieces of the 

objective lens. When the lens is excited, the specimen is therefore subjected to 

a strong magnetic field of approximately 2T. In such a high field, most of the 

magnetic specimens are immediately magnetized upon being inserted into 

the electron microscope column, thus compromising the investigation of the 

original magnetic domains structure of the sample. To perform electron 

holography, instead, a proper hardware configuration that permits to perform 

the experiment without applying any magnetic field on the specimen is 

necessary [98]. In the modern instruments this is achieved by employing a 

Lorentz lens, which is a non-immersion lens whose pole pieces are below the 

specimen position in the TEM column (Fig. 1.19a). 

 

Fig. 1.19 (a) Schematic diagram (cross-section) of a Lorentz lens. (b) Scheme of the 
experimental setup for electron holography. (From [97, 98]) 
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The typical electron-optical configuration for an electron holography 

experiment is schematized in Fig. 1.19b. The region of interest of the sample is 

positioned in a way so that it covers approximately half of the field of view. The 

electron biprism, which is a thin conducting wire placed close to the first 

image plane, is excited with a small positive voltage in order to promote the 

overlap of the reference electron wave, that has travelled in the vacuum, with 

the electron wave that has passed through the specimen. Increasing the 

voltage applied to the biprism, the width of the overlap region increases 

making possible the observation of larger portion of the specimen but putting 

strong constraints on the spatial coherence of the source necessary to 

maintain a sufficient contrast in the interference fringes. 

In coherent image formation, the electron wavefunction in the image plane 

can be written in the form: 

 !!ψi(r )= Ai(r )exp iφi(r )#
$

%
&  (1.13) 

where !r  is a two-dimensional vector in the plane of the sample, being the 

thickness of the specimen negligible compared to its lateral extension, A and 

φ  are the wavefunction amplitude and phase, respectively. In conventional 

imaging techniques, we record a spatial distribution of wavefunction intensity 

given by: 

 !!I(r )= Ai(r )
2

 (1.14) 

which is only related to the amplitude of the wavefunction and all the 

information concerning the phase is lost. On contrary, in the intensity 

distribution related to an off-axis electron hologram an additional term due to 

the tilted plane reference wave must be added to the wavefunction of the 

perturbed wave, thus obtaining [98]: 

 !!Iholo(r )= ψi(r )+exp 2π iqc ⋅r( )
2

 (1.15) 

where the tilt of the reference wave is given by the two dimensional reciprocal 

space vector !q =qc . 
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Fig. 1.20 Sequence of steps performed to extract amplitude and phase from an 
electron hologram. (a) Experimental hologram of a chain of magnetite crystals. Fresnel 
fringes due to diffraction effects at the edge of the biprism are visible at both the sides. 
The field of view of the image is 725 nm. (b) Reference hologram acquired in the 
vacuum, immediately after acquiring the hologram on the specimen. (c) Magnified 
region of the specimen hologram. (d) FFT of the electron hologram shown in (a), 
containing the centerband, two sidebands and the diagonal streak resulting from the 
Fresnel fringes. (e) One of the two sidebands is extracted from the FFT applying a 
circular mask with smoothed edges; also the streak due to Fresnel fringes (marked by 
dashed lines) can be masked. The selected sideband is centred and an IFFT is 
performed to obtain a complex image, whose amplitude and phase are represented in 
(f) and (g), respectively. Finally phase-unwrapping algorithms are used to remove the 
2π-discontinuities from the phase (g) to obtain the final unwrapped phase (h). (From 
[99]) 

By combining this expression with Eq. 1.13, the hologram intensity can be 

rewritten in the form: 

 !!Iholo(r )=1+Ai
2(r )+2Ai(r )cos 2π iqc ⋅r +φ(r )$

%
&
'  (1.16) 

in which three different contributions can be identified: the reference image 

intensity, the specimen image intensity and a set of cosinusoidal fringes whose 

local phase shift and amplitudes are related to the phase and amplitude of the 

electron wavefunction in the image plane (Eq. 1.13). In Fig. 1.20a an 

experimental electron hologram of a sample of magnetic nanoparticles is 

shown [99]. A reference hologram (Fig. 1.20b) in the vacuum is taken 

immediately after taking the hologram of the specimen for a reason that will 

be explicated later. In Fig. 1.20c, a magnified region of the hologram shown in 
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Fig. 1.20a is reported: as can be seen, local changes in the position of fringes 

are observed in proximity of the particles. 

By performing the Fourier transform of the hologram, we obtain [99]: 

 

!!

FFT Iholo(r )!
"

#
$ = δ(q) + FT Ai

2(r )!
"

#
$ +

+ δ(q+qc ) ⊗ FT Ai(r )exp iφi(r )!
"

#
$

!
"

#
$ +

+ δ(q −qc ) ⊗ FT Ai(r )exp −iφi(r )!
"

#
$

!
"

#
$

 (1.17) 

The Eq. 1.17 contains a peak at the origin of the reciprocal space 

corresponding to the Fourier transform of the reference image (“centerband"), 

a second peak centred at the origin corresponding to the Fourier Transform of 

the conventional bright field TEM image and two “sidebands”. The two 

sidebands are constituted by a peak centred at !q =−qc , corresponding to the 

Fourier transform of the image wavefunction, and a peak centred at !q =qc , 

corresponding to the complex conjugate of the image wavefunction. These 

two terms are the last ones in Eq. 1.17 and they contain the information about 

both amplitude and phase of the electron wavefuction. 

The Fourier transform of the hologram shown in Fig. 1.20a is reported in Fig. 

1.20d. The centerband and the two sidebands are recognizable. The diagonal 

streak is caused by the Fresnel fringes due to diffraction effects at the edges of 

the biprism. 

In order to recover the complex electron wavefunction, one of the two 

sidebands is selected and a circular mask with smoothed edges is applied to 

reduce its intensity radially to zero, as shown in Fig. 1.20e. Also the streak due 

to Fresnel fringes can be masked. The selected sideband is finally shifted to the 

centre of the image and then an inverse Fourier transform is performed. The 

complex image obtained is given by the expression [98]: 

 
!!
FT −1 δ(q) ⊗ FT Ai(r )exp iφi(r )%

&
'
(

%
&

'
({ }= Ai(r )exp iφi(r )%

&
'
(  (1.18) 

The amplitude and phase of the complex image wavefunction are finally 

calculated using the expressions: 
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!!
A= Re2(ψ)+Im2(ψ) φ = tan−1 Im(ψ)Re(ψ)  (1.19) 

where Re(ψ) and Im(ψ) are the real and imaginary parts respectively of the 

complex wavefunction. The amplitude and phase extracted from the 

hologram in Fig. 1.20a are shown in Fig. 1.20f and 1.20g, respectively. The 

resulting amplitude image is similar to an energy-filtered bright-field TEM 

image, since the contribution of inelastic scattering to the holographic 

interference fringe formation is negligible [99]. The phase image contains 

discontinuities in position where the phase shift exceeds the 2π amounts. The 

phase image can be unwrapped to remove the discontinuities by using 

“unwrapping” algorithms (Fig. 1.20h). 

The phase information is stored in the local lateral displacements of 

holographic interference fringes. Small inhomogeneities of the thickness and 

the charge of the biprism wire, lens distortions, as well as charging effect at 

apertures, can introduce artefacts into the reconstructed wavefunction and, 

hence, into the extracted phase [99]. In order to take into account these effects 

and correct the artefacts in the phase, a reference hologram (Fig. 1.20b) is 

usually obtained from the vacuum by removing the specimen from the field of 

view without changing the electron-optical setting of the microscope. The 

correction of said undesired effects is hence possible by subtracting the phase 

image obtained from the vacuum wavefunction from the phase image 

obtained from the specimen wavefunction and the distortion-free phase of the 

image wavefunction is therefore extracted. 

Electrostatic	
  and	
  magnetic	
  contributions	
  to	
  the	
  phase	
  shift	
  

The phase shift obtained by electron holography is sensitive to both the 

electrostatic potential and the magnetic vector potential of the specimen. If 

we assume that the specimen is thin and weakly diffracting, dynamical 

diffraction can be neglected and the phase shift of the electron wavefunction 

can be expressed by the Aharonov-Bohm phase shift [100]: 
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!! 

φ(x , y) = φe(x , y)+φm(x , y) =

= σ V(x , y ,z)dz
−∞

+∞

∫ −
e
!

Az(x , y ,z)dz
−∞

+∞

∫
 (1.20) 

where V is the electrostatic potential, Az is the component of the magnetic 

vector potential parallel to the electron beam propagation direction and σ is 

the interaction constant given by: 

 
!!
σ =

2π
λ

E+E0
E(E+2E0)

 (1.21) 

and depends on the acceleration voltage of the microscope U = E/e. In the 

above reported expressions, e and ħ are the charge of the electron and 

reduced Plank constant, respectively. In Eq. 1.21, λ is the relativistic electron 

wavelength and E0 is the rest mass of the electron. 

When no charge distributions or applied electric fields are present within or 

around the specimen, the electrostatic contribution to the phase shift 

originates from the mean inner potential (MIP) V0 of the material coupled with 

the thickness variations of the specimen, not negligible at the sample edges. In 

this case the electrostatic phase shift is given by: 

 !!φe(x , y)=σ V0 t(x , y)  (1.22) 

where t(x,y) is the specimen thickness. If the specimen has a uniform 

composition, then the electrostatic contribution to the phase shift is 

proportional to the local specimen thickness. 

The magnetic contribution to the phase shift (magnetic phase shift) contains 

information about the magnetic flux. The difference between the magnetic 

phase shift calculated at two arbitrary positions with coordinates (x1, y1) and (x2, 

y2) in a phase image is given by: 

 

!! 

Δφm = φm(x1 , y1)−φm(x2 , y2) =

= −
e
!

Az(x1 , y1 ,z)dz
−∞

+∞

∫ +
e
!

Az(x2 , y2 ,z)dz
−∞

+∞

∫
 (1.23) 

that can be expressed by the loop integral: 
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Fig. 1.21 Scheme of a thin magnetic specimen with constant thickness t. Φ is the 
magnetic flux through the plane ABCD, assuming that A, C and B, D are respectively on 
the perpendiculars to the sample in (x1,y1) and (x2,y2) at an infinite distance from the 
specimen. (From [98]) 

 
! 
Δφm =−

e
!

A idl"∫  (1.24) 

on a rectangular loop formed by two parallel electron trajectories at the points 

(x1, y1) and (x2, y2) and by the closure segments perpendicular to the electron 

trajectories taken at an infinite distance. A scheme of the described loop is 

given in Fig. 1.21. 

Thanks to the Stockes’s theorem, the quantity Δϕm can be related to the flux 

of magnetic induction concatenated the area S delimited by the rectangular 

loop: 

 
!!
Δφm =

π
φ0
ΦS  (1.25) 

where ϕ0 = h/2e is a flux quantum. The phase difference Δϕm between any two 

points in a phase image is therefore a measure of the magnetic flux 

concatenated to the region of the space bounded by the two electron 

trajectories crossing the sample in the two points. 
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The relationship between the magnetic phase shift and the components of 

the magnetic induction in the plane of the film can be established by 

calculating the gradient of ϕm, which is given by [99]: 

 
!! 
∇φm =

e
!
By
p(x , y) , −Bx

p(x , y)$
%

&
'  (1.26) 

where: 

 
!!
Bi
p(x , y)= Bi(x , y ,z)dz

−∞

+∞

∫  (1.27) 

represents the component of the magnetic induction perpendicular to the 

direction of the incident electron beam projected along the beam direction. 

If the sample has constant thickness and the magnetic induction does not 

vary significantly with z within the specimen, Eq 1.26 can be used to quantify 

the magnetic field strength and its direction at a local scale. If the thickness is 

not constant, it is necessary to separate the magnetic and electrostatic 

contributions to obtain correct information on the magnetic properties of the 

material. 

Separation	
  of	
  magnetic	
  phase	
  shift	
  and	
  mean	
  inner	
  potential	
  

As pointed out in the previous description, the total phase shift of the 

electron wavefunction contains two terms, due to the electrostatic and 

magnetic contributions respectively. The mean inner potential contribution is 

negligible when the specimen thickness is uniform or when the thickness 

changes very gradually in the investigated portion of the sample. 

Actually, although measurements of the local values of the mean inner 

potential can be useful to study the morphology or the chemical composition 

of the specimen, its contribution to the phase shift is detrimental for the 

investigation of magnetic materials by electron holography. 

In particular, for small magnetic entities (in the range of few to tens 

nanometres) the mean inner potential contribution can be larger than the 

magnetic contribution, thus completely compromising the study of the 

magnetic properties of the materials [101]. 
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Several methods have been proposed in order to separate the magnetic 

from the electrostatic contribution, in order to isolate the magnetic 

information. 

Tonomura et al. [102] proposed a method that utilizes the “time-reversal 

operation of an electron beam”. This method permits to achieve the separation 

by acquiring a second hologram in the same area of the sample, after turning 

upside-down the specimen with respect to the first acquired hologram. The 

sign (positive or negative) of the magnetic phase shift depends on the 

direction of the incident electron beam, while the sign of the electrostatic 

contribution does not change. Calculating the sum or difference of the phases 

extracted by the two holograms it is therefore possible to obtain twice the 

mean inner potential and twice the magnetic phase shift, respectively. Once 

the mean inner potential contribution has been isolated, it can be subtracted 

from all the subsequent phase images of the same portion of the sample to 

isolate the magnetic phase shift. A smoothing of the final phase image is often 

used to remove statistical noise and artefacts deriving from small residual 

misalignment of the two phase images [99]. 

Dunin-Borkowski et al. [103] proposed an alternative and more practical 

method consisting in performing an in-situ magnetization reversal inside the 

microscope column: applying a sufficiently large magnetic fields, the 

magnetization of the sample can be saturated in two opposite directions and 

two holograms that differ only in the sample magnetization direction can be 

acquired. The sum of the two phase images, in which the sample 

magnetization is along opposite directions, directly gives twice the mean inner 

potential contribution. This type of magnetization reversal process can be 

performed by using either a magnetizing TEM specimen holder or by tilting 

the sample and using the vertical magnetic field of the TEM objective lens. In 

the latter case, the objective lens can be turned off and the specimen brought 

back to the zero tilt condition before acquiring each hologram. 

It is worth noting that this second approach is only applicable if the 

magnetization in the specimen can be perfectly reversed. 
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Fig. 1.22 a) Dependence of interference fringes spacing and overlap width (in nm) on 
biprism voltage. (b) Dependence of interference fringes visibility on the biprism 
voltage, at different magnifications (circles: 1450x, squares: 2250x, diamonds: 3700x). 
All the datas refers to a FEI Titan 800-300 TEM operated at 300kV [105, 106]. 

Practical	
  aspects	
  

As already said, a field emission gun is essential to achieve a highly coherent 

electron beam. In the reality, a perfectly spatially and temporally coherent 

electron source does not exist. 

In an electron holography experiment the coherence degree has to be high 

enough to permit the acquisition of an interference fringes pattern with a 

sufficient contrast in a sufficiently low acquisition time. Typical acquisition 

times range from 5 to 20 seconds, but longer exposures can be performed 

providing that high stabilities of the holder and the microscope column 

prevent specimen and beams drifts to occur. 

In order to characterize the magnetic structure of the materials, the 

microscope objective lens is usually turned off since it creates a high field 

(about 2T) in the region in which the specimen is inserted. As previously 

described, to overcome this problem a non-immersion Lorentz lens is used as 

the main imaging lens: this lens permits to create an image at a relatively high 

magnification (up to 70k for a FEI Titan 80-300 microscope), leaving the sample 

in a field-free environment. The Cs aberration for the Lorentz lens (for a FEI 

Titan microscope, Cs = 8400 mm [104]) is significantly high if compared with 

typical values of common objective lens  and a spatial resolution of about 2 

nm is achieved. It must be noted, however, that the spatial resolution for 
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magnetic characterization is primarily limited by the interference fringes 

spacing and by the signal to noise ratio. 

In electron holography, a small portion of the sample can be analysed. By 

changing the voltage of the biprism, it is possible to increase the overlap width 

(Fig. 1.22a). However, an increase of the biprism voltage produces at the same 

time a reduction in the fringe spacing and in the fringes contrast (Fig. 1.22a 

and b). The proper voltage has therefore to be chosen carefully in order to 

have a sufficient overlap width without sacrificing fringe contrast and spacing, 

which finally affect the phase and spatial resolution respectively. 

1.4.4.2 Lorentz microscopy 

Basic	
  concepts	
  

Electrons are charged particles and when they travel through a region in 

which a magnetic induction B is present, they experiment a force. Provided 

that no electric field is present, this force is the classical Lorentz force: 

 
!
F =− e v ×B  (1.28) 

where v is the velocity of the electrons. If an electron travels for a distance t 

through a region in which a magnetic induction B perpendicular to v is 

present, it will be deflected by an angle θL given by [107]: 

 
!
θL =

eBt
mv

 (1.29) 

where m is the mass of the electron, and B and v are equal to |B| and |v|, 

respectively. The Eq. 1.29 can be alternatively expressed as: 

 
! 
θL =

eBλt
!

 (1.30) 

where λ is the electron wavelength and  !  the Plank constant. This form is 

convenient since relativistic effect can be easily taken into account by using 

the proper value for λ. Typical values of the Lorentz angle are very small, θL ≈ 

10-5 rad, that is about 100 times less than typical Bragg diffraction angles in 

TEM (θB ≈ 10-3 rad). 
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Fig. 1.23 A schematic diagram of the Fresnel mode for Lorentz microscopy. In top 
part, the electro-optical system is schematized (in a real microscope, two or more 
additional lenses are present below the objective lens). In the bottom part, the 
resulting images are given: (a) in-focus, (b) over-focused and (c) under-focused images. 
(From [107]). 

Since the effect of magnetic induction is to deflect the electrons, the 

intensity of an electron beam travelling across a magnetic specimen is not 

affected by magnetic domains in the material: the effect of the magnetic 

induction, as described, is to solely change the direction in which electrons 

emerge from the specimen but not the number of electrons or their speed. An 

in focus image of the specimen, therefore, does not contain any information 

about the magnetic domain structure [107]. 

The basic principles regarding the magnetic contrast formation in Lorentz 

imaging are schematized in Fig. 1.23. The top part of the figure shows the 

electron rays diagram, the cross-sectional view of the specimen, the objective 

lens and the objective aperture. The schematized specimen has magnetic 
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domain with their magnetization directions perpendicular to the beam 

propagation direction and pointing alternatively in and out of the plane of the 

paper (as schematized by the arrows heads and tails). In the bottom part, the 

contrast obtained in the corresponding images is shown. 

The parallel incident beam illuminates uniformly the specimen but, after 

propagating through the sample, the electron rays are deflected either to the 

right or to the left depending on the domain magnetization direction. The 

deflected rays travel through the electro-optical system and then form an 

image into the screen. Although no magnetic contrast is detectable in the in-

focus image (Fig. 1.23a), a magnetic contrast appears if out-of-focus images 

are acquired. In particular, in the over-focus and under-focus images a contrast 

is visible at the magnetic domain walls (Fig. 1.23b and c respectively). The ray 

diagram shows that the bright and dark lines are generated, respectively, by 

an increase or a decrease of the number of incident electrons detected in the 

image, due to the defocusing. 

The local redistribution in the observed intensity, due to the local deflection 

of electron rays by magnetic domains, is also called “magnetic refraction”. This 

method of displaying the domain structure is called Fresnel method (for the 

analogies to the optical case of the interference produced by the Fresnel 

biprism). The contrast appearing in the over-focused image is reversed when 

the objective lens is under-focused. 

Moreover, the defocusing the objective lens alters the magnification of the 

image because of the change in the lens current; these changes in 

magnification are shown exaggerated in Fig. 1.23b and c. 

Transport	
  of	
  Intensity	
  Equation	
  

Some decades ago, Teague [108] derived an equation for the wave 

propagation in terms of a phase and intensity distribution under the small 

angle approximation (paraxial approximation), the so-called Transport of 

Intensity Equation (TIE). The remarkable aspect in the Teague work is that it 
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highlights the possibility to determine the phase distribution by only 

measuring the intensity distribution.  

In particular, starting from the time-independent Schrödinger equation: 

 

!! 
−
!2

2m∇2−V r( )
#

$
%

&

'
(ψ r( ) =Eψ r( )  (1.31) 

if we assume that the electron travels in vacuum !!V(r ) and the electron 

wavefunction is a perturbed plain wave travelling along the beam propagation 

direction (z), written in the form: 

 !!ψ r( ) =exp ikzz( ) f r( )  (1.32) 

under the paraxial approximation (that can also be expressed by!! kx ,ky ≪kz , 

where kx, ky and kz are the components of the wave vector for the electrons), 

the Schrödinger equation becomes: 

 
!!
i2k ∂

∂z
+∇xy

2#

$
%

&

'
(ψ r( ) =0  (1.33) 

where !!k =2π λ  is the wave vector, λ is the electron wavelength and !!∇xy
2  is a 

2D Laplacian operator. 

If we now express the complex electron wavefunction by using the real	
  
functions, I and ϕ, which represent the intensity and phase distribution 

respectively, in this form: 

 !!ψ(r ) = I(r ) exp iφ(r )#
$

%
&  (1.34) 

then also the Schrödinger equation can be split in two equations, one for the 

real and one for the imaginary part. The imaginary part gives the TIE equation: 

 
!! 
2π
λ

∂

∂z
I(r ) = −∇xy i I(r ) ∇xyφ(r )'

(
)
*  (1.35) 

The TIE equation is a partial differential equation that correlates the 

intensity and phase distributions in a quite complicated way, since the 

intensity distribution derivative along the beam propagation direction is 

connected to the phase by a non-trivial differential relationship. 
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Following the method proposed by Paganin and Nugent [109], we can 

introduce an intermediate function Φ, whose gradient corresponds to the 

product of the wavefunction intensity and its phase gradient (see the term 

inside the square bracket in the left side of Eq. 1.35), so defined: 

 !!∇xyΦ(r ) ≡ I(r ) ∇xyφ(r )  (1.36) 

which, if inserted in the TIE equation (Eq. 1.35), gives: 

 
!!
∇xy
2 Φ(r ) = −

2π
λ

∂

∂z
I(r )  (1.37) 

In this way, the TIE equation turns to a standard inhomogeneous Poisson 

equation. In the first step, the Poisson equation is solved to obtain the auxiliary 

function Φ. Then, dividing the gradient of Φ by the intensity I and taking the 

2D divergence, a second Poisson equation for the phase shift can be written: 

 
!! 
∇xy
2 φ(r ) = ∇xy i

1
I(r )∇xyΦ(r )
$

%
&

'

(
)  (1.38) 

the solution is the phase function, given by: 
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where !!∇xy
−2  is a formal expression indicating the inverse Laplacian operator. 

The two Poisson’s problems can be solved by using Fourier transforms. 

However, in order to numerically solve the partial differential equation it is 

unavoidable to face tedious problems related to the boundary conditions. A 

lot of different methods have been proposed in the last years to reduce the 

artefacts due to boundary effects (e.g. [110, 111]), but an artefact-free 

algorithm to retrieve the phase by TIE equation is still lacking. 

To experimentally evaluate the intensity derivative with respect to z, three 

images are usually acquired: beside the in-focus image, two defocused images 

are acquired at the defoci values ±ε. This image series is usually called Fresnel 

series. The intensity derivative is then calculated by the central difference 

method: 
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!!
I(z+ε)− I(z−ε)

2ε =
∂I
∂z
+O(ε2)  (1.40) 

In principle, in order to achieve an accurate estimation of the intensity 

derivative the two defocused images should be acquired at very small values 

of defocus; however, it is always preferable to acquire the images at a large 

defocus step in order to increase the signal to noise ratio in the intensity 

difference. At large defoci values commonly chosen to take the images, a 

strong effect related to the variation in the lens current has to be taken into 

account. In particular, the images must be properly aligned and the changes in 

magnification need to be carefully corrected in order to avoid artefacts in the 

reconstruction of the phase image. 

1.4.4.3 Phase contours and magnetization maps 

A very common way to visualize the reconstructed magnetic phase shifts (as 

obtain by both electron holography and Lorentz microscopy) is the plotting of 

the cosine of the phase: 

 !!Iph(r )=cosφ(r )  (1.41) 

eventually after an amplification of the phase obtained by multiplying the 

phase image by an integer n. The cosine map offers the great advantage of 

giving a direct visualization of the in-plan projected flux of magnetic induction, 

since the lines visualized in the map represent the lines of equal phase shift. 

The direction of the lines and their spacing give a direct visualization of the 

direction and intensity of the planar component of the magnetic induction in a 

map at nanometre resolution. 

Another common way of visualizing the features contained in the 

reconstructed magnetic phase shift is by calculating the Bx and By planar 

components of the magnetic induction (as defined by Eq. 1.26) and generate a 

2D colour-map in which the colour gives the direction of the magnetization 

while the saturation is related to the vector modulus. 
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The two maps can be plotted superimposed thus enabling a direct 

visualization of the magnetic properties of the specimen. In Fig. 1.24, reported 

from [112], the magnetic phase contours amplified 128x for two cobalt 

nanoparticles rings are shown. The magnetic colour map is superimposed to 

the contour plot. The arrows, in agreement with the colour wheel shown, 

indicate the direction of the measured magnetic induction. 

 
Fig. 1.24 Magnetic phase contour (x128 amplification) obtained from the magnetic 
contribution to the phase shift for two cobalt nanoparticles rings. The magnetic colour 
map is superimposed to the image; the arrows indicate the direction of the measured 
magnetic induction. (From [112]). 

 

1.5 Other characterization techniques 

In this Section, the other characterization techniques employed to 

investigate the morphology and the magnetic properties of the samples are 

described. 
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1.5.1 Scanning Probe Microscopies 

The scanning probe microscopies are investigation techniques based on the 

scanning of the surface of the specimen by a fine tip. Depending on the 

interactions between the tip and the surface, maps of surface morphology, 

electric, magnetic or chemical properties can be obtained. In this doctoral 

work, the scanning probe microscopy was used in atomic force microscopy 

(AFM) and magnetic force microscopy (MFM) modes. The AFM exploits the Van 

der Waals forces to detect morphological contrast with a resolution down to 

few atomic layers. The MFM exploits the magnetic forces arising between the 

tip coated with a magnetic material and the sample, to detect the out-of-plane 

signal generated by the magnetic specimens. MFM technique was used to 

map the configuration of the out-of plane magnetic domains of the 

specimens, with a lateral resolution of tens of nm.  For a detailed description of 

the techniques, the interested reader is addressed to the following reference: 

[113]. 

1.5.2 Magnetic measurements  

The characterization of the superparamagnetic state of a colloidal 

suspension of nanoparticles can be carried out in different ways. One of the 

most common methods consists in performing both zero field cooling (ZFC) 

and field cooling (FC) measurements. In the following a brief description of the 

ZFC and FC is given. 

1.5.2.1 Zero field cooling 

In the ZFC measurement, the sample is firstly cooled at the minimum 

reachable temperature without any applied magnetic field and then it is 

heated up under a small external field. 

In this way, the initial state with no net magnetization (in the 

superparamagnetic state moments are randomly oriented) is “frozen” when 

the sample is cooled down. 
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When an external magnetic field is applied at low temperature, the 

moments have not enough energy to rotate along the field direction. When 

the sample is heated, however, the thermal energy of the system increases and 

the moments start rotating. The moments can therefore align to the applied 

filed and an increase in the net magnetization along the direction of the 

applied field is thus observed. The magnetization increases up to a maximum 

value that is reached in correspondence of the average blocking temperature 

of the system. Above the blocking temperature, the kinetic energy becomes 

higher than the magnetic energy and the moments are misaligned, with a 

global lowering of the magnetization. 

1.5.2.2 Field cooling 

In the FC measurement, on the contrary, the nanoparticles moments are 

aligned along a common direction at the beginning of the experiment, by the 

application of an external magnetic field. Cooling down the sample under the 

applied field this configuration is “frozen”. 

During the subsequent heating of the sample, also under the applied 

magnetic field, the net magnetization decreases since for a growing number of 

nanoparticles the superparamagnetic state will establish. 

Observing the trends of the ZFC and FC curves, two characteristic 

temperatures can be further defined. In particular, the irreversibility 

temperature (TI) is defined as the temperature at which the ZFC-FC curves start 

to be separated and the saturation temperature (TS) is defined as the 

temperature at which the FC stops to be constant. For a system of 

polydispersed NPs, TB obtained as the maximum of ZFC can be considered as 

the average blocking temperature for the nanoparticles ensemble: under TB 

nanoparticles are blocked while, over TB they are in the superparamagnetic 

state. The TI, instead, can be considered as the maximum blocking 

temperature corresponding to the blocking temperature of the biggest 

magnetic NPs. The TS, on the contrary, is the minimum blocking temperature 

corresponding to the blocking temperature of the smallest nanoparticles. 
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1.6 Instrumental equipments 

In this Section the instruments used to conduct the experiments reported in 

the next Chapters are briefly presented. 

1.6.1 Transmission electron microscopes 

The transmission electron microscopy characterizations were performed 

using three different instruments installed in different institutes. The 

instruments are here listed. 

1. JEOL JEM-2200FS – Istituto dei Materiali per l’Elettronica ed il 

Magnetismo (IMEM-CNR), Parma, Italy 

Analytical transmission electron microscope (Fig. 1.25, top) working at 

200 kV, equipped with Schottky FEG. The maximum achievable point-

to-point resolution is 0.19 nm. The microscope is equipped with EDXS 

detector and an in-column omega filter.  

2. JEOL JEM-2200FS U-HRTEM – Istituto Italiano di tecnologia (IIT), 

Genova, Italy 

Analytical transmission electron microscope like the JEM-2200FS 

described above, equipped with the Cs–objective aberration corrector 

(from CEOS Company). The maximum achievable resolution is 0.1 nm. 

The microscope is also equipped with the heating holder in order to 

perform temperature dependent measurements. 

3. FEI TITAN3 80-300 U-HRTEM – Laboratorio de Microscopias 

Avanzadas (LMA), Instituto de Nanociencia de Aragón (INA), Zaragoza, 

Spain 

This microscope (Fig. 1.25, bottom) is dedicated to ultra-high 

resolution TEM imaging. The microscope works at 80-300 kV 

acceleration voltages and is equipped with a SuperTwin objective lens 
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and a CETCOR Cs-objective aberration corrector from CEOS Company, 

allowing a point-to-point resolution of 0.08 nm. Moreover, this 

aberration-corrected microscope is equipped with a Lorentz lens and 

an electron biprism permitting to perform Lorentz microscopy and 

medium resolution electron holography experiments.  

	
  

	
  

	
  

JEOL JEM-2200FS 
installed at IMEM-
CNR, Parma 
Italy 

	
  

FEI TITAN3 80-300 
installed at LMA, 
Zaragoza 
Spain 

Fig. 1.25 Employed TEM microscopes, installed at IMEM-CNR (top) and LMA-INA 
(bottom), respectively. 

	
  

	
  



Materials and methods 

63 

1.6.2 Scanning probe microscope 

The surface morphology and the out-of-plane magnetic domains were 

investigated by means of AFM and MFM measurement. The experiments were 

carried out using a Dimension 3100 equipped with Nanoscope IVa Controller 

(Veeco Instruments), installed at the IMEM-CNR Institute in Parma (Italy) (Fig. 

1.26). High-resolution height profiles were obtained in tapping mode, while 

the magnetic measurements were performed in tapping mode with a double-

pass technique. 

	
  

	
  

Dimension 3100 equipped with 
Nanoscope IVa, installed at the 
IMEM-CNR, Parma 
Italy 

Fig. 1.26 Scanning probe microscope installed at IMEM-CNR.	
  

1.6.3 Magnetometers 

Magnetic measurements were performed by using customized instruments 

that are installed at the IMEM-CNR Institute in Parma (Italy): vibrating sample 

magnetometer (VSM), alternating gradient force magnetometer (AGFM) and 

superconducting quantum interference device (SQUID).	
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2 The role of dipolar interactions in 
magnetic hyperthermia unveiled by 
Lorentz microscopy 

2.1 Introduction 

In the recent past, a great effort has been devoted to the research of new 

nanostructured materials with functional properties that can be exploited in 

biomedical applications [1]. As already described in Section 1.2.3, magnetic 

NPs in the superparamagnetic state are suitable for both diagnostic and 

therapeutic approaches: in the field of diagnostics, they have been proposed 

as contrast agent to enhance the signal in the MRI techniques [2-5], while in 

the field of therapeutics they can be used as magnetic vectors for drug 

delivery [6-9] and/or heat mediators in hyperthermia treatment [10, 11]. 

The magnetic hyperthermia, performed applying radiofrequency magnetic 
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fields, can be effectively employed to locally induce cancer cells death, thanks 

to the generated heat [12] and the localized destructive effect over the cellular 

membrane [13]. The capability of a suspension of magnetic NPS to behaves as 

a good hyperthermic mediator is measured by the specific power absorption 

value (see Section 1.2.3.4) that represents the thermal power generated by the 

unit mass of the magnetic NPs under an applied AC field. 

The transformation of the AC field energy into heat can occur by several 

mechanisms with a global efficiency that strongly depends on the amplitude 

and frequency of the applied magnetic field as well as on the structural and 

morphological properties of the NPs, in particular their size and shape, the 

inter-particles interactions [14]. The ability to tune these parameters in a 

controlled way gives the possibility to improve the efficiency of the 

hyperthermic process, allowing the reduction of the NPs amounts necessary to 

generate the requested heat or permitting the use of lower fields frequencies 

and amplitudes. Today, the work of the scientific community for the 

achievement of this aim is conducted following different ways, choosing 

different materials [15,16], optimizing the NPs size [17,18] and changing the 

NPs shape [19,20]. 

From the magnetic point of view, the choice of the material is usually driven 

by the requirement of high magneto-crystalline anisotropy, an intrinsic 

parameter that depends on the crystalline structure and composition. The 

magneto-crystalline anisotropy term, in fact, strongly influences the shape of 

the hysteresis loop and the critical size for the transition from the 

superparamagnetic to the blocked regime. In particular, higher is the 

anisotropy value smaller is the critical size. At the same time, this intrinsic 

property also influences the hyperthermic efficiency of the NPs, which has 

been demonstrated to have a maximum in proximity of the critical size for the 

transition between the two regimes [21]. Also the variation of the NPs shape 

can produce an increase of the magnetic anisotropy adding two non-

negligible terms, the shape anisotropy, which is directly related to the shape of 

the magnetic NPs, and the surface anisotropy, which is influenced by the 



The role of dipolar interactions in magnetic hypertermia unveiled by LM 

73 

faceting of the magnetic NPs [22, 23]. 

Among the different biocompatible magnetic materials, magnetite has 

been widely employed since it can be obtained in big amounts and by easy 

synthesis routes in nanostructured forms, with a good control of size and 

shape [24, 25]. The SPA of magnetite NPs under an applied AC field is mainly 

due to two kinds of power loss mechanisms, the hysteresis and relaxation 

losses [26], while the contribution from eddy currents is negligible owing to 

the low conductivity of magnetite [27]. Both the contributing mechanisms are 

strongly influenced by the NPs size [25]. 

In superparamagnetic NPs the absence of coercivity and remanence 

prevents the establishing of magnetic inter-particle interactions avoiding the 

formation of NPs aggregates. In real systems, however, magnetic NPs can 

interact and the NPs system can show a remarkable tendency toward a non-

homogeneous state in which clusters of different size are observed. Beside this 

morphological fingerprint unveiling a deviation from the ideal system of 

superparamagnetic NPs, the dipolar interactions that arise among NPs can also 

strongly influence the heating ability of the colloidal suspension. 

The effects of the dipolar interactions on the hyperthermia of an assembly 

of magnetic NPs, however, are still not completely understood. This open 

point gives rise to controversial hypothesis about the role that dipolar 

interactions play in magnetic hyperthermia processes. In the next Section, the 

most relevant hypothesis proposed by the scientific community will be 

reported and summarized. 

In order to investigate the effects of the dipolar interactions on the 

magnetic hyperthermia, two systems consisting in magnetite NPs with the 

same size distribution but different degrees of interaction have been 

synthetized. The details on the synthesis routes will be reported in Section 2.3. 

In the Section 2.4 the structural and morphological characterizations will be 

reported. These results are complemented and supported by the magnetic 

characterizations. Finally, in Section 2.5 a novel way to correlate the magnetic 

hyperthermic behaviours to the dipolar interactions in the NPs suspensions 
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exploiting Lorentz microscopy will be presented. In particular, visualizing and 

mapping the inter-particles interactions it is possible to make reliable 

hypothesis on the power losses mechanisms for different NPs aggregates and 

understand the interactions effects on the performance of different NPs 

suspensions as hyperthermic mediators. 

2.2 The effects of dipolar interactions on hyperthermia: 
controversial hypothesis 

The role of magnetic dipolar interaction on hyperthermia has not been 

completely understood and controversial hypothesis are reported in the 

literature. Some authors have reported a decrease of the SPA value with 

increasing the aggregation state of the NPs, whereas other authors found a 

beneficial effect of the dipolar interaction on the SPA value. In the following, 

an overview over the different opinions is reported. 

Urtizberea et al. [28] have reported a remarkable decrease of the SPA values 

with increasing the nanoparticle concentration in monodispersed maghemite 

NPs suspensions; this decrease has been related to two main effects: (i) a 

decrease of the static susceptibility with particles concentration, meaning that 

the increase of dipolar interactions makes the NPs more stable against field 

orientation; (ii) a decrease of relaxation times with the increase of the 

interactions, producing a faster NPs relaxation. 

De la Presa et al. [29] have shown that an increase of maghemite 

nanoparticle concentration can induce the formation of nanoparticles clusters, 

which don’t affect the observed SPA values. 

Serantes et al. [30] have performed Monte Carlo simulations to demonstrate 

that an increase in the dipolar interaction intensity induces a change of the 

energy barrier, changing the global magnetic behaviour of the system; in 

particular, they observed a decrease in the magnetic susceptibility and the 
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hysteresis losses, which affects the hyperthermia process diminishing its 

efficiency. 

Sadat et al. [31], taking into account different systems based on magnetite 

NPs, have asserted that the dipolar interactions are the crucial parameter that 

should be reduced in the design and synthesis of Fe3O4 NPs for magnetic 

hyperthermia, being an increase of the interactions counterproductive for the 

hyperthermic process. 

On the contrary, Martinez-Boubeta et al. [32] have observed an increase of 

the SPA values with increasing the concentration of Fe-MgO single-domain 

NPs suspension up to the point in which the magnetic interactions between 

particles become comparable to the anisotropy field. 

Burrows et al [33] have shown an enhanced energy loss for small FePt NPs, 

thanks to an enhancement of the energy barrier due to dipolar interactions. 

Jeun et al. [34] reported a significant increase of the SPA value in soft 

ferromagnetic NPs of ferrites obtained by the control of inter-particle dipolar 

interactions; the remarkable enhancement of the SPA was mainly attributed to 

an increase in the magnetic hysteresis and relaxation losses, resulting from the 

increase in magnetic moment and susceptibility induced by the dipolar 

interactions. 

From the theoretical point of view, Landi [35] has recently proposed a 

model which asserts that the SPA can increase or decrease depending on the σ 

value (representing the ratio between the height of the energy barrier (see 

Section 1.2.2) and the thermal energy, σ = KV/kBT). For small fields amplitudes, 

assuming a linear response theory (see Eq. 1.11 and Eq. 1.12 in Section 1.2.3.4) 

it is possible to approximate the SPA value as: 

 
!!
SPA≈ ωτ

1+(ωτ )2
 (3.1) 

where τ ≈ eσ is the relaxation time and ω = 2πf. From the Eq. (3.1) derives that in 

order to optimize the SPA, the frequency should be set to a value, which 

satisfies the condition ωτ ≈ 1. This condition defines a σopt, which maximizes 

the SPA. The σ for the considered systems can be lower or higher than the 
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optimal value σopt for a fixed alternating field frequency. For σ < σopt, the system 

is in the “low-barrier regime” where the magnetization jumps between 

different stable states are frequent but the energy released in each jump is 

small. Increasing the dipolar interactions, the anisotropy barrier increases thus 

taking the system closer to the optimal condition, which maximizes the SPA: in 

this regime dipolar interactions have a beneficial effect on the SPA value. 

On the contrary, for σ > σopt the system is in the “high-barrier regime” where 

the field is not very effective in promoting the jumps. In this regime the dipolar 

interactions have a counterproductive effect, increasing even more the barrier 

height. Even if this theoretical model includes both the two possible opposite 

behaviours, an in-depth analysis correlating the morphology of the 

interaction-induced nanoparticles aggregates to the hyperthermic behaviour 

of the NPS suspension is still lacking. 

In this Chapter, a novel way to visualize and map the inter-particles 

interactions exploiting the Lorentz microscopy will be presented. The 

investigation was carried out on a system consisting in magnetite NPs with 

different degrees of interaction. In order to study a strongly interacting system, 

magnetite NPs were synthetized by co-precipitation method without adding 

any stabilizing surfactant. In comparison, a weakly interacting system was 

synthetized by the thermal decomposition synthesis route, which makes use 

of a surfactant permitting to obtain a stable and dispersed system. 

Until now the Lorentz microscopy has never been exploited to investigate 

the effects of dipolar magnetic interactions on the performance of 

nanoparticles suspensions as hyperthermic mediators: in the proposed 

analysis the macroscopic hyperthermic behaviour will be correlated to the 

aggregation state at the sub-micrometric scale, paving the way to the 

comprehension of the power losses mechanisms for NPs aggregates with 

different degrees of dipolar interactions. 
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2.3 Synthesis of magnetite nanoparticles 

2.3.1 Synthesis by co-precipitation 

The synthesis of magnetite NPs by co-precipitation route was carried out 

following the procedure reported in [36] and schematically depicted in Fig. 

2.1a. 

In particular, 4 g of FeCl2∙4H2O (20 mmol) were added to a solution of 11 g of 

FeCl3 ∙6H2O (40 mmol) in 120 mL of deionized water. The solution was heated 

at 360 K under argon atmosphere. The pH value of the solution was then 

adjusted to 10 by the addition of concentrated aqueous ammonia. The 

magnetite formation started immediately. After stirring for 4 h under argon 

atmosphere the reaction was cooled to room temperature. At RT, the NPs were 

washed several times with deionized water to remove the excess of ammonia. 

The black precipitate was collected by magnetic decantation, dried under high 

vacuum and characterized. The product is easily redispersible in aqueous 

solution by sonicating for 10 min. 

2.3.2 Synthesis by thermal decomposition 

The synthesis by thermal decomposition was performed employing a 

slightly modified version of the procedure reported in [37] and summarized in 

Fig. 2.1b. Fe(acac)3 (2 mmol), 1,2-hexadecanediol (10 mmol), oleic acid (6 

mmol) and oleylamine (6 mmol) were mixed in 20 mL of benzyl ether under N2 

flow.  

The mixture was heated at 473 K for 2 h and then heated to reflux (~573 K) for 

1 h under an Ns blanket. When the black-brown mixture reached RT, ethanol 

(40 mL) was added. A black material was precipitated and separated by 

centrifugation (5000 rpm, 15 min). The product is easily redispersible in 

hexane. 
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Fig. 2.1 Schematic representation of the two synthesis routes: (a) co-precipitation, (b) 
thermal decomposition. 

2.4 A comparative system: the tuning of the 
interaction degree by controlling the surface 
stabilization 

In this Section, the comparative system is studied in detail in order to 

achieve a deeper comprehension of the role of dipolar interactions on 

hyperthermia; in particular, the results concerning the structural and 

morphological characterizations, performed mainly by transmission electron 

microscopy, will be discussed. 

2.4.1 Morphological and structural characterizations of the 
specimens 

The morphological and structural characterizations have been performed 

mainly by transmission electron microscopy, employing the techniques of 

conventional bright field imaging, HRTEM and selected area electron 

diffraction; a complementary characterization finalized to investigate the 

properties of the NPs in the colloidal suspension has been carried out by 

means of dynamic light scattering (DLS). 
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Fig. 2.2 TEM characterization of magnetite NPs synthetized by co-precipitation. (a) Low 
magnification bright field image. (b) HRTEM image; the inset shows the FFT of a square 
area containing the nanoparticle in the centre of the image. (c) NPs size distribution. 

The morphology of the sample synthetized by co-precipitation method 

clearly points out a strong tendency of the NPs to create aggregates on a scale 

of several hundreds of nanometres. In the bright field TEM image taken at 25k 

magnification and reported in Fig. 2.2a, in fact, it is possible to observe a 

strong agglomeration of the nanoparticles. As can be observed from the 

HRTEM image shown in Fig. 2.2b, the obtained sample consists of NPs of nearly 

spherical shape with homogeneous size distribution centred around 7 nm. 

Each particle is a single crystal of magnetite, as clearly pointed out by the FFT 

of the particle in the centre of the HRTEM image, shown in the inset of Fig. 

2.2b. The NPs size histogram (Fig. 2.2c) obtained from a relevant statistical 

sampling has been fitted with lognormal distribution, which correctly 

describes the asymmetric shape of the experimental size distribution [38]. 
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The transmission electron microscopy analysis performed on NPs 

synthetized by thermal decomposition method points out that the obtained 

sample consist of well-stabilized particles of spherical shape, as can be seen in 

the TEM image reported in Fig. 2.3a. Each particle is a single crystal of 

magnetite, as clearly indicated by atomic lattice fringes in HRTEM image 

(shown in Fig. 2.3b) and by the spots in the Fourier transform of the particle in 

the centre of the image (inset of Fig. 2.3b). The nanoparticles have a 

homogeneous and narrow size distribution centred around 6.5 nm (Fig. 2.3c). 

 

Fig. 2.3 TEM characterization of magnetite NPs synthetized by thermal decomposition. 
(a) Low magnification bright field image. (b) HRTEM image; the inset shows the FFT of a 
square area containing the nanoparticle in the centre of the image. (c) NPs size 
distribution. 
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Fig. 2.4 Electron diffraction pattern obtained for the co-precipitated NPs. The spectrum 
obtained by an angular integration of the diffraction rings, in which the main 
reflections are indexed, is superimposed to the image. 
 

Peaks dexp (nm) d (nm) [ICSD] 
111 0.49 0.4858 
220 0.30 0.2975 
311 0.25 0.2537 
400 0.21 0.2103 
422 0.17 0.1717 
511 0.16 0.1619 
440 0.15 0.1487 

Table 2.1 The measured d-spacings are reported in comparison to literature 
reference values (ICSD#: 082451) for magnetite. 

Electron diffraction from a large area of the sample was employed to 

achieve structural information about the NPs. In particular, the positions of the 

peaks and their relative intensities in the obtained diffraction pattern match 

very well the typical ones of magnetite powder (ICSD#: 082451), for both the 

investigated samples. In Fig. 2.4 the diffraction pattern obtained for the co-

precipitated sample is reported; in Table 2.1, the measured d-spacings are 
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reported and compared to the reference values from the crystallographic 

database. 

The results of the characterizations performed by dynamic light scattering 

are reported in Table 2.2. From the comparison of the values obtained by the 

two different characterizations it is possible to conclude that the particles 

synthetized by co-precipitation show a stronger tendency to agglomerate and 

create aggregates, whose mean hydrodynamic radius (RH) is around 100 nm 

with a broad size distribution. The particles synthetized by thermal 

decomposition are very stable and well dispersed with a narrow size 

distribution thanks to the organic shell provided by the surfactant, which acts 

as steric stabilizer preventing the agglomeration. 

Sample	
   <RH>(nm)	
   σ	
  

Co-precipitation 97 0.49 

Thermal decomposition 10 0.24 

Table 2.2 Mean values and distribution widths for the hydrodynamic radii in 
both the investigated samples, as obtain from DLS. 

2.4.2 Magnetic characterization of the specimens 

A complete magnetic characterization of the specimens has been carried 

out to investigate the magnetic properties of the NPs suspensions under an 

applied static magnetic field. 

The magnetization loops were obtained either by alternating-gradient force 

magnetometer or by vibrating sample magnetometer; in both cases the 

maximum applied field was 2 T. The hysteresis loops measured at room 

temperature with an applied static field are reported in Fig. 2.5a, for both the 

described samples. The measurement clearly shows that the particles 

synthetized either by thermal decomposition or by co-precipitation have zero 

coercivity and remanence, even if they display very different aggregation 

states. These peculiar features of the magnetization curves clearly 

demonstrate that their behaviour at room temperature is superparamagnetic. 
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Fig. 2.5 (a) Magnetization loops for the two investigated samples at RT. (b) ZFC-FC 
curves for magnetic NPs obtained by thermal decomposition and co-precipitation. (c) 
Hyperthermia measurement: variation of the temperature as a function of time for 
both the samples. The inset shows the initial slope of the curves. 
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The NPs obtained by co-precipitation show a very high saturation 

magnetization (Ms) of 77 Am2/kg. This value is very close to the bulk one [39]. 

The NPs synthesized by thermal decomposition have an Ms value of 60 Am2/kg, 

after the subtraction of the organic shell weight that has been estimated by 

thermo gravimetric analysis (TGA). The relatively small difference between the 

observed Ms values can be attributed to a higher degree of crystallinity of the 

co-precipitated magnetic NPs, as commonly reported in literature [40]. 

In order to have a deeper insight into magnetic properties at room 

temperature, the ZFC and FC measurements have been performed with an 

applied field of 8 kA/m. Fig. 2.5b shows two very different dependences of the 

magnetization on temperature. In fact, even if the size distributions of the two 

samples are very similar (Fig. 2.2c and 2.3c), the magnetic NPs synthesized by 

thermal decomposition, thanks to the organic shell, are less interacting than 

the NPs obtained through co-precipitation in which no steric stabilization is 

present. In the latter case, as can be observed by TEM analysis (Fig. 2.2a) the 

magnetic NPs are in contact, thus meaning that dipolar interactions are more 

effective giving rise to a broad distribution of blocking temperatures and to a 

flat FC curve (Fig. 2.5b). 

The observed magnetic behaviour demonstrates that the particles obtained 

by co-precipitation are so aggregated that, even if they are in the 

superparamagnetic state at room temperature, when ZFC-FC measurements 

are performed they do not behave as isolated NPs but as clusters of different 

sizes. This result is in good agreement with dynamic light scattering 

measurements in which a broad distribution (σ = 0.49) of hydrodynamic radii 

has been observed, peaked around 97 nm. On the contrary, the NPs obtained 

by thermal decomposition show a narrow size distribution (σ = 0.24) centred 

around 10 nm in the dynamic light scattering measurement. In agreement 

with the different observed value of the hydrodynamic radius, the ZFC-FC 

measurements on the NPs obtained by thermal decomposition show a very 

different behaviour: the FC curve is not as flat as in the case of the co-

precipitated sample and the values for the characteristic temperatures (as 
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defined in Section 1.5.2) are: TS ≈ 25 K, TB ≈ 40 K, TI ≈ 50 K. The very narrow size 

distribution of the particles and the shape of ZFC-FC measurement highlight 

that the dipolar interactions in this system are less effective thanks to the 

organic shell, which allows the NPs to be well separated with mean inter-

particle distances of 2-3 nm (Fig. 2.3a). 

Despite the very different behaviours observed in ZFC-FC measurements, as 

already observed the magnetization curves of both samples exhibit a very 

similar trend characterized by zero coercivity and remanence, thus 

demonstrating their superparamagnetic properties at RT. The magnetization 

curves have been fitted using a Langevin function (see Section 1.2.2, Eq. 1.3). 

From the fitting of the curves, reported in Fig. 2.6, it is possible to estimate a 

mean value for the magnetic volume of the particles, for the two different 

systems. The diameters values corresponding to these mean volumes are 

reported in Table 2.3 for the co-precipitated sample and for the sample 

synthetized by thermal decomposition. The obtained values, related to the 

mean magnetic volumes, are in agreement with the size distributions obtained 

by TEM analysis and represent a further demonstration that the NPs 

constituting the clusters in the co-precipitated sample behave as single 

superparamagnetic NPs, even if strong inter-particles interactions are 

observed in ZFC-FC measurements. 

The hyperthermia measurements (Fig. 2.5c) have been done on both 

samples with a maximum applied field of 12.7 kA/m at frequency of 235 kHz. 

The SPA for magnetic NPs synthesized by thermal decomposition is 3.4 W/g 

while the one of the sample obtained by co-precipitation is around 50 W/g. 

The huge difference in the SPA values is quite surprising considering that the 

particle size distributions and Ms values for the two systems are comparable. It 

is therefore evident that this difference originates from the establishing of 

dipolar interactions among the NPs obtained by the co-precipitation method, 

as suggested by the ZFC-FC measurements. In the following an analysis by 

Lorentz microscopy will be presented in order to achieve a deeper 

comprehension of the role of dipolar interactions in magnetic hyperthermia. 
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Fig. 2.6 Fitting of the magnetization curves M(H) with the Langevin function (red 
curve) for both the investigated samples.  

 

Sample	
   TEM:	
  <d>	
  (nm)	
   Langevin:	
  <d>	
  (nm)	
  

Co-precipitation 7.1 ± 0.1 9.3 ± 0.2 

Thermal decomposition 6.5 ± 0.1 9.1 ± 0.1 

Table 2.3 Mean diameters values obtained by TEM analysis and by the fitting 
of the magnetization curves with the Langevin function, for both samples 
synthetized by co-precipitation and thermal decomposition. 

2.5 Mapping of the dipolar interactions by Lorentz 
microscopy 

In order to visualize and map the interactions at the basis of this huge 

difference in the SPA values we exploited Lorentz microscopy, which 

represents a very powerful tool that allows retrieving the magnetic phase shift 

of the electron wavefunction and thus to reconstruct the in-plane magnetic 

induction among different magnetic NPs and clusters. Lorentz microscopy was 

performed on the JEOL JEM-2200FS microscope turning off the objective lens 

and using the objective mini-lens as a Lorentz lens. In this way, the specimens 

are inserted in the TEM column in a field-free environment. 
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Applying the TIE equation (Eq. 1.35) to a Fresnel focal series (each frame was 

acquired with an exposure of 1 sec), the phase can be retrieved (see Section 

1.4.4.2 for details). The reconstruction has been directly computed within 

STEMCELL software exploiting the tool for Lorentz microscopy [41]. In order to 

isolate the electrostatic and magnetic contributions of the phase shift, a 

second focal series has been acquired after turning upside-down the sample. 

The separation method permits to isolate the magnetic phase shift in Lorentz 

microscopy [42] in a similar way to the commonly one employed in off-line 

electron holography (see Section 1.4.4.1). The phase images have been 

corrected in order to remove linear phase ramps. 

Afterwards, a map of the in-plane projected magnetic induction can be 

directly obtained differentiating the magnetic phase shift and the magnetic 

induction flux lines can be visualized as the contour lines of equal phase shift, 

by computing a cosine map of the magnetic phase shift (see Section 1.4.4.3). 

2.5.1 Visualization of the dipolar interactions 

A Fresnel focal series acquired on the sample synthetized by co-

precipitation method is shown in Fig. 2.7, where (a), (b) and (c) are the in-focus, 

over-focused and (c) the under-focused images respectively. As can be seen, 

the images cover a significant area of the sample; the field of view of the 

images is about 1.93 x 1.93 μm2. The analysed portion of the sample noticeably 

evidences the presence of magnetic nanoparticles clusters and irregular 

chains. After acquiring a second Fresnel series after turning upside-down the 

specimen and applying the separation method, the mean inner potential and 

the magnetic phase shift can be obtained as half of the sum and half of 

difference, respectively, of the phase images obtained by the two focal series. 

The MIP and the magnetic phase shift are shown in Fig. 2.8a and b, 

respectively. The magnetic induction colour map, plotted superimposed to the 

contour lines of equal phase shift (obtained amplifying 10x the phase), is 

shown in Fig. 2.9a. 
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Fig. 2.7 Fresnel focal series on a significant portion of the sample synthetized by co-
precipitation. (a) In-focus, (b) over-focused, (c) under-focused images. The bar in each 
image is 0.5 µm. The defocus step for the series is 16 µm. 

 

 

Fig. 2.8 (a) Mean inner potential and (b) magnetic phase shift obtained for the same 
area shown in Fig. 2.7 obtained as half of the sum and half of difference, respectively, of 
the phase images obtained by two focal series (the second one acquired after turning 
upside down the sample). The bar in each image is 0.5 µm. 
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Fig. 2.9 (a) Magnetic induction colour map superimposed to the contour lines of equal 
phase shift, obtained amplifying 10x the phase. A white arrow indicates the direction of 
the magnetization in the two bigger clusters. In the top right corner the colour wheel is 
given. (b) Zoom of the phase contours in the region marked by the dashed line in (a). 
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The map clearly indicates that the clusters show a uniform magnetization, in 

the directions depicted by the white arrows. In the image, the magnetic 

induction flux lines are approximated by the phase contour lines. These lines 

highlight a dipolar-like behaviour of the clusters, as shown in Fig. 2.9b. Among 

the clusters, smaller and irregular NPs chains arise probably induced by drying 

the suspension in the dipolar field of the bigger clusters. The irregular chains 

do not show any peculiar features in the contour lines. In fact, these smaller 

magnetic chains do not perturb significantly the magnetic flux lines of 

uniformly magnetized bigger clusters; on the contrary the flux lines generated 

by the big clusters show a remarkable tendency to concentrate following the 

distribution of magnetic NPs chains among them. It is therefore possible to 

conclude that in the bigger clusters, which behave as magnetic dipoles, the 

magnetic interactions induce the moment of each nanoparticle to assume a 

preferential direction even if the NPs that constitute the cluster are not in the 

blocked momentum regime. Inside the irregular chains, instead, the 

interactions among NPs are less effective and do not perturb their 

superparamagnetic regime. 

Lorentz microscopy has also been performed on the specimen of 

nanoparticles synthetized by thermal decomposition. As can be seen in the in-

focus low magnification image reported in Fig. 2.10a, the NPs synthetized by 

thermal decomposition don’t show any tendency to aggregate even on a large 

scale. The field of view of the image is 1.27 x 1.27 μm2. A focal series with the 

same defocus step has been acquired (Fig. 2.10b and c). The mean inner 

potential and magnetic phase shift (shown in Fig. 2.11 a and b, respectively) 

have been retrieved using again the separation method by acquiring two focal 

series, one after flipping the sample. The analysis clearly points out that the 

highly stabilized nanoparticles are in the superparamagnetic regime and the 

weak dipolar interactions among NPs don’t affect the magnetic behaviour of 

this system, since no significant features in the cosine map of the 60x amplified 

magnetic phase shift (Fig. 2.11c) can be related to the NPs. In fact, the 

magnetic flux lines visible in the map do not spatially correspond to regions of 
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Fig. 2.10 Fresnel focal series on a portion of the sample synthetized by thermal 
decomposition. (a) In-focus, (b) over-focused, (c) under-focused images. The bar in each 
image is 0.5 µm. The defocus step for the series is 16 µm. 

the sample in which NPs are present. Since a high amplification factor has 

been applied to the magnetic phase shift, the features shown in the image can 

be solely attributed to the weak and unavoidable stray fields in the microscope 

column. The magnetic induction colour map is not here reported since no 

significant features are present, as expected for a system of slightly interacting 

NPs in the superparamagnetic regime. 

2.5.2 Correlation of magnetic hyperthermia to the NPs 
aggregation state 

From the results described above, it is possible to assert that for the NPs 

obtained by thermal decomposition the organic shell hinders the establishing 

of inter-particle interactions, in this way allowing the magnetic moments to be 

free to rotate inside the crystals. It is therefore possible to conclude that the 

hyperthermic behaviour and the SPA value observed for this sample are 

mainly due to the Néel relaxation mechanism, which is the dominant one in 

small NPs in the superparamagnetic state. 



Chapter 2 

92 

 
Fig. 2.11 (a) Mean inner potential and (b) magnetic phase shift obtained for the same 
area shown in Fig. 2.10 obtained as half of the sum and half of difference, respectively, 
of the phase images obtained by two focal series (being the second series acquired 
after turning upside down the sample). The bar in each image is 0.5 µm. (c) Magnetic 
induction flux lines, approximated by contour maps 60x amplified, obtained by Lorentz 
microscopy; the image has the same lateral size of (a) and (b). 

On the contrary, the NPs obtained through co-precipitation are 

characterized by strong inter-particle interactions giving rise to a system 

constituted by big clusters, interconnected by irregular nanoparticle chains. 

The results obtained by Lorentz microscopy on the co-precipitated sample 

demonstrate that: 

(i) Due to strong dipolar interactions, the big clusters show a dipole-like 

behaviour even if under an applied static magnetic field they don’t 

show any hysteresis. It agreement with the results reported by F. 

Burrows et al. [33] is reasonably to think that the application of an AC 
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field (235 kHz in frequency for the measurements reported here) 

blocks the moments giving rise to a contribution to the SPA mainly 

due to hysteresis losses. The magnetic moments, that in the 

superparamagnetic state show a preferential orientation (as observed 

by Lorentz microscopy) due to the effect of strong dipolar 

interactions, under an external AC field are probably blocked to their 

common specific direction, thanks to a cooperatively alignment the 

NPS moments led by the interactions. 

(ii) The NPs external to the clusters don’t show peculiar features 

attributable to a dipolar-like behaviour. They show 

superparamagnetic properties and, thanks to the dipolar field 

generated by the big clusters, they organize in irregular chains. Their 

moments are free to rotate under an applied magnetic field, giving 

rise to a contribution to the SPA mainly due to Néel and Brown 

relaxation losses. 

On the basis of the described interpretation, the SPA value for the sample 

synthetized by co-precipitation is consequently due to different contributions: 

a dominant one due to the big clusters which contribute to the SPA through 

the hysteresis loss mechanism and a smaller one attributed to Néel and 

Brownian relaxation losses, which arise as a consequence of the formation of 

irregular NPs chains. 

The presented results demonstrate that NPs aggregates, in which different 

degrees of dipolar interaction are visualized by Lorentz microscopy, can 

behave differently and give very different contribution to the heating 

generation in the hyperthermia process. These effects are strongly dependent 

on the aggregates size and the packing of the NPs inside the clusters and can 

lead to erroneous interpretations about the role of magnetic dipolar 

interactions on magnetic hyperthermia. Lorentz microscopy represents an 

easy and reliable tool to investigate and understand the magnetic properties 

of different NPs assemblies, permitting to correlate the magnetic properties at 

the nanoscale to the macroscopic magnetic behaviour.  
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3 The effects of epitaxial strain and film 
thickness on the twin variants formation 
in NiMnGa thin films 

3.1 Introduction 

Magnetic shape memory (MSM) alloys represent an interesting class of 

materials, very promising in novel applications regarding the transduction and 

actuation. In fact, their structural ability to tolerate very high strain values up to 

12% and the possibility to change their shape by applying magnetic fields or 

by changing the temperature [1-5] make them great candidates for 

micro/nano-actuators [6-10], cantilevers and sensors [11-13]. Moreover, 

martensitic thin films are very feasible starting entities for devices fabrication 

and integrated-circuit design, by means of lithographic and patterning 

processes [14, 15]. 
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The near-stoichiometric NiMnGa is the most investigated and promising 

material among the magnetic shape memory alloys. As described in Section 

1.3.3, in NiMnGa thin films the martensitic phase transformation gives rise to a 

poly-twinned system characterized by a complex microstructure. Among all 

the possible twinning configurations arising from {110} twinning planes of the 

cubic austenitic parent phase, the epitaxial constrains due to the substrate 

induce the survival of only two families of twin variants, the first with 45° 

lamellae, the second with 90° lamellae [16-19]. 

The employment of a buffer-layer between the substrate and the 

martensitic thin film is necessary to permit the realization of free-standing 

structures and test-devices. In addition, some strict requirements have to be 

satisfied in order to obtain free-standing martensitic films that can be 

effectively exploited as actuators and/or cantilevers. In fact a suitable buffer 

layer has to provide a good matching between lattice parameters of the 

NiMnGa thin film and the substrate, in order to assure an epitaxial growth, and, 

at the same time, a selective etching process for the buffer layer should exist 

with the severe condition that it has not to affect the film. At this purpose, the 

growth of a Cr under-layer on MgO substrates is a common choice widely 

reported in literature [20, 21], since it provides a good matching between its 

lattice parameter to both the MgO and NiMnGa ones. Moreover, thanks to the 

existence of a selective wet etching for Cr layer [22], it can be removed 

obtaining free-standing martensitic thin films that can be effectively employed 

as actuators and/or cantilevers. 

It is known from the theory of epitaxial growths that the presence of a 

substrate represents a strong constraint for the film growth and it is able to 

strongly affect the properties of the obtained film. [23, 24]. In literature many 

authors have reported different martensitic microstructures in differently 

prepared NiMnGa thin films, i.e. obtained under different growing conditions 

and by changing the compositions [25-28]. Since both these aspects can affect 

the lattice parameters of the NiMnGa films, it is therefore evident that the 

film/substrate mismatch is an important parameter able to play a key role in 
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the microstructure formation in epitaxially constrained thin films. 

Another important tuneable parameter, that can significantly modify the 

martensitic microstructure, is the film thickness: many authors have in fact 

reported different martensitic microstructures at different thicknesses [18, 29-

32]. To continue the analogy with the case of conventional epitaxial growths, a 

thickness related behaviour, ascribed to a certain strain relief mechanism, 

probably exists and is activated as soon as a critical thickness value is reached. 

Martensitic thin films are however considerably different from conventional 

thin films, thanks to the complexity of their microstructure. In particular to 

correctly describe the martensitic system and the stable twin variants 

configuration generated depending on the growth parameters and thickness, 

both the interfacial energy at the twinning interfaces and the elastic energy for 

the twin variants have to be taken into account. 

In the literature, a univocal model describing the effect of the strain on the 

martensitic microstructure has not yet been proposed. Nevertheless, an 

exhaustive explanation of the role of under-layer on the martensitic 

microstructure is still lacking. Most of the papers written on NiMnGa films 

grown on MgO with a Cr under-layer, in fact, assume that a thin layer of Cr 

does not influence the martensitic microstructure of the film at RT. 

In this Chapter it will be demonstrated that for thin films the Cr under-layer 

has a strong influence on the martensitic microstructure generated from the 

parent austenitic phase, due to the different stress state of the NiMnGa cell on 

Cr in comparison to the case of NiMnGa cell on MgO. The effects induced by 

the film thickness will be also described. 

In the following Section, the details about the film growth are reported 

(Section 3.2). In the Section 3.3, the structure and morphology of the films with 

thicknesses in the range 50-100 nm grown on MgO substrate will be described 

in order to make possible a subsequent comparison to the films with same 

thicknesses grown on Cr under-layer. 

In Section 3.4 the experimental results obtained in the characterization of 

the films grown on Cr under-layer will be discussed, focusing the attention on 
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the correlation between structural and magnetic properties, as obtained by 

TEM analysis. On the basis of the presented results, a different behaviour 

compared to the film on MgO will be highlighted for the thin films at lower 

thicknesses, while a similar trend in function of thickness exists 

A model for the twin variants selective formation, based on the theory of 

elastic domains, is described in Section 3.5. In particular, applying this model it 

will be shown that the different stress states for the considered films is the 

leading factor able to stabilize one twin variant family out of two, as well as 

explain the thickness dependent behaviour observed for the films grown on Cr 

under-layer. 

It is here worth noting that, following the convention and nomenclature 

introduced in Section 1.3.3, the diffraction spots of the martensitic phase, as 

well as its crystallographic planes and directions, will be indexed within the 

pseudo-orthorhombic setting, which permits an easier comparison with the 

existing literature on thin films. Nevertheless, when necessary the 

corresponding indexes within the monoclinic setting will be reported, with the 

intent to give a detailed and clear description of the system without 

oversimplify its complexity. 

3.2 NiMnGa films growth 

All the characterized films were grown by radiofrequency sputtering 

apparatus with a base pressure of 3·10-8 mbar using a single target with 

composition Ni(49.3)Mn(27.8)Ga(22.9) (at. %), as determined by energy 

dispersive X-ray spectroscopy (EDX) with an uncertainty of 0.2 at. % for each 

element. 

NiMnGa films on the MgO(100) substrate were grown at a temperature of 

693 K with an argon pressure of 1.4x10-2 mbar and a sputtering voltage of 1200 

V; temperature was measured on the substrate surface before the growth. The 

resulting film composition obtained by EDXS analysis is 
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Ni(52.5±0.9)Mn(19.5±0.7)Ga(28.0±0.5) (at. %). 

The NiMnGa films on Cr under-layer of 50 nm (layers sequence is: 

MgO(100)/Cr/NiMnGa) were grown at a temperature fixed at 623 K, in order to 

limit the intermixing between Cr and NiMnGa [21]. The resulting film 

composition analysed by EDXS is Ni(53.9 ± 0.8)Mn(20.2 ± 0.9)Ga(26.0 ± 0.8) 

(at.%). 

3.3 NiMnGa films on MgO substrate 

In this Section, previous results achieved in the characterization of NiMnGa 

films grown on MgO will be reported. In particular, the martensitic 

microstructures of NiMnGa films with thicknesses of 75 and 100 nm on 

MgO(100) substrate will be discussed in order to permit a comparison with the 

results obtained for the films grown on Cr under-layer, described in the 

following Sections. 

The NiMnGa films are grown on heated substrates at a temperature where 

the austenitic phase is thermodynamically stable (T = 693 K). The epitaxial 

relation corresponding to the lowest lattice mismatch is achieved when the 

cubic axis of the NiMnGa austenitic cell is accommodated along the diagonal 

of the basal plane of the MgO cell, being the lattice mismatch between [100] 

NiMnGa and [110] MgO about 2.4%. 

The first evidence of the strong constrains induced by the presence of a 

substrate can be found in NiMnGa films with low thickness. As reported by P. 

Ranzieri et al. [18], in fact, NiMnGa thin films with thicknesses in the range 10-

40 nm display at RT an austenitic phase due to the hindering of the martensitic 

phase transition, whereas for the thicker films martensitic twin variants appear 

in the typical martensitic configuration of 45° lamellae, as shown in the cross-

sectional STEM-HAADF image reported in Fig. 3.1a, and an out-of-plane 

component of magnetization was always observed in MFM measurements. 
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Fig. 3.1 (a) Cross-sectional STEM-HAADF image showing the morphology of the 100 
nm thick film. (b) Schematic representation of the unit cell orientation for the 
observed twin variants: the pseudo-orthorhombic cell is sketched in blue and one of 
the twinning plane of the {101} family is drawn in purple. The monoclinic cell is 
sketched in green (in which the monoclinic angle β= 93° is marked by the arc). 

 

On the basis of the TEM characterization, it was possible to conclude that 

the visible 45° twinning planes correspond to {101} planes (indexed as {12-1} in 

the monoclinic setting) and induce a flipping of the c and a axes from an in-

plane to an out-of-plane direction. The cell orientation related to the observed 

twin variants configuration is schematized in Fig. 3.1b. Among the possible 

{101} planes, one is drawn in purple as an example. 

The temperature dependence of the austenitic lattice parameters can be 

inferred from the temperature evolution of the XRD pattern. In the following, 

in the description of temperature dependent measurements, we will refer to 

the austenitic diffraction spots using the letter ‘A’, whereas the spots relative to 

the martensitic phase will be marked by letter ‘M’. The measurement carried 

out on the 75 nm thick film is reported in Fig. 3.2. The out-of-plane lattice 

parameters (a_|_) of NiMnGa austenitic cell can be directly calculated from the 

peak positions. In particular, at 423 K the lattice parameter perpendicular to 

the film plane is a_|_(423 K) = 5.783(7) Å. If we assume that the stress due to the 

epitaxial constrain produces the same distortion in the two planar edges of the  
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Fig 3.2 XRD patterns of the 75 nm thick film at different temperatures. The shift and 
the variation in the peaks intensity can be attributed to the martensitic transformation. 
The (400)A peak of austenite visible at high temperatures evolves into the(004)M peak 
of martensite at lower temperatures. (From [18]). 

NiMnGa cell, the in-plane lattice parameter (a//) can indirectly be estimated 

under the hypothesis that the total volume of the NiMnGa cell is not affected 

by the epitaxial constrain. Taking into account the linear thermal expansion of 

the NiMnGa austenitic phase, αNiMnGa = 15x10-6 K-1 [33], the calculation gives: a// 

= 5.844(9) Å. It is therefore possible to conclude that the austenitic phase is 

subjected to a tensile strain ε//= 0.4%. This experimental value is lower than the 

calculated misfit, this observation being in agreement to what reported in 

literature for films with higher thicknesses [34], probably thanks to the partial 

release of the misfit strain by the formation of misfit dislocations at the 

interface between film and substrate. Cooling down the temperature from 423 

K to 333 K the out-of-plane lattice parameter shows a reduction in its value, 

with the appearance of a weak peak related to the martensitic phase and 

corresponding to a lattice parameter of 5.52(1) Å. This value corresponds to 

the martensitic c axis. 
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Since only this broad and low intensity peak related to the martensitic 

phase appear in the θ-2θ measurements, ω-scans have been performed in 

order to find possible martensitic orientations with scattering vectors slightly 

deviated with respect to the normal to the film plane. In particular, performing 

tilt scans along the [110] MgO and fixing the 2θ to the nominal angular values 

for (400)M and (004)M d-spacings of the martensitic phase (corresponding to ω 

= 30.7 ± 0.1 and ω = 33.9 ± 0.1), two doublets are visible (Fig. 3.3), thus 

demonstrating that in the thin film the unit cell can assume two different 

orientations, the first having the a axis and the second with the c axis 

perpendicular to the film plane, as found by TEM analysis. The splitting of each 

peak in the ω-scans, moreover, demonstrates that both the two axis are 

slightly tilted with respect to the normal direction of about 2.9° (for a axis) and 

2.5° (c axis). 

The presence of lamellae with the short pseudo-orthorhombic axis (c) 

normal to the film plain is in good agreement with the MFM and magnetic 

hysteresis loops measurements, displaying an out-of-plane component of 

magnetization. 

 
Fig 3.3 Tilt scan along the [110] MgO direction around the nominal 2θ position of 
(400)M and (004)M peaks (in blue and red respectively) of the martensitic cell. 
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3.4 The effect of Cr under-layer on twin variants 
formation 

As already introduced in Section 3.1, the Cr is a good candidate as under-

layer material for the low mismatch with both MgO and NiMnGa. In this 

Section the morphology and structural properties of NiMnGa films grown on 

Cr under-layer are discussed, highlighting the peculiar differences with the 

previously reported films grown directly on MgO substrate. In particular two 

NiMnGa films with thicknesses of 75 and 100 nm, grown onto a 50 nm thick Cr 

under layer, are described in details. The magnetic properties of the films are 

also investigated by the employment of both electron holography and 

magnetic characterizations. 

3.4.1 NiMnGa 75 nm / Cr 50 nm/ MgO 

3.4.1.1 Morphological and structural characterizations	
  

Both HRTEM and SAED have been employed to investigate the structural 

properties of the Cr under-layer. The cross-sectional HRTEM image in Fig. 3.4a 

shows the good quality of the MgO/Cr interface, locally flat at the atomic scale. 

The orientation of the Cr cell respect to the MgO cell is described by the 

growth relationship MgO (001)[100] || Cr (001)[110], as demonstrated by the 

spots in the FFT of the image. In particular, the Cr grows on MgO substrate 

with its unit cell rotated in the plane of the film by 45° respect to the MgO one. 

However, investigating the Cr/MgO interface by electron diffraction and 

taking into account the higher order diffraction spots, it turns out that the 

epitaxial Cr buffer layer is in a relaxed state. In fact, while the (200)MgO and 

(110)Cr spots appear superimposed (probably they are not distinguishable for 

the strong intensity of the MgO spot) a small but not negligible gap opens 

between (400)MgO and (220)Cr spots (Fig. 3.4b). 
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Fig 3.4 (a) HRTEM image and relative FFT (inset) of MgO/Cr interface. (b) SAED on a 
area across the interface. The inset shows a zoom of the second order spots. (c) Edge 
dislocation at the MgO/Cr interface; the extra-plane produces a discontinuity in the 
phase of (110)Cr reflection. 
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From the reciprocal lattice vectors lengths, the estimated values for lattice 

parameters of two materials are: aMgO = 4.22 ± 0.08 Å and aCr = 2.88 ± 0.07 Å; 

these values are in perfect agreement with typical bulk parameters, thus 

demonstrating that the Cr under-layer is not adapted to MgO substrate. 

The relief of the strain in the Cr under-layer is achieved with the formation 

of misfit dislocations at the MgO/Cr interface. In Fig. 3.4c, an enlargement of 

the MgO/Cr interface is reported: an edge dislocation is directly visible in the 

image and clearly highlighted by the discontinuity in the phase of the (110)Cr 

reflection (shown in the inset), calculated using the Geometric Phase Analysis 

(GPA) algorithm [35]. This result has to be taken in account in order to correctly 

describe the effect of under-layer on NiMnGa martensitic microstructure 

formation. In particular, the bulk lattice parameter of Cr will be used in the 

misfit strain calculations reported in the next Section. 

The bright field cross-sectional TEM image of the 75 nm film reported in Fig. 

3.5a demonstrates a selective twin variants formation, being the 90° twin 

variants the only observed in the sample in according to the configuration 

schematized in the figure. An HRTEM image of the interface between under-

layer and NiMnGa film is shown in Fig. 3.5b. For the considered thickness, the 

presence of the Cr under-layer induces the martensitic pseudo-orthorhombic 

cell to assume an orientation with the b axis always normal to the plane of the 

film and the short c axis in the plane of the film along the [100] direction of the 

Cr, demonstrated by the (010) and (101) spots in the directions normal and 

parallel to the film plane respectively, as shown in the FFT of the image (inset 

in Fig. 3.5b). The orientation of NiMnGa cell is sketched in Fig. 3.5c, in which 

both the two settings are schematized: in blue the pseudo-orthorhombic 

setting, in green the monoclinic setting. The 90° lamellae observed in the 

morphological characterization are thus generated by {101} twinning planes 

and induce a twinning of the c and a axes in the plane of the films. The 

structural parameters obtained by TEM experiments are reported in Table 3.1. 

Comparing this result to the one reported for the film grown on MgO, it is 
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Fig 3.5 (a) Cross-sectional view of the NiMnGa film 75 nm thick and scheme of the 
observed microstructure. (b) HREM image showing the interface between under-layer 
and film; the inset shows the FFT of the image. (c) Scheme of the epitaxial relationships 
for the considered structure: the NiMnGa pseudo-orthorhombic cell is drawn in blue 
and a twinning plane of the {101} family is drawn in yellow, as example. The monoclinic 
cell is sketched in green (in the scheme the monoclinic angle β is marked with an arc). 

 

System	
   Lattice	
  parameters	
  

Monoclinic 

(I2/m) 

a’ = 4.32 Å, b’= 5.52 Å, c’ = 4.23 Å 

β = 92.7° 

Pseudo-orthorhombic a = 6.20 Å, b = 5.88 Å, c = 5.52 Å 

Table 3.1 Lattice parameters for the 75 nm thick NiMnGa film grown on Cr 
under-layer, in both monoclinic and pseudo-orthorhombic settings. 
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worth to note that both the twinning systems observed in the martensitic thin 

films, displaying respectively 45° and 90° lamellae, are generated by the same 

twinning planes {101} in the pseudo-orthorhombic setting simply starting 

from a different orientation of the unit cell. 

In particular, the morphological and structural characterization 

demonstrates that the presence of the under-layer, in the relaxed state, 

strongly affects the martensitic phase of the NiMnGa film of 75 nm thickness. 

 

Fig 3.6 XRD patterns of the 75 nm thick film on Cr under-layer, at different 
temperatures. The variations of the (400)A peak position and intensity can be 
attributed to the martensitic transformation.  

 
Fig 3.7 (a) AFM image of 75 nm thick film on Cr under-layer. The surface of the 
martensitic film is free of corrugations, indicating the absence of twin plates with 45° 
twinned lamellae. (b) Corresponding MFM image, demonstrating the absence of 
magnetic signal in the out-of-plane direction. 



Chapter 3 

110 

The temperature dependent XRD measurements reported in Fig. 3.6, carried 

out in the same temperature range across the transformation also investigated 

for the films grown on MgO (reported and discussed in Section 3.3), show that 

for the 75 nm thick film the (010)A peak of the austenitic phase evolves to the 

(010)M peak of the martensitic phase. This peak is indicative of a martensitic 

phase whose pseudo-orthorhombic unit cell is oriented with its b axis normal 

to the film plane, therefore having the short c axis in the plane of the film.  

The different martensitic orientation found by TEM and XRD experiments 

reflects also on the surface morphology. Contrary to case of 75 nm NiMnGa 

films grown on MgO(100), showing the characteristic AFM surface modulation 

corresponding to twin variants with 45° lamellae [18], in the NiMnGa film with 

the same thickness grown on Cr/MgO(100) the surface modulations are totally 

absent, as shown in Fig. 3.7a, which is typical of 90° lamellae. 

3.4.1.2 Magnetic characterizations 

Beside these structural and morphological differences, it is undeniably 

evident that the under-layer of Cr also induces a deep change in the magnetic 

properties of the film, revealed by different and complementary techniques. 

In Fig. 3.7b, a MFM measurement is reported, clearly indicating the absence 

of an out-of-plane magnetic signal. The observed behaviour, significantly 

different to corresponding one for the film with the same thickness but grown 

on MgO substrate, strongly suggests that an in-plane preferential orientation 

of the magnetization should exist. 

In Fig. 3.8a an electron hologram acquired on the cross-sectional sample of 

the film is shown. Thanks to the separation method (see Section 1.4.4.1), the 

mean inner potential and the magnetic phase shift can be retrieved (Fig. 3.8b 

and c). The magnetic induction flux lines, approximated by contour lines of 

equal phase shift, are parallel to the film plane (Fig. 3.8d). 

Also, magnetic hysteresis loops at room temperature show that the easy-

magnetization direction is in the film plane (Fig. 3.9a). The saturation 
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magnetization is 400 kA/m, the coercivity is 10.7 kA/m when the field is 

applied in the film plane, 8.1 kA/m when the field is apply in the normal 

direction. 

 
Fig 3.8 (a) Hologram of the NiMnGa 75 nm thin film on Cr/MgO in cross-sectional view. 
(b), (c): MIP and magnetic phase shift. (d) Cosine map of amplified (6x) phase showing 
magnetic induction flux lines, which are parallel to the film plane. (c) 
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Fig 3.9 (a) RT magnetization loops measured in parallel and perpendicular 
configuration for the 75 nm thick NiMnGa film grown on Cr under-layer. (b) Scheme of 
the head-to-tail domains configuration model for the film. (c) Temperature behaviour 
of magnetization under an applied magnetic field (1.6 kA/m) along the (100) direction 
of MgO. 

A model head-to-tail for the magnetic domain structures, as schematized in 

Fig. 3.9b, is compatible with the observed behaviour. 

The effects of the temperature-induced martensitic phase transformation 

on the magnetization of the film were studied by applying a small magnetic 

field (1.6 kA/m) in the film plane. After demagnetizing the sample, the field 

was applied along the (100) direction of the MgO substrate and the 

magnetization was recorded as a function of temperature in the range 200-400 

K. The magnetization trends are shown in Fig. 3.9c. In particular, decreasing 

the temperature from 400K, at which the austenitic phase is stable, the 

magnetization does not change until the value of 360 K, where a steep 
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increase occurs, marking the onset towards the martensitic phase. The 

estimated transition temperature is TM(↓) = (352 ± 2) K, obtained by calculating 

the maximum in the derivative curve. The transformation of the austenitic 

phase into the martensite is complete at 330 K and, by further decreasing 

temperature, magnetization slightly increases. 

The reverse measurement from 200K up to 400K shows the same behaviour, 

with a transition temperature of TM(↑) = (355 ± 2) K. The phase transformation 

is therefore slightly above RT and a small hysteresis is observed. 

 

 
Fig 3.10 (a) Bright field cross-sectional TEM image of the 100 nm NiMnGa film on Cr 
under-layer: both the two family of twin variants with 45° and 90° lamellae are 
observed. (b) Hysteresis loops for the film in the parallel and perpendicular 
configurations. 
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3.4.2 NiMnGa 100 nm / Cr 50 nm/ MgO 

The microstructure of the NiMnGa film 100 nm thick, grown on Cr under-

layer, is strongly different to the one observed for the film with thickness of 75 

nm previously described. In Fig. 3.10a a cross-sectional bright field TEM image 

of the film is shown, which displays both the two families of twin variants with 

90° and 45° lamellae. The magnetic loops, reported in Fig. 3.10b for both the 

parallel and perpendicular configurations, is consistent with the appearance of 

45° lamellae, since hysteresis is clearly visible in the direction normal to the 

film plane. The same morphology of the film 100 nm thick, showing the co-

presence of the two twin families, is also observed for films with higher 

thicknesses, demonstrating that it may exist a critical thickness between 75 

and 100 nm for which the second family of twin variants appears. 

The results obtained for films with higher thicknesses, however, are not 

examined at this point; the 200 nm thick NiMnGa films on Cr under-layer will 

be deeply discussed in the next Chapter. 

3.5 Strain-induced twin variant formation in NiMnGa 
thin films 

In the following a model for the twin variants selective formation at low 

thicknesses, as well as the existence of a critical thickness for the appearance of 

the second family of twin variants, will be discussed starting from the 

theoretical model for elastic domains in solids. 

3.5.1 Theoretical model 

The equilibrium configuration of twin variants in a martensitic epitaxial layer 

is the one that minimizes the total energy of the system, given by the sum of 

the elastic energy and the surface energy [24]. In particular, the elastic energy 

contribution is due to the stress induced by the epitaxial constrains on the 

martensitic phase, while the surface energy is the energy term due to the 
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stress at the twinning planes, which are interfaces between different twin 

variants. 

From the theoretical model of elastic domains, using a functional 

expression for the effective interface energy (valid if the lateral size of the 

twinning domains is significantly smaller than the film thickness), a thickness 

dependent trend of the system energy can be obtained (Fig. 3.11): for small 

thicknesses, a partial relief of elastic energy is obtained by the formation of 

one family of twin variants, whereas for higher thicknesses the system can 

achieve the total relief of the epitaxial strain by the formation of a poli-twinned 

structure in which both the twin variant families (45° and 90° lamellae) are 

present [24]. It follows that for very thin films with thicknesses few times larger 

than the lateral size of the twinned domains, true for the described cases, the 

elastic energy contribution is the one that governs the microstructure 

formation in the martensitic state, being not favourable for the system 

introducing new twinning interfaces at the domains boundaries between 

different families of twin variants. The elastic energy increases linearly with 

thickness and for thicknesses higher than the critical value hC it overcomes the 

interface energy, which has a square root dependence on thickness [24]: new 

twin-boundaries are therefore created and two families of twin-variants are 

observed. 

Experimental evidence shows that in the presence or in the absence of 

under-layer the NiMnGa martensitic films with thickness of 75 nm show only a 

twin variants family, demonstrating that up to this thickness the elastic energy 

contribution is the one governing the microstructure formation. Nevertheless, 

the peculiar configuration of twin variants observed for the specimens with Cr 

under-layer is totally different from the one observed for NiMnGa films of the 

same thicknesses on MgO. The strain analysis that is presented in the following 

suggests an easy guideline to comprehend why in the presence of an under-

layer the free energy minimum of the martensitic phase is achieved by a 

different martensitic microstructure. 
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Fig 3.11 Thickness dependent trends of the elastic and surface energies. The different 
behaviours intersect at a critical thickness values hC, above which the second family of 
twin variants appears. 
 

 
Fig 3.12 Temperature dependent behaviour of the out-of-plane (red squares) and in-
plane (blue circles) lattices parameters for the austenitic phase, determined by XRD. 
The calculated in-plain strain is also given (green symbols). 

3.5.2 Effect of strain and film thickness 

In order to correctly describe the twin variant formation in the martensitic 

phase it is necessary to consider what happens by decreasing the temperature 

from the deposition temperature TD to the martensitic phase transformation 

temperature TM. Hence, in the followings we will describe the system in the 

austenitic phase and consider how it evolves in martensitic phase, which will 

be described in the pseudo-orthorhombic setting that is the closest one to the 

austenite. 

As reported above, the NiMnGa films grown on MgO substrate show at TD a 

misfit strain due to the mismatch between its lattice parameter and the MgO 
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one. Our experiments show that the austenitic cell is under an in-plane tensile 

stress, which is however smaller (ε// = 0.4%, as reported in Section 3.3 for the 

film 75 nm thick) than the calculated misfit (f = 2.4%) probably due to a partial 

release of the strain by the formation of misfit dislocations, as reported by 

Thomas et al. [34] for higher thicknesses. In the system NiMnGa/MgO the 

residual strain induced by the substrate leads to a selective formation of twin 

variants with 45° lamellae. Analysing the behaviour of the films grown on Cr 

under-layer, we will extend the description developing a model valid for both 

the cases MgO and Cr/MgO. 

For the NiMnGa films grown on Cr under-layer, the experimental strain 

values of the austenitic cell can be calculated starting from the (004)A spot of 

the XRD pattern by the following method: since we need to compare the in 

plane austenitic parameter with the Cr one, we assume the conservation of the 

crystal volume and estimate the in-plane axis of austenite as the square root of 

the ratio between volume (taken from the bulk alloy of corresponding 

composition) and the out-of-plane lattice parameter obtained by X-ray 

measurements; a thermal expansion affecting the volume has been taken into 

account, assuming a coefficient of linear thermal expansion for Cr of α = 

8.7x10-6 K-1 [36]. 

The temperature dependences of the out-of-plane and in-plane lattices 

parameters, as well as the in-plane strains, are reported in Fig. 3.12. The 

NiMnGa cell is subjected to a compressive strain ε// = -0.09%, which decreases 

linearly with the temperature. The calculated misfit of the austenitic cell on the 

Cr buffer layer at TD is f = -1.2 %, meaning that the unit cell is subjected to a 

compressive in-plane stress. In analogy with the case previously described, 

also in the film grown on under-layer the observed strain value is smaller than 

the calculated misfit. 

The different behaviour of the two described systems are schematized in 

Fig. 3.13a. The NiMnGa austenitic cell is under a compressive in-plane strain in 

films grown on Cr under-layer, whereas it is subjected to a tensile strain in films 

grown directly on MgO. 
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Fig. 3.13 (a) Schematic representation of the stress states of the NiMnGa austenitic cell 
on MgO substrate (left) and Cr under-layer (right). (b) Scheme of the two possible poli-
twinned systems in the martensitic phase, generated by (101)A and (110)A twinning 
planes of the austenitic cell. (c) Observed twinning planes for the two different 
systems in the austenitic reference system. 

 

Substrate	
  
Configuration	
  

MgO	
   Cr/MgO	
  

{101}A twins (45° lamellae) ε = +2.2% ε = -1.1% 

{101}A twins (90° lamellae) ε= +2.4% ε = -1.0% 

Table 3.2 Calculated misfit strain for the possible microstructures in the 
NiMnGa martensitic films grown directly on MgO and with a Cr under-layer. 
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Starting from the RT lattice parameters of the NiMnGa martensitic cell 

obtained for bulk samples with similar composition [37]) it is possible to 

estimate the misfit strains in the martensitic films. The use of the lattice 

parameters of the strain-free bulk phase, apparently misleading, is necessary in 

order to accurately calculate the misfit strain induced by the substrate on the 

martensitic phase. The misfit are calculated along the in plane [100]A and 

[010]A directions, for the two kinds of microstructures generated by {110}A 

(producing the 45°lamellae) and {101}A (90°lamellae) twinning planes 

(schematized in Fig. 3.13b), which occur in presence or absence of Cr under-

layer respectively. The calculated values are reported in Table 3.2. 

On the basis of the calculated strain values, it is possible to notice how both 

the systems NiMnGa/MgO and NiMnGa/Cr show, for the 75 nm film thick, the 

twin variants system which minimize the in-plane strain. In fact, the 

experimentally observed microstructures (schematized in Fig. 3.13c) are 45° 

lamellae for the NiMnGa/MgO and 90° lamellae for NiMnGa/Cr. 

Besides the agreement of the strain calculations with the observed 

microstructures, it is evident that for both substrates the energy difference 

between the two twin variants configurations is small. The small energy 

difference between the two possible twin variants configuration is in good 

agreement with the small thickness critical values at which the second family 

of twin variants appears (between 75 and 100 nm for the case of the NiMnGa 

films on Cr under-layer). However, this difference is not negligible representing 

about the 10% of the total strain and hence is effective in governing the 

microstructures of the films at thickness lower than hC. 

Although this estimation is based on the bulk lattice parameters, it points 

out how the system is able to switch to a different martensitic microstructure 

depending on the misfit strain state of the austenitic phase, choosing the 

microstructure that assures compatibility between the strain state of the 

austenitic and the martensitic phases and, at the same time, minimize the 

strain of the martensitic phase. The strain-induced mechanism leads, for the 

martensitic NiMnGa thin films in the range of thicknesses 50-75 nm, to the 
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formation of a martensitic microstructure with 45° lamellae for films grown on 

MgO and to the formation of a martensitic microstructure with 90° degrees 

lamellae for the films grown on Cr under-layer. 

It has to be remarked that the proposed model is efficient in the description 

of martensitic thin films with thicknesses lower than the critical value hc. For 

thickness higher than hC, the energy contribution due to the twinning 

interfaces has to be considered: in particular, the surface energy contribution 

can have a strong effect on the equilibrium twin variants configuration in the 

martensitic film, leading to the appearance of two families of twin variants, as 

observed for films with thicknesses higher than 100 nm. Furthermore, the 

observed results point out that for the system NiMnGa/Cr, for a thickness of 

the under-layer which assures that it is in the relaxed state (higher than 18 nm 

for Cr on MgO, from the theoretical calculation), the critical thickness for the 

appearance of the second family of twin variants is in the range 75-100 nm. 

In conclusion, the under-layer, necessary for the purpose of devices 

realization, is able to strongly affect the martensitic microstructure and, 

providing that the effects it induces on the film are modelled, it can represent 

a powerful tool to selectively control the twin variants formation in martensitic 

thin films and so tailor the magnetic properties of the films. 
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4 Tuneable MIR effect in NiMnGa 200 nm 
thin films: a multi-scale characterization 

4.1 Introduction 

As already discussed, MSM alloys such NiMnGa are multifunctional materials 

potentially exploitable for the realization of micro-devices [1-4] thanks to their 

ability to reach giant strains up to 12%, one order of magnitude higher than 

the typical values achieved by piezoelectric or magnetostrictive materials 

currently employed in actuators.  

The peculiar properties of magnetic shape memory alloys rely on the 

combination of both ferromagnetic and martensitic properties, with a strong 

interplay between magnetic and structural degrees of freedom. As already 

introduced in Section 1.3, a direct consequence of this strong correlation 

between structure and magnetism is that different actuation mechanisms are 
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possible for NiMnGa alloy. 

Briefly recalling the basic concepts introduced in Section 1.3, the first kind of 

actuation mechanism, controlled by the temperature, is the conventional 

shape memory effect related to the diffusionless transformation from a high-

temperature cubic austenitic phase to a low temperature martensitic phase 

characterized by a lower symmetry [5] and associated to the formation of 

martensitic variants. It is remarkable that heating the martensitic phase above 

the martensitic transition the cubic austenitic state is restored as well as the 

original shape. 

In magnetic shape memory alloys a giant deformation can also be induced 

applying an external magnetic field by two different routes, which correspond 

to two additional actuation modes for martensitic materials. The first type of 

magnetic actuation takes advantage of the coupling between the crystal 

structure and the spontaneous magnetization of the material, stabilizing the 

phase showing the higher magnetic moment [6, 7]. The onset of a 

magnetically induced martensite (MIM) can be employed for actuation in a 

temperature range close to the temperature of the phase transition [8]. The 

second magnetic actuation mode observed in single crystals is based on 

magnetically induced reorientation of twin variants (MIR), previously discussed 

in Section 1.3.2. 

The availability of magnetic shape memory alloys (MSM) thin films, able to 

reach huge strain values comparable to the ones observed in bulk crystals, 

would be of outstanding benefit for the effective employment of these 

materials as micro-actuators or, if the inverse effect is exploited, in energy 

harvesting and sensing. Nevertheless, the possibility of processing the thin 

films by lithographic procedures would open new prospects for the realization 

of smart and tiny machines [9], nowadays very appealing for the potential 

integration in actual micrometric devices [10]. 

However, the realization of martensitic thin films exhibiting such high 

strains has not been achieved up to now. Very limited MIR effects were found 

in thin films and a full comprehension of the mechanisms governing the MIR 
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effect in constrained martensitic thin films is still lacking. 

In this Chapter it will be demonstrated how it is possible to control the 

magnetic properties of the film by controlling the microstructure, thanks to 

the strong correlation between the structure and magnetism exhibited by 

these materials. In particular, a multi-scale approach in the characterization of 

NiMnGa thin films will be presented in order to correlate structure, 

microstructure and magnetism from the macroscopic scale down to the scale 

length of the small twinning domains of the martensitic phase. In this 

approach, different TEM techniques including HRTEM, simulations and 

electron holography can be considered essential for the comprehension of the 

mechanisms involved in the twin boundaries motion in martensitic thin films. 

In Section 4.2 a preliminary description of the few results reported up to 

now in literature concerning the realization of NiMnGa thin films displaying 

the MIR effect is reported. 

In Section 4.3, the effects induced by the martensitic microstructure on the 

MIR effect are described. Thanks to a full characterization by means of SEM, 

AFM/MFM and magnetization measurements carried out on films showing 

different microstructures, it will be demonstrated that the MIR effect can be 

controlled and enhanced by properly tuning the film microstructure. In 

particular, a giant anisotropic MIR in a thin film of NiMnGa is for the first time 

reported. As a case study, the detailed analysis of the film showing these 

striking properties is given in the subsequent Sections. 

An in-depth TEM characterization carried out combining different 

techniques, described in Section 4.4, makes possible to correlate the crystal 

structure to the twin variants configurations and the magnetism inside each 

domain of the poli-twinned martensitic phase. The employment of high-

resolution imaging, as well as the comparison of the experimental images to 

the simulated ones, is successful in clarifying the doubts relative to the 

correctness of phase identification in 90° lamellae. A model based on TEM 

results is finally suggested to explain the anisotropic microstructure formation 

for the sample displaying the huge anisotropic MIR. In the last part, Section 4.5, 
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the realization procedure and the preliminary characterizations of a free-

standing film are reported, pointing out the peculiar aspects of the martensitic 

structure and microstructure and investigating the martensitic phase 

transition in the free-standing structure. 

4.2 State of the art: MIR effect in NiMnGa thin films 

In the last years a great effort was devoted to the investigation of 

constrained epitaxial thin films grown on different substrates (i.e. MgO, STO, 

YSZ) [11-13] and free-standing films [13-15]. Up to now, few authors have 

reported about the MIR effect in constrained epitaxial thin films [16, 17]. 

M. Thomas et al. [11] reported a magnetic-induced twin variant 

reorientation in a NiMnGa film 470 nm thick grown on MgO(100) substrate. For 

the described film, showing a pseudo-orthorhombic structure with a strong 

monoclinic distortion, a reversible MIR effect was observed in the hysteresis 

loop measured applying an external field along the MgO (100) direction (Fig. 

4.1a). 

The shape of the curve, in fact, appears similar to the typical one observed 

for bulk martensites in which the MIR effect is displayed [11]. In particular, a 

step-like increase in the magnetization (Fig. 4.1b) occurs at a critical field value 

attributed to the twin variants reorientation process; the effect is as expected 

reversible, since a reduction of magnetic field is able to restore the original 

twin variants configuration. The fraction of the reoriented twin variants was 

estimated by the authors by calculating the ratio ΔJ/JS = 0.26, where ΔJ 

represents the jump in the magnetization (obtained by the extrapolation of 

the magnetization curve at high fields to zero) and JS the saturation 

magnetization. 

The authors asserted that the reported MIR effect did not produce a radical 

structural change on the base of structural measurements. In Fig. 4.1c is 

reported the (022)M pole figure, in which a symmetric distribution of twin 
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variants was observed with no applied field. The structural measurements they 

performed demonstrate that no significant changes occur upon the 

application of an external field parallel to the [110]MgO (drawn as an arrow in 

Fig. 4.1c), as can be seen in the integrated intensity profiles reported in Fig. 

4.1d. The main peaks are not affected by the applied magnetic field and the 

only relevant variation they observed in the measurement was a change in the 

background.  

On the basis of these measurements, the authors proposed a model 

asserting that the magnetic induced reorientation of twin variants should 

happen only on the top of the film, being the reorientation of the twin variants 

near the substrate hindered by the strong epitaxial constrains. The model, in 

addition, states that the twin variants reorientation can occur in epitaxially 

constrained thin films providing that a compensation for the changes of the 

lateral size occurs: since the reorientation must take place without changing 

the film dimension, it should involve large areas of the sample to conserve the 

film size, by compensating the distortions on a macroscopic scale. 

Beside this pioneer work about the MIR effect in constrained thin films, an 

exhaustive description of the reasons behind the appearance or the lack of the 

MIR effect in martensitic thin films is still lacking. Moreover, the new concepts 

recently proposed, concerning the existence of type-I and type-II twin 

boundaries, have to be taken into account to understand the behaviour of 

both constrained and free-standing thin films [17]. 

In the next Section the result obtained in the deposition and 

characterization of 200 nm thick NiMnGa films on Cr under-layer (50 nm thick) 

are reported. The results can be ascribed as a step forward in the 

understanding of the mechanisms involved in MIR effect in thin films: 

Moreover, the experimental results unequivocally demonstrate that the 

magnetic induced twin variants reorientation can be controlled, making it 

anisotropic or isotropic, and can be tuned, hampering or enhancing the effect, 

depending on the microstructure of the thin films. 
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Fig. 4.1 (a) Hysteresis curves for the martensitic NiMnGa film at RT with the applied 
field along two in-plane directions, [100]MgO and [110]MgO, and in the perpendicular 
direction. (b) 1st quadrant of the magnetization curve for the two in-plane directions. 
(c) Pole figure of the (022)M diffraction spot of the film at 300 K. (d) Integrated intensity 
of the (022)M pole along the applied magnetic field, in both parallel (top) and 
antiparallel (bottom) directions. The profiles obtained in the absence of the external 
field are also given. (From [11]) 

4.3 MIR effect: correlation between morphology, 
microstructure and magnetism 

The described samples consist in 200 nm thick NiMnGa films with the 

composition Ni(53.7±0.7)Mn(21.8±0.8)Ga(24.5±0.8), as verified by EDXS 

analysis, grown on MgO(100) substrate on the top of a Cr under-layer 50 nm 

thick. The epitaxial relationships have been verified and are the same observed 

for the thinner films reported in the previous Chapter. In particular, at the 

deposition temperature (where the austenite is stable), they can be 

summarized as: 

• Cr (001)[110] || MgO (001)[100]; 

• NiMnGa (001)[100] // Cr (001)[100]// MgO (001)[110] and NiMnGa 

(001)[010] // Cr (001)[010] // MgO (001)[-110]. 



Tuneable MIR in NiMnGa 200 nm thin films: a multi-scale characterization 

131 

The martensitic transformation, occurring for these films slightly above RT 

(≈ 325 K), transforms the cubic austenitic phase, stable at the deposition 

temperature, into the monoclinic martensitic phase. The crystal structure and 

the lattice parameters will be given in the next Section, in which a complete 

TEM characterization is presented. 

Changing the deposition parameters it is possible to induce a preferential 

orientation in the martensitic microstructure. In particular, by applying 

different stresses on the substrate, depending on the way in which they are 

mounted on the sputtering sample holder, different distributions and 

orientations of twin variants can be induced due to the variation of the stress 

on the NiMnGa cell. In particular, three samples with different microstructure 

will be described. The samples are named A, B and C. 

Large-scale SEM images of the three different NiMnGa thin films are 

reported in Fig. 4.2a, c and e respectively, recorded using a back-scattered 

electron detector (BSED). In all the images the [100] direction of MgO 

corresponds to the vertical edge of the image. 

The first film, the sample A (Fig. 2a), displays by two different martensitic 

plates mixed together in the entire area, showing areas with bright and dark 

contrasts. The plates, which look brighter in the image, have approximately a 

rectangular shape with a high aspect ratio, with the longer edge along the 

[100] direction of the MgO. As can be seen in the image at higher 

magnification in Fig. 4.2b, these twin plates show an internally twinned 

structure with lamellae of 20 nm in width, running along the [100] direction of 

the MgO. 

On the base of the TEM analyses, previously reported in Chapter 3, in these 

plates we expect a twinned martensitic microstructure characterized by 90° 

lamellae separated by twinning planes perpendicular to the film plane. On the 

contrary, the zones with a dark contrast exhibit a twinned microstructure with 

lamellae that intersect the surface of the film forming lines at 45° with respect 

to the [100] direction of MgO; for these regions, we can predict a 

microstructure with 45° lamellae. 



Chapter 4 

132 

 

 
Fig. 4.2 (a), (c) and (e): Large-scale SEM-BSED images of three different NiMnGa thin 
films, respectively named A, B and C. The [100]MgO direction corresponds to the vertical 
edge of each image. (b), (d) and (f): SEM-BSED images at higher magnifications of the 
A,B and C films showing the twinned martensitic microstructure at a finer scale. 
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The most noteworthy aspect of the film morphology is that a strong 

preferential orientation of the martensitic microstructure exists: the 90° 

lamellae, in the brighter area of the image, run parallel to only one edge of the 

substrate, corresponding to the [100] direction of MgO, while the same 

lamellae are not displayed along the equivalent [010] direction of MgO. 

The second film, the sample B (Fig. 4.2c), has a microstructure very similar to 

the sample A, showing two different martensitic plates appearing as bright 

and dark areas in the image. Inside each martensitic plate the sample has a 

microstructure internally twinned in the same way as was for the sample A. 

However, two remarkable differences between B and A appear evident: first, 

the B sample shows an homogeneous distribution of the different twin plates 

(in particular, no preferential orientations are observed for plates containing 

90° lamellae, which run parallel to both the [100] and [010] directions of the 

substrate); moreover, the two families of twin variants are finely mixed 

together down to a scale length of few microns, as demonstrated by the SEM 

image at higher magnification (Fig. 4.2d). 

 

Fig. 4.3 (a) AFM image of the sample A. The [100] of MgO is oriented along the diagonal 
of the image. 45° lamellae are easily recognized thanks to their typical surface 
modulation. (b) MFM image of the same area of the sample, showing a strong out-of-
plane magnetic signal from the martensitic plates with 45° lamellae. 
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The third film, sample C (shown in Fig. 4.2e), differs significantly from the A 

and B samples since only the family of twin plates displaying 45° lamellae is 

present. The lamellae are oriented in such a way that they emerge on the film 

surface forming line parallel to both the in plane diagonal of the MgO cell. 

Beside this isotropic orientation, a finely mixing of them occurs at a short 

length scale, as visible in the image at higher magnification shown in Fig. 4.2f. 

The surface morphology and the magnetic properties of the films have 

been studied by AFM and MFM, with the aim to correlate the microstructure to 

the magnetism of the twin plates at the micrometric scale. The results 

obtained on the sample A are reported as an example; they can be considered 

significant also for samples B and C which display the same kinds of twin 

plates, solely characterized by a different organization and distribution of the 

twin plates and variants. 

As expected, in the AFM investigation (Fig. 4.3a) the typical contrast due to 

surface corrugations [18] is observed in the regions containing 45°lamellae, 

while the plates containing 90° lamellae appear flat at the nanometre scale. In 

the MFM image (Fig. 4.3b), which is a map of the out-of-plane magnetization, a 

strong magnetic signal can only be revealed in correspondence of twin plates 

with 45° lamellae. No significant magnetic contrast is visible in twin plates with 

90° lamellae; in these regions, the only detectable features are narrow stripes 

orthogonal to the longest direction of the twin plates. These features can be 

attributed to domain walls between regions in which the magnetization is 

oriented in the plane of the film along different directions. 

In Fig. 4.4 the magnetization curves for the three described samples are 

shown. The sample A shows a peculiar anisotropic metamagnetic behaviour 

(Fig. 4.4a): in fact, by applying a field along the [100] direction of the MgO a 

huge jump in the magnetization, outreaching 55% of the saturation value, 

occurs. In analogy with the already reported case of MIR effect in NiMnGa thin 

films, the shape of the magnetization curve and the reversibility of the effect 

can be ascribed to the twin variants reorientation process, but the 

magnetization variation here observed is unprecedented. The twin boundary 
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motion occurs between two field values from which we can evaluate the 

average field for the MIR process, which is HMIR = 78 mT. The low applied 

magnetic field needed to reorient the twin variants is a direct demonstration 

of the existence of twin boundaries with high mobility and the entity of the 

magnetization jumps is a proof of the large scale on which the phenomenon 

happens. It is here worth to remark that the described behaviour is displayed 

only in one direction, the one which correspond to the preferential orientation 

of the 90° lamellae (as previously observed in the morphology description), 

whereas by applying the field along other high-symmetry in-plane directions 

(i.e. [110], [010]) of the MgO substrate a conventional easy magnetization 

curve is observed (Fig. 4a, blue and black curves). 

The hysteresis loops for the sample B, reported in Fig. 4.4b, show a MIR 

effect in both the two directions [100] and [010] of the MgO substrate. The 

magnetization jumps are equivalent for the two directions and their absolute 

value (≈ 25 - 30%) is lower than the one achieved in the sample A. The 

hysteresis loops for the sample C (Fig. 4.4c), instead, do not show any 

difference between the two directions and, moreover, no evidence of MIR 

effect is observed. 

These experimental results demonstrate the important role of the 

microstructure in the magnetization processes of NiMnGa thin films and that it 

is possible to achieve a substantial enhancement of the MIR effect by 

controlling the film microstructure. 

In the following Section an in-depth TEM analysis on the sample A is 

presented: by combining different techniques, a full characterization of the 

structural and magnetic properties of the materials is achieved. In the analysis 

a direct correlation between the properties at the nanoscale and the 

microscopic morphology is always afforded. 
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Fig. 4.4 (a), (b) and (c): magnetization curves along different in-plane directions 
(different colours) or the A, B and C samples respectively. The A sample show a huge 
anisotropic MIR effect along the [100]MgO direction, whereas the B sample show a 
smaller MIR effect in both in-plane directions given by [100] and [010] MgO. No MIR is 
observed in the magnetic measurements performed on the C sample. 
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4.4 Microstructure-induced giant anisotropic MIR: an 
in-depth TEM analysis 

The TEM characterization is organized in the following way: first of all, the 

structural properties of the films are discussed, focusing the attention to some 

open problems concerning martensitic thin films, which are clarified by a deep 

structural/crystallographic investigation; in the second part a magnetic 

characterization at the nanoscale is provided by electron holography, keeping 

in mind the strong relationship between structure and magnetism which 

governs the behaviour of martensitic shape memory alloys. 

4.4.1 Structural properties: from the unit cell to the 
microstructure 

4.4.1.1 Crystal structure and twin variants 

The morphology and the structural properties of sample A have been 

investigated by the use of transmission electron microscopy in both cross-

sectional/planar views. 

From the STEM images acquired using the HAADF detector, shown in Fig. 

4.5, it is easy to recognize in both cross-sectional (Fig. 4.5a) and planar (Fig. 

4.5b) views the two regions characterized by bright and dark contrast in the 

SEM-BSED images (shown in the previous Section). The set of axes for the two 

TEM specimens, with respect to the principal directions of the MgO substrate, 

is given in Fig. 4.5c. As can be noted from the STEM-HAADF images, the 

anisotropic microstructure is not lost in the TEM prepared samples since the 

preferential orientation of the bright areas is conserved, as can be seen in the 

planar specimen. 
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Fig. 4.5 Low magnification STEM-HAADF images of the prepared TEM specimens on 
sample A: (a) cross-sectional view, (b) planar view. The bright and dark areas observed 
in SEM images reported in Fig. 4.2 can be recognized. (c) Set of axes, with respect to the 
principal directions of the MgO substrate, for the cross-sectional and planar TEM 
specimens. 

 
Fig. 4.6 STEM-HAADF images of the (a) cross sectional and (b) planar specimens. The 
twin variants families inside each martensitic plate are visible. The twinning planes of 
90° lamellae are drawn in yellow, twinning plane between 45° lamellae in purple. 
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Analysing the TEM specimens at a higher magnification (Fig. 4.6: (a) cross-

section, (b) planar view), it is evident that also the correspondence between 

the twin plates with different contrast and the fine twinning of the 

microstructure observed by SEM analysis is conserved. In particular, the same 

colour notation introduced in the previous Chapter to indicate twin 

boundaries between different twin variants is used: 90° lamellae are generated 

by the twinning planes perpendicular to the plane of the film, schematically 

represented by yellow lines, while 45° lamellae are generated by tilted 

twinning planes, drawn in purple. 

The 90° lamellae are preferentially oriented along the [100] direction of 

MgO, the direction in which the anisotropic MIR effect is observed. The 

reported images demonstrate that the TEM samples preparation, by means of 

focus ion beam (FIB) for the cross-sectional specimen or by conventional 

preparation (dimple grinder and ion milling) in the case of the planar one, does 

not alter the martensitic microstructure and the relative abundance of 

different martensitic plates and families of twin variants. 

Since this 200 nm thick film is deposited above an under-layer of Cr 50 nm 

thick using a single target with the same composition to the one used to 

deposit the films with lower thicknesses described in the previous Chapter and 

setting the same growth parameters, it is not surprising that both the twin 

variants families coexist in the martensitic microstructure. On the basis of the 

thickness-dependent model for the twin variants formation developed in 

Chapter 3, in fact, the two twin variants families are expected for thicknesses 

higher than 100 nm. 

Following the methodological analysis previously proposed, the 

employment of electron diffraction can be very useful to understand the 

epitaxial relationships between the different layers, whereas HRTEM 

performed on the two different regions (containing respectively 45° and 90° 

lamellae) of the NiMnGa thin film allows investigating the relationship 

between the morphology of the twinned lamellae and the crystal cell 

orientations, providing a clear view on the twinning involved. 
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System	
   Lattice	
  parameters	
  

Monoclinic 

(I2/m) 

a’ = 4.32 Å, b’= 5.52 Å, c’ = 4.23 Å 

β = 93° 

Pseudo-orthorhombic a = 6.20 Å, b = 5.89 Å, c = 5.52 Å 

Table 4.1 Lattice parameters for the 200 nm thick NiMnGa films grown on Cr 
under-layer. The lattice parameters are given for both monoclinic and 
pseudo-orthorhombic settings. 

As already demonstrated in the previous Chapter and here not reported, the 

Cr buffer layer grows with the cubic [110] direction parallel to the cubic [100] 

direction of the MgO substrate; for the considered thickness, the tensile strain 

in Cr layer is released thanks to the formation of misfit dislocations at the 

interface wit the substrate. The NiMnGa thin film grows in the austenitic phase 

with the [100] axis parallel to the [110] direction of the MgO. At room 

temperature, the NiMnGa thin film shows a martensitic structure characterized 

by lamellae with a width of about 20 nm and a length, in the longest 

directions, up to tens of microns. 

The crystal structure of the martensitic phase can be properly described 

within the monoclinic system. In particular, HRTEM analysis points out a 7M 

modulated structure with lattice parameters a’= 4.23, c’ = 4.32 Å, b’=5.52 Å and 

a monoclinic angle β = 93°, the b’ axis in the monoclinic setting corresponding 

to the short pseudo-orthorhombic c axis following the established convention. 

The modulation runs along the c’ axis, which corresponds to the [110] 

direction (basal plane diagonal) in the pseudo-orthorhombic setting. The 

details of the crystal structure in both monoclinic and pseudo-orthorhombic 

settings are given in Table 4.1. It is worth to note that the crystal structure 

observed in the films is closely comparable to the monoclinic one reported for 

7M martensitic bulk samples with similar compositions [19]. 

The effect of the twinning planes in martensitic plates characterized by 90° 

lamellae is clearly visible in HRTEM image of the planar specimen (Fig. 4.7a). In 
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the FFT of the HRTEM image, shown in Fig. 4.7b, the reciprocal lattices cells (in 

the pseudo-orthorhombic setting) of the two twinned crystals are drawn with 

continuous and dashed lines respectively. The two configurations of the unit 

cells in the twinned lamellae are schematized in Fig. 4.7c. 

The effect of the twinning planes in the second family of martensitic plates, 

showing 45° lamellae, is intrinsically difficult to observe since the twinning 

planes are rotated in the plane of the film by 45° with respect to the [100] 

direction of MgO and at same time they are tilted 45° from the normal to the 

film plane. Hence, neither in planar or in cross-sectional views, we are able to 

eliminate the superimposition of the twinned crystals. Their effect on the 

martensitic cell can anyway be understood in the HRTEM images of the cross-

sectional specimen. The image reported in Fig. 4.8a, in fact, shows the different 

orientations of two adjacent twinned lamellae indicated by the presence of 

two different projection of the 7M modulation in the FFT of the image (Fig. 

4.8b): the structural modulation runs along the [110] direction in the pseudo-

orthorhombic setting and thanks to the twin it can occur in the plane of the 

film, if the unit cell is oriented with the short c axis (easy magnetization axis) 

perpendicular to the film plane, or at 45° with respect to the plane of the film, 

if the unit cell is oriented with the short c axis lying in the plane of the film, 

parallel to the [110] direction of the MgO substrate. 

The two described configurations, as well as the geometrical considerations 

used to demonstrate the effect of the twins in plates containing 45° lamellae, 

can be more easily understand if the scheme reported in Fig. 4.8c is 

considered. In both the schemes shown in Fig. 4.7c and Fig. 4.8c the twinning 

planes are represented in the same colours used in Fig. 4.6a and 4.6b. 

Since the giant anisotropic MIR effect for the A sample is observed if the 

external magnetic field is applied along the preferential orientation of the 90° 

lamellae and taking into account that the C sample, in which only 45° lamellae 

are observed, does not show any evidence of twin variants reorientation under 

an applied field, it can be deduced that the martensitic plates containing 90° 

lamellae play a pivotal role in the metamagnetic transition. 
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Fig. 4.7 (a) HRTEM image of twin variants with 90° lamellae. (b) FFT of the image; the 
two twinned reciprocal lattices cells are sketched. (c) Scheme of the twinning planes 
involved and the relative martensitic cell orientations: in green the cells in the 
monoclinic setting, in blue the cells in the pseudo-orthorhombic setting. 



Tuneable MIR in NiMnGa 200 nm thin films: a multi-scale characterization 

143 

 

Fig. 4.8 (a) HRTEM image of twin variants with 45° lamellae. (b) FFT of the image; the 
two twinned reciprocal lattices cells are superimposed. (c) Scheme of the twinning 
planes involved and the relative martensitic cell orientations: in green the cells in the 
monoclinic setting, in blue the cells in the pseudo-orthorhombic setting. 
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The peculiar aspect emerging from the analysis of this family of twin 

variants (90° lamellae) is that the twinning planes, up to now described as 

{101} in the pseudo-orthorhombic setting for the sake of simplicity, are type-II 

twinning planes characterized by irrational indices. To make a step forward in 

the comprehension of the magnetic properties of the films, a more accurate 

analysis of the twinning system in the twin variants with 90° lamellae is 

required. 

In Fig. 4.9a a cross-sectional HRTEM image of a boundary between twin 

variants with 90° lamellae is shown. The zoom of the rectangular area across 

the twin boundary, marked by the white dashed square in the figure, is 

superimposed to the image. 

Since the two twinned crystals in type-II twin boundaries are related by a 

rotation of π around the η1 axis [20], being this axis the twinning direction, the 

diffraction pattern acquired orienting the sample along the η1 direction does 

not change across the twin. 

The FFT of the HRTEM image in cross-sectional view (Fig. 4.9a) shown in Fig. 

4.9b demonstrates that along the [101] direction of the pseudo-orthorhombic 

setting only a single diffraction pattern is observed. The observed pattern is 

therefore compatible with a rotation of π of the crystal around the η1 axis. A 

scheme of the symmetry element related to the effect of the type-II twin in this 

projection is given in Fig. 4.9c. It is worth to note that even in the enlargement 

of the HRTEM image a clear continuity of the atomic planes across the twin 

boundaries is visible, a further confirmation that in this zone axis the twinned 

crystal is perfectly generated by a rigid rotation of one of the two twin variant 

around the twinning direction. 

The crystallographic theory asserts that the effect of a type-II twin can also 

be seen as a reflection across a plane that is normal to the twinning direction 

in reciprocal space [20]. A mirror plane must therefore be present in the 

diffraction pattern of the 90° lamellae when are observed along a 

crystallographic direction normal to η1. The FFT (fig. 4.10b) of the HRTEM 

image in planar view (shown in Fig. 4.10a) in fact shows that, if the sample is 
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oriented along a zone axis perpendicular to the twinning direction (as in the 

case of a sample seen in planar view), a mirror plane normal to η1 is observed 

in the reciprocal lattice. A scheme of the symmetry element in this projection is 

given in Fig. 4.10c. The enlargement of the twin boundary reported in Fig. 

4.10a also highlights how in HRTEM observations along an axis that differs 

from the twinning direction an overlap of the twinning crystals in unavoidable 

at the type-II twin interface, because of an irrational K1 plane that does not 

correspond to an exact crystallographic plane. 

 
Fig. 4.9 (a) HRTEM images of 90° lamellae in cross-sectional view. An enlargement of 
the square area marked by the dashed line across the twinning plane is also given. (b) 
FFT of the HRTEM image; no noticeable effect of the twin is visible in this projection. (c) 
Schematic representation of the typical symmetry element characterizing a type-II 
twin in the direct space, when observed along the twinning direction η1. 
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Fig. 4.10 (a) HRTEM images of 90° lamellae in planar view. An enlargement of the 
square area marked by the dashed line across the twinning plane is given. (b) FFT of 
the HRTEM image; a clear effect of the twin is visible in this projection. (c) Schematic 
representation of the typical symmetry element characterizing a type-II twin in the 
reciprocal space, when observed along a direction orthogonal to the twinning 
direction η1. 

The presented analysis permits to establish a well-define correlation 

between crystal structure and the martensitic microstructure, which is 

fundamental to comprehend the peculiar properties of the described film. The 

type of the twin boundaries in the regions directly involved in the MIR effect 
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has been described and the results demonstrate that the involved twin 

boundaries are type-II active twins for magnetic induced twin variants 

reorientation. 

4.4.1.2 NM or 7M martensite? Visibility of structural modulation in 
different projections 

The indexing of the electron diffraction patterns in such complex structures 

is sometimes tricky and ambiguous, since some peaks can be indexed in 

different phases with different symmetries, within the experimental error of 

the diffraction measurements. 

For example, in literature up to now several authors have reported about 

the co-presence of modulated (with a monoclinic symmetry, e.g. [19, 21]) and 

non-modulated (abbreviated as ‘NM’, with a tetragonal symmetry, e.g. [22]) 

phases, as well as residual austenitic phase (e.g. [11]), in martensitic thin films. 

In particular, the absence of satellites spots in diffraction patterns of twin 

plates containing 90°lamellae has induced to interpret the martensitic phase 

involved in these twin variants as NM. 

 

Fig. 4.11 Electron diffraction pattern of a twin plate containing 45° lamellae, in planar 
view. In the inset (enlargement of the area marked by the dashed line) shows the extra 
spots due to structural modulation, confirming the 7M character of the martensitic 
phase. 
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Chulist et al. [23] in their work have demonstrated that the structural 

modulation is not visible in X-ray synchrotron experiments carried out at high 

energy (100 keV) unless the beam direction is parallel to the c axis of the 

pseudo-orthorhombic structure, since the shuffling of the atomic planes 

distorted by the structural modulation is solely visible if it lies in the plane 

normal to the beam direction. 

In Fig. 4.11 an electron diffraction pattern of a twin plate containing 45° 

lamellae observed in planar view is reported. The pattern is generated by the 

unavoidable superimposition of the two twinned crystals. However, one of the 

two twin variants is oriented with its c axis (in pseudo-orthorhombic setting) 

perpendicular to the plane of the film and consequently parallel to the 

observation direction. For these twin variants, the direction of the structural 

modulation lies in the plane of the film. The indexes of the main reflection for 

these twin variants are given in the image; six satellites are visible along the [1-

10] direction of the cell, as highlighted by the inset in the figure, thus directly 

demonstrating that the phase is 7M. 

No direct evidence of 7M modulated structure is on the contrary achieved 

for the twin variants with 90° lamellae, since extra spots are not visible in the 

electron diffraction patterns of these variants (see Fig. 4.7 and Fig. 4.10). 

However, as a direct consequence of the properties displayed by the A 

sample, which shows a huge MIR effect that has to be related to the 90° 

lamellae for the considerations discussed above, we expect that the 

martensitic phase in the twin plates with 90° lamellae is modulated. In fact, the 

twinning stress of the NM martensitic phase is significantly higher than those 

of the modulated structures [24], hindering the magnetic induced twin 

variants reorientation in NM phases [25]; this phase is thus not compatible with 

the observed magnetic properties of our film, which display a clear MIR effect 

under small applied magnetic fields. 

In order to achieve an experimental proof of the structural modulation from 

the TEM analysis, it is necessary to perform simulations and analyse more in 

details some not obvious features present in the experimental images. 
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If for example an HRTEM image of the 90° lamellae is considered in cross 

sectional view (Fig. 4.12a), it is clear that the alternating bright and dark stripes 

in a fishbone-like geometry cannot be simply related to some imperfection of 

the specimen due to the preparation processes, since they appear regularly in 

all the similar regions of the sample. 

The simulations have been carried out using STEMCELL software [26]. This 

software consents to create and manipulate complex multi-domains 

crystalline structures and to simulate the images by the multi-slice method 

[27]. It is moreover possible to apply a continuous distortion to the crystal 

structure, with a tuneable amplitude and frequency. 

In order to perform the simulations of the modulated structure the 

monoclinic setting is the most convenient reference system, since as described 

in Section 1.3.1 the structural modulation occurs along the c’ axis of the 

monoclinic structure. In the first step, the monoclinic unit cell has been 

replicated in order to create a martensitic non-modulated crystal. After the 

crystal is created, a sinusoidal distortion along the [001] monoclinic direction is 

applied with a period of 14 unit cells and setting the amplitude of the 

distortion at the value reported for the 7M modulation in bulk crystals [19]. In 

this way a commensurate modulated crystal structure is created. 

On the base of the analysis of the twinning plane provided in previous 

Section, it is evident that in order to create a twinned crystal the most 

convenient way is to take advantage of the projection in which the twinning 

can be described by an exact symmetry operation. In particular, since the 90° 

lamellae involve type-II twinning planes, the most suitable geometry is the one 

in which the observation direction is parallel to the twinning direction, being 

the effect of the twinning plane simply described by a C2 axis in this projection. 

Therefore to create the twinned crystal we put the sample in the monoclinic 

[11-1] zone axis (corresponding to the [10-1] direction in pseudo-

orthorhombic setting) and we generate the second twin variant by means of a 

rotation of π around the zone-axis. 
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Fig. 4.12 (a) HRTEM image of 90° lamellae in cross-sectional view. (b) STEM cell 
software: in the slice generator tool the modulated structure and the twinned crystal 
are created. (c) Simulated images at different defocus values of the twinned structure 
created using the modulated 7M and the non-modulated (NM) cell. The features in the 
simulated image for the 7M structure are in good agreement with the one observed in 
the experimental image (e.g. dashed box in (a)). 

Two screenshot of STEMCELL software windows are reported in Fig. 4.12b, 

the first concerning the creation of the modulated structure, the second 

showing the twinned superstructure. In Fig. 4.12c the simulated images at 

different values of defocus are shown: as can be immediately deduced, only 

the simulations performed using the modulated superstructure display a 

fishbone-like features, comparable to the ones observed in the experimental 

images. These features, related to local changes in diffraction contrast due to 

the effect of the structural modulation that is able to locally alter the Bragg 

diffraction conditions, are totally absent in the simulated images for the NM 

phase. This result is a further demonstration that the visibility of the 
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modulation is strongly affected by the observation direction but its effects in 

not-favourable projections are anyway noteworthy and discernible in high-

resolution TEM images. Hence, sample A presents a 7M modulated martensitic 

phase also in the twin plates with 90° lamellae, accordingly to the low 

twinning stress observed in magnetic measurements. 

4.4.1.3 Effect of external applied stress on twin variants formation 

Starting from geometrical considerations and taking into account the 

results achieved by the TEM characterization, we are able to propose a model 

describing the formation of twin plates displaying a preferential orientation of 

the martensitic microstructure in the sample A. 

This film was deposited applying a tensile shear stress on the substrate along 

the [100] direction of the MgO, induced by mounting the substrate on the 

holder of the sputtering chamber with claws along the [100] of MgO. 

If we consider an unperturbed austenitic cell in the reference system of the 

MgO principal directions (grey cell in Fig. 4.13a), it can be easily seen that a 

shear stress along the [100] of MgO can produce a distortion of {1-10} atomic 

planes of the cubic austenite, with a small bending of the orthogonal planes 

{110}. Distorted cells are drawn in orange and red in Fig. 4.13a. If we image to 

apply a strong stress on the cell, when it is cooled down below the martensitic 

phase transformation temperature the most convenient twin variants that 

minimize the system elastic energy are the ones related by a type-II twin 

boundary with a twinning direction parallel to the direction of the applied 

stress (Fig. 4.13b): in this way, in fact, the twinning configuration minimizing 

the global distortion of the structure is accomplished. 

From this simply geometrical analysis of the stress-induced preferential 

orientation of the twin variants, some other important aspects can be 

underlined. If we consider, for example, the martensitic axes of the displayed 

twinned structure (see Fig. 4.13b), we can observe that the pseudo-

orthorhombic a and c axes are almost perpendicular one respect to the other 

but they are not collinear along the [110] direction of MgO (Fig. 4.14a). 
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Fig. 4.13 (a) Effect (exaggerated) of a shear stress applied along the [100] direction of 
the MgO on the austenitic cell and its atomic planes; (b) twin variants structure 
generated in the described situation in order to minimize the global distortion: a type-
II twin boundary is created. 
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Fig. 4.14 (a) Schematic representation of the configuration of martensitic axes 
generated by a type-II twin boundary, corresponding to the variants shown in the 
HRTEM image in (b). (c) Strain maps calculated from the FFT of the HRTEM image, by 
means of GPA algorithm: εyy and ωxy maps are shown. 
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This feature, strictly related to the irrational character of the twin boundary, 

is experimentally confirmed if a strain analysis is carried out on the HRTEM 

image of the planar specimen. 

In order to study the effect of the type-II twin on the crystallographic axes, a 

non-conventional use of the Geometry Phase Analysis (GPA) algorithm is used. 

In particular, in the FFT of the image shown in Fig. 4.14b the two circular masks 

are placed in such a way so that the one along the x axis contains the (002) 

spot of the reciprocal lattice primary cell and the (200) spot of the twinned cell, 

while the masked area along the y axis contains the (200) spot of the reciprocal 

lattice primary cell and the (002) of the twinned cell (Fig. 4.14b, right). 

Extracting the εyy map (Fig. 4.14c, left) it is possible to verify, as expected, 

that the pseudo-orthorhombic a and c axes alternate along the [110] MgO. In 

fact, for the chosen spots in the FFT of the image, the εyy map corresponds to a 

strain analysis along the y direction which is parallel to the [110] of MgO. 

Moreover, the measured strain values are in perfect agreement with the 

typical lattice parameters of the martensitic phase. In fact, if the εyy map is 

equalized in a way so that the 0% strain corresponds to the 5.82 Å parameter 

of the austenite, the measured strains in two adjacent variants are -4.8% and 

+3.9%: the corresponding local lattice parameters are therefore the martensitic 

c and a axes that, as already described in Section 1.3.1, arise for a contraction 

and an elongation respectively of the austenitic axes. 

In addition, the ωxy map (Fig. 4.14c, right) clearly demonstrates that the two 

axes alternate along the [110] direction of MgO with a misalignment angle θmis 

= +2.3° for the short c axis and an angle θmis = -2.9° for the long a axis, in 

agreement with the proposed geometrical model (see Fig. 4.14a). 
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4.4.2 Magnetic properties: from the twinned domain to the 
macroscopic MIR 

From the TEM analysis it has been demonstrated that the two different 

types of twin variants are generated by the presence of {101} twinning planes 

in the pseudo-orthorhombic setting starting from two different orientations of 

the martensitic unit cell, in a similar manner to what was observed in the 

thinner films. 

In particular, it has been demonstrated that in the twin plates constituted 

by 90° lamellae the presence of these twinning planes induces the pseudo-

orthorhombic c axis, which is associated to the easy magnetization axis of the 

martensitic cell of NiMnGa in the bulks, to assume two symmetric in-plane 

directions at the two different sides of the twin boundary (Fig. 4.7); on the 

contrary, in the twin plates with 45° lamellae the same twinning planes induce 

a flipping of the pseudo-orthorhombic c axis from an in-plane direction to an 

out-of-plane one (Fig. 4.8). 

From the described MFM measurements, previously reported (Section 4.3), 

an out-of-plane component of the magnetization was observed in the twin 

plates constituted by 45° lamellae, while an in-plane configuration of the 

magnetization was compatible with the absence of magnetic signal for the 

twin plates with 90° lamellae. It must be stressed, however, that MFM is not 

sufficient to completely describe the local magnetic properties of the 

martensitic phase. 

In fact, beside the lack of information about the twin variants having their 

magnetization lying in the plane of the film, the results achieved by scanning 

probe techniques on large areas do not consent a direct correlation between 

the structure and the magnetism of each fine twinning domain in the 

martensitic microstructure.  

To achieve this deeper comprehension, electron holography was employed 

to study the magnetic properties of the martensitic phase at the nanoscale. 

As described in Section 1.4.4.1, performing an experiment of electron 
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holography we are able to restore the magnetic phase shift and hence the in 

plane components of the magnetic induction. 

Since we are able to study the planar components of the magnetization, on 

the basis of the aforementioned crystallographic orientations the most 

convenient solution in order to study the magnetic domains of the film in the 

different configuration of twin variants is to analyse the twin plates showing 

90° lamellae in planar view and analyse the twin plates with 45° degrees 

lamellae in cross-sectional view. 

In Fig. 4.15a a hologram acquired close to the vacuum in the planar 

specimen is reported. It is possible to recognize the 90° lamellae which show a 

lateral size of about 20 nm. From the magnetic induction flux map (Fig. 4.15b), 

approximated by contours of equal phase shift, it is clear that the 

magnetization inside each lamella is oriented parallel to the easy axis of 

magnetization. Moreover, it is worth to note that, accordingly to the analysis 

reported above, the angle between the magnetization vectors of two adjacent 

lamellae slightly differs from 90°. Remarkably, the observed angular deviation 

is in very good agreement with the previously reported analysis regarding the 

slight misalignment of the c axes of the cells with respect to the [110] of MgO 

(see Fig. 4.14). 

In Fig. 4.15c, the magnetic induction colour map is shown; the colour is 

related to the direction of the magnetization vector, the saturation to its 

intensity. As can be seen from the uniformity of the colour inside each lamella, 

in the area corresponding to the field of view of the image no domain 

boundaries between different planar configurations with antiparallel 

magnetizations are visible inside each lamella. It has to be underline, however, 

that the domain boundaries observed by means of MFM measurement in the 

twin plates with 90° lamellae (Fig. 4.3b) separate magnetic domains with a 

lateral size in the range from hundreds of nm to few μm. The size of the region 

analysed by electron holography is remarkably smaller than the typical lateral 

size of this kind of domains. 



Tuneable MIR in NiMnGa 200 nm thin films: a multi-scale characterization 

157 

 
Fig. 4.15 (a) Electron hologram of twin plates with 90° lamellae, in planar view. (b) 
Contour map showing the magnetic induction flux lines. (c) Magnetic induction colour 
map: the colour gives the magnetization vector direction, the saturation its intensity. 
The magnetization of each lamella is schematized by the white arrows. 
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Fig. 4.16 (a) Electron hologram of twin plates with 45° lamellae, in cross-sectional 
view. (b) Contour map showing the magnetic induction flux lines. (c) Magnetic 
induction colour map: the colour gives the magnetization vector direction, the 
saturation its intensity. The magnetization of each lamella is schematized by the white 
arrows. 
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In Fig. 4.16a a hologram of a twin plates showing 45° lamellae in cross-

sectional view is shown. On the base of the structural analysis, the easy axis of 

magnetization is twinned from a direction contained in the film plane to a 

direction out of the film plane. From the magnetic induction flux lines (Fig. 

4.16b) it is evident that the correspondence of the easy axis of magnetization 

and the magnetization inside each lamella is respected. In Fig. 4.16c, the 

magnetic induction colour map is shown. It can be concluded that the out of 

plane signal seen in the MFM measurement for twin plates with 45° lamellae is 

generated by half of the twin variants constituting the plates. 

The holographic measurements confirm and validate the structural analysis 

for both the configuration with 45° and 90° lamellae. The presented results, 

moreover, demonstrate that in NiMnGa martensitic thin films there is a one to 

one correspondence between the easy direction of magnetization and the 

magnetization of each lamella inside the twin plates. This is a key aspect that 

must be taken into account in the development of a magnetic model for the 

MIR process.  

In particular, on the basis of the different magnetic behaviours displayed by 

the considered thin films, which are correlated to their different 

microstructure, after an in-depth TEM analysis finalized to characterize the 

structural and magnetic properties from the micro to the nanoscale, the 

following conclusions can be asserted: 

i. The MIR effect is displayed in thin films characterized by a martensitic 

microstructure in which different twin plates, constituted by 45° and 

90° lamellae respectively, coexist. In fact, no MIR effect is observed in 

the thin film displaying only one family of twin variants (as observed 

for sample C). 

ii. The films displaying a martensitic microstructure in which twin plates 

constituted by 45° and 90° lamellae coexist, display a MIR effect if an 

external magnetic field is applied along one of the principal direction 

of the MgO substrate (as observed for sample B). The reported results 
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reveal that a strong interaction between the different plates with 45° 

and 90° lamellae occur. 

iii. The entity of the observed MIR can be highly enhanced if a 

preferential orientation of the martensitic microstructure is induced in 

the film (as observed for sample A). In this case, such MIR effect is 

huge and anisotropic. Since the effect is only displayed along the 

preferential orientation of the twin plates containing 90° lamellae, 

which are separated by highly mobile type-II twins, these twin 

variants are the ones involved in magnetic induced twin variants 

reorientation. On the base of the described experimental results, it is 

evident that a model for the MIR effect should be developed taking 

into account, in addition to the conservation of the film shape due to 

epitaxial constrains, the complex magnetic structures of both twin 

plates containing 45° and 90° lamellae respectively. 

4.5 From the constrained thin film to free-standing 
structure 

In this Section, the realization procedure and the preliminary 

characterizations of a free-standing films are reported, highlighting the 

peculiar aspects of the martensitic structure and microstructure and 

investigating the martensitic phase transition. 

4.5.1 Preparation of the free-standing film 

The described film, displaying the anisotropic MIR effect (sample A), has 

been removed by the substrate by means of a selective wet etching for the Cr 

layer. In particular, the etching was carried out following the procedure 

reported in literature by using a solution of ceric nitrate [13-15]. To perform the 

etching, a 2x3 mm2 portion of the film was immersed in the etchant solution; 
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after 15 min, the release of the film begins and it is completed after about 30 

min. The obtained free-standing film, floating on the solution surface, is 

caught using a TEM Cu-grid and, after several washes with de-ionized water, 

dried in a desiccator. In order to make the film thin enough for the TEM 

observation, a further thinning by precision ion polishing system (PIPS) or by 

ion-beam milling is necessary. It this way it is possible to reduce the thickness 

of the film from the nominal value of 200 nm down to tens of nm permitting 

its observation as a planar specimen. 

In the next paragraphs, the martensitic microstructure and the martensitic 

phase transition in the free-standing structure are analysed by means of TEM 

investigations. 

4.5.2 Martensitic microstructure and phases 

The prepared sample shows a martensitic microstructure in which 

martensitic twin plates are easily identifiable. In Fig. 4.17, a conventional TEM 

image at low magnification is reported. 

The two kinds of martensitic plates constituted by 90° and 45° lamellae are 

visible in the most part of the image; the line generated by twinning planes at 

the surface are marked in the figure for both the twin plates with 45° and 90° 

lamellae, by purple and yellow lines respectively. The preferential orientation 

of the microstructure is preserved and it is displayed in the figure along the 

direction indicated by the white arrow. However, twin plates oriented in the 

perpendicular direction are also present (marked in the figure by dashed 

arrows). In the left part of the image, an area that does not display the 

martensitic microstructure is visible: the sample preparation processes 

damaged the film in this part of the sample. 

In order to analyse the structural properties of the free standing specimen, 

high-resolution TEM was employed. An HRTEM image of a twin boundaries 

separating 90° lamellae is reported in Fig. 4.18a. 
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Fig. 4.17 Low magnification TEM image of the free-standing film obtained by the 
sample A, after the further preparation by PIPS. 90° and 45° lamellae are recognizable 
(yellow and purple lines, respectively). The preferential orientation of the 
microstructure is preserved (along the direction indicated by the white arrow) but twin 
plates oriented in the perpendicular direction are also visualized (dashed arrow). The 
area of the sample in the left part of the image, indicated by the dashed line, was 
damaged in the sample preparation. 

The two lamellae in the centre and in the right part of the image exhibit a 

monoclinic phase, as highlighted from the FFT shown in the inset. In addition 

to the monoclinic phase (that was the only one observed in the starting film) a 

small amount of tetragonal phase is present in the free-standing film. The 

presence of this additional phase is demonstrated by the FFT of the twin 

variant in the left part of the image, in which the spots can be indexed in the 

tetragonal system. The crystal structure and lattice parameter are for the 

tetragonal phase are given in Table 4.2. 
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Fig. 4.18 (a) HRTEM image of 90° lamellae in the free-standing film. The FFT in two 
different areas are shown in the insets. Beside the monoclinic phase, also the 
tetragonal one is observed. (b) HRTEM image at higher magnification of a type-II twin 
boundary between 90° lamellae showing a monoclinic 7M phase. The twinning 
direction is marked by the dashed line. 

 
System	
   Lattice	
  parameters	
  

Tetragonal 
(I4/mmm) 

a = b = 5.45 Å, c = 6.65 Å 

Table 4.2 Lattice parameters for the tetragonal phase observed in the free-
standing film. 
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In Fig. 4.18b, a HRTEM image at higher magnification of a twinning plane 

between two 90° lamellae displaying a monoclinic 7M phase is shown: the 

interface region between the twin variants is characterized by a 

superimposition of the two crystals, thus demonstrating that even in the free 

standing film the boundaries are type-II twins. The modulation in the 

monoclinic phase is not directly visible in the diffraction patterns of these 

areas for the already discussed visibility problems, being a fishbone-like 

modulation in the contrast of the image the only indirect evidence of the 

modulated character of the martensitic phase. 

However, a direct analysis of the modulation can be carried out taking into 

account the twin variants containing 45° lamellae. In Fig. 4.19, an electron 

diffraction pattern of twin variants with the c axis out-of the plane of the film is 

reported. Besides strong dynamical diffraction effects, due to the sample 

thickness, the presence of 6 satellites is immediately visible thus confirming 

the 7M modulated phase. 

Since the presence of small amounts of tetragonal phase was observed in 

the thinner areas of the sample, it is reasonable to think that the specimen 

phase is preserved during the etching of the Cr layer, while defects and local 

alteration of the martensitic phase can be induced by the further thinning 

procedure for the TEM analysis by ion milling/PIPS. 

 
Fig. 4.19 Electron diffraction pattern acquired in a zone showing 45° lamellae. In 
particular the monoclinic phase is oriented with its c axis perpendicular of the film 
planes. The satellites of the modulated structure are therefore directly visible in this 
projection 
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Fig. 4.20 (a) Electron diffraction pattern taken at RT in a region containing 90° lamellae. 
The two reciprocal lattice cells are marked by the continuous and dashed blue lines 
respectively. (b) Electron diffraction pattern showing the peaks of the austenitic cubic 
phase observed after heating the free-standing film at 423 K. 

4.5.3 Exploring the martensitic phase transition 

The behaviour of the obtained free-standing film has also been analysed in 

function of the temperature; in particular, employing an heating holder is 

possible to heat the sample above the martensitic phase transformation 

temperature to investigate the austenitic phase. Since the free-standing 

sample was deposited on a TEM grid the heating process by thermal 

conduction in the system was not optimal. 

We observed a complete transition from the martensitic to the austenitic 

phase at a nominal temperature of the holder of 423 K, but probably 

corresponding to a lower temperature on the specimen. It is remarkable to 

note that the first twin plates which disappear are the ones containing 45° 

lamellae. Then, after the twin plates containing 45° lamellae are completely 

disappeared, the phase transformation also occurs for the twinning plates with 

90° lamellae. 

In Fig. 4.20a the diffraction patter acquired at RT in a zone containing 90° 

lamellae is shown. In Fig. 4.20b, the electron diffraction pattern of the 

austenitic phase at 423 K is shown. The estimated lattice parameter for the 



Chapter 4 

166 

austenitic phase is aA= 5.79 Å, in well agreement with the typical values 

reported for NiMnGa bulk single crystals. From the electron diffraction 

investigation it is possible to conclude that the habit plane is a plane (101) of 

the pseudo-orthorhombic structure, which corresponding to a (12-1) plane in 

the monoclinic setting. 
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5 The reduction of dimensionality in 
NiMnGa martensitic systems: from thin 
films to nano-disks 

5.1 Introduction 

In many fields of physics the reduction of the dimensionality of a system 

induces a strong modification in its peculiar properties, sometimes opening 

new perspective in already known phenomena. In particular, in the recent past 

the advent of nanostructured materials, able to bridge the gap between 

properties of bulk materials and the discrete atoms has revolutionised some 

conventional concepts of physic and materials sciences [1-5]. The possibility to 

obtain new functional properties in known materials by scaling down the 

dimensionality of the system represents an extraordinary challenge to deepen 

the basic acknowledge regarding complex systems and, at the same time, 
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offers new prospects in technological innovation [6-9]. 

Very different materials have been reported to show very strong effects at 

the reduction of their dimensionality [10-14]. In this framework, shape memory 

alloys are intrinsically very interesting since yet their macroscopic behaviour is 

strongly influenced by the micro and nanostructure. 

In the recent past a great attention was devoted to the realization of 

martensitic thin film exploitable in micrometric devices [15-17]. The fruitful 

efforts in the achievement of martensitic thin films have promptly raised 

inevitably issues about the effects of the epitaxial constrains on the 

microstructure of martensitic thin films. In the previous Chapters these aspects 

have been widely discussed and the complex behaviour of martensitic films 

was described. 

This emerging interest on the martensitic materials in the form of thin films, 

promising thanks to their easy feasibleness, opens at the same time new 

relevant questions concerning the reduction of the dimensionality from the 

bulk single crystals, that can be ascribed as the three-dimensional (3D) 

martensitic phase, toward the two-dimensional (2D) systems, as martensitic 

films. In martensitic thin films, as demonstrated by the analysis proposed in the 

previous Chapters, the complex structure of the martensitic phase is organized 

in a hierarchical configuration involving different length scales of the material. 

At the lower scale length, the nanostructured thin lamellae represent the 

smaller entities of the martensitic system. Each lamella is univocally defined by 

its structural and magnetic properties and it is in a strict relationship with the 

other adjacent lamellae, thanks to complex symmetry elements. 

At an higher level of this hierarchical structure, the existence of twin plates 

constituted by a huge number (> 102) of twin variants with well-defined 

orientations determines the final film microstructure and, as demonstrated in 

the previous Chapter, has also a primary role on the macroscopic properties 

exhibited by the film. 

As a direct consequence of this strong correlation at different length scales, 

also the magnetic properties at the macroscopic scale cannot be correctly 
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described if the system is not considered in all its constituent parts. In 

particular, the ability of inducing high strains in MSM alloys by applying an 

external magnetic field involves a deep modification of the material properties 

on all the characteristic lengths of its hierarchical structure: the MIR effect, for 

example, is possible thanks to a rearrangement of atoms inside the lamellae, 

due to the mobility of twin boundaries. This arrangement is the result of a 

complex and dynamical equilibrium between the elastic and magnetic 

energies, which finally determines the most stable microstructure displayed by 

the film. 

In this Chapter the effects of the further reduction of the dimensionality of 

the NiMnGa systems, from the thin films to nano-disks, are discussed. For this 

new kind of sub-micrometric materials, the transmission electron microscopy 

characterization, carried out by combining different techniques, represents a 

unique tool to investigate the structural and magnetic properties and the 

effect of lateral confinement on the martensitic phase, characterizations not 

achievable by any other technique. 

In Section 5.2 the experimental procedures for the preparation of the 

NiMnGa nano-disks are described. In Section 5.3 a step-by-step TEM 

characterization, from the continuous thin film to the free-standing nano-

disks, is given with the aim to highlight the structural modifications induced by 

both the lateral confinement and the release of the epitaxial constrains. In 

Section 5.4 the magnetic characterization of the free-standing disks by means 

of Lorentz microscopy is presented and the results are correlated to the 

observed martensitic structure. In Section 5.5 and 5.6, the effects of the 

martensitic phase transition on the martensitic structure and the magnetic 

properties of the disks are discussed, revealing the actuation mechanisms that 

remain active at the reduction of the NiMnGa system dimensionality. 
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Fig. 5.1 (a) SEM image of the patterned film after the reduction of the sizes of 
polymeric spheres, used as capping agent, by RIE process. (b) SEM image of the 
patterned film after the removal of the spheres:  martensitic nano-disks are obtained. 
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5.2 Nano-disks preparation 

The preparation of NiMnGa nano-disks starts from the continuous thin film, 

which can be considered as a 2D system confined along the direction 

perpendicular to the film plane. 

The realization of the structures at lower dimensionality was carried out by 

exploiting a top-down approach. In particular, by combining lithographic 

techniques and taking advantage of the availability of a selective etchant for 

the sacrificial Cr under-layer (as already mentioned in the previous Chapters), it 

is possible to create a patterned structure of martensitic nano-disks on the 

substrate, as well as a suspension of free-standing disks. 

The realization of the patterned structure is done by means of the 

nanospheres lithography process [18]. The first step of the process consists in 

depositing on the continuous thin films a self-assembled layer of polymeric 

spheres, which acts as a protective mask for the regions of the film that we 

would like to preserve. The as-deposited spheres are in contact one to each 

other and, in order to create isolated structures, the lateral size of the spheres 

needs to be reduced removing the contact points between them. This can be 

done by using a reactive ion etching (RIE) ablation [18]. 

Once the spheres diameters have been reduced, removing the contact 

points between them, the patterning of the NiMnGa film is realized by a 

sputter etching process, which removes the film in the areas not protected by 

the spheres. In this way a patterned film constituted by a large number of 

nano-disks, covered by the protective polymeric spheres, is obtained, as 

shown in SEM image reported in Fig. 5.1a. 

The subsequent step, consisting in washing the patterned film in methylene 

in an ultra-sonicating bath, permits to eliminate the capping layer of 

protective spheres. A patterned NiMnGa film on the Cr under-layer is thus 

successfully obtained, as confirmed by the SEM image reported in Fig. 5.1b. 

In order to obtain the free-standing nano-disks another step is required, 

consisting in the etching of the Cr under layer using the same etchant solution 
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employed in the realization of free-standing thin films (see also Section 4.5.1). 

When the etching is completed, the obtained suspension is filtered to remove 

the by-products of the etching. The filtered suspension is then subjected to a 

sequence of repeated steps of centrifuging and redispersion in milliQ water, 

necessary to remove the residual ceric ammonium nitrate from the 

suspension. In this way, an aqueous suspension of free-standing NiMnGa disks 

is obtained. 

Following the described procedure, martensitic disks with different 

diameters can be obtained. Starting with polymeric spheres with a diameter of 

800 nm, thanks to the reduction of the lateral size by RIE process, NiMnGa 

nano-disks with a diameter of 600 nm are produced. By properly tuning the 

sputter etching parameters, moreover, it is possible to ablate films with 

different thicknesses and obtain different martensitic nanostructures. 

From a preliminary work, the optimal conditions for the lithographic 

process have been established. In particular, it is worth to remember that even 

by opportunely tuning the process parameters, in order to reduce the ablation 

yield and rate, unavoidable damages are produced in the films with 

thicknesses lower than 75 nm. The films with thicknesses equal or higher than 

75 nm are instead successfully patterned by the nanospheres lithography, 

process without evident damaging of the martensitic film. 

In this Chapter, the TEM characterization carried out on disks obtained by 

the patterning of the continuous NiMnGa thin film 75 nm thick, previously 

described in Section 3.4.1, is reported. The TEM characterization of disks 

obtained starting from film with higher thicknesses, instead, results difficult or 

unachievable. 

5.3 Structural and magnetic properties of the 
patterned film 

A step-by-step TEM investigation allows a complete characterization the 

samples structure and morphology during the patterning processes. In 

Chapter 3, the NiMnGa films grown on Cr under-layer were analysed in details: 
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in particular, for thicknesses below 100 nm a martensitic microstructure 

characterized by 90° lamellae and an in-plane easy axis of magnetization was 

observed. A low magnification bright field TEM image of the cross sectional 

specimen of the continuous film 75 nm thick is reported in Fig. 5.2a. 

After the last step of the nanospheres lithography process consisting, as 

explained above, in the removal of the capping protective spheres from the 

top of the laterally confined martensitic structures (Fig. 5.1b), a new TEM cross-

sectional specimen was prepared by means of focus ion beam to check the 

effects induced by the lithographic processes on the martensitic phase. A low 

magnification bright field TEM image of this specimen is shown in Fig 5.2b.  

The section of the disks is recognizable and the peculiar features of the 

martensitic microstructure appear to be preserved; in particular, the same 

microstructure with 90° lamellae which was observed in the continuous film is 

displayed also in the disks. In addition, the reported image shows that the 

patterning process remove the also the Cr layer in the unprotected zones. In 

Fig. 5.2c, an HREM image of the Cr/NiMnGa interface demonstrate that the 

epitaxial relationships and the martensitic cell orientation are unchanged (see 

for comparison Fig. 3.5 in Chapter 3), preserving the same preferential 

orientation of the magnetization easy axis in the plane of the film and parallel 

to the [110] direction of the MgO substrate. 

Also the magnetization measurements confirm the observed morphology: 

in Fig. 5.3a the in-plane hysteresis loops measured with the external magnetic 

field applied parallel to [100] direction of MgO are shown for both the 

continuous thin films (“as prepared”) and the patterned film (“dotted”). No 

significant differences in the coercivity are observed, thus demonstrating the 

lack of structural changes in the martensitic phase due to the lateral 

confinement produced by the patterning. In the curves, the magnetization 

values have been normalized to the saturation value in order to compare the 

trends and thus avoiding misleading effects due to the reduce amount of 

magnetic material in the patterned film compared to the continuous one. 
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Fig. 5.2 Low magnification bright field TEM images of (a) the continuous NiMnGa thin 
films 75 nm thick on Cr under-layer (50 nm) and (b) patterned thin film obtained after 
the removal of polymeric spheres. (c) HRTEM image of the interface between Cr and 
NiMnGa, in a NiMnGa disk. 
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Fig. 5.3 (a) Hysteresis loops for the as-deposited film and the patterned one, measured 
by applying the external magnetic field along the [100] direction of MgO. No 
significant differences in coercivity are observed. (b) Temperature behaviour of 
magnetization under an applied magnetic field (1.6 kA/m) along the (100) direction on 
MgO for both the continuous and the patterned thin films. 

In Fig. 5.3b the temperature dependent behaviour of the magnetization is 

reported, demonstrating the survival of the martensitic phase transformation, 

which is observed at the same temperature (TM ≈ 346 ± 3 K) for both the 

continuous and patterned films. 

The characterizations demonstrate that the patterning of the film does not 

alter the martensitic microstructure and the salient magnetic properties of the 

martensitic phase of the NiMnGa film. 
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Fig. 5.4 Low magnification bright field TEM image of disks deposited on TEM carbon 
coated grid. 

5.4 Structure and magnetism in free-standing NiMnGa 
disks 

5.4.1 Morphology and crystal structure 

After the etching of the Cr under-layer, the suspension of free-standing 

disks is obtained. If some drops of the suspension are deposited on a TEM 

carbon grid, the disks can be analysed by transmission electron microscopy.  

The analysed TEM specimen (of disks 75nm thick) displays different 

structures of martensitic disks. In particular, isolated disks but also groups 

constituted by few disks connected by small linking points are observed, as 

shown in the low magnification TEM image reported in Fig. 5.4. 

The STEM-HAADF image in Fig. 5.5a shows a group of three disks, which are 

connected by small bridges of not properly removed material. These linking 

points between the disks can be ascribed to local irregularities of the capping 

layer of polymeric spheres that affect the efficiency of the RIE process in 

reducing of the spheres size. 

Acquiring an image at a higher magnification (Fig. 5.5b) of the disk marked 

by the orange rectangle in Fig. 5.5a, different martensitic plates are visible with 

a slightly different contrast in the image. 
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Fig. 5.5 (a) STEM-HAADF image of a group of three disks connected by small bridges. 
(b) Zoom of the disk marked by the orange square in (a): the twin variants of the 
martensitic microstructure are recognizable for their different contrast in the image. (c) 
Conventional TEM image showing a zoom of the region marked by the yellow rectangle 
in (a) showing the presence of areas, at the edges of the disks, in which the structural 
modulation lies in the plane of the disk. 

If we observe at a higher magnification the region at the edge of the disk 

marked by the yellow rectangle in Fig. 5.5a, a martensitic phase with the 

structural modulation in the plane of the disk is observed, as visible in the 

conventional TEM image shown in Fig. 5.5c.  

Moreover, from the high resolution TEM analysis of the region marked by 

the white dashed box in Fig 5.5c, reported in Fig 5.6a, the modulation is 

directly visible and confirmed by the FFT in which satellite spots are clearly 

identifiable. In the free-standing disks both the 7M and the 5M modulated 
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structures were observed. 

As already pointed out in the previous Chapters, since the modulation 

occurs along the [110] direction of the pseudo-orthorhombic setting, the 

presence of the modulation in the plane of the disks is a direct proof of the 

orientation of the martensitic cell with the magnetization easy axis in the 

direction perpendicular to the disk plane. 

Since this orientation of the martensitic cell was not observed neither in the 

continuous thin film or in the patterned film analysed by TEM in cross-

sectional views, it can be ascribed to the relief of epitaxial constrain achieved 

after the etching of the Cr under-layer. 

It is remarkable that this phase is observed at the edge of the disks where 

the thickness of the film decreases, while in the centre of the disks, where the 

thickness is constant, a monoclinic martensitic phase with 90° lamellae similar 

to the ones observed in the continuous thin film is observed. In in addition, 

small amounts of tetragonal phase are also observed, probably due to a 

damaging of the disks induced by the sputtering process. In Fig. 5.6b two 

diffractograms showing the diffraction spots of monoclinic and tetragonal 

phases observed in the 90° lamellae are shown. 

 
Fig. 5.6 (a) HREM image taken in the white dashed square drawn in Fig. 5.5c. In these 
regions the easy magnetization axis c is pointing in an out-of-plane direction. The 
satellites of the 7M modulated phase are visible in the FFT of the image. (b) 
Diffractograms demonstrating the presence of both monoclinic and tetragonal phases. 
(in small amounts) in 90° lamellae. 
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Fig. 5.7 Lorentz microscopy on a NiMnGa disk: (a) in-focus image, (b) restored phase, (c) 
contour lines of the phase (amplified 5x) showing magnetic flux lines and (d) 
corresponding magnetic induction colour map (the colour gives the direction of the 
magnetization vector, the saturation gives its intensity). 

5.4.2 Magnetism unveiled by Lorentz microscopy 

The magnetic properties of the NiMnGa free-standing disks have been 

investigated mainly by Lorentz microscopy, since the small amount of 

obtained material hampers any magnetic signal in magnetic measurements. 

In order to analyse the magnetic properties of the disks by Lorentz 

microscopy, it has to be firstly noted that the employment of the separation 
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method to isolate the magnetic phase shift is strictly required to correctly 

characterize the system. 

In Fig. 5.7a the in focus image of the Fresnel series acquired on a single 

NiMnGa disks is shown. The phase reconstructed by a single focal series and 

the relative contour lines map are shown, respectively, in Fig. 5.7b and 5.7c.  

At a first glace, the obtained contour map could be wrongly interpreted as 

arising from a onion-like closure of the magnetization at the disk edge, as also 

emerges from the colour map shown in Fig. 5.7d of the in-plane component of 

magnetic induction, showing a vortex-like behaviour. 

Acquiring a Fresnel series at the same values of defocus after turning 

upside-down the sample, the two contributions due to mean inner potential 

and magnetic phase shift can be isolated by the separation method. It is worth 

to remember that for complex structures constituted by differently oriented 

magnetic domains, as usually happens in martensitic structures, turning 

upside down the specimen represents the most convenient way in which the 

separation method can by performed, since an exact reversal of the 

magnetization can not be obtained by simply applying a magnetic field to the 

specimen. 

A Lorentz microscopy characterization performed applying the separation 

method on the same disk shown in Fig. 5.7 is shown in Fig. 5.8. The disk, as 

already said, presents a martensitic microstructure with some regions in which 

the structural modulation appear in the plane of the disk. These regions, as 

proven by the HRTEM analysis previously shown, are characterized by a 

different orientation of the unit cell with the easy axis of magnetization (c axis) 

along a direction perpendicularly to the plane of the disk. A dashed line in Fig. 

5.8a marks one of these regions. The enlargement, shown in Fig. 5.8d, 

demonstrates a contrast arising from the modulation in the plane of the disk. 

In Fig. 5.8b and c the mean inner potential and the magnetic phase shift are 

shown, respectively. As can be seen from the mean inner potential, there is a 

clear side effect at the edge of the disk on a region with a width of 65 nm, 

producing a rapid decrease to zero of the MIP. The extension width of this 
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annular region is in good agreement with the length scale on which the disk 

thickness drop down to zero at the edge of the disks, as can be seen in Fig. 

5.2b. 

 

Fig. 5.8 Lorentz microscopy performed on the same disk shown in Fig. 5.7 by applying 
separation method. (a): in-focus image, in which a zone displaying the structural 
modulation in the plane of the disk is highlighted by a dashed line. The boundaries 
between 90° twinned domain are marked by continuous lines. (b), (c): mean inner 
potential and magnetic phase shift, respectively. (d) Enlargement of the area in which 
structural modulation is visible. (e) Contour lines (of the phase amplified 15x) 
superimposed to the mean inner potential: the most part of the disk shows an in-plane 
magnetization, unless for the areas where the modulation is in the plane of the disk 
(the same area marked in (a) is highlighted as example). 
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As previously introduced in Section 1.4.4.1, in fact, if the composition of the 

material does not change the mean inner potential contribution is related to 

the thickness of the specimen. Moreover, this is a further demonstration that 

the MIP contribution is the dominant one in the phase retrieved by a single 

focal series and effects due to thickness change at edges can induce to wrong 

interpretations of the phase image. The thickness can be considered constant 

only at the centre of the disk and the edge effects can induce to a misleading 

interpretation of the experimental data obtained by Lorentz microscopy. 

In Fig. 5.8e the contour map obtained by the magnetic phase shift is plotted 

superimposed to the mean inner potential. The map demonstrates that the 

central part of the disk, in which 90° lamellae are seen in the in focus image 

(Fig. 5.8a), shows an in-plane magnetization, oriented approximately at 45° 

with respect to the boundaries between the domains (in good agreement with 

the structural orientations in the variants with 90° lamellae, as described in the 

previous Chapters). On the contrary, the areas where the modulation is 

observed in the plane of the disk (the area marked by the dashed line can be 

considered as an example) show an out of plane component of the 

magnetization, in agreement with the structural analysis. 

5.5 Martensitic phase transformation in NiMnGa disks 

5.5.1 Effects of phase transformation on martensitic crystal 
structure 

The martensitic phase transformation in the free-standing nano-disks has 

been investigated by a TEM analysis in function of temperature. The panel 

shown in Fig. 5.9 summarizes the temperature evolution of the crystal 

structure and martensitic microstructure of a NiMnGa disk when the 

temperature is raised from RT up to 513 K and then cooled down again at RT in 

presence or absence of an applied magnetic field. 
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Fig. 5.9 TEM structural characterization as a function of temperature on the disks 
shown in (a). The behaviour of the disk marked by the red square is shown for different 
temperature: (b) 295K, (c) 405K, (d) 513K, (e) and (f) 295K. (e) and (f) are obtained after 
cooling down the sample to RT respectively in absence or presence of an applied 
magnetic field generated by the O.L. of the microscope (H = 2T). 
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The crystal structure of the martensitic phases displayed during this TEM 

experiment will be described using the monoclinic setting, in order to keep 

track of the differences with respect to the cubic austenitic phase. 

It must be underline, moreover, that the temperatures given for each step 

of the cycle are the values detected by the thermocouple mounted on the TEM 

heating holder and may not exactly correspond to the effective temperature of 

the sample, since the thermal contact between the disks deposited on the 

carbon film of the TEM grid and the holder is not optimal and a poor thermal 

conduction is possibly achieved. 

Starting from the group of NiMnGa disks shown in Fig. 5.9a, the behaviour 

of the system is discussed describing what happens to the structure of the disk 

in the red box, that is exemplificative for the phase transformations that all the 

NiMnGa disks undergo during the temperature cycle. 

In Fig. 5.9b a low magnification bright field TEM image, together with the 

SAED electron diffraction pattern obtained at RT from the considered disk, is 

shown. As can be easily verified from electron diffraction and accordingly to 

the morphology visible in the image, the martensitic structure of the system is 

mainly constituted by 90° lamellae corresponding to an in-plane orientation of 

the magnetization easy axis. It must be worth to recall that the easy 

magnetization axis, corresponding to the c axis of the pseudo-orthorhombic 

setting, is along the [010] direction of the monoclinic cell. The in plane 

orientation of the easy axis is hence demonstrated by the diffraction spots of 

(040) planes visible in the DP of the disk. The reciprocal lattice cells of the 

primary and the twinned crystal are marked with continuous and dashed 

green lines, respectively. The K1 element (plane) of the twin is schematized in 

the planar view of the disk by the yellow line drawn superimposed to the DP; 

the type-II character of the twinning plane is evidenced by the presence of a 

mirror plane (sketched by the white dashed line) in the reciprocal lattice, 

normal to the K1 plane, accordingly to the considerations given in Chapter 4 

about the symmetry elements related to a type-II twin. 

Increasing the temperature up to 405K (Fig. 5.9c), a phase transformation is 
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observed and clearly demonstrated by the remarkable changes in the 

diffraction pattern of the disk. In particular, the evolution of the diffraction 

pattern to higher symmetry geometry is a proof of the phase transition toward 

the high-symmetric cubic austenitic phase. The phase transition is complete in 

the entire specimen at 513 K (Fig. 5.9d). 

Since the TEM specimen mounted on the holder is placed among the polar 

pieces of the objective lens (O.L.) of the microscope, during the cooling down 

of the temperature back to RT it is possible to investigate the behaviour of the 

system in presence or absence of an applied longitudinal magnetic field by 

turning on or switching off the O.L., respectively. 

If the cooling down process is carried out with the objective lens turned off, 

a new martensitic phase is obtained (Fig. 5.9e) characterized by both the two 

possible orientations of the monoclinic cell of the martensitic phase, i.e. with 

the easy axis both in the plane of the film and in an out-of-plane direction, as 

confirmed by the HREM image and FFTs relative to the two different zones 

visible in the image. In agreement to the results reported by Thomas et al. [17], 

the experimental observation, after a heating-cooling cycle (in which the 

austenitic phase is restored during the heating), of a new martensitic phase 

similar to the one observed at the beginning of the thermal treatment, but 

characterized by a different twin variants distribution, can be described as a 

stray-field-induced microstructure (SFIM). Therefore, this non-conventional 

thermal-actuation mechanism demonstrated by Thomas for free-standing 

NiMnGa thin films is active also in the confined martensitic nano-disks. 

System	
   Lattice	
  parameters	
  

Monoclinic (5M) 
(I2/m) 

a’ = 4.23 Å, b’ = 5.6 Å, c’ = 4.18 Å 
ß = 90.9 

Cubic (austenite) 
(Fm-3m) 

a = 5.80 Å 

Table 5.1 Experimental lattice parameters for the monoclinic 5M and cubic 
austenitic phases observed during the temperature cycle. 
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On the contrary, if the O.L. is turned on a static magnetic field with 

amplitude H = 2T is applied along the vertical direction of TEM column and, 

hence, in the perpendicular direction with respect to the plane of the disks. 

Cooling down the sample in such magnetic field is effective in inducing a 

martensitic phase with a well-defined orientation. In fact, as shown in Fig. 5.9f, 

a new martensitic phase characterized by a preferential orientation of the easy 

magnetization axis parallel to the direction of the applied magnetic field is 

generated in the disks. This remarkable result permits to conclude that the 

MIM (magnetically induced martensite, discussed in Section 1.3) effect survives 

at the lateral confinement of the martensitic structure and is still displayed in 

the free-standing 1D system.  

The crystal structures and the experimental lattice parameters for the 

observed monoclinic 5M and austenitic phases visualized during the different 

steps of the temperature cycle are reported in Table 5.1. 

5.5.2 Effects of phase transformation on magnetic properties 

In order to study the effects of martensitic phase transformation on the 

magnetic properties of NiMnGa disks, a Lorentz microscopy investigation has 

been carried out analysing the magnetic properties of the same NiMnGa disks 

before and after the described temperature cycle, performing the thermal 

cycle with the objective lens of the microscope turned off. The analysis has 

been carried out on the group of three disks shown in Fig. 5.5a, which 

displayed a recognizable martensitic microstructure. 

The in focus Lorentz image is shown in Fig 5.10a. The contour map obtained 

from the magnetic phase shift, superimposed to the mean inner potential, 

obtained by the Lorentz microscopy experiments performed on the starting RT 

martensitic configuration is shown in Fig. 5.10b. The same analysis performed 

on the disks after the thermal cycle is reported in Fig 5.10c. 

The already described effect (observed in the structural measurements) of 
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the thermal cycle, able to induce in the free-standing disks a new martensitic 

phase with a different twin variants distribution, is evident. Also by the Lorentz 

microscopy characterization, in fact, we have a proof of the rearrangement of 

the twin variants that occur when the austenitic phase is restored. 

The contour lines, which represent the magnetic induction flux lines, 

reported in Fig. 5.10c indicate that the produced martensitic phase displays a 

better closure of the magnetic flux lines among the magnetic domains, with 

respect to the martensitic phase derived from the film. 

In agreement to what reported by Thomas for a free standing film, also in 

the laterally confined NiMnGa structures here considered, i.e. NiMnGa nano-

disks, the twin variants configuration generated by the stray field induced 

microstructure is the one that is most effective in reducing the magnetostatic 

energy of the system. 

On the basis of the behaviour of the investigated system, it is reasonable to 

think that a further reduction of the lateral size of the disks, achievable by 

using polymeric capping spheres with a lower size, could enable to obtain a 

single domain magnetic state. 

5.6 Actuation mechanisms active in NiMnGa disks 

The described experimental results show that the effect of lateral 

confinement in martensitic NiMnGa disks is to induce a modification in the 

martensitic structure, with the appearance, at their edges, of twin variants with 

the easy magnetization axis directed normal to the plane of the disks.  

The reported TEM measurements demonstrate that among the three 

actuation mechanisms (memory shape effect, MIM and MIR), only two are 

active in the martensitic NiMnGa disks, being the MIR mechanisms hindered 

probably by the localized defects induced by the sample preparation (e.g. non-

modulated tetragonal phase). No experimental evidence of MIR effect was in 

fact observed in Lorentz microscopy measurements (not reported here) with 

an apply magnetic field. 
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Fig. 5.10 (a) In focus Lorentz image of the group of three disks previously shown in 
Fig. 5.5a. Phase contours (the phase is amplified 10x) superimposed to mean inner 
potential as obtained by the Lorentz microscopy experiments performed respectively 
before (b) and after (c) the thermal cycle. 
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Concerning other actuation mechanisms, from temperature dependent 

measurements it has been demonstrated that the stray field induced 

microstructure and the MIM effect are still present and survive to the lateral 

confinement of the martensitic structure.  

From the analysis of the images acquired at different temperatures, the area 

occupied by the ensemble of four disks shown in Fig. 5.9a can be calculated. 

The change in the planar area occupied by the disks can give a rough 

estimation about the relative strength of the active actuating mechanisms. 

In particular, for the observed transition from the initial martensitic phase 

toward the cubic austenitic phase an increase in the area ΔA = + (4.3 ± 0.5)% 

can be estimated. 

The analysis of the images acquired before and after the transition, 

performing a thermal cycle in which no magnetic fields are applied on the 

specimen, permit to estimate an increase in the area of the martensitic product 

phase ΔA = - (1.2 ± 0.3)%. This effect is probably due to the increase of the 

amount of twin variants with the short easy axis in the plane of the film, in 

agreement to what reported for free-standing films [17] and confirmed by the 

Lorentz microscopy investigation reported in Section 5.5.2. 

If the cooling down of the austenitic phase is carried out with the O.L. of the 

microscope on, and hence applying a magnetic field on the specimen, the 

establishing of a 5M phase with its easy axis preferentially oriented 

perpendicular to the plane of the disk induces a change in the area of the disks 

which is around ΔA = + (0.9 ± 0.2)%. 

The obtained results demonstrate that the shape memory effect related to 

the phase transition can be considered the most efficient actuating 

mechanisms for the described system. The lower efficiency observed for other 

mechanisms, as well as the absence of MIR effect, can be ascribed to the 

presence of defects induced by sample preparation, which have been 

confirmed by the structural analysis carried out by high resolution TEM and 

electron diffraction previously reported. 
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Conclusions 

In this doctoral thesis nanostructured magnetic materials have been studied 

by advanced transmission electron microscopy techniques, with emphasis on 

magnetite NPs for biomedical applications and NiMnGa shape memory alloy 

thin films and nanodisks. 

The investigation of magnetic NPs was finalized to the comprehension of 

new phenomenological effects arising in the nanostructured material due to 

the deviation from the ideal superparamagnetic regime, being this deviation 

able to affect the NPs properties and hence to significantly alter the system 

performance in magnetic hyperthermia applications. 

The characterization of NiMnGa films and disks was focused on the study of 

the effects of growth parameters and lateral confinement on the structure and 

magnetism of the martensitic phase. By properly tuning these parameters, in 

fact, it is possible to achieve an extraordinary control on the martensitic phase 
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from the atomic to the micro length scale and to tailor the thermoelastic and 

magnetoelastic properties of the material. 

The conducted work produced new and remarkable results concerning the 

correlation between the microstructure of these systems and their 

magnetic/functional properties, from the nano to the micro and macro scales. 

In detail, the main results achieved during the doctoral work can be 

summarized as follows: 

i. Employment of Lorentz microscopy to investigate the role of dipolar 

interactions in hyperthermia of magnetic NPs. 

Magnetic NPs in the superparamagnetic state are suitable for both 

diagnostic and therapeutic approaches. In particular, the magnetic 

hyperthermia can be effectively employed to locally induce cancer cell death. 

In real systems, clusters of magnetic NPs with different sizes can form and the 

dipolar interactions that arise among NPs can strongly influence the heating 

ability of the colloidal suspensions. The effect of the dipolar interactions on the 

hyperthermic behaviour of these complex systems, however, is still not 

completely understood. 

A better understanding of the heat generation mechanisms for magnetic 

NPs systems was achieved investigating their different degrees of interaction 

by Lorentz microscopy. With this holographic technique, in fact, it is possible 

to visualize and map the inter-particle interactions and to develop reliable 

models on the power losses mechanisms for different NPs aggregates. As a 

result, a deeper understanding of the interaction effects on the performance of 

different nanoparticles suspensions as hyperthermic mediators has been 

obtained. 

All the TEM results were supported and complemented by magnetic 

characterization, which unequivocally proves that magnetic interactions play a 

fundamental role in the efficiency of the NPs suspensions as hyperthermic 
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mediators. Thanks to Lorentz microscopy the magnetic properties at the 

macroscopic scale were correlated to the different degrees of interaction at 

the nanoscale and a model for the power loss mechanisms in different 

aggregates was developed. 

ii. Employment of advanced TEM techniques to study the effects of epitaxial 

strain and film thickness in the twin variants formation in NiMnGa 

martensitic thin films. 

In martensitic thin films, the martensitic phase transition gives rise to a 

poly-twinned system characterized by a complex microstructure, in which two 

families of twin variants with different magnetic anisotropies can be displayed. 

The use of different substrates/buffer layers and film thicknesses can 

significantly modify the martensitic microstructure and consequently alter the 

functional properties of the obtained thin films. 

Combining HRTEM, SAED and electron holography, NiMnGa thin films with 

thicknesses in the range 50-100 nm and grown on different substrates (i.e. 

MgO, MgO/Cr buffer layer) were fully characterized, in plan and cross sections 

geometries. The structural and magnetic properties at the nanoscale (i.e. in 

each martensitic twin variant) obtained by TEM analysis were compared to the 

morphological, structural and magnetic properties on the micrometric scale, 

obtained by AFM, MFM and XRD. 

The described results demonstrate that the different substrates affect the 

strain state of the austenitic phase. Accordingly to the experimental data, a 

thickness dependent model based on the strain states of the austenitic phase 

is proposed to describe the selective twin variants formation in the martensitic 

phase. The model represents a powerful tool to selectively control the twin 

variants formation in martensitic thin films and therefore to actively tailor their 

magnetic structure and functional properties. 
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iii. A multi-scale TEM characterization to study the role of microstructure on 

magnetically induced reorientation of twin variants in NiMnGa 200 nm thin 

films 

In NiMnGa alloys giant strains, whose values are one order of magnitude 

higher than the typical ones achievable by magnetostriction and state-of-the-

art piezoelectric effects, can be obtained by a magneto-mechanical effect 

based on MIR process. The possibility of exploiting the martensitic distortions 

to create tiny machines, keeping a simple and smart design, makes these 

materials particularly appealing for the integration in active microsystems able 

to work at high actuation frequencies. However, up to now very limited MIR 

effects were found in NiMnGa thin films and a full comprehension and 

exploitation of the effect is still lacking.  

In this doctoral work an in-depth TEM characterization of NiMnGa alloys 

thin films 200 nm thick, displaying different MIR effects, was carried out. In 

particular, by combining different advanced TEM techniques such as HAADF 

imaging, HRTEM with the comparison of the experimental images to the 

simulated ones, SAED and electron holography, it is possible to correlate the 

crystal structure to the twin variants configurations and the magnetism inside 

each twinning domain of the film. The different characterized thin films and 

the peculiar aspects of the MIR effects displayed at the macroscopic scale have 

been successfully related to the observed martensitic microstructures at the 

microscopic scale; moreover, the experimental results strongly indicate that, at 

the nanoscale, the twin boundaries involved in the MIR process are the type-II 

twins in twin plates containing 90° lamellae. 

In additon, a model based on TEM results was suggested to explain the 

formation of an anisotropic microstructure in one of the 200 nm thick NiMnGa 

films grown on MgO/Cr. All the results achieved by transmission electron 

microscopy are supported by the findings obtained by XRD, AFM and MFM on 

larger lengths scale. Since the peculiar anisotropic microstructure observed in 

the film is at the base of the displayed huge and anisotropic MIR effect, the 
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proposed model is crucial for the engineering of the martensitic 

microstructure and for achieving substantial values of MIR in constrained thin 

films. 

iv. Effects of the reduction of dimensionality in martensitic NiMnGa systems 

investigated by TEM: from thin films to nano-disks  

After gaining a good understanding of the microstructure of 2D NiMnGa 

martensitic films, in relation to the most important properties concerning their 

applications, the possibility to obtain new functional properties by scaling 

down the dimensionality of these systems was explored. To this aim, the in-

depth TEM characterization was extended to a novel class of nanostructures, 

i.e. NiMnGa nano-disks, to investigate their structural and magnetic properties 

and the effect of the lateral confinement on the martensitic phase. 

By employing HRTEM, Lorentz microscopy and electron diffraction analysis 

as a function of temperature, it was found that the martensitic actuation 

mechanisms remain active with the reduction of the dimensionality of the 

system. This important finding opens great perspectives regarding the 

potential applications of such multifunctional martensitic nanostructures. 
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