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Summary

The magnetic refrigeration is among the most promising environment-friendly refrigera-
tion technologies, alternative to common techniques. This new technology exploits the
magnetocaloric effect, i.e. the temperature variation occurring in materials when they are
subjected to a magnetic field, to produce refrigeration without requiring the compression
and expansion of a gas.
Even if the magnetocaloric effect is a property common to any magnetic medium, the choice
of good material for magnetic refrigeration requires several properties such as a maximum
of the magnetocaloric effect (normally associated to a magnetic phase transition) near the
working temperature, wide operative range, no toxicity, etc. Some materials with a first
order phase transition, called giant magnetocaloric materials and are the best candidates
for the fabrication of next-generation magnetic refrigerators. Even if they are characterized
by large entropy change that guarantees a larger refrigeration power, the use of giant mag-
netocaloric material is still limited because first order phase transitions are often associated
with thermal hysteresis, which introduces losses of efficiency of the refrigeration cycle.
The aim of this project is to study the defects induced by ion collisions in giant magne-
tocaloric materials, since the recent research activity of the ASUR team (French acronym
for “Clusters and Surfaces under Intense Excitation”) at Paris Institute of Nanosciences
(INSP) demonstrated that is possible to reduce, or even suppress, the thermal hysteresis,
inducing defects by means of ion collisions.

The document is organized in 5 chapters.

Chapter 1 is an overview on theoretical aspects and the scientific context in which the
research activity is set. First of all the definition of magnetocaloric effect will be intro-
duced. A rigorous explanation of the effect will consider both thermodynamic approach
and the order of the phase transition. Briefly, it will be explained how easy refrigeration
cycles can be achieved through alternation of magnetization and demagnetization. The
clarification these concepts will allow the reader to understand the physical mechanisms
involved in magnetic refrigeration and which are nowadays the limits of this new technique.
A summary on the ion-matter interaction concludes this chapter.

Chapter 2 is a summary of instrumentations used to irradiate and measurement of the
modification induced in the sample. It collects the procedures used to simulate the working
conditions and methods developed to correct imprecise measurements. Particularly rele-
vant is the section 2.5, in which is described my personal contribute in the development of
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a method for the correction of a biased read temperature in SQUID-magnetometer. The
corrections, applied to analyse the samples, allow an accurate characterization of irradi-
ated materials and deeper understanding of the processes involved in the thermal hysteresis
suppression.

Since my experience can be divided into two parts, referring to two different types of
samples used MnAs-thin films and MnFePSi-powders, the central core of the thesis is di-
vided between chapter 3 and chapter 4.

Chapter 3 is dedicated to a well-known magnetocaloric material, MnAs. The magnetic
properties of this medium were already characterized in a previous PhD thesis (Ref. [1]).
As new contributes, I accurately studied the temperature dependency of the magnetization
MnAs samples irradiated by ions with different ion masses and velocities and the evolution
of the thermal hysteresis area of magnetization curves as a function of the ion fluence and
the induced nuclear collisions in the sample.
As study on the nature of the induced defects, to test the robustness of the irradiation-
induced effects, I analysed the modifications of irradiated MnAs film properties subjected
to thermal annealing.

Chapter 4 is reserved to MnFePSi powders. The compound is a new magnetocaloric
medium extensively studied for industrial magnetic refrigeration applications. The proce-
dure for the irradiation-induced modifications and study of the magnetic properties of the
material is presented in this chapter.

Chapter 5 resumes the conclusions and the expectations for future research.
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Chapter 1

General introduction

After a brief historical introduction on the magnetic refrigeration, the reader will be in-
formed about the main theoretical aspects of the research activity: the magnetocaloric effect
and the ion-matter interaction. The magnetocaloric effect (MCE) will be first discussed in
general form and then in a more rigorous way through a thermodynamic approach. The
brief description of the phase transition will be useful to define the giant magnetocaloric
materials, which are the main interest in the presented project. Concludes this chapter an
introduction on ion matter interaction.

1.1 Historical introduction
The magnetocaloric effect, i.e the temperature change in magnetic materials caused by the
exposition to a varying magnetic field, was discovered in 1917 by P. Weiss and A. Piccard
[2]. They performed caloric measurement of Nickel at the phase transition (354°C) by
applying and removing a magnetic field (1.5T).
From thermodynamical considerations on the magnetocaloric effect, Debye [3](1926) et
Giaque [4] (1927) theorized the use of this effect to build a refrigeration cycle. In 1933
the first refrigeration system was realised by W. F. Giauque and his colleague D. P. Mac-
Dougall [5]. It allowed, by means of adiabatic demagnetization of Gd2(SO4)3 · 8H20, to
obtain the record temperature of 0.25 K starting from about 1.5K. It was the first time that
a sub-kelvin temperature was measured and the discovery was awarded the Nobel prize
in 1949. Starting from this important event scientists and engineers begun to focus their
attention on magnetic refrigeration (MR). To appreciate applications of the MR at room
temperature we have to wait more than forty years. In 1976, Brown proposed the magnetic
heat pumping near room temperature constituted of the ferromagnetic metal gadolinium,
material characterized by magnetic phase transition at room temperature [6]. Two years
after, the first prototype was developed [7]. In 1997, magnetic refrigeration at room tem-
perature was boosted by Pecharsky’s and K. A. Gschneidner’s [8] discovery of materials
that, thanks to a first order phase transition, were characterized by an extremely large
magnetic entropy change at room temperature, the giant magnetocaloric materials. The
interest for the MR is growing more and more, because it is a more efficient and ecological
solution than standard technology, based on expansion and compression of gases.
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1 – General introduction

1.2 Magnetocaloric Effect (MCE)
The magnetocaloric thermal effect is the response of magnetic material to a slowly varying
magnetic field (not associated to induced current). It can be quantified as temperature
change, ∆T , in adiabatic process or entropy variation, ∆S, in isothermal condition. The
relation is illustrated in the Figure 1.1.

Figure 1.1: Schematic on the thermal dependency of the entropy in ferromagnetic material
at different magnetic field. When the magnetic field varies from H0 = 0 to H1 > H0,
the horizontal line measures the temperature change ∆Tad at adiabatic condition and the
vertical line measures the entropy change, ∆Sm, at isothermal condition. The solid lines
represent the total entropy of the system, while dotted lines show development of the other
contributions of the entropy (magnetic, lattice and electronic entropy). The inner scheme
displays the variation of the magnetic entropy or adiabatic temperature as function of the
temperature. The curve is peaked at the critical temperature, characteristic of the material
considered. Figure from Ref [9].

The entropy of a magnet at constant pressure, S, is a function of the temperature, T
and the magnetic field, H.

ST = Sm(T,H) + Sl(T ) + Se(T ) (1.1)

As shown by the equation 1.1, the total entropy is given by three factors: Sm is the mag-
netic entropy connected to the magnetization of the material, Sl is the lattice entropy,
caused by the crystal-lattice vibrations and Se is the electronic entropy of the free elec-
trons in the sample.
For simplicity we can assume that each of the contributions is temperature dependent and
just the magnetic entropy is strongly dependent on magnetic field. This is not completely
true, when the magnetic and crystalline lattice are strongly coupled, lattice and electronic
entropy become function both of the temperature and the magnetic field [10].

10



1.2 – Magnetocaloric Effect (MCE)

In absence of magnetic field the magnetic material is characterized by a random ar-
rangement of the atomic spin system and a certain lattice vibration. When a magnetic
field is applied the magnetic spins reoriented them self parallel to that field, and the mag-
netic entropy is lowered due to the disordered-ordered phase transition.

If the magnetic field is applied in adiabatic condition the material does not exchange
anymore heat with the environment and the total entropy is kept constant. This means
that the decrement of the magnetic entropy is balanced by an increment of the other con-
tributions increasing the temperature of a factor ∆Tad (horizontal line in the Figure 1.1).
When the magnetic field is removed the situation is reversed and the solid is cooling, since
the magnetic entropy is increased but the system has to preserve the total entropy un-
changed.

In case that the magnetic field is applied in isothermal process, the entropy of the
magnetic material can change while the temperature is kept constant. The spins reori-
entation according to the field causes a decrease of the magnetic entropy while the other
two entropy contributions, depending just on temperature, are unchanged. The magnetic
entropy change ∆Sm is equal to the total entropy variation ∆S (vertical line in Figure 1.1).

The temperature variation, ∆Tad, in adiabatic process and the entropy change, ∆Sm

in isothermal conditions are the two parameters used for the characterization of magne-
tocaloric materials. The MCE can be measured directly through caloric measurement of
∆Tad. In this case the sample can be put into contact with thermal sensors ([11, 12]) or
not by using thermoacustic sensors ([13, 14]). Alternatively the MCE can be studied using
a thermodynamic approach that will be generally explained in the next part.

1.2.1 Thermodynamic approach of the magnetocaloric effect
In the previous part we discussed in general how the magnetocaloric effect can be observed,
for the description of the thermodynamic approach I mainly followed the Ref.[15, 16].

The internal energy, U , of a thermodynamic system, constituted by a ferromagnetic
sample subjected to magnetic field, is function of the volume V , the magnetic field H and
the entropy S.

U = U(S,V , H) (1.2)

The total differential of U is

dU = TdS − pdV − µ0HdM (1.3)

where µ0 is the magnetic permeability and M is the magnetic momentum. In order to
evaluate the magnetocaloric effect we have to consider the Gibbs free energy G.

G = U − TS + pV − µ0HM (1.4)

The total differential can be obtained easily as follows:

dG = dU − pdV + µ0HdM− TdS − SdT + pdV + Vdp− µ0MdH − µ0HdM (1.5)
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1 – General introduction

By substituting 1.3 in 1.5 and considering isobaric condition, the final equation becomes:

dG = −SdT −MdH (1.6)

For the Gibbs free energy G the internal parameter S and M conjugated to external
variables T and H, can be determined by the following equation state:

S(T,H) = −
(
∂G
∂T

)
H

(1.7)

M(T,H) = − 1
µ0

(
∂G
∂H

)
T

(1.8)

Using 1.7 and 1.8, from the equalities of second derivative, ∂
∂H

(
∂G
∂T

)
= µ0

∂
∂T

(
∂G
∂H

)
, we can

calculate: (
∂S
∂H

)
T

= µ0

(
∂M
∂T

)
H

(1.9)

By introducing the volumetric mass ,ρ, we generalize the equation 1.9 replacing the exten-
sive variable (S) with intensive quantities (S). In such way the formulation 1.10 does not
depend on the system size or the amount of material in the system.(

∂S

∂H

)
T

= µ0

ρ

(
∂M

∂T

)
H

(1.10)

The heat capacity C at constant parameter x is defined as:

Cx =
(
δQ

dT

)
x

(1.11)

where Q is the heat quantity changing the system temperature on dT .
Using the second thermodynamic law dS = δQ\T , 1.11 can be rewritten as :

Cx = T

(
∂S

∂T

)
x

(1.12)

The entropy change of the system can be expressed as:

dS =
(
∂S

∂T

)
H

dT +
(
∂S

∂H

)
T

dH (1.13)

When the material is subjected to a constant magnetic field the specific heat can be calcu-
lated as CH = T (∂S\∂T )H . Replacing the heat capacity at constant field and the equation
1.9 in 1.13 the entropy change results to be:

dS = CH

T
dT + µ0

ρ

(
∂M

∂T

)
dH (1.14)

This formulation is useful to quantify the magnetocaloric effect in adiabatic and isothermal
process.
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1.2 – Magnetocaloric Effect (MCE)

Adiabatic process

When the sample material is subjected to adiabatic process, for definition, the entropy
change is null (dS = 0). Satisfying this condition in 1.14 is possible to calculate the
reversible temperature change, ∆Tad, which quantify the MCE.

∆Tad = −µ0

ρ

∫ H1

H0

T

CH

∂M

∂T H
dH (1.15)

Isothermal process

When the magnetocaloric material is subjected to isothermal procedure, the total entropy
change, ∆S, is equal to the magnetic entropy variation, ∆Sm. In this case the magne-
tocaloric effect is quantified by determining the specific entropy change from the equation
1.14, considering dT = 0

∆S = ∆Sm = µ0

ρ

∫ H1

H0

(
∂M

∂T

)
H

dH (1.16)

1.2.2 The phase transition
The stability of different phases depends on the evolution of the Gibbs free energy. The
Gibbs free energy is defined as the thermodinamic potential that can be used to calculate
the maximum reversible work performed by a thermodynamic system at constant temper-
ature and pressure. Minimising the Gibbs free energy means for the system maximise the
total entropy, when G assumes minima value the system reach the equilibrium.
The Landau theory allows to study the phase transition by means of Gibbs free energy. It
is based on the idea that the free energy can be expanded in Taylor series, G, in such way
for a ferromagnetic-paramagnetic transition, in absence of external magnetic field and in
proximity of the critical temperature Tc the Landau free energy given by:

G(P,H, T ) = G0 + a(T − Tc)M2 + bM4 + cM6 + ... (1.17)

where M is the magnetic momentum, considered for simplicity independent on external
parameter (pressure...), G0 is the free energy independent onM and a, b, c are the expan-
sion coefficients called Landau coefficients. a and c are always positive while b is negative
for second order phase transition and positive for first order phase transition [17, 18].

(a) Second-order transition (b) First-order transition

Figure 1.2: Free energy versus the magnetic momentum at different magnetic fields [1].
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1 – General introduction

Figure 1.3: Schematic of the difference between the first (c)-(f) and second order phase
transitions(a), (b). (a), (c) and (e) display the magnetization as function of the temper-
ature. (b), (d) and (f) show the entropy as function of the temperature. In green the
measures are performed with null magnetic field while in yellow are displayed the results
considering the magnetic field. The first order transition is displayed both in conventional
MCE (c), (d) and inverse MCE (e) and (f). Figure from Ref. [19].
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1.2 – Magnetocaloric Effect (MCE)

Second order phase transition

Second order phase transition is defined by a Gibbs free energy function having continuous
first derivative and a discontinuous second derivative. In this case the free energy function
G is minimized by a single value of M , 1.2(a). This means that the transition goes contin-
uously from one phase to the other without the coexistence of two phases in equilibrium.
The magnetic momentum and the total entropy are computed by the equations 1.7 and
1.8, being the first derivative continuous, S andM will result to be continuous as well [20].

In Figure 1.3(a) the magnetization is displayed as function of the temperature. In ab-
sence of field, green curve, the material pass from ferromagnetic to paramagnetic state at
the critical temperature, called Curie temperature. When the magnetic field is applied,
yellow curve, a partial orientation of the spin, causes the preservation of a certain magne-
tization.
In Figure 1.3(b) the total entropy is shown, as we discuss in the previous part, the system
passes from a disordered state to more ordered one by the application of the magnetic field
and the entropy value is lowered [19]. The decrease of the total entropy is observable in
isothermal condition, horizontal arrow ∆Sm. In case of adiabatic condition instead just
the magnetic entropy contribution is lowered and the temperature is increased, vertical
arrow ∆Tad.

First order phase transition

The first order phase transition is characterized by a discontinuity in the first derivative of
Gibbs free energy function. Remembering the equations 1.7 and 1.8, even the magnetiza-
tion and the total entropy are discontinuous.
In first order phase transition, for a defined range of temperature and magnetic field, the
minimization of the free energy can be obtained for two different values of M, Figure
1.2(b). If in the second order phase transition the passage from ferromagnetic to paramag-
netic state occurred continuously, in this transition we can observe a metastable condition
in which both the two phases coexist [20].

The representation of the magnetization as function of the temperature, Figure 1.3(c),
shows that the ferromagnetic state (M > 0) is stable for low temperature and abruptly
changes in paramagnetic at defined transition temperature Tt. By the application of the
magnetic field, H1 > 0, the material is stabilized at higher magnetization causing a shift
of the transition temperature.

In case of standart MCE the difference of the transition temperature shift dTt

dH is positive,
while it is negative in case of the inverse MCE (Figure 1.3(e)). For a inverse MCE the mag-
netization of the material by means of magnetic field causes a decrease of the temperature
in adiabatic condition and an increase of the entropy in the isothermal process (Figure 1.3
(f)) [19]. In Figure 1.3 (e) the ideal behaviour of the entropy is plotted as function of the
temperature. The horizontal line between two isomagnetic curve corresponds to adiabatic
temperature change ∆Tad, while the vertical one represents the magnetic entropy variation
∆Sm .
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1 – General introduction

The materials characterized by a first order phase transition, are called giant magne-
tocaloric (GMC) material because of the strong magnetocaloric response caused by the
large entropy change [21]. The discovery of the giant MCE resulted to be an important
breakthrough in the magnetic refrigeration. On the other hand, the first order phase
transition is characterized by some problems related to the thermal hysteresis. Thermal
hysteresis causes a strongly dependency on the material history, with consequent difficulty
in the control of thermodynamic cycles and efficiency losses, and involves generation of
latent heat and volumetric/structural changes [22].

Phase diagram

In giant magnetocaloric materials, the magnetic transition is often associated to modi-
fication of the lattice. In this case, to consider the contribution of the lattice-magnetic
momentum coupling, a more general formulation of the Gibbs free energy is required:

G(P,H, T ) = Glat,el(P,H, T ) +Gm(P,H, T ) +Glat−spin,el−spin(P,H, T ) (1.18)

where Glat−spin,el−spin(P,H, T ) is the term describing the coupling.
The modifications occurring in the material depend on several parameters, the most im-
portant, working in isobar condition, are the temperature and the magnetic field.

Figure 1.4: Inflection points of the heating and cooling transition temperature versus
applied field up to 10T, by linear interpolation, the cooling and heating curves of the
phase diagram of MnFePSi are obtained [23]. The portion of graph in red represents the
conditions for which the material is in paramagnetic phase (PM), in green the conditions
for reaching the ferromagnetic configuration (FM). In blue is defined the metastable case
in which the two phases coexist. At the intersection points of the two straight lines the
transition becomes of second order.
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1.3 – Magnetic refrigeration

The phase transition of materials can be mapped through the phase diagram. It repre-
sents the combinations of the variables for which a specific phase exists. The phase diagram
contains the information that helps to understand what phases are present in the material
and which transformations can be expected when we change one parameter [24, 25, 26].
For a simple explanation of the structure of a phase diagram, in the following part we
will consider the phase diagram obtained with MnFePSi taken from Ref [23]. The same
magnetocaloric material will be analysed in the Chapter 4, there, a phase diagram will be
extrapolated from our research activity.

In Figure 1.4 the phase diagram of MnFePSi was properly built representing the tran-
sition temperature versus the applied field for both the heating and cooling curves. Above
the heating branch (in red) the material is in a paramagnetic phase while below the cooling
curve (in green) it behaves as ferromagnetic. The area in blue represents the mixed state,
there the compounds results in a metastable condition and both the two phases can be
present. Investigations on magnetocaloric Fe2P compound showed the presence of second
order transition at relatively small magnetic field [27]. The amount of Mn and Si doping,
in the sample we are going to analyse, are used to prevent the second order transition at
the magnetic field between 0 and 10T. In Figure 1.4 the second order phase transition is
defined by the intersection of the two straight lines(heating and cooling curves) represent-
ing the critical temperature (for a fixed field) and field (for a fixed temperature) when the
phase transition occurs. In that point the hysteresis is no more observed and the type of
material transition changes. Since the magnetic field conditions, for which the second or-
der transition can be appreciated, will be too much elevated for our measurement purpose,
the MnFePSi sample analysed in the following chapters 4 will be considered as a material
characterized just by a first order phase transition .

1.3 Magnetic refrigeration
On the basis of the magnetocaloric effect is possible to create magnetic refrigerators. These
refrigeration systems exploit the entropy change of magnetic materials, caused by varia-
tion of an external magnetic field, to absorb or release heat in cycles of magnetization and
demagnetization.

The magnetic refrigeration (MR) is emerging technology that compared with the con-
ventional refrigeration systems, based on compression and expansion of gases, is expected
to have great applicable prospects. The interest in MR is related to their energy and cost
saving potential, high efficiency and reliability. The efficiency of the new technique can be
30-60% of the Carnot cycle while the vapour compression refrigeration is only 5-10% [28].
In addiction the no need of compressor reduces the vibration and the moveable parts, result-
ing in longer system-lifetime [16, 9]. Finally a great advantage is its environmental-friendly
aspect: not requiring gases, it does not have ozone-depleting and greenhouse effects.

The general working principle of a magnetic refrigerator consists in a cyclical repetition
of a process. A magnetic material, whose entropy and temperature can be changed by
means of an external magnetic field, absorbs heat from cold heat exchanger and transfer
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1 – General introduction

it to a hot heat exchanger. Different types of cycles combine different isothermal and adi-
abatic magnetization to cool the load [29, 28].

Figure 1.5: Schematic of magnetic refrigeration system. (1) magnet, (2) regenerator with
magnetocaloric material, (3) cold source heat exchanger, (4) hot source heat exchanger (5)
pump to allow the flow of the transfer fluid through the active generator [15].

The important development, that allows to obtain efficiently room temperature refrig-
eration, is the active magnetic regenerator (AMR), introduced in 1981 [30]. The AMR,
added to a magnetic refrigeration system, uses a transfer fluid (that can be simply water)
to absorb heat, expelled in one stage of the cycle, and release that in another stage [9].
Possible schematic of the MR system is displayed in Figure 1.5.
Among the possible refrigeration cycle, Ericsson and Brayton cycles, are the ones that
allow room temperature cooling process with larger temperature span and easy operation.
The working principles of these are explained in the Figure 1.6 and 1.7.

Figure 1.6: Schematic of the Ericsson re-
frigeration cycle.
1-2: Isothermal magnetization. The mag-
netic field is increased from H0 to H1
and the heat is transferred from refriger-
ant magnet to hot source.
2-3: Isofield cooling. Heat exchange from
magnetic refrigerant and regenerator fluid.
3-4: Isothermal demagnetization. The
magnetic field is lowered from H1 to H0
and heat is absorbed from cold source.
4-1: Isofield heating. The regenerator fluid
absorbs heat. Figure from Ref. [15].
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1.3 – Magnetic refrigeration

Figure 1.7: Schematic of Brayton refriger-
ation cycle.
1-2: Adiabatic magnetization. The tem-
perature is increased from T1 to T2.
2-2a: Isofield cooling. The magnetic mate-
rial transfer heat to hot source exchanger.
2a-3: Isofield cooling by means of regera-
tor.
3-4: Adiabatic magnetization. The tem-
perature is lowered to T4.
4-4a: Isofield heating. The temperature
increases absorbing heat from cold source
exchanger.
4a-1: Isofield heating by means of the re-
generator. Figure from Ref. [15].

The central core in the design of magnetic refrigeration system is the choice of the
magnetic material [31, 32]. Numerous studies on magnetocaloric samples have been carried
out to find good compromise among material’s properties, refrigerator performance and
parameters of the system design. The main aspects that researchers want to optimize are
the values of ∆Tad and ∆Sm in order to maximize the refrigerant power Pr.
The refrigerant power can be defined as the integral of the entropy variation over the
temperature:

Pr =
∫ Thot

Tcold

∆S(T )dT (1.19)

where Tcold and Thot are the temperature of the cold and hot source heat exchanger.
In Figure 1.8 crystalline materials are grouped into different families. The magnetic mate-
rials, have been selected with phase transition near room temperature, and each of them
is categorized according to the entropy variation as function of the temperature, magnetic
field constant at 5T [33].

In the research activity here reported, the attention will be reserved just to giant mag-
netocaloric material MnFePSi powders (V in Figure 1.8 ) and MnAs thin film (VI in Figure
1.8). The giant magnetocaloric material, being characterized by a first order phase tran-
sition, have a large entropy change in at the transition temperature. The application of
GMC materials, nowadays, is still limited because the transition is often associated with a
thermal hysteresis, which limits the refrigerant power and the efficiency of the system [34,
35, 36].
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1 – General introduction

Figure 1.8: Maximum entropy change for ∆Smax for ∆H = 5T as function of the temper-
ature for different magnetocaloric material having first order phase transition [33].

1.4 Modification induced in
giant magnetocaloric material

Despite the fact that giant magnetocaloric materials exhibit large entropy change the prac-
tical application of giant magnetocaloric material is still limited. The materials for mag-
netic refrigeration have to fulfil several properties [15, 9] that can be resumed as:

• low Debye temperature values in order to avoid that the temperature makes the
fraction of lattice entropy small in high temperature range.

• transition temperature near working temperature

• for a easy heat transfert is required low specific heat and large temperature conduc-
tivity

• no toxicity

• good mechanical properties

• low cost of the material and the manufacturing

• low environmental impact

In addiction the first order phase transition is often associated with thermal hysteresis
that induces losses in thermal cycle reducing the cooling power of the refrigerator. With
increasing interest scientists from the entire world are looking for a solution to reduce the
latent heat. The most popular method is based on variation of the composition of the
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1.4 – Modification induced in giant magnetocaloric material

material by doping the sample [37, 38]. This solution allows the suppression of small hys-
teresis but sometime causes the reduction of the magnetocaloric properties of the material.
A different procedure consists in the application of strain on thin film or bulk material
[39]. The technique proposed in the project is the irradiation of powders and thin films by
accelerated ions. The reach activities, carried out at Institut des NanoSciences de Paris in
years, demonstrated that ions bombardment can change the film properties [1, 40, 41, 42,
43, 44]. In particular it has been demonstrated that in some material induced defects allow
to reduce or remove the thermal hysteresis without changing the magnetocaloric properties
of the sample.

1.4.1 Basis process in ion-matter interaction
The irradiation of a target material, by means of accelerated ion beams, is one of the most
powerful tools to modify the properties of a sample material. The technique requires a deep
knowledge of the role of the defects in a crystalline structure. The nature of the ion-matter
interaction depends on several factors connected both on the nature of the projectile and
of the target sample [45, 46]. The process of interaction depends both on the potential
energy (internal energy) and the kinetic energy of the projectile ions.

The potential energy of the impinging ions is given by the sum of all binding energies of
the missing electrons and can reach values of several tens up to hundreds of keV. When the
ion is penetrating into the material the potential energy is easily lost. The temperature of
the sample increases because of the deexcitation of electrons captured by impinging ions.
This process can cause amorphisation of the material. In case of very slow ions impinging
conducting material portion of the potential energy can be converted into kinetic energy
through the formation of hallow-atoms [47]. This effect will be neglected in the discussion,
since the working conditions of the irradiation avoid this phenomenon.

The kinetic energy irradiation beam is obtained by the product of the acceleration
tension and of the charge q. When energetic ion penetrates the solid it undergoes a series
of collisions with atoms and electrons in the target and the energy is transferred. This
process is described by the stopping power [48], the energy transferred per unit of path
length of an ion on its trajectory, dE

dx . This can be expressed as:

S =
(
dE

dX

)
loss

=
(
dE

dX

)
el

+
(
dE

dX

)
n

(1.20)

The total power loss is given by the sum of three terms. The first term describes the ion
energy lost resulted from elastic atomic collision with the target atom, nuclear stopping
energy, the second one is caused by the excitation and ionization of target electrons, elec-
tron stopping power.

The reciprocal integral of 1.20 defines the total projectile range. The projectile range
defines the depth profile and the nature of the lattice disorder in the process. Since this
phenomena is a non equilibrium random process, ions of a given type and given energy do
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not have the same range of penetration.

The importance of the two contributes in the total energy loss depends on the energy
and the atomic number of impinging ions [46].

• The nuclear stopping power is the average energy loss resulting from the interaction of
ions with the nucleus of the medium. The interactions are generally elastic collisions
that involve large energy loss and significant angular dispersion. This type of loss are
predominant in irradiation with ions characterized by elevated atomic number (heavy
ions) and accelerated at low kinetic energy, Ek < 1MeV . The path of the impinging
particle is limited by the low kinetic energy and as consequence the perturbations of
the target material are concentrated in hundreds of nanometers below the surface, left
in Figure 1.9. The collisions lead to atomic displacements and lattice vibrations in
the target at the same time the energy transfer can be sufficient to induce a collision
cascade.

• The electronic power stop is obtained consequent to inelastic interactions of ions
and the electrons of the sample. This process is predominant with ions accelerated
high energy range (Ek > 1MeV ) and with small atomic number. In this case, as
displayed on the right of Figure 1.9 the impinging particle has a penetration depth
considerably extended up to the order of mm. The energy transfer between the
ions and the electrons surrounding the trajectory causes an increase of the internal
temperature of the sample.

Figure 1.9: Scheme of the ion-matter interaction dominated by:(1) Nuclear collisions. Slow
charged ions characterized by kinetic energy in the range between keV-MeV. (2) Electronic
collisions. Fast charged ions characterized by kinetic energy in the range between MeV-
GeV. Figure from Ref [45].
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1.4 – Modification induced in giant magnetocaloric material

Both nuclear and electronic stopping power behaviour are displayed in the Figure 1.10.
They both increase with increasing energy reach a maximum, that for nuclear stopping
power is called Bragg peak, and then decreases. The accumulated electronic energy loss
reaches its maximum at energy of magnitudes higher respect the nuclear case. This be-
haviour is due to the dependency of the interaction process on the ion velocity.
At ion velocities v significantly lower (low kinetic energy) than Bohr velocity of the atomic
electrons v0, the ion carries its electrons and tends to neutralize by electron capture, at
these velocities, elastic collision dominate. As the ion velocity is increased (higher kinetic
energy) the nuclear energy loss diminishes as 1/E0. The electronic energy loss (inelastic
collision with atomic electrons) soon becomes main interaction [48].

Figure 1.10: Projectile ion energy versus energy loss [48].

During the interaction between ions and solid surface many processes are involved (re-
flection of ions, emission of an electron, implantation of the ion, electromagnetic wave
emission...) [49]. During binary collision, if the energy transferred to the recoil atoms is
sufficiently large, this generates binary collisions between the target atoms with impor-
tant distortion of the lattice. Depending on the energy of the recoil atoms a linear or
spike regime can be established. In the first case the recoil atoms carry enough energy to
produce further recoils but the density of recoil atoms is low and the knock-on collisions
dominate. In the second case the density of recoil atoms is so high that within a certain
volume (spike volume), the majority of atoms are in motion [50].

Figure 1.11: Summary of ions-solid interaction [50].
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After the interaction between the solid material and the ion beam, stable or metastable
point like defects are created. The defects can be organized in three categories [51]. If one
ore more original atoms are missing in the original lattice site, a vacancy type of defect is
created. In case original atom shifted from its native position or a foreign atom occupies
the interstitial position of the crystal, an interstitial vacancy is formed. When foreign
atom occupies the original atom, the defect is defined substitutional. The motion of the
defects inside the crystal lattice can cause the extension of the defects in line-defects (edge
or screw dislocation), surface-defects (grain or twin boundary) or volume-defects (void,
crack, inclusion and precipitation) [52, 48].

1.4.2 Modification of magnetic properties
The studies on magnetic material modifications induced ion beams started in the 1998,
when the magnetic properties of cobalt-platinum multilayer were changed by He+ irradia-
tion [53]. This technique allowed to obtain regions with very different magnetic properties,
extended at sub micron size, by means of the local coercivity change induced by irradia-
tion. Many fundamental studies performed in the past concerned the characterization of
second order transition material (see Ref[54, 55, 56, 57, 58, 59, 27]). In these case the
research activity was focused on the control of the magnetic properties (the anisotropy, the
magnetic saturation, the microstructural parameteters.) acting on induced disorder and
variation of domain wall mobility caused by ion bombardment. The object of the study,
presented in this thesis, is the evolution of recent studies on giant magnetocaloric material
demonstrating that first order features can be changed by means of small ion fluencies.

(a) (b)

Figure 1.12: Schematic of the free energy as function of the concentration of A and B
elements (a). Free energy as function of A and B elements in case of AB3 alloy (b).

Depending on the kinetic energy of the impinging ion, the irradiation on solid material
can locally increase the heat and generate metastable state or local annealing produc-
ing ordered structure in amorphous material. As we have previously seen, bombardment
through ions generates defects. The magnetocaloric material responds to local modification
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1.4 – Modification induced in giant magnetocaloric material

by changing the structural phase of the material. In fact the structure of a binary alloy
depends on the percentage of A or B metal element forming the alloy. The stability of a
phase is defined from the minimum of Gibbs free energy. By looking at Figure 1.12(a) ,
it is evident that the composition AB, having a wider minimum, is more stable than the
AB3 and it will be less affected by ion irradiation. In case of AB3 alloy of the considered
example, the irradiation can increase the free energy and induce the material to pass to a
metastable or amorphous state 1.12(b).
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Chapter 2

Instrumentation and methods

This chapter provides a brief description of the instrumentation and the experimental meth-
ods used. The first part is an introduction about SRIM (Stopping and Range of Ions in Mat-
ter), a free available computer program for simulating the interaction between the target and
the ion beams. The second part concerns the description of two irradiation facilities avail-
able at INSP laboratories: an accelerator facility for fast ions beams production (SAFIR)
and a multicharged ions source (SIMPA) for medium-slow ion beams. The third section is
dedicated to the analysis of the magnetic properties. Two types of the magnetometers will
be presented: the vibrating sample magnetometer (VSM) and the superconducting quan-
tum interference device (SQUID). Particular attention will be reserved to measurements
corrections required in case of measure of the magnetization by SQUID magnetometer.

2.1 Numerical simulation: the program SRIM
In the Chapter 1 we have seen that the nature of the interactions between ions and matter
is intrinsic ballistic, as consequence the simulation of this phenomena required a Monte
Carlo approach and high level of knowledge about quantum mechanical treatment of ion-
atom collisions. Luckily comes to our aid the groups of programs collected in The Stopping
and Range of Ions in Matter: SRIM. The results obtained from these simulations will be
used to define the optimal working conditions for the irradiation of the sample.

SRIM is a collection of softwares useful to predict the behaviour during the transport
of ions in the matter. In our specific case we will use a particular subgroups of programs
TRIM (Transport of Ions in Matter).
The efficiency of the numerical computation consists in the use of statistical algorithms,
which allows the ion to make jumps between calculated collisions and then averaging the
collision results over the intervening gap [60].
The program in the setup calculation allows a proper description of the target electronic
structure and interatomic bonds, taking into account:

• the screen coulomb collision of ion and atoms, including the exchange and the corre-
lation interaction between the overlap of the shells

27
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• the ion long range interactions, characterized by the creations of electron excitations
and plasmons within the target

• the charge state of the ion using the concepts of effective charge

The scope of the SRIM simulations are mainly two: the determination of the experi-
mental parameters of the future irradiation sections and the extraction of estimations of
the collision characteristics as the number of collisions per ion for specific experimental
conditions.

The simulation exploits as input experimental information about the target, the inci-
dent ions to extract parameters useful for a correct irradiation section. It is required to
specify the elements which make up the target and build up the target-layer with defined
thickness and density. For what concerning the beams, it is necessary to point out the
type and the mass of the ions used, SRIM suggest as mass the one of the most abundant
isotope. It is possible to work with different angle of incidence, or use the ions directed
perpendicular to the surface. The time required for the calculation is defined by the type
of simulation chosen, in our case we will work in modality "Detailed Calculation with Full
Damages Cascades". This option takes into consideration every recoiling atom until the
energy drops below the lowest displacement energy of any target atoms. It is the most
efficient condition for the simulation, but on the other hand it requires more time respect
the quick mode.
For a sample irradiated by a defined type of ions at certain incident angle, the kinetic
energy of the particle defines the penetration depth into the material.

SRIM produces several outputs. In our case we are interested in the calculation of the
amount of damages generated in the target and the relevant results can be:

• Recoiling Energy: the energy transferred from incident ions to target atoms and
energy absorbed by target atoms [eV/angstrom/ion]

• Ionization Energy: the energy absorbed in electronic stopping by target atoms
from incident ions and recoil atoms [eV/angstrom/ion]

• Vacancies Vacancies created[Vacancies/angstrom/ion]

• Collisions Table of all ion/target atom collisions which lead to target damage

These outputs are organized in table of values as function of the distance from the surface
impinged by the ions. The profile is calculated by dividing the thickness of the target layer,
specified by the user, into equal-width bins [61]. In the Chapter 3 the detailed simulations
used for the analysis of MnFePSi-samples will be presented.
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2.2 – Irradiation technique

2.2 Irradiation technique

The characterization of the magnetic properties of the sample is made possible by the
irradiation of the material with ions. Depending on the energetic profile at which we want
to modify the samples, different types of accelerator of ions source can be required [62].
In our experience particles at high energy up to 2MeV will be provided by SAFIR, french
acronym for "System of Analysis for Highly Accelerated Particles", while lower energy
(order of keV) will be used at SIMPA, french acronym for "Highly Charged ion Source of
Paris".

2.2.1 Systeme d’Analyse par Faisceux d’ions Rapides: SAFIR

SAFIR (French acronym for "Rapid Ion Beam Analysis System") is a device designed to
probe the structural and compositional profile of surface region through the analysis of the
interactions between fast particle beams and the atoms of a sample. It finds its application
in the analysis of thin (<1µm) or ultra-thin (<10nm) layers. The acceleration of the ions
is provided by a Van de Graaff accelerator. It is supplied by the company High Voltage
Engineering Europa. A schematic of the structure is shown in Figure 2.1.

Figure 2.1: Schematic of Van De Graaff accellerator [63].

The ions are produced by a RF discharge ions source (Figure 2.2). The gases used
for the ionization are contained inside the high voltage (HV) terminal of the accelerator.
They are introduced selectively through thermomechanic valves, before being ionized by
magnetic field at radio frequency, approximatively 100 MHz. The ions generated are then
focalized on the extraction axis by magnets. The extraction electrodes allow the expulsion
of particles toward the accelerator.
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Figure 2.2: Schematic of the RF ions source. On the top of the glass ampule is visible the
extraction electrode, while on the bottom there is the channel used for the extraction [64].

In Figure 2.1 we can see that the upper part of the column, the terminal, is gradually
charged, by the charges generated on the lower part, they are accumulated and finally
transported on dielectric belt. The terminal in such way results positively charged at
high voltage. A precision resistor chain connects the system to the ground and creates an
uniform potential gradient, that accelerates the ions toward the sample. The maximum
accelerating potential is limited by breakdown across the accelerating tube and charge
leakage from the high voltage electrode.

Figure 2.3: Schematic exit of the beam line deflected by electromagnets towards the de-
tectors0. The arrow in the picture marks the position of the deviation magnet [64].

The beam is driven by an electromagnets towards six possible extensions and finally
toward the different beam lines (Figure 2.3). The system can guarantee parallel beams of
mono-charged and mono-kinetic particles like H+, He+ in an energy range from 100 keV up
to 2.5 MeV [64]. The chambers connected with the ion beams are used for possible analysis
such as RBS (Rutherford Backscattering Spectometetry), ERDA (Elastic Recoil Analysis
Detection), NRA (Nuclear Reaction Analysis) and NRP (Nuclear Resonance Profiling).
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2.2.2 Souce d’Ions Multichargés de Paris: SIMPA

SIMPA (French acronym for "Highly Charged ion Source of Paris") is an installation with
Electron Cyclotron Resonance Ion Source (ECRIS) developed by Pantechnik society. It
allows to generate highly charged ions beams at energy of several keV and transport them
toward the sample through an ultra-high vacuum beam line. The most used types of ions
are Oxygen of 1 at 8+, Ne from 1 to 10+ and Ar from 1 to 18+. The general scheme of
the system is displayed in Figure 2.4.

Figure 2.4: Scheme of SIMPA ions source [65].

The ions are generated in the plasma chamber. Ionized by subsequent collisions with
fast electrons. The electrons are heated through micro-waves that have a frequency equal
to the cyclotron resonance of the electrons in the magnetic field present in the plasma
chamber. Permanent magnets (Fig. 2.5(a)), placed all around the plasma chamber in a
hexapolar arrangement, allows radial confinement of the plasma while axial confinement is
obtained through electromagnetic coils. Microwaves and gas, are guided by a cylindrical
cavity to the plasma chamber. At the output of the source the extraction electrode (Figure
2.5 (b)) extracts the ions and imparts them an energy of the order of ten keV.
To check the operating stability of the source a mass quadrupole analyses the partial pres-
sure of the residual gas. Once extracted, this beam is focused a first time using a strong
magnetic field induced by a solenoid. Then, a magnetic dipole and a pair of slits perform a
selection of the incident beam with respect to the charge-mass ratio values of the incoming
ions. In such way ion beams containing a single charge state of a single chemical species
can be obtained. Finally, a series of electrostatic and magnets deflectors and electrostatic
lens guide and shape the ion beams into the interaction chamber [65, 66].
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(a) Permanent magnets of the
plasma chamber.

(b) Extraction electrode of SIMPA
ion source.

Figure 2.5: Picture of SIMPA technical presentation [65].

Figure 2.6: Magnets of analysis in the state of charge. The beam at the output of the
magnetic dipole is then at 90 ° of the beam at the output of the source [65].

The system requires that the entire beam line is maintained under vacuum in order
to prevent contamination and the capture of ions along the path. In our set up a turbo-
molecular pump is used to obtain secondary vacuum of the order of 10−7 mbar.
With the aim of ensuring good irradiation conditions and in order to obtain a reliable
estimation of fluence of the ions impinging the target, ion beam current is measured by
two Faraday cages one located immediately after the analysis magnet and the other at the
interaction chamber. In addiction to control the geometrical shape of the ion beam at the
collision chamber, several patterns are mounted and the fluorescence on these targets is
analysed using CCD camera.

32



2.3 – Magnetic properties measurement

2.3 Magnetic properties measurement
There are many methods for measuring the magnetic momentum. In general the sample in
its environment produces a force a flux or indirect signal which is sensed by a detector and
results in an electrical output signal in dc or ac. Depending on the types of response we
can classify the technique into indirect and direct measurements. The indirect techniques
involves microscopic measurement such as magnetic resonance, neutron scattering, analysis
of the electromagnetic effect or microwave ferromagnetic resonance. The main problem of
the indirect methods is the necessity of considerable prior knowledge about relationship
between the response observed and the phenomenon occurring in the material. The direct
technique, on the contrary, involves the direct analysis of macroscopic properties, flux and
force, sensed by a detector [67, 68].
In our case we will analyse the evolution of the average magnetization (emu) exploiting
just direct techniques. The magnetization properties of the sample will be measured under
different conditions, of magnetic field and temperature. Because of the different measure-
ment methods, the measurements of magnetization dependency over the magnetic field or
temperature are better exploited in two different types of magnetometers [69]. The vibrat-
ing sample magnetometer (VSM) will be used to analyse the magnetization dependency
on the magnetic field, while the superconducting quantum interference device (SQUID),
will be used in the other case.

2.3.1 Vibrating Sample Magnetomer:VSM
The VSM has been one of the most popular magnetometer for more than the two decades.
It allows to measure, with high sensitivity and high stability, the magnetic momentum
of magnetic materials (even weakly magnetic) by inducing the sample in vibration in the
presence of a homologous magnetic field.

A schematic of the instrument structure is shown in Figure 2.7. The sample is in-
serted into the magnetometer by means of long sample holder vibrating drive head by a
non-magnetic rod Figure. Inside of the instrument the sample is suspended in a region
of dc magnetic field produced by an electromagnet. The vibration unit put the sample in
oscillation. The specimen vibrations are at known frequency, in our case 40Hz, parallel to
the applied dc magnetic field. According to Faraday law, the motion of the sample causes
a variation of the magnetic flux and this latter produces a distortion of the field detected
by the detection coils, a pair of counter-wound and balanced coils located in the proximity
of the sample. In order to keep the frenquecy and the amplitude of the sinusoidal motion
constant is used a capacitor, which also acts as a reference signal generator. The electrical
signal induced in the detection coils is proportional to the frequency and amplitude of
the sinusoidal motion, the magnetic response of the sample to the applied magnetic field,
and a geometrical factor that takes into account the surface area of the detection coils
and their distance from the sample. Finally the output signal is extracted by means of
phase-sensitive lock-in detection [67].

Cryogenic temperatures are required both for measurements at low temperature and
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because of presence of superconducting elements. A warm-up from liquid nitrogen to room
temperature can be extended for several days, lower temperature can be achieved by liquid
helium reservoir. The resulting temperature working range is from 2 to 350K.

Figure 2.7: Schematic of VSM structure [70].

The sensitivity of the instrument is 10−6 emu. The main causes of noise, that lim-
its the performance of the device, is the Johnson noise of the wired used for the coils.
In addiction the use of minimal mass of weakly diamagnetic material for sample holder
is essential to avoid noise. The main problem of this device is due to the request of an
uniform magnetic field because it is difficult to correct the effect of nonuniformities [67, 68].

The VSM can be used for both measurement of the magnetic momentum as function
of the temperature as well as function of the magnetic field. The field change is quite
fast in isothermal condition (0.9 T/s), on the contrary the temperature variation results
slower, because of the long time required for the thermalization of the device (more pre-
cisely between the temperature sensor and the sample). The VSM will be used to study
the magnetic properties as function of the magnetic field. An example of this magnetome-
ter application can be found in the study of the phase diagram of MnFePSi-sample in the
chapter 4.

The standard procedure for isothermal measure by VSM is the following. Before the
start of the process the sample is brought to a complete paramagnetic phase at high tem-
perature ( in our cases 350K), this ensures the elimination of any residual magnetization
from previous measurements. After this, the sample is brought at desired temperature and
the magnetic momentum is recorded, increasing the magnetic field in the range between 0
and 10T and 10 to 0T. Several magnetic cycles can be studied at different fixed temper-
ature, in each case the residual magnetization is cancelled out bringing the sample in the
paramagnetic phase with zero field applied.
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2.3.2 Superconducting Quantum Interference Device: SQUID
The Superconducting Quantum Interference Device (SQUID) is one of the most sensitive
device for the measure of magnetic flux. The detection is carried on in a superconduct-
ing ring with two Josephson junctions. If two superconducting regions are separated by
a resistive barrier, for a distance less than the coherence length, with a current less than
the critical current Ic, electrons can tunnel from one region to the other with no voltage
drop. On the contrary if the current is higher respect the critical one, we can measure an
additional potential drop. This effect is known as Josephson effect.

Figure 2.8: Dual juction SQUID loop. The capacitor represents the self capacitance.

Figure 2.9: Schematic of the 4 superconducting detection coils system. The two coils at
the centre have the wire wrapped around the same direction the other two coils have the
wire wrapped in the opposite direction [71].

In figure 2.8 a schematic of the SQUID loop is displayed. The junctions are biased with
alternating or continuous current Ib, in our analysis we will refer just to DC technique.
The bias put the operation point of the Josephson between the superconducting and resis-
tive behaviour. The shunt resistor is used to prevent the hysteric behaviour. Fixing Ib at
slightly higher value than Ic, when an external magnetic flux is coupled into the loop, the
voltage drop across the junction change periodically with period equal to the quantum flux
φ0 = h/2e. The used magnetometer is based on four SQUID loops that detect variations
of the magnetic field, Figure 2.9. The sample moves inside the four system coils and its
motion induce a variation of the magnetic flux detected by the detection coils. This signal
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is sent to SQUID loop that converts the magnetic flux change into voltage variation at
the output of the instrument. Through the analysis of the voltage change, the magnetic
momentum of the sample is extracted [71, 68].

In Figure 2.10 the complete structure of the device is shown. The superconducting de-
tection loop array is rigidly mounted in the centre of homogeneous superconducting mag-
net. This latter generates an uniform field over the entire sample and induces a moment
allowing a measurement of magnetic susceptibility. The sample temperature is regulated
using a heater, located below the sample, and a thermometer located above. The cryogenic
temperature is obtained through helium gas, obtained from evaporation in the Dewar. The
flow rate is regulated by a precision valve. Thanks to these arrangements the analysis of
the magnetic properties can be performed in a range from 1.8K to 400K for the temper-
ature and from 0 to 7T for the magnetic field. The sensitivity of the instrument is quite
high equal to 10−8 emu.

Figure 2.10: Typical structure of SQUID magnetometer [72].

The SQUID magnetometer will be used to analyse the magnetic momentum of the sam-
ples as function of temperature variation and constant field. In order to collect coherent
measurements a standard procedure has to be followed. Each sample starts at initial tem-
perature T0 = 350K and a magnetic field H = 1T is applied. At this point it is performed
a scan at ascending and descending temperature to record the magnetic momentum of the
material and measure the thermal hysteresis associated, the velocity of the scan is chosen
in a range from 0.5 to 8K/min.
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The SQUID magnetometer is a sensitive and versatile device, but in order to obtain the
most accurate measurements it is necessary to pay attention to some points [72]:

• The main cause of parasitic magnetic signal is due to the sample holder, for this reason
it is important to define a proper technique to mount the sample. In first place it
is necessary to choose a material with low magnetic susceptibility. In our case the
sample is inserted through a plastic straw. The sample is first immobilized, according
to the magnetic moment alignment, by threading a cross of white cotton thread.
Using a needle of non-magnetic-metal we thread some cotton through the tube walls
and tie a secure knot so that the thread platform is rigid. Then an additional thread
cross the top to hold container in place.

• The sample length should not exceed 10 mm and it is important to keep the sample
susceptibility constant over its length, otherwise the signal results to be distorted.

• The sample must be centred otherwise the coils read just partially the magnetic
momentum. It is required to start the measure with centring procedure in which the
instrument scans the entire length of the sample vertical travel path.

When the sample holder background contribution is similar to the one of the sample
signal, the relative position of the sample and the material produce a noisy output signal.
The combination highly distorts the result which is no more a characteristic of the dipole
moment of the sample. In the following section 2.4 the procedure to correct this effect will
be explained.

Performing the analysis of the magnetic momentum as function of the temperature
by SQUID with different temperature sweep rates, we discovered that the temperature
recorded during the cooling was a bit higher respect the real one of the sample. The
method developed to correct the results will be explained in the section 2.5.
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2.4 Correction of SQUID noisy measurements
The measurements performed at SQUID magnetometer can be strongly modified because
of unconsidered movements of samples inside the instrument, wrong alignment or sample
holder contribution to magnetic moment. In such cases data have to be corrected.
The Figure 2.11 represents the bad quality of the measure of the magnetic momentum
dependency on temperature of MnAs-sample.

Figure 2.11: MnAs magnetic momentum measured after the annealing process as function
of the temperature. The red curves are obtained when the temperature decreases, the blue
curves instead represent the increasing temperature condition.

(a) (b)

Figure 2.12: Focus on the cooling curve M(T):
(a) One-dimensional smoothing spline fit (red-dashed line) for a given set of points (blue
dots)
(b) Magnetic momentum behaviour restored after the correction.
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(a) (b)

Figure 2.13: Focus on the Heating curve M(T):
(a) One-dimensional smoothing spline(red-dashed line) for a given set of points (blue dots)
(b) Magnetic momentum behaviour restored after the correction.

The measured points describing a wrong behaviour of the magnetizations are considered
in a larger interval. The sets of points selected in such range are used to fit the curves
by a spline both for the cooling (Figure 2.12) and heating (Figure 2.13) branch. These
adjustments results in a proper computation showed in Figure 2.14.

Figure 2.14: Corrected magnetic momentum measured after the annealing process as func-
tion of the temperature. The red curves are obtained when the temperature decreases, the
blue curves instead represent the increasing temperature condition.
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2.5 SQUID temperature corrections
For the investigations of the modifications of magnetocaloric materials submitted to the
bombardment of highly charged ions, the sample magnetization dependency on temper-
ature is obtained through SQUID magnetometer. As explained in the previous sections,
the SQUID is a superconducting device that requires cryogenic temperature to operate.
In order to ensure a stable cooling with no time varying magnetic signature, the thermal
environment for the sensor and detection coil is helium and nitrogen contained in a vacuum
insulated vessel known as Dewar.

The figure 2.10 shows the structure of the device. The distance between the sample
and the detection coils can cause a slight mismatch between the temperature read Tread by
the sensor and the real temperature of the sample Treal. This small error can lead in the
worst case to negative values of the area of the hysteresis, inverse hysteresis Figure 2.15. In
such cases two curves of the plot of the magnetization as function of the temperature are
swiped each other. Since the reverse hysteresis is a phenomena difficult to explain through
the physical process involved in our experiments, it could be useful verify if temperature
has been calculated properly in each case.

Figure 2.15: Magnetization of the reference (dashed-line) and the irradiated sample
(continuous-line) as function of the temperature. Data are obtained by temperature in-
crease (blue) and decrease (red). The reverse hysteresis is visible in the irradiated sample
which present the two curves (blue and red) swiped respect the reference.

The aim of this chapter is to show some corrections adopted with the SQUID temper-
ature measurements, and to explain the procedure followed to obtain the correction factors.
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2.5.1 Analysis of the sweep rate
The magnetic dependency of the temperature of the sample is computed through a standard
sequence. The measurement procedure starts with each sample initially brought to 350K
with null magnetic field, after that cooled down to 100K applying a field H=1T . The
magnetic moment is recorded continuously during the temperature variation from 100K
to 350K, usually with a sweep rate ±2 K/min. Since the measurement is reproducible,
we can assume that for a fixed value of the magnetization corresponds a fixed value of the
temperature of the sample (taking into account also the direction of temperature change).
In order to verify the reliability of the process, we repeat the procedure using different
values of sweep rate and we try to extrapolate the real value of the temperature of the
sample.

(a) (b)

Figure 2.16: Magnetic momentum dependecy on temperature at different sweep rates for
the reference(a) and the irradiated sample (b). The blue curves are obtained by increasing
the temperature, reverse condition for the red curves. The black dashed lines point out
the values of magnetization used for the analysis.

Figure 2.16 displays our choice of M(T) to calculate the read and the sample tem-
perature at velocity vref = 0.5 K/min, 2 K/min, 8 K/min for the reference and at
virr = 0.5 K/min, 2 K/min, 4 K/min, 8 K/min for the irradiated sample. The normal
hysteresis is well visible in the reference sample while it results being reversed in reverse
sample irradiated at high fluence. In Fig 2.16, it is interesting to note as the error in the
temperature seems not to involve both of the branches, in fact if the blue curves (repre-
senting the increasing of the temperature) follow almost the same path, while the red ones
(decreasing temperature) are considerately shifted each other.
A dashed line evidences the values of magnetic momentum taken into consideration, re-
spectively M = 0 emu/cm3 and M = ±10−3 emu/cm3 in the first case and
M = ±10−3 emu/cm3 in the second one (the points M = 0 emu/cm3 is not taken for the
irradiated sample because these latter measurements have been strongly modified around
that 0-point, due to the undesired movement of the sample in the magnetometer).
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Our aim is to determine from an extrapolation to an individual swipe velocity v = 0 the
real temperature. We can consider the real measurement Treal as a variation of the read
value Tread: Treal = ∆T + Tread.
∆T is a correction term that can be written as ∆T = av where a(T ) is a correction coeffi-
cient function of the temperature and v is the sweep rate. When the velocity is equal to 0
is evident that the read value becomes equal to the real one.
From this argument it is easy to understand the following step: the temperatures obtained
at different magnetic momentum is plotted as function of the sweep rate at which they
have been measured and the points collected in such way are used to extract the a(T ) and
b(T ) parameters of the first-order fit y = ax+ b.

(a) Tref (vref ) when Mref = 10−3 emu (b) Tref (vref ) when Mref = −10−3 emu

(c) Tref (vref ) when Mref = 0 emuu

Figure 2.17: The blue (heating condition) and the red (cooling condition) dots represent
the temperature of the reference sample at fixed magnetic momentum for different velocity
0.5 K/min, 2 K/min, 8 K/min. Through the values collected the first order fit-lines have
been calculated, displayed as dashed-lines.
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(a) Tirr(virr) when Mirr = 10−3emu (b) Tirr(virr) when Mirr = −10−3emu

Figure 2.18: The blue (heating condition) and the red (cooling condition) dots represent
the temperature of the irradiated sample at fixed magnetic momentum for different velocity
0.5 K/min,4 K/min, 2 K/min, 8 K/min. Through the values collected the first order
fit-lines have been calculated, displayed as dashed-lines

From the different magnetic momentum we obtain the results presented in Figure 2.17
and 2.18. From the fit results the parameter a(Treal) and b(Treal) can be determined. In
fact b(Treal) = Treal by constatation while a(Treal) is unknown. We used the different
results relative to different real temperatures to determine a possible depending of a in
Treal. For this purpose the real temperature b is plotted as function of the correction
coefficient a in Figure 2.19.

(a) Temperature decreasing (b) Temperature increasing

Figure 2.19: The real temperature b is studied as function of the correction coefficient a.
The reference (star-points) and the irradiated sample (rounded-points) data are plotted
together to get a more clear information about their distribution
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The reference and the sample are considered together, separating as usual the cooling
case (red) from the heating one (blue). The errors of a and b ae derived by the result of
the singular fit.

The results do not show regular trend (Figure 2.19) and at the same time the uncertain-
ties are very different each other. For this reason we can pragmatically consider that the
temperature correction is constant for this range of temperatures ∆T = a(T ) ∗ T = a ∗ T .
The value of a is considered to be equal to the average of the values and its error given by
the standard deviation:

σ =
√

1
N − 1Σd2

i =
√

1
N − 1Σ(xi − x) (2.1)

where N is the number of points considered, xi is the ith measure and x is the average
value 2.1.

2.5.2 Results

Correction coefficient Cooling curve Heating curve
Average value -0.7482 min + 0.0537 min
Absolute error ± 0.1335 min ± 0.1418 min

Table 2.1: Summary of the correction coefficients average and uncertainties.

Table 2.1 resumes the results obtained from the analysis of the cooling curve and the
heating one. From a quantitative point of view it is clear that the two cases are not
equivalent, incoherent temperature evolution comes out when the sample is cooling. This
is not an unexpected result, it was already evident in Figure 2.17 and Figure 2.18, in
that case the blue curves were almost flat compared with the red ones and we know the
slope identifies the difference between the real (0-velocity) and the read value. Due to the
small heating-adjustment the measurement will is assumed to be correct, while the real
temperature in cooling condition will be: Treal = Treal + av, substituting

Treal = Tread + v(−0.7482± 0.1335) (2.2)

The equation 2.2, is written in unusual way taking into consideration the errors associated
to the correction. In fact the final validity of the method can be obtained by plotting the
same result presented at the beginning of the section (Figure 2.15) including the temper-
ature uncertainties. Figure 2.20 shows how the red branch of the measurement is shifted
to the right respect the original one, this lead to the elimination of the reverse hysteresis
artefact in the irradiated sample. The error associated to the correction is really small and
can be pointed out just through a zoom Figure 2.21. Even if not very large this contribute
will be taken into account when studied the error associated to the area of the hysteresis.
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Figure 2.20: Magnetization of the reference (dashed-line) and the irradiated sample
(continuous-line) as function of the temperature are presented before and after the cor-
rections (pointed-lines). Data are obtained by temperature increase (blue) and decrease
(red), respectively ferromagnetic-paramagnetic transition and paramagnetic-ferromagnetic
transition. The reverse hysteresis has been corrected since the irradiated sample have no
more the two curves (blue and red) swiped respect the reference.

Figure 2.21: Zoom on the correction of the irradiated sample poits out the range of incer-
titudines of the methods
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Chapter 3

Modification of manganese
arsenide properties

In this chapter we present an investigation on giant magnetocaloric properties of MnAs.
It will start describing the characteristics of the massive material and after the consid-
erations will be adapted to the analysis of thin film epitaxially grown. The experimental
method will be briefly explained considering both the growth and irradiation procedure. The
central core of the chapter will be the corrections of data collected in a previous Ph. D.
thesis. The corrections are relative to the measurement of the area of the sample and the
temperature dependency of magnetization measured in a SQUID magnetometer. It will be
demonstrated with these modifications, that new aspects of the magnetic behaviour of the
material subjected to irradiation, will emerge especially in the evaluation of the magneti-
zation at condition of saturation and in the calculation of the area of the hysteresis. After
that, an investigation of the samples subjected to annealing process bring new insight on
the nature of the defects. At the end, a summary of the results describes the conclusions
obtained, and the future perspectives.

3.1 Bulk material properties
Manganese Arsenide is a metallic compound characterized by different polymorphic trans-
formations that influence its properties both from the structural and magnetic point of
view. Starting from a low temperature condition the material is characterized by an hexag-
onal ferromagnetic structure: α-phase. Through a first order transition at Tc = 313K the
configuration is modified into an orthorombic paramagnetic β-phase. Since both the mag-
netic and the structural properties of the materials change, this transition is defined as
magneto-structural.
The transition is accompanied, as said, by a distortion of the lattice parameters and as
consequence a reduction of the 2% of the volume [73, 74, 75] (Figure 3.1). Measurement
as function of the temperature shows that the c lattice parameter increases with the tem-
perature leading to an increment in the length of the lattice.

Further increment in the temperature can lead the structure to change again back into
hexagonal paramagnetic γ-phase, through a second order transition at Tc = 398K.
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3 – Modification of manganese arsenide properties

Figure 3.1:
(a) Hexagonal α- phase T<313K

(b) Orthorombic β-phase 313K<T<398K

This latter reconfiguration is defined as structural transition, since the material is param-
agnetic in both β and γ phases.
The change between the α and β is associated to a variation of the magnetic properties.
By plotting the magnetization as function of the temperature Figure 3.2 is evident that the
magnetization during the magneto-structural transition reaches its maximum at low tem-
perature, in a stable ferromagnetic configuration. By increasing the temperature there is a
abrupt decrement of the magnetization, at the same time the volume decreases and on the
contrary the electrical conductivity increases. Since the critical temperature in the para-
ferromagnetic transition is not equal to the critical temperature in the ferro-paramagnetic
case, it is possible to define a thermal hysteresis, that is a common characteristic of first
order transformations.

The large change of magnetic entropy ∆Smagn, in proximity of the first order phase
transition close to room temperature, is responsible to a large refrigeration power. From
the Chapter 1 we remember that the refrigeration power is defined as the integral of the
change in entropy in a defined temperature range.
Figure 3.3 displays the change in magnetic entropy as function of the temperature. The
huge variation of the magnetization at the transition temperature (Figure 3.2) is related to
a large variation of the magnetic entropy in a small temperature range. The peak height
is not very sensitive to magnetic field change, whereas the peak width increases nearly
linearly with the field.
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Figure 3.2: MnAs magnetization dependency on temperature at different fields [76].

Figure 3.3: MnAs change in magnetic entropy as function of the temperature caused by a
magnetic field [76].
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3.2 Thin film analysis
The MnAs used for the investigation is not a bulk material but a thin film epitaxially
grown on a GaAs substrate. This choice modifies the properties of the material.
The samples were prepared on laboratory following the procedure described in the Ref.
[77]. A layer is grown by molecular beam epitaxy (MBE) on GaAs. This latter is char-
acterized by face centred cubic structure with (001) orientation. The deposed MnAs is
oriented with α-MnAs[001] and β-ManAs[001] axis parallel to GaAs[001]. To prevent the
oxidation and the degradation at the end of the growth process samples are capped in
situ with an amorphous As-layer about 10 nm thick. The resulting sample is considered
monocrystal and characterized by a final thickness of 150± 10nm

The constraints of the substrate cause a α − β coexistence in the temperature range
of 290 - 320 K. Scanning probe microscopy (SPM) and scanning tunneling microscope
(STM), used in this wide interval of temperature, reveal that the material generates a self-
organization in longitudinal stripe-shape-regions of α and β phases. The period λ of the
organization depends linearly on the MnAs thickness t according to the relation λ = 4.8t
[78].

(a) Pure α-phase (b) α-β stripes pattern (c) Pure β-phase

Figure 3.4: Surface-morphology evolution captured by STM at different temperature. The
bright regions corresponds to α-phase, on the contrary the β-phase is represented by the
dark zones [77].

The reason of this behaviour is the following: in an epilayer the lateral size is clamped
by the substrate that induces an in-plane strain while the out plane parameter is free to
relax, but by heating the sample the β-phase helps the system to release and minimize its
energy.

The phase coexistence causes modifications of the thin films magnetic properties:

• First of all, since the transition inside the material from α to β phase is gradual, even
the magnetic transition is less sharp respect the bulk material, where the structural
composition changes abruptly.

• Secondary the thermal hysteresis results to be smaller.
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3.2 – Thin film analysis

• Third and last consequence, the maximum value of entropy change ∆S(T ) is four
time smaller, but since the range of transition temperature is larger, the refrigeration
power is kept constant. In other words the MCE is preserved from the high quantity
of ∆S per mole of material portion passing from one phase to the other.

3.2.1 Irradiation
The samples presented in this chapter can be categorized according to the type of irradia-
tions they were subjected, leading to a different mechanism of interactions in the process of
defects generations. The thin films were modified by two different types of instrumentations
at two different laboratories: at Institut des NanoSciences de Paris (INSP) the electron-
cyclotron ion source at SIMPA facility were exploited for irradiation with low-velocity ions
while samples were irradiated at the IRRSUD beamline at the GANIL facility accelerator
for irradiation with high-velocity ions.

In the first case the thin films were subjected to different types of ions (Ar,Kr,Ne,H,O).
The conditions for the irradiations were defined through SRIM simulations to ensure the
implantation of the particle in the thin films and the preservation of the substrate. The
kinetic energy of the beam was precisely defined in a range 22-260keV (depending on the
ion type) by varying the extraction voltage. The uniform generation of defects in the whole
sample volume, as uniform as possible, is ensured by the choice of the incident angle from
the interval from 0 to 60 degrees, with the average penetration depth of the ions corresponds
to the half thickness. The fluence value was change in the range [1012− 1015ions/cm2] and
it was measured in situ during the irradiation by an array of micro-Faraday coups coupled
to a visible-light CCD camera (further information in Ref. [1, 79]).

In the second case, the ion source used isotropic 36Ar-beam accelerated at 35.28 MeV.
Uniform irradiations are obtained by swapping the ion beam over the samples. The angle
between the ion beam and the surface was kept fixed at 0 degrees. The fluence varied in
an interval from 1012 to 1020ions/cm2. The main difference from the procedure described
above is that, due to the reduced thickness of the sample and the fast particles, no ions
were implanted in the MnAs thin film.

Another remarkable difference between the two irradiation campaigns is that the in-
teraction process, involving slow ions bombardments at SIMPA, is dominated by elastic
nuclear collision, while fast ions process is governed by electron stopping power. It is better
to precise that for the high-velocity case the leader mechanism is the inelastic interaction
between electrons that cause an increment of the temperature, but nuclear collisions are
always present.
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3.3 Correction of data
The goal of this part is the corrections of the data that were pre-analysed during a previous
Ph.D.[1]. The information relative to the magnetization of the samples at different tem-
perature were affected by two types of errors. First of all the surface area of the samples
were almost systematically overestimated by an imprecise measurement. As consequence,
wrong considerations were obtained in the evaluation saturation value of the magnetiza-
tion. Secondary, the sample temperature measured at SQUID magnetometer were biased
respect the real one depending on the cooling or heating process of the sample. This error
caused a wrong estimation of the area of the hysteresis and in the worst case the hysteresis
resulted reversed.
The process for the correction of the values will be presented in the following two sub-
sections. In parallel the analysis of MnAs will underline the new aspects of the magnetic
properties of the material.

3.3.1 Surface area correction
The area of the sample in the precedent analysis was estimated with an approximated
measurement using millimetric paper as reference and where the details of the surface con-
dition were not visible. In particular, in more accurate observations it was possible to notice
missing MnAs thin film parts on the substrate. In order to eliminate this imprecisions the
surface value can be approximate by exploiting an imaging software of a calibrated optical
microscope.

(a) (b)

Figure 3.5: Two pictures of the sample 21 obtained at microscope hypotizing different
contributes in area of the sample, marked in red.

In Figure 3.5 (a) and (b) the same sample is captured by the stereoscopic microscope and
the surface area is evaluated through the related software NIS-Elements D. The efficiency
of the new method consists in the possibility of measuring the surface area several times
without varying the set-up of the instrument. A more precise analysis of the structure
allows to estimate which defects actually influence the volume of the sample .
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Analysis of the magnetization at saturation

The revaluation of the surface area caused a variation in the measurement of the magne-
tization, being this last one obtained by the measurement of the total sample magnetic
moment divided by the volume of the sample, the magnetization in the most of the case is
increased after the correction of the area measurement. The most important consequence
is evident in the magnetization saturation value. In order to analyse the effect of the
corrections we consider the evolution of the magnetization as function of the temperature
before and after irradiation in two cases.

• The first case, represented by Figure 3.6, are chosen samples irradiated at low energy
by argon ions but at difference levels of fluences (3.64 ∗ 1011, 3.46 ∗ 1013, 1.9 ∗ 1013

and 8.59 ∗ 1014 ions/cm2).
Analysis considering the irradiation of samples at increasing level of fluence, demon-
strate that higher is the number of impinging particles, better is the suppression of
the hysteresis, on the other hand, excessive fluence causes deterioration of the mag-
netic power of the material resulting in a decrease of the slope of the curve. In our
investigation we show that in condition of high level of fluence even the saturation
value of the magnetization is not preserved 3.7 (c) and (d), probably due to strong
perturbation in crystal lattice.

• In the second case, represented by Figure 3.7, samples irradiated with ions of different
masses (Kr, Ar, Ne, O and Ne) but with same fluence (1013ions/cm2) at energy range
[22-260keV] are considered.
Previous studies, collected in Ref. [1], demonstrated that even if smaller hysteresis was
observed with more massive ions, these latter causes a stretch of the curve leading
to a decrease magnetic power of the material. On the other hand here we show
that materials keep the same saturation value before and after the bombardment
considering irradiation with both light (Fig 3.7 a, b, c) and heavy ions (Fig.3.7 d, e).
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(a) (b)

(c) (d)

Figure 3.6: Magnetization is measured as function of the temperature for difference fluences
of Ar-ions, magnetic field equal to H=1T, ion kinetic energy in the range 208keV. Blue lines
process at increasing temperature, red lines process at decreasing temperture, respectively
ferro-paramagnetic transition and para-ferromagnetic transition. The plot compares the
results before and after the correction in the irradiated and the reference sample.
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Figure 3.7: Magnetization plotted as function of the temperature for 5 different types of
ions (He,O,Ne,Ar and Kr) at fluence equal to 1013ions/cm2 and a magnetic field constant
at 1T energy in range 25-300keV corresponding to an average ion penetration equal to the
half of the film thickness. Blue lines process at increasing temperature, red lines process
at decreasing temperture. The plot compares the results before and after the correction in
the irradiated and the reference sample.
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3.3.2 Temperature correction
In the chapter 2 we have seen that the measure of the temperature by the SQUID mag-
netometer is affected by an error. This leads to an uncorrected representation of the
magnetization as function of the temperature itself. In this chapter we will apply the cor-
rection discussed previously and we will analyse the consequences on the area of hysteresis.
The entire method of correction will be explained by using an example: sample 17. The
same procedure was applied to each sample.

Sample 17 is a MnAs thin film irradiated by O-ions at 84keV with a fluence equal to
1.34*1013 ions/cm2. Its magnetization as function of the temperature is displayed in Fig.
3.8. As we have seen in the chapter 2, the temperature read results higher respect the real
one when material is cooled (dashed red line). In the same chapter we have demonstrated
that it is possible to correct the curve as follows Treal = Tread − v(0.75± 0.13), where v is
the sweep rate in our case equal to 2K/min. The modification is applied in Figure 3.8 as
represented by the continuous red curve.

(a) (b)

Figure 3.8: (a) Magnetization as function of the temperature of the sample 17 and zoom
on the hysteresis (b). The measurement is represented before (dashed line) and after
(continuous line) the temperature correction. The red and blue curves are respectively the
cooling and heating branches.

The right shift of the cooling curve of the magnetization avoids the possibility of reverse
hysteresis but as natural consequence modified the area between the two curves as well
evident in the zoom of figure 3.8 (b). A new computation of the area of the hysteresis is
then required to include error evaluation related to the applied correction and uncertainties.

In order to ensure that the area between the two functions is closed and not excessively
affected by possible noise of the data collected, three different temperature intervals are
considered for the interpolation. The first interval is small and includes the measurement
collected in the temperature range from 288K to 325K (Figure 3.9 (a)) . The value 325K
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is not arbitrary but it is a specific value at which in each sample the hysteresis results
null. By lowering the temperature a second range of interpolation is defined from 250K
to 325K (Figure 3.9 (b)), at 250K most of the samples have the hysteresis area already
closed but to consider every case a third interpolation interval is considered from 170K to
325K (Figure 3.9 (c)). The point at 170K is a good compromise that ensures the closure
of the hysteresis even in extreme cases, without including possible noise occurring at low
temperature saturation.

(a) (b)

(c)

Figure 3.9: (a) 288−325K, (b) 250−325K, (c) 170−325K interpolation intervals considered
for the M(T) curves.

In each range the integral, as approximated by the trapezoidal rule is used to calculate
the area under the cooling and heating curve, the difference between the two integrals gives
us the area of the hysteresis. Finally, an average value and estimation of the uncertainty
will be calculated considering the results of the three different cases.
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To define the final error associated to calculation we have also to consider the uncertain-
ties related to the temperature correction. In Figure 3.10 the magnetization as function
of the temperature is presented already corrected, the uncertainties, violet dashed lines,
display the interval in which the position of the red curves can vary and that can change
the value of the area of the hysteresis.

Figure 3.10: Magnetization as function of the temperature of the sample 17. In red and
blue are displayed respectively the cooling and heating curves while the dashed violet lines
represent the uncertainties associated to the correction in temperature.

We repeat the computation of the area considering the uncertainties. The results will be
increasing in the case of negative contribution (farther left shift possible) and decreasing
in case of positive one. Since the final hysteresis area value is obtained from the alge-
braic average between the maximum and minimum obtained value, the associated error
is obtained from their difference divided by two. The final value of the hysteresis area A
is determined from the values of A, obtained from different temperature ranges, and by
applying temperature corrections ∆T + δ(∆T ) or ∆T − δ(∆T ). As example for sample 17,
we report the corresponding values in Table 3.1.

Area Sample17 [emu ∗K ∗ cm3]
T correction 288-325K 250-325K 170-325K Average Error
Treal = Tread − av 1065.93 1061.01 975.69 1034.21

300.78Treal = Tread − av + δ 806.19 747.89 988.94 847.67
Treal = Tread − av − δ 1065.93 1061.01 1349.45 1158.80

Table 3.1: Area of the hysteresis of the sample 17 calculated for the three intervals of
interpolation and considering the uncertainties in the temperature correction.
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The table resumes the corrected data for each sample is presented below Figure 3.11.

Figure 3.11: This table resumes conditions at which the materials were irradiated and
the results obtained. The first eighteen materials have been modified at SIMPA. The Ar-
samples marked with asterisk are the ones irradiated with high energy at GANIL facility.
The last two specimens are two different reference sample used characterized in different
years to check on the stability of the sample in time.
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Analysis of the area of the hysteresis

New values of the area of the hysteresis require new analysis. For this purpose, we will
follow almost the same path of the investigation of the causes of the suppression of the
hysteresis used in the previous Ph.D. work on this topic. We hope that the corrected values
will show more insights of the main mechanism of the process.

In a first moment of investigations, it was believed that the principal causes of the
reduction of the hysteresis was the presence of ions implanted into the material. From
these considerations the choice of the ion energy at SIMPA facility for having the average
penetration depth of the ions equal to half of the sample thickness. However, a regular
behaviour of the area of the hysteresis was not found as shown in Figure 3.12.

Figure 3.12: Area of the hysteresis versus the density of ions implanted considering the
irradiation by five different types of ions (He, O, Ne, Kr, Ar). Results are obtained before
the corrections.

Following the same idea we display the corrected area of the hysteresis versus density
of ions implanted in Figure 3.13 to see if a more clear trend emerges. We can note that
the reverse hysteresis has been corrected in most of the samples and even in that case in
which the area has negative values the related uncertainties allows us to conclude that the
reverse hysteresis is just an artificial effect due to wrong measurement of the temperature.
In the corrected data neither regular trend is present that means that implantation plays
no roles in the suppression of the hysteresis.
In Figure 3.13 we can see another important fact, as marked with yellow dashed lines the
hysteresis is reduced in samples irradiated with Ar ions highly accelerated. In these cases
the implantation of ions is not present while we can still consider the nuclear collisions
between the nuclei ions and target atoms.
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Figure 3.13: Area of the hysteresis versus the density of ions implanted considering the
irradiation by five different types of ions (He, O, Ne, Kr, Ar) irradiated at low energy.
As further comparison yellow dashed lines represent the value of density of hysteresis
obtained by Ar-irradiation at high energy. The violet bar defines reference uncertainties
range. Results obtained after the corrections.

Figure 3.14: Area of the hysteresis versus the density of collisions considering the irradi-
ation by five different types of ions (He, O, Ne, Kr, Ar). Results are obtained before the
corrections.
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In figure 3.14 are shown the previous results of the investigation of area of the hysteresis
as function of the density of collisions. The set of corrected data in Figure 3.15, including
the irradiation both at high (star-points) and low energy (round-points), generates a regular
disposition according to the density of collisions generated. For each type of ions, higher
is the amount of collisions, higher is the reduction of the hysteresis. At certain value of
the density of collision the thermal hysteresis is completely suppressed and the behaviour
of the curves results in a plateau close to the zero value of the area without unnatural
negative values present in the previous analysis.

Figure 3.15: Area of the hysteresis versus the density of ions implanted considering the
irradiation by five different types of ions (He, O, Ne, Kr, Ar) irradiated at low energy. The
star points represent the value of the area of the hysteresis obtained by Ar-irradiation at
high energy. The violet bar defines reference uncertainties range.

It is interesting to investigate if the density of collisions is the parameter leader in the
process of suppression of the hysteresis, for this purpose we compare the irradiation ob-
tained with the two isotopes of argon ions, the one highly accelerated at GANIL and the
one used at SIMPA.

We can start considering irradiation at different fluences. In Figure 3.16 is shown the
area of the hysteresis as function of the fluence in the two cases. The star-points represent
the results obtained at high energy bombardment while the reverse condition (low energy
irradiation) is marked by simple points. For ions with the same kinetic energy, higher
fluence causes a more efficient suppression of the hysteresis. On the other hand comparing
the outcomes at different energies this assumption is not always true, for example the star-
point at fluence equal to 1014ions/cm3 is associated to a lower hysteresis respect the point
at 1013ions/cm3. This indicates that the fluence has an important role in the experimental
set-up but it is probably not the key parameter of the hysteresis reduction of the process.
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Figure 3.16: Area of the hysteresis versus density of collisions. Irradiation at high energy
(star-points) and low energy (round-points) using Ar-ions.

Figure 3.17: Area of the hysteresis versus density of collisions. Irradiation at high energy
(star-points) and low energy (round-points) using Ar-ions.

As second approach we can test the dependency of the two irradiation as function of
the density of collision: Figure 3.17. Differently from what was observed at different levels
of fluence higher is the density of collisions, smaller is the associated hysteresis. This
assumption results always true even if we consider the example used before, it is evident

63
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that the star point at fluence equal to 1014ions/cm3 has a lower hysteresis respect the
point at fluence 1013ions/cm3 because the first has a lower (1.21 ∗ 1021 colls/cm3) density
of collision respect the second one (6.31 ∗ 1021 colls/cm3).

3.4 Study of the defects
In the first order transitions, the passage from one phase to the other requires to overcome
the nucleation energy barrier between the two minima of the Gibbs energy corresponding
to the two phases. The presence of barrier causes presence of phenomena like metasta-
bility and hysteresis. The irradiation induced defects act as nucleation sites to facilitate
the transition between one phase to the other causing the suppression of the hysteresis.
However, the exact nature of the defects responsible for this suppression is still not clear.

To investigate the nature of the induced defects, we study their stability against tem-
perature treatment (annealing). We consider here just some samples corresponding to the
irradiation performed at SIMPA. We remember that due to the energy range [22 keV-260
keV] at which the samples were subjected, the predominant interaction processes between
the beam and the target are nuclear collisions. These mechanisms lead to the generation
of lattice disorder through point-like defects such as implantations, displacement of atoms
and productions of vacancies. Thermal treatment can partially recover the defects and test
the robustness of the modifications induced by irradiations.

Figure 3.18: The table resumes the conditions of irradiation of the samples. After the
bombarding the sample have been subjected to annealing process

The table, in figure 3.18, is a summary of the samples chosen for the annealing process.
Among the several thin films we choose the ones subjected to higher fluence, because they
are the ones more modified by the irradiation.
The annealing process was performed under helium atmosphere at a temperature of 400K
for about two hours. This temperature has been chosen because i) modifications of samples
properties have been observed when treated to 400 K and ii) this temperature can be
obtained within the SQUID magnetometer. To note, in a period of several years no sign of
sample properties changes has been observed for temperatures equal to 350 K or lower. The
sample magnetic properties of the materials were measured before and after the thermal
treatment through SQUID magnetometer.
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3.4.1 Results

The samples, that we are going to investigate, were irradiated at high fluency (1014 −
1015ions/cm2) with 5 different types of ions. The relative magnetization behavior as func-
tion of the temperature is displayed in the Figure 3.19.

Before being thermal treated the magnetic properties of sample irradiated at high level
of fluence are characterized by an evolution of the magnetization as function of the temper-
ature less sharp, the curvature is less marked and as consequence the saturation value of
the magnetization is lower respect the reference sample. This different behaviour is clearly
visible in the M(T) curves (Fig. 3.19), where a large curvature, and a different slope in
proximity of the transition temperature differentiate the sample before annealing (dashed
lines) and the reference(pointed lines). The shape of the curve is more stretched in case of
irradiation with massive Ar and Kr ((d) and (e)) and less the opposite case, He and O (
(a) and (b)).

The idea to restore the magnetic behaviour of the material by annealing process comes
from two observations. First of all similar observations in studies on ferromagnetic thin
films irradiated with charged ions ([80], [81], [58]). They assume that the decreasing of the
magnetization at fixed temperature can be caused by amorphisation or structural phase
changes of the material. Considering the same behaviour we try to restore the correct
dependency by partially recovering of the defects of the crystal lattice. Secondly the irra-
diation in the annealing performed at 400K could induce the formation of γ-phases in the
material. In fact this temperature is also the temperature where MnAs has a second order
transition between the β-paramagnetic-orthorombic phase and γ-paramagnetic-hexagonal
phase [82].

In figure 3.19 are displayed the results before and after the thermal treatment of the
relative magnetization as function of the temperature. The samples are ordered from the
lighter (H) to the heavier (Kr) ion beams used in the irradiation. Some comments can be
done on the visible modifications of the material:

• The first important evidence is that in each case the hysteresis is kept suppressed.
This means that the defects responsible for it are enough robust and cannot be easily
recovered Fig. 3.19 (a)-(d).

• Samples irradiated with light ions, such as He, O or Ne-ions, display dependency of
the magnetization on temperature more similar to the reference sample, and the slope
of the curve is partially recovered. Fig. 3.19(a), (b) and (c).

• The annealing treatments seem not to be efficient for materials subjected to heavy
ions such as Ar and Kr. The behaviour of the magnetization stay really different from
the reference and it is well evident by looking at the relative magnetization at limits
of high or low temperature. Fig. 3.19 (d) and (e).
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(a) (b)

(c) (d)

(e)

Figure 3.19: Relative magnetization the samples irradiated by different types of ions (H,
O, Ne, Ar, Kr) before (dash-dot lines) and after the annealing (dashed lines) treatment.
The reference sample is displayed by continuous line, while the temperature correction is
represented by point lines.
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The annealing process acts on these three cases of lattice disorder recovering some
defects due to implantation, interstitial atoms and vacancies, this can lead to a partial
restore of the magnetization. Past structural analysis at XRD demonstrated that defects,
generated by Ne-ions bombardment, are certainly repaired after the annealing process [42].
However in our case, when the material is subjected to irradiation of ions excessively mas-
sive its lattice is strongly compromised and the defects generated are too much strong and
complex to be cured.

In order to a study the process from a quantitative point of view we can consider to
study the relative magnetization at fixed temperature. In figure 3.20 we show of the relative
magnetization at temperature equal to 250K as function of the mass of the impinging ions.
A complete recovery is never reached but as we had already hypothesized a partial recovery
is higher for samples irradiated with of light ions.

Figure 3.20: Measurements at 250K of the relative magnetization of the samples irradiated
by different types of ions (H, O, Ne, Ar, Kr) as the mass of the impinging ions.
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3.5 Summary of the results
Corrections on temperature and area considerably improve the quality of the data and
help for the comprehensions of the magnetic modifications induced by ion irradiation. The
correct value of the area of the sample ensures a more precise quantification of the satu-
ration value of the magnetization and on the other hand this means a more clear idea on
the magnetic power of the material. The correction in temperature allowed us to correctly
determine the area of hysteresis after the irradiation and at the same time to neglect the
presence of unnatural reverse hysteresis. As was already demonstrated irradiation of MnAs
thin films leads to the suppression of the hysteresis, by creating defects that facilitate the
first order transition. In this process many parameters influence the final results.

• Fluence: higher fluence of impinging ions can lead to a faster suppression of the
hysteresis, but our results demonstrate that for values higher than the material result
to be strongly compromised, reducing the magnetic power of the material. In this
case an annealing treatment can be required

• Type of ions: for an equal value of fluence, massive ions can guarantee a more
efficient reduction of the hysteresis, on the other hand as in the previous case they
can cause robust damages (especially if associated to high fluence), that cannot be
recovered through annealing process.

• Collision density: this is the key parameter that ensures to have a proper control of
the hysteresis suppression mechanism. Its value can be evaluated using simulations
such as SRIM as follows:

Dcolls = Ncolls ∗ Fluence
tfilm

where Ncolls is the average value of collisions per ion and tfilm is the thickness of the
sample.

• Density of ions implanted: differently from what was suspected at the beginning,
new measures demonstrated that this parameter has no influence in the final result.

These results demonstrate that the high level of knowledge acquired in the comprehen-
sion of the process of suppression of the hysteresis. However a further improvement should
be an investigation from a deeper point of view of the phenomena, in fact still missing a
good investigation of the inner mechanism of interaction and of defects caused by the irra-
diation. A first attempt is the analysis of the stability of the defects presented here. This
study on one hand points out the robustness of the damages induced by the collisions of
ions, but on the other shows that a more deep investigation is required in order to explain
the different behaviour of sample irradiated by heavy and light particles.

Future perspectives, following the idea of some preliminary studies at magnetic force
microscope [83], will deal with the characterization of induced defects by Raman spec-
troscopy. In parallel a future target will be the development of more complete numerical
simulations able to take into account at the same time the molecular dynamics with nuclear
and electronic stopping power.
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Chapter 4

Modification of
MnFePSi-powders properties

In this chapter we develop an investigation on a new giant magnetocaloric material. The
samples taken into account are powders characterized by a composition of MnFePSi. Even
if the material seems a good candidate for the magnetic refrigeration, its properties results
difficult to manage. The main topic of this chapter is the presentation of the procedure
for the modification and study of the magnetic properties of the material. The initial part
deals with the description of the phase-transition of the compound and the presentation
of the general context in which the research is set. Starting from 10 µm considerations
about obstacles on the irradiation procedure and sample preparation new methods will be
developed. The results obtained are resumed in the conclusion, open to many possible future
outcomes.

4.1 Introduction

The MnAs-compounds were considered promising materials for magnetic refrigeration. The
first studies concerned the MnFePAs. This compound had the advantage of a small hys-
teresis, well tunable by P/As ratio, and the disadvantage of containing a well known toxic
material. Due to possible environmental problems, a lot of efforts were spent to substitute
the As with Ge. However even this latter resulted to be inefficient, because of limited
availability and its nature too much influenced by the composition. A good compromise is
found through MnFePSi. In fact, the tunability of the transition temperature is ensured
acting on the Si concentration, and on the other hand, the material is neither toxic or
expensive. The only disadvantage results to be the area of the hysteresis larger than the
previous cases. The development of new methods for tuning the material properties be-
came essential to optimize the material characteristics [84].
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4.1.1 Analysis of the magneto-structural transition

The MnFePSi compound is a magnetocaloric alloy characterized by a first order transition.
At low temperature the material is in paramagnetic state, as the temperature is increased
up to a critical point, the ferromagnetic state is obtained. The magnetic behaviour can
be demonstrated presenting the curve of the magnetization as function of the temperature
Figure 4.1 (a). The material properties results to be influenced by its native characteristics
such as composition and chemical order, and at the same time, they are affected by extrinsic
aspects like structural disorder and strain in bulk [85].

(a) (b)

Figure 4.1: MnxFe1.95−xP0.5Si0.5 magnetization dependence on temperature measured at
magnetic field equal to 1T (a). Magnetic entropy change as function of the temperature
measured at magnetic field varying 0-1T (lower curves) 0-2T (upper curves). The Gd
magnetic entropy variation displayed for additional comparisons [86].

In Figure 4.1 (a) we can see that the material is at low temperature ferromagnetic and
the magnetization reaches its maximum value. As the temperature is increased up to the
critical point the paramagnetic phase is reached and the magnetization becomes abruptly
null. The different composition of the material can be used to tune the temperature range
at which the transition takes place. The thermal hysteresis is well visible and it confirms
the first order nature of the transition. The great magnetization change causes a great
variation of the magnetic entropy visible in Figure 4.1 (b). In this last picture, we can note
that the ratio between iron and manganese allows the modulation of the thermal hysteresis.
The absolute value of the magnetic entropy change is lower in material containing higher
amount of Mn, but even in condition in which the thermal hysteresis is small the entropy
change is larger respect reference materials such as Gd. For example in Figure 4.1 the ∆S
relative to x = 1.3 (green curve in Fig. 4.1) is still four times higher respect the Gd-case
(violet curve in Fig. 4.1 (b) ) [86].
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Similarly to the MnAs, MnFePSi alloy is characterized by a first-order magnetic transi-
tion associated with changes in the crystal lattice, that causes an increment of the magne-
tocaloric effect. The main difference between the thin film previously studied and the new
sample is in the mechanism by which the structural configuration varies. We remember
that in the MnAs the entire structure changes from an hexagonal phase into an orthorom-
bic one by increasing the temperature. Differently the MnFePSi keeps the same hexagonal
crystal structure both at low and high temperature, but the lattice constants suddenly
change at the magnetic transition. The transitions typical of materials such as MnFePSi
compounds are defined as first order magneto-elastic transition.

Figure 4.2: Scheme resuming the magneto-structural transition of MnFePSi compound
before and after the critical temperature Tc = 250K.

Figure 4.2 resumes the effect of the transition on the material, if the material is at low
temperature the structure results to be vertically shirked while the increment of tempera-
ture causes an horizontal elongation. Studies about the variation of the lattice constants
of the material performed by XRD [87] confirm the stability of the hexagonal configuration
and demonstrate that the lattice constant a and c change in opposite sense Figure 4.3.

Figure 4.3: MnFePSi lattice parameters behavior at temperature variation [87].
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4.2 Context
In the last few years many attempts were made to tune the material properties and raise its
performance. Most of the attempts concern the increase of both the mechanical stability
and the magnetic properties of the system by doping or inducing stress/strain. In our case
we will try to reduce the hysteresis following almost the same path used for the well-known
MnAs thin films. We will induce damages through accelerated ion-beams and these will
act as nucleation sites for the reduction of the hysteresis.
This section presents the context in which a new method for the treatment of the material
is developed. The aim is to describe how the research on modification of MnFePSi powders
started and which were the resulting problems that required a solution.

4.2.1 Sample preparation
The powders we are going to analyse are polycrystalline ofMn1.3Fe0.65P0.5Si0.5. The spec-
imens are prepared by highly-energy ball milling under Ar atmosphere. The composition is
properly chosen from high purity Fe2P powders and P, Mn, Si chips in order to ensure the
transition temperature near room temperature. The use of off-stechiometric compounds of
(MnFe)1.95(P, Si) instead of (MnFe)2(PSi) is a way to obtain a sharp first order tran-
sition (Article [85]). The components grinding balls and starting material are mixed and
pre-milled in grinding bowl put in rotation. After the polycrystalline sample undergoes
to two cycle of annealing in Ar atmosphere. At this point the powders are pressed in Ar
atmosphere and then sealed in quartz ampoules in 200hPa Ar atmosphere, before being
annealed again. The material is then milled and filter in size, just particles below 10µm
will be taken into account in this report.

Sometimes a further size selection can be necessary, the following method allows the
separation of particles taken as limit the 2 µm length. The powders, collected in a test
tube of solution of methyl alcohol, are put in an ultrasonic bath (frequency > 20kHz).
The ultrasonication agitates the particles and part of them are induced in suspension. In
particular due to their dimension the heavier particles (2 > µm) quickly decade, while
the smaller ones (< 2 µm) remain suspended in the solution. Powders according to the
necessary size are withdrawn for the sample preparation. It is important to precise that
even if they are selected in size, the particles are characterized by different shapes (Figure
4.4) that can influence the irradiation or the successive measurements.

To have the possibility to analyse the structure of the material before and after, the ir-
radiation and to move the sample from one instrument to the other, a secondary treatment
of immobilization of the particles on substrate is necessary. The method has to ensure
the creation of a fixed monolayer of MnFePSi compound. This process is one of the main
problems in the treatment of the material, first of all, because the creation of a homoge-
neous single layer is complicated, secondly, the substrate does not have to interfere with
their magnetic response of the material during the measurements at constant temperature
or magnetic field.

The initial method adopted consisted in pasting the powder on a kapton tape. This
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procedure was not satisfying for the following two reason: first of all the packaging resulted
to be not enough solid and manipulations during the move from one instrumentation to the
other caused the deteriorating of the sample itself, secondly the tape was partially cooked
after irradiation at high energy, causing the possible contamination of the experimental
environment.

Figure 4.4: Pictures of MnFePSi-powders captured by transmission electron microscope
(TEM) display the different shapes of the particles.
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4.2.2 Irradiation
The first attempt to modify the magnetic properties of MnFePSi alloy was at the electron-
cyclotron ion source at SIMPA facility in our laboratories. The sample studied was prepared
as described in the previous section by selecting the particles 2 µm long and then subjected
to Ne ions beams accelerated at 135 keV. For simplicity we will call this sample Sample 4

The previous analysis of MnAs-thin films demonstrated that the main mechanisms that
guarantee the suppression of the hysteresis are the nuclear collisions between impinging
ions and the target atoms. From this assumption, we want to obtain the most uniform irra-
diation of sample as possible, and penetrate the entire thickness of the material. However,
in the initial stage of the research it was believed that the suppression of the hysteresis was
mainly due to the density of implanted ions. Consequence of this misunderstood idea as
is shown in Figure 4.5 (a) the energy of the impinging ions was not enough to guarantee
the creation of homogeneous damages, just the 15% of the thickness of the material was
irradiated (300nm over 2 µm).

(a) (b)

Figure 4.5: (a) Numerical simulation of SRIM program displays the penetration depth of
MnFePSi-powders subjected to irradiation by Ne-ions at 135keV. (b) Numerical simula-
tion of SRIM program displays the penetration depth of MnFePSi-powders subjected to
irradiation by Ar-ions at 35MeV.

In order to increase the penetration depth, a new irradiation section was performed at
GANIL facility. Similarly to the MnAs thin films, the sample at the IRRSUD beam line
was irradiated at high energy (35MeV) by 36Ar-ion, this sample will be called Sample 7
. In this case the sample used for the bombardment was prepared by selecting the larger
dimension of the particles (10 µm).
As displayed in Figure 4.5 (b) the penetration depth was increased up to 6 µm but on the
other hand, the powders were thicker (no ultrasound selection).

Even if no homogeneous irradiation of the sample was performed, a reduction of the
hysteresis was visible for both the two cases, as reported in the measurement of the mag-
netization as function of the temperature by SQUID magnetometer in Figure 4.6.
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(a) (b)

Figure 4.6: Relative magnetization as function of the temperature measured by SQUID
magnetometer at fixed magnetic field equal to 1T. Image (a) displays the behaviour of
the sample before and after being irradiated by Ne ions. Image (b) shows the response of
the sample before and after the irradiation by Ar ions. The blue and red curves represent
respectively the heating and cooling condition.

4.2.3 VSM measurements and phase diagram
The magnetic momentum can be measured as function of the magnetic field through VSM
magnetometer, in our case the remeasure of the magnetic properties of Sample was neces-
sary for the extrapolation of the phase diagram of the material.

Figure 4.7: Sample 7 magnetic momentum vs magnetic field at five different temperature
measured at VSM before (dashed lines) and after (continuous lines) the irradiation. The
red points represent the critical field calculated

In Figure 4.7 is shown the magnetic measurement performed at VSM. The magnetic
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momentum was studied in isothermal condition for five different temperature and for cycle
the critical field was studied twice (one for the cooling curves).
Each curve of the diagram was first of all fit by one-dimensional smoothing spline fit of
5 degree. The result of the fit was used to calculate the second order derivative and the
respectively zero-points. It can be demonstrated that the critical field is equal to the flex-
ural point, in other words the field at which the second order derivative of the magnetic
momentum curve results null. In Figure 4.7 the critical field is marked with red points.

The data obtained in this way are used to build the phase diagram (critical magnetic
field versus temperature) displayed in Figure 4.8. The phase diagram, as we have already
explained in chapter 1, is used to predict the behaviour of the material when the parameters
associated to its phase transition are changing. In our case (Figure 4.8) the material is
paramagnetic at high temperature but low field (under the red curve), while over the blue
curve (high field, low temperature) is ferromagnetic. The area between the straight lines
defines the hysteresis, metastable situation in which the two phases coexist. If we compare
the area between the dashed lines, representing the reference sample, with one between
the continuous lines, representing the sample irradiated, is well visible the reduction of the
hysteresis caused by the bombardment.

Figure 4.8: Phase diagram of the MnFePSi-sample7 before (dashed lines) and after (con-
tinuous lines) the irradiation. In red and blue are represent respectively the cooling and
heating curves.
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4.3 New method of sample preparation and
irradiation

The results obtained by the irradiation at low and high energy demonstrated that the
suppression of the hysteresis in MnFePSi-powder was possible, on the other hands they
underline the relevance of problems that had to be solved. The material considered was
more difficult to manage respect the MnAs thin film because of its nature.

• The particles were difficult to immobilize on a single layer (Figure 4.9) and as conse-
quence the description of the material in morphology and volume were impossible or
inaccurate.

• The material resulted really thick even when the size selected is below 2 µm as
consequence the uniform irradiation of the sample resulted impossible.

• The kapton tape substrate was not efficient neither to carry the material or to support
the irradiations and measurements.

Consequence of all these considerations this chapter will present a new method developed
in order to optimize the sample preparation and irradiation of the material.

4.3.1 Sample preparations
Taken as inspiration the preparation of the sample in Article [88] we can think to encase a
thin layer of powders on a substrate. The substrate has to be properly chosen by verifying
that the thickness of the sample is much less than the range of ions, so that the ion
passage through the entire material is dominated by electronic loss. For example aluminium
in Figure 4.10 seems a good option. In addiction the metal will not interfere with the
magnetic measurements and being a good conductor avoids the charge accumulation that
could interfere with the irradiation.

Figure 4.10: Study of the penetration depth of the Al substrate irradiated by protons using
SRIM. The study was performed under the condition of H-ions bombardment because, as
we will see in the following section, the simulations predict this beam as the most adapted
for damages generation.
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In order to avoid the coagulation and to ensure a good uniformity in the deposition,
the MnFePSi-powders are prepared in a solution of methyl alcohol and the particles are
subjected to ultrasonic bath to be selected in size.
To ensure the collimation of the particles a kapton-mask is created over the aluminium
layer, eventually fixed on silicon chip just for support. A thick layer of kapton tape defines
the area where the particles will be deposited as shown in Figure 4.11(a). Few drops of
material, withdrawn from the solution, are let them fall on the aluminium lamina. When
the drop is completely dried, the particles are encased in the substrate by pressing them
through a glass lamina resulting in Figure 4.11 (b). In order to guarantee the possibility of
moving the sample from one instrument to the other different samples dimensions where
tested, the final 2x4mm chips are displayed in Figure 4.11(c).

(a) (b)

(c)

Figure 4.11: (a) Scheme of the mask used for the sample preparation. (b) MnFePSi final
sample wrong dimensions(c). Test of different samples 2mmx4mm, starting from left Al-
substrate, Cu-substrate, Cu-Al-substrate.
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4.3.2 Preparation for irradiation: SRIM simulations
The conditions for the irradiations of the MnFePSi target material have to be preliminarily
studied by means of SRIM programs. The numerical simulations we are going to discuss
come from the purpose of evaluating and comparing the collisional events caused by dif-
ferent ion-beams at different energies.

The simulation set up can be resumed as follows:

• The target is MnFePSi-compound with the following compositionMn1.30Fe0.65P0.5Si0.5
and density equal to 5.76g/cm3.

• Considering the possible size selection the calculations will be performed for both
2µm and 10µm of length.

• To obtain an uniform penetration of the sample the impinging particles will be ac-
celerated at the maximum value 2MeV. This energy value is not arbitrary, on the
contrary it is the maximum value achievable by SAFIR accelerator in our laboratory.

• As impinging particles will be used different types of ions: Ar, C, N, He, H and O

• The fluence used is initially set equal to 1015ions/cm2 for each type of ions, in a
second moment it will be modified to obtain the desired amount of damages.

Sample 10µm 2µm

Ions Energy
[MeV]

Fluency
[ions/cm2]

Density of vacancies
[ions/cm3]

Density of vacancies
[ions/cm3]

Ar 35.28 1015 1.38 ∗ 1022 4.04 ∗ 1021

C 2 1015 1.59 ∗ 1021 7.91 ∗ 1021

N 2 1015 2.02 ∗ 1021 1.01 ∗ 1022

O 2 1015 2.68 ∗ 1021 1.34 ∗ 1022

He 2 1015 2.44 ∗ 1020 1.12 ∗ 1020

H 1.15 1015 2.27 ∗ 1019 //
H 0.35 1015 // 8.86 ∗ 1019

Table 4.1: Table resuming the input condition for the simulation with sample 10 µm and
2 µm longs, and the output density of vacancy obtained.

Figure 4.12 (a) and (b) shows the density of vacancy generated as function of the
thickness of the sample, respectively for 10µm and 2µm of length. The majority of the
particles are not able to penetrate completely the sample 10 µm longs. On the contrary,
protons are able to cross completely the material and ensure the generation of uniform
damages. In addition, it looks like that proton-beam requires a lower energy respect the
other ions.
The interactions between H ions and powders have been studied at different energy as
shown in Figure 4.13. The comparison among different acceleration allows us to choose the
best condition for the irradiation. The optimum situation ensures an uniform and complete
penetration of the material and a density of vacancy peaked just after the length of the
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sample desired. 2 MeV results to be an energy too much elevated for the beam, on the
other hand lower values allow the generation of an higher amount of damages. To conclude
a proper value of acceleration can be chosen: 1.1 5MeV for the 10 µm sample and 350MeV
for the 2 µm one Table 4.1.

(a)

(b)

Figure 4.12: Plot on semi-logarithmic scale of the density of vacancy generated by different
impinging ions properly accelerated. (a) Displays the entire 10µm length of the sample,
(b) is a focus on 2µm length.
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Figure 4.13: Comparison among density of vacancy caused by proton-beams acelerated at
different energies in MnFePSi target.

The Ar-ions beam, displayed in red in Figure 4.12, is used as reference, this means that
our aim is to generate the same amount of defects. The fluence condition is one order of
magnitude higher respect the Ar irradiation presented in the previous part, this choice is
justified by the new set-up of SAFIR. Differently from SIMPA, it allows the possibility of
higher amount of impinging particles.
From the datas of the table 4.1 is possible to calculate the average amount of defects
created through Ar bombardment characterized by a fluence Φ = 1015ions/cm2,

density of vacancy = number of defects* fluence

Reversing the previous formula we can calculate the fluence necessary with different types
of ions to obtain the same amount of damages. The results computed in this way are
resumed in the first columns of Figure 4.14 (a) and (b).

As anticipated, in order to obtain an uniform irradiation of the sample at high energy
is required the use of an accelerator. For this purpose in our laboratory is available SAFIR
that enable us to obtain energy up to 2MeV with light particles such as protons and He-
ions. To validate the simulation done is to demonstrate that the process is feasible through
the instrumentation available.
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Considering a standard process SAFIR exploits a spot of 2mm2 large at 500nA, provid-
ing an average fluence of 1.50 ∗ 1014ions/cm2. It is possible to calculate the time required
by the accelerator to obtain the fluence of ions necessary to characterize the sample:

Time = fluenceSRIM ∗ e ∗ Aspot

i

f luenceSRIM is the fluence required by SRIM simulation
e is the electron charge
Aspot is the area in cm2 of the SAFIR spot, in general equal to 200cm2

i is the current used in the irradiation, standard value of 500nA.

Using the standard parameters of the spot and average fluence the times required in
each case are displayed in the last columns of Figure 4.14. Again the protons seems to be
the best choice for the irradiation. Considering samples 10µm long, if the calculations are
correct, by H-ions we should provide the same amount of damages created at high energy
with Ar, and the time necessary is more or less an hour.

Figure 4.14: Table resuming the conditions of fluence and time necessary to obtain the
same amount of damages obtained through Ar-ions accelerated at 35MeV. (a) Displays the
results for samples 10µm long. (b) Displays the results for samples 2µm long.
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4.3.3 Medium-energy irradiation and induced modifications
The SAFIR accelerator can provide monocharged beams of ions H+, He+ in an energetic
range from 100keV to 2MeV. In the following part we will analyse three different samples,
named respectively sample 11, 12 and 13, irradiated at different conditions of type of
impinging particles and energy.

H-ions irradiation

The sample 11 was properly prepared through size selection of 10µm on Al-substrate. It
was subjected to protons irradiation at E = 1.2MeV, by a spot of 2mm2 and the current
equal to 1µA. The entire process lasts for one hour and half.

The magnetic properties of the material were studied before and after the irradiation by
exploiting the SQUID magnetometer. The procedure for the measurement of the powders
is the following. If the sample is virgin, never subjected at low temperature condition,
the material is first heated at 350K before the field calibration. This process allows to
record the Virgin effect, a peculiar phenomenon consisting in a change of in the slope of
the magnetization versus temperature curve and a lower transition temperature upon the
first cooling. The virgin effect is visible as yellow curves in the Figure 4.15 when material
is cooled down to 150K in a isofield condition. Leaving aside this fact, the magnetic mo-
mentum is performed varying the temperature from 350K to 10K and then back through
a sweep rate of 2K/min.

In Figure 4.15 the magnetic momentum function of the temperature of the sample 11
is displayed before and after the irradiation. The reference sample shows, as yellow line,
the virgin effect. This phenomenon was largely studied [85, 89]. In particular analysis per-
formed by using Hall-Probe imaging revealed the presence of cracks after the first cooling
and reported a phenomenological relation between particle size, dislocation density and
the virgin effect [85]. Formations of cracks captured by light microscope, were observed at
the transition temperature of the M(T) curve during the first cooling. Consequent of the
damages was evidenced an increment of the magnetization and transition of portion of the
sample into ferromagnetic phase. Further decrement of the temperature leaded to creation
of additional cracks in avalanche process. The studies concluded that the ferromagnetic
behaviour was exhibited just by the cracked part of the sample resulting in the change of
the slope of the curve known as virgin effect.

Some modifications in the properties of the material can be pointed out comparing the
sample before and after the irradiation in Figure 4.15

• The M(T) curve results to be a bit stretched after the irradiation, the curvature is
increased Fig. 4.15 (a). Even if the protons are for sure the lightest ions, the same
behaviour was observed in MnAs when subjected to heavy particles.

• The saturation value of the magnetic momentum at 10K is well different considering
the two cases Fig. 4.15 (a). This results in a reduction of the magnetic power of the
8%. This can be due to a wrong calibration of the fluence at which the sample was
subjected as seen in the MnAs case.
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• Finally the hysteresis reduction is well visible in the normalized version of the mag-
netic momentum versus temperature Fig. 4.15 (b).

• The mass of the sample was measured before and after the irradiation. Being the
difference of the order of 10−5 the sample can be considered unchanged from this
point of view.

(a) Magnetic momentum versus temperature

(b) Relative magnetic momentum versus temperature

Figure 4.15: In red and blues represent respectively the cooling and the heating curve,
while in yellow is displayed the virgin effect. The sample is studied before (dashed-lines)
and after (continuous line).
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He-irradiation

The sample 12 and 13 are prepared considering the size selection under 2µm. They were
both subjected to irradiation of He-ions accelerated at 1.8MeV with a spot of 2mm2 at
850nA. The difference between the two cases consists in the exposure time: the sample 12
was irradiated for two minutes, while the sample 13 for four minutes.

(a)

(b)

Figure 4.16: (a) Magnetic momentum versus temperature (b) Relative magnetic momen-
tum versus temperature of the sample 12 irradiated for 2 minutes with He-ions. In red and
blues represent respectively the cooling and the heating curve, while in yellow is displayed
the virgin effect. The sample is studied before (dashed-lines) and after (continuous line).
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(a) Magnetic momentum versus temperature

(b) Relative magnetic momentum versus temperature

Figure 4.17: (a) Magnetic momentum versus temperature (b) Relative magnetic momen-
tum versus temperature of the sample 13 irradiated for 4 minutes with He-ions. In red and
blues represent respectively the cooling and the heating curve, while in yellow is displayed
the virgin effect. The sample is studied before (dashed-lines) and after (continuous line).
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The results of the two types of irradiation are displayed in Figure 4.16 and 4.17.
Considering the sample 12 Figure 4.16 (a) the curvature is increased in the irradiated sam-
ple respect the reference one. The saturation value of the magnetic momentum at 10K
seems really deteriorated before and after the irradiation leading to a decrement of the
26% that will effect the magnetic power of the material. In addiction in Figure 4.16 (b)
the hysteresis seems just lightly reduced by the bombardment.

If considered the sample 13 the situation results more dramatic. The material subjected
at He-ions highly accelerated for a longer time displayed a reduction of the hysteresis almost
null Figure 4.17 (b). Furthermore the magnetic power of the material is very degraded,
in fact the saturation value of the magnetic momentum before and after the irradiation is
decreased of the 69% (Figure 4.17 (a)).

Figure 4.18: Resume of the condition of the irradiation of MnFePSi samples

The table above 4.18 resumes the conditions at which the samples were subjected for
the irradiation and the successive results. By looking at the column of the density of the
damages induced is evident that the excessive fluence in case of Ne, H and He bombardment
cause distortion of the lattice that in a second time cause an deterioration of the magnetic
power of the material. Under this condition, it is difficult to understand which one present
a real reduction of the hysteresis or which is just stretched picture of the M(T) curve. Prob-
ably the He and H ions are too much light to ensure the creation of such defects responsible
for the suppression of the hysteresis, on the other hand it is more probable that in the case
of irradiation with Ar ions the hysteresis is reduced for real. In the Ar-irradiation the
main obstacle was related to the dimension of the sample, a good option for the future will
be to repeat the same experiment with the selection size of 2 µm for the sample preparation.
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4.4 Results and perspectives
The MnFePSi-powders, as demonstrated in this chapter, are difficult to manage. Numerical
simulations reveal that new possibilities for the modifications of the magnetic properties of
the material can be achieved. The irradiation sections show us that it is necessary a deep
control of each parameters involved, such as time, fluence, energy and types of beams. On
the other hand a number more elevated of experiment should be processed, to clarify the
better strategy to use. From the experiments performed the heavy ions seems the more
efficient particles for reduce the hysteresis in MnFePSi-compound

Unexpected results, obtained before and after the bombardment, should encourage us
in the investigations of the defects responsible for the suppression of the hysteresis, and
the ones created with irradiation. In fact we must consider that, even if the SRIM results
ensure a density of defect comparable with the one created with Ar-ions, the protons are
much more lighter than argon ions. As consequence maybe they can create weak damages,
that can be easily recovered by the crystal in a short time.

The new method for the sample preparation is a good compromise for the immobiliza-
tion of the particles but on the other hand has to be optimized. Results obtained especially
with small size powders (sample 12 and 13) can be influenced by the fact that the extrac-
tion of a good quantity of material from the solution result quite difficult, especially during
the selection of the smaller particles.

All these assumptions lead as to the necessity of studies on the structural properties
of the MnFePSi-compounds before attempting new irradiations sections. Xray or raman
spectroscopy could represent new approaches in the characterization of the material.
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Chapter 5

Conclusions and perspectives

The irradiation of a giant magnetocaloric material is a complex process that has proven
to be an adequate technique for the suppression of the thermal hysteresis. In order to
achieve a global comprehension of the mechanism of action, it is necessary to have good
knowledge of the target material, ion beam, interaction mechanism and the of the resulted
defects. In this context, this thesis is aimed at enhancing and deepening some aspects
of the magnetic properties characterization process through the interaction between giant
magnetocaloric materials and ions beams. Further purpose is the investigation on other
giant magnetocaloric materials, like MnFePSi-powders, that, on one hand, are challenging
to manage but on the other can be seen as optimum candidate to enter in the market of
materials for magnetic refrigeration.

In the presented work a first challenging investigation is performed about the relations
occurring between the temperature read by sensors and the real temperature of the sample
during magnetic measurement at SQUID magnetometer. The observations prove incorrect
temperature values in case of cooling of the material. In the report, it is provided a method
for the extrapolation of a correction coefficient. For any sample, the magnetic properties
that could be extracted from the study of the temperature dependency of the magnetiza-
tion have been corrected. The results allow to neglect in a rigorous way the improbable
presence of reverse hysteresis, a phenomenon not explained by means of reasonable scien-
tific argumentations.

Starting the analysis of MnAs giant magnetocaloric, thin films more detailed aspects
in the hysteresis reduction process are pointed out. The new quantification of the area of
the hysteresis, extracted from the magnetization function of the temperature for sample
irradiated at different conditions, permits to outline a regular trend between the area of
the hysteresis and the density of collisions. Corrections in the areas of the samples resulted
in a more precise evaluation of the saturation value of the magnetization, that means a
precise quantification of the refrigerant power of the material. As confirmation of data
already collected, the density of collisions is the main actor in the process of elimination of
the hysteresis. The hysteresis area is reduced for increasing amount of collisions, then, at
defined density, it saturates at null values. With the aim of investigating the stability of
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the defects induced by ion bombardment, the MnAs samples have been subjected to ther-
mal annealing. The process is able to restore the correct slope of the magnetization curve
keeping the hysteresis suppressed, that means that the defects causing the elimination of
the hysteresis are quite robust. The magnetocaloric material in most of the case is cured
by thermal treatments, in hardest case, when the sample was subjected to irradiation of
too massive beams the magnetic properties are compromised.

The problems in previous irradiation sections of MnFePSi giant magnetocaloric powders
have been considered as basis for the new strategy adopted for both the sample prepara-
tion and bombardment. The new package of the powders by means of aluminium substrate
prevented the contamination of the measurement when excessively heated and constitutes
a solid support easy to move from the irradiation to the measurement set up. With the
scope of establishing the same amount of damages obtained by means of heavy ions (Ar),
we have irradiated samples through light ions (H and He). Even if the simulations of the
interaction between ions and material were promising for the suppression of the hysteresis,
the measurement of the magnetic properties of the material after the irradiation showed
results difficult to understand for the moment. The saturation values of the magnetization
are reduced as well as the slope of the curve, the hysteresis, on the other hand, is still
evident. Problems can be related to the type of damages caused by the ions or problems in
the irradiation sections. In the first case, it is possible that the defects generated are too
much weak and they are easily restored by the crystal lattice. On the other case to test the
validity of the method it is necessary to perform a larger number of irradiation experiment
in different conditions, and in particular with heavier ions. It is worth bearing in mind
that negative results in this technique validate the theory for which the suppression of the
hysteresis is better obtained using massive ions.

The future of the comprehension of the process leading to modifications in giant magne-
tocaloric properties will consist in a deep analysis of the defects associated with the phase
transition. In the thesis we mention the theory according to which defects acts as nucle-
ations sites which facilitate, avoiding metastable state, the transition from a phase to the
other. Even if this interpretation is sustained by studies of local magnetic properties that
show, for example in MnAs the persistence of non-magnetic phase even at low temperature,
the complete understanding of the process inducing the modification is still not completely
clear. The analysis of the defects will have to consider both a theoretical investigation of
the process and practical measurements of the structural modifications induced. A possible
defects characterization technique that can be adopted is the Raman spectroscopy while
a method the study of structural changes in the material lattice can be achieved through
X-ray diffraction. In first place, a more precise method for numerical simulation of the ion-
matter interaction will be required. A good model to simulate the ion matter interaction
will have to consider nuclear and electronic stopping power, the possibility of reparation
of point-like defects and the possibility of defects diffusion through thermal agitation.

The research activity on the control of giant magnetocaloric material phase transition
should be encouraged by the possibility of exploiting the entropy change in real magnetic
refrigeration prototype but also in many energetic applications, for example, one purpose
could be the exploitation of the direct conversion of heat into electricity (alternative to
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the Seebeck effect). About this last point, from my personal point, as continuity of the
research activity of study the magnetocaloric material I will join a Ph. D. project for the
demonstration of thermo-magnetic power generation using giant-magnetocaloric material
in Grenoble at Nèel Institute.
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Acronym

Acronyms
ECRIS Electron Cyclotron Resonance ion source

ERDA Elastic Recoil Analysis Detection

MBE Molecular Beam Epitaxy

MCE Magnetic Caloric Effect

MCM Magnetic Caloric Material

MnAs Manganese Arsenide

MnFeSiP Manganese Iron Silicon Phosphorus (powder compound)

NRA Nuclear Reaction Analysis

NRP Nuclear Resonance Profiling

RBS Rutherford Backscattering Spectometetry

SAFIR Système d’Analyse par Faisceaux d’Ions Rapides

SPM Scanning Probe Microscope

SIMPA French acronym for Highly Charged Ion Source of Paris

SQUID Superconducting Quantum Interface Device

SRIM the Stopping and Range of Ion in Matter

STM Scanning Tunneling Microscope

VSM Vibrating Sample Magnetometer
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