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Abstract

Magnetostructural correlation is an important feature in electronic devices, such as
sensors, actuators, memory devices, shape-memory materials, and others. Perovskite systems
and Heusler alloys are the main candidates for the aforementioned phenomenon owing
to their magnetic properties, such as spin crossover, magnetoelastic, and magnetocaloric
effects, whose response is dependent on magnetostructural coupling. This study is based
in three compounds: i) LaCoO3, whose discussion about the magnetic properties of this
compound lasted for decades, mainly due to the origin of the long-range magnetic behavior
on nanostructures. From a detailed discussion about the magnetic fashion, we were able to
understand that long-range magnetic behavior is obtained from a strong magnetostructural
correlation due to the Jahn-Teller effect induced by an increase in the number of vacancies,
which leads to similar properties on LaCoO3 nanoparticles; ii) Fe2MnSi1−xGex series, is
a promising compound for technological application. The discovery of hexagonal Heusler
alloy opened discussion about the stability and properties; thus, the evaluation of the Si
substitution based on the Ge effect in the structure was related to the stabilization of the
hexagonal phase. The X-ray diffraction analysis allied with magnetic measurements exhibited
a transformation in the structure from a cubic (x = 0) to a hexagonal (x = 1). We enhanced
the saturation magnetization while changing the symmetry; iii) finally, Fe2MnSi Heusler alloy
is a well-known system that can present an ordered (L21) or disordered (DO3, A2 or B2)
cubic structure (space group Fm-3m), and it can be minimized with chemical and/or thermal
treatments. By achieving an ordered structure (L21), it is possible to enhance the magnetic
properties of this system, oncethe position of atoms influences the magnetism behavior.
In this study, several thermal treatments were performed on Fe2MnSi, and preliminary
results suggest that a treatment at 800 oC for 24 h minimizes the DO3 disorder in the Full
Heusler alloy. Although this particular study are not fulled concluded, few conclusions were
drawn based on the observation of enhanced saturation magnetization and, consequently, a
magnetocaloric response for the sample cooled by inertia. My contribution to this work is
the synthesis of Fe2MnSi1−xGex series and Fe2MnSi compounds using an arc-melt furnace
and La1−x�xCo3+

1−xCo4+
x O3 bulk samples using the sol-gel method. The X-rays diffraction

and the refinement using Rietveld method for all compounds discussed in this study were
perfomed by me. I had a fundamental role in the structural analysis of the compounds
presented here. The magnetic measurements of the Fe2MnSi1−xGex series were done by me.
I have performed the magnetic analysis of the compounds presented in this study.
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Chapter 1
Introduction

The use of magnetism in technological applications has been increasing along the years,
but the history of magnetism goes back to ancient Greece (600 B.C.), where the Greek
philosopher Thales de Miletus discovered a mineral known as lodestone [1], which is a piece
of magnetite (Fe3O4) [2]. Although there was a rumor that a magnetic device was invented
in 2500 B.C. for navigation, a recent authentic report has stated that the use of a magnetic
compass dates back to the 11th century by the Chinese [3], which was confirmed by Alexander
Neckam in his book known as De utensilibus [4]. From then on, there was a gap until the
16th century, when the English physicist William Gilbert, based on a series of systematic
experiments, published the book De Magnet. Gilbert introduced terminologies in the field of
electromagnetism, which are still being used nowadays. Although his research in the field of
magnetic cosmology for navigation was not as successful as expected, his experiences revealed
that the magnetic force is distance-dependent [5]. From 1600 to 1819, the experiments were
focused on electricity, where capacitor [6] and voltage cells [7] were reported. While on the
magnetism area, the first commercial magnet was created by Gowen Knight in 1740 [8],
and in 1750, the first magnet manufacturing book was published by John Mitchell [9]. In
1819, the physicist Hans Oersted was the first to state that there was a connection between
electricity and magnetism; based on an electrically charged wire, he observed a deflection in
the compass needle [10]. In 1826, André-Marie Ampère, based on Oersted’s experiments,
developed a theory where he obtained the law of Ampère, in which it is possible to calculate
the magnetic field from the electric current [11]. In 1825, William Sturgeon, the English
physicist, discovered the electromagnet, which would become the basis for the development
of giant electrical machines, and developed the first English electric motor. In 1831, Friedrich
Gauss contributed to the formulation of the electromagnetic theory based on the Gauss law.
Along with Wilhelm Weber, they discovered magnetometer and the electrodynamometer. In
1835, Samuel Morse, based on the aforementioned discoveries, developed an important tool
for the communication of time: the telegraph [12].

In 1855, Michael Faraday, based on electromagnetism, discovered the electromagnetic
induction [13] by producing electric current from the intensity variation of the magnetic field.
After 5 years, William Thomson performed thermodynamics with regard to the generation
of temperature in a magnetic material from a magnetic field, at a temperature close to the

1



Chapter 1. Introduction 2

transition temperature [14]. To unify electricity and magnetism, between 1895 and 1896,
James Clark Maxwell, based on experimental observations, published what is known today
as Maxwell’s equations. In 1881, Warburg discovered the hysteresis of a ferromagnet and,
that in a cycle, there was heat dissipation proportional to the MxH area [15].

In 1895, Pierre Currie reported that the magnetization of a material changes with
temperature [16], also known as Curie’s law. After Langevin described the behavior of
diamagnetics and paramagnetics materials [17], Pierre-Ernest Weiss developed the ferro-
magnetism theory, leading to the Curie-Weiss law in 1906 [18].In 1917, Piccard and Weiss
observed the magnetocaloric effect, which comprises the heat exchange of a magnetic material
under a magnetic field considering the mean value. Nowadays, this effect is still in demand,
as it is the base to produce magnetic coolers, which is environment friendly [19]. Since the
1920s, with the contribution of Ernst Ising and Werner Heisenberg, the magnetism theory is
being correlated with quantum mechanics, but the interest in obtaining stronger permanent
magnets has become increasingly attractive.

In the last century, permanent magnetic materials were developed to keep up with the
technology demand, and among the materials developed, Alnico magnets were developed in
the 1930s; and it is an alloy that includes Ni, Co, Fe, and a small amount of Al, Cu, and Ti.
These alloys are still used in speakers, eletric motors, generators, and other [20], owing to
their high Curie temperature ( 850 oC). To improve certain properties of the Alnico magnets,
an alloy of Co-Pt was developed, with higher corrosion resistance over Alnicos, which led
the Co-Pt to be used on the medical area [21]. Although there was an improvement, the
Co-Pt alloy was replaced by the rare-Earth magnets due to the high cost of the alloy. Since
the 1960s, magnetic materials of ferrite and ceramics have been used as permanent magnet
materials. Ferrite as BaFe12O19, SrFe12O19, alloys of Sm-Co, and Nd-Fe-B, have been used
in several areas, ranging from industry to medical applications [22, 23].

In recent decades, materials that exhibit strong magnetostructural coupling have been
used by few technologies, e.g., HDDs, which function based on giant magnetoresistance
(GMR) [24], as well as spin-valves [25] and sensors [26]. Shape-memory materials (SMM)
and magnetoelastic- and magnetostriction-based sensors [27, 28] are few technologies where
magnetostructural coupling is envolved. For instance, Terfenol-D is an alloy developed in the
70’s, with the first application in sonar system, and due to its giant magnetostriction, being
the most commercially used and the first magnetostrictive material used like a transducer
[29]. Various materials can be used in several areas, but, for this study, can be highlighted
the Heusler alloys and spin-crossover-based materials, e.g., perovskites.

In general, perovskites are compounds with structure ABX3 and its properties allow
the application in several areas, such as fuel cells, lasers, leds, solar cells and spintronic
devices. Perosvkites became an important material in photovoltaic field in the last years, as
these have low cost of production and high efficiency. Perovskites are also well established
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Figure 1.1: Timeline of the history of magnetism summarized, as presented on the text.

as fuel cells. In recent years, NASA has been developing a program called "Lightweight and
Flexible Metal Halide Perovskite Thin Films for High Temperature Solar Cells", aiming the
printing of fuel cells on space to provide a reliable supply of electricity for space and an
extended stay on Moon or Mars. Besides this, perovskites can become a powerful tool to fight
global plastic pollution, where these materials are is used as part of catalyst to transform
plastic in value-added products [30]. Perovskite, in recent years, appeared as a promising
material to development of non fragile, light weight, ultra-thin, highly conformable vivid
displays, as the flexible perovskite light-emitting diodes (LEDs) have been studied, which is
leading to cheaper and more efficient leds, called PeLEDs [31]. The Global Nuclear Security
won a new feature recently, as hybrid organic-inorganic perovskite raised interesting as a
emerging semiconductor sensors, that improve equipment used for detecting and identifying
radioactive materials [32]. For the last example, a group in Russia proposed and started the
developing of a nano-refrigerator, that has as proposal for cooling phoelectronic devices and
optical radiation sources based on perovskite [33].

The properties of LaCoO3 have been in discussion for a long time, with respect to
the origin of the long-range magnetic behavior in nanoparticles, which is not observed for
bulk systems. The long-range ordering in LaCoO3 nanoparticles rises from spin crossover
properties, which can be investigated by introducing vacancy in a bulk. Bulk La1−x�xCoO3

(with �x representing structural vacancies) samples were synthesized, and the structural
deformation led by the vacancies induced a strong magnetostructural correlation. Thus,
investigating the role of the octahedron in the strucutre, the magnetic behavior observed in
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the bulk samples is similar to the nanostructured ones with the same critical temperature.
The long-range magnetic ordering in LaCoO3 is caused by the Jahn-Teller effect on the
surface of the nanoparticles. This effect can be a starting point to understand similar features
in materials with similar properties.

The Heusler alloys are a material that presents several interesting properties; for instance,
Cu2MnAl was the first compound discovered by Fritz Heusler in 1903. This material at
room temperature is composed of three non-magnetic ions. However, when combined, the
compound turns into a ferromagnetic material. The combination of different compositions has
been explored to study ferromagnetism, antiferromagnetism, thermoelectricity, spin caloricity,
and high spin polarization in semiconducting, metallic, superconducting, or half-metallic
phases. For most full Heusler compounds, only the structural transition observed is from a
cubic to a tetragonal phase on heating or applying a magnetic field. It is known that the
Ni2MnGa and Ni2MnIn have a strong magnetostructural correlation that can be thermally
controlled or through the application of a magnetic field, leading to an intense and reversible
martensitic transition. A new class of ternary hexagonal Heusler alloys returned the interest
in these materials, searching for a magnetostructural correlation.

Structural phase of Heusler alloys lead to unconventional topological properties, topo-
logical superconductivity, topological insulator, and spin-polarized edge states. In addition to
have topological properties, Heusler Weyl semimetals present this behavior at the surface and
the bulk [34]. Those properties appear when Kramer’s degeneracy is broken. The Kramer
degeneracy of the spin state in the k points at the first Brillouin zone is preserved when both
time-reversal symmetry and inversion symmetry are preserved. A magnetic Weyl semimetal
is founded if the time-reversal symmetry is broken and the inversion symmetry remains
preserved. Thereby, the energy states in this high symmetry point are splited based on the
spin orientation, leading to a non-trivial Berry’s curvature at this point. Consequently, the
spin-momentum locking generates a transverse spin current when the material is submitted
to an external electric field, similarly to the spin Hall effect, the so-called Valley Hall effect
[35].

It is important to point out that the Heusller alloys can also present topological insulator
phases such as the ScPtBi, anomalous Hall effect and spin hall effect (Mn3Ge or Mn3Sn),
and even the uncommon antiskyrmions (Mn–Pt–Sn).

In this study, Fe2MnSi1−xGex samples were synthesized to evaluate a stable full Heusler
hexagonal phase, investigate its properties, and determine a cubic to hexagonal thermal-
, magnetic- or chemical-induced transition. A stable hexagonal phase on Fe2MnGe was
observed to be substituting Si for Ge on the structure, and a phase diagram was discussed,
along the correlation between the structure and magnetic properties. The literature survey
lies over (Fe,Mn)3(Si,Ge) series, where the properties are discussed to understand where
our series will be inserted in the scenario. There are several types of disorder that can be
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found in a full Heusler alloy. Disorders in Heusler alloys are overly sensitive to the thermal
treatment. To enhance the magnetic properties of these groups, a systematic study on the
structural disorder of Fe2MnSi alloy has been conducted by changing the thermal treatment.
Although this particular work is not fulled concluded, some conclusions were achieved. From
the magnetization as a function of temperature an enhanced magnetocaloric response was
observed for the sample treated at 800 oC for 1 day. This treatment minimizes the presence
of DO3-like disorder, as discussed in section 2.3.1. Conventional X-ray diffraction resolution
is not sufficient to verify the structural disorder presented in the samples obtained.

In summary, the study on LaCoO3 claims that the origin of the long-range magnetic
behavior on nanoparticles is due to a strong magnetostructural correlation, as the investigation
on the vacancy bulk series led to a long-range magnetic behavior, which is not expected
in the LaCoO3 bulk. The Heusler hexagonal phase was determined, driven by a study
over a substitution of Si to Ge on Fe2MnSi, as expected by theoretical studies, and the
structural and magnetic properties of the Fe2MnSi1−xGex series were discussed. Expecting
the optimization of Heusler alloys based on the structure ordering, a study with different
thermal treatments was done and with magnetic and structural results, the 800 oC inertial
cooling thermal treatment shows a minor amount of disorder that vanishes few features, e.g.,
half-metallicity, but later, we expect to quantify this amount and optimize the materials.
The perspective on Heusler alloys refers to the research on the low-temperature transition of
the cubic-hexagonal phase, which would improve magnetic refrigerator since the variation of
the volume is higher than the known cubic-tetragonal.

In this study, theoretical foundations are presented in chapter 2 with discussion about
the magnetism, perovskite structures, as well the ligand-field theory and its features, and
Heusler alloys with half-metallicity, magnetic order transition, and magnetocaloric effect.
The magnetostructural correlation is discussed in the end of the chapter. Chapter 3 will
present experimental techniques, being the synthesis of the Heusler alloys, perovskites,
and magnetic and crystallographic measurements. Chapter 4 will investigate the origin of
long-range magnetic ordering on LaCoO3 nanoparticles in the form of a systematic study on
bulk samples with structural induced vacancies. Chapter 5 discusses the Fe2MnSi1−xGex
series, along with its structural and magnetic properties. Chapter 6 revisits, the structure
of Heusler alloys, aiming the minimization of the structural disorder. Finally, Chapter 7
discusses the study and provides future perspectives.



Chapter 2
Fundamentals

2.1 Magnetism

The basic unit of magnetism in electromagnetism is the magnetic moment ~µ, which can
be described as a current loop (figure 2.1), defined by:

~µ = iAn̂, (2.1)

where A corresponds to the area of the loop that the current i passes through. The magnetic
moment ~µ is measured in [Am2] (SI) or erg/G (CGS), and it is important to define erg/G =
emu (electromagnetic units), which is commonly used when expressing experimental results.

Figure 2.1: Magnetic moment ~µ due to a current loop i around an area A.

Thus, considering an ensemble of magnetic moments, the magnitude of total magnetic
moment per volume unit can be defined as

M =
∑
i µi
V

, (2.2)

where M is measured as [A/m] (SI) or [emu/cm3] (CGS) but can be expressed with [emu/g]
to avoid the dependence with the sample volume, but the mass that can be easily measured.

6
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The magnetic material when submitted to an external magnetic field ~H responds with
the magnetic induction (or magnetic flux) ~B, which is defined as

~B = µ0( ~H + ~M), (2.3)

where µ0 is the magnetic permeability in vacuum, and its value is µ0 = 4π × 10−7 N.A−2

(SI).

With the introduction of these concepts, we can define the linear magnetic susceptibility,
which measures how the material magnetizes under an external magnetic field as follows:

χ = lim
H→0

∂M

∂H
. (2.4)

Considering ~M parallel to ~H, at first approximation, we have ~M = χ ~H, and the relation
between ~B and ~H transform into

~B = µm ~H (2.5)

with µm = µ0(1 + χ), representing the magnetic permeability of the material.

The variation in magnetic susceptibility and magnetization provides information about
the magnetic arrangement of the material. Each arrangement has its properties, and, based
on this, the behavior of the material can be predicted and its qualitative schemes are shown
in figure 2.3. Types of the arrangements can be separated as:

• Diamagnetism (DM): It is intrinsic to all materials. This arrangement is a weak and non-
cooperative arrangement and is characterized by a linear and negative magnetization
as function of magnetic field. In the first approximation, this behavior does not depend
on temperature; as a result, magnetization and susceptibility are constant values.
Diamagnetism is relevant in materials that do not exhibit paramagnetism or collective
magnetism.

• Paramagnetism (PM): It is a non-cooperative arrangement, i.e., there is no long-
range among magnetic moments of neighbors in a lattice. Without an external applied
magnetic field, the total magnetic moment is zero due to the randomly oriented magnetic
moments. The application of an external magnetic field promotes the alignment of
magnetic moments along the field direction, thus increasing the value of magnetization.
The magnetization can be expressed as a function of the external magnetic field or
temperature. When the value of the external applied magnetic field is high, the
magnetic moments are aligned and parallel to the field direction, thereby increasing
the value of magnetization, which is known as saturation (MS). The magnetization
as a function of temperature exhibits the maximum value when T→ 0 and presents a
decreasing behavior while increasing the temperature (with a fixed external magnetic
field applied). The magnetic susceptibility, for a low applied magnetic field, is defined
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by the Curie law.

χ = C

T
(2.6)

where C is the Curie constant, and is defined as:

C =
Nµ0p

2
eff

3kB
, (2.7)

with N representing the density of magnetic ions and kB is the Boltzmann constant.
peff is the paramagnetic effective moment and provides information about the effect
of total angular momentum of magnetic ions; it is defined as

p2
eff = g2j(j + 1)µ2

B, (2.8)

where µB is the Bohr magnetron (µB = e~
2me

), j is the total angular momentum, and g is
the Landé g-factor, which can be defined as a function of j (total angular momentum),
l (orbital angular momentum), and s (spin angular momentum).

g = 1 + j(j + 1)− l(l + 1) + s(s+ 1)
2j(j + 1) . (2.9)

The inverse of the magnetic susceptibility is a straight line, and is zero at 0 K.

• Ferromagnetism (FM): It is a cooperative arrangement; i.e., one magnetic moment
depends on its neighbors to develop magnetization, being a long-range interaction. It
is characterized by a spontaneous magnetization, which disappears above a critical
temperature known as Curie temperature (TC), in which the system behavior is similar
to paramagnetism. The magnetization as a function of magnetic field, at a fixed
temperature exhibits a hysteresis (figure 2.2), where MS is the saturation; MR is the
value of magnetization when the magnetic field applied is zero, and it is known as
remanent magnetization; HS is the magnetic field required to saturate all magnetic
moments; and HC is the coercive field which is defined as the field necessary to reduce
the magnetization to zero.

The magnetic susceptibility is defined by the Curie-Weiss Law.

χ = C

T − θP
, (2.10)

where θP is the paramagnetic Curie temperature, and θP = TC for mean field theory
(MFT). The inverse magnetic susceptibility is a straight line and is zero when T
= θP > 0. The magnetization as a function of temperature with fixed magnetic
field decreases, while the temperature increases until TC , in which no spontaneous
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Figure 2.2: Magnetization curve of a ferromagnetic material where it is possible to observe
the characteristics of it, with MS being the saturation magnetization, MR the remanent
magnetization, HS the field magnetization and HC the coercive magnetization.

magnetization occur.

• Antiferromagnetism (AFM): It is a cooperative arrangement with two magnetic sublat-
tices with the same magnitude, oriented anti-parallelly (MA=-MB). Each sublattice is
a ferromagnetic one, and the critical temperature is the Néel temperature (TN ). The
arrangement, when analyzed based on the magnetization as a function of magnetic field
with T << TN , has one sublattice aligned with the external magnetic field and does
not change by increasing the field, while the other sublattice is aligned anti-parallelly
and flips by increasing the magnetic field. The field/temperature dependence of the
magnetization is similar to the last one: two sublattices in opposition. When the
magnetic field is not applied, the total magnetization (M = MA +MB) is zero. The
inverse magnetic susceptibility is a straight line and is zero when T = θP < 0.

• Ferrimagnetism: It is a cooperative arrangement where the two magnetic antiparallel
sublattices have different magnitudes, i.e., MA 6= MB. The magnetization behavior as
a function of magnetic field at low temperatures, is similar to antiferromagnetism, but
the total magnetization is not zero when the magnetic field is not applied. Since as
the sublattices are in opposition, it can assume the same values at certain temperature
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TComp, and the total magnetization as a function of temperature is zero at this
point. Above the critical temperature TC , the system loses the spontaneous ordering,
and the magnetic susceptibility is defined by Curie-Weiss law (equation 2.10) for
high temperatures, and close to TC , the inverse magnetic susceptibility estimates a
hyperbolic behavior.

Figure 2.3: Qualitative scheme of magnetic ordering, where is possible to see the graphical
behavior of each ordering pictured on the items above [36].

The following mathematical description will help develop a model and understand the
LaCoO3 series. Considering the partition function of one particle as a function of temperature
T and magnetic field of induction B, we have:

Z(T,B, 1) =
∑
i

exp(−βεi), (2.11)

where β = 1/kBT and εi being the energy spectra have the value of ε = −~µ. ~B. In general,
we can consider that the thermal energy (kBT ) is associated with the magnetic energy (ε) as
follows :
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x = MsBβ = βB, (2.12)

Therefore, considering this, we can rewrite the partition function as Z(T,B, 1) = Z(x),
and for an ensemble of N distinguishable particles, Z(x,N) = [Z(x)]N . Based on statistical
mechanics, we know that F (x,N) = Nf(x), with f(x) being the reduced (one-particle)
Helmholtz free energy and

f(x) = − 1
β
ln[Zx], (2.13)

Based on on statistical mechanics, the relation between the magnetization and Helmholtz
free energy can be obtained:

M = −∂F (x,N)
∂B

= NMSm(x), (2.14)

with m(x) = −∂f(x)
∂b being the reduced magnetization.

Finally, the relation between the magnetization and partition function can be written
as

m(x) = ∂

∂x
ln[Z(x)], (2.15)

Describing the magnetic energy as ε = gmjµBB (mj are the eigenvalues of Jz) and
using the equation 2.11, we can obtain

Z(x) = sinh(ax)
sinh(bx) , (2.16)

where a = 1 + 1
2j and b = 1

2j . From equation 2.15, we obtain the normalized magnetization:

m(x) = Bj(x) = a coth(ax)− b coth(bx), (2.17)

where B(§) is the Brillouin function. With M(T,B,N) = NMSm(x) and using the equation
2.17, the value of magnetization is written as

M(T,B,N) = NgjµBBj(x). (2.18)

At the limit of low magnetic field and high temperature, we have x → 0, and with
approximation, we obtain
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M(T,H,N) = Ng2 j(j + 1)µ2
B

3kBT
µ0H, (2.19)

and, consequently, the magnetic susceptibility transforms into

χ = N
µ0(µµB)2

3kBT
. (2.20)

2.2 Perovskite

2.2.1 Perovskite structure

Gustav Rose (the mineralogist) discovered CaTiO3 and named this structure as Per-
ovskite [37]. After this, a compound having the same crystallographic structure type of
CaTiO3 was named as perovskite. The general form of this structure is expressed as ABX3,
and ion A (usually Alkaline Earth or Rare-Earth) is larger than B (usually transition metal
3d, 4d or 5d); X is mostly O.

Figure 2.4: Structure of a cubic perovskite, where there is no distortion on the octahedron.

The perfect perovskite would be a cubic structure (figure 2.4); and the tolerance factor,
studied by Goldschmidt (1945) [38], can be written as:

Gt = rA + rO
2(rB + rO

), (2.21)
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Gt (2.21) Effects Possible structures

> 1 A ions are too big or B too small Hexagonal

0, 9− 1 A and B have ideal size Cubic Perovskites

0, 71− 0, 9 A ions too small to fit on B intersites Orthorhombic/Rhombohedral

< 0, 71 A and B ions have similar ionic radii Different structures

Table 2.1: Formation of the perovskite structure according to the equation 2.21.

where rA, rB, and rO are the ionic radii of A, B and O atoms. The tolerance factor measure
the distortion of the structure, from a perfect cube (Gt = 1), with some examples listed in
table 2.1.

The octahedral factor (FO) is an important factor to know the stability of the structure,
owing to the inclination on BO6 octahedron, which is responsible for the polymorphism of
perovskites [39]. The octahedral factor is given by

FO = rB
rO
. (2.22)

To maintain the stability of the perovskite structure, the value has to be greater than 0.425,
and the inclination on BO6 octahedron is illustrated in figure 2.5.

Figure 2.5: The rotation of the octahedron from the cubic perovskite leads to a rhom-
bohedral structure, and the tolerance factor says how much the structure can support the
octahedron rotation.
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2.2.2 Ligand Field Theory

The main electronic properties of perovskites are associated with the Ligand field, and
the Ligand Field theory (LFT) was developed from a theory known as crystal field theory
(CFT), which was developed by Hans Bethe and John VanVleck in 1930. The CFT considers
punctual charges, while the LFT considers atomic orbitals and their boundary. Site B of a
perovskite can be occupied by a 3d transition metal (M) as mentioned before, and site A
can be trivalent rare earth (R) or divalent alkaline earth (T); therefore, the valence of the
3d metal is defined by the element on this site. In the case of R occupying site A, the metal
becomes trivalent (R3+M3+O3) but, if it is T, the metal becomes tetravalent (T2+M4+O3).
There is a case of mixture valence, when the site A is divided by R and T

R3+
1−xT

2+
x M3+

1−xM
4+
x O3. (2.23)

The ions of M are surrounded by six ions of oxygen (O2−), which the electronic
configuration is 2p2, creating an octahedron of MO6 showed before. The Figure 2.6 shows
five 3d orbitals of metal ions and three 2p orbitals of oxygen ions. When the metal is isolated,
five orbitals will be degenerated, but when the ligand approaches (in this case, the ligand is
the Oxygen), there is an increase in energy of the orbitals, which remains degenerated. The
split comes when the bond exists between the metal and oxygen; thus, the five degenerated
3d orbitals splits into three orbitals t2g and two orbitals eg (figure 2.7). On the split, the
orbitals eg (z-axis dz2 and x-axis and y-axis dx2−y2), the gain on the energy occurs due to an
frontal approach of metal orbitals with ligand orbitals, doing so, an electrostatic repulsion
higher than t2g (dxy, dxz and dyz), which are on the planes xy, xz, and yz respectively, and
the approach is lateral. This effect is showed on figure 2.8. It is important to highlight that
the difference in the energy between t2g and eg is denoted by ∆, and it will be used when
the spin state will be discussed.

Figure 2.6: The five 3d orbitals of the metal and three 2p orbitals of the oxygen.
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Figure 2.7: Splitting of the 5 d orbitals. The figure a) represents the 5 degenerated orbitals
of a free ion and b) represents when there are the approaching of the ligands and there are a
increasing on the orbitals energy. When the bond is completed, the orbitals split into eg and
t2g, as seen on c).

Figure 2.8: The lateral approaching (a) implies in a lower electrostatic repulsion compared
to a frontal approach (b) on the octahedron lattice

2.2.3 Jahn-Teller Effect

The Jahn-Teller theorem states that any molecular system, in a degenerated eletronic
state, is unstable and will undergo a distortion, creating a system with lower symmetry to
remove degeneracy. In other words, if the electrons have mobility to occupy more than one
orbital, there is a distortion that removes the degeneracy. This distortion leads orbitals to a
configuration where the orbitals in the same level of energy has the same number of electrons
in it. This distortion occurs, precisely, in the octahedron MO6, as shown in figure 2.9.

Figure 2.10 shows that orbitals have energetic advantages and disadvantages due to
Coulomb repulsion. In the compressed case (figure 2.9 (a)), the orbitals on the z-axis
significantly increases the energy compared with those on the other axes. Meanwhile, in the
elongated case (figure 2.9 (b)), the orbitals on the x axis exhibit advantages compared with
those on the other axes owing to Coulomb repulsion. Consequently, it will have orbitals
degenerated but in t2g and eg. Figure 2.10 depicts orbitals with compressed and elongated
case. The Jahn-Teller distortions can become more complicated when the octahedron is in a
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Figure 2.9: The octahedron can be compressed (a) or elongated (b) on the z axis. This
distortion leads to a breakdown of degeneracy on the orbitals eg and t2g.

crystal (as it actually occurs) as for an octahedron distorts, neighbors are affected. This
effect is known as the cooperative Jahn-Teller effect, but it does not modify the discussion
about removing degeneration from orbitals.

Figure 2.10: The split of the orbitals energy according with the Jahn-Teller effect distortion.
The left spectral represents the elongated case, where the orbitals with z axis component
has their energy decreased while the orbitals with x and y axes component increase. In
the center is the case where there is no Jahn-Teller effect distortion. The right spectral
represents the compressed case, where the orbitals with z axis component has their energy
increased while the orbitals with x and y axes component decrease.

In summary, if there is no gain on stability with distortion, the structure will not distort.
The distortion leads from an octahedral to a tetragonal structure (compressed or elongated)
of lower symmetry and lower energy. This distortion gives rise to different spin states, which
will be discussed below.
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2.2.4 Spin-State

As we want to discuss about spin states, we must know how electrons populate orbitals,
and there is the Hund’s rule. There are three Hund’s rules, but one is essential for it.

"From Pauli exclusion principle, only two electrons can occupy the same orbital (spin
up and spin down). To minimize Coulomb’s repulsion, the orbitals are occupied one by one
until they are all occupied and then, after all are occupied, the first orbital receives the second
electron (spin down). This means that the effective spin ~S must to be maximized. [36]"

According to electronic distribution on orbitals, there are different spin states and,
consequently, different magnetic behaviors. The total spin value is obtained according to the
ordering of electrons:

s = 1
2(n↑ − n↓), (2.24)

where n↑ is the number of electrons with spin up and n↓ is the number of electrons with
spin down.

While distributing electrons, two electrons can occupy anti-parallelly the same orbital.
If this occurs, a strong repulsion will appear between them and the pairing energy (p) occurs.
With this, we can compare this energy with the splitting energy ∆. If ∆ > p, the Hund’s
rule is disobeyed because it energetically favors the electron that compensates the energetic
cost of pairing instead of populating higher orbitals. If ∆ < p, the Hund’s rule is obeyed,
populating the orbitals with high energy and favoring the electrons to populate the half-filled
orbitals.

In 3d6 electronic distribution, there will be three spin states.

• Low-spin state: It has a configuration of t62ge0
g, which does not cause distortion due to

Jahn-Teller effect. The total spin is s = 0.

• Intermediate-spin state: It has a configuration t52ge1
g with distortion due to Jahn-Teller

effect, an elongation along z axis. The total spin is s = 1.

• High-spin state: It has a configuration t42ge2
g with distortion due to Jahn-Teller effect,

a compression on the z axis. The total spin is s = 2.

Distinctly, in the 3d5 electronic distribution, there are three spin states.

• Low-spin state: It has a configuration t52ge0
g with distortion due to Jahn-Teller effect,

an elongation on z axis. The total spin is s = 1
2 .

• Intermediate-spin state: It has a configuration t42ge1
g with distortion due to Jahn-Teller

effect, a compression on the z axis. The total spin is s =3
2 .
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Distribution No distortion Elongated Compressed

d1 @ s=1/2 @

d2 @ s=1 (weak) s=1 (weak)

d3 s=3/2 @ @

d4 @ s=2 HS (intense) s=1 LS

d5 s=5/2 HS s=1/2 LS s=3/2

d6 s=0 LS s=1 IS s=2 HS

d7 @ s=3/2 HS s=1/2 LS (weak)

d8 s=1 @ @

d9 @ s=1/2 (intense) @

d10 s=0 @ @

Table 2.2: Spin states for dn distributions, where is possible to observe the forbidden
spin states for each electronic configuration. It is possible to observe the distortion of each
possible case.

• High-spin state: It has a configuration t32ge
2
g with no distortion due to Jahn-Teller

effect. The total spin is s = 5
2 .

Table 2.2 lists the the possible spin states configuration to distribution from d1 to d10.
In the d2 and d7 cases, there are configurations that can be compressed or elongated but
the distortion is weak. In the d4 and d9, there are configurations that can be compressed or
elongated, but the experiments shows that most part is elongated.

2.3 Heusler alloys

2.3.1 Heusler alloys structure

In 1903, Fritz Heusler noticed an alloy that had a composition of three non-magnetic
elements exhibits a ferromagnetic behavior [40]. In this case, the material was Cu2MnAl,
and then, in 1934, his son Otto Heusler stated the crystallographic structure [41, 42]. The
structure is a cubic Fm-3m (space group n◦ 225) but, according to its ordering, it can be
defined as L21 (Cu2MnAl-like), DO3, A2, or B2 types, and will be discussed below [43]. The
Heusler alloys can be found as Full-Heusler (X2YZ), Half-Heusler (XYZ), Inverse Heusler
(also X2YZ, but with the valence of X smaller than Y) and Quaternary Heusler (XX’YZ),
where X, Y, and Z are elements of the periodic table, and are shown in figure 2.11.
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Figure 2.11: Periodic table showing the elements that can compose a Heusler alloy. The
full-Heusler alloy can be combined by the differents elements according to the colors, and
for half-Heusler can be a combination of the highlighted elements. The image and further
discussion can be found in reference [44].

The X, Y, and Z atoms on the L21 (space group n◦ 225) structure occupy the 8c
(1/4, 1/4, 1/4), 4a (0, 0, 0) and 4b (1/2, 1/2, 1/2) Wyckoff positions, respectively, and this
structure is formed by four sublattices interpenetrating, where two of them are occupied by
element X equally, and the two remaining sublattices are occupied by Y and Z, and figure
2.12 shows the structure L21 with different types of Heusler alloys. However, by definition,
the ordering influences the arrangement of atoms, thus; L21 is the ordered structure; the
structure DO3 occurs when the atoms X and Y are mixed. The Fm-3m (space group n◦

216) space group remains; A2 is when X and Y are mixed, but the symmetry is reduced to
Im-3m (W-like, space group n◦ 229), and the X, Y and Z sites become equivalents. B2 has a
mixture of Y and Z and includes Pm-3m (CsCl-like, space group n◦ 221) symmetry. Figure
2.13 shows the disorder types.

Determining disorders based on x-ray diffraction is not possible in several cases; thus,
other characterization techniques are needed for quantification, e.g., Mossbauer spectroscopy,
neutron diffraction, synchrotron, and anomalous x-ray diffraction.
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Figure 2.12: Structure of Heusler alloys, with the four types of alloys discriminated. From
reference [45].

Figure 2.13: Disordered structures for Heusler alloys. [43]

2.3.2 Half-metallicity in Heusler alloy

In 1983, it was observed that the material exhibited metallic and insulation properties
at the same time, depending on the spin direction applied; thus, one of the most important
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properties on Heusler alloys arises [46], and the half-metallicity characteristic increased the
interest on these materials owing to the possibility to develop devices based on it [47]. The
half-metal is a metal aligned toward one spin direction and insulator toward the opposite
spin direction, but the complete spin polarization occurs at near zero temperature and
when the spin-orbit interaction disappears; Heusler alloys are good candidates to exhibit
half-metallicity as they do not exhibit spin-orbit coupling and their elements mostly are in
3d configuration [43]. Half-metallicity can be observed when the density of states (DOS)
is ab initio calculated. Figure 2.14 shows the behavior that, in one spin band, the DOS at
Fermi level is different and in the another band is zero.

Figure 2.14: Density of states total and partial of Fe2MnSi Heusler alloy [48]. The spin-up
band presents a metal behavior, while the spin-down band presents an insulator behavior.

Slater and Pauling [49, 50] discovered a relation between the magnetic moment m and
the average valence electron number (NV ) per atom.

m = NV − 2n↓, (2.25)

where 2n↓ represents the number of electrons in the minority states. The materials are
classified depending on the m(NV ): NV ≤ 8 or NV ≥ 8, as shown in figure 2.15 a. The first
one presents localized magnetism and low-valence electron concentration, while the second
one presents itinerant magnetism and high valence electron concentrations, and the Heusler
alloy has NV ≤ 8. In the case of full-Heusler, the four atoms per unit cell leads equation
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2.25 to:

m = NV − 24. (2.26)

Figure 2.15 b) represents the Slater-Pauling curve, and it can be observed that most
of the Heusler alloys lies in it. The Curie temperature of Co2-based Heusler shows a linear
dependency with magnetic moment, thus, exhibiting linear dependency with valence electrons
(figure 2.16).

Figure 2.15: a) Magnetic moment per formula unit of elements and alloys 3d based as
function of valence electrons and, b) total magnetic moment as function of valence electrons,
with Slater-Pauling curve illustrated [43].

Figure 2.16: Curie temperature as function of valence electrons of Co2-based Heusler alloys
[43].
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2.4 Magnetostructural correlation

Magnetostructural correlation studies have gathered interest due to their excellent
properties, such as magnetocaloric effect (MCE) [51], colossal magnetoresistance [52], giant
magnetoresistance [53], shape memory alloys [54], and magnetostriction and magnetoelastic
[55]. As the name suggests, the magnetostructural correlation lies where a magnetic effect
is accompanied by a structural effect, mainly on the first order magnetostructural phase
transitions.

It is possible to define the order of a magnetic transition with the Banerjee criteria,
which is based on the Landau theory. The material can present first-order magnetic transition
(FOT) or second-order magnetic transition (SOT), where the FOT exhibits discontinuity
in the first derivative of the Gibbs free energy, and the SOT is continuous. Expanding free
energy around the temperature transition in a potential series of magnetization of a magnetic
system under an external applied magnetic field gives

F (M) = −HM + F0 + α(T )M2 + bM4 + ..., (2.27)

where F0 and b are constant and α(T ) is dependent on the temperature α(T ) = α(T − TC).
Around TC , α(T ) is a null parameter; thus, minimizing the free energy for an equilibrium
condition obtains

∂F

∂M
= −H + 2αM + 4bM3 = 0⇒ H = 2αM + 4bM3 (2.28)

which leads to the equation that determine the order of the magnetic transition, known as
the Banerjee criteria:

H

M
= BM2 (2.29)

with B = 4b being the parameter that determines the order. Based on the M(H,T) ex-
perimental measurement, it is possible to construct H/M vs M2 graphic, which is known
as Arrott plot, and it is possible to determine the order of the magnetic transition from
the angular coefficient, with the B>0 indicating a second-order transition, while the B<0
indicating a first-order transition. Figure 2.17 a) shows the Arrott plot for a first-order
transition system, while 2.17 b) shows a second-order transition.
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Figure 2.17: Arrott plot curves for first-order and second-order transitions. It is possible
to observe the negative slope for a), indicating a first-order transition and the positive slope
for b) indicating a second-order transition [56].

In a magnetostructural transition, the system can suffer structural changes in its
crystalline symmetry, or a discontinuity in the lattice parameter and, consequently, in the
volume of the unit cell, without changing its symmetry. Moreover, Bean and Rodbell
predicted a first-order magnetic phase transition in systems with a strong dependency of the
Curie temperature with lattice deformation [57], with the central assumption being

TC = T0

[
1 + β

(
v − v0
v0

)]
, (2.30)

where T0 would be the Curie temperature on the lattice undeformed of volume v0. The

β =
dTC
dT0
dv

dv0
is the slope of the critical temperature curve based on the cell deformation. Then,

Bean and Rodbell considered for a ferromagnetic system, in a molecular field approximation
and with an arbitrary angular momentum J, the expression for the Gibbs free energy:

G = −µ0HJgNµBσ −
3
2

(
J

J + 1

)
NkBTCσ

2 + P
v − v0
v0

+ 1
2K

(
v − v0
v0

)2
− TS, (2.31)

where the first term is the related with the field, the second is the exchange term, the third
term is related with the pressure, the fourth term is the strains and the last is the entropy.
The σ is the normalized magnetization with MS = NJgµB, and K is the compressibility
factor.

The minimization of the Gibbs free energy is under the following condition:

(
v − v0
v0

)
= 3

2
J2

J(J + 1)NkBT0βσ
2 − PK (2.32)
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Substituting 2.32 in 2.31 and derivating to obtain the minimized Gibbs free energy, we
obtain

− ∂S

∂σ
= µ0HJgµB

kBT
+ 3J
J + 1

T0
T
σ + 9

10
J(2J2 + 2J + 1)T0

(J + 1)3
T0
T
ησ3 (2.33)

with η = 5J(J+1)
2J2+2J+1NkBT0Kβ

2 being the term in which the Bean and Rodbell showed as
being the definer of the transition term, in a system with no external pressure. The first-order
transition is defined with η > 1, while 0 ≤ η ≤ 1 is the second-order transition. Figure 2.18
shows the plotted expression (2.32) for P = 0 and J = 1/2 for several values of η.

Figure 2.18: The magnetic contribution to thermal expansion for different η values [57].

However, when we look to structural and magnetic degrees of freedom in materials that
exhibit magnetostructural correlation, the analysis becomes complex, which leads us to the
description in the next subsection, as various materials are being studied to improve the
efficiency of magnetic refrigerators.

2.4.1 Magnetocaloric Effect

The magnetocaloric effect was observed in 1917 for the first time by Weiss and Piccard,
and it is the base of magnetic refrigeration [15]. In simple words, MCE is the process that
involves a change in temperature due to the application of an external magnetic field, and
there are two processes, where this effect can occur: adiabatic and isothermal processes.
Once the total entropy of the system ST (T,H) = SM (T,H) + SL(T ) + SE(T ) is constant,
the adiabatic process leads the magnetic material to change its temperature due to the
decrease in magnetic entropy; thus, the lattice entropy (SL) increases, causing an increase in
the temperature (∆Tad), and to evaluate the ∆S, the electronic entropy (SE) contribution
can be discarded. In the isothermal process, the magnetic material is in thermal equilibrium
with a thermal reservoir which implies that, with the application of an external magnetic
field, the internal energy of the system does not change, and ∆S is measured by ∆S = ∆Q

T ,
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where ∆Q is the heat exchanged between the magnetic material and the thermal reservoir.
The magnetic refrigerator includes both processes in its cycle (figure 2.19).

Figure 2.19: Scheme of a refrigeration cycle where (a) the material increases its temperature
in an adiabatic magnetic field application. The heat of the material is reduced by using a
heat exchanger fluid (b) and, when the magnetic field is removed, the material temperature
reduces even more (c). After this process, the material will absorb heat from the heat
exchanger fluid (d). The image is from reference [58]

Using the Maxwell relation, we can determine the quantitative value of ∆S,

(
∂S

∂H

)
T

= −
(
∂M

∂T

)
H

(2.34)

Thus, integrating this equation from an initial magnetic field Hi to a final magnetic field Hf ,
we have:

∆S(T,∆H) =
∫ Hf

Hi

(
∂M(T,H)

∂T

)
H
dH. (2.35)

Most magnetic materials exhibits a SOT [59], which does not imply requiring much
care in obtaining the data, since ∂M/∂T is continuous. Thus, obtaining the data needed to
evaluate the ∆S(T ) can be done by isothermals, following equation 2.35 with the trapezoidal
rule:
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∆S(T ) = δH

2δT

(
δM0 + 2

n−1∑
i=2

(δMk + δMn)
)

(2.36)

with all quantities represented in figure 2.20.

Figure 2.20: Isothermal curves required to calculate ∆S curve using equation 2.36.

The magnitude of the ∆S will be maximized with ∂M(T,H)
∂T , which means that it is

maximum around the transition temperature, but the efficiency with regard to heat transfer
of the material depends on the refrigerant cooling power (RCP) (figure 2.21), defined as the
refrigeration power per unit of volume, which is determined by full-width at half-maximum
(δTFWHM ) of ∆S (equation 2.37).

RCP =
∫
δTF W HM

∆S(T )dT (2.37)

The table 2.3 lists the values of magnetocaloric properties of materials that are used in
magnetic refrigeration, and figure 2.22 shows a large family of magnetic materials with MCE
application.

Equation 2.35 is equivalent to calculate the area between the magnetic isotherms and
divide by the temperature change but if the system shows a FOT, there is an discontinuity
in the MxH curve. Equation 2.35 can be expressed as:

∆S(T,∆Hf ) =
∫ HC

0

(
∂S

∂H

)
T
dH + δS(T,HC) +

∫ Hf

HC

(
∂S

∂H

)
T
dH (2.38)

Using the Maxwell’s relation, we obtain:
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Figure 2.21: An example of a ∆S curve the evaluation of relative cooling power based on
the temperature dependence of magnetic entropy changes, RCP(S), from reference [60].

Figure 2.22: Maximum magnetic entropy change as function of temperature for different
families of materials, from reference [58]

∆S(T,∆Hf ) =
∫ HC

0

(
∂S

∂T

)
H
dH + δS(T,HC) +

∫ Hf

HC

(
∂S

∂T

)
H
dH (2.39)

Using the definition of the area below the MxH isotherms and differentiating, we obtain
the entropy discontinuity at the transition from the Clausius-Clapeyron, which can be
recognized as the second term of equation 2.40.
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Table 2.3: Typical magnetocaloric properties values of magnetic materials with an applied
field of 5T from reference [61].

Composition TC (K) ∆SMax (J/kgK) RCP( J/kg)

La0.87Sr0.13MnO3 197 5.8 232

Gd5Si2Ge2 275 18.4 425

La0.67Ba0.33MnO3 292 1.48 161

Gd 294 10.2 410

MnFeP0.45As0.5 300 18 485

La0.7Pb0.3MnO3 352 0.96 48

∂

∂T

[∫ Hf

0
M(T,H)dH

]
=
∫ Hf

0

(
∂M

∂T

)
H
dH + ∂HC

∂T
[MI(T,HC)−MII(T,HC)] . (2.40)

Finally, we can estimate the magnetic entropy change at the magnetization discontinuity
with the first-order magnetic transition [62]. The Clausius-Clapeyron equation (2.41) can be
interpreted as the area of the MxH curve (figure 2.23):

∣∣∣∣ ∆T
∆HC

∣∣∣∣ =
∣∣∣∣∆M∆S

∣∣∣∣ (2.41)

2.5 Magnetic Anisotropy

The magnetization can be sensible when depending on the structure, and its connection
is important when looking for new properties in the material as the anisotropy is explored in
most magnetic materials for technological application. J. Coey [63] stressed that the progress
in magnetism in the last century was the control on the magneto-crystalline anisotropy.

There are few types of anisotropy, which is classified based on physical origins. Phe-
nomenon like spin-orbit coupling, exchange interaction, or dipolar magnetic interaction
leads to different types of anisotropy, which can be magnetocrystalline anisotropy, stress
anisotropy, shape anisotropy, deformation anisotropy and others. The crystal anisotropy is
the only one considered intrinsic due to the fact that depends only on the symmetry of the
material, while the others are considered induced or extrinsic.

In metallic ferromagnets, anisotropy magneto-crystalline is an interplay between orbital
momentum and spin of the magnetic ions, and the magneto-crystalline anisotropy can be
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Figure 2.23: Area calculation of a MxH curve, using Clausius-Clapeyron equation.

observed through magnetization measurements along different directions on the material.
In a few words, the magneto-crystalline anisotropy concerns about the energy necessary to
rotate the magnetic moment in a crystal between the magnetization axes. The magnetic free
energy can be described in a tensor form [64].

Ea = kmnMmMn+ k′mnopMmMnMoMp + k′mnopqrMmMnMoMpMqMr + ..., (2.42)

with k’s being the 2nd, 4th, 6th, and etc. rank anisotropy tensors, and M’s being the
magnetization axial vectors. The magnetization can be described as:

Mi = MScosαi = MS

(
cosα1~i+ cosα2~j + cosα3~k

)
(2.43)

Thus, using the dyadic product, we obtain the rank-2 tensor for Mi.

MmMn = M2
S


cos2α1 cosα1α2 cosα1α3

cosα2α1 cos2α2 cosα2α3

cosα3α1 cosα3α2 cos2α3
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(2.44)

Starting with the most simple symmetry, we obtain single easy axis magnetic anisotropy,
and using the property cos2α3 = 1− sin2α3 and θ = α3, the magnetic free energy can be
simplified to.

F = Ksin2θ, (2.45)

with K>0 being the uniaxial anisotropy constant and θ being the angle made by the
magnetization and easy axis direction. Based on preference, the aforementioned expression
is written as [65]

F = −Kcos2θ. (2.46)

Figure 2.24 shows the free energy as a function of angle in an uniaxial anisotropy. There
are two energy minimas at θ = 0 and π, which correspond to magnetization parallel and
antiparallel to the easy axis.

Figure 2.24: Free energy as function of the angle in uniaxial anisotropy, where the ∆EB
represents the energy barrier.

When there are more than one easy magnetization axes, we have particular cases. In a
paramagnetic cubic phase, the second-rank tensor becomes
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kmnMmMn = K1M
2
S

(
cos2α1 + cos2α2 + cos2α3

)
= k1M

2
S = kmnδmn (2.47)

with δmn being the Kronecker delta. In cubic materials, the first term is constant, and
it is required to go for the fourth order to obtain anisotropy information. Figure 2.25 shows
three crystallographic directions of a cubic material, while figure 2.26 shows the difference in
magnetization when applying the magnetic field along different directions in iron and nickel.

Figure 2.25: The three crystallographic directions of a cubic material

In a hexagonal symmetry, the anisotropy tensor becomes:

k′mnMmMn = M2
Sk1 +M2

S(k3 − k1)cos2α3 (2.48)

where k′mn is a diagonal matrix with elements k1, k2, and k3.

In figure 2.27, we observe the difference in magnetization when applying the magnetic
field over Co with hcp crystallography along different directions, with hcp being the hexagonal
close-packed structure.

In the hexagonal structure, including the 2nd term in the expansion, and with cos2α3 =
1− sin2α3, we can obtain the free energy as

Ea = K0 +K1sin
2θ, (2.49)
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Figure 2.26: Magnetization as function of magnetic field applied along different directions
in a cubic structure of iron a) and nickel b).

with α3 = θ. Including the fourth order, the expansion becomes:

Ea = K0 +K1sin
2θ +K2sin

4θ (2.50)

In these equation, K1 is the uniaxial constant anisotropy, while θ is the angle between
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Figure 2.27: Magnetization as function of magnetic field applied of hcp Co along different
directions

the spin and easy axis [66, 67], and K2 is the second anisotropy term. The combination of
K1 and K2 is responsible for the type of anisotropy.

The measurement of the magneto-crystalline anisotropy in a hexagonal structure requires
fancy techniques. To investigate this property, the effective magneto-crystalline anisotropy
can be discussed. Looking at anisotropy constants in a hexagonal structure, for K1 > 0,
the minimum energy is found at θ = 0o and maximum at θ = 90o, and for K1 < 0 the
minimum energy is found in the basal plane. Adding the second term to the free energy,
K2 allows some variations according to the angle. We can observe three extremes points,
which are θ = 0o, θ = 90o, and a intermediate value that depends on K1 and K2, which is
sin2θ = − K1

2K2
. This intermediate value allows the easy direction to lie on a cone at an angle

from the axial direction. Summarizing, for easy axis case (θ = 0o), we should have

K1 > 0 (2.51)

for easy plane (θ = 0o),

−K1 − 2K2 > 0 (2.52)

and finally, for the easy cone,
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− 4K1

(
K1
2K2

+ 1
)
> 0. (2.53)

Thus, the value in parentheses is positive, and the solution to the easy cone is K1 < 0.

To obtain the effective anisotropy constant, the singular point detection (SPD) technique
can be used [67], which is used to study singularities in magnetization curves of polycrystalline
samples. The theory says that the singularity in the curve can be seen in the derivative
technique. The anisotropy field, Hanis, can be obtained from the magnetization curve as a
function of field, with the second derivative. The peak obtained on the curve is the value of
Hanis (figure 2.28).

Figure 2.28: Value of anisotropy field obtained with singular point detection technique
(SPD) on a Nd2Fe14B

The value of Hanis is important as it has a linear relation with the effective anisotropy
constant (Keff ):

Keff = Hanis
MS

2 . (2.54)

Finally Keff will play an important role in the behavior of Heusler alloy Fe2MnGe,
which is the subject of this study.
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Sample preparation

3.1 Pechini Method

To obtain oxide samples, few techniques can be used for synthesis, e.g., coprecipitation,
solid-phase, hydrothermal synthesis, and others. We used the Pechini Method (also known
as sol-gel method), mainly due to the low cost associated with the production (PATENT
US3330697).

The Pechini method includes a chelator to separate reagent cations and a polymerizer
to form an organic chain, leading to a gel with the desired stoichiometry. The process is
illustrated in figure 3.1.

Figure 3.1: The scheme of the Pechini method shows the mixture of the reagents with
citric acid results citrate. The Ethylene glycoletileno glicol is used as the precursor to form
the desired stoichometry and to obtain the polymerization. The heating process is needed to
evaporate the excess of water and acid of the solution. The result is a gel ready to be taken
into the furnace.

In this study, the Pechini method was used to synthesize La1−x�xCo+3
1−xCo+4

x O3 com-
pounds, in which the purpose will be detailed ahead. The synthesis followed the scheme and
chemical route described below.

36
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• Selection of reagents: Lanthanum nitrate hexahydrate (La(NO3)3 x 6H2O - 99.999 %),
cobalt nitrate hexahydrate (Co(NO3)2 x 6H2O - 99.999 %), citric acid, and ethylene
glycol.

• Stoichiometric calculation: Each sample from the series was calculated using the
molecular weight and mols number of the reagents and the desired compound formula.
We have used for x = 0 sample 1.76g of lanthanum nitrate and 1.18 g of cobalt nitrate,
while x = 0.04 we have used 1.73 g of lanthanum nitrate and 1.21 g of cobalt nitrate.
For the sample x = 0.08, 1.69 g of lanthanum nitrate and 1.24 g of cobalt nitrate and
x = 0.12 we have used 1.66 g of lanthanum nitrate and 1.26 g of cobalt nitrate.

• Mixing reagents: In a beaker, dilute citric acid in deionized water is stirred. After
complete dilution, add the lanthanum nitrate in it. Do the same with cobalt nitrate in
a different beaker. After completed dissolution, with clear solution, mix the contents
of one beaker with the other.

• Polymerization: Apply heat around 70 oC, and add ethylene glycol slowly. The function
of ethylene glycol is the formation of organic chains.

• Gel formation: After 2 h, water and acid mostly evaporate, and the remaining gel is
the stoichiometrically calculated.

• Particle: The gel is taken to a furnace for heat treatment to evaporate the excess
of material, and the sample is calcined to obtain the final powder sample. The heat
treatment ramp is shown in figure 3.2.

Figure 3.2: This heat treatment is needed to evaporate the excess of water and acids that
remains. The calcination of the material is given on the last step, where it is treated at 700
oC for 8 hours. The result are nanoparticles of the material.
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The results of this process are nanoparticles, but as we want bulk samples, one way to
obtain them is submitting the nanoparticles to a press with 2 ton

m2 for 1 min and keep them in
the furnace for 24 h at 1000 oC to homogenize the samples and obtain a bulk sample. The
result is a pellet of the desired compound.

A small piece of the tablet is cut off and grounded to characterization, and all the
synthesis process was performed at LMBT-UFF.

3.2 Arc-Melt Furnace

The arc-melting method is used to obtain metallic alloys owing to their simplicity
and effectiveness. In this work, this method was used to produce samples of Fe2MnSi and
Fe2MnSi1−xGex alloys, in which the purpose will be detailed ahead. The furnace is installed
in a vacuum chamber, with water-cooled cooper crucibles and Tungsten tip connected to a
high-power supply (figure 3.3).

Figure 3.3: Scheme of a water-cooled arc-melting furnace. A tungsten tip is connected on
the positive of a power supply, while the crucible is connected on the negative of the power
supply. With the chamber filed with argon an arc is opened, reaching around 2500 oC, which
is enough to melt and mix all the metals.

The fusion process of metallic alloys is described below:

• Elements are prepared on the crucible following the volatile ones at the bottom to
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Table 3.1: Quantity of reagents used in the synthesis of Heusler alloys.

Quantity (g)

x Fe Mn Si Ge

0 0.574 0.282 0.144 0.000

0.04 0.568 0.280 0.137 0.015

0.06 0.566 0.278 0.134 0.022

0.15 0.555 0.273 0.119 0.054

0.40 0.526 0.258 0.079 0.137

0.60 0.0504 0.248 0.051 0.197

0.70 0.494 0.243 0.037 0.225

0.80 0.485 0.238 0.024 0.252

0.90 0.476 0.234 0.012 0.278

1.00 0.467 0.230 0 0.304

avoid losses during melting, and then, the chamber is closed.

• Vacuuming is performed for 40 min, and after this, Argon (Ar) is injected into the
chamber to clean and remove oxygen. Vacuuming is performed again for 20 min and
Ar is injected, and it is known as purge. The purge is repeated three times, to provide
a clean atmosphere with a low level of oxygen to avoid the oxidation of the material.

• An Ar atmosphere is required to open the arc between the Tungsten tip and cooper
crucible, and then, the arc is opened turning the voltage source on.

• A slow approach of the tip over the elements is necessary to avoid thermal shock and
material loss. After the controlled movement of the tip, the elements are melted and
after cooling, an ingot is obtained. The ingots need to be melted two more times, to
obtain a good homogeneity.

All the synthesis process were done at LMBT-UFF. We have used raw materials with
following purities: Fe with 99.99 %, Mn 99.95 %, Ge 99.999 % and Si 99.999 %, and the
overall quantities can be seen in table 3.1.

The ingot is annealed in a tubular furnace to obtain crystalline phases, without secondary
phases. The temperature and time significantly influence the result. For reasons that will be
explained throughout the work, the heat treatments were done differently for Fe2MnSi. The
ingots must be wrapped with Tantalum foil to avoid contact and contamination with other
elements. The samples are encapsulated in a quartz tube, under Ar atmosphere to avoid
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contamination and oxidation and then cooled.

The Fe2MnSi samples were submitted at 1273 K for 3 days and 9 days and, subsequently,
cooled in water, to freeze the crystalline structure. Another ingot of Fe2MnSi was submitted
at 1073 K and cooled by inertia, as well the Fe2MnSi1−xGex series. After this, a small piece
of the ingots is cut off and grounded to characterization.

3.3 X-Ray Diffraction

The first step after the synthesis process was the structural characterization using X-ray
diffraction. This technique allows to determine the structure of the sample, and it is the most
common technique used for crystallographic characterization. The interaction between the
photon and atoms promote a change in the optical path of the X-ray photons as the X-ray
wavelengths are at the same order of the interatomic distances (0̃.1 nm). The condition of
diffraction is ruled by Bragg’s law, which is illustrated in figure 3.4 and given as

Figure 3.4: The beam is scattered on the atoms, which is arranged symmetrically, with a
distance of d between the planes. With the constructive condition, the waves travels the
difference of 2dsin(θ). The resulted intensity is collected by an detector.

2d(hkl)sinθ = nλ, (3.1)

where d(hkl) is the plane with Miller index (hn
k
n
l
n), λ is the X-ray wavelength, and θ is the

incidence angle. Equation 3.1 is the Bragg’s condition to obtain a constructive interference.

The X-rays diffractions were performed using Bruker AXS D8 Advance at 40 kV and 40
mA at LDRX-UFF, with Co-kα radiation (λ = 1.7902 Å) and Cu-k α radiation (λ = 1.54056
Å) at room temperature. The data were collected in a Bragg-Brentano geometry, with a step
size of 0.02 o and a counting time of 0.1 s per step. I would like to thank Professor Renato
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Guimaraes and Professor Daniele Freitas of LDRX, as the laboratory where we perform the
measurements.

The refinement of the data was performed using the Rietveld method with Fullprof,
where the data are calculated using a database as reference. It is important to emphasize
that, during the refinement, no thermal parameter was refined. The method allows to
evaluate the goodness of the refinement using factors Rwp and Rexp, which are obtained
from the minimum square method. Rwp evaluates the refinement based on the percentage
difference of the calculated and observed intensity at each point. The best value possible for
Rwp is called Rexp. Based on this, a quality factor can be introduced, known as the goodness
of fit χ:

χ = Rwp
Rexp

. (3.2)

Although χ is the reference value, it is known that a good value does not imply a good
refinement, as it also depends on physical parameters, which must be evaluated by the user;
i.e., to have a good refinement, there has to be an agreement between the statistical and
physical parameters.

3.4 Magnetic Measurements

The magnetic characterization of materials required four different devices. A commercial
device, developed by Quantum Design, Superconducting Quantum Interference Device
(SQUID) and Vibrating Sample Magnetometer (VSM) at LMBT-UNICAMP was used to
perform measurements at low temperatures (5-320 K) for the La1−x�xCo+3

1−xCo+4
x O3 and

Fe2MnSi1−xGex series. For high temperatures (320-700 K), a Lake Shore - VSM at LMBT-
UNICAMP was used. The measurements of Fe2MnSi were performed at low temperatures
at LBT-UNICAMP using Quantum Design VSM. I would like to thank Professor Ângelo
Gomes and Professor Luis Ghivelder who colaborated and performing the measurements
for Fe2MnSi series. The Fe2MnSi1−xGex series were evaluated under the collaboration of
Professor Fanny Beron, Professor Kleber Pirota and Posdoctoral Researcher Vivian Andrade.
The La1−x�xCo+3

1−xCo+4
x O3 series was evaluated in collaboration with Professor Adelino

Coelho.

Considering magnetization as a function of temperature, few protocols can be adopted,
e.g., Zero Field Cooling (ZFC), Field Cooling (FC), and Field Warming (FW). The ZFC
involves in cool the sample with no field applied until the desired temperature, and a magnetic
field is applied while the sample is heating. The FC consists in cooling the sample with a
field applied, while the FW consists in heat the sample with a field applied, without cooled
it. The La1−x�xCo+3

1−xCo+4
x O3 series was submitted to ZFC with the applied field of 200 Oe,

while the Fe2MnSi1−xGex was submitted to FC and FW, with 200 Oe. The Fe2MnSi samples
were submitted to ZFC-FC protocol with 200 Oe and, further, isothermal was performed to
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evaluate the MCE. The isothermal embraces in cool the sample, fix one temperature and
perform a hysteresis and, for several fixed temperatures, repeat the hysteresis. The hysteresis
is the magnetization as function of field for a fixed temperature and, is performed at 5 K
and 300 K. Several important information can be extracted from these magnetic data, as
the ∆S, peff , TC , MS , s, and others important parameters.



Chapter 4
Inducing long range magnetic ordering on bulk
LaCoO3 with structural vacancies

4.1 Objectives

Magnetic oxides have raised interest due to the wide range of electrical and magnetic
properties caused by the chemical bonds of d orbitals [68]. The use of magnetic oxides
in electronics technology has become so effective that few systems can operate effectively
without oxides [69], and increasingly, devices have started to be developed at nanoscales
due to the chemical and physical properties observed in this regime, in the same way that,
owing to the technological advancement, smaller devices are being developed [70]. The bulk
LaCoO3 presents a transition from low spin-LS (diamagnetic) to inter spin-IS (paramagnetic)
around 100 K and to a mix of IS and high spin-HS above 300 K, without long-range magnetic
interaction [71, 72, 73], but when nanoparticles were synthesized, few properties differed
and presented long-range magnetic ordering at TC < 83 K [74]. Therefore, the motivation
of the research on LaCoO3 lies on the origin of the ferromagnetism in LaCoO3, which was
an open question [74], and it was considered that the possible source of magnetic ordering
on nanoparticles are the surface defects. Therefore, La1−x�xCo3+

1−xCo4+
x O3 bulk samples

were prepared using the sol-gel method (�x represents La vacancies). The main goal is
to produce those surface defects in a volume sample and demonstrate that the magnetic
ordering is not caused by nanostructure but owing to defects that induce a Jahn-Teller effect
and, consequently, magneto-structural coupling.

4.2 State of the Art

The LaCoO3 compound can be presented in various forms, such as monocrystal [75, 76],
bulk [77] and nanoparticules [78, 79]. The bulk is the most studied form, consisting of a non
nanoparticulate material, where most of the volume of the material does not suffer from a
surface defect.

The bulk material exhibits two transitions, one close to 100 K and the other above 300
K, and have often been associated with low-spin (LS) to high-spin (HS) transitions [80] but,

43
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in 1996, after measurements in X-ray absorption spectroscopy, it was concluded that there
were, in fact, three spin states with magnetic moments located in Cobalt ions [81]. Moreover,
it was concluded that with the increase of the lattice parameter, corresponding to a thermal
expansion, two transitions were expected, one of which is equivalent to LS-IS with orbital
ordering and the other with disordered IS.

Neutron diffraction measurements showed that at room temperature, there is no
distortion of the lattice (in the sense of static and long range) [82]. Another evidence of the
IS state was the study of DFT (LDA + U). There is a "‘non-magnetic"’ - "‘paramagnetic
insulator"’ transition at 100 K and metal-insulator at 500 K. In addition, the paramagnetic
behavior above 100 K is caused by thermal excitation, and the fundamental state of LaCoO3

acts as a non-magnetic insulator in the low-spin state [77].

In the bulk, there is no long-range magnetic ordering for the all temperatures studied
[76].

This behavior changed its interpretation when measurements on nanoparticles began to
be made as magnetism was measured at low temperatures, where in bulk, it is non-magnetic.
Two ferromagnetic phases were found, one at T < 100 K and the other at 20 K <T < 100
K, owing to the presence of Co 4+ due to vacancies in La3+. Curie-Weiss paramagnetism
at T < 35 K has been described as coming from impurities or defects in mesh or surface.
The measures indicated, starting from peff , that there is a large occupation of high-spin
states and Co on the surface may stabilize at the high-spin states owning to reduced oxygen
coordination. Thus, as the surface/volume ratio is higher in nanoparticles, the increase in
the high-spin population in LaCoO3 can be understood [83].

The size of the nanoparticle significantly impacts these analysis as by decreasing the
particle size (which implies an increase in the surface/volume ratio), the unit cell grows due
to the surface effect, thus enhancing ferromagnetism simultaneously with the expansion of the
lattice. It appears that ferromagnetism in LaCoO3 nanoparticles is controlled by the volume
of the unit cell and the expansion of the network leads to a growth in the intermediate-spin
state population due to the elongation of the Co-O bond. Particles with a diameter of 25
nm have θp = -48 K, which implies peff = 2.44 and s = 0.82 . The negative θp indicates
antiferromagnetic interaction among the Co3+, which presumably is in the high-spin [78]
state.

A paramagnetic phase coexisted with the ferromagnetic phase at low temperatures for
all the nanoparticles, which implied that ferromagnetism may be an intrinsic property of
this material, as well as paramagnetism, which derives from the high-spin state of Co3+ [79].

A study regarding to spin state, nanoparticle size, and magnetism was carried out, and
the authors concluded that all the samples exhibited ferromagnetic transition; moreover,
decreasing the nanoparticles size, the HS population increases by increasing the magnetiza-
tion, which suggests the link between ferromagnetism and the high-spin state, considering
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the assumption that the ferromagnetic ordering of nanoparticles originates in surface fer-
romagnetism, as well as the intermediate-spin ordering of Co3+ ions. In some samples of
this reference, the magnetic moment does not saturate at 5 T and 10 K, which indicates the
predominance of the paramagnetic phase [84].

Table 4.1 lists parameters according to treatment temperatures and particle size.

Table 4.1: Lattice parameters of the compound treated at different temperatures [84].

Ta(oC) D (nm) a(Å) c(Å) V(Å3)

1100 500 5.43913 13.08429 335.2177

1000 150 5.43933 13.08773 335.2608

800 85 5.43918 13.08773 335.3121

600 40 5.43944 13.10600 335.8121

Figure 4.1 shows the dependence of magnetization, along with the temperature, on
nanoparticles of 25 and 32 nm measured at 50 kOe. The ferromagnetic state in 2 K is verified
by magnetic hysteresis (figure 4.1 inset). In the bulk, the system is in low-spin. Figure 4.2
shows the magnetic susceptibility of nanoparticles of 25 and 32 nm at 10 Oe. It is possible
to observe the increase in the susceptibility to both samples below 85 K (TC). The inset
shows a low ferromagnetic moment at 200 K.

Figure 4.1: Dependence of the magnetization with the temperature to the LaCoO3 nanopar-
ticles of 25 and 32 nm of LaCoO3 at 50 kOe. Inset shows hysteresis in 2 K[78].

Figure 4.3 shows the FC-ZFC at 500 Oe to several nanoparticle sizes. The magnetization
of the nanoparticles abruptly increases below 85 K, and the FC curve increases with a decrease
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Figure 4.2: Dependendence of susceptibility with temperature to the nanoparticles with 25
nm (a) e 32 nm (b), at 10 Oe. Inset shows hysteresis to LaCoO3 nanoparticles with 32 nm
at 200 K[78].
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in the temperature, which is a ferromagnetic behavior. All the nanoparticles presented TC
= 85 K. Figure 4.4 shows the magnetization as a function of the magnetic field, measured at
5 K, to several nanoparticle sizes. The hysteresis confirm the ferromagnetic ordering at low
temperatures in these samples [79].

Figure 4.3: Magnetization curve as function of temperature of LaCoO3 nanoparticles of
different sizes [79]. ZFC is the closed circle and the FC is the open circle.

Figure 4.5 shows the FC-ZFC curves at 100 Oe, where it is possible to observe transition
and that TC decreases along with a decrease in the nanoparticle size. Figure 4.6 shows the
FC-ZFC curve at 500 Oe to 80 nm nanoparticles. The FC curve exhibits a ferromagnetic
behavior below TC (around 85 K). The ferromagentism of the nanoparticles in temperatures
below 85 K becomes evident, observing the hysteresis in figure 4.7, where it is not observed
in the bulk form.

4.3 X-Ray diffraction results

Using the values of [85] and using equations 2.21 and 2.22, we obtain the value for
Gt = 0.899 and F0 = 0.439 for LaCoO3, which confirms that the structure possesses
rhombohedral symmetry and is crystallized in the perovskite structure, according to table
2.1.

For the purpose of this work, the La1−x�xCo3+
1−xCo4+

x O3 series and LaCo1−x�xO3

series (where x = 0, 0.04, 0.08, and 0.12 and �x is the vacancy) were refined using FullProf
to study the stability of vacancies.

As stated in section 2.2, the octahedral factor is important for the characterization
of the stability of the structure, and if there is a vacancy in the Co>0.03 site, there is
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Figure 4.4: Magnetization curve as function of the magnetic field of LaCoO3 nanoparticles
with different sizes [79], measured at 5 K.

Figure 4.5: Magnetization curve as function of the temperature of LaCoO3 nanoparticles
[84], at 100 Oe.
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Figure 4.6: Magnetization curve as function of temperature of LaCoO3 nanoparticles with
80 nm [83], at 500 Oe .

Figure 4.7: Magnetization curve as function of the magnetic field at 5 K, 25 K e 100 K
for the LaCoO3 nanoparticles [83].
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no stability in it as the value of Fo < 0.425 leads to a non-formation of the structure.
Therefore, in the LaCo1−x�xO3 series, we can see that the desired compound was not formed
but a biphasic compound that has LaCoO3 combined with La2O3. In this case, as the
structure does not form according to the desired stoichiometry, excess lanthanum bonds with
atmospheric oxygen to create lanthanum oxide with LaCoO3. Figures 4.8, 4.9 and 4.10 show
the diffractograms of LaCo0.96�0.04O3, LaCo0.92�0.08O3, and LaCo0.88�0.12O3, respectively,
and it is possible to observe the composition percentage of each sample. The amount of
lanthanum oxide is correlated with the amount of vacancy on the structure.

Figure 4.8: Experimental and Rietveld refinement for the sample LaCo0.96�0.04O3, obtained
with Cu-Kα radiation at room temperature. It is possible to see that the compound presented
an impurity of lanthanum oxide due to excess of free lanthanum on the structure.

Therefore, the work lies on the La1−x�xCo3+
1−xCo4+

x O3 series as the lanthanum position
on the structure support vacancies up to 12 % on lanthanum site. Was used I12/a1 space
group (ICSD number 13) as seen in figure 4.12, instead of R− 3C space group commonly
used for the LaCoO3, since the lower symmetry, which could allow some distortion in it to
accept vacancies in the lanthanum site. Figure 4.11 shows the diffractograms of LaCoO3,
La0.96�0.04Co3+

1−xCo4+
x O3, La0.92�0.08Co3+

1−xCo4+
x O3, and La0.88�0.12Co3+

1−xCo4+
x O3. It is

important to note that this symmetry has the following wyckoff positions: O1 occupy 4e
(0.25, y, 0), O2 occupy 8f (x, y, z), Co1 occupy 4c (0.75, 0.25, 025), and La1 occupy 4e
(0.25, y, 0), and as we can see, the positions of the ions will be determined by the refinement
process. It will play an important role at the discussion. Figure 4.12 shows the position of
each ion, which is relevant to know that O1 represents the apical position and O2 represents
the equatorial position in CoO6. The refinement of the compounds can be seen in the
appendix, from figures A.1 - A.4.

Based on the refinement process, it is possible to obtain lattice parameters and wyckoff
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Figure 4.9: Experimental and Rietveld refinement for the sample LaCo0.92�0.08O3, obtained
with Cu-Kα radiation at room temperature. It is possible to see that the compound presented
an impurity of lanthanum oxide due to excess of free lanthanum on the structure.

Figure 4.10: Experimental and Rietveld refinement for the sample LaCo0.88�0.12O3,
obtained with Cu-Ka radiation at room temperature. It is possible to see that the compound
presented an impurity of lanthanum oxide due to excess of free lanthanum on the structure.

positions (tables 4.2 and 4.3). The refinement parameters Rwp, Rexp, and χ2 are listed in
table 4.4.

Although the value of lattice parameters decreases by increasing the vacancy (figure
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Table 4.2: Lattice parameters for all samples produced. Values obtained using FullProf
suite and the Rietveld refinement to the diffraction patterns. We have used the I12/a1 space
group, where α and γ are 90 o.

Cell parameters

x a b c β

0.00 5.3789(5) 5.4418(7) 7.6575(9) 90.97(6)

0.04 5.3761(4) 5.4401(3) 7.6539(4) 90.98(5)

0.08 5.3776(6) 5.4397(7) 7.6522(1) 90.99(8)

0.12 5.3554(7) 5.4186(4) 7.6018(3) 90.95(3)

Table 4.3: Wyckoff positions for all samples produced. Values obtained using FullProf
suite and the Rietveld refinement to the diffraction patterns. We have used the I12/a1 space
group.

Wyckoff positions

x X Y Z

La 0.25 0.25570 0

0.00 Co1 0.75 0.25 0.25

O1 0.25 -0.19531 0

O2 -0.02774 0.02522 0.23444

La 0.25 0.24732 0

0.04 Co1 0.75 0.25 0.25

O1 0.25 -0.27129 0

O2 0.00584 0.06759 0.22411

La 0.25 0.24773 0

0.08 Co1 0.75 0.25 0.25

O1 0.25 -0.27463 0

O2 0.06341 0.05575 0.22394

La 0.25 0.25263 0

0.12 Co1 0.75 0.25 0.25

O1 0.25 -0.27007 0

O2 -0.02558 0.44505 0.17
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Figure 4.11: Diffratogram of La1−x�xCoO3 samples obtained with Cu-Kα radiation at
room temperature, using the I12/a1 space group.

Figure 4.12: Left: Structure of the LaCoO3 considering the monoclinic I12/a1 (number
13) space group. Note that the CoO6 octahedra in this structure are represented by the blue
polyhedra. Right: CoO6 octahedron to emphasize the equatorial and apical bonds. The
equatorial area associated to the elasticity parameter σ is also shown.

4.13), c parameter decreases faster than a and b, which implies some distortion on the
octahedron CoO6.
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Table 4.4: Refinement parameters Rwp, Rexp and χ2 for La1−x�xCoO3 series.

x Rwp Rexp χ2

0 37.5 30.7 1.50

0.04 30.50 26.57 1.32

0.08 21.60 15.79 1.87

0.12 27.30 21.44 1.62

Figure 4.13: Lattice parameters as a function of the lattice vacancy x for the La1−x�xCoO3
samples. The lines shall guide the eye. From these results we had an indication that the
CoO6 octahedron contracts due to the Jahn-Teller effect.

For this, we introduced the elasticity parameter :

σ = 2d√
A
, (4.1)

where d represents the Co1-O1 distance (apical distance), and A is the equatorial area defined
by O2 (figure 4.12). σ defines the interpretation of distortion as mentioned before.Therefore,
the interpretation is σ = 1 there is no distortion; σ > 1 implies that the apical distance
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Table 4.5: Oxygen-cobalt distances for La1−x�xCoO3 samples obtained from Rietveld
analyses. Note the equatorial area results from Co1-O2 distances.

La vacancy, x Co1-O1 distance (Å) Equatorial area (Å2)

0.00 1.9373 14.8544

0.04 1.9169 14.8912

0.08 1.9177 15.6134

0.12 1.9035 15.7534

is higher than equatorial, and it is an axial elongation; and σ < 1 implies that the apical
distance is lower than equatorial, and it is an axial compression. Using the Vesta software,
it is possible to measure the distance between the ions, and the distances obtained are listed
in table 4.5.

Figure 4.14 shows the dependence of σ on vacancy x, and as the parameter is lower than
1, this indicates compression on the octahedron, while increasing the vacancy on lanthanum
sites. This arouses an important phenomenon based on Jahn-Teller effect, which implies a
detailed discussion about spin state and magnetostructural coupling that will be discussed
throughout the study.

4.4 Magnetic Measurements Results

As seen in section 2.2.4, the Jahn-Teller effect has implications on spin-states. Therefore,
a possible Co spin configuration can be discussed. Some denominations are necessary as the
non-distorted symmetry is known as Oh and the compressed or elongated is D4h, we are
going to follow the Mulliken notation to the orbitals of the D4h symmetry. The situation
of the samples is facilitated as we already know the symmetry (compressed); therefore,
translating it to spin state, we have Co3+ in high-spin and Co4+ (table 2.2).

The table lists all possible configurations, but as we know from Jahn-Teller effect,
the spin states with orbital momentum l 6= 0 will suffer distortions and will be discarded
(strike-through) among the possibilities that left (blue arrows); we focus on the compressed
one (blue configuration). Therefore, the series presents Co3+ ions (with a molar fraction of
1− x) on the tetragonal D4h-compressed high spin state, and the Co4+ ions (with a molar
fraction of x) on the tetragonal D4h-compressed intermediate spin state. So far, no magnetic
measurements have been performed to foment the discussion, but we have ideas to what we
can expect: two sublattices, one constituted of Co3+ ions and another of Co4+ ions.

The LaCoO3 bulk does not exhibit magnetic behavior; therefore, any result showing
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Figure 4.14: Elasticity parameter smaller than one to confirm that, in fact, the CoO6
octahedron contracts upon increasing of La defects. The line shall guide the eye.

long range ordering derives from the vacancies, and the magnetization as a function of field
measurements at 4 K proved it. As shwon in figure 4.15, all the samples have hysteresis,
but the one at LaCoO3 is caused by minor amount of Co3+ ions in the Oh symmetry with
an orbital degree of freedom and, consequently, a zero-field splitting (ZFS) term to the
Hamiltonian. The inset relates saturation magnetization (MS) and remanent magnetization
(MR) with the vacancies, and it shows that increasing the vacancies, the MS and MR increases
as well. These behavior may occur owing to the presence of Co4+, assuming that at 4 K, all
the species are in low spin state as Co3+ does not contribute to spin.

FC magnetization performed at 200 Oe (figure 4.16;left axis) exhibits TC close to 83
K (obtained from dM/dT not shown), and this value is consistent with nanoparticles of
LaCoO3, thin films, and surface effects. From the FC curves, it was possible to obtain the
susceptibility curves(figure 4.16-right axis), in order to obtain peff , θp, and s spin-associated
values of the compounds (table 4.7). The ZFC and FC magnetization of the La1−x�xCoO3

samples are shown in figure 4.17. For the x = 0.12 sample, hysteresis was perfomerd at 4, 10,
50, 80, and 300 K (fig 4.18), and we can see that the sample exhibits a magnetic behavior
below TC as expected, and at 300 K, it exhibits a paramagnetic behavior. It is possible to
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Table 4.6: Possible spin configurations and the corresponding spin and orbital (s,l) values,
considering a tetragonal distortion (D4h symmetry: compression on the left and elongation
on the right) of the octahedral environment (Oh symmetry: on the center). Strike-through
configurations are those unfavorable due to the need of an extra Jahn-Teller effect. Favorable
distortions are those in which the blue double arrows point to. The configurations in blue
are those in accordance to the experimental results from figure 4.13.

D4h (comp.) Oh D4h (elon.)
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1gb
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Figure 4.15: Magnetization as a function of magnetic field for all samples at 4 K. The
hysteresis (see insets for further details of coercive field and remanent magnetization), is a
consequence of the zero-field splitting of a minor fraction of Co(III) in an octahedral Oh
environment.
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observe a clear spin crossover between 10 and 50 K and the vanishing of hysteresis at T>80
K. Therefore, performing a cursory analysis, we can see that the long magnetic ordering
arises when we induce vacancies in the structure. However, we are interested in a deeper
understanding of the behavior of these samples.

Figure 4.16: Left axis: Field cooled magnetization (200 Oe) with a TC = 83K, obtained
from dM/dT - not shown. Right axis: experimental reciprocal magnetic susceptibility. Inset:
magnetization for the parent compound LaCoO3.

Figure 4.17: ZFC and FC magnetization as function of temperature of La1−x�xCoO3
samples performed at 200 Oe.

The fact that the s spin-associated value does not match the value of Co3+ indicates
two possible situations: There is a mixing of states, with a higher occupation of high-spin of
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Figure 4.18: Magnetization as a function of magnetic field for x = 0.12 and several
temperatures. The fact of the 4 K and 10 K curves lies under the 50 K and 80 K indicates a
presence of spin-Crossover on the material.

Table 4.7: Magnetic parameter values of La1−x�xCoO3 (x=0.04, 0.08 and 0.12) obtained
from a fit of Curie-Weiss law on the susceptibility as function of temperature. It is possible
to observe the behavior of the parameter as function of the vacancy.

x C×10−4 (µBK/Oe.FU) θp (K) peff (µB/FU) s

0.04 2.246 -137.4 3.167 1.160

0.08 2.5416 -133.0 3.369 1.257

0.12 2.6567 -151.0 3.444 1.293

Co3+, or there are two sublattices formed by Co3+ and Co4+ induced by lanthanum vacancies.
Onward, we are going to sustain the last hypothesis, which has previously appeared. The
negative value of peff exhibits magnetic behavior where two sublattices are aligned anti-
parallelly as ferrimagnetic, in which the long-range magnetism at low temperature is caused
by the presence of Co4+, with an interaction between cobalt and different oxidation states.

4.5 Model

The theoretical-experimental connections were developed based on the with mean field
theory (MFT), which assumes that one spin interacts equally with any other spin on the
crystal regardless of the distance. The magnetic field felt by a particle must encompass the
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contribution of the applied magnetic field and spins. Thus, the magnetic field of induction
based on the MFT that one particle feels is

B = B0 + λM, (4.2)

where ~B0 is proportional to the applied magnetic field (B = µ0H), M is the total magneti-
zation, and λ is the parameter that rules the strength of the interaction among the spins
with in its field.

From equations mentioned in section 2.1, we can now extend to long-range ordering
with MFT. The magnetization based on long-range ordering can be rewritten as

M = NgjµBBj
[
gjµB
kBT

[B0 + λM ]
]
. (4.3)

To determine the Curie temperature TC , we must zero in B0, and the magnetization
has to be small; therefore, with B = B0 and T = TC , we derive

TC = Ng2µ2
Bj(j + 1)λ
3kB

. (4.4)

It is important to note that TC is proportional to parameter λ.

We have considered two-sublattices of Co3+ and Co4+ in the system as proposed, and
from now, Co3+ will be set as Co(III) and Co4+ as Co(IV). Therefore, the effective field that
acts on each sublattice can be defined as

BIII = B0 + αλMIII − λMIV (4.5)

BIV = B0 + βλMIV − λMIII , (4.6)

where BIII is the field that the sublattice of Co(III) feels, and in a similar way, BIV is the
field that the sublattice of Co(IV) feels.

These equations can be understood as two sublattices, one of Co(III) and other of
Co(IV), which are aligned antiparallelly, with the effective field of Co(III) depending on
the spins of Co(III) and Co(IV) and the effective field of Co(IV) depending on the spins of
Co(IV) and Co(III). By the parameters, it can be observed that λ rules the coupling between
the sublattices and is negative owing to antiparallel coupling. The parameters α and β rules
the strength of each sublattice: α for Co(III) and β for Co(IV), and the value will say the
manner of the intra-sublattice coupling (parallel or anti-parallel).

As seen before, the total magnetization 4.3 can be rewitten for two sublattices as:

Mi = NigijiµBB
[
gijiµB
kBT

Bi

]
(4.7)
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Table 4.8: Output parameters from the fitting of equation 4.9 to the experimental data
presented in figure 4.16-right axis. [χ0] = µBK/FU-Oe

x χ0 × 10−7 β α

0.04 -1.7(4) 3.2(4) -0.62(1)

0.08 -2.1(2) 1.4(1) -0.57(1)

0.12 -1.8(2) 0.4(1) -0.56(1)

with Bi being the effective field described on equation 4.5 and 4.6, Ni the number of atoms,
gi the Landé factor and ji the total angular momentum eigenvalue for the sublattice i (that
stands for either III or IV).

The Curie temperature can be obtained as:

Tc = λ

2µ0
{(αCIII + βCIV ) +

[
(αCIII − βCIV )2 + 4CIIICIV

]1/2}
(4.8)

where Ci (equation 2.7) is the Curie constant of each sublattice i. With this model, it is
possible to obtain the magnetic susceptibility, which can be defined

χ = µ0
(C̄III + C̄IV )T − C̄IIIC̄IV λ(2 + α+ β)

T 2 − λ(αC̄III + βC̄IV )T + C̄IIIC̄IV λ2(αβ − 1)
+ χ0, (4.9)

where C̄ = C/µ0 and χ0 is a temperature-independent variable (from residual diamagnetism).

Equation 4.9 will be used as comparison with the experimental data of section 4.4, and
then, the parameters α and β will be determined, while λ can be eliminated using 4.8, and
TC will be a fixed value,which has been determined experimentally. Equation 4.9 fitted
magnetic measurements (from figure 4.19) with only three fitting parameters, which are
listed in table 4.8, and the result is an excellent fit, as shown in figure 4.19.

Based on this results, we can note important points.

1. The low values of χ0 comparing with magnetic moment indicates a quite small amount
of diamagnetic specimen, that is a residual amount of LaCoO3 with octahedral Oh
symmetry.

2. The negative values of α indicates that the sublattices Co(III) are anti-parallel, for all
values of x.

3. The positive values of β indicates that Co(IV) the sublattices Co(IV) are parallel, for
all values of x, and there is a decrease of the strength while increasing the x (amount
of Co(IV)).
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Figure 4.19: Fitting of the inverse magnetic susceptibility as function of temperature for
La1−x�xCoO3 samples.

Analyzing the magnetization as function of magnetic field (fig 4.18), we can see the low
value of the saturation magnetization comparing to the expected [(1−x)gIIIjIII+xgIV jIV ] µB,
that is close to 3.88 µB for x = 0.12 (considering g = 2 and j = s) and the reason is due to
the negative values of α. α, as seen before, rule the ordering of Co(III) sublattice so, since it
is negative, the magnetic moments in this sublattice are aligned in an anti-parallel fashion,
decreasing therefore the net magnetization of the specimen.

Finally, the JTE is responsible for a local distortion that promotes other mechanisms
able to promote the ferromagnetism discussed along this chapter. The free parameter of this
model, that rules the strength of magnetic iteration, is compensating the possible inaccuracy
of Co(III)/Co(IV), due to deviation of the oxygen stoichiometry. The XANES technique
would be able to determine the Co(III)/Co(IV) ratio, and it is the perspective of this work.

4.6 Partial conclusion

The nanoconfinement of LaCoO3 led the material from diamagnetic at low temperature
to long range magnetic ordering, with critical temperature close to 83 K. We have prepared
vacant bulk samples of the kind La1−x�xCo3+

1−xCo4+
x O3 (x=0.12, 0.08, 0.04 and 0.00) to

show that it is a consequence of the magnetostructural coupling (mainly Jahn-Teller effect),
due to the vacancies on the surface of the nanoparticles.

The X-ray indicated a compression on the octahedron CoO6 based on the elasticity
parameter so, the Jahn-Teller effect raise an important role on the distortion of the CoO6 and
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the symmetry changes from e0
gt

6
2g (Oh symmetry) to a1

1gb
1
1ge

2
gb

2
2g (D4h symmetry). The model

based on the mean-field theory supported the fraction of Co(III) and Co(IV), as well the
fashion of the arrangement of material. The model sustained that the Co(III)/Co(IV) intra-
lattice alignment is anti-parallel/parallel, while the net magnetization of Co(III) and Co(IV)
sublattices interacts in an anti-parallel manner, promoting a ferrimagnetic arrangement with
a critical temperature close to the one seen on LaCoO3 nanoparticles.

Concluding, the long-range magnetic ordering is due to a magnetostructural coupling
owing to Jahn-Teller effect, that raises as consequence of the vacancies induced in the lattice.



Chapter 5
Stable full Heusler hexagonal phase on
Fe2MnSi1−xGex

5.1 Objectives

Why is it important to stabilize an hexagonal Heusler alloy? Are hexagonal Heusler
alloys promising for technological application? To answer these questions, it is important to
highlight that Heusler alloys have been the focus of research over several decades, and more
recently mostly on spintronic devices [47] owing to its half-metallicity, with the spin polarized,
e.g., spintronic devices. Winterlike et. al. [86] says, for example, that distortion along the z
axis favors the perpendicular magnetocrystalline anisotropy, and this configuration would be
used to improve high-density spin-transfer torque (STT) applications. Other applications are
related with magnetostructural transition [87, 88]. The properties of Heusler alloys, cubic and
tetragonal, the most studied so far, showed a strong dependency on the magnetostructural
coupling, which leads to the application of magnetic memory shape and magnetocaloric
effect.

The existence of a magnetostructural correlation investigation in Heusler alloys driving
by other crystal symmetry, such as hexagonal as seen on [89] raised a questioning: What was
the physical - or chemical - property that led a well known cubic compound to crystallize
with hexagonal symmetry? The answer for this question was not answered, but Cheng et.al.
[90] revealed that the increase in the Fe2MnSi unit cell volume through chemical substitution
of Si, by elements with larger atomic ratios, favor the system stabilization in a hexagonal
DO19 phase at high temperatures; and such structure should exhibit an enhanced magnetic
anisotropy. For this reason, Ge was chosen as Si-substitutional element to stabilize the
hexagonal phase with Fe2MnGe, and hence, the magnetic and structural interplay of these
systems has been investigated. A novel hexagonal structure with a full Heusler compound
can optimize and discover new material properties.

To achieve this, Fe2MnSi1−xGex was synthesized by the arc-melt method, with x = 0.04,
0.06, 0.15, 0.40, 0.60, 0.70, 0.80, 0.90, and 1. It is important to clarify that x = 0 corresponds
to the well know cubic Fe2MnSi, while x = 1 is the hexagonal Fe2MnGe. The main goal
is to present a secure route to an hexagonal full Heusler synthesis and their magnetic and
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strucutral properties.

5.2 State of the Art

The search for a full Heusler alloy with a hexagonal structure is recent. Motivated
by the studies on the compound Fe3Ge, which presented phase transition between A2 and
D03 with ball-mill synthesis [91], Zhang et. al. [92] synthesized a full Heusler hexagonal
for the first time. The compound Fe2MnGe was obtained by ball-milling, and D03 to D019

transition was observed at 900 oC. After the synthesis, Fe2MnSi1−xGex was prepared by
solid-state diffusion method, and for x > 0.5, a mixture of D03 and D019 was present in
the sample. A clear Curie temperature value was obtained for the samples, with the TC to
the Fe2MnGe being above 400 K, 200 K higher than the found on L21 Fe2MnSi, and was
supposed that the presence of Si on the structure is the responsible to the residual cubic
phase in the mixture range. The lattice parameters of the new compound were a = b =
5.1969 Å and c = 4.224Å. The saturation magnetization goes from 2.4 µB/f.u on cubic
Fe2MnSi to 4.96 µB/f.u presented on the hexagonal Fe2MnGe.

In 2008, Checca et. al. [89] stabilized a hexagonal phase in a full Heusler alloy.
Curiously, the compound stabilized was Fe2MnSi, known to be cubic. The pulsed laser
deposition method were used by the group, resulting in a nanoparticle. The change in the
structure increased the Curie temperature to 295 K, while on the saturation magnetization,
the nanoparticles core-shell structure masks the magnetic contribution. This transition was
associated with a surface strain caused by the volume confinement maybe driven by the
pressure on the chamber.

Paralleling, Keshavarza et. al. [93] looked for corroborate that the D019 phase was
stable at room temperature in the Fe2MnGe compound, and for this, as the ball milling
can stabilize metastable phases, the autor synthesized by arc-melting furnace, samples of
polycristalline Fe2MnGe. The compound crystallized in the expected hexagonal D019, with
lattice parameters of a = b = 5.22 Å and c = 4.24Å, close to the value obtained with
ball-milling. The Curie temperature was 505 K, with a MS of 5 µB/f.u, twice the value
of Fe2MnSi. This large moment allied with the magneto-crystalline anisotropy makes this
compound a strong candidate for spintronic applications. The figure 5.1 shows the structure
obtained with X-ray diffraction, with Wyckoff positions being 6h for Fe and Mn, with
occupancy of 2/3 and 1/3 respectively, and 2c for Ge, with occupancy 1, which agrees with
the parent Fe3Ge [94].

The authors observed a possible low temperature transition with neutron diffraction,
but the exact phase related to this transition could not be determined. The magnetic
behavior of the compound is shown in figure 5.2.

The phase estability of Fe2MnGe was studied by Meng et. al. [95], as well as the
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Figure 5.1: Cystral structure obtained for polycristalline Fe2MnGe, with lattice parameters
a=b=5.22 Å and c=4.24Å [93].

magnetic properties of cubic and hexagonal phases. Based on DFT calculations, the authors
discussed the magnetic moment of Fe2MnGe pertaining to cubic and hexagonal phases, and
the simple change in the simmetry increases the total magnetization from 3.00 µB/f.u to
6.17 µB/f.u, and it is related with the large and parallel coupled spin moments of Fe and
Mn on the hexagonal structure as Fe and Mn have a partial spin moment larger than 2.00
µB/f.u.

To understand the role of each ion in the structure, we can refer to the (Fe,Mn)3(Ge,
Si) family to observe the relation between magnetism and the structure. Starting with the
hexagonal Fe3Ge, this compound is ferromagnetic and has properties of TC=640 K and
MS=5.80 µB/f.u, where each Fe atom possesses 2 µB [96]. Albertini et. al. [97] performed a
20 % substitution on Fe with Mn and observed the decrease in TC to 490 K and the magnetic
moment per Fe atom from 2.15 µB to 1.75 µB. Fe3Ge has a planar anisotropy of up to 380
K, when it becomes axial [98]. Although this has not been clarified by the authors, both TC
and MS reduce in the presence of Mn, which may be related with the change in magnetic
anisotropy.

Knowing the role of Mn substitution in Fe3Ge, it is expected that TC and MS values in
Fe2MnGe to be lower than the Fe3Ge ones. Keshavarz et.al [93] synthesized the hexagonal
ferromagnetic Fe2MnGe and achieved TC=428 K and MS=5.5 µB/f.u, in agreement with
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Figure 5.2: Magnetization as function of magnetic field applied at the top to several
thermal treatments, and the magnetization as function of temperature at bottom. Inset
shows the Curie temperature of the sample.[93].

the theoretical study by K. Meng et al. [95]. When Fe is substituted by Mn, we obtain
the ferromagnetic Mn3Ge compound, which has the hexagonal structure as the compounds
exposed before. As expected, the values of TC=365 K and MS=3.89 µB/f.u [99] are lower
than that of the other compounds that contain Fe.

Figure 5.3 shows the achievement of the hexagonal compounds by replacing Fe with
Mn. The three compounds at the top (Fe3Ge, Fe2MnGe, and Mn3Ge) are hexagonal, while
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the three at the bottom (Mn3Si, Fe2MnSi, and Fe3Si) are cubic. The compounds on the
right are the Mn-rich while on the left are Fe-rich. The hexagonal structures are related with
Ge ions, while the cubic structures are related with Si. Therefore, it is possible to obtain the
cubic phase from hexagonal by substituting Ge by Si in the (Fe,Mn)3(Ge,Si) family.

Figure 5.3: (Fe,Mn)3(Ge,Si)

The cubic Mn3Si can be obtained from the substitution of Ge by Si in the Mn3Ge
compound, and this substitution leads the system to undergo on a antiferromagnetic behavior,
with TN=26 K and MS=2.08 µB/f.u.[100]. Theses values are the lowest in the (Fe,Mn)3(Ge,Si)
family. The unit cell volume per unit cell atoms of the compounds reach the higher value
on Mn3Si, with 11.69 Å3/atom, corresponding to a volume of 187.15 Å3. Comparing the
values of the critical temperature and saturation magnetization, the presence of Si in the
system causes a decrease in both the values. Shavanas et. al. [96] observed this behavior
while studying the substitution of Ge by Si in the Fe3Ge compound. Compared withFe3Ge
(TC=640 K, MS=5.80 µB/f.u), 6% substitution of Ge by Si led the system to TC=595 K and
MS=5.75 µB/f.u. The presence of Si decreased TC as well the MS , and it was associated with
the change in the magnetic anisotropy from planar to uniaxial, as seen in the substitution of
Fe by Mn in the same compound.

The cubic Fe2MnSi can be compared with Mn3Si, where Mn2 is substituted by Fe2.
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Table 5.1: Curie temperature (TC), magnetic saturation (MS), unit cell volume (V), volume
per atom of the unit cell (V/atom) and valence electron per unit formula (n/f.u.) for some
Heusler compounds presenting cubic and hexagonal structures collected from the literature.

Compound Phase
TC
(K)

MS

(µB/f.u.)

V

(Å/atom)

V/atom

(Å/f.u.)

n/f.u.

(e/f.u.)
Ref.

Fe3Ge Hex 640 5.80 98.140 12.26 28 [96]

Fe3Ge0.94Si0.06 Hex 595 5.75 112.57 14.07 28 [96]

Fe2MnGe Hex 428 5.50 115.53 14.44 27 [93]

Mn3Ge Hex 365 3.89 123.19 15.39 25 [99]

Fe3Si Cub 530 4.79 181.80 11.36 28 [102]

Fe2MnSi Cub 220 2.50 181.60 11.35 27 [103]

Mn3Si Cub 26 2.08 187.15 11.69 25 [100]

This ordering leads TC to 220 K and MS to 2.5 µB/f.u [101], with both values higher than
seen on Mn3Si. As exposed, the presence of Si in the structure substituting Ge leads to
a decrease on both TC and MS values. The cubic Fe3Si has the value of TC=530 K and
MS=4.79 µB/f.u. [102] lower than the Fe3Ge but higher than the Mn3Ge values, as expected.

In summary, the presence of Fe and Ge increases TC and MS compared with Mn and
Si, respectively. The origin of this behavior in hexagonal structures is related with a change
in magnetic anisotropy, going from planar to an uniaxial anisotropy. The valence electron
number is related with TC and MS values as Fe3 has 28 valence electrons, Fe2 compounds
has 27, and the Mn3 has 25 valence electrons.

Table 5.1 shows all the values presented in this discussion.

5.3 X-Ray diffraction results

The Rietveld refinement performed on Fe2MnGe using Fullprof, revealed a single
hexagonal phase, considering Fe3Ge as a base to index the peaks with the Mn ion sharing
the site with an Fe ion. The diffractogram (figure 5.4) shows the compound crystallized in a
hexagonal structure (P63/mmc space group no 194), with the structure shown in figure 5.5
and the lattice parameters listed in table 5.2. The refinement parameters obtained were U =
0.1649, V=-0.0129, and W=0.0115, with χ2 = 2.65.

First, as predicted, the substitution of Si to Ge induced the compound to promote a
distortion needed for a structural transition from cubic (Fe2MnSi) to hexagonal (Fe2MnGe),
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Figure 5.4: Diffratogram of Fe2MnGe, obtained with Cu-Kα radiation at room temperature.

Figure 5.5: Hexagonal strucuture of Fe2MnGe

and this result, by itself, significantly impacts the understanding of Heusler alloys as ternary
full Heusler was fully structural characterized in a hexagonal structure. Going further, the
evolution from cubic to hexagonal can be better understood if the whole series is considered,
i.e, Fe2MnSi1−xGex, with x=0, 0.04, 0.06, 0.15, 0.30, 0.60, 0.70, 0.80, 0.90, and 1. Figure 5.6
shows the evolution of the transition diffractogram of the series and their respective phase
fractions, and figure 5.7 shows the phase fractions as function of Ge content. The refinement
of the compounds can be seen in appendix, from figure A.5 to figure A.14.

It is possible to observe that the cubic phase is related with the amount of Si on the
compound, as well as the hexagonal phase with Ge. This behavior is related with the
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Table 5.2: Wyckoff positions of Fe2MnGe

Wyckoff position

X Y Z occ.

Fe 0.833 1/6 1/4 2/3

Mn 0.833 1/6 1/4 1/3

Ge 1/3 2/3 1/4 1

Figure 5.6: Diffratograms of Fe2MnSi1−xGex series, obtained with Cu-Kα radiation at
room temperature. Can be seen the Bragg position related to each phase and the phase
fraction. he hexagonal phase is the P63/mmc (space group no 194) and the cubic is the L21
(space group no 225).

preference of Si to occupy the site of the cubic phase and Ge to occupy the site of the
hexagonal one. The refinements were performed considering four different phases:

1. Fe2MnSi cubic phase, where there is no Ge present on the structure
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Figure 5.7: Phase fractions of cubic and hexagonal of Fe2MnSi1−xGex family

2. Fe2MnSi1−xGex cubic phase, where the Si and Ge shares the 4b wyckoff site, and
the figure 5.8 shows how is the evolution of the occupancy on the site. The Si has
preference to occupy the 4b site.

3. Fe2MnSi1−xGex hexagonal phase, where the Si and Ge shares the 2c wyckoff site, and
the figure 5.9 shows the preference of the Ge to occupy the 2c site.

4. Fe2MnGe hexagonal phase, where there is no Si present on the structure

Considering these four phases, the refinement was able to determine that the pure
Fe2MnSi cubic phase only exists at x = 0, the well known L21 structure. Replacing Si with
Ge, the deformation has not been sufficient until x = 0.6; therefore, from x = 0 to 0.4, when
there is more Si than Ge in the structure, the mixed cubic Fe2MnSi1−xGex exists, with Ge
and Si sharing the same site. Once the amount of Ge is enough to deform the structure, the
new mixed Fe2MnSi1−xGex hexagonal phase raises from x = 0.6 to 0.9. When there is no Si
in the structure, the system stabilizes with a pure hexagonal phase, i.e., Fe2MnGe.

The lattice parameters and phase fraction are listed in table 5.3. The lattice parameters
of the cubic phase as a function of Ge content are shown in figure 5.10 where, since the Ge
is bigger than Si, the introduction of Ge leads to negative chemical pressure, leading to a
rearrangement in the structure and arising the hexagonal symmetry (figure 5.11), with a
reduced unit cell volume (figure 5.12), in agreement with the predictions [95]. The refinement
parameters Rwp, Rexp, and χ2 are listed in table 5.4.
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Table 5.3: Lattice parameters and phase fraction of Fe2MnSi1−xGex series

x Hexagonal Cubic

a,b (Å) c (Å) V (Å3) % phase a,b,c (Å) V (Å) % phase

0 - - - 0 5.672 182.47722 100

0.04 - - - 0 5.6696 182.24569 100

0.06 - - - 0 5.6685 182.13963 100

0.15 - - - 0 5.68058 183.30619 100

0.40 - - - 0 5.70699 185.87544 100

0.60 5.190 4.211 98.251 3.13 5.73007 188.139 96.87

0.70 5.190 4.22 98.52 52.31 5.72675 187.812 47.69

0.80 5.196 4.22 98.89 78.3 5.73452 188.578 21.7

0.90 5.198 4.23 99.025 98 5.73455 188.58 2

1.00 5.207 4.240 99.61 100 - - 0

Table 5.4: Refinement parameters Rwp, Rexp and χ2 for Fe2MnSi1−xGex series.

x Rwp Rexp χ2

0 2.32 1.76 1.74

0.04 2.86 2.43 1.38

0.06 2.90 2.43 2.08

0.15 3.28 2.58 1.62

0.40 3.85 3.27 1.38

0.60 2.26 1.68 1.82

0.70 3.19 2.81 1.29

0.80 1.98 1.74 1.30

0.90 1.97 1.40 1.96

1 2.69 1.65 2.65
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Figure 5.8: Occupancy of Ge and Si on Wyckoff 4b site in the cubic structure. It is possible
to observe the preference of the Si to occupy the cubic phase.

Figure 5.9: Occupancy of Ge and Si on Wyckoff 4b site in the cubic structure. It is possible
to observe the preference of the Ge to occupy the hexagonal phase.

5.4 Magnetic Measurement Results

The introduction of Ge ions in the cubic structure, replacing Si ions, promotes changes
in the crystal structure and, consequently, its magnetic properties. Magnetization as a



Chapter 5. Stable full Heusler hexagonal phase on Fe2MnSi1−xGex 75

Figure 5.10: Lattice parameters of cubic phase of Fe2MnSi1−xGex. It is possible to observe
that the lattice parameters increases linearly with Ge content

Figure 5.11: Lattice parameters of cubic phase of Fe2MnSi1−xGex. It is possible to observe
that the lattice parameters of the hexagonal D019 increases linearly with Ge content as well.

function of temperature (figure 5.13) was performed with a applied field of 200 Oe, and
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Figure 5.12: Volume of Fe2MnSi1−xGex phases as function of Ge content. It is possible to
observe that the negative pressure caused by the substitution, leads the rearrangement and
lowering the volume.

following the structural characterization, it is possible to observe the transition temperatures
of all the samples. The samples below x = 0.6 shows one transition temperature (related to
the cubic phase), and for x = 0.6 to 0.9, it is possible to observe two transition temperatures
(related to the cubic phase and hexagonal phase), and lastly, for the sample x = 1 (Fe2MnGe),
there is one transition temperature related to the hexagonal phase. TN of the samples from
x = 0 to 0.6 represents Neel temperature of the antiferromagnetic Mn ions. Magnetization
as a function of temperature agrees with structural characterization measurements done by
X-rays diffraction.

TC of the cubic phases are roughly constant with x, which means that the Curie
temperature of the cubic phase does not depend on Ge, but considering the hexagonal
structure, the value increases linearly with x, suggesting that the Curie temperature and the
amount of Ge are connected. TC goes from 358 (x = 0.6) to 428 K (x = 1) and it changed
the symmetry from cubic to hexagonal, which led to an increase in TC from 220 to 428 K,
i.e., almost 100% increase.

Ge plays an important role in TC , and has originated in the magneto-crystalline
anisotropy. With magnetization as a function of magnetic field, it is possible to obtain Hanis
and the effective anisotropy constant Keff . The curves of magnetization as a function on the
applied magnetic field are shown in figure 5.14, and it is important to emphasize that all the
measurements were performed just above TN . Therefore, the value will not be understimated
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Figure 5.13: Magnetization as function of temperature and Ge content of Fe2MnSi1−xGex
series. The precense of two critical temperature corroborates the results obtained from the
crystallography.

owing to an antiferromagnetic behavior. The curves above x > 0.6 were measured at 5 K.

Figure 5.14: Magnetization as function of magnetic field of Fe2MnSi1−xGex series
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With this curves can be noted an remarkable feature, which is the increase of the MS

(shown better in figure 5.15). The value of MS has been enhanced by 197% as it increases
from 2.3 µB/f.u in the cubic Fe2MnSi to 5.5 in the hexagonal Fe2MnGe. This huge difference
is caused by the symmetry as in the L21 structure, the Fe and Mn ions occupy the 8c and
4a Wyckoff positions, with Mn carrying most of the magnetic moment but, when looking to
the D019 hexagonal phase, magnetic ions share the same 6h site. Therefore, the neighbor of
Fe in hexagonal symmetry induces changes in orbital occupancy, which leads to a magnetic
moment in the same magnitude of Mn atoms. The Fe/Mn subllatice is coupled ferromagnetic,
resulting in large saturation when comparing with cubic phase. The value of saturation
magnetization of the samples was obtained using 1/H extrapolation to infinity field; Figure
5.16 illustrates the linear fit for Fe2MnGe.

Figure 5.15: Saturation magnetization of the Fe2MnSi1−xGex series, where the MS of x=1
shows a value of 197% comparing with the MS of x=0.

Figure 5.17 shows the curves of second derivative to obtain Hanis. The values were
used to calculate the dependence of effective anisotropy constant Keff (figure 5.18) of the
Fe2MnSi1−xGex series with x, to x > 0.6.

The effective anisotropy constant is obtained using the equation: Keff=HanisMS/2
[104]. It can be seen that Keff increases with the Ge content, reaching a maximum value
of 1.0 x 103 J/m5 for the pure hexagonal Fe2MnGe. This value is close to 1.0 x 103 J/m5

reported by [93] for the Fe2MnGe sample. As discused in chapter 1, considering the positive
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Figure 5.16: In order to obtain the value of saturation magnetization, the field was
extrapolated to infinity from the inverse of magnetic field as function of magnetization. This
data is for Fe2MnGe (x=1).

Figure 5.17: Hanis obtained from the singular point detections technique of the
Fe2MnSi1−xGex series to x > 0 in order to investigate the Keff

values of Keff=K1+2K2 [105], there are two possible scenarios for anisotropy: if K1 < 0, we
have an easy-axis magnetization, or if K1 > 0, an easy-cone behavior for magnetization [96].
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Figure 5.18: Effective magnetic anisotropy constant Keff as function of Ge content on the
series Fe2MnSi1−xGex, for x > 0.6

Albertini et al. [97] discussed the anisotropy of hexagonal Fe3Ge upon substitution
of Ge by Mn and observed a decrease in the temperature of spin reorientation from 377
to 126 K for polycrystalline (Fe0.8Mn0.2)3.25Ge. They have ascribed this result to the
weakening of the planar character of the magnetization and the presence of an easy-cone
configuration. Therefore, it is reasonable to assume that easy-cone magnetization takes place
for the Fe2MnGe sample. In this sense, an increase in the anisotropy constant Keff with
the increasing x value can be interpreted as a decrease in the angle between the easy-cone
magnetization and c-axis, i.e., an increment of the axial character of the magnetization.

Moreover, Shanavas et. al. [96] showed that, for 6% of Si substitution on the system
Fe3Ge, the decrease in TC by 45 K caused by the weakening of the planar anisotropy. This
is consistent with our observations, that TC increased from 358 to 428 K with increasing
Ge content (x = 0.60 and 1.00). Thus, it is reasonable to ascribe the observed increase
in TC within the hexagonal phase to the corresponding higher Ge content, leading to the
strengthening of the planar anisotropy.

5.5 Partial conclusion

The crystallography and magnetic structure of polycrystalline Fe2MnSi1−xGex com-
pounds were discussed. The evolution of the structure while replacing Si by Ge was observed
and Si has a preference to occupy the cubic phase, while Ge preferred to occupy the hexagonal
phase. The lattice parameters increase with substitution as Ge is larger than Si, which
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causes a negative chemical pressure. For x < 0.6, the cubic phase exists and when reaching a
limit, the hexagonal phase occurs and the value of the unit cell volume decreases. Although
the cubic phase does not seem to be sensitive to the Ge content, while observing TC or MS ,
the hexagonal phase are too sensitive. In fact, the value of MS raised 197% when changing
the symmetry, and the same phenomenom occured with TC , from 220 to 428 K.

The magnetic anisotropy plays an important role in these properties, indicating strong
magnetostructural coupling. Finally, the obtained values can be used for technological
application.



Chapter 6
Disorders in Fe2MnSi Heusler compound

6.1 Objectives

Full Heusler disorders are sensible to thermal treatment, and one way to control chemical
disorder is via heat treatment time and quench rates [106, 90, 107]. Minimizing the disorder
can lead to the enhancement of magnetic properties of this system. Therefore, a systematic
study of atomic ordering was performed on Fe2MnSi alloys using different heat treatments.
A piece of Fe2MnSi was synthesized and structurally and magnetically characterized, and
the piece was separated into four equal pieces: i) the piece as-cast was not thermally treated;
ii) the piece that was treated for 1 day in 1073 K did not quench. The cooling was from
thermal inertia, and this was the piece that was expecting to minimize the disorder; iii) the
3-day sample was annealed in 1073 K and cooled by quenching on ice; iv) the 9-day sample
was annealed in 1073 K and cooled by quenching on ice as well. The pieces that suffered
thermal treatment were placed inside a quartz tube under argon atmosphere.

Magnetic measurements were performed on the samples to clarify the disorder. It
was observed that the 1-day treated sample minimized the disorder, but it requires further
analysis.

6.2 State of the Art

Full Heusler compounds are ternary intermetallic with the chemical formula X2YZ
(where X and Y are transition metals and Z is a p-block element) and widely known owing to
their magnetic memory shape, half-metallicity, and magnetocaloric properties, making them
good candidates for technological applications [108, 109]. These properties are consequences
of a strong magnetostructural coupling, which can be affected by applied magnetic field,
temperature, pressure, or chemical composition [109]. For most full Heusler compounds,
the only structural transition that has been observed to date is from cubic to tetragonal
on heating (austenite-martensite transition). In particular, the full-Heusler Fe2MnSi with
a L21 structure presents full spin polarization at the Fermi level without following the
Slater-Pauling rule; and this fact is associated with a chemical disorder [108]. The disorder
of this compound generates from the atomic Fe and Mn sites, which is the DO3 disorder type

82
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and leads to higher Curie temperatures and reduced saturation magnetization [109]. In the
case of Fe/Si and Mn/Si sites, they are denominated as A2 and B2 disorders, respectively,
and it was shown that is not present for the Fe2MnSi [110].

6.3 X-Ray diffraction results

Using the Rietveld method from Fullprof, the X-ray diffractions were analyzed, and the
structures were refined using the Fm-3m structure with L21 ordering. As this structure has
fixed position for atoms, the only parameter that could vary is the occupancy, which will be
discussed below. Figure 6.1 shows the diffractograms of the samples, with indexed planes
and lattice parameters.

Figure 6.1: Diffratogram of Fe2MnSi samples, obtained with Co-Kα radiation at room
temperature. For the sample of 1 day, The piece was placed inside a quartz tube and the
cooling was by thermal inertia under argon atmosphere. The sample of 3 and 9 days were
performed a quench on ice.

The lattice parameter exhibits a peak for the 1-day sample (slow-cooled) compared
with the other samples (figure 6.2), and it might be associated with ordering.

X-ray is a good start to visualize the disorder from the intensity of the peaks and can
be semi-quantitatively evaluated, although the degree of disorder can be roughly estimated.
The reflection indexed by odd numbers hkl (111) is observed when the L21 structure is
present. In the case of h + k + l = 4n + 2, with even hkl (in our case (200)), the structures
B2 and L21 are present, and the fundamental diffraction h + k + l = 4n (in our case (220))
does not depend on the ordered structure, that is, can be observed even for the A2 structure.



Chapter 6. Disorders in Fe2MnSi Heusler compound 84

Figure 6.2: Lattice as function of days of treatment of Fe2MnSi. The curve shows a peak
in the sample of 1 day.

The half-metallicity is destroyed by DO3 and A2 disorders; Therefore, it is important to
avoid this type of disordering. Figure 6.3 shows a detailed view of (111) with (220) and (200)
with (220), respectively.

The peaks (111) and (200) for the 1-day sample is more pronounced compared with the
other samples. Although the DO3 disorder cannot be distinguished by this method, we can
estimate the disorder from their relativity intensities (fig 6.4).

These results show that, with regard to 1-day sample, more ordered structure is forming,
because L21 is the original structure, and the B2 structure does not diminish the half-
metallicity. As the DO3 disorder possesses high formation energy, and with the increasing
annealing temperature, the 1-day sample (also annealed in 1073 K) is expected to possess
the smaller amount of the DO3 disorder among all the samples.

6.4 Magnetic Measurement Results

Magnetic measurements were performed to clarify the dependence of disorder with the
annealing methods. The ZFC-FC curves are shown in figure 6.5, with the inverse of magnetic
susceptibility. The ferromagnetic behavior can be observed, with TC around 230 K, and
with a linear fitting at high temperature, based on Curie-Weiss law, it is possible to obtain
parameters C, peff , θp, and associated spin value s, as listed in table 6.1, considering g = 2
and j = s.
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Figure 6.3: Diffratogram of Fe2MnSi samples with a zoom in (200) and (111), where is
possible to observe the behavior of the 1 day sample, with the peaks related to (200) and
(111) are higher than the other days.

The value of the associated spin value shows that the 1-day sample has more unpaired
electrons among all the samples, and with the magnetization as a function of field data, this
result can be translated into saturation magnetization (taken from 1/H, with H → 0 - not
shown), as shown in figure 6.6. Although the values do not follow the same behavior in both
cases, it is undisputed that the 1-day sample possesses the higher value in both cases.
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Figure 6.4: Relativities intensities of 220/200 and 220/111 for Fe2MnSi samples, using the
diffratogram data. The lower the value on this graph, the smaller the difference between the
peaks, i.e, lower is the disorder.

Figure 6.5: Magnetization as function of temperature for Fe2MnSi samples.

It is known that the DO3 disorder is responsible to reduce the saturation magnetization
of the samples, while TC increases and as shown in figure 6.7, the 1-day sample presents the
highest TC value, which contradicts itself with Ms as the theoretical Ms of Fe2MnSi is 86
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Table 6.1: Magnetic parameter values of Fe2MnSi obtained from a fit of Curie-Weiss law
on the susceptibility as function of temperature.

days C×10−4 (µBK/Oe ∗ f.u) θp (K) peff (µB/f.u) s

0 6.738 241.71 5.485 3.28

1 7.062 243.16 5.616 3.36

3 6.006 247.61 5.179 3.09

9 6.626 244.64 5.444 3.25

Figure 6.6: Saturation magnetization for Fe2MnSi samples.

emu/g (or 3 µB/f.u), and the values of 0-, 1-, 3- and 9-day samples are 60.72 emu/g, 68.33
emu/g, 66.82 emu/g and 60.92 emu/g respectively, which imply that the 1-day sample seems
to be the one that presents the lower disordering DO3. The point here is that few studies do
not consider other disorders e.g., B2 and A2 which are considered in this study.

The magnetocaloric effect can be used to obtain the evidence of spin disorder on the
system; therefore −∆S as a function of temperature provides ideal system ordering. Figure
6.8 shows the behavior of −∆S as a function of temperature, and as the decrease in −∆S is
caused by structural disorder; the 1-day sample presents a more ordered system among all
the samples.
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Figure 6.7: Curie temperature as function of days of treatment of Fe2MnSi samples.

Figure 6.8: −∆S as function of temperature of Fe2MnSi samples

6.5 Partial conclusion

These discussions show a strong evidence that other kinds of disorder/structure have
an important role besides DO3, including the B2 structure, which is the candidate of the
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most relevant structure of the 1-day sample. The high energy obtained from the thermal
treatment of 9 days leads the structure to form a disorder structure in which its magnetic
properties are similar to the as-cast one and the structure presenting the higher amount of
DO3/A2 disorder.

The site occupancy can be considered to detail investigate the effect of the disorder over
the magnetic properties on this system, as the 1-day sample presented the lower occupation
value for Si-site and the 3-day the higher value, almost the same as the 9-day. With the aim
of obtaining a smaller amount of DO3 disorder in Fe2MnSi, the technique of slow cooling
that preceded a temperature of 1073 K seems to minimize the disorder, instead of ≈1273 K
with quenching in ice water.



Chapter 7
Conclusion and Perspectives

This work was motivated by magnetostructural correlations. Several samples were
synthesized to explore magnetic and structural properties. The following conclusions were
obtained:

• With regarding to LaCoO3, we developed a model to explain the properties of nanopar-
ticles. It is important to emphasize that the model developed was corroborated with
experimental results obtained in a bulk series. The discussion about this compound
were about the origin of the long-range magnetic behavior. Using the magnetostruc-
tural correlation, we expect to contribute to the discussion about this compound. We
introduced the elasticity parameter to investigate the behavior of the octahedron, which
suffers an axial compression. This is the consequence of the Jahn-Teller effect. Co3+

and Co4+ form two sub-lattices, with intra-lattice being anti-parallel/parallel, and they
interact anti-parallelly, exhibiting the ferrimagnetic behavior. Finally, we conclude that
the origin of long-range magnetic behavior is caused by the magnetostructural coupling
due to the Jahn-Teller effect, which derives as a consequence of defects introduced in
the lattice.

• The stable hexagonal Heusler Fe2MnGe has been synthesized, thereby providing a
systematic development based by on its phase diagram. The Fe2MnSi1−xGex series
was evaluated to investigate the cubic to hexagonal evolution. The substituion of Si
by Ge leads the cubic structure to expands, since Ge is larger than the Si. Until x =
0.4, only a cubic phase appear, but when there is excess of Ge in the structure, there
is such deformation that arise a hexagonal phase. We showed that Si ions prefer to
occupy the cubic phase, while Ge the hexagonal one. The most important property
observed in this work was the enhancement for the saturation magnetization, from 2.3
µB/f.u for the cubic Fe2MnSi to 5.5 µB/f.u for the hexagonal Fe2MnGe. It was found
that the symmetry and the anisotropy play an important role in this compound.

• The investigation on the disorder on Fe2MnSi is still under development, but some
important conclusions were obtained. Based on a theoretical study, an experimental
investigation was done to minimize disorders in the Fe2MnSi structure and enhance
the magnetic behavior. It was found that, as expected, the sample that not suffered

90
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quench showed a small minimization on the disorder. Results on the MCE and on the
saturation magnetization corroborate it, but it is not enough to conclude.

Perspective:

• The perspective on hexagonal Fe2MnGe Heusler alloy is investigate a possible structural
transition at low temperature, similar to a martensitic transformation. Besides that, the
evaluation to synthesize the Ni2MnGe has already been taken into consideration, since
there is theoretical calculations that indicates a possible martensitic transformation.

• Quantification on the Fe2MnSi disorder study using Mossbauer and neutrons diffraction,
allied with theoretical thermodynamical calculations. It will help point ions and vector
magnetization and, consequently, clarify the structural position of the ion and the
interaction among them.

In progress:

• The success on the synthesis of Fe2MnGe led the group to investigate Fe2MnSn,
which follows the same thoughts, with an even larger ion. Few conclusions were done
but not enough to start a chapter. The Fe2MnSi1−xSnx family were synthesized as
well. Structural and magnetic measurements were performed, and were found that
the Fe2MnSn crystallizes in an hexagonal structure, similar to the Fe2MnGe. The
compound is ferromagnetic, presenting TC in the order of 550 K and the saturation
magnetization in the order of 3.8 µB/f.u.
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A.3 Inducing long range magnetic ordering on bulk LaCoO3

with structural vacancies

Figure A.1: Diffratogram of LaCoO3

A.4 Stable full Heusler hexagonal phase on Fe2MnSi1xGex
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Figure A.2: Diffratogram of La0.96CoO3

Figure A.3: Diffratogram of La0.92CoO3
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Figure A.4: Diffratogram of La0.88CoO3

Figure A.5: Diffratogram of Fe2MnSi
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Figure A.6: Diffratogram of Fe2MnSi0.96Ge0.04.

Figure A.7: Diffratogram of Fe2MnSi0.94Ge0.06.

Figure A.8: Diffratogram of Fe2MnSi0.85Ge0.15.
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Figure A.9: Diffratogram of Fe2MnSi0.6Ge0.4.

Figure A.10: Diffratogram of Fe2MnSi0.4Ge0.60x.

Figure A.11: Diffratogram of Fe2MnSi0.30Ge0.70.
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Figure A.12: Diffratogram of Fe2MnSi0.20Ge0.80.

Figure A.13: Diffratogram of Fe2MnSi0.10Ge0.90.

Figure A.14: Diffratogram of Fe2MnGe.
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