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“We are at the very beginning of time for the human race.
It is not unreasonable that we grapple with problems.
But there are tens of thousands of years in the future.

Our responsibility is to do what we can, learn what we can,
improve the solutions, and pass them on.”

Richard P. Feynman
“The Value of Science”. Engineering and Science, 19, 13-55 (1955)






Abstract

MAX phases have attracted interest due to their anisotropic atomically layered
structure resulting in a combination of ceramic and metallic properties. The correlation
between the complex crystal structure with the here reported magnetic properties in these
compounds can become an important element in the development of microelectronic
devices of the future. This thesis presents an experimental study of the magnetic properties
of (CrosMngs)2GaC and Mn;GaC MAX phase films measured by ferromagnetic resonance
and magnetometry. Both compounds exhibit a complex magnetism due to competing
magnetic interactions and its laminar structure.

The (CrosMnos)2GaC films with a thickness of 20.8 to 156 nm show soft magnetic
properties at temperature T =100 K with a narrow hysteresis of less than 4 mT and a
magnetization M of about 200 kA/m. No dependence of M on the film thickness was
observed. The films display a broad magnetic phase transition to a paramagnetic (PM)
state above the transition temperature T: of about 230 K. The 12.5 nm film’s surface
exhibits a discontinuity in the surface morphology, which results in a magnetic anisotropy
increase comparable to the thicker films. The ferromagnetic resonance field puoH, shows a
nearly thickness-independent behavior for the 20.8 - 156 nm films. The 20.8 nm film
demonstrated magnetic stability at ambient conditions without any capping layer within
the time span of 1 year. This stability makes the material a candidate for low-temperature
electronic devices used in oxidation-harsh conditions.

The Mn;GaC film exhibits two magnetic phase transitions within the range of
50 K< T <850 K. A magneto-structural transition from noncollinear ferromagnetic (FM)
to antiferromagnetic (AFM) configuration occurs at T;=214 K. A second magnetic
transition from an AFM configuration to a presumably PM state appears at 507 K.
Theoretically predicted competing FM and AFM interactions were observed in the field-
dependent magnetization as metamagnetic transitions and as an opening of the hysteresis
loop. The magneto-structural transition is accompanied by a large uniaxial
magnetostriction effect of 450 ppm along the c-axis. The magnetostriction changes sign
above and below the transition, which leads to a compression or an expansion of the lattice
spacing along the c-axis. The magnetoresistance showed a similar behavior also with a
change of sign. Itreaches 3 % at T = 300 K. By cooling the MnGaC with an applied magnetic
field across the Tt uoHr decreases to about 30 % and the linewidth decreases to about 40 %.
Such response can be explained by a smaller canting angle between the magnetic moments
as they align along the applied magnetic field while experiencing magneto-structural
transformations. A negative perpendicular magnetic anisotropy constant K>, indicates an
“easy-plane” magnetic anisotropy, with no preferred orientation within the basal plane of
the film.

The results were published in 2 peer-reviewed journals and were presented at
10 international conferences as oral and poster contributions.






Zusammenfassung

MAX Phasen haben durch ihre anisotrope atomare Schichtstruktur und den damit
verbundenen keramischen und metallischen Eigenschaften Aufmerksamkeit erregt. Die
Korrelation von komplexer Kristallstruktur und beobachteter magnetischer Eigenschaften
ist ein wichtiger Aspekt in der Entwicklung zukiinftiger mikroelektronischer Bauelemente.
Die vorliegende Arbeit untersucht die magnetischen Eigenschaften der MAX Phasen Filme
(CrosMnos)2GaC and Mn2GaC mittels Magnetometrie und Ferromagnetischer Resonanz.
Aufgrund der anisotropen laminaren Struktur zeigen die Materialien einen von
konkurrierenden Wechselwirkungen beeinflussten komplexen Magnetismus.

(CrosMng;5)2GaC Filme mit Dicken von 20.8 nm bis 156 nm zeigten weichmagnetische
Eigenschaften bei 100 K mit einer engen Hystereseschleife mit weniger als 4 mT Breite und
einer Magnetisierung M im Bereich von 200 kA/m ohne Dickenabhangigkeit. Es wurde ein
fir konkurrierende magnetische Wechselwirkungen typischer breiter magnetischer
Phaseniibergang von niedrigen Temperaturen zu einem paramagnetischen (PM) Zustand
bei einer Ubergangstemperatur T: von 230K festgestellt. Die diskontinuierliche
Oberflaichenmorphologie eines 12.5 nm dicken Films fiihrt zu einer Erhéhung der
magnetischen Anisotropie um 30 % im Vergleich zu dickeren Filmen. Ferromagnetische
Resonanz (FMR) Messungen zeigen ein nahezu dickenunabhdngiges Resonanzfeld fur
Filmdicken von 20.8 nm bis 156 nm. Eine magnetische Stabilitit nach einjahriger Lagerung
unter normalen Umgebungsbedingungen wurde fiir den 20.8 nm dicken Film ohne
schiitzende Deckschicht festgestellt, so dass das Material ein geeigneter Kandidat fiir die
Nutzung in elektronischen Bauelementen unter oxidativen Umgebungsbedingungen sein
kann.

Der Mn2GaC Film zeigt zwei magnetische Phaseniibergange zwischen 50 K und 850 K.
Bei T:=214K findet ein magneto-struktureller Phaseniibergang von einem nicht-
kollinearen ferromagnetischen (FM) zu einem antiferromagnetischen (AFM) Zustand statt.
Ein Ubergang von einem AFM zu einem PM Zustand liegt bei 507 K. Die theoretisch
vorhergesagten zuvor genannten konkurrierenden Wechselwirkungen wurden in
feldabhingigen Magnetisierungsmessungen als metamagnetische Uberginge und als
Offnung in der Hystereseschleife beobachtet. Der Phaseniibergang ist von einer grof3en
uniaxialen Magnetostriktion von 450 ppm entlang der c-Achse begleitet. Der
temperaturabhdngige Wechsel des Vorzeichens der Magnetostriktion fiihrt zu einer
Kompression oder Expansion der c-Achse. Ein entsprechender Vorzeichenwechsel wurde
ebenfalls fiir den Magnetowiderstand beobachtet, dessen Grofde 3 % bei T = 300 K erreicht.
Kuhlen des Mn;GaC Films unter T: bei angelegtem magnetischem Feld fiihrt zu einer
Verringerung des FMR-Resonanzfelds um 30 % und der FMR-Linienbreite um 40 %, was
die Folge eines kleineren Verkantungswinkels aufgrund der Ausrichtung der
magnetischen Momente entlang des angelegten magnetischen Feldes ist. Die negative
uniaxiale magnetische Anisotropiekonstante Kz, deutet auf eine leichte Ebene ohne
Vorzugsrichtung innerhalb der Grundebene des Films hin.

Die erzielten Resultate wurden in zwei peer-reviewed Manuskripten veroéffentlicht und
auf 10 internationalen wissenschaftlichen Konferenzen als Vortrag oder Poster
prasentiert.
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1 Introduction

Recent material research focusses on the development of materials that combine
properties of multiple nature. Magnetic materials offer a broad span of applications
ranging from engineering and materials science to chemistry and medicine [1].
Magnetic micro- and nanostructures are used in sensors [2], detectors [3], electronic
components [4] and spintronic devices [5].

Following the trend of miniaturization, the surface quality at interfaces of thin film
structures becomes more critical. Thin heterostructures, mono- and multilayers of
variable compositions provide a tremendous venue for the research of magnetic
interactions due to interface-induced effects in specimens with reduced dimension [6,
7]. Besides the fundamental interest over the last decades, thin films were
implemented in microelectronic devices, coatings, energy and memory storage
applications, optical electronics and communication technologies [7]. In general, thin
film technology consists of three major segments - synthesis, characterization and
application. Thin films studied in this thesis were synthesized by magnetron sputtering
[8] and characterized by multiple techniques including X-ray diffraction, transmission
and scanning electron microscopy, magnetometry and ferromagnetic resonance.

The first discovery of the class of nanolaminated carbides and nitrides was reported
by the group of Nowotny [9]. Corresponding compounds that share the same structural
features were denominated as TxMyC; where T stands for a transition metal, M for a
transition metal or B-group element and C for carbon [9]. The term “nanolaminate”
defines a layered structure where the thickness of individual layers is in the nanometer
range (fig. 1.1). Therefore, these materials are also known as atomically layered
compounds.

In 2000, Barsoum redefined the structural formula to M»+14X» and introduced a new
name for this class of compounds - MAX phases [10]. In this new notation, M stands for
a transition metal, A for an A-group element and X for carbon or nitrogen [10].
Currently, about 155 stable MAX phases are known [11]. The compounds exist as bulk
as well as films. Qualitatively, the MAX phases represent nanolaminated structures
where the number of M-X-M repetitions is given by an integer n. In this thesis, the MAX
phases with n = 1 are discussed (fig. 1.1(b)).

The MAX phases possess a combination of ceramic and metallic properties [10, 12].
These features are associated with the crystal structure and the complex chemical
bonding. All known MAX phases have a hexagonal structure with the space group
P63/mmc, N2 194 in the space group numbers classification [10]. The unit cell consists
of 8 atoms that are 2 X, 24 and 4 M elements (fig. 1.1(a)). The chemical bonding is
characterized as a mixture of covalent, ionic and metallic bonds [13]. The MAX phases
exhibit strong covalent bonds in M-X-M layers and weaker bonds in M-A-M layers [13].
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Figure 1.1 (a) Mn+1AXn phase unit cell with the c-axis normal to the basal plane. (b) Nanolaminated
Mn+1AXn phase structure with n = 1, where the monolayer of the 4 element is interleaved by M-X-M slabs.
M, A and X atoms are colored red, blue and black, respectively. Stronger bonds between M-X-M and
weaker bonds between M-A-M layers are schematically shown on the left side by the grey solid lines.
Redrawn from [14].

In general, the MAX phases are thermally and electrically conductive, highly
resistive against high temperatures, oxidation and chemical treatment, they are
machinable and stiff [15]. The Al- and the Si-based compounds such as Ti2AIC, TisAlC2
and TisSiC2 showed self-healing properties after a crack damage [16]. Ti2AlIC has been
suggested as a gas burner nozzle in corrosive atmosphere and for heating elements
[17]. The Ti-based MAX phases have been discussed as possible candidates for high
temperature nuclear applications, and their decomposition and degradation under
pressure or ion irradiation has been investigated [18]. Barsoum’s review [10]
summarizes the potential of MAX phases for applications.

New subclasses emerged in the last years include, for example, quaternary “o-MAX”
phases, a subclass which is characterized by a unique out-of-plane chemical ordering
of M elements [11, 19]. As a further development, the “i-MAX” phases subclass was
discovered with the characteristic in-plane ordering of M-elements according to
(M21/3M12/3)2AX [20-22]. The group of ]. Rosén predicted and synthesized the first

magnetic MAX phase in 2013 that are (Cro.7sMno.25)2GeC films with ferromagnetic order
up to room temperature [23]. In the following years, an extensive amount of new
magnetic MAX phases were synthesized in bulk and in the shape of a film [24-29].

As the research area of magnetic MAX phases is rather new, no established
commercialized application has been reported to date, though several directions can
be outlined. Mn-based MAX phase films that possess antiferromagnetic (AFM) long-
range ordering at room temperature could be used for spintronic devices [30]. AFM



materials are advantageous due to the absence of stray fields and their resistance to
external magnetic field perturbations [31]. In addition, they generally possess ultra-
fast dynamics and reveal field-/current-induced phenomena [32]. An alternative
direction is the creation of MAX phase multilayer systems by deposition of different
MAX phase compounds on top of each other. It could result in the discovery of new
heterostructures [33]. For example, Mn2GaC and (CrosMnos)2GaC seem to be suitable
candidates due to similar lattice parameters [24, 26, 34], which is favorable for the MAX
phase formation, and the possibility to use the same elemental targets.

The nanolaminated nature of the MAX phases has inspired scientists to create 2D
graphene-like chemically strongly bonded M-X flakes denoted as MXene by etching the
weakly-bonded A elements [35]. A well-described magnetic MAX phase can be
considered as a precursor for the synthesis of the first magnetic MXene with
anticipated highly anisotropic properties due to the nanolaminated structure. Since
magnetic MAX phases can be stabilized in the shape of thin films, an ensemble of
MXenes could result in a combination of corrosion resistance, high temperature
stability, machinability and other features associated with MAX phases [36].

A narrow magnetic hysteresis loop, as it is reported for MAX phases in the scope of
this thesis and in [23, 37], could be used in applications where the material is
magnetized in cycles; for example power supply transformers. Alternatively, the MAX
phase may be potentially interesting as an active shielding component against
magnetic fields, since these phases are able to form continuous films with a thickness-
independent magnetic response in a wide range (chapter 4.1.2). Other known
materials for this purpose are Si-Fe, Fe-based amorphous and nanocrystalline alloys as
well as Fe-Al sandwich composites [38] due to their low coercivity and high
permeability. The shielding effectiveness of such soft magnetic materials is often
sensitive to the microstructure so that cracks can reduce the operational performance
[39]. Therefore, it makes specific MAX phases even more attractive due to the observed
high temperature crack-healing effect in Al- and Si-based compounds [16]. Relevant
magnetic properties reported in the literature up to date will be discussed in more
detail in chapter 2.5.2.

In this thesis, the magnetic characterization of two high-quality magnetic MAX
phases in the shape of film, Mn2GaC and (Cro.sMno.s)2GaC, is reported. Their structure
with n = 1 consists of strongly bonded M-X-M slabs interleaved by monoatomic layers
of A element as shown in fig. 1.1(b). In the film, these highly ordered layers are stacked
along the c-axis which is oriented normal to the film plane. Selected structural aspects
are presented as a part of the collaboration project (DFG, NeSA 3095/2-1) and
discussed to complement the obtained results. This contribution includes X-ray
diffraction, X-ray reflectometry and transmission electron microscopy studies
(chapters 4.1.1., 4.2.1).



In chapter 2, an overview of the general concepts of magnetism that are related to
the thesis results are given. Chapter 3 contains a brief description of the experimental
techniques and setups used through this thesis. Chapter 4 includes the discussion of
the results obtained in this thesis, where chapter 4.1 is devoted to (CrosMno.5)2GaC and
chapter 4.2 to Mn2GacC.

The thin film approach can be used to tailor the surface magnetism of MAX
phases. Varying the number of layers has an influence on the magnetic characteristics
of the compound. There are few studies investigating thickness-dependent structural
and magnetic properties regarding MAX phase films in the literature [23, 26].
Therefore, an influence of the thickness on magnetic properties was studied on the
quaternary (CrosMno.s)2GaC MAX phase and is presented in chapters 4.1.2 - 4.1.3.

The ceramic nature of the MAX phases is expected to manifest itself in enhanced
material properties such as high temperature stability and oxidation resistance [10].
In the scope of this thesis, the long-term stability of magnetic parameters at ambient
conditions was tested and presented in chapter 4.1.4.

The research on magnetic phase transitions was conducted by magnetometry and
ferromagnetic resonance (FMR), the results are given in chapters 4.1.2 - 4.1.5 and
4.2.3-4.2.7. An observed magneto-structural phase transition resulted in a uniaxial
magnetostriction, which is discussed in chapter 4.2.2.

The calculated magnetic ground state of the Mn-based magnetic MAX phase films
revealed a long-range magnetic order with AFM and FM states that are very close in
energy [40]. Such narrow lying states are expected to be very sensitive to applied
external stimuli. Therefore, a magnetic response to magnetic fields and temperature
was examined. Theoretical studies predicted a long-range AFM order in Mn2GaC at
room temperature and a critical order-disorder temperature of approximately
660 K £ 20 % [41]. A magnetometry at high temperatures has been performed to study
this transition, which is presented in chapter 4.2.4 - 4.2.5.

Magnetoresistive appliances are critical components for a wide variety of
technological applications such as spintronics [42], high-density storage [43], non-
destructive testing [44] or location monitoring devices [45]. The electrical resistivity
and the magnetoresistance (MR) of Mn2GaC are investigated as a function of
temperature and an external magnetic field in chapter 4.2.3.

Magnetic anisotropy of (CrosMnos)2GaC and Mn2GaC was determined by a
temperature-, frequency- and angular-dependent FMR (chapters 4.1.3, 4.2.7).



2 Fundamentals

The following chapter gives an overview on the fundamental aspects of magnetism that
are relevant for the analysis of the experimental results obtained in this thesis. It
includes an introduction into the concepts of the magnetic order in solids, magnetic
transitions, changes in structure and electrical resistivity under applied magnetic field,
types of magnetic anisotropy and magnetic resonance. The description of each part is
supported by references with more detailed information.

2.1 Magnetic order and phase transitions

Magnetic order
All materials exhibit magnetic behavior that is different in nature. They can be
classified by a magnetic response of a material to an applied magnetic field. This
quantity is the magnetic susceptibility, which is generally defined as y = M /H with the
magnetization M, represented by the sum of the magnetic moments per unit volume,
and the applied magnetic field H [46]. At high temperature paramagnetic (PM) and
diamagnetic (DM) materials, show a positive and negative linearly field-dependent y.
Diamagnetism has two general descriptions: Langevin and Landau [47]. Langevin’s
theory characterizes materials with filled electronic shells of atoms. Landau theory
introduces diamagnetism in metals as a free electron gas due to non-localized
electrons. PM materials may possess Pauli or Curie paramagnetism [47]. Pauli
paramagnetism in metals arises due to the weakly interacting conduction electrons. It
is temperature-independent and smaller than the Curie paramagnetism [47]. The latter
is associated with localized spin and orbital magnetic moments in a magnetic field, for
which the Curie law is often written as [47]

x=5 ¢ ="ath (21)
with the temperature 7, the Curie constant C, the number of magnetic moments per
unit volume n, the magnetic permeability of free space p,, the Boltzmann constant kg
and the Bohr magneton ug.

In contrast, for ferromagnets and antiferromagnets, y is a complex quantity due to
the magnetic moments coupling in such materials [46], which is the result of the short-
range exchange interaction [48] and can be characterized by a magnetostatic exchange

length given by [49, 50]
A A
lex = HoMsz/z = ’K_d' (2.2)



where A is the exchange constant, M, is the saturation magnetization, and K is the
maximum demagnetization energy density. For Fe, [,, is about 2.3 nm [50]. At M, all
magnetic moments are aligned along the direction of an applied magnetic field. The
exchange constant is positive for a ferromagnet and negative for an
antiferromagnet[47].

Materials that contain several phases often exhibit a combination of magnetic
components, and the total y is expressed as a sum of these contributions:

Xtotal = Xpm + Xpm t Xem + Xapm + -0 (2.3)

The schematic representation of the four conventional types of magnetic order is
shown in fig. 2.1. Besides PM, FM and AFM], it generally includes a ferrimagnetic order.
These types are largely expanded to a magnetic family tree [47, 51] that defines more
sophisticated types of magnetic order. The most known are spin glasses with frustrated
magnetic interactions due to randomly oriented frozen magnetic moments; superpara-
and metamagnets as well as more complex noncollinear magnetic configurations such
as helical magnets [47]. A typical arrangement of the magnetic moments in a PM
material is shown in fig. 2.1(a) when no magnetic field is applied, and the magnetic
moments are randomly oriented. By applying the external magnetic field, the magnetic
moments align along the field direction. After removing the external field, the magnetic
moments re-orient randomly again due to the thermal fluctuations of the magnetic
system. Figs. 2.1(b) - (d) display magnetic materials with coupled magnetic moments
caused by the exchange interaction [52]. In FM materials the magnetic moments are
aligned in parallel, while ferrimagnetic materials are characterized by two sublattices
with unequal magnetic moments oriented antiparallel. AFM materials show an
antiparallel orientation of equal magnetic moments.

(b) (c) (d)
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Figure 2.1 Classical types of magnetic order in (a) paramagnetic, (b) ferromagnetic, (c) ferrimagnetic,
and (d) antiferromagnetic solid materials. Red arrows indicate orientation of the magnetic moments.
Redrawn from [47].

A FM material is generally described by a hysteresis behavior of the
magnetization M under applied magnetic field [52]. A complete magnetization cycle is
displayed in fig. 2.2. FM materials are classified to be magnetically soft and hard [47]
by the coercivity Hc for which the difference between some of the softest (about



0.1 A/m for aFe-Co-B) and the hardest (about 106 A/m for Nd-Fe) materials may reach
more than eight orders of magnitude [47]. Hc defines the field of a magnitude, where M
reverses under an applied magnetic field. The saturation magnetization Ms for classical
materials such as Fe, Ni and Co are 1720, 485 and 1370 kA/m [47], respectively. At the
zero external magnetic field, the remanent magnetization M persists, which possesses
a reduced magnitude with respect to Ms due to the nucleation of magnetic domains.

Magnetization

Magnetic Field

Figure 2.2 Magnetic field-dependent magnetization for an arbitrary ferromagnetic material. The
saturation magnetization Ms, the coercive field Hc and the remanent magnetization M are indicated.

The form of the magnetic hysteresis depends on the potential coexistence of more
than one magnetic phase, magnetic domains, and the direction of the applied magnetic
field with respect to crystallographic directions and the overall shape of the material
(magnetocrystalline and shape anisotropy). Magnetic domains form in order to
minimize the magnetostatic contribution stray fields outside of the materials to the
total energy [53]. Differently oriented magnetic domains are separated by so called
domain walls, where the magnetic moments rotate from one direction to another. The
Bloch and the Néel domain walls are schematically presented in fig. 2.3.

The dynamics and structure of domain walls are significantly influenced by local
characteristics of a material. A domain wall can get pinned at defects of the material;
this pinning can be weak or strong depending on the type of defects [47]. In general, a
domain wall pinning tends to increase Hc of the material [52]. Besides, specimens such
as multilayer systems can stabilize different patterns; for instance, the remanent
domain configuration of Co/Pt multilayer films can be tuned from bubbles to stripes as
a function of an applied magnetic field [54].
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Figure 2.3 Representation of a domain wall of (a) Bloch and (b) Néel type. The domain wall is the area
between the blue dashed lines. Adapted from [52].

Magnetic phase transitions
Ferromagnets and antiferromagnets are magnetically ordered materials (fig. 2.1). At
higher temperatures, thermal fluctuations overcome the magnetic exchange and
reduce the (sublattice) magnetization. Transitions between magnetic states occur at
the Curie temperature Tc¢ for ferromagnets and the Néel temperature Tn for
antiferromagnets [55]. In both cases, a material undergoes a transition to a PM state
with increasing T. In general, these phase transitions are reversible when the
microstructure of the sample does notirreversibly change as a function of temperature.
In this thesis, it is shown that the magnetization of Mn2GaC loses this reversibility when
heated up to T =850 K (chapter 4.2.5).

In the scope of the molecular field theory, the magnetization can be expressed by
the Brillouin function B, (x) [47]

M = MyB;(x), M, = ng;ug], (2.4)

where n is the number of magnetic atoms per volume, g, is the Landé g-factor and J is
the total angular momentum quantum number [47]. B;(x) is a quantum statistical
formulation for PM materials which includes J, the Boltzmann constant ks and the
temperature- and field-dependent parameter x defined by the ratio between the
Zeeman and thermal energies [55]. Combining eq. 2.4 and y = M/H, a solution for the
temperature-dependent y, that is the Curie-Weiss law, can be obtained [55]:

C nwnpog;JUJ+1ug
) C=
3 kp

, (2.5)

with C as the Curie constant. A ferromagnet becomes a paramagnet at T > Tc and y
diverges at T = T¢ [47].



AFM order in materials implies the existence of equal magnetic moments with
oppositely oriented sublattices “A” and “B” [47]. In the molecular field theory, the
antiparallel orientation of neighboring magnetic moments has to be taken into account.
The net magnetization M = M, + Mp is zero as M, = —Mp. Considering two
antiparallel sublattices, the internal fields can be defined as [47]:

H[Ii = nAAMA + nABMB + H,
Hé :nBBMB+nBAMA+H (26)

with ngg = nyy and nyp = ng,. The spontaneous magnetization of each sublattice
marked a = A, B is expressed by [47]:

My = MaoB; (xe) = (3) 9y15) B, (). (2.7)

The result for a PM region above Tv with y = C/T and M,, = yH., is the Curie-Weiss
law written with the paramagnetic Curie temperature 8p [47]:

X == (2.8)

- T+9p.

By applying a large enough magnetic field it is possible to reorient the
magnetization into a parallel direction [47]. In general, one distinguishes a first- and a
second-order magnetic phase transitions [52] according to the order of the free energy
differential that may display a discontinuity [52]. For the transition of the first-order,
an abrupt change in the first derivative of the free energy is anticipated, which involves
volume, entropy or magnetization M. For the second-order transition, the heat capacity
or y experience a discontinuous change in the second derivative of the free energy [52].

2.2 Magnetic field-induced effects

Magnetocaloric effect

A first-order transition is accompanied by an absorption or release of heat (energy)
and is characterized by a thermal hysteresis [52]. This effect can be studied by the
isothermal entropy change AS or adiabatic temperature change AT and, typically, it
defines the presence of the magnetocaloric effect (MCE) that results from magneto-
structural transformations [47, 56]. The internal energy U(S, V, (H, M)) of a magnetic
material depends on the entropy S, the volume V and the magnetic field H or M [56], so
it experiences changes upon an applied magnetic field. The MCE described by an
entropy change AS, which is defined for isobaric conditions [56] as



ds = (Z—j)H dT + (Z—Z)T dH. (2.9)

By integrating eq. 2.9 over a magnetic field in the range 0 < uoH < H, the isothermal
entropy change AS associated with the M(H) change is written as [56]:

ASy = [ (“—M)H dH > ASy (@) = ﬁ[ [y M(T,, H)dH —M(TI,H)dH], (2.10)

ar 2

where T; and T, are temperatures of the two neighboring isotherms. Experimentally
magnetization curves are commonly recorded at fixed temperatures (chapter 4.2.4) or
fixed magnetic fields [57].

Magnetostriction

A magnetic material can change its size and shape under an applied magnetic field. This
effect is known as the magnetostriction (MS) and is governed by the coupling between
spin and lattice structure [58]. Firstly, it was observed on iron bars by J. Joule in 1842
as a microscopic change in lateral size [59]. Thin magnetic films deposited on a
substrate often exhibit strain due to a lattice mismatch between the film and the
substrate [60].

On the microscopic scale, MS results from the interatomic distance changes
depending on magnetic and electronic exchange interactions within the material.
Spontaneous MS can appear while crossing the Tc when the domains are forming and
its average value can be described as the sum of the domains spontaneous MS within
the material [61]. The field-induced MS reflects the growth of energetically favorable
domains under the external magnetic field, which causes a domain boundary motion
and, thus, strain [61].

On the macroscopic scale, two processes stand out, both related to the domain
structure of a FM material. The first one is the domain wall motion whilst the external
magnetic field application [62]. The second mechanism is a rotation of the domains
itself [62]. The combination of these phenomena leads to a physical size change of the
material under the influence of a magnetic field [62]. One of the best known
magnetostrictive materials, Terfenol-D that is Tbh-Dy-Fe , exhibits a strain of about
200 - 2500 ppm [63, 64] at room temperature, in comparison to about -1200 ppm in
amorphous Sm-Fe-B films and about 500 ppm in Tb-Dy-Fe/Nb multilayers [65]. The
uniaxial magnetostriction value A, which is the deformation or strain caused in two-
dimensional space or parallel to an applied magnetic field is defined as [61]

A==t (2.11)

Tl lo

where [ is the initial length of the sample and [ is the resulting length after applying
the external magnetic field. This general approach can be used to study the change of
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the sample dimensions at a nanoscale by comparing the interplane distances of the
crystal lattice.

In the scope of this thesis, the interplane distances of the Mn2GaC film were studied
by high-resolution X-ray diffraction measurements as a function of a magnetic field
applied parallel to the film plane. The uniaxial magnetostriction at two selected
temperatures below and above the magneto-structural phase transition is discussed in
chapter 4.2.2.

Magnetoresistance

The change in electrical resistance upon the application of a magnetic field, is called
magnetoresistance (MR) and is widely used in modern technological devices. The
classification of a MR is defined by the effect’'s magnitude. For instance, it includes
anisotropic (AMR), giant (GMR), tunnel (TMR), colossal (CMR) and extraordinary
(EMR) MR, for which the magnitudes vary from a few to hundreds percent [47, 55]. The
GMR effect discovered by A. Fert and P. Griinberg in 1988 [66, 67] initiated the
development of GMR-based sensors. For almost two decades, these sensors are
components of magnetic data storage devices [31].

The electrical resistance usually increases with increasing temperature as the
thermal motion in the crystal lattice grows [68]. In fact, in an ideally ordered metallic
crystal at the temperature of 0 K, an anticipated resistance for the current flow is zero
[68]. On the other hand, a real crystal contains inhomogeneities and imperfections
shown in figs. 2.4(a) - (b), which decrease the conductivity and mobility due to the
electron scattering occurring on these defects [68]. The mean free path A, is the path
of an electron between two collisions with ions within the relaxation time 7 [47].
According to the free electron model [47], it is described as

/1* = VUfr X T, Urp = ’ZEF/me, (212)

where vy is the Fermi velocity, which defines the electrons velocity and Er is the Fermi
energy. The theory for the resistivity in metals has been analytically formulated within
the frame of the Bloch-Griineisen approach [55]. For metallic compounds the
temperature dependence of the resistivity changes from 7° at low temperatures to a
linear increase at high temperatures, because the influence of lattice-vibrations
becomes dominant over dislocations, defects and impurities [69], which is
schematically presented in fig. 2.4(c). Typically, this dependence is described using a
linear approximation [70]:

p(T) = po(1 + a(T = To)), (2.13)
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where p, is the resistivity at T, and «a is the temperature coefficient of the resistivity.

(a) Otdered ctystal lattice  (b) Crystal with atomic defects () Thermal vibrations

e

The highest o and p Lower ¢ and p due to electrons scattering

Figure 2.4 Representation of an electron e scattering path (green arrow) through (a) ordered crystal
lattice, (b) crystal lattice with atomic defects and imperfections and (c) ordered crystal lattice that
experience thermal vibrations. o is the electrical conductivity and u is the electron mobility. The drawing
is adapted from [69].

MR in thin films can be totally different from the bulk values as the commonly
assumed model of an infinite crystal with a periodic potential for the conduction bands
calculation should be modified due to the film edges and film dimensions [71]. In
general, a conductive material possesses a resistance, which changes as a function of
the magnetic field due to the Lorentz force moving the electric charge under external
magnetic fields [47]. Therefore, the relation between resistivities with p(H) and
without p(H = 0) an external magnetic field defines the MR as [47]

(H)—p(H=0)
MR = 2222200 2.14
p(H=0) ( )

The dimensionless residual resistivity ratio (RRR) can be used as an estimation of
the purity of the sample as it varies depending on impurities and defects within the
material [72]. It can be calculated as follows [72]:

p(T=300K)

RRR ~ T=0K)

(2.15)

where p(T) is the resistivity at a fixed temperature. For the case of T = 0 K, the lowest
temperature achieved in experiment is considered. A high RRR means a small
resistance at low temperatures, what could be a sign of a small amount of imperfections
within the material. For example, the RRR for a copper varies between 10 and 100,
while in defect free pure metals the values can be above 10000 [72].

2.3 Magnetic anisotropy

The magnetic anisotropy energy (MAE) defines the energy difference between easy
and hard orientations of the magnetization. If an external field is aligned in the easy
direction, the saturation magnetization is reached at lower fields than when aligned
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along the so-called “hard” direction. The general description is given in the current
paragraph using the Gibbs free energy density F; as the sum of several energetic
contributions [73]:

F; = Fy+ Fyp+ Fyy + Fpo + Epeq (2.16)

with the Zeeman F, the shape Fg;,, the exchange F,,, the magnetoelastic F,, and the
magnetocrystalline F,., contributions.

The Zeeman energy F; is the energy of a system under an applied external magnetic
field, which is written with respect to rotational angles (fig. 2.5) as:

F,= — M- ﬁ(sin@sin@H cos(¢ — @y) + cosOcosby). (2.17)
The generated demagnetization field in a FM specimen points to the opposite
direction of the magnetization [47]. The minimization of this stray field defines a

magnetic domain pattern. The corresponding magnetic shape anisotropy F; which
appears due to the magnetic dipole-dipole interaction is given as [74]

Fogy =22 MN Mav, (2.18)

where V is the sample volume and N is the demagnetization tensor, taking into account
the shape of the sample [46]

/N, 0 0
N= (0 N, 0 ) (2.19)
0 0 N,

F;, of a thin film is defined as [60]
1
Fop =5 (N, = N”)MOMSZCOSZH, (2.20)

where the demagnetization factor N; is a component of N, for an applied magnetic field
parallel and perpendicular to the specimen, N, and N jare defined, respectively. For an

infinitely thin film approximation, these terms are Ny=1 and N | =0 [60].

The exchange (EX) energy density F,, is defined by interactions that arise between
adjacent magnetic dipoles due to exchange interaction [73]. It is defined by the nearest
neighbor spins S; and §; and the exchange coupling constant J:
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The magnetoelastic (ME) energy E,. describes the deformation of the material
under the external magnetic field due to the magnetostriction as an internal factor and
due to the external stress as a magneto-mechanic response [46].

The magnetocrystalline anisotropy (MCA) energy density F,,., reflects favorable
crystallographic easy directions, where magnetic moments prefer to be aligned [46]. In
the case magnetic moments align along a hard direction, F,,., may result in a significant
contribution to the free energy density [60]. This contribution appears mainly due to
the spin-orbit interaction, and it is sensitive to the crystallographic axes [60]. For
hexagonal sample systems that are investigated in this work, F,,., is expressed by [60]

Epca = Koc0520 + K,sin*0 + K¢sin®0cos® o, (2.22)

where K,, is the magnetocrystalline anisotropy constant of different orders, 6 and ¢
are rotational angles with respect to an applied magnetic field. The coordination
system for a specimen in the film shape is presented in fig. 2.5. The polar angle 0 gives
the orientation of the magnetization with respect to the c-axis, where 8 = 0° defines the
orientation normal to the film plane. The azimuthal angle ¢ defines the angle within
the basal plane and, thus, characterizes the anisotropy energy which is needed to rotate
M in the plane perpendicular to the c-axis.

¢ axis

V4

Figure 2.5 Representation of the film geometry with respect to an external magnetic field H, resulting
magnetization M and corresponding azimuthal ¢ and polar Ox angles for H.Redrawn from [75].

All above mentioned contributions compete with each other in order to minimize
the total energy F;. It may result in a change of material properties under external
stimuli such as temperature, external magnetic field or mechanical stress. For a
detailed description, the reader is referred to [31].

There are two specific sources of the MCA origin outlined in the literature: the
single- and the two-ion contribution [47]. The single-ion magnetic anisotropy is
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described by the crystal-field interaction between the electrons in their orbitals and
the potential on the atomic site caused by the surrounding atoms. This spin-orbit
coupling results in the preferred crystallographic alignment of the magnetic moments
[47].

The two-ion magnetic anisotropy is related to the dipole-dipole interaction and to
an anisotropic exchange. The dipole-dipole interaction is negligible for certain lattices
such as cubic ones and can be significant for noncubic lattices. An anisotropic exchange
could appear due to spin-orbit coupling as higher-order corrections to the isotropic
Hamiltonian of the Heisenberg model which results in the alignment of the exchange-
coupled pairs [47].

The temperature dependence of K and M based on a spin fluctuation theory was
described by Callen and Callen [76]. This theory formulates a universal relation
between the reduced K and the reduced M for a single-ion anisotropy in a ferromagnet

KT _ (MO\*
o (M (0)) (2.23)

with the exponent a = 3 for uniaxial anisotropy [77]. The result of @ = 2.9 that is close
to the theory was obtained for the out-of-plane uniaxial anisotropy in uncapped Fe
ultrathin film on GaAs in the case of a negligible fourth-order anisotropy constant K4
[77]. The smaller exponent of @ = 2.1 obtained for FePt films was explained by the two-
ion anisotropy that dominates over the expected single-ion contribution due to the
induced Pt moments [78].

In this work, ferromagnetic resonance (FMR) experiments were performed to
study the magnetic anisotropy of (CrosMnos)2GaC and Mn2GaC films. A theoretical
background of FMR is discussed in chapter 2.4, the experimental details are given in
chapter 3.2.3, and the results are presented in chapters 4.1.3 - 4.1.5 and 4.2.6 - 4.2.7.

2.4 Ferromagnetic resonance

The resonant absorption of a radiofrequency magnetic field in a FM sample, under

the condition of an applied uniform magnetic field H, is known as FMR [73]. The
uniform magnetic field is oriented perpendicularly to the oscillation plane of the
radiofrequency magnetic field [73]. By defining the resonance field position poHr and
linewidth AH, an information about the magnetic anisotropy, magnetic relaxation and
damping processes, magnetization and g-factor can be obtained. Angular dependent
measurements are used for the calculation of magnetic anisotropy constants,
frequency dependent measurements can be used for the damping and g-factor
estimation, while temperature-dependent measurements allow to study the magnetic
phase transitions of the sample.
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The theoretical description is based on the precessional motion of the
magnetization around the orientation of an effective magnetic field .uoﬁeff- This
effective magnetic field consists of multiple field contributions, including the applied
external magnetic field, the high-frequency magnetic field of the microwave, the
magnetic anisotropy field. The motion of the magnetization is described by the Landau-
Lifshitz-Gilbert equation (LLG) [73]:

The first summand of eq. 2.24 describes the precession of the magnetization around
an equilibrium position defined by uoﬁeff. The second summand adds the relaxation
of the magnetization towards the equilibrium position, with a as the dimensionless
Gilbert damping parameter [79].

Due to the excitation by the radiofrequency magnetic field the magnetization of the
sample is slightly deflected out of its equilibrium position. In this case the
magnetization is defined as [73]

—

M = M, + me'®t (2.25)

with the saturation magnetization ﬁ; and a time-dependent high frequency
magnetization mi:

m = ¥h, (2.26)

where h is the radiofrequency magnetic field and y is the complex high frequency
susceptibility tensor [73]:

[ K Wy O
x= (—i)(yx Xyy 0). (2.27)
0 0 0

When the radiofrequency magnetic field is polarized along a single direction, a
relation between a corresponding component of y and the absorbed power of the
radiofrequency field by the sample can be derived. This component is a complex
number consisting of a dispersion component (real part) and an absorption component
(imaginary part). The imaginary part of a component of y is proportional to the
absorbed microwave power by the sample in resonance [75]. An approximation of a
resonance condition including azimuthal and polar angular dependencies of the
magnetization M (fig. 2.5) is given by the Smit-Beljers approach [80]:
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w _ Vi+a?Z [82F 9%F (62F )2

= 2900 (2.28)

y  Msin (0) ﬁ&pz

The resonance condition provides an expression of the resonance field as a function
of the external magnetic field angles for a fixed frequency. The free energy F includes
energy density terms that depend on the crystal symmetry and shape of the specimen
(chapter 2.3). For the samples investigated in this thesis, the case of thin films with
hexagonal symmetry is considered. Thus, the free energy density F can be written as
following [60]:

F= %MoMs cos?0 — K, cos?8 —
—uoMsH (cos8 cosOy + cos(@p — @y) sinb sinfy) (2.29)

with terms for demagnetization, uniaxial magnetocrystalline (in first order only) and
Zeeman energies, respectively. All terms are stated as a function of polar and azimuthal
angles. For FM thin films without pronounced magnetic anisotropy in the film plane,
the demagnetization factors in the shape anisotropy term are N, = 1, Ny = 0 [60]. In

that case and when the field is applied perpendicular uyH,, or parallel uyH.,. | to the
film plane, the resonance condition is written as [60]
2K.
% = po(HrL — uoMs + TZ:):
w)? 2K.
(;) = ugH,| (Hy + moMs — MZ:) (2.30)

For these particular cases, the contribution of the effective magnetic anisotropy is
described in terms of the effective magnetization uoM.rr = uoMs — 2K;, /Ms. The
uniaxial perpendicular magnetic anisotropy constant K,, has two contributions, the
volume K,, and the surface anisotropy K. In order to determine K, , yoM,ss can be

expressed as [46]

2K

2k Ky =K, +=2 (2.31)

.UOMeff = poM; — 75
where d is the film thickness, and K; consists of the film/substrate K/ and the film/air
Kf4 contributions that are measured simultaneously and, thus, cannot be
unambiguously separated. Therefore, the coefficient 2 used in front of K averages both
contributions [60]. According to eq.2.31, the surface contribution increases with
decreasing film thickness.

The linewidth of an FMR signal gives an information regarding the magnetic

relaxation process, sample inhomogeneities, and it is related to the intrinsic Gilbert
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damping constant a [60]. In the representation of magnetic field terms, the linewidth
can be formulated as a function of frequency [81, 82]:

AH(f) ZAHO +AHG +AH2m+AHLF! (2.32)

with AH, as the inhomogeneous broadening term describing intrinsic defects. The
4rtaf
3y
have been employed to evaluate magnetic damping of the system, although other

Gilbert damping is described by AH; = . For thin films often only AH, + AH; terms

contributions are known to cause a deviation from the linear behavior. Low-field losses
expressed by [83]

AHLF = AHlow/fn (233)
may contribute due to a microwave field inhomogeneity giving a sharp rise at low fields

as it was observed for annealed Heusler alloys (CozMn)1-xGex [83]. The two-magnon
scattering mechanism for a thin film can be expressed by [84]

AHym(w, Oy, ou) = Z<xi> Fex> f (‘PH - ‘P<xl->) X

2 2
X arcsin l\/“ (wo/2)* ~wo/2

2+(w0/2)2+w0/zl X U(Oeq — 6c), (2.34)
where the parameter ', > defines how strong is the two-magnon scattering along the
crystallographic in-plane direction <x;>, and U(6,, — 6.) is the step function to
evaluate a critical out-of-plane angle, where the two-magnon scattering vanishes. A
detailed description about parameters determination is given in [84]. A line
broadening caused by mosaicity as a result of a parameters variation in sample regions
is formulated in [84] to describe a magnetic relaxation of FesSi films as

OHy(w,0H,01) O0Hy(w,0H,9H)
AHpos(w, 0y, @) = #A%A + |#AHH ) (2.35)

where Apy and A8y are average spreads of the easy axes in-plane and out-of-plane,
respectively [84]. In order to find a model to describe a line broadening, it is necessary
to have an extensive knowledge about the structure of the investigated material, so the
information concerning inhomogeneous regions regarding composition, roughness,
dislocation planes or grains can be taken into account.
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2.5 Magnetic MAX phase films

MAX phases have been produced as thin films since 2002 [85] to assess its potential.
Materials studied in this work were produced in the shape of thin films; thereby, the
details about bulk synthesis of MAX phases are omitted, and the reader is referred to
[17]. Well-established MAX phases thin film synthesis techniques include physical
vapor deposition (PVD), chemical vapor deposition (CVD), and solid-state reaction
[86]. Thermal spraying is mentioned as a complementary approach to synthesize MAX
phase layers thicker than 100 um as a coating.

The first successful synthesis of a magnetic MAX phase film was performed by the
magnetron sputtering technique in the group of J. Rosén (Linkdping University,
Sweden). These experimental results on the (Cro.7sMno.25)2GeC film were reported in
2013 [23]. The authors denoted this compound as a “self-organized atomic laminate”
to emphasize its possibility to form perfect layers during the deposition from element
targets.

The synthesis process was further optimized to produce new members of MAX
phase films with long-range magnetic order [26, 34, 86, 87]. Competing phases of
ternary and quaternary compounds are a challenge for the MAX phases stabilization.
Prior to synthesis, ab-initio calculations based on density functional theory (DFT) were
performed in order to find out potential competing phases with similar formation
enthalpies [88, 89].

2.5.1 Film growth by magnetron sputtering

In order to grow heteroepitaxial MAX phase films with the basal planes oriented
normal to the film plane, the hexagonal lattice of a substrate is required [89]. Beside
hexagonal materials, a common choice is to use cubic structures with a (111) facet cut.
For instance, the magnesium oxide MgO (111) facet with the lattice constant
a = 2.982 A was successfully used for magnetic MAX phase growth [23]. It was used as
the substrate for the synthesis of the MAX phases investigated in this thesis.

Physical properties of films depend on their microstructure. The phenomenological
description of the film growth modes [90] takes into account an interplay between
interface interactions, induced film strain and, importantly, energies on the substrate
forming the film and its interface. The general classification identifies three growth
modes, which are schematically presented in fig. 2.6 at early stages of the growth - an
initial formation of the first monolayer and further development [91]. If the interaction
between the substrate and the material is stronger than with the neighboring atoms
and there is no lattice mismatch, a film has a two-dimensional growth, called Frank-
van-der-Merve growth. The result is a smooth surface as the nucleation goes with
monoatomic steps. On the other hand, with a weaker substrate-material interaction,
the material atoms will adsorb onto one another, thus forming islands and
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conglomerates, which is named Vollmer-Weber growth. In the intermediate case under
the appearance of some strain, depending on the strength, films can grow in three
dimensions in a mixed process, called Stranski-Krastanov growth mode [90]. In
general, the epitaxial growth of MAX phases is similar to the step-flow growth, when
the growth rate of basal planes is much higher than along the c-axis normal to basal
planes [86].

(a) Layer by Layer (b) Island (c) Layer plus Island

Less than 1 [ S

monolayer Substrate

Several
monolayers

Many
meonolayers

Figure 2.6 Common growth mechanisms of thin films. (a) Frank-van-der-Merve growth, (b) Vollmer-
Weber growth, (c) Stranski-Krastanov growth. Redrawn from [90, 91].

The selected substrate for the heteroepitaxially growth of the films is generally
made of another material and, thus, has a different lattice constant. A quantitative
estimation for the lattice mismatch is commonly calculated as [90]

Aa _ Gsubstrate—Afilm (2 36)

Asubstrate

where agy,pserate and dyyp, are unit cell parameters of the substrate and the film in the
basal plane of the sample. These parameters are commonly extracted from X-ray
diffraction (XRD) measurements.

The magnetron sputtering technique is one of the most prevalent methods of thin
films synthesis with a high crystal quality [8]. In an ultra-high vacuum chamber targets
with different materials are placed on magnetrons (fig. 2.7). The targets consist of a
coating material in a solid form. The high quality of the film synthesis is persisted
through the ultra-high vacuum conditions. The chamber is filled with a working gas,
which can be argon, nitrogen or oxygen in a common operational mode. For the films
investigated in this thesis, the argon was used during the deposition [24, 26].
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Figure 2.7 Schematically presented components of the magnetron sputtering setup. Targets with
different material are shown in green, red and purple. The corresponding atoms shown as circles follow
the same color code. Electrons are indicated as circles with a minus sign. The Ar gas flow is indicated by
yellow dots. Redrawn from [14].

Briefly, the process can be described as follows: a negative electrical potential is
applied to the magnetrons, acting as cathodes, while the ground reference is the anode.
The electrical potential forces free electrons to speed up towards the anode to deprive
working gas electrons by colliding with its atoms. Created positive charged ions with
an energy of <100 eV [8] accelerate then towards the magnetron and hit out atoms
from the target. After, these hit-out atoms condense on a substrate specially placed
above the magnetrons. The recombination of positively charged ions with free
electrons continues until the desired thickness of a film is achieved. A typical energy of
atoms during the magnetron sputtering ranges within few eV. By varying the gas
pressure, it is possible to shift the energy distribution of atoms arriving to the
substrate. A detailed description is given in the PhD thesis of A. Petruhins [14], who
synthesized MAX phase films studied in this thesis.

2.5.2 Magnetic properties of related MAX phases

Magnetic order was observed in bulk and film MAX phases [33]. Resulting magnetic
properties of the compound heavily depend on the choice of the M-, A-, and X-element
as well as on the sample quality which can be characterized by phase purity,
homogeneity and crystallinity [34].

A room-temperature FM response was observed for (Cro.7sMno.25)2GeC film with Ge
on the A-site [23]. (CrMn)2AIC films with Al on the A-site showed a nearly temperature-
independent FM order up to 280 K with the magnetic phase transition clearly above
room temperature [28]. Polycrystalline CrGa-based MAX phases were synthesized with
Cor N on X-site: Cr2GaC showed the temperature-dependent x(7T) of a Pauli paramagnet
whereas Cr2GaN exhibited a pronounced decrease of a x(T) until a rise at the very low
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temperatures near 0 K [92].The suggested magnetic ground state for Cr2GaN is a spin
density wave with the transition at 170 K, which points on the presence of the two-
dimension-like electronic structure [92].

In the following, an overview on magnetic properties of MAX phases that contain Cr,
Mn, Ga and C elements will be given since they are related to compounds studied in this
thesis. (Cro7Mno3)2GaC  demonstrated a complex temperature-dependent
magnetization M(T) with two magnetic phase transitions at 38K and 153K
presumably originated from coexisting nanoscale Mn-rich and Mn-poor regions
[29]. Polycrystalline CrMnGaC showed a weak ferrimagnetic component on the field-
dependent magnetization M(H) measured at 5K and a PM response at higher
temperatures with an effective magnetic moment pef of 1.63 ps [93]. The calculated
magnetic ground state for epitaxial Cr2GaC films is an AFM configuration with
0.75 pus/Cr atom, where in each half-unit cell Cr magnetic moments reverse their
orientation [25].

The first magnetic MAX phase with n =2, (V, Mn)3GaCz, showed a FM behavior
between 100 and 300 K with a temperature-independent coercive field Hc of 0.035 T
and a magnetic saturation at about 1 T [94]. A magnetic configuration of competing
AFM and FM phases was suggested since a characteristic to magnetic MAX phases S-
shaped M(H) and a reduced remanent magnetization were observed [94].

Doping of Mn to the superconducting Mo2GaC MAX phase resulted into a
(Moo.sMno.5)2GaC film with a similar S-shaped M(H) and a FM component visible up to
150 K [27, 95]. M(T) showed a magnetic phase transition from an ordered magnetic
state to a PM state with a transition temperature of about 220 K [95]. An in-plane easy
axis of the magnetization was determined. For 3 K, Hc is 0.06 T, which is the largest
reported for magnetic MAX phases up to date, and pegof about 0.66 + 0.4 ug [27, 95]. A
magnetic order in (MoosMnos)2GaC was described as a canted AFM spin configuration
originated from the Mn-Mn exchange interaction similar to a proposed configuration
for Mn2GacC [40].

The resistivity for the (MoosMnos)2GaC film demonstrated classical behavior of a
metal with a slight deviation from linearity at 170 - 220 K explained by the magnetic
phase transition [95]. The magnetoresistance is negative with a magnitude of 6 % at
5 K with the magnetic field of 9 T applied parallel to the film plane [95].

Temperature-dependent ferromagnetic resonance with an applied magnetic field
parallel to the film plane showed a shift of the resonance field poHr to lower values with
decreasing temperature, while the opposite behavior was observed when a magnetic
field was applied perpendicular to the film plane [95]. The magnetic relaxation rate is
reduced with increasing temperature due to the observed decrease of the FMR
linewidth AH [95]. A magnetocrystalline anisotropy (MCA) was determined to have an
easy axis parallel to c-axis with a uniaxial MCA constant K21 of 4.5 kJ/m3 [95]. The
temperature-dependent K21 obeys the Callen-Callen power law [76] with an exponent
of 3.4 which is close to the expected value of 3 ascribed to a single-ion magnetic
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anisotropy in uniaxial ferromagnets with the second-order term of the MCA [95].
Further, the density functional theory calculations showed that the MCA energy is
strongly dependent on the a- and c-lattice parameters so that an easy axis switches
from an in-plane to an out-of-plane orientation (parallel to the c-axis) characterized by
a sign change [95]. The experimental MCA energy lies in this transition area and has a
small positive magnitude which is in agreement with an observed soft magnetic
properties [95]. An overall easy-plane magnetic anisotropy results from the dominant
shape anisotropy contribution [95].

For the (CrosMnos)2GaC films, a FM component was experimentally observed on
M(H) for 30 K< T<300K. At 30K, Hc is found to be 0.012 T and e is 0.067 us/M-
element; at 300 K, Hc is 0.008 mT and pefris 0.019 us/M-element [26]. The transition
temperature was defined to be higher than 300 K and the proposed magnetic
configuration is a noncollinear long-range magnetic order, where AFM and FM
interactions are competitive [26].

Temperature-dependent ferromagnetic resonance (FMR) measurements at
9.23 GHz showed a uoHr increase with increasing T which is similar to an observed
behavior for the (MoosMnos)2GaC film [95]. poHr reached 0.33 T at about 250 K for an
applied field both parallel and perpendicular to the film plane [96] and resides close to
the resonance field calculated for the free electron with g =2.0023. Therefore, the
magnetic phase transition at about 205 - 230 K is proposed to be from a magnetically
ordered state to a PM state [96]. AHpp decreases from about 42 mT to about 26 mT with
increasing T from 110 to 200 K with an observed peak of about 45 mT at about 225 K,
which was ascribed to the critical fluctuations near the magnetic phase transition [96].
Angular-dependent FMR showed a negligibly small K2: and a g-factor of 2.00 was
determined for both 300 and 110 K, which denotes that the orbital contribution to the
magnetic moment of the compound is small [96]. It was concluded that the magnetic
moments in the basal plane are ferromagnetically ordered while the coupling between
the layers is dependent on the applied magnetic field orientation [96].

The Mn2GaC compound synthesized as a film was extensively studied due to
magneto-structural changes that result into an unconventional complex magnetic
behavior [24, 40, 41, 97, 98]. A presence of a FM component was observed between 3
and 230 K with a nearly saturated M(H) at 5 T. A magnetic transition to a proposed
AFM state occurs at the vicinity of 230 K characterized by emerging field-induced
transitions on M(H) at about 2 T visible up to 300 K [40]. The critical order-disorder
transition for this compound was predicted to take place at about 660 K [41].
Calculated ground states are FM and several AFM configurations, all are
indistinguishable in energy which promotes its competition and, thus, a high sensitivity
to the external stimuli like an applied magnetic field [40].

Modelled AFM configurations represent a predominant FM coupling in Mn-C-Mn
slabs and a AFM-FM coupling of Mn atoms across Ga with a periodicity of 1- and 2-unit
cells, the latter is shown to be closer to the experimentally observed XRD data [40].
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According to calculations, the configuration of the magnetic moments affects the c-
lattice parameter in a way that the interlayer distance of Mn-C-Mn is constant whereas
Mn-Ga-Mn interlayer distance changes being smaller for a parallel alignment [40].
These anisotropic changes were experimentally confirmed by XRD measurements
performed for two temperatures across the transition: at 150 and 300 K [40].

In order to describe the presence of a FM component at low T, a noncollinear
magnetic configuration with a canting angle of the magnetic moments was proposed
[40]. The total energy of canted moments simulated with a canting angle from 0° (AFM)
to 90° (FM) deg. resulted in a possible energy minimum at a small canting angle below
12 degrees [40]. An observed increase of the total energy with a canting angle increase
is in agreement with experimental magnetometry data since higher magnetic fields and
temperatures are required to align the magnetic moments ferromagnetically [40]. The
field-induced transitions on M(H) above 230K are assigned to metamagnetic
transitions changing from noncollinear magnetic configuration to a canted AFM state
[40]. Further studies by neutron reflectometry showed that the 2-unit cell periodic
AFM configuration proposed in [40] is a suitable model to describe the magnetic
configuration for Mn2GacC film at 300 K [97]. In the same work, additional calculations
revealed no energy difference between a FM alignment and a canted configuration of
up to 7° [97] which supports the competing AFM/FM interactions in Mn2GacC.
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3 Experimental methods

Here, an overview of the experimental techniques used for the characterization of the
investigated samples is provided. The chapter is divided into two parts describing
structural and magnetic characterization methods.

3.1 Structural analysis
3.1.1 X-ray diffraction, X-ray reflectivity

X-ray diffraction (XRD) provides an information about structural phases of a material
and its parameters. In this work, structural data were obtained by A. Petruhins using a
Panalytical Empyrean Materials Research Diffractometer (MRD) with monochromatic
Cu-Ka X-ray radiation of 1 = 1.5419 A. MAX phases possess a hexagonal crystal lattice
with unit vector lengths a = b # ¢ and angles between the unit
vectors ¢ = f§ =90° and y = 120°[55]. Crystal lattice plane families are specified by
Miller indices that are three integer numbers h, k, [ [55].

X-rays are electromagnetic waves with a wavelength in the range of about 10 nm to
10 pm that is compatible to atomic distances [55]. When the set of planes with
distances dpy; is irradiated by X-rays with an angle 6, destructive or constructive
interference occurs, depending on the angle of incidence. Geometrically, the incidence
angle is equal to the scattering angle whilst propagating through the crystal. This
principle is defined in the Bragg condition for a maximum constructive interference
shown in fig. 3.1, which is valid for any lattice structure [99, 100]:

nil = Zdhleine, (31)

where 6 defines the scattering angle, d is the atomic spacing, n is the reflection order,
and A is the incident wavelength. The spacing between the family of (hkl) planes and
its relation to the lattice parameters for the hexagonal crystal system are calculated as
[100]:

Lot 2y 4 L

FraEyE (h* + hk + k°) + = (3.2)
All studied films were measured in the standard Bragg-Brentano configuration,

which is known as 8 — 26 scan. In such geometry, only lattice planes oriented parallel

to the basal film plane contribute to a Bragg reflection. For the MAX phase films with

the layers perpendicular to the c-axis, observed XRD peaks correspond to (000n) basal

planes.

25



.

~J26
0—0—0 -0 0

Figure 3.1 Representation of the Bragg’s condition for a maximum constructive interference according
toeq. 3.1.

X-ray reflectivity (XRR) was used to gain an information about density, thickness
and roughness of the sample systems [101], which is schematically shown in fig. 3.2.
The XRR data was obtained by A. Petruhins using a Panalytical Empyrean MRD. XRR is
based on the total external reflection, so for the incident of electromagnetic waves the
refractive index n =1 —§ — iff of a material is almost 1, where § is a parameter
dependent on A, density and composition of the specimen, and f is a coefficient related

to an X-ray absorption [101].

A
Critical

one
angle 8, 2 density

interface

Reflectivity

Incidence angle 6

Figure 3.2 Information regarding the film specimen that X-ray reflectivity can provide. Red and green
curves are arbitrary XRR profiles for one and two interfaces, respectively. Redrawn from [101].

Materials experience total reflection at a very small angle, when the incident angle
on a surface does not exceed the critical angle for total reflection 6. [101]. At this
incidence angle all X-rays are reflected. From 6., one can obtain the density of the film
[101]. If the film is sufficiently smooth, the resulting XRR curve contains oscillations -
so-called Kiessig fringes [101]. By applying the Fourier transformation to the Kiessig
fringes oscillation curve, the thickness of a measured single layer film can be obtained
[101]. The film roughness r is determined from the decay of the amplitude as a function
of angle: the larger the roughness, the more rapidly the amplitude decreases [101]. This
analysis is commonly performed by a software implemented in the instrumental setup
that allows to simulate a theoretical curve based on the desired layer model and
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subsequently fits the experimental data until an optimal solution for thickness, density
and roughness is achieved [101].

3.1.2 Scanning and transmission electron microscopy

Two experimental techniques were used in this thesis to perform a structural
characterization of the studied samples. Scanning electron microscopy (SEM) provided
an information about the surface morphology down to nm scale [102]. Transmission
electron microscopy (TEM) study was made to examine the internal structure of the
material down to atomic columns [103]. The following paragraph gives a brief
introduction into the SEM technique along with the local and the element-specific
analysis by the standard energy dispersive X-ray spectroscopy (EDX) and the basic
principles of TEM imaging.

SEM results discussed in this thesis were obtained on the Zeiss LEO 1530 with the
standard Schottky emitter module operating at the acceleration voltage of 5 - 20 kV.
Using a focused electron beam with an energy range from 0.1 to 30 keV [102], it is
possible to scan the surface and detect different types of electrons emitted from it. SEM
is equipped with magnetic lenses used to focus and scan the electron beam onto the
surface. A vacuum system is used to decrease collisions of electrons and increase the
mean free path. The secondary electrons with energies up to 50 eV are generated from
the primary beam due to inelastic interactions within the material. A secondary
electron detector (SED) catches the secondary electrons that are coming from the
sample [102]. By using the SED and the scanning method, the SEM image is created as
the intensity of the secondary electrons at the position of the primary beam [102]. The
SEM intensity information is colored as a grey-scale image. Different SEM intensity
occurs due to the changes of the surface-normal towards the SED. Therefore, if the
surface-normal points into the SED, the SEM intensity is high (white); in the case of
perpendicular orientation of the surface-normal, the SEM intensity is low (black). Thus,
the topography information of the scanned surface can be obtained as the variations in
SEM intensity [102]. In the case of a porous structure, the imaging can be enhanced by
tilting the specimen; a higher brightness appears on the pores’ front-edges.

Besides secondary electrons, the interaction between the primary electron beam
and the specimen generates characteristic X-rays and bremsstrahlung (“braking
radiation”). Characteristic X-rays originate from the recombination of the electrons in
the atomic shells after being excited by the primary electrons. Continuous
bremsstrahlung appears due to the decelerated primary electrons in the material [102].
The local homogeneity analysis was performed with EDX [102, 104]. The experimental
setup consists of a SEM combined with an EDX detector (Oxford Instruments MAX 80
mm?). This system features a position accuracy of the primary electron beam of better
than 10 nm. All EDX data were taken at 10 or 20 kV with the energy resolution of 5 and
10 eV, respectively. The EDX detector identifies the energy of each individual X-ray

27



photon and summarizes the energy quantities into an energy-dependent spectrum.
The Oxford Instruments software (INCA 4.14) was used to analyze this spectrum. It
identifies all elemental peaks of the characteristic X-rays. INCA calculates the elemental
contribution under the assumption of a homogeneous elements’ distribution within
the interaction volume (see below and Appendix AZ2). From each spectrum, the atomic
percentage (at. %) of elements can be obtained. The analysis of EDX spectra contains
an error of about 1 at. % of the material components. In addition, an operator has a
possibility to choose elements of interest and generate a comparative spectrum under
the assumption of a homogeneous element’s distribution (Appendix A2).

The CASINO software [105] was used to simulate the penetration depth and the
straggling effect of the primary electron beam in the specimen that represents a thin
film on a bulk substrate (Appendix A2). It is based on a Monte Carlo simulation and
calculates the interaction volume by visualizing the total distance travelled by the
primary beam electron in the specimen. An area in the specimen, where the electrons
travel, is usually denoted as the interaction volume [102].

In this thesis, transmission electron microscopy (TEM) data were obtained by
M. Spasova on a JEOL JEM 2200FS [98] located at the Interdisciplinary Center for
Analytics on the Nanoscale (ICAN) at the University of Duisburg-Essen. This model is
equipped with GATAN UltraScan®1000XP CCD-camera, bright-field (BF) and annular
dark-field (ADF) detectors, and SDD X-MaxN 80 TLE Oxford detector for an EDX
analysis. It allows to perform studies in a scanning regime (STEM) with the resolution
of down to 0.2 nm for a BF imaging and down to 0.1 nm for an ADF imaging at the
acceleration voltage of 200 kV. TEM studies provide an information about the internal
structure of the material down to single atom columns. A spatial resolution of 0.1 nm
to 0.3 nm can be reached [103], which is in the dimension of atomic distances. It is
possible to achieve such resolution due to the high acceleration voltage of 100 - 200 kV
in standard and up to 3 MV in high-voltage electron microscopes [103]. The vacuum
system is used in the same way as described for the SEM technique above. The electron
beam is focused on the sample by using a multistage condenser lens system. This
system creates parallel electron beams to homogenously illuminate the sample. The
electrons transmitted through the sample are focused onto a fluorescent screen by a
lens system incorporating 3 to 8 lenses [103]. While the electrons transmit through the
specimen, an elastic and inelastic scattering with the specimen atoms occur. Therefore,
it is necessary to have a thin film of material of about 5 nm to 100 nm (100 keV
electrons) for electrons to be able to penetrate the whole thickness of the sample [103].
For BF imaging, only the transmitted electron beam is observed by discarding scattered
electron using the objective aperture. In contrast, in DF imaging scattered electrons are
imaged, while the pure transmitted electron beam is discarded. Scattered electrons
fulfilling the Bragg condition (see chapter 3.1.1) result in electron diffraction patterns
[103] that are analyzed to study crystallinity, symmetry and lattice parameters.
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Common techniques for the complex sample preparation are electropolishing and ion-
beam etching [103].

Instead of illuminating the specimen area, the electron beam in a STEM mode
focuses on a spot of up to 0.2 nm and then scans point-by-point over the specimen area
[103]. This method allows to perform an EDX mapping or a Z-contrast ADF imaging
simultaneously to imaging. The Z-contrast images are obtained by a high-angle ADF
(HAADF) imaging that it is based on incoherently scattered electrons and provides an
information about atomic number variations in the specimen [103]. Atoms with higher
Z give a brighter contrast on a resulting image. This effect is related to stronger
electrostatic interactions [103].

3.2 Magnetic characterization
3.2.1 Magnetometry

Temperature- and field-dependent magnetization studies were performed on the
vibrating sample magnetometer (VSM) option of the Physical Property Measurement
System (PPMS) from Quantum Design [106]. A PPMS is equipped with a
superconducting magnet with a maximum magnetic field up to 9 T. The specimen is
attached to the end of a rod that is connected to the vibrational unit. This unit vibrates
with a fixed frequency and amplitude along the gradiometer pickup coil. During the
measurement, the sample oscillates vertically with respect to the detection pickup coil
(fig. 3.3) and induces a voltage, which is recorded then by the software [106]. The time-
dependent induced voltage in a pickup coil is

Vpickup coil = % = (%) (%) (3.3)

with the magnetic flux @, the vertical position z of the specimen with regard to the coil
and time t [106]. The VSM option allows to measure the magnetic moment down to 10-
9 Am? [106]. The detailed description of the components is given in the official manual
for the setup [106].

For this thesis, measurements were performed at an applied magnetic field of + 9 T.
At temperatures below 350 K, the standard quartz half-rod from Quantum Design was
used. Measurements from 300 to 850 K were carried out using the extended
configuration of the setup with a heater connected to the sample rod [106]. The sample
holder for the high temperature measurements is a ceramic sheet with an integrated
heater and a temperature sensor at the sample area to provide local heating and
temperature control.
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Figure 3.3 Schematic of the VSM option in the PPMS, adapted from [107]. The sample is fixed on a rod
that is connected to the vibrational drive unit. The sample moves through the detection coils.

Complementary temperature- and field-dependent magnetization studies were
performed on a Superconducting Quantum Interference Device (SQUID) imple-mented
in the commercial setup MPMS-XL from Quantum Design [108]. A MPMS-XL equipped
with a superconducting magnet with a maximum magnetic field of + 5T allows to
perform measurements in the temperature range of 5 < T< 400 K.

During the measurement, the specimen moves through a second-order
gradiometer superconducting detection coil system which is coupled to the SQUID
sensor [108]. As the SQUID sensor is enclosed with the detection coils, a magnetic flux
produces a proportional change in the persistent current. Since SQUID acts as a
current/voltage convertor, a change in an induced voltage is proportional to the
magnetic moment of the specimen. A typical induced voltage from the specimen with
respect to coils is shown in fig. 3.4. This response is achieved when the sample is
smaller than detection coils and is uniformly magnetized. For detailed information, the
reader is referred to [107, 108].

The sample was mounted onto a paper stripe longer than the scan length to
eliminate the signal change during the measurement. The standard clear drinking
straw was used as a sample holder. The measured magnetic moment was divided by
the film volume or by the substrate volume to obtain the volume magnetization. The
specimen volume was determined from the thickness derived from XRR and the
sample area estimated from an image of the sample.
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Figure 3.4 MPMS-XL detection coils configuration with respect to the specimen, which is attached to a
straw-holder. On the right side, an induced voltage of the specimen that moves through the gradiometer
detection system. The z-axis defines the specimen’s position and the y-axis shows an output voltage.
Adapted from [107].

3.2.2 Magnetoresistance

Electrical resistivity measurements were performed in a Physical Property
Measurement System (PPMS) from Quantum Design at 4 K< T < 350 K. A standard 4-
probe geometry method was used [71]: 4 gold-coated pin contacts were attached to
the specimen surface. Currents up to 10 mA were driven via the two outer pins through
the specimen whilst measuring a voltage drop across the inner pins (fig. 3.5) [71]. In
order to achieve an undisturbed distribution of electrical field lines, the pin contacts
should be positioned much closer to each other than to the lateral dimensions of the
sample to avoid edge contributions. By using this measurement geometry, the
influence of contacts and wiring can be kept minimal [71]. In the case when the film
thickness is much smaller than the distances between the probes d « s, the film can
be approximated as an infinite 2D sheet. In this model, the current is assumed to flow

over the surface without going into the film depth. The electrical resistivity p;*D” for the
case of the equidistant probes location is [71]
1t 5253 4p _nmd V
V= g X In (5154) - P2p = 7= XD (3.4)
where V is the voltage drop between the inner probes, I is the current, d is the film
thickness, and s,, is the distance between the probes (fig. 3.5) [71]. Further, the sheet

resistance Rgy.q; as an approximation for a homogeneous and finitely thick specimen
is calculated [71]
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4

Rspeet = 5 = % X T (3.5)
[t implies that for 2D-like objects such as thin films, Rj..; appears to be independent
on the distance between the probes.

The measurements were performed by U. Wiedwald in an external magnetic field
applied parallel to the current direction and to the film plane [98]. The temperature
change was fixed at 2 K/min, the magnetic field was swept with the speed of 0.01 T/s.

It I~
vt ov-

S, =8;=58 S, = sy = 25

Figure 3.5 Experimental configuration for electrical resistivity measurements using a standard 4-probe
geometry. [ and V indicate current and voltage, respectively. + and - specify their directions. The values
sx define the spacing between the probes. Adapted from [71].

3.2.3 Ferromagnetic resonance

Microwave resonator setup

Angular and temperature-dependent FMR studies were conducted on a commercial
Bruker Elexsys E500 spectrometer with the cylindrical mode Bruker cavity model
ST9246 [109]. The core components of the experimental setup include a microwave
resonant cavity, a microwave bridge, an electromagnet and a signal processing system
(fig. 3.6). The specimen is placed inside of a resonant cavity fixed on a glass rod that
serves as a holder. A rod can be attached to the goniometer to be able to rotate the
specimen in a magnetic field applied at specific specimen positions such as out-of-plane
and in-plane in the case of a film shape.

For the measurements in this work, an X-band bridge was used that generates
microwave radiation in the narrow frequency range of about 9.5 + 0.5 GHz and
includes a Schottky barrier diode as the detector for microwave radiation being
reflected from the sample in case of magnetic resonance [109]. The generated linearly
polarized microwaves are guided by a circulator through a waveguide system into the
resonant cavity where they interact with the specimen. A part of the microwave
radiation is directed to a reference arm before the circulator. By that the integrated
detector gets the microwave power needed for the operation in a linear regime. The
overlaying microwave radiation at the detector coming from the reference arm and the
specimen are phase matched by a phase shifter built into the reference arm. An
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important parameter of resonant cavities is the quality factor Q, which is defined as
[109]

Qzﬁ

e (3.6)

where f,., is the cavity eigenfrequency and Af is the resonance width at half height. Q
characterizes the stored energy in the cavity with respect to the energy dissipated from
the cavity per one microwave period [109]. Massive samples often exhibit non-
resonant absorption of the microwaves via electric fields. This effect may cause a Q
decrease as the dissipated amount of energy increases [109].
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Figure 3.6 Schematic of the experimental setup for the angular- and temperature-dependent
ferromagnetic resonance studies based on a resonant cavity. Frequency range can be extended by
complementary microwave bridges besides a standard X-band bridge.

The detection scheme uses the resonance of the cavity to detect the FM or PM
resonance of the specimen. The microwave frequency is adjusted to match the
eigenfrequency of the cavity with the specimen in the way that no microwaves are
reflected out of the cavity. A standing wave is generated inside of the cavity, which
implies that the electric and magnetic field components of the microwave are out of
phase. The specimen should be placed at the position where the magnetic component
of the microwave is maximal. This location depends on the cavity geometry, for a
cylindrical TEo11 mode cavity the maximum of the magnetic microwave component is
in the central part [110]. The microwaves couple to the cavity through an iris which is
a hole in the cavity. By changing the size of this iris with a coupling iris-screw, the
incoming and reflected microwave quantity is controlled by matching the impedance
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of the cavity and the waveguide [109]. An impedance is defined as a resistance to the
waves. Therefore, when the specimen resonantly absorbs the microwave power, the
cavity loses its coupling and the microwaves are reflected back to the detector which
results in a signal. An automatic frequency control (AFC) built into the spectrometer
adjusts the microwave frequency to match the shifted cavity eigenfrequency which
occur at resonance absorption. The detected signal is processed by a Lock-in amplifier
using a field-modulation f (100 kHz in this work) as the reference f. The field
modulation is calibrated by the standard sample - a strong pitch containing 0.11 % of
KCI [109].

Angular and temperature-dependent FMR studies were conducted at the
temperature range 100 K < T < 650 K and a magnetic field up to 1.5 T. The sample was
mounted onto a glass rod by a double-sided adhesive tape and fixed inside a
goniometer. The goniometer with a computer-controlled stepper motor allows to
conduct angular studies with a resolution of 0.125°. The rotation of the sample was
performed in in-plane or out-of-plane orientation. For the temperature stabilization,
the cooling insert was used in addition to the standard experimental configuration. It
includes the liquid nitrogen gas-flow transfer system to cool down the specimen area
by applying a nitrogen gas flow and a heater element positioned under the resonant
cavity. The temperature is set by a controller that adjusts the gas flow and the
operation of the heater element. This combination ensures the effective temperature
variation. The cavity was loaded with the vacuum glass tube to secure the temperature
stabilization around the sample area. The heater is installed below the sample in the
vacuum glass tube. The same cooling insert was used for the measurements up to 650 K
with an additional modification regarding the nitrogen flow which is dominant in this
configuration in order to achieve high temperatures.

Microwave short setup

Frequency dependencies for the Mn2GaC film were measured on a noncommercial
setup engineered as a part of M. Riebisch Master’s thesis [111]. The core components
are schematically presented in fig. 3.7. A superconducting magnet is located inside of a
liquid helium bath and a gas-flow cryostat. The microwaves generated in the
synthesizer are carried through the coaxial cable that is used instead of a conventional
resonator cavity. The magnet allows a bidirectional sweep of the field up to + 12 T and
the temperature variation of 100 K< T <300 K.

A resonant microwave absorption is realized by a short-circuited semi-rigid coaxial
cable used to guide the microwaves to the specimen area (fig.3.8). Microwaves
generated propagate to the short-circuited end of the semi-rigid coaxial cable, where
the specimen is mounted. At this position, the sample is penetrated by an alternating
high frequency magnetic field due to the microwave near field effect [111]. For the
signal optimization, a slide screw tuner was used to maximize the microwave
absorption in the specimen. For the detection of the reflected microwave power at
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resonance, a Schottky diode was used in connection with a Lock-in amplifier. A
temperature sensor was mounted onto the sample holder, a complementary
temperature sensor was mounted in the close vicinity of the specimen and the heater
to display the temperature gradient in the chamber and, thus, ensure a precise control
of the temperature stabilization. For further details, the reader is referred to [111].
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Figure 3.7 Schematic of the experimental setup for the frequency- and temperature-dependent
ferromagnetic resonance detection. Adapted from [111].
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Figure 3.8 (a) Sample (green) mounted on the short-circuited end of the semi-rigid coaxial cable
(vellow). An alternating magnetic field (red) is induced by the microwave near-field effect from the
microwave short at the specimen area. (b) The semi-rigid cable with the microwave short and the
mounted specimen. On the Teflon holder, the modulation coil is visible as well as the holder for the

temperature sensor. Adapted from [111, 112].
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Data processing

In FMR experiments, a FM material experiences a resonant absorption of an
electromagnetic radiation at specific frequency [60]. A theoretical description of FMR
is given in chapter 2.4.

A typical FMR spectrum of Mn2GaC on MgO measured at 110 K with the magnetic
field applied parallel to the film plane is shown in fig. 3.9. The blue-colored part
describes the FMR signal at low magnetic field and the background contribution.
Generally, a background is linear at high fields as it is presented in fig. 3.9 by the black
dashed line. The subtraction is performed by a linear function applied to the data set.
If the electric field distribution of the measuring cavity is disturbed by the sample, a
background contribution can show an angular dependence. The origin of this effect has
a complex multiparameter nature and is related mainly to an electric field distortion
via an impedance imbalance during the rotation of the massive sample or to a
temperature destabilization during the measurement. The red part indicates multiple
sharp resonances attributed to the PM inclusions in MgO, which were earlier observed
in [113]. uoHr was obtained from the position, where the resonance line crosses zero
on the y-axis after a background subtraction.
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Figure 3.9 Ferromagnetic resonance signal measured at 110 K for the zero-field-cooled (ZFC) Mn2GaC
film. The resonance field Hr and linewidth AH are marked. The red-colored part of the signal (magnified
in the inset) displays multiple sharp resonances that originate from inclusions incorporated in the MgO
substrate. The black dashed line indicates the linear background contribution.

For many samples, a symmetric FMR lineshape of the microwave absorption can be
described by a Lorentz distribution [60]. On another hand, FMR signals could carry
certain asymmetries depending on the individual characteristics of a magnetic system.
For instance, a non-uniform penetration of the microwave field could lead to induced
eddy currents in the specimen [114]. If the magnetic system experiences a small
damping, a FMR lineshape can be described by a Lorentzian function [115]. In order to
account for an asymmetry of FMR line, the solution combining the sum of symmetric
and asymmetric Lorentzian lineshapes was obtained in [114, 115]:
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1+ B (Hy—Ho)/AH
(Hy—Ho)?+(8H/2)?’

fx)=a (3.7)

where H, is the resonance field, a is the scale parameter and the asymmetry of the
signal is defined with the parameter . This function was used to extract the linewidth
AH of an FMR line.

Magnetic anisotropy constants and a g-factor were obtained by fitting an angular-
dependent resonance field H, extracted from FMR measurements. The fit is based on
the Smit-Beljers approach that contains the free energy density as a fit model
corresponding to the sample system (chapter 2.4, eq. 2.28). The free energy should
contain the energy contributions that are anticipated for the investigated material
according to its magnetic properties and crystal structure. Major contributions are
given in chapter 2.4 and in more details in [46, 73]. An external magnetic field poH is
included in the Zeeman free energy density contribution. An angular-dependent
magnetization M was implemented by an angular-dependent factor to M with respect
to azimuthal and polar M angles (fig. 2.5). Additionally, an effective canting angle for M
was introduced as a parameter for fit. A script for the fit operations was developed by
B. Zingsem using the Mathematica software by Wolfram Research [115]. A fit was
performed for the material-specific parameters that can be inserted into the code as a
fixed value or as a variable, e. g. measuring frequency f, saturation magnetization Mj,
uniaxial anisotropy constant Kz or g-factor. The first iteration of the fit operation
minimizes the free energy density for a given start field value Hr. With the M direction
obtained from the first iteration, the corresponding H, is calculated for a selected
resonance frequency by solving the resonance condition. Then this calculated H, is
compared to the starting H,., and, when these values do not match, the calculated H,. is
selected to perform the next iteration. This method is combined with an interpolation
method, calculating the resonance field for a chosen frequency by doing an
interpolation of the resonance field to a position between the two next neighboring
resonances. These procedures are repeated by the program code till the best match
between an experiment and corresponding fit is achieved.
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4 Results and discussion
4.1 (CrosMnos)2GacC films

Magnetic MAX phase (CrosMnos)2GaC films with thicknesses of 12.5, 20.8, 40.3 and
156 nm were studied as a function of an external magnetic field and temperature. The
synthesis, XRD and XRR analysis were performed by the group of Prof. ]. Rosén
(Linképing University, Sweden) [26]. Data from SEM, magnetometry and FMR
investigations presented in this thesis were partially published in [116].

4.1.1 Structural characterization and homogeneity

(CrosMno.s)2GacC films were epitaxially grown on MgO (111) substrates by magnetron
sputtering with nominal thicknesses of 160, 40, 20 and 10 nm. A high crystal quality
was achieved by the deposition at elevated T = 823 K. Thicknesses determined by the
growth rate and the deposition time slightly differ from thicknesses obtained by the
XRR analysis. In the following, the measured thicknesses will be used (table 4.1).

X-ray diffractograms are presented in fig. 4.1 and show the Bragg peaks of the
(Cro.sMno.s)2GaC (000]) basal planes with no clear traces of side phases; the peaks
(logarithmic scale) correspond to a pure MAX phase confirming a high crystalline
quality of the samples. A MgO (111) reflection has been observed for all samples [26].
The reflections for 12.5 and 20.8 nm films (figs. 4.1(a) - (b)) have the lowest intensities
due to the smaller amount of material.

The (0006) diffraction peaks of the (CrosMno.5)2GaC phase identified for both films
indicate a similar quality as for the thicker films. Figs.4.1(c)-(d) show the
diffractograms for 40.3 and 156 nm films. The Bragg peaks originated from the MAX
phase basal planes (000/) of order /=2 up to I =8 can be clearly identified. To gain
more information on the film quality at the micro- and nanoscale, high-resolution TEM
studies were performed [26]. These studies reveal homogeneous epitaxial films within
the entire thickness with the c-axis perpendicular to the film plane and a lateral
granular size above 150 nm. Uninterrupted basal planes with the MAX phase laminated
structure show the high crystalline quality of the films.

A further analysis of the XRD data includes a detailed look at the most intensive
peak (0006) at the angle of 43.6 deg. (fig. 4.2). The (0006) Bragg peak position of all
samples is the same, indicating no lattice strain in (0001) direction within the error bar
of 104 nm [116]. On another hand, a lattice strain could be expected due to 2.8 % a-
lattice mismatch between (Cro.sMnos)2GaC and MgO [26], since the basal plane tensile
strain could lead to a coherent c-axis lattice strain. In a 570 nm film of the same
compound, the c-axis lattice constant is found to be about 0.095 % smaller than the one
of the 34 nm film [26]. It suggests that the c-lattice relaxation may occur at film
thicknesses larger than 570 nm. The in-plane a-lattice parameter, however, remains
unchanged for all thicknesses [26].
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Figure 4.1 6 — 20 X-ray diffraction scan of the (CrosMnos)2GaC films for (a) 12.5 nm, (b) 20.8 nm,
(c) 40.3 nm, and (d) 156 nm. (111) reflections originate from the MgO substrate. Adapted from [116].

An absence of peaks coming from side phases (fig. 4.1) confirms the phase purity of
the (CrosMno.5)2GacC films. Nevertheless, a peak at about 45.8 deg. for 156 nm film can
be seen (indicated by violet asterisk in fig. 4.2). It can be associated with: (a) an
appearance of tilted grains with increasing thickness, (b) a minor amount (less than
0.1 %) of cubic Cr4Ga (220) [116].

One possibility to identify different magnetic phases is to perform magnetic
resonance spectroscopy, the results will be shown in chapter 4.1.3. This method is
sensitive to FM or PM phases and impurities which would manifest themselves as
additional signals within the available magnetic field range. No additional magnetic
resonance signals were observed in the fields up to 1.2 T except the main resonance
from the Mn2GacC film (fig. 4.12). Thus, it is inferred that if impurities are present in the
(CrosMnos)2GaC MAX phase films, they are negligibly small and do not carry a

considerable magnetic signal.
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Figure 4.2 Comparison of the (0006) peak position for the 12.5 nm, 20.8 nm, 40.3 nm and 156 nm
(CrosMnos)2GacC films. The violet asterisk marks peaks that may originate from tilted grains or from a
trace amount of CrsGa [116].

X-ray reflectivity (XRR) scans are presented in fig. 4.3. The Panalytical X'pert
Reflectivity v1.3 profile fitting routine was used to fit the experimental data within the
framework of a standard single layer model [26, 116]. From the fit, thickness d, density
p and roughness r were extracted. The results are summarized in table 4.1.

The critical angle 8, defines an angular position where a sharp decrease of the XRR
curve appears, typically shortly before Kiessig fringes [101]. In general, 8, becomes
larger with increasing p according to the relation 6, « \/E [101]. 8, was found to be

slightly smaller for the 12.5 nm film and nearly the same for the 20.8 - 40.3 nm films.
For 20.8 - 156 nm films, we obtain p = 6.4 * 0.3 g/cm3, whereas a fit for the thinnest
12.5 nm film was possible to perform only by assuming about a 20 + 2 % reduction of
the mass density so the resulting p is 5.1 + 0.3 g/cm3 [116].

XRR profiles for 12.5, 20.8 and 40.3 nm films are presented in fig. 4.3. No Kiessig
fringes were observed for 156 nm film. Kiessig fringes are the oscillations caused by
the X-ray interference between the film surface and the surface-film interface. The
period of the fringes is used for the film thickness determination. The distance between
the two maxima/minima A#; is proportional to 1/2d [101]. The origin of this effect can
be related to an instrumental limitation related to the ability to differentiate scattered
X-rays, which are getting closer with increasing thickness combined with the low X-ray
intensity. It could be as well a sign of a larger roughness at higher thicknesses,
assuming a step-flow growth mode with a heterogeneous nucleation [86].
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Figure 4.3 X-ray reflectivity profiles and corresponding fits for the (a) 12.5 nm, (b) 20.8 nm, and
(c) 40.3 nm (CrosMnos)2GacC films. Adapted from [116].

For the (CrosMnos)2GaC films, the roughness derived from XRR simulations is
similar for all films and is about 2.2 nm within the error bar (table 4.1). As the films
exhibit the c-lattice parameter of 1.258 nm, it implies that the surface roughness is
about 2-unit cells. Simulations for different materials show that, in general, fringes are
significantly suppressed when the roughness is larger than 2 nm [101].

Table 4.1 Results of XRR measurements for (CrosMnos)2GaC series. The nominal thickness is given
besides the parameters obtained from the XRR fit: thickness d, density p and roughness r [116].

d (nominal), nm d (XRR), nm p, g/cm?3 7, Nm
160 156 6.4 2.3
40 40.3 6.6 2.2
20 20.8 6.3 2.0
10 12.5 5.1 2.4

SEM images of 12.5 nm, 20.8 nm, 40.3 nm and 156 nm films were recorded to study
the surface morphology (fig.4.4). The SEM contrast from a film surface is usually
attributed to a) materials/phases with different electron densities or b) a distance
variation to the detector and, thus, qualitatively different height. For all thicknesses,
smooth films are found confirming the XRR roughness results. Darker contrasts are
ascribed to void areas which decrease with increasing film thickness as grains also
grow laterally at higher thicknesses. It is unlikely that there is a second phase since
with this gradual increase of the darker areas, additional peaks in XRD should be
detected as a function of thickness, which is not the case (fig. 4.1). This observation
shows that these films exhibit a heterogeneous nucleation growth process, which leads
to the formation of almost continuous layers for films thicker than 12.5 nm.
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Figure 4.4 Scanning electron microscopy images of a surface for the (a) 12.5nm, (b) 20.8 nm, (c)
40.3 nm, and (d) 156 nm (CrosMno.s)2GacC films. Data adapted from [116].

In order to clarify the nature of the darker areas, SEM imaging of the 20.8 nm film
tilted by 60° has been performed using an InLens detector, which is presented in
figs. 4.5(a) - (b). The tilted geometry reveals the darker areas with a brighter “ring” on
the one side and more blurry edge on the other side. Such observation confirms a
porous structure of the specimen. The pores do not exceed the size of 100 nm and are
homogeneously distributed over the surface vanishing with increasing thickness. In
contrast, SEM investigation of the 20 nm (CrMn)2AIC MAX phase film on a Al203
substrate deposited by pulsed cathodic arc revealed islands on the micrometer scale
with a substrate coverage of around 72 % [28].

Figure 4.5 Scanning electron microscopy image for the 20.8 nm (CrosMnos)2GacC film tilted by 60°.
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The difference in contrast between pores and covered material is useful to
determine the area which is covered by pores. Parts of fig. 4.4(a) were analyzed using
the Image] software [117]. The “Analyze Particles” tool was used to evaluate the pores
fraction. Prior to analysis, image fragments were converted into binary images with
black and white colors, a contrast enhancement of 3 % was applied to improve the
identification of pores. A threshold adjustment was performed to visualize the pores’
contour. Size and shape of objects of interest were parametrized to be able to identify
complex patterns as the observed pores do not exhibit simple spherical/quadratic
shape [118]. Image fragments and overlaying masks are presented in fig. 4.6(a) - (c)
and (d) - (f), respectively. For the 12.5 nm film, pores constitute an area of 20 +5 %
(painted red in figs. 4.6(a) - (d)). This observation is in agreement with an effective
density reduction found from XRR analysis (table 4.1). Thicker films were not analyzed
due to more homogeneous surface morphologies.

SEM _ (a) (b)

;. 3

Overlaymg masks (d)

$

Figure 4.6 (a)-(c) Scanning electron microscopy images for the 12.5 nm (CrosMnos)2GacC film’s surface
and (d)-(f) respective overlaying masks (red) that identify a pores’ area obtained using Image] [117,
119].

An electron dispersive X-ray spectroscopy (EDX) was used to investigate the local
composition of the 12.5 and 156 nm films (see in Appendix A2). The films are found to
be homogeneous. The local composition varies by less than 2 at. % over the whole film.
The thickness of 20.8 nm appears to be the lowest limit for a continuous film-growth
of (CrosMnos)2GaC [116], as it was shown in fig. 4.4. Bright spots close to the center
part of the image in fig. 4.5(a) are clusters on the sample’s surface that formed during
the film deposition. Ga-Mn clusters were observed on the surface of both 12.5 and
156 nm films (see Appendix A2). The origin of these clusters is unclear. Its presence
could be attributed to the sample preparation which includes high temperatures of
823 K and, thus, may cause clustering.
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4.1.2 Magnetic phase transition as a function of temperature

Cr or Mn containing alloys can show competing AFM and FM interactions leading to the
frustration of magnetic moments resulting in a spin-glass-like behavior [120, 121]. The
temperature-dependent magnetization M(T) can provide information on such
frustration effects by cooling the sample through the transition temperature under
zero-field (Zero-field-cooled: ZFC) and subsequently measuring it with increasing
temperature under a small magnetic-field followed by the measurement in the same
field with decreasing temperature (field-cooled: FC).

The presence of these frustration effects in 156 nm and 20.8 nm (Cro.sMno.s5)2GaC
films can be seen in the splitting between the ZFC- and FC-M(T) curves [121] measured
in a magnetic field of uoH =0.02 T applied parallel to the film plane (fig. 4.7). This
splitting can be characterized by a freezing temperature Tr. The defined Tris 160 + 7 K
for the 156 nm film and is qualitatively below 160 K for the 20.8 film, albeit it cannot
be clearly identified due to small magnitude of the signal that reaches about 20 % of
the signal measured for the 156 nm film. Below 50 K, the increase of M(T) for the
20.8 nm film is related to the presence of PM impurities in the substrate (fig. 4.7(a)).
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Figure 4.7 Temperature-dependent magnetic moment measured at yoH = 0.02 T applied parallel to the
film plane for the (a) 156 and (b) 20.8 nm (CrosMnos)2GacC films.

Under ZFC conditions, the competing magnetic configurations are randomly frozen
below Ty, whereas in the FC case they are frozen in a preferred orientation given by the
direction of the external magnetic field. This leads to a higher magnetization below Trin
the FC-M(T) (blue curves) than the ZFC-M(T) (red curves). The smeared-out behavior
around the transition temperature T: and the splitting of the ZFC and FC M(T) curves
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below Tr[122] indicates that competing magnetic interactions in (CrosMno.s)2GacC films
are present for all thicknesses.
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Figure 4.8 Temperature-dependent magnetization measured at uoH = 0.2 T applied parallel to the film
plane for the (a) 156 nm, (b) 40.3 nm and (c) 20.8 nm (Cro.sMnos)2GaC films. The background from the
substrate has been subtracted (fig. A.1). Insets show the derivatives of M(T) (red) with an “adjacent
averaging filter” (black) of 5 and 10 points for 40.3 nm and 20.8 nm, respectively.

By applying magnetic fields that are close to the magnetic saturation fields, the
spin-glass frustration effects are usually suppressed so that the splitting between ZFC-
and FC- M(T) disappears (fig.4.8). M(T) for 156 nm, 40.3nm and 20.8 nm
(CrosMnos)2GaC films at poH = 0.2 T, which is about 80 % of the saturation-field,
applied parallel to the film plane is presented in figs. 4.8(a) - (c). The magnetization of
the blank MgO substrate was measured separately and subtracted from the film signal
(see Appendix Al, fig. A.1). For all samples, the magnetization decreases with
increasing temperature showing a broad phase transition around 160 K. Such smeared
magnetic phase transition can be attributed to a presence of more than one type of
magnetic interaction in the sample volume. In this case, the precise value of T: is
difficult to identify. For comparative analysis, we chose the temperature Ts where the
first derivative of the magnetization dM/dT shows an extremum (fig. 4.8 insets). The
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“adjacent-averaging filter” in the Origin software was used to smooth the noise of the
calculated derivatives for 40.3 nm and 20.8 nm films. The inflection points appear at
146 £5,159 + 5and 164 + 10 K for 156 nm, 40.3 nm and 20.8 nm films, respectively. A
slight decrease of Ts with increasing thickness can be suggested; however, taking into
account competing interactions and a smeared transition, it can be concluded that for
all thicknesses Ts is similar. The magnetic transition to PM state for (Cro.sMno.5)2GaC
occurs at Tt =230 + 30 K.

The field-dependent magnetization with poH applied parallel to the film plane was
studied at 100 K for all samples. In the raw data, FM components clearly visible at low
magnetic fields of 0.4 T have magnitudes of about 2 x 10-8 Am?2, 6 x 10 Am2and 3 x 10-
9 Am? for 40.3 nm, 20.8 nm and 12.5 nm films, respectively (fig. 4.9(a)). The strong
linear background is governed by the substrate contribution (fig.4.9(a)) which
dominates the FM response from the film at high magnetic fields. It was subtracted by
performing a linear fit to the M(H) at the highest measured magnetic fields between 3.5
and 5T [123, 124]. The field-dependent volume magnetization for 156 nm, 40.3 nm,
20.8 nm and 12.5 nm after the background subtraction are shown in fig. 4.9(b). All
signals show large saturation fields, which can be attributed to non-FM (PM, AFM or
superparamagnetic) components.
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Figure 4.9 (a) Field-dependent magnetic moment for the 156 nm, 40.3 nm, 20.8 nm and 12.5 nm
(CrosMnos)2GaC films on MgO (111) at T=100K with poH applied parallel to the film plane.
(b) Magnetization curves obtained from (a) after the background subtraction using a linear function
fitted to the data between 3.5 and 5 T and after normalization with respect to volume of the films. The
inset shows the magnification for + 0.4 T.

For all films, M(H) shows a similar S-shape character related to a FM order. The
remanent magnetization M: is smaller than 25 kA/m, and the coercive field poHc is
below 4 mT for all samples. At the field of 0.2 T, M(H) of all films reaches about 80 % of
the magnetization Msr at uoH =5T. For the 156 nm, 40.3 nm and 20.8 nm films,
Mst=200 kA/m = 10 % is nearly identical. The error is given by the determination of
the magnetic moment and the film volume. For the 12.5 nm film, Msr =248 kA/m is
about 24 % larger than for other films. Taking in account the XRR data analysis
summarized in table 4.1, the sample volume for this film was reduced by 20 %.
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However, the error in M for this film is about the same magnitude due to a complex
porous morphology that affects the volume determination. Thus, we suggest the
thickness-independent Msr for 20.8 nm < d < 156 nm [116]. It may be interpreted in a
way that volume properties of (CrosMno.s)2GaC dominate over surface contributions as
it was reported for the (Cro.7sMno.25)2GeC MAX phase films [23]. (Cro.sMnos)2GacC films
show general characteristics of a soft ferromagnet which is in agreement with previous
works [26, 96]. For this compound, a noncollinear FM order is reported with Ms of
0.67 us/M element at 30 - 50 K [26].

Similar results regarding a thickness-independent M have been reported for 36 nm
and 102 nm MAX phase films of (Cro.7sMno.25)2GeC grown on MgO (111), for which Ms
and Mr were found to be identical [23]. Since there are not many reports regarding
thickness-dependent properties of magnetic MAX phases, an observed weak
dependence of magnetic properties on thickness cannot be denoted as a general trend
for these materials yet.

4.1.3 Angular-dependent ferromagnetic resonance

A magnetic anisotropy in the film plane was studied by an angular-dependent FMR
as a function of thickness. Microwave absorption derivative spectra were recorded at
the frequency f= 9.46 GHz with the modulation frequency of 100 kHz. The modulation
amplitude was set to 0.6 mT, the microwave power to 19.7 mW, the quality factor was
determined to be Q =5000. The time constant and the conversion time on Lock-In
amplifier were 20 and 40 ms, respectively. With rotating the specimen, the resonance
field uoHr change can be described within a context of the shape of the energy landscape
[115]. This energy landscape can be obtained in two configurations: by rotating the
film-specimen along the azimuthal ¢ or polar 6 angles with respect to an external
magnetic field (fig. 2.5), which are denoted as in-plane and out-of-plane, respectively. A
magnetic anisotropy, the Smit-Beljers approach was used to fit the experimental FMR
data according to the free energy density containing anisotropy contributions
anticipated to be present for the specimen (eq.2.28) [60]. The fitting procedure
includes a minimization of the free energy with respect to M at each angle step.
Therefore, equilibrium angles for M are defined for a specified set of parameters that
consists of measuring frequency f, anisotropy constants K of an expected order, g-factor
and the magnetization M.

First, we discuss in-plane FMR measurements performed for the 12.5, 20.8 and
156 nm films at 110 K. Each specimen was rotated for more than 270° with 2° steps to
ensure an identification of anisotropy contributions corresponding to two-, four- or
six-fold symmetries. For the calculation, uoHr were extracted from individual FMR
spectra measured at each angle step. These spectra are presented in next chapter for
110 K in fig. 4.10(a) - (b), when a magnetic field is applied in the film plane. Since the
studied films exhibit a hexagonal crystal structure with the c-axis normal to the film
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plane, a six-fold symmetry is expected to be present. This intrinsic feature would
manifest itself as a change of uoHr with a periodicity of 60°. In addition, it should be
noted that films were deposited on MgO substrates with a cut along (111) £ 0.5°
crystallographic orientation. Typically, even polished substrates exhibit terraces,
which may induce an uniaxial magnetic anisotropy [125]. This uniaxial character can
be characterized by a 180° periodic change of uoHr. Therefore, the following free energy
density for the in-plane configuration is considered:

1 1
F = E,uOMSCOSZQ + K¢y sin®6cos6¢ + EKuSiTIZQCOSZ(p —
—K,,c05%0 — uoMH (cos6 cosOy + cos(@p — @p) sinf sinfy) (4.1)

with the demagnetizing term, the magnetic anisotropy term of a 6t and 2nd order (K,
and K, respectively), the perpendicular uniaxial magnetic anisotropy term k,,, and the
Zeeman density term, respectively.

In-plane FMR studies performed at 110 K showed an absence of a six-fold symmetry
as well as a uniaxial two-fold symmetry for 20.8 nm and 12.5 nm films with a variation
of a poHr magnitude of about 2 % without any angular dependence. In contrast, the
156 nm film revealed a pronounced two-fold symmetry presented in fig. 4.10(a)
together with the corresponding fit. For the fitting procedure, M was fixed at 200 kA/m
(according to fig. 4.9(b)), whereas K21 and K. were set as a fit parameter with a
possibility to vary its magnitude as + 90 % from the starting value. The starting value
for K21 was evaluated from temperature-dependent FMR studies discussed in chapter
4.1.4. A fitting operation consisted of 10 iterations, during each of those the fit
boundaries were redefined by a factor of 0.5 with the new starting value, which
corresponds to the best fit to the experimental data according to the iteration. More
details on this calculation method can be found in [115]. The best fit (red solid line) in
fig. 4.10(a) was obtained with K21 =10 k]/m3, K, =278 ]/m3 and a g-factor equal to
1.99. The fact that the in-plane uniaxial magnetic anisotropy is found to be present only
for the 156 nm film indicates an induced nature of this property. Moreover, due to a
small magnitude, this induced magnetic anisotropy contribution cannot be seen in
thinner films as they are less homogeneous and in the case of 12.5 nm do not form
complete layers. A higher homogeneity of the 156 nm film can be a result of film
relaxation processes and is confirmed by a smaller linewidth poAH discussed below and
presented in fig. 4.11(d) [75].

The out-of-plane angular-dependent uoHr for the 156 nm film at 110 K is presented
in fig. 4.10(b) along with the fit. uoHr changes symmetrically with 180° periodicity,
which is an expected response of a metallic FM film [60]. The experimental data were
best fitted with Kz1 of 10.5 k] /m3 and g-factor of 2.02. The magnitude of K21 correlates
with Kz.1 calculated from the in-plane angular FMR studies. K21 and g-factor for other
films obtained from the fit are summarized in table 4.2, corresponding angular
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dependencies and fits for poHr are demonstrated in figs. 4.11(a) - (c), respectively. The
magnetic shape anisotropy favors the magnetic moments to be aligned in the film
plane, which results in a positive K21 for all films. Thus, this term has a dominant
contribution to the magnetic anisotropy, which is an anticipated feature for the case of
thin films [60]. From the fit, obtained Kz1 are found to be close to each other for all
films, having the average value of 10.5 kJ/m3 * 10 %. The g-factor is found to be nearly
2, which is consistent to earlier studies [96], where the 36 nm (Cro.sMno.s)2GaC film was
described as a quasi 2D-laminar ferromagnet with the magnetic moments aligned
within the basal plane and the magnetic anisotropy was found to be weak or zero with
a temperature-independent g = 2.00 + 0.01 obtained for both 110 and 300 K [96]. It
should be noted that for a precise determination of a g-factor, frequency-dependent
studies are beneficial.
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Figure 4.10 Angular-dependent resonance field poH: for the 156 nm (CrosMnos)2GaC film at 110 K. A
rotation was performed by changing (a) the azimuthal angle, or (b) the azimuthal and polar angles. The
red solid lines represent the best match of the fit by Smit-Beljers approach to experimental data.

Table 4.2 K21 and g-factor obtained from the FMR data fit by the Smit-Beljers approach for 110 K with a
magnetic field applied in the film plane for the (Cro.sMnos)2GacC films of different thickness d.

d, nm K21, k] /m3 g-factor
12.5 11.3 1.98
20.8 11.1 1.99
40.3 9.2 1.98
156 10.5 2.02
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Figure 4.11 Angular-dependent resonance field uoH- measured at 110 K for the (a) 40.3 nm, (b) 20.8 nm,
and (c) 12.5 nm (CrosMnos)2GaC films. The angle of 0° defines the external magnetic field applied
perpendicular to the film plane. The solid red line represents the result of fits by the Smit-Beljers
approach. (d) angular-dependent linewidth uoAH at 110 K for all investigated films.

The angular-dependent uoAH for 110 K obtained from the out-of-plane specimen
rotation is presented in fig. 4.11(d) for all films. Here, the smallest puoAH was observed
at intermediate angles of 37° and 143° and the biggest uoAH at angles of 0° and 90° that
correspond to a magnetic field applied perpendicular or parallel to the film plane,
respectively. The thinner the film, the stronger this effect is visible. For instance, the
thickest 156 nm film has a broad plateau between 37° and 143° with minima that are
undistinguishable within the error margin. In contrast, the thinnest 12.5 nm film
showed two clear maxima at 0° and 90° with the highest puosAH magnitude, which
indicates a larger distribution and is consistent to a discontinuous surface morphology
of this film (see fig. 4.4(a)). In the case of a FM film, an angular-dependent poAH shows
minima at 0° and 90°, whereas the maximum should be present at the strongest
variation of M direction, which is expected for intermediate angles [60, 126]. A
different yuoAH dependence observed for all films can be qualitatively explained by the
presence of multiple contributions arising from specific structural properties of the
material such as a roughness, the presence of grains or magnetic inhomogeneities [60,
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126]. An absence of a six-fold magnetic anisotropy points out to the presence of a
distribution of FMR lines that arise predominantly due to structural features described
above and may dominate over the dragging effect. Such contribution is assumed for
(CrosMnos)2GacC films since they consist of crystallites with an average size of about
and above 150 nm [26]. Also, a pueAH magnitude at 0° and 90° decreases with increasing
thickness, which is correlated with an increased homogeneity of a (CrosMno.s)2GaC
film. Another possible contribution could arise from a two-magnon scattering process
caused by scattering centers such as surface or interface imperfections [127]. However,
a controlled structure with well-defined periodic defects or mosaicity of a material is
required to quantitatively analyze its impact [128].

4.1.4 Temperature-dependent ferromagnetic resonance

In the previous chapter, we used FMR to study the influence of the thickness
variation on magnetic anisotropies while rotating films with respect to an external
magnetic field. Here, the FMR absorption derivatives dx”/dH for 156 nm, 40.3 nm,
20.8nm and 12.5nm films presented in fig.4.12 were examined in terms of
temperature-dependent changes across the magnetic phase transition. All dx”/0H
were measured in a cylindrical cavity at T = 110 K with a magnetic field applied parallel
to the film plane (chapter 3.2.3). Measurements were performed at the frequency
f=9.46 GHz with the modulation frequency of 100 kHz. The modulation amplitude was
set to 0.3 mT, the microwave power to 19.7 mW, the quality factor was determined to
be Q =3700. The time constant and the conversion time on Lock-In amplifier were set
from a signal optimization routine to 20 and 40 ms, respectively. dx”/dH amplitudes
for all films were normalized for a direct comparison of spectra from different films.

All films show a single broad FMR signal with similar asymmetry (fig. 4.12). Multiple
narrow EPR lines from the MgO substrate can be also seen in the inset in fig. 4.12(a).
The 12.5 nm film exhibits a zero-field absorption signal at the magnetic field below
0.1 T (fig. 4.12(a)), which is small compared to FMR signals of other films, but it stands
out due to the amplitude normalization. The FMR signal for 12.5 nm film (fig. 4.12(b))
differs from the FMR signals for other thicknesses, showing a larger resonance field
uoHr, a broader linewidth poAH and a higher asymmetry. Here, we note that if M of the
12.5 nm film would be indeed higher by 24 % than for other films, it would resultin a
smaller poHr due to the shape anisotropy contribution. Therefore, FMR indirectly
supports the fact that M is nearly the same for all thicknesses including the 12.5 nm
with a porous morphology.

The EPR signals at magnetic fields between 0.31 and 0.38 T originate from the
impurities in MgO substrates. The inset in fig. 4.12(a) shows signals for 300 K, where
they are not obstructed by an FMR signal from films. The central line in the EPR spectra
is detected at 0.34 T for all samples. The position and the number of the satellite peaks
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are identical for all thickness series. This implies that all MgO substrates are
contaminated with identical impurity elements.
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Figure 4.12 (a) Ferromagnetic resonance spectra for the 156 nm, 40.3 nm, 20.8 nm and 12.5 nm
(CrosMnos)2GacC films measured at 110 K. A magnetic field was applied parallel to the film plane. Narrow
resonances between 0.31 and 0.38 T shown in the inset for 300 K originate from MgO inclusions.
(b) Magnification of the FMR signal. Data adapted from [116].

Upon warming from 110 K, puoHr increases while approaching the magnetic phase
transition at Tt = 230 + 30 K (fig. 4.8). This behavior is observed for all films. poHr of the
12.5 nm film deviates from the response of other films at T below 170 K. This film has
an inhomogeneous, porous surface morphology (fig. 4.4), which results in a smoother
approach to a magnetic phase transition [116]. At temperatures up to 300 K the
resonance line still can be observed; however, it is located at the position of resonances
originated from the substrate, which causes a distortion of the line. Due to this
distortion, poHr for temperatures between 270 and 300 K cannot be precisely
identified. Above 250 K, the compound exhibits a magnetic phase transition to a PM
state [96]. It can be concluded that the magnetic phase transition of the
(CrosMno.s)2GaC compound does not demonstrate a clear dependence as a function of
a film thickness.

The temperature-dependent podH for films are presented in fig. 4.14(a). Above
170 K, the right part of the microwave absorption derivative dy”/dH is obstructed by
signals from the substrate (fig. 4.14(b)). In the case of the 12.5 nm film, the FMR signal
is obstructed already at 110 K (red line in fig. 4.12(b)), which increases the error in
uoAH determination. Thereby, a Lorentzian derivative function was used to fit
experimental spectra and obtain uedAH (chapter 3.2.3) for all films and temperatures.
At 110 K, uodH for the 156 nm film is smaller than for other films and is about 60 %
from poAH observed for the 12.5 nm film. uodH for the 12.5 nm film is found to be
broader than the one for the thicker films (fig. 4.14(a)). Such a line broadening with
decreasing d provides an information regarding local inhomogeneities, which are
prominent for the 12.5 nm film due to the porous surface morphology. In general, poAH
for all films moves towards an average magnitude of 0.045 T at 300 K. A slight uoAH
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increase above 250K is due to approaching a transition to a PM state. These
observations indicate similar magnetic relaxation mechanisms across the phase

transition.
| —@—d=125nm
__ 340F —9-d=208nm ]
= ! d=40.3nm
E [ - d=156 nm
o 320 .
[ [
@ f
S 300F ]
] L
[ L
8 L
o 280 .
2 i
260 -_ ||||| | I S S T | IR T S T | SR ST Il T:

100 150 200 250 30
Temperature (K)

Figure 4.13 Temperature-dependent resonance field poHr for the 156 nm, 40.3 nm, 20.8 nm and 12.5 nm
(CrosMnos)2GaC films with a magnetic field applied in the film plane. Adapted from [116].
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Figure 4.14 (a) Temperature-dependent linewidth poAH for the 12.5 nm, 20.8 nm, 40.3 nm and 156 nm
(CrosMnos)2GacC films; (b) Field-dependent absorption derivatives for the 20.8 nm film at 110, 180 and
240 K. Positions, where the y-axis is zero, are displayed by the black solid line for each individual
measurement.

Surface and interface effects have a big influence on a magnetic anisotropy when
the film is thinner than the critical thickness, which is a material-dependent parameter
[129]. A homogeneous layer formation for this compound occurs at d > 13 nm [116].
Within the definition of a MAX phase monolayer thickness to be equal to a c-lattice
parameter, 13 nm would correspond to the thickness of about 10 monolayers [116]. As
an additional contribution to a magnetic anisotropy, M of an epitaxial film grown on a
substrate is anticipated to follow its roughness profile [130]. For all films, the
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roughness is about 2 unit-cells according to the XRR analysis (chapter 4.1.1). Given the
above, continuous (CrosMnos)2GaC MAX phase films thinner than 10 monolayers are
required to make surface and interface contributions dominate over the volume
characteristics.

The temperature-dependent effective magnetization poMesr was calculated by using
eq. 2.30 - 2.31. Two contributions to poMes, which are the perpendicular magnetic
anisotropy and the magnetic shape anisotropy [60], were considered for the
configuration, when a magnetic field is applied in the film plane. The assumption has
been made since an in-plane magnetic anisotropy was found to be insignificant
compared to the perpendicular one (see chapter 4.1.3). For the calculation, we used a
g-factor of 2.00 £ 0.01 determined for the 34 nm film of the same compound, which is
close to the free electron g-factor indicating a small orbital magnetic moment and is in
agreement with an observed weak magnetic anisotropy [96]. With increasing
temperature, poMegdecreases and above 190 K is nearly the same for all films including
the thinnest 12.5 nm film (fig. 4.15). The thickness-independent poMes at T> 190 K
demonstrates similar magnetic transformations that occur in films while approaching
a PM state.
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Figure 4.15 Thickness-dependent effective magnetization poMes at T=110, 190 and 240K for the
156 nm, 40.3 nm, 20.8 nm and 12.5 nm (Cro.sMnos)2GaC films. Partially adapted from [116].

At 110 K, poMeg was found to be 153, 151 and 155 mT for 20.8, 40.3 and 156 nm
films, respectively. This difference is indistinguishable within the experimental error
related to the determination of uoHr, g-factor and f. In contrast, goMes for the 12.5 nm
film is 122 mT, which is about 20 % smaller than uoMeg for the thicker films. A
reduction of poMefris associated with a discontinuous surface morphology (fig. 4.4). The
volumetric filling factor commonly used to account for an effective anisotropy in non-
continuous films [131] was evaluated to be of 80 £ 5 % for 12.5 nm film. Additionally,
the XRR data analysis showed about 20 % effective density reduction for this film,
which correlated with the volumetric filling factor. We concluded that a reduced poMes
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results from an inhomogeneous surface of the film [116]. The summary of the magnetic
parameters at 110 K for the (Cro.sMno.5)2GaC films is given in table 4.3.

Table 4.3 Resonance field uoHr, effective magnetization poMegs perpendicular magnetic anisotropy
constant K21, and linewidth uo4H obtained from the FMR data measured at 110 K for 12.5 nm, 20.8 nm,
40.3 nm and 156 nm (CrosMnos)2GacC films with a magnetic field applied in the film plane.

d, nm uoHr, mT uoMeg, mT K21, k] /m3 uoAH, mT
12.5 282 122 13.3 66
20.8 275 153 10.1 50
40.3 276 151 10.4 48
156 273 155 9.9 40

The contribution of the perpendicular magnetic anisotropy energy constant Kz, at
110 K was calculated from eq. 2.31 using poMes determined above and M = 200 kA/m
obtained in chapter 4.1.2. For all films, the thickness-dependent K. presented in
fig. 4.16(a) is nearly the same and is K21 = 10.1 kJ/m3 + 14 % except the 12.5 nm film
with K21 = 13.3 k]/m3 + 14 %. The error is given by the determination of Ms and poMef:.
An observed increase of an intrinsic anisotropy Kz1 can be associated with the influence
of a porous morphology discussed in chapter 4.1.1 (fig. 4.4).The effective volume Ky
and surface Ks contributions to the total magnetic anisotropy Kz. can be examined by
the eq. 2.31 [60]. These contributions were determined from the plot of K21 multiplied
by the thickness d as a function of d [60], where the slope gives Ky and the intercept is
Ks which includes a substrate-film and film-air interfaces. A linear fit applied to the
plotted K21 d versus d function (fig. 4.16(b)) gave the effective Ky = 9.7 + 0.4 k] /m3 and
Ks=2.7+15x10"5]/mz2.

An intrinsic Ks is anticipated to be constant for the same material and, according to
eq. 2.31, the effective surface contribution Ks/d should be weaker with d increase [60].
For (Cro.sMno.s)2GaC, the Ks/d term is evaluated to be 3.6 k]/m3, 0.4 k]/m3, 0.7 k] /m3
and 0.2 kJ/m3 for 12.5 nm, 20.8 nm, 40.3 nm and 156 nm, respectively. It should be
noted that the magnitude of these values is within the error of the K, determination.
For each individual d consequently recalculated from eq. 2.31, obtained K;s are 3.8 x 10-
5]/m2, 2.7 x10>]/m? and 0.9 x 10->]/m?2 for 156 nm, 40.3 nm and 20.8 nm films,
respectively with 4.5 x 10-> J/m? for the 12.5 nm film. A trend of Ks decrease with d
decrease is observed, except for the thinnest film that showed the highest Ks. However,
a substantial error in Ks determination reaching 50 % coming from the linear fit shown
in fig. 4.16(b) has to be taken into account, which results in similar values for all films
with the biggest surface contribution for the 12.5 nm film. This result is in agreement
with a discontinuous surface morphology observed for this film [116]. These films
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were reported to exhibit lateral grains of 150 nm [26], therefore, individual local
effects cannot be neglected.
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Figure 4.16 (a) Thickness-dependent perpendicular magnetic anisotropy constant Kz for the 156 nm,
40.3 nm, 20.8 nm and 12.5 nm (CrosMnos)2GaC films at 110 K for the case when a magnetic field is
applied in the film plane. (b) Kz1 multiplied by the thickness d (blue circles) to determine the volume Kv
and surface Ks contributions from the linear fit (red line).

The type of the intrinsic magnetic anisotropy for the (Cro.sMno.5)2GaC compound
was examined by the Callen-Callen theory [76, 77] that formulates a universal
temperature dependence as a power law given in eq.2.23. For this analysis,
experimental data for the 156 nm film were used: temperature dependencies of Kz
and M were rescaled by values received at 110K to obtain reduced ratios
K21(T)/K21(100 K) and M(T)/Ms(100 K) [76, 77]. The exponent o determined from the
fit according to eq.2.23 showed the best fit to experimental data at a=2.7 + 0.1
(fig. 4.17(a)). Solutions of this equation using different fixed a were obtained by
varying a from 2.0 to 3.5 to compare the fit quality. As it can be seen in fig. 4.17(a), the
equally good match is observed for a between 2.5 and 3.0, which gives a span for the
error of o determination. For the next step, Kz.(T)/K21(100 K) is plotted versus
(M(T)/Ms(100 K))« calculated for each fixed a (fig. 4.17(b)).

Based on eq. 2.23, this representation should exhibit a linear dependence if it obeys
the Callen-Callen power law. Indeed, the experimental data fulfills this condition and a
linear behavior of the simulated curves is observed for a equal to 2.5 and 3.0, whereas
a = 2.0 and 3.5 reveals a curvature. The obtained span for a is close to the theoretical
value of a = 3 given for the ferromagnet with a uniaxial magnetic anisotropy [76, 77,
132]. Despite (CrosMno.5)2GaC is not a classical ferromagnet and exhibits competing
interactions [26, 96], the results are in agreement with the Callen-Callen law. A reduced
a may result from a presence of an itinerant ferromagnetism in the compound being
based on a transition metal, as it was proposed in [133] for MnsGes compound with
a = 1.5. A coexistence of an itinerant and localized magnetism was reported for the Mn-
doped Cr2GeC MAX phase [134], which is a close related compound to those studied in
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this thesis. An itinerant nature of a magnetism for (Cro.sMno.5)2GaC was also suggested
in [96].
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Figure 4.17 (a) K21 versus M(T)/M(100 K) for a determination according to eq. 2.23. (b) Comparison
between Kz.(T)/K2.(100 K) and M(T)/M(100 K)« Data analyzed for the 156 nm (CrosMnos)2GacC film.

4.1.5 Ferromagnetic resonance with the time span of 1 year

Most metallic magnetic ultrathin films are magnetically and chemically unstable under
environmental conditions [60, 75]. Metallic films often do not possess a sufficient
corrosion or oxidation resistance, so to protect the surface against degradation a
capping layer is frequently used [130, 135]. Surface modifications can significantly
influence magnetic properties of a system and, thus, reduce its functionality [130]. For
modern applications in electronic devices like magnetic sensors it is essential to have
environmentally stable ultrathin films. A weak thickness dependence of the magnetic
response is considered as an additional benefit as it gives a possibility for developers
to vary thickness when accounting for a reliable response.

To investigate the possible surface degradation via oxidation or corrosion the
unprotected 20.8 nm (CrosMnos)2GaC film was exposed with its surface to air at
ambient conditions. FMR spectra were measured over the time span of 1 year
(fig. 4.18). After proper background subtraction the spectra were normalized in an
amplitude to compare puoAH and poHr, which are sensitive to changes in a surface or
volume magnetic anisotropy. The intensity is not discussed as it depends on the sample
location and an adjustment of the experimental setup. In fig. 4.18, it is clearly visible
that neither the linewidth pedH nor the resonance field poHr experienced a significant
shift, both lines overlap. The “noise” peaks between 0.32 and 0.38 T are resonances,
which originate from PM impurities in MgO substrate [116].
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Figure 4.18 Normalized absorption derivatives measured on the same sample for the 20.8 nm
(CrosMnos)2GacC film with a magnetic field applied in the film plane recorded for the time interval of
1 year. Adapted from [116].

The result implies that the magnetic properties remained stable and did not
experience changes due to a surface modification by oxidation or deterioration. Such a
response indicates a high environmental stability of the 20.8 nm film at ambient
conditions for over than one year. In contrast, (Cr, Mn)2GeC MAX phase films were
found to change its magnetic properties after 6 months at ambient conditions. Metallic
surfaces show a rapid oxidation of several nanometers within minutes, however, the
oxidation does not go further into material and the passivation layer occurs [136]. We
suggest a similar passivation surface effect in MAX phase (CrosMnos)2GaC films due to
strong bonds between M-X-M slabs. It should be noted that oxides were not identified
by XRD studies.
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4.2 Mn2GacC film

The magnetic MAX phase Mn2GacC film with the thickness of 100 nm was one of the first
ternary magnetic compounds that revealed a long-range magnetic order [24]. The film
synthesis and primary structural characterization by XRD were performed by the
group of Prof. J. Rosén [24]. TEM studies were carried out by M. Spasova [98]. The high-
resolution double-axis X-ray diffraction (HR-XRD) data were provided by T. Hase, F.
Magnus, V. Kapaklis and A.S. Ingason [98]. Electrotransport data were obtained by
U. Wiedwald. Further studies presented in this chapter include magnetometry,
scanning electron microscopy, and ferromagnetic resonance (FMR) data analysis.
Partially, the XRD, TEM, magnetometry and electrotransport results presented in this
thesis were published in [98].

4.2.1 Crystal structure and phase purity

The heteroepitaxial Mn2GaC film was deposited on the MgO (111) substrate by
magnetron sputtering. The atomically layered normal to the basal plane MAX phase
structure was sustained with a lattice mismatch of about 2.7 % between a-lattice
parameters of the substrate and the film [34]. The X-ray diffractogram measured in
0 - 20 configuration (chapter 3.1.1) is presented in fig. 4.19. Here, detected (000l)
reflections are plotted in a logarithmic scale and are visible up to 1=12, which
represents a good crystallinity of the film [98]. These reflections originate from crystal
planes grown normal to the basal film plane.
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Figure 4.19 8 — 26 X-ray diffraction scan for the 100 nm Mn2GaC film measured at T'= 300 K. An asterisk
at about 40 deg. is attributed to trace amounts of Mn3GaC (111) [98].

The film is found to be phase-pure since only Mn2GaC and MgO reflections were
observed, except an insignificant peak at about 40° marked by an asterisk in fig. 4.19,
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which was defined to be an antiperovskite Mn3GaC (111) reflection [137]. The Mn3GaC
compound exhibits a sharp magnetic phase transition at about 160 K [137], which was
not detected by temperature-dependent magnetization studies (fig. 4.28). Thus, only
trace amounts of other phases are expected for this specimen. The determined c-lattice
parameter is ¢=1.255 nm. The in-plane a-lattice parameter of a=0.290 nm was
identified from the (1013) peak, data was obtained by tilting and rotating the sample
[98]. Therefore, the calculated unit cell volume is 91.405 A3,

The TEM study is summarized in fig. 4.20 [98]. A low magnification cross-sectional
bright-field TEM image presented in fig. 4.20(a) reveals a uniform film with the
thickness of 100 nm. Note that lateral grains of around 150 nm cannot be excluded
since the contrast difference can be observed and grains of about 400 nm were
reported in earlier work [24].
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Figure 4.20 MnzGacC film on Mg0:(a) Bright-field transmission electron microscopy (TEM) image, cross-
section; (b) High-angle annular dark-field scanning TEM (HAADF/STEM) image, cross-section. White or
grey points correspond to Ga or Mn atomic columns, respectively. Selected area electron diffraction
patterns recorded (c) in the plane of the film with the [0001] zone axis and (d) the cross-section of the
[0110] zone axis. (e) The line-scan analysis using STEM/energy-dispersive X-ray (EDX) spectroscopy
along the yellow arrow on the HAADF /STEM image that demonstrates a Ga and Mn distribution. Adapted
from [98].

The high-angle annular dark-field scanning HAADF /STEM image of the film’s cross-
section shown in fig. 4.20(b) demonstrates the atomic columns periodically stacked
along the c-axis. This highly ordered pattern confirms the MAX phase structure. The
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brightness of the atomic columns is proportional to the nt power of the atomic number
Z, so the brightest atomic columns correspond to Ga (blue) and two grey atomic
columns correspond to Mn (red). The line-scan performed by STEM energy dispersive
X-ray analysis (EDX) shown in fig. 4.20(e) demonstrates periodically arranged Mn and
Ga atomic planes along the c-axis [98]. The selected area electron diffraction patterns
for the basal-plane and the cross-section views shown in fig. 4.20(c) - (d) display a high
crystal quality. The determined ¢ = 1.26 nm and a = 0.294 nm are in agreement with
XRD studies giving a difference of about 1.4 % for the a- and of about 0.4 % for the c-
lattice parameter. Therefore, the Mn2GaC film consists of uninterrupted atomic layers
stacked along c-axis normal to the basal plane with a lateral texture that includes grains
of about 150 - 400 nm.

A surface roughness and chemical homogeneity are important characteristics that
could significantly influence magnetic properties of the film [138, 139]. By using SEM
imaging, the 100 nm Mn2GacC film’s surface morphology was studied in comparison to
a 370 nm Mn2GacC film (figs. 4.21(a) - (d)).

~ d=100nm |
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Figure 4.21 Scanning electron microscopy images for the (a), (c) 100 nm and (b), (d) 370 nm Mn2GaC
films to compare their surface morphology.

The 100 nm film possesses a smooth surface in contrast to the 370 nm film, which
revealed a heterogeneous surface morphology seen as a contrast difference. According
to EDX analysis, observed droplets on the surface are associated with Ga splashes that
can be a consequence of the deposition process. A synthesis of a MAX phase without Ga
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drops on the surface is challenging. Nevertheless, phase-pure Ga-containing MAX
phase films of a good crystalline quality were successfully grown by magnetron
sputtering by using a specially designed crucible placed under the substrate [26, 27].

On the nanoscale, a difference in a surface morphology is more pronounced: the
370 nm film formed flakes protruded from the surface as presented in figs. 4.21(b), (d).
These features can be attributed to the step-flow growth, where basal planes form
faster than the c-axis [86] and at the critical thickness this process may cause a
formation of dislocation planes that stick out of the layer. Such inhomogeneous
structures contribute into the magnetization process since a domain structure become
complex and the material possesses a mixed magnetic anisotropy distribution.
However, the 100 nm film, studied in this thesis, exhibits a homogeneous surface
without flakes that those observed for the 370 nm film. Nevertheless, the surface is
rough on the nanoscale, which should be considered for the magnetic characterization,
e.g. magnetic anisotropy [140].

4.2.2 Sign reversal of the large uniaxial magnetostriction

The influence of temperature and external magnetic field variation on the c-lattice
parameter evolution of Mn2GaC is studied in this chapter. Magnetostrictive effects in
AFM materials are subject of an intense study as, in contrast to FM materials, different
magnetic structures can be stabilized by varying temperature and magnetic field
across the magnetic phase transition. Competitive AFM and FM interactions across the
Ga atomic layers in Mn-Ga-Mn chains are predicted by density functional theory [40].
This complex magnetic behavior results in a strong dependence of the Mn2GaC
compound magnetic ground state configuration on pressure (c-axis lattice parameter),
temperature and external magnetic fields [40]. Mn-based systems like binary
orthorhombic MnP and related materials often form complex noncollinear magnetic
phases, where the change from AFM to FM configuration depends on the interatomic
distance between Mn atoms [141].

The consecutive parallel planes of atoms are associated with the dj;,; spacing which
is defined as the distance between two neighboring planes [142]. Field- or
temperature-dependent structural transformations of a magnetic material can be
characterized by this parameter. Here, the position of the most intensive (0006) Bragg
reflection was examined as a function of the scattering vector Q under an external
magnetic field up to 3T applied parallel to the film plane. High-resolution X-ray
diffraction scans were performed for two fixed temperatures of 200 and 270K
(figs. 4.22(a) and (b), respectively) that are below and above the magneto-structural
phase transition of Tt = 214 K [98]. At 200 K, where Mn2GaC is in the noncollinear AFM
state, the diffraction peak moved towards smaller Q as the external magnetic field
increases. It denotes an expansion effect on the c-axis lattice parameter. The opposite
behavior is tracked for 270 K, where the material is in an AFM state: the (0006)
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diffraction peak moved towards larger Q with increasing field indicating a contraction
of the c-lattice [98].

(a)1-01  (000s) omt=0T1] (B) 100 (0006) ~a-pgH=0T]
—_ . = : H=1T
@ gl T=200K S-lH=1TH o ol T=270K ot ]
c = = pH=2T
5 HH=2T =

] = : H=3T
g 06l LeH=3T | }Eﬁ 06l Ho ]
z =
(2] =
;':_.’ 0.4+ 1 % 0.4+ | 1
= =

0.2f 1 o2t , \\ ]
o in the film plane “%3, M PPN in the film plane <3,
- 2.99 3.00 3.01 2.99 3.00 3.01
Scattering vector Q (A™) Scattering vector Q@ (A™")

Figure 4.22 High-resolution X-ray diffraction scan in the vicinity of the (0006) reflection as a function of
the scattering vector @ at magnetic fields of 0 T < uoH < 3 T applied parallel to the film plane: (a) below
and (b) above the magneto-structural phase transition at 214 K [98].

An interplane distance change Ad with respect to the corresponding d, at zero
magnetic field was recalculated for both temperatures using relations between the
general equation of interplanar spacing dp;; for a hexagonal lattice and the Bragg
condition [142]

— 2m _ 4msing Ad _ dpzo—dy=0

ol = — )

- dpkl Y

o = e (4.2)
where a and c are the lattice constants, 6 is the angle of incidence for the atomic plane
with Miller’s indices hkl, 4 is the X-ray wavelength. In this work, Ad/ d, defines the
uniaxial magnetostriction and displays a relative change in the c-axis (fig. 4.23(a))
upon the magnetic field applied parallel to the film plane. The MgO substrate was
measured separately and showed a constant d-spacing as a function of an applied
magnetic field [98]. Ad/d, at temperatures above the magneto-structural phase
transition is negative indicating a c-lattice contraction with increasing the applied
magnetic field. In contrast, Ad/ d, becomes positive below Tt revealing a tensile strain
[98]. Up to uoH = 0.5 T, Ad/ d, is close to zero for 280 K and there is a small decrease
for 200 K which is indistinguishable within the experimental error. With increasing the
field, an almost linear response was observed at magnetic fields between 1.5 and 2.5 T
for both temperatures. Due to technical limitations, measurements were performed up
to 3 T. Therefore, only a trend to a saturation could be proposed for higher magnetic
fields. Presumably, at these fields the magnetic moments should be aligned with the
external magnetic field. Albeit, the Mn2GaC exhibits competing AFM and FM
interactions [40], which should be taken into account since it is not fully understood if

64



these fields are enough to complete a field-induced alignment of an AFM subsystem in
Mn2GaC.

Quantitatively, Ad/ d, of (0.45 = 0.04) x 10-3 or 450 = 40 ppm at uoH = 3 T for both
cases is determined, which is comparable to approximately 500 ppm at uoH=0.1T
known for TbFe/FeCo multilayers and to -1200 ppm at uoH = 0.5 T reported for SmFeB
amorphous films [65]. Such large uniaxial magnetostriction can be attributed to a
magnetic moments’ reorientation during field-induced metatransitions from AFM or
noncollinear AFM towards FM configuration. This process leads to a significant c-lattice
modification across Tt which is schematically shown in fig. 4.23(b) [98].

—~~
2

g 04F -T=200K /},y"f 1
8 before the MSPT }

& [e] 0 2 L p /

PE-Ne i/}

E =) /§/

8300 Wc

[oRe] J ?

£ N\

[0] }\

2 02f o T=280K N

- after the MSPT }\‘}_‘

T g4f 81

00 05 10 15 20 25 30
Magnetic field (T) ® Gaatoms @ Mnatoms *® Catoms

Figure 4.23 (a) Field-dependent interplane distance Ad with respect to the d-spacing at zero field d,, for
200 and 280 K with a magnetic field applied parallel to the Mn2GaC film plane. (b) Magneto-structural
transformations across the transition temperature T: shown on a doubled unit-cell: (I) At T> T, the
system has an AFM configuration and the spin alignment is predominantly collinear. (II) At T < T, the
Mn2GaC undergoes a magnetic phase transition characterized by a magnetic spin trans-formation to a
noncollinear AFM state resulting in a c-lattice compression (Cn < Ci). An external magnetic field initiates
a parallel spin alignment for (III) and (IV) cases, resulting in a c-lattice compression (Cmi < Ci) and
expansion (Cwv > Cn), respectively. Adapted from [98].

The observed magnetic transformations are schematically shown in fig. 4.23(b).
The largest c-axis lattice compression by around 0.2 % [40] arises across the magneto-
structural phase transition without an applied magnetic field, which is presented from
(I) to (II) in fig. 4.23(b). FM alignment of the magnetic moments leads to a compression
by 0.045 % at T > Tt from (1) to (III) and an expansion by 0.045% at T < T: from (II) to
(IV). The temperature induced lattice compression from (1) to (II) is approximately 4.4
times larger than the magnetic field induced negative and positive magnetostriction.
The sign inversion at T: implies that the sign of the exchange coupling between Mn
moments across the Ga atomic layers has an oscillatory-like behavior as a function of
the c-axis lattice constant. A sign change of the exchange coupling as a function of the
c-lattice parameter is expected for a layered magnetic system with competing
interactions [40]. No a-lattice change was reported with the temperature variation
[40]. The unit cell volume change should be further confirmed by complementary
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measurements to study a possible simultaneous a-lattice modification upon an applied
external magnetic field.

A c-lattice change as a function of temperature and a magnetic field across the phase
transition (fig. 4.24) was plotted to qualitatively describe the observed material’s
response. A c-lattice compression by 0.045 % occurs when poH=3T is applied
(markers 1 - 2 in fig. 4.24) at 270 K and a lattice expansion by the same value appears
at 200 K (markers 3 = 4 in fig. 4.24). The transition 1 - 3 redrawn from [40] causes a
compression by about 0.2 % without an applied magnetic field. This oscillatory lattice
modification is presumably caused by a field-induced FM-like alignment due to the
magnetic moments’ reorientation. In addition, it can be assumed that the relative c-
lattice compression of approximately -0.1 % with regard to the AFM configuration (the
reference state 1 in fig. 4.24) may be an equilibrium c-lattice for the stabilization of the
collinear magnetic configuration.
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Figure 4.24 Relative c-lattice change with respect to the reference at 270 K at poH = 0. Blue and red
circles represent states at poH = 0 and 3 T, respectively. The grey area indicates the magneto-structural
phase transition. Redrawn from [98].

Hence, the noncollinear states 2 and 4 with a magnetic field induced FM can be
understood as intermediate states between the magnetic configurations stabilized at
fixed temperatures without an applied magnetic field. The correlation between the
observed uniaxial magnetostriction and the magnetoresistance for Mn2GaC across the
magneto-structural phase transition is discussed in chapter 4.2.3.

4.2.3 Field- and temperature-dependent magnetoresistance

The electrical resistivity p as a function of temperature (fig. 4.25) decreases with
decreasing temperature revealing a general metallic behavior [55]. At 300K, the
measured p for the Mn2GacC film is 2 pQdm which is comparable to 1.5 p{lm obtained for
the quaternary (MoosMnos)2GaC MAX phase films [95]. The observed non-linear
behavior of p(T) above 200 K correlates with a similar trend obtained for the Ti2AIC
and Cr2AIC [143] and Cr2xMxGeC with M =Ti, V, Mn, Fe, and Mo [144] MAX phase
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compounds, where it was ascribed to phonon contributions. The deflection of p(T) at
300 K becomes stronger with increasing the applied magnetic field. Besides, the
influence of the magneto-structural transformations can be observed in the
magnification near the transition temperature (fig. 4.25(b)). These transformations
resultin a gap between the ascending and the descending branches in p(T) curves. This
gap shows a pronounced field dependence being about 0.035 pQm for uoH of 5and 9 T,
and 0.046 pQm for poH = 0. Such an observation of a larger gap for uoH = 0 correlates
good with the magnetostriction studies (chapter 4.2.2) reporting the larger c-lattice
change at uoH = 0 than with the presence of uoH # 0.

The residual resistivity ratio (RRR) calculated for Mn2GaC and (Moo.sMno.5)2GaC by
the eq.2.15 is 3.0 and 1.3 [95], respectively. Since the influence of structural
imperfections on electric properties is shown to be stronger in quaternary alloys due
to an increase of additional defects [144], the obtained larger RRR for the ternary
compound is in agreement with this model.
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Figure 4.25 (a) Temperature-dependent electrical resistivity p for different external magnetic fields
including cooling and warming curves, (b) Magneto-structural phase transition area, where the splitting
between the cooling and warming branches was observed. Adapted from [98].

The magnetoresistance (MR) was calculated according to the eq. 2.14 [47]

MR = 22 _ Por—Por , (4.3)
P PoT

where pgr and p, r are resistivities measured at 9 T and at 0 T, respectively. From the
temperature-dependent p (fig. 4.25(a)), at T=300 K, Ap/p was found to be negative
and of -0.9 % and -2.5 % for yuoH =5 and 9 T. In contrast, at T= 10 K below Tt, Ap/p is
+2.9 % for both applied magnetic fields. The origin of this non-monotonic temperature
dependence may be understood by inspecting the first derivative dp/dT (fig. 4.26(b)).
It displays a broad though distinct maximum near T: indicating a strong influence of
the magneto-structural transformations (chapter 4.2.2) on electrical properties, as the
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spin configuration changes from a noncollinear AFM to a field induced FM state. The

results are summarized in table 4.4.

Table 4.4 The residual resistivity ratio (RRR), the magnetoresistance (MR) and the electrical resistivity
for the 100 nm MnGacC film at different applied magnetic fields uoH.

Applied . MR, % p, uldm
poH, T T=10K T=300K T=10K T=300K
0 3.05 - - 0.67 £0.01 2.04 +£0.01
5 2.95 +2.9 -0.9 0.69 +0.01 2.03+£0.01
9 291 +2.9 -2.5 0.69 £0.01 2.00+0.01
(@) [ A=5T app=-oo% | _J0) aA=or | L H=sT
2.0} - HH=9T
)
_ c | ]
E | .
2 15Both ygH=5and © T 1 f‘i
L [Aplp=+29% ~
| —uH=0T | I
1.0} —uH=5T -
i wH=9T
0 50 100 150 200 250 300 50 100 150 200 250 300

Temperature (K) Temperature (K)

Figure 4.26 (a) Temperature-dependent electrical resistivity p measured at yoH =0, 5 and 9 T applied
parallel to the film plane. (b) Corresponding derivatives over the temperature.

The field-dependent MR measured at T =200, 230 and 300 K is shown in fig. 4.27.
In contrast to (MoosMnos)2GaC [95], the MR in Mn2GaC demonstrates a hysteretic
behavior revealing an asymmetry with respect to the applied magnetic field direction.
The high asymmetric curves are observed for temperatures near the magneto-
structural phase transition, albeit at T=300K the MR is more symmetric. At
temperatures below Tt (fig. 4.27(a)), the MR is irreversible at uoH of about 7 T. This
asymmetry can result from the magneto-structural transformations that lead to
different electronic structures due to a change of the spin configuration. As an
illustration, at puoH of around +0.8 T (fig. 4.27(a)), the asymmetry of MR between the
positive and the negative branches reaches the value of 0.9 %. Thoughtfully, at small
positive uoH, the positive field curve (blue) shows positive MR, whereas for the
negative field curve (red) the MR is negative. This allows the read out of the magneto-
structural states at uoH below 0.7 T by detecting the sign of the MR. The summarized
parameters are listed in table 4.4.
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AFM aligned moments at T=300 K influence the MR while cooling the system
across Tt. At T = 200 K, the MR behaves differently if Mn2GaC was cooled down without
uoH (green curve in fig. 4.27(a)) and with uoH of + 9 T applied parallel to the film plane.
This deviation can be attributed to the different electronic structure as compared to
the field induced magnetic configuration stabilized after the application of yoH of 9 T
and may be caused by a change of the charge carrier concentration and the density of
states at the Fermi level. Nevertheless, the contour of the green and the red curves in
fig. 4.27(a) is similar indicating that the magneto-structural transformations under the
applied magnetic field behave alike. At temperatures above Tt, a complex MR behavior
with a modified shape remains and an asymmetry points shift at a higher poH as shown
in fig. 4.27(b) - (d). The MR at 9 T is negative and in agreement with the sign change of
MR across Tt At higher temperatures, the irreversibility point decreases downto ~ 3 T,
the asymmetry is reduced and the MR evolves mainly towards negative values, being
positive and close to zero in poH of + 2.5 T.
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Figure 4.27 Magnetoresistance of the MnzGaC film for (a) 200K, (b) 230K and (c) 300K
(d) Magnification of uoH = + 2.5 T for (c). Arrows represent the sweeping direction and numbers define
the measurement order. Adapted from [98].

69



4.2.4 Magnetic phase transitions

First principles calculations predict strong FM coupling between Mn atoms in Mn-C-
Mn layers for Mn2GaC [40], where the interatomic distance between Mn atoms is
0.267 nm which is below the threshold value of 0.288 nm for the onset of FM exchange
observed in many Mn-based compounds with predominant FM coupling [141].
According to performed calculations [40, 41], magnetic states of various spin
configurations can have similar equilibrium volumes and formation enthalpies
differences. In particular, the difference in formation enthalpy and equilibrium volume
between the ground FM state and the energetically lower lying AFM configurations are
up to 2 meV/atom and about 0.2 A3/formula unit, respectively [40, 41]. These results
can well describe the observed critical magnetic transition temperature and the
volumetric properties of the investigated Mn2GaC material.

The measurement protocol for the temperature-dependent magnetization M(T),
shown in fig. 4.28, included the following steps: first, M(T) of the zero-field-cooled
(ZFC) state was measured from 5 to 300 K with an external magnetic field uoH = 0.2 T
applied parallel to the film plane. Then, without removing the field, the field-cooled
(FC) M(T) was measured from 300 to 5K. As a last step, M(T) was measured on
warming the sample back to 300 K (field-warmed: FW). M(T) of the blank substrate
was measured separately and subtracted from the film signal (see Apendix, fig. A.1).
The pronounced plateau from low temperatures up to about 150 K indicates the
presence of long-range magnetic order. The magnetic phase transition occurs at about
T:= 214 K. This transition is much sharper than the one observed for (CrosMno.s)2GaC
(fig. 4.8), where strong mixed interactions are found to be present.
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Figure 4.28 Zero-field-cooled (ZFC), field-cooled (FC) and field-warmed (FW) temperature-dependent
magnetization M(T) for the 100 nm Mn2GaC film. Adapted from [98].
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The presence of a thermal hysteresis around Tt between FC- and FW-M(T) seen in
fig. 4.29 is ascribed to a magneto-structural phase transition, whereas a splitting
between ZFC and FC is a response from mixed magnetic interactions [122]. The FC-
M(T) is about 57 % larger (at 100 K) than the ZFC-M(T). For the ZFC case, no preferred
orientation of the magnetization is provided when cooling through Tt A preferred
orientation is provided when cooled through T: under an external field so the M(T) is
larger than in the ZFC case. At 300 K, the non-zero M is an indication of the presence of
a FM contribution arising from magnetic inhomogeneities or impurities. This is further
discussed below with regard to the M(H) data. The thermal hysteresis of about 9 K
between FC- and FW-M(T) branches denotes the presence of a structural
transformation in agreement with reference [40].

We now turn to the high-temperature magnetization measurements. The reason
for doing these studies is because Monte Carlo simulations predict an AF-PM magnetic
transition for Mn2GacC at around 660 K [41]. Therefore, we have measured M(T) in the
temperature range 300 <T<850K. The data are shown in fig.4.29. M(T) was
measured in three steps with an applied field of 1 T. First, field-warmed FW-M(T) from
300 to 750 K was measured (1 red). Then, FC-M(T) was measured down to 300 K (2
blue). In the next step, FC-M(T) was measured from 850 K (3 green). The temperature-
dependent background from the blank substrate was subtracted. A pronounced peak
is observed at 507 K [98] for both red and blue curves with no transition hysteresis.
This corresponds to a Néel temperature Tn. The background seen in fig 4.28 is also
observed in these data.
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Figure 4.29 Field-warmed (FW) and field-cooled (FC) temperature-dependent magnetization M(T)
measured at 1 T applied parallel to the film plane. Adapted from [98].

On the other hand, FC-M(T) measured downwards from 850 K (fig. 4.30) showed an
absence of the peak. When brought up to these temperatures, the MAX-phase is no
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longer stable, and the system transforms mainly into an antiperovskite Mn3GaC, as
observed in the low-temperature M(T) discussed below. Furthermore, the synthesis of
Mn2GaC is performed at 823 K [24], so that when exceeding this temperature, a
decomposition occurs.

The decomposition is reflected as a change in the magnetic properties. To confirm
this, we measured ZFC- and FC-M(T) under the same conditions that were used for
Mn2GacC (fig. 4.28). M(T) displays an absence of a magneto-structural phase transition
ascribed to the Mn2GaC magnetic MAX phase [98]. Instead, we find M(T) to exhibit
features typical of Mn3GaC as shown in fig. 4.30. The magnetization is nearly
temperature independent for 5 < T < 160 K after which it rapidly increases and makes
a peak at about 220 K. This corresponds to the AFM-FM transition in Mn3GaC. The
magnetization then decreases as the system goes to a PM state through T¢ [145, 146].
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Figure 4.30 Zero-field-cooled (ZFC) and field-cooled (FC) temperature-dependent magnetization for the
100 nm Mn2GacC film after heating up to 850 K, which does not follow the initial M(T) shown in fig. 4.28.

4.2.5 Field-dependent magnetization and magnetic entropy change

The field-dependent magnetization M(H) measured at temperatures across the
magneto-structural phase transition is presented in fig. 4.31. The linear background
originating from the substrate (fig. 4.31(a)) was subtracted by a linear fit to M(H) at
the highest measuring magnetic fields between 6.5 and 9T [123, 124]. M(H) for
150 K < T'< 300 K were obtained by normalization with respect to the film volume.
M(H) for many magnetic MAX phase films exhibits a retracing S-shaped curve
between the negative and positive maximum field-extremes [23, 26-28, 37, 89, 95]. In
contrast to this, for the present sample, M(H) for T < T: do not retrace and show an
opening between increasing- and decreasing-field measurements in the first and third
quadrants indicating the presence of a metamagnetic transition (fig. 4.31(b)). At these
temperatures, the compound is in a non-collinear FM state, and applying a field places
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the system into a collinear state. The form of the M(H) curves shown in fig. 4.31(b) is
similar for all T except for 300 K. A background arising from magnetic inhomogeneities
or impurities discussed in chapter 4.2.4 can also be observed in M(H) as an initial fast
rise in small fields, particularly in M(H) for 300 K. The high-field hysteresis narrows
with increasing temperature and is no longer present at 300 K (fig. 4.31(b)). The
metamagnetic transition is most pronounced at 300 K where the compound is in an
AFM state at low fields (fig. 4.31(b)). The transition to the FM state begins at about
+ 2 T. The presence of these transitions can be interpreted as a spin reorientation
process in an AFM structure beginning at a critical field poHcr. These features are similar
to those observed in spin-flop metamagnetic transitions in AFM materials (e.g.
FeClz [147]) when an AFM sublattice abruptly rotates towards the direction of the
magnetic field. Its broad shape can be understood to be due to magnetic
inhomogeneities arising from competing AFM and FM interactions.

The saturation magnetization Ms was determined to be of 127 kA/m at9 T forall T
within a spread of 5 % with M(H) for 300 K being slightly lower than the other M(H)
with Ms of 120 kA/m. The corresponding magnetic moment is estimated to be about
0.3 ug/Mn atom. This value is lower than the calculated magnetic moment for the
collinear FM configuration, which is 1.6 - 1.8 us/Mn atom depending on the calculation
method [40]. This points out to a non-collinear alignment of the magnetic moments
proposed earlier [24]. The coercive field poH: is about 14 mT for M(H) at all
temperatures. The remanent magnetization M, viewed in the inset of fig. 4.31(b)
decreases from 15 to 2 kA/m for 150 and 300 K, respectively.
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Figure 4.31 (a) Field-dependent magnetic moment for the 100 nm Mn;GacC film. (b) Field-dependent
magnetization for 150 K < T < 300 K after background subtraction and normalization with respect to the

film volume. Inset shows a low-fields area. A magnetic field was applied parallel to the film plane.
Adapted from [98].

We now present in fig. 4.32 M(H) for temperatures 500 < T'< 850 K where the
system is above Tn. The background contribution has been subtracted. Although the
sample is predominantly in an AFM state below 500 K, the M(H) curves have shapes
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that would indicate the presence of FM contributions. This, in fact, persists up to 750 K,
which is beyond the region where the peak in M(T) occurs (fig. 4.32). At 850 K, this
feature is still present, although the sample is no longer stable as a MAX phase but
rather as an antiperovskite as shown in fig. 4.30. Ms for 750 K is about 50 kA/m. This
form of saturation attained in small fields is ascribed to the presence of magnetic
impurities observed also in figs. 4.28 and 4.29. There is, however, a second source of
ferromagnetism which is intrinsic and leads to the observed form of M(H) curves for
500 < T'< 600 K. This presumably arises due to mixed magnetic interactions prevailing
even at these high temperatures. The Mn-C-Mn trilayers in the MAX phase are strongly
covalently bound and have been predicted to give rise to FM exchange [40]. This is
expected to be the source of the intrinsic magnetic inhomogeneity causing M(H) to
approach saturation at higher fields and at a slower rate than in the case for the
magnetic impurities. In this field range, none of M(H) reveal a typical linear behavior
expected for a pure paramagnetism. One possible model to describe the observed high-
temperature M(H) behavior is that above T: Mn-C-Mn slabs in Mn2GaC are still
magnetically coupled, but Mn-Ga-Mn layers lose their interlayer coupling. If this model
will be proven, then by heating Mn2GaC above T its layered structure would
experience delamination and, thus, M-X-M layers and A interlayers can be partially or
fully decoupled.
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Figure 4.32 (a) Field-dependent magnetization M(H) in the range of 500 K < T'< 850 K for the 100 nm
Mn2zGacC film with the magnetic field applied in the film plane. (b) Low-fields area. Data were normalized
with respect to the film volume and are presented after background subtraction.

Magneto-structural transitions in Mn-based Heusler alloys and antiperovskite
compounds lead to magnetocaloric effects (MCE). MCE are characterized by a release
or absorption of energy (heat) when a field is applied [47, 56]. This effect is widely
studied due to its high potential for magnetic energy conversion applications and
magnetic refrigeration [56, 57]. Due to a fact that Mn2GaC exhibits a magneto-
structural transformation (fig.4.33), we examined the entropy change AS in the
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vicinity of Tt (fig. 4.33(b)) to understand whether magnetic MAX-phase materials can
be useful for MCE applications [98].

[sothermal M(H) shown in fig. 4.33(a) were recorded in the temperature range
150 < T < 340 K with a magnetic field from 0 to 9 T having the speed rate of 0.01 T/s. A
magnetic field was applied parallel to the film plane for all presented measurements.
Before each M(H), the sample was zero-field-cooled from 300 K to the measuring
temperature. To obtain AS, an integration was executed according to eq. 2.10 for the
field ranges of 0 <uoH<0.5T, 0<uoH<1.0T, and 0<uoH<2.0T (fig.4.33). The
largest AS is observed near T: (fig. 4.33(b)). AS is negative, which is a typical response
for materials with high magnetization states at lower temperatures [57]. An
unpronounced AS observed for Mn2GaC is a consequence of a broad phase transition
(fig. 4.28) with a width of about 60 K and competing magnetic interactions [98]. |AS]|
shows a maximum at 0.26 and 0.44 J/kgK for the field ranges of 0 < uoH < 1.0 T and
0 <uoH < 2.0 T, respectively. These values are about one order of magnitude smaller
than in compounds with a substantial MCE. For instance, the well-known
magnetocaloric materials Mn3GaC and Lao.s3Sro.17MnO3 exhibit a AS at 2 T of about
14 ]/kgK [57] and 3.5 J/kgK [148].
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Figure 4.33 (a) Isothermal magnetization curves for the 100 nm Mn2GacC film measured from 150 K to
340 K with 5 K step. (b) Temperature-dependent entropy change AS for applied magnetic fields in the
range of 0 - 0.5,0 - 1.0 and 0 - 2.0 T. Solid lines are guides for the eye [98].

To make magnetic MAX phases competitive in the MCE, a high magnetization and
an abrupt magnetic phase transition are required [57]. Despite the fact that the Mn2GaC
film does not show any substantial MCE, MAX phases offer multi-faceted possibilities
to tailor material properties via element-substitution on the M, A or X sites [11]. This
opens a wide venue to tune magnetic properties like MCE to obtain a desired response.
From this perspective, the appearance of MCE in Mn2GaC can be a source of motivation
for the further development of other magnetic MAX phases with magneto-structural
transitions.
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4.2.6 Angular- and frequency-dependent ferromagnetic resonance

An experimental setup based on a microwave short was used to study FMR in the
frequency range 6 GHz < f< 18 GHz, details are given in chapter 3.2.3. The sensitivity
of this configuration is lower than of a resonant cavity-based setup, which resulted in
recorded signals of smaller amplitude. The film specimen was cooled down from 300
to 100 K. A 9T field was applied prior to measurements. Each dx”/0H spectrum was
recorded in the field range 0 T < poH < 0.5 T starting from higher fields to ensure equal
conditions of a magnetic moment’s alignment along the applied field. A magnetic field
was applied parallel to the film plane. An FMR signal for the out-of-plane configuration
was not detected as the signal smears out while approaching the perpendicular
orientation, which is shown below in fig. 4.38. Experimental FMR spectra for the zero-
field-cooled (ZFCot) and field-cooled (FCot) protocols measured at 100 K are presented
in figs. 4.34(a) - (b).
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Figure 4.34 Absorption derivatives measured at 100 K for the Mn2GaC film for the (a) field-cooled (FCor)
and (b) zero-field-cooled (ZFCot) protocols at different frequencies. Measurements were performed
with a magnetic field applied parallel to the film plane.

The frequency-dependent resonance field poHr and linewidth poAH for both ZFCor
and FCor are shown in figs. 4.35(a) and (b), respectively. The experimental data for poHr
were fitted according to eq. 2.30 for the in-plane configuration to determine a g-factor
and a perpendicular magnetic anisotropy constant Kz.. For all fits, Ms = 127 kA/m from
M(H) curves was used. The quality of the fit appeared to be similar for fixed g factor
within the range of 1.9 < g < 2.2, despite the data were taken at the wide frequency
range of 6 GHz < f < 18 GHz.

The obtained Kz.1 of the ZFCor and FCot protocols for 1.9 < g < 2.2 were found to be
negative with -100Kk]J/m3<Kz1 <-67KkJ/m3 and -135Kk]/m3 <Kz <-97KkJ/m3,
respectively. It becomes clear that from this experimental data one cannot distinguish
a difference in a g-factor for the ZFCor and FCor protocols. However, Kz1 for FCor
showed a magnitude, which is about 40 % bigger than it was observed for ZFCor. uoAH
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exhibits a nonlinear dependence with a tendency to saturate at low frequencies, which
point out to additional contributions to the two main mechanisms that define the
relaxation rate of M, which are the intrinsic damping and the inhomogeneous line
broadening [60]. In order to specify possible contributions to a model for a frequency-
dependent puoAH, experimental data for a wider frange are required.
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Figure 4.35 (a) Frequency-dependent resonance field uoHr and (b) linewidth poAH for the zero-field-
cooled (ZFCor) and field-cooled (FCor) protocols. Measurements were performed at 100 K with an
external magnetic field applied in the film plane.

As it was shown above, the resonance signal related to the Mn2GacC film appears at
fields below those that are characteristic for the electron paramagnetic resonance
(EPR). The second signal was observed at higher fields and it was ascribed to an
overmodulated sharp resonances from inclusions incorporated into the MgO substrate.
Extracted poHr and podH for both ZFCor and FCor are shown in figs. 4.36(a) and (b),

respectively. These resonances were observed for all films deposited on MgO and they
are presented in the inset of fig. 3.9.
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Figure 4.36 Frequency-dependent absorption derivative for the MgO substrate measured at 100 K.
(a) Frequency-dependent resonance field uoHr with the fitaccording to the EPR resonance condition and
(b) linewidth peAH for the zero-field-cooled (ZFCor) and field-cooled (FCor) protocols.
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To confirm its EPR nature, the resonance condition for EPR shown in fig. 4.36 was
used. According to this equation, EPR exhibits a linear frequency dependence. For
f=9.4 GHz, poHr should appear at fields of about 345 mT assuming the free electron
g =2.0023[149]. Experimental uoAH is found to be frequency independent, which is an
additional hint to a non-FM origin of this resonance. Both quantities are independent
on cooling protocol and, thus, we can conclude that they are not related to the FMR
signal of Mn2GaC.

A magnetic anisotropy with respect to the sample orientation was studied using the
same principles described in chapters 3.2.3 and 4.1.3. FMR measurements were
performed for the ZFC protocol at 110 K, where the system is in a noncollinear state.
For the in-plane azimuthal angle ¢ rotation, we have measured microwave absorption
derivative spectra dx”/0H for the angular range 0°<¢ <358° with 2° steps.
Measurements were performed at f=9.47 GHz with the modulation frequency of
100 kHz. The microwave power was adjusted to 19.7 mW, and the modulation
amplitude to 0.3 mT. The quality factor Q was determined to be 1600 and 6200 for the
in-plane and the out-of-plane configuration, respectively. The time constant and the
conversion time on Lock-In were set to 20 ms and 40 ms, respectively.

An in-plane angular dependence for the Mn2GaC film is anticipated to demonstrate
a six-fold symmetry as for the (CrosMnos)2GaC films discussed in chapter 4.1.3, since
both compounds exhibit a hexagonal crystal structure with the c-axis normal to the film
plane [24, 98]. Also, a substrate roughness, domains or tilted grains can result in a
summarized contribution, which is generally observed as a uniaxial magnetic
anisotropy [75, 125, 138, 150]. Four dx”/0dH spectra measured at distinct angles that
correspond to the observed easy- and hard-axes for 110 K are presented in fig. 4.37(a).
It can be seen in the inset in fig. 4.37(a), that an amplitude of substrate signals is much
larger than for the FMR signal of Mn2GaC. This effect is the result of a quality factor
reduction occurring when a massive sample (substrate in this case) is placed across
the resonant cavity, which disturbs the electrical field distribution while a sample
rotates. An angular-dependent zero-field absorption is as well ascribed to the above-
mentioned technical point.

The single FMR signal originating from the Mn2GacC film is located at the magnetic
field of about 94 mT for 110 K. The lineshape deviates from a symmetric Lorentzian
derivative function expected for typical FMR signals for a metallic FM film [60]. The
extracted poHr and poAH are presented in fig. 4.37(b). The sample showed a weak
uniaxial character for both puoHr and poAH with minima/maxima at every 90°. We note
that the difference between the poHr maxima at 90° and 270° is about 3 mT, which is
small considering the error of the uoHr determination due to a high noise of the signal.
On another hand, a similar asymmetry of the in-plane magnetic anisotropy was
reported for NiFe/FeMn/CoFe trilayers that contain FM-AFM interfaces and exhibit an
exchange bias [151]. In this reference, unidirectional and uniaxial magnetic
anisotropies were found to be misaligned in the film plane, which resulted in an
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angular dependence with unequal magnitude of maxima. A noncollinearity between
these magnetic anisotropies was ascribed to a combination of a small in-plane magnetic
anisotropy and magnetic frustration effects arising from yet inevitable structural
imperfections such as roughness, defects, mosaicity, strain, and so forth [151]. The
above-mentioned explanation may describe the observed angular dependence, since
Mn2GaC revealed a noncollinear magnetic configuration with competing AFM-FM
interactions [41], a small in-plane magnetic anisotropy and structural inhomogeneities
such as grains [24]. However, no exchange bias effects were detected for the Mn2GaC
film (e.g. chapter 4.2.5), which is an important contribution for the observation of a

unidirectional magnetic response [151].
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Figure 4.37 (a)Absorption derivatives for the Mn2GaC film on the MgO substrate measured at 110 K for
angles 92° < ¢ < 352°. The inset demonstrates a relative ratio between signals from the substrate and
the film. (b) The linewidth ueAH and the resonance position poHr as a function of angle.

The variation of poAH between 0.030 and 0.035 T, shown in fig. 4.37(b) follows the
uoHr shift displaying minima and maxima at the same positions. It should be noted that
the difference between minimum and maximum of about 5 mT is small taking into
account the error in the poAH determination. A uniaxial character of the poAH angular
dependence may be interpreted to be a result of contributions dominating over the
intrinsic line broadening, which are related to an anisotropy distribution in the film
plane caused by inhomogeneities and competing magnetic interactions.

Angular-dependent FMR studies for the out-of-plane configuration have been
performed for ZFCi.2r and FCi2r at 110 K with 2° steps and 0.5° near the out-of-plane
orientation of the film specimen. For each microwave absorption derivative dx”/0H,
the magnetic field was swept from high fields to zero. dx”/dH were recorded at
f=9.43 GHz, the modulation frequency of 100 kHz, the microwave power was set to
19.7 mW. The quality factor was Q = 5600, the time constant and conversion time on a
Lock-In amplifier were optimized to 20 and 40 ms, respectively. dx”/dH for both
ZFCi2r and FCiz2r are presented in figs.4.38(a) - (b). A small absorption signal
observed at 0.02 T in fig. 4.38(a) is found to be angular-independent. For the FC1.r, it
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is suppressed by a strong FMR signal. Qualitatively, signals for the FC1.2t protocol are
located at lower fields and have much higher amplitude than for ZFCi.2r. Primarily, it
could mean a larger M and a resulting stronger magnetic anisotropy contribution.
Asymmetries of the FMR signals are comparable for both protocols.
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Figure 4.38 Angular-dependent absorption derivatives for the Mn2GaC film measured at 110 K for the
(a) zero-field-cooled (ZFCi.21) and (b) field-cooled (FCiz2t) protocols. Insets show a schematic of the
angle rotation.

Approaching an out-of-plane orientation, the FMR signal broadens out for both
ZFCi2t and FCi2r. Extracted poHr and poAH are presented in figs. 4.39(a) - (b). The
angular-dependent uoHr requires both in-plane and out-of-plane values to calculate the
perpendicular magnetic anisotropy associated with an obtained curvature. However,
for an exact position of 8 = 0° (see angles in fig. 4.39(d)), no data were extracted as the
signal moves towards fields that are higher than the highest achieved field of 1.2 T.
Obtained data sets were fitted by the Smit-Beljers approach described in chapter 3.2.3
and [115] to evaluate the magnetic anisotropy for these cooling protocols and justify
the difference seen in uoHr and poAH. Extracted data regarding uoHr and poAH are
presented in figs. 4.39(a) - (c). Figs. 4.39(a) and (b) represent two approaches of the
magnetization description within the free energy model. Conventional magnetization
model is the one which is typically used for FM materials [60]. Based on experimental
M(H) curves given in literature showing much bigger amplitude of M for the in-plane
orientation with respect to an applied magnetic field than for the out-of-plane (at this
configuration almost no FM component can be seen) [24], an effective canting angle Ocs
to the M definition was introduced, which simulates this behavior reducing M while
approaching the out-of-plane configuration from the in-plane. The best fits for both
models are presented in figs. 4.39(a) and (b), and corresponding parameters are
summarized in table 4.5. The conventional model describes the whole landscape, but it
cannot perform a fit for 0° orientation, giving much high values of uoHr than the
experimental ones. In contrast, fig. 4.39(b) shows a better fit for 0° assuming the model
with Bef. The conventional model shows that there is a substantial difference for K21
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obtained for the ZFCi2r and ZFCi2r protocols. In contrast, by introducing Oes
magnitudes become nearly the same for both protocols. fefis smaller for FCi.2t, which
can be understood in a way that M is better aligned. This outcome correlates with
experimental data, e.g. M(H) shown in fig. 4.40, where by cooling the system under an
applied magnetic field and by measuring at fields up to 1.2 T, it changes its
magnetization by 56 %. However, a theoretical modeling is required to justify values
obtained from the fit.
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Figure 4.39 Angular-dependent resonance field uoH; for the zero-field-cooled (ZFCi.2r) and field-cooled
(FC1.21) protocols along with the fits by the Smit-Beljers approach using (a) a standard description of the
magnetization M and (b) an implemented effective canting angle of M. (c) Angular-dependent linewidth
uoAH for the same protocols. (d) Rotation of angles for a film specimen.

The angular-dependent poAH demonstrates a maximum for the out-of-plane
configuration, which can be explained by a larger distribution of local magnetic
anisotropies. It is reasonable to assume, since the Mn2GaC film exhibits lateral grains
of about 400 nm [24], so that the shape anisotropy pushes magnetic moments to be
aligned in the film plane, but once an applied field rotated to the out-of-plane, then each
local inhomogeneous entity (e.g. grain) may have its own favorable orientation in-
plane. poAH for the ZFCi.2t protocol exhibit a larger change than the one for the FCi.2r,
which could be a measure of a lower magnetic homogeneity. In this regard, it would be
useful to observe how an applied magnetic field during a cooling procedure can
influence the domain structure.
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Table 4.5 A perpendicular magnetic anisotropy constant K21 and effective canting angle ey of the
magnetization obtained from fits to an angular-dependent resonance field for the zero-field-cooled
(ZFCx.21) and field-cooled (FC1.2r) protocols by the Smit-Beljers approach with a conventional or angular-
dependent M term.

Protocol Fit K21, K] /m3 Oef, °
ZFCi2r Conventional M -61.4 -
ZFC12r Angular-dependent M -61.7 23

FCiat Conventional M -115.5 -
FCiar Angular-dependent M -61.3 0.2

The magnetic MAX phase film Mn2GaC was investigated by means of FMR. At 110 K,
an assumed noncollinear AFM state with a canting angle provides a description of the
free energy landscape obtained by an angular-dependent uoHr. A presence of a canting
nature of different magnitude can be considered, since the intensity of the microwave
absorption derivative (that is proportional to the total M of the sample [60]) appeared
to be significantly smaller for the ZFCi.2t protocol than for FCi.2t. A relative comparison
of these intensities can be performed, because the measurements were performed one
after another on the same sample. It was shown that a cooling with an external
magnetic field stabilizes a magnetic configuration with a higher homogeneity, which
can be a result of a different canting angle chosen by the compound to minimize its
energy. The change of uoAH towards smaller values as well as lower poHr supports this
statement. As another option, it can be assumed that the Mn2GaC possesses more fan-
like magnetic structure [40]. It can be understood as via the external magnetic field an
additional energy is delivered to the system, which makes frustrated magnetic
moments favor to be cooperatively aligned along the external magnetic field.

4.2.7 Temperature-dependent ferromagnetic resonance

In chapter 4.2.4, the presence of competing magnetic interactions was discussed with
respect to the observed difference between ZFC- and FC-M(T). Therefore, at low fields,
such a mixed magnetism is anticipated to be reflected in a magnetic history-dependent
M(H). In order to correlate magnetometry and FMR studies, M(H) shown in
figs. 4.40(a) - (d) were measured for ZFC and FC protocols at magnetic fields that were
used for FMR studies. First, ZFC-M(H) were measured at 100 K within the range of + 1.2
and +9.0 T (fig.4.40), which are denoted as ZFCi2r and ZFCor. A demagnetization
sequence was carried out at 310 K before cooling to ensure the same initial state at 100
K. Afterwards, FC-M(H) at 100 K were obtained by cooling the sample from 310 K
through Tt under + 1.2 and + 9.0 T (fig. 4.40). These M(H) are denoted as FCi.2r and
FCor.
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Figure 4.40 (a) Raw field-dependent magnetic moment for the 100 nm Mn:GaC film. (b) Field-
dependent magnetization after background subtraction and normalization with respect to the film
volume. (c) and (d) represent magnified fields of + 1.2 and * 0.04 T. Measurements were performed with
a magnetic field applied parallel to the film plane following the zero-field-cooled (ZFC) and field-cooled
(FC) protocols. The field in the underscore (e.g. ZFC1.2T) defines a measuring field range and magnitude
of the field while cooling for the FC case.

The non-retracing character of M(H) for all above mentioned protocols seen in
fig. 4.40(c) indicates the presence of intrinsic metamagnetic transformations. M(H) for
ZFCi.21 returns to the starting point at 1.2 T whereas M(H) for FC1.2t does not. ZFCor
and FCor show an identical behavior but they do not coincide at 1.2 T. This difference
can be understood to be related to field-induced irreversible effects that occur while
cooling the system under an applied magnetic field. At 1.2 T, the magnetization Mz.2ris
54 kA/m for the ZFC1.21 case which is about 56 % of 96 KA/m obtained for FC1i.2t. For
9T, Mor is 122 kA/m on the descending M(H) and 109 kA/m on the ascending M(H)
branches for both ZFCor and FCor, so that there is nearly no difference when compared
to the FCi2r case. The low-fields area is magnified in fig. 4.40(b), where a coercive field
uoHc of 13 mT can be observed for ZFCi1.2t, whereas for the other protocols it is of 7 mT.
This 75 % increase of uoHc: together with the 56 % reduction of ZFC-Mi.2r can be
associated with a strong magnetic frustration in the system. An applied magnetic field
of 1.2 T is not high enough to align the magnetic moments at 100 K. On another hand,
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FCi.2t has reached about 78 % of the obtained M values for ZFCor. It appears that when
cooling across the magneto-structural phase transition under a small applied field of
1.2 T, most of the magnetic moments align along the field direction.

These cooling protocols ZFC1.2tr and FC1.2t were repeated for FMR studies to observe
an influence on dynamic magnetic properties for Mn2GaC, since different M and poHc
should reflect on the FMR line evolution. Temperature-dependent FMR spectra for
140 K < T < 230 K measured for ZFC1.2r and FC1.2t cases are shown in figs. 4.41(a) and
(b), respectively, as a field derivative of the imaginary part of the high frequency
susceptibility tensor over an applied magnetic field. Technical parameters included the
measuring frequency f=9.46 GHz with the modulation frequency of 100 kHz. The
microwave power was adjusted to 19.7 mW, the field modulation amplitude to
Ap=1.5 mT, and the quality factor Q was determined to be 3700. The time constant and
conversion time on Lock-In amplifier were set to 20 ms and 40 ms, respectively.
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Figure 4.41 Ferromagnetic resonance spectra for the Mn:GaC film measured in the range of
140 K < T < 230 K with a magnetic field of 1.2 T applied parallel to the film plane for the (a) zero-field-
cooled (ZFC) and (b) field-cooled (FC1.2t) protocols.

Figs. 4.41(a) and (b) show field-dependent FMR signals that were observed for both
ZFC1i2r and FCizr. With increasing temperature, both signals move towards higher
fields experiencing a line broadening and intensity reduction. In fig. 4.41(a), at low
fields of about 0.02 T, the left part of an additional subtle resonance is visible. This
signal was observed for temperatures above 220 K for both ZFCi.2t and FC1.2t. Its poHr
and uoAH were not evaluated since the right part of the signal and the resonance
position are obstructed by the dominant FMR signal. Nevertheless, we note that the
signal slightly moves to lower fields between 220 and 230K, while for
230 K < T < 245 Kit is constant. One option is that this low-field resonance signal could
be associated with minor traces of an Mn3GaC phase reported for the Mn2GaC film [24].
However, puoHr for the bulk Mn3GaC was found to be at much higher field of 0.29 T for
170 K [152]. Therefore, this resonance signal does not originate from bulk MnsGaC.

84



ZFC- and FC-FMR signals are demonstrated in figs. 4.42(a) - (b) for 140 and 220 K
that are across Tt Blue colored curves show ZFC-FMR signals, while for FC
measurements the FMR lines are red. The relative intensity of the FC-FMR signal is
higher than for the ZFC case since the system is not saturated at 1.2 T, which is
consistent to M(H) curves shown in fig. 4.40. At 140 K, both FMR signals exhibit well
defined lineshape, while at 220 K, they are broader with a distorted asymmetric
lineshape. At 140 K, uoHr for the ZFC is about 0.015 T larger than for the FC case, and
uodH is found to be about 0.013 T smaller for the FC than for the ZFC case. This behavior
indicates that the Mn2GaC film exhibits a higher magnetic homogeneity when cooling
across Tt with an applied magnetic field.
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Figure 4.42 Ferromagnetic resonance spectra measured for the Mn2GaC film at (a) 140 Kand (b) 220 K,
which are below and above the magneto-structural phase transition (fig. 4.28). Data represent the zero-
field-cooled (ZFC) and field-cooled at 1.2 T (FC1.21) protocols with a magnetic field applied parallel to the
film plane.

Extracted poHr and poAH as a function of temperature are shown in fig. 4.43. Below
200 K, where the system is presumably in a noncollinear magnetic state, the poHr
change between 120 and 180K is 0.002 T and 0.007 T for the ZFC and FC cases,
respectively. For the same temperature range, uoAH changes by 0.001 T and 0.003 T
for ZFC and FC case, respectively. Thus, the system exhibits a plateau with minor
changes in puoHrand poAH. On the other hand, both quantities experience major changes
across the magneto-structural phase transition above 200 K. For example, at
200 K< T< 245K, puoHr and uoAH for both ZFCi2r and FCi2r protocols experience a
rapid increase changing by about 0.12 T and 0.065 T, respectively. These results agree
with an observed difference in ZFC- and FC-M(T) (fig. 4.28). A higher M for the FC-M(H)
corresponds to the lower poHr and the opposite stands for the ZFC case. This effect can
be understood by a higher magnetic homogeneity of the system when cooling it under
the external magnetic field. Qualitatively, the FMR signal intensity decreases with
increasing T across the magneto-structural phase transition, which correlates with the
reduction of the FM component observed at low-fields area on M(H) (fig. 4.29).
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Figure 4.43 Temperature-dependent (a) resonance field poHr and (b) linewidth poAH measured for the
zero-field-cooled (ZFC) and field-cooled at 1.2 T (FC) protocols with a magnetic field applied parallel to
the film plane. The light grey area represents the magneto-structural transition.

High-temperature absorption derivatives were obtained for the temperature range
450 K< T<530K to examine a magnetic phase transition area from an AFM to a
presumably PM state near T: of 507 K, which is discussed in chapter 4.2.4. A magnetic
field was applied in the film plane for all measurements. Microwave absorption
derivatives and corresponding poHr and poAH are presented in figs. 4.44(a) - (b),
respectively. uoHr and poAH were determined according to the procedure described in
chapter 3.2.3.
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Figure 4.44 (a) Temperature-dependent absorption derivatives for the Mn:GaC film obtained for
450 K < T< 530 K. (b) Extracted resonance field poH and linewidth uoAH, grey area defines the magnetic
phase transition observed in fig. 4.29.

Approaching T, there is almost no signal observed for 450 K, whereas at 500 K and
higher, the FMR signal emerges in the vicinity of a magnetic field that corresponds to a
g-factor of the free electron. It means that all observed signals are just a bit lower than
a PM region. The presence of signals confirms that there is a non-zero M at T > Tt, which
correlates to M(H) shown in fig. 4.32. poHr does not experience any significant shift
within the studied temperature range, while poAH showed about 10 % increase in the
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vicinity of Tt - a behavior that can be interpreted as an indication of a phase transition.
As it was discussed in chapter 4.2.6, the FMR signal showed a weak angular
dependence at Tt, which supports a FM contribution to a signal.

As for the (CrosMnos)2GaC films in chapter 4.1.3, here we evaluate the effective
magnetization poMes by taking into account the model of a film with an applied field in
the film plane. For the calculation, eq. 2.31 was used and a g-factor of 2 was assumed.
Consequently, K21 was determined by eq. 2.31. The temperature-dependent poMefr and
K21 are presented in figs. 4.45(a) and (b), respectively. poMes follows the magneto-
structural phase transition exhibiting a plateau below 200 and dropping above. The
splitting between ZFC1.2r and FC1.2t reflects in the observed M(T) behavior as well. Both
protocols show a negative Kz1, which decreases its magnitude with increasing T while
approaching the transition to an AFM state (see fig. 4.45. The negative sign implies that
M lies in the film plane defining an easy axis for a magnetic anisotropy. To compare the
magnitude of K21 with well-known materials, a magnetically soft permalloy Nisi1Fe19
exhibits a nearly zero Kz [46], whereas a pure Fe Kz, gives values of about 48 k] /m?3
[47]. Some magnetically hard materials show three or more orders of magnitude larger
K21, for example, CoPt with K21 of about 4.9 x 103 k] /m3 or SmCos which possesses K21
of about 17.2 x 103 k]/m3 [47]. Therefore, the Mn2GaC film does not demonstrate a
strong magnetic anisotropy.
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Figure 4.45 Temperature-dependent (a) effective magnetization poMes; and (b) perpendicular magnetic
anisotropy constant Kz for the zero-field-cooled (ZFCi.21) and field-cooled at 1.2 T (FCu.21) protocols.

4.2.8 Correlation of electronic, magnetic and structural properties

For the qualitative analysis and direct comparison, the magnetic field dependencies of
the MS, MR and magnetization are plotted together on one graph for the temperature
above and below the magneto-structural phase transition (fig. 4.28). In fig. 4.46(a) at
magnetic fields up to 1.5 T, at 280 K, the MS displays a plateau indicating that the c-
lattice parameter remains constant. The magnetization shows a rapid linear response
to the applied magnetic field, what can be interpreted in a way the magnetic field leads
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to a canting of the magnetic moments and provides the net magnetization without
noticeable change in the crystal lattice. At magnetic fields above 1. T the magneto-
structural transformation occurs as the compression of the atomic planes, manifested
by the increase in negative MS, and the magnetization goes sharply up to a plateau at
~5-6T. An opening on the magnetization field dependence M(H) could be addressed
by irreversible magneto-structural transformations.

At 200 K (fig. 4.46(b)) below the magneto-structural phase transition, the MS is
found to be positive and the magnetization (blue curve) reveals the opposite behavior.
It sharply increases at the magnetic field below 1 T following by further magnetic
moments alignment towards FM state, which causes lattice tension marked as increase
of MS (red circles). When magnetic field exceed 1 T, FM spin alignment requires a
larger distance between Mn-C-Mn slabs across the Ga atomic layers, which results in
an expansion of the lattice. Observed magneto-structural transformations are in line
with the DFT calculations [34, 88, 89], which predict a strong influence of the magnetic
configuration on the c-lattice variation in Mn2GaC with competing AFM and FM
interactions across the Ga atomic layers.
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Figure 4.46 Combined plots for magnetostriction (red circles and red inner scale bar to the right),
magnetization (blue line) and magnetoresistance (green squares) measured for (a) 280 Kand (b) 200 K.
Adapted from [98].

Electrical conductivity also shows a noticeable response to the magneto-structural
transformations. Fig. 4.46(a) show that the compressive c-axis strain (negative MS)
leads to a decrease of the electrical resistivity delivering — 1.4 % of MRat T> Trand 6 T
applied magnetic field. It indicates that the decrease of the c-axis lattice parameter
leads to a higher concentration of the charge carriers at EF and, accordingly the
decrease of resistivity. Although the magnetization and the MS show good correlation
as a function of field, MR in fig. 4.46(a)decreases at larger fields. This delay in response
of the MR is a direct result of the formation of lattice imperfections when structural
deformations begin. The decrease of the carrier mobility due to enhanced lattice
imperfections compensates the contribution from the increased carrier concentration
due to lattice compression ensuring that the MR remains almost constant up to 2 T. At
the point when the MS approaches its saturation, the MR begins to decrease as the
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increased carrier concentration dominates. The positive MS, which arises due to the
tensile strain for temperatures below T: results in an increase of the interlayer
distance, and the charge carrier concentration decreases, where the MR reaches + 1 %
at 6 T. This simplified picture of changing the carrier concentration at the Fermi level
qualitatively explains the sign change of MR whilst crossing Tt of 214 K. However, a
spin dependent scattering of charge carriers must also be involved in Mn2GaC, similar
to what has been found for (Moo.sMnos)2GaC thin films [95]. In fig. 4.46(b), the rapid
increase of the magnetization below 1 T with a negligibly small MS is accompanied by
negative MR of about - 0.1 % which is still smaller than the positive MR caused by c-
lattice tension at larger magnetic fields.
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5 Conclusions

The structural and magnetic characterization of the (CrosMnos)2GaC and Mn2GaC
MAX phase films were presented. Examination of the magnetic response on external
stimuli such as temperature and magnetic field, magnetic phase transitions,
magnetostriction, magnetoresistance, magnetic anisotropy, stabilization of different
magnetic configurations under field-cooling, and thickness-dependence of magnetic
properties were discussed within the present thesis.

(Cro.sMno.5)2GaC.

Heteroepitaxial films synthesized by the magnetron sputtering on MgO substrate
form chemically homogeneous layers with nanosized percolation on the surface due to
the step-flow growth mode. No c-lattice strain within 12.5 - 156 nm-films was
observed. The thickness dependence of magnetic properties was studied
magnetometry and ferromagnetic resonance (FMR). At 100 K, the films did not show
significant changes in magnetic response and can be characterized as soft FM material
with the magnetization Msr of 200 kA/m, the coercive field of less than 4 mT and the
remanent magnetization of less than 25 kA/m. M(T) showed a broad magnetic phase
transition with the transition temperature of about 230 K; a smeared M(T) shape and
the splitting between zero-field-cooled (ZFC) and field-cooled (FC) M(T) indicate the
presence of mixed magnetic interactions. FMR showed broad resonance signals with
the linewidth pwoAH of 45 + 5 mT for 20.8 - 156 nm films and 61 + 5 mT for the 12.5 nm
film. The resonance field position poHr was found to be thickness-independent for 20.8
- 156 nm; the 12.5 nm film had a higher poHr that points to a stronger magnetic
anisotropy contribution. At T = 300 K, the FMR signal was still present for all
thicknesses, which is consistent with the magnetometry results that show mixed
magnetic interactions in the system. The angular-dependent poHr for 110 K showed a
similar trend for all films with the perpendicular uniaxial magnetic anisotropy constant
K21 of 10.5 kJ]/m3 + 10 %. The films were found to be environ-mentally stable without
change of magnetic properties for more than one year at ambient conditions without
any capping layer. The possibility to vary thickness in the range 20.8 - 156 nm with
similar magnetic response combined with their stability at ambient conditions make
these films potentially attractive for applications, where corrosion resistance is
required.

Mn:zGacC.

In contrast to the (CrosMnos)2GaC films, the ternary compound Mn2GaC
demonstrated a more complex magnetic response. The Mn2GacC film exhibits a broad
magneto-structural phase transition from a noncollinear ferromagnetic state to an
antiferromagnetic state with Tt of about 214 K. The splitting between ZFC and FC M(T)
measured at puoH = 0.2 T of about 57 % confirms competing magnetic interactions
or/and a noncollinear magnetic state with a canting angle of M. The second magnetic
transition was observed at T =507 K as a peak in M(T) which defines a transition from
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an antiferromagnetic to a magnetically disordered state. This transition temperature
is the highest reported value for magnetic MAX phases which opens a venue of its use
in electronic components operating at extreme temperatures. Magneto-structural
transformations across Tt resulted in an observed large uniaxial magnetostriction of
450 ppm. Additionally, this effect was accompanied by a sign change: under the
magnetic field applied parallel to the film plane, the c-axis of the unit cell experienced
compression at T < Tt or expansion at T > Tt of the same magnitude. This may be used
in valve components that operate in the vicinity of Tt A noncollinear antiferromagnetic
state with spin-reorientation transition at =214 K can be effectively tuned by cooling
the material across the magneto-structural phase transition with or without poH. FMR
demonstrated that by cooling the material with or without magnetic field it is possible
to reach about 30 % change in puoHr and 40 % in pedH. A complex formation of the
magnetic configuration with presumably unsaturated state governs this effect.
Therefore, the material can be suggested as a candidate for remote-controlled
actuators, when a change of magnetic response can be performed without an exchange
of the operating component but by the special cooling procedure that includes a
magnetic field of less than 2 T. Mn2GaC exhibits a highly asymmetric change of the
magneto-resistance under applied puoH of +9 T. In addition, the magnetoresistance
reaches up to 3 % at uoH=2.2T at T=300 K with the sign change. A complex non-
monotonous behavior can be used in applications that measure MR and, thus, can
determine a magnetic history of the specimen. By measuring the sign of the MR, it could
be possible to identify whether the object was situated in a negative or a positive uoH.

Comparison of (Cro.sMno.5)2GaC and Mn2zGacC.

To compare both compounds, it may be considered that the substitution of 50 %
Mn by slightly smaller Cr atoms in (CrosMno.s)2GaC relieves a frustration of magnetic
sublattices by breaking the competing interactions within Mn-Ga-Mn slabs and, thus,
disrupts magneto-structural transformations. However, a Cr-Mn combination on the
M-site results in a broader magnetic phase transition than in Mn2GaC. Furthermore, the
MAX phase (CrosMno.s)2GaC films have been synthesized in a thickness range from 10
to 570 nm with high phase purity over the whole thickness range [26]. In contrast, no
phase pure Mn2GaC film is reported in the literature with thinner than 100 nm; the
competing Mn3GaC phase was present in most cases. The combined approach of
characterization techniques towards fundamental investigation of the magnetic MAX
phases’ response to the external magnetic field and temperature demonstrated a
strong correlation of spin, lattice and electronic structure. The observed magnetic
properties reveal the potential to explore new functionalities. The results suggest the
use of these materials as components for spintronic devices, surface resistant sensors
and magnetic coatings. New element combinations could lead to complementary useful
material responses that will successfully promote magnetic MAX phase films towards
industrial applications.
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6 Outlook

During the last decade, MAX phases were produced by many techniques, one of the
most developed for a magnetic MAX phase film synthesis is magnetron sputtering [86].
Recently, non-conventional techniques like microwave heating and spark-plasma sintering
were offered for a magnetic MAX phases synthesis of a good quality and profitable cost
production [153, 154]. Regardless of the method, a synthesis of complex magnetic MAX
phases itself needs to be optimized in terms of phase purity, thickness and composition
control. A possibility to combine more than three elements opens a way to tune material
properties such as magnetization, magnetic anisotropy or ordering temperature.

MAX phases for flexible electronics could be beneficial because of their crack healing
properties [16]. Stabilization of magnetic MAX phase on flexible substrates [155] and
investigation of its performance as a function of stress is a perspective research area.

Inspired by a MAX phases’ diversity, reports about new magnetic MAX phase
compounds appear in the literature much more often than a comprehensive study of their
properties. For example, magnetic microstructure and domains’ formation in any kind of
magnetic MAX phases have not yet been reported up to my knowledge, albeit an observed
lateral grains formation of about 150 nm for the magnetic MAX phase (CrosMnos)2GaC film
[26] have raised my interest towards this study.

Mn;GaC MAX phase compound, once produced in bulk, may be of interest for magnetic
shape memory alloys due to its magneto-structural changes upon applied temperature or
magnetic field. Such alloys remember the predefined shape before magnetic field is applied
[156]. Then, after mechanical deformations like stretching, this material is able to come
back to its initial state that was “programmed” by an applied magnetic field. This effect is
possible to reach due to reversible magneto-structural phase transition between two
crystal structures stabilized at certain temperature range.

Theoretical prediction of stable MAX phases containing Fe, Ni or Co and its subsequent
synthesis remains a challenging task, the first Fe-based MAX phase film was produced in
2017 [157]. Potentially, it could enhance magnetization and improve related properties
like magnetostriction or magnetocaloric effect.

Investigation of two-dimensional, “graphene-like”, MXenes [15] is another rapidly
expanding field of research evolved right after MAX phases. In that light, MAX phases serve
as precursors for a chemical or a physical process of separating M-X-M sheets of the
material by removing A element [158]. With the possibility of composition modification at
a wide range, Ti-based MXenes TizC; already showed high performance as antennas for
wireless communication and supercapacitors. No experimental evidence regarding
magnetic MXene is reported so far, which opens a venue of further exploration.
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7 Appendix

A1. Magnetic characterization of the substrate

MgO (111) single crystals were used as substrates for deposition of (Cro.sMno.s)2GaC
and Mn2GaC by magnetron sputtering at Linkoping University, Sweden. These
substrates were chosen after comparing the quality of films deposited on 4H-
SiC (0001) and Al203(0001) [26]. The MgO (111) substrate provides the best quality of
epitaxial layers with preferred c-axis orientation normal to the substrate basal plane
[26].

The influence of the substrate can be significant, especially if its contribution to the
total magnetization of the film on the substrate is strong, as in thin films. The substrate
contributes with a temperature-independent DM part and can also contain a
temperature-dependent part due to PM impurities. The particle-induced X-ray
emission (PIXE) analysis showed that commercially available MgO substrate crystals
may contain impurity ions such as Fe, Cr, V, and Mn [113]. Their presence is observed
by the appearance of EPR lines [113]. The majority of the impurities are magnetically
isolated metal ions.

The temperature-dependent magnetization of a blank MgO substrate was
measured to evaluate its contribution to the total signal. To characterize the substrate,
the magnetic susceptibility y was plotted as a function of temperature (fig. A.1(a)). Itis
calculated from the measured magnetic moment normalized with respect to the
substrate volume and divided by the applied magnetic field of poH =0.2T. The
temperature dependence correlates with that described in reference [113]. It shows a
sharp increase at low temperatures, which is an indicator of the presence of a Langevin
PM component, and it becomes negative above 50 K, where the DM contribution
dominates. The magnetization curves are presented in the inset of fig. A.1(a). At high-
temperatures, the field-dependence is linear with the slope increasing as the
temperature rises, and at low-temperatures, the signal has a complex S-shape arising
from the competition of strong paramagnetism and diamagnetism.

The magnetic susceptibility of the substrate ysub can be described as a sum of the
temperature-independent DM xpm component and the temperature-dependent PM ypm
component. According to the Curie-Weiss law, xpm is directly proportional to the
effective Curie constant C’ of the PM contribution and is inversely proportional to the
temperature [47]. Therefore, it can be written as y = ypy + C'/T. The multiplication
of this equation on both sides by the temperature gives yT = ypuT + C'.If T is plotted
as a function of T, then xpm becomes the slope and C’ the intercept with the ordinate
(fig. A.1(b)). From the linear fit for 50 - 300 K, the obtained xpm and C’are
-1.812+£0.002 x 10-> and 5.50 + 0.04 x 104 K, respectively. The DM contribution is
consistent to the literature values for a pure MgO of xpm=-2x 10> [113] and
xom = — 1.80 x 10-5 [113]. In this thesis, C’ is found to be of about 20 % larger than that
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reported C’' =4.4 x 10-4 K in [113]. Thus, studied MgO showed an anticipated magnetic

behavior, which made it a suitable substrate for a magnetic film with a FM signal of a
rather small magnitude.
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Figure A.1 (a) Temperature-dependent magnetic susceptibility of the blank MgO ysu» measured with an
applied magnetic field of uoH = 0.2 T. Inset shows field-dependent magnetization curves at 10, 100, 200

and 300 K. (b) ysuT as a function of temperature. A linear fit gives a diamagnetic contribution xpm and
the effective Curie constant C’.
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A2. Local homogeneity of the films

The EDX spectroscopy (chapter 3.1.2) was used to examine the local homogeneity of
the MAX phase (Cro.sMno.5)2GaC films with the thicknesses of 12.5 and 156 nm.

Fig. A.2(a) shows the measured EDX spectrum of the (CrosMno.5)2GaC 12.5 nm film
on MgO substrate. Besides the four elemental peaks which corresponds to the film (Cr,
Mn, Ga and C), additional peaks of Mg and O originate from the MgO substrate; the Cu
peak is an artefact peak that arises from the sample holder [102]. In contrary, the
generated spectrum for the elements of the film only shows the elemental peaks with
respect to the experimental spectrum (fig. A.2(b)). The measured carbon peak C has a
higher relative intensity than the generated one; this effect occurs due to a carbon’s
high probability of an elastic scattering [102]. In present samples, the EDX signal is
dominated by the strong contribution from the MgO substrate (fig. A.2(a)). This effect
is typically observed for a class of specimens made of a thin film on top of a bulk
substrate and is governed by the penetration depth of the electron beam [102]. The
described influence results in a decreased peak-to-background ratio for the
characteristic peaks from the elements of the film which makes a quantitative analysis
of the composition difficult [102].
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Figure A.2 (a) Measured EDX spectrum of the 12.5 nm (Cro.sMnos)2GaC film. (b) Generated in INCA 4.4
EDX spectrum of a homogeneous (CrosMno.s)2GaC compound. For both EDX spectra, the accelerating
voltage of 20 kV was used.

The penetration depth and the interaction volume of the electron beam with the
(CrosMno.s5)2GaC 12.5 nm film on MgO was simulated in CASINO (chapter 3.1.2). The
simulation for the beam energies of 2 and 20 kV (fig. A.3) was used to illustrate the
dominant substrate contribution to the EDX signal. The simulation parameters
included the width of the electron beam of 2 nm, the angle of incidence that is
perpendicular to the surface, and 200 electron trajectories to provide a sufficient
amount of individual electron trajectories in the specimen volume. The specimen was
defined according to given composition of (CrosMno.s)2GaC and the thickness was set

97



to 12.5 nm which was derived from XRR (table 4.1). In the simulation, blue trajectories
define the electrons that are stopped inside the specimen due to an inelastic scattering;
red trajectories originate from the electrons that are backscattered (fig. A.3).

Qualitative comparison shows that for the beam energy of 2 kV, the penetration
depth is about 60 nm so the film is still visible (fig. A.3(a)). In contrary, for the beam
energy of 20kV, the penetration depth is above 4500 nm; therefore, the film's
contribution to the EDX signal becomes smaller (fig. A.3(b)). Besides the penetration
depth, the simulation provides an information about the straggling effect which is
defined as a spread of the electrons’ trajectories that are stopped inside the specimen.
On the relative scale, the straggling increases from about 100 nm to about 6000 nm.
The increase of both, the penetration depth and the straggling effect, result in the
interaction volume increase by at least two orders of magnitude.
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Figure A.3 Monte Carlo simulation of the penetration depth in the 12.5 nm (CrosMno.5)2GaC film at the
beam energy of (a) 2 kV and (b) 20 kV with the beam oriented perpendicular to the surface. The
simulation is performed for 200 electron trajectories.

Due to these challenges, the quantitative analyzation is difficult for the thin film on
a thick substrate; nevertheless, the local homogeneity of the samples can be studied.
The SEM images of the 12.5 and 156 nm films of (Cro.sMno.5)2GaC and the 100 nm film
of Mn2GaC were analyzed by the EDX mapping method (chapter 3.1.2). In the present
work, the mapping matrix consisted of (512 x 382) measurement points. For each
point, EDX detected a spectrum of the specimen’s surface. By repeating scans with an
automatic drift control, each point is kept on the exact position of the surface and, thus,
held the full information of the measured spectrum. Further processing of the mapping
matrix provided the local variation of elements. For this analysis, the EDX mapping
matrix was divided into (50 x 40) squares; thus, each square held a certain amount of
measurement points. The INCA software combines the obtained information into a
summarized EDX spectrum that represents the at.% distribution of containing
elements within the limitation of the thin film effect [102].

The presence of clusters was observed on the films’ surfaces. Its origin was
investigated in addition to the magnitude of the elements’ distribution. First, the SEM
image of the 12.5 nm (Cro.sMno.5)2GacC film with a cluster on the surface is presented in
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fig. A.4(a). Obtained local element distributions of Mn, Ga and Cr are shown in
figs. A.4(b) - (d), respectively. The local element variations are discussed within the
error bar of an individual EDX spectrum that reaches about 1 at.%, because generated
EDX signals from the main film components are obstructed by the substrate
contribution. All analyzed elements exhibit local variations of less than 0.8 at. %; such
small variations allow to describe the specimen as a homogeneous layer of Cr-Mn-Ga
compound. The cluster on the film’s surface (fig. A.4(a)) has an excessive amount of Mn
and Ga (> 2 at.%) which is shown as white color on the color plots (figs. A.4(b) - (c));
however, Cr was found to have a local element variation of up to 2 % only on the one
side of the cluster. It can be concluded that the clusters on the film surface are Mn-Ga

dominated.
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Figure A.4 (a) Scanning electron microscopy image of the 12.5 nm (CrosMnos)2GaC film and the EDX
mapping of the corresponding area for the (b) Mn, (c) Ga and (d) Cr element distribution.

The SEM image of the 156 nm (CrosMno.;5)2GaC film with a cluster on the surface
(fig. A.5(a)). The dark area on the bottom left part of the image is the overexposed
surface due to the carbon deposition and it appears in the case of a protracted
adjustment procedure and does not affect the EDX analysis. This cluster has an
elongated shape and the lateral size of about (20 x 4) um. The local elements
distribution over the surface is homogeneous (figs. A.5(b) - (d)) as in the case of the
12.5 nm film. Due to the thicker film thickness, the absolute values in at.% are higher,
but show the same small variation as in the thinner sample. In the cluster area, the
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excessive Ga amount is observed; it is accompanied by a slight reduction of Mn and a

strong reduction of Cr.
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Figure A.5 (a) Scanning electron microscopy image of the 156 nm (CrosMno.s)2GaC film and the EDX
mapping of the corresponding area for the (b) Mn, (c) Ga and (d) Cr element distribution.
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Figure 3.5 Experimental configuration for electrical resistivity measurements using a standard 4-probe
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microwave short at the specimen area. (b) The semi-rigid cable with the microwave short and the
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film. The resonance field Hr and linewidth AH are marked. The red-colored part of the signal (magnified
in the inset) displays multiple sharp resonances that originate from inclusions incorporated in the MgO
substrate. The black dashed line indicates the linear background contribution. .......eneeesneenn. 36
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Figure 4.2 Comparison of the (0006) peak position for the 12.5 nm, 20.8 nm, 40.3 nm and 156 nm
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Figure 4.4 Scanning electron microscopy images of a surface for the (a) 12.5 nm, (b) 20.8 nm, (c)
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Figure 4.14 (a) Temperature-dependent linewidth poAH for the 12.5 nm, 20.8 nm, 40.3 nm and 156 nm
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