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Zusammenfassung

Heusler Verbindungen bezeichnen eine der vielfélltigsten Stoffklassen in der Fest-
korperchemie. In ihnen befinden sich Systeme mit verschiedenen grundlegenden
sowie exotischen physikalischen Eigenschaften. Die Besonderheit der Heusler Ver-
bindungen besteht jedoch in der Anpassungsfahigkeit dieser Eigenschaften. Somit
bieten sie Losungen auf explizite Probleme in den Ingenieurswissenschaften. Diese
Arbeit befasst sich mit dem nicht-kollinearen Magnetismus in den nicht-zentro-
symmetrischen ferrimagnetischen manganreichen Heusler Verbindungen. Basierend
auf den erhaltenen experimentellen Daten und theoretischen Berechnungen stellen
wir das System MnyY Z als vielversprechenden Kandidaten fiir die Bildung eines
Skyrmionen-Gitters vor. Die Arbeit konzentriert sich auf polikristalline MnsRhSn
Proben, welche als Prototyp dienen. Sie kristallisieren in einer tetragonalen nicht-
zentrosymmetrischen Struktur (No. 119, I4m2), welches den anisotropischen Dzyalo-
shinskii-Moriya Austausch ermdoglicht. Zusétzliche kurz-reichwertige Modulationen,
verursacht durch den konkurrierende Heisenberg Austausch zwischen néchsten und
iiberndchsten Schichten, werden bei Temperaturen iiber 80 K unterdriickt. Dies
erlaubt die Ausbildung von langreichweitigen Modulationen in der idealen ferrimag-
netischen Struktur innerhalb der kristallographischen ab-Flache und bevorzugt somit
die Bildungen eines Skyrmionen-Gitters in einen Termperaturbereich von (80 <
T < 270) K. Die Untersuchungen an MnaRhSn wurden auf ein breites Spektrum an
Zusammensetzungen erweitert und diese zusétzlich als Diinnfilme hergestellt.




Abstract

Heusler compounds is a large class of materials, which exhibits diverse fundamental
phenomena, together with the possibility of their specific tailoring for various engi-
neering demands. Present work discusses the magnetic noncollinearity in the family
of noncentrosymmetric ferrimagnetic Mno-based Heusler compounds. Based on the
obtained experimental and theoretical results, MnsY Z Heusler family is suspected
to provide promising candidates for the formation of the skyrmion lattice. The work
is focused on MnaRhSn bulk polycrystalline sample, which serves as a prototype. It
crystallizes in the tetragonal noncentrosymmetric structure (No. 119, I4m2), which
enables the anisotropic Dzyaloshinskii-Moriya (DM) exchange coupling. Additional
short-range modulation, induced by the competing nearest and next-nearest inter-
planes Heisenberg exchange, is suppressed above the 80 K. This allows to develop the
long-range modulations in the ideal ferrimagnetic structure within the ab crystallo-
graphic planes, and thus, favors to the occurrence of the skyrmion lattice within the
temperature range of (80 < 7' < 270) K. The studies of MnaRhSn were expanded
to the broad composition range and continued on thin film samples.
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Preface

Non-collinearity has always been one of the most non-trivial aspects in magnetism
both from the fundamental and technological prospectives. Many metallic com-
pounds, oxides or single elements exhibit a non-collinear ground state like helical,
conical or spin spirals. At certain conditions, non-collinearity may occur in systems,
which are initially ferro- (ferri-) or antiferromagnetic, e.g., in the form of a domain
wall. Some materials show a variety of commensurate-incommensurate magnetic
transitions when under the influence of external magnetic field or temperature.

Having a complex hierarchy of various long- and short-range interactions, magnetic
solid provides the richest playground for all possible spin arrangements. In the
simplified view, the strong Heisenberg exchange between the nearest atoms leads
to the parallel (when positive) or antiparallel (if negative) spin configuration. A
superimpose of two or more antiferromagnetic interactions results in a geometric
spin frustration. The competing exchanges are often observed in various disordered
magnetic systems like spin-glasses or substitutional alloys. In addition, a strong
homogeneous linear coupling can be perturbed by anisotropic Dzyaloshinskii-Moriya
(DM) interaction establishing a long-range modulated magnetic structure. On a
short scale, the spin direction can be also defined by a magnetic anisotropy or a
dipolar interaction.

In this sense, Manganese-based compounds are especially attractive as they often
form complex non-collinear orderings like helices, cones, antiferromagnetic triangles,
spin spirals or skyrmions. Depending on temperature, the elementary manganese
exists in four allotropic modifications: a-, 8-, v- and J-Mn. Due to the competing
attempts to simultaneously maximize the magnetic moment and to shorten the in-
teratomic distances, the a-Mn is known to exhibit a non-collinear antiferromagnetic
phase below 95 K; this antiferromagnetic frustration becomes even stronger in the
5-Mn.

Various types of magnetic structure can be comprehensively analyzed by the neu-
tron scattering. For example, helimagnetism has been first suggested to interpret the
neutron diffraction data of MnOs in 1959 and then has been also reported in many
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rare-earth (RE) metals and RE-based compounds (a helifan in Ho, a cycloid in Er,
a tilted helix in Ho-Tm or Ho-Er alloys and multiple modulations in Nd). Helical
magnetic order is a ground state of some materials showing a skyrmion phase (MnSi,
FeCoSi, FeGe). A magnetic cone can appear due to the competition of the com-
mensurate collinear and the incommensurate cycloidal order (Mn-CoWOy), electric
polarization in multiferroic magnets (BagMgaFe12092), etc. Triangular antiferro-
magnetism typically appears due to the magnetic frustration in a stacked triangle
lattice (MngRh or Mn3Pt). Some are not fully compensated showing a weak ferro-
magnetism, e. g. due to the magnetocrystalline anisotropy in the Mn3Sn case. Often,
triangular antiferromagnets show multiple transitions through tetracritical points on
the phase diagrams. The skyrmion state can be induced in the systems having no
inversion symmetry and a certain ratio of the DM and Heisenberg exchange by the
variation of external field and temperature.

In addition to the bulk phenomena, inhomogeneous magnetic interactions become
even stronger in layered systems due to the broken interface symmetry. Whereas
bulk helimagnets require a special temperature-field regime to stabilize the skyrmion
phase, interfaces can form it as a ground state. Recently, skyrmions have attracted
a large scientific and technological interest as of their potential for the future data
storage devices. Using a spin-polarized current, they can be created or destroyed;
also they can be moved at significantly low current densities than the domain walls.

Heusler compounds are a big class of materials with a broad scope of possibilities.
They exhibit a large variety of fundamental physical phenomena as well as can be
flexibly tailored for a specific industrial application. Counting more than 1500 mem-
bers, Heusler compounds offer a tunability in the lattice parameter, magnetic mo-
ment, Curie temperature, tetragonal distortion, spin polarization and a spin-orbit
coupling. All these characteristics are vitally important for spintronic applications.
Recently emerged Mno-based Heusler family is especially attractive due to the pres-
ence of two ferrimagnetically aligned Mn sublattices, which result in a small net
magnetization and an additional possibility of a separate sublattice manipulation,
which can be implemented in an all-optical switching. Despite of the rich physical
phenomena, there are only very few examples of non-collinear magnetism in Heusler
compounds.

Within the scope of this thesis, the non-trivial magnetic properties of the novel Mns-
based Heusler compounds are discussed. The materials, studied herein, crystallize
in the structure with no inversion symmetry, which allows for the DM interactions.
Since this inhomogeneous couplings are responsible for the establishment of non-
collinearity, they should be boosted by the spin-orbit coupling (SOC). Thus, heavy
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metals Rh and Sn are used as Y and Z elements.

First, bulk samples of MnaRhSn were successfully obtained: the synthesis procedure
was thoroughly optimized in order to have a high-quality homogeneous single-phase
material. Structural parameters of a tetragonal cell were refined from the X-ray pow-
der scattering at the room temperature and then were analyzed on a broad scale.
While increasing the temperature up to 600° C, a linear decrease of the ¢/a ratio
is observed, which finally results in a more symmetric cubic structure. Contrary, at
the low temperatures T' <RT, the c-parameter evolves rather non-linearly, which is
assigned to a complex magnetic behavior of the material. Temperature-dependent
magnetization as well as the ground state magnetic structure were comprehensively
analyzed based on various measurement techniques, ab-initio calculations and micro-
magnetic simulations. Depending on the field and temperature, a spin-reorientation
transition was observed, which is realized by the gradual change of the canting angle
between two magnetic sublattices. Having non-centrosymmetric crystal structure,
intensified relativistic effects due to the heavy transition metal element, and an
easy-to-control magnetization reorientation, the samples appeared attractive for the
skyrmion research, therefore growth of thin films became an essential task. A de-
cent part of this work is dedicated to the optimization of the MnsRhSn thin film
fabrication.

Showing an epitaxial growth, thin films allowed for experimental assessments within
a unit cell limit, which is practically impossible in the bulk policrystalline samples.
Spin-reorientation transition was well-observed using the ferromagnetic resonance
technique; since the measurement implies microwave irradiation, needs a predefined
sample’s shape and is sensitive to the easy/hard magnetization direction, thin film
samples perfectly match. Additionally, thin films finally made the magnetotransport
measurement possible: contrary to the bulk samples, voids and cracks there are
improbable. It is also known from the literature, that if present, skyrmion phase
exists in thinner samples within a broader field-temperature window.

Thin films opened new measurement possibilities to study the MnsRhSn Heusler
compound. Also, some material’s parameters were improved, e. g. Curie tempera-
ture T was increased from 270 K to 300 K. However, for the industrial applications,
the T¢ has to be further optimized. Since Cobalt-based compounds exhibit the high-
est Tcs and the properties of Heusler compounds can be explained by the number
of valence electrons, it has been decided to try a gradual substitution of Rh by Co
as these elements belong to the same period of the Mendeleev’s table. Indeed, the
Tc (as well as magnetic moment m) linearly depends on the Co content in the bulk
MnoRh;_,Co,Sn series, which was successfully synthesized with the step of x = 0.1.
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Alternatively to the application of external heat, a tetragonal-to-cubic structural
transition is induced by the chemical substitution: a cubic structure was observed
at the 60 at.% of the Co concentration.

Most of the Heusler systems are cubic. In order to make use of the magnetocrys-
talline anisotropy, needed for industrial applications, one has to look for the tetrag-
onally distorted Heusler systems, which are rather rare. Quite often their search
is based on the first-principle calculations, that can indicate electronic instability
in the way of a strong peak of DOS at the Fermi energy ep. The main magnetic
interactions in MnsRhSn are realized between Mn atoms, while Rh and Sn do not
exhibit magnetism. The presence of Co changes the picture of magnetic interac-
tions as an additional moment is now introduced. Thus, for the skyrmion research,
pure compounds with only two Mn sublattices are preferred, which stimulates the
discussion of phase stability and micromagnetic analysis.

Heusler compounds are rather sensitive to the chemical and structural ordering. Pos-
sible disorder scenarios as well as the phase stability are separately investigated by
synthesizing slightly off-stoichiometric samples MnsisRhy1sSn. It is demonstrated,
that the phase is very sensitive to the 2:1:1 composition - a minor excess of Rh (about
15 at.%) kills the tetragonal distortion and leads to the cubic structure, while its
deficiency (about 10 at.%) results in a decomposition into tetragonal MnaRhSn and
hexagonal Mns_,Rh,Sn phases.

At present, the amount of compounds showing a skyrmion state is rather limited,
therefore, an expansion of the materials base is inevitable. Having more than 1500
members and a flexible tuning of physical parameters, Heusler compounds are perfect
candidates to realize almost any engineering task and thus are reviewed with an
outlook for the industrial applications.

The results of this work open a new prospective for the Heusler compounds in
the fundamental and technological aspects. The ground-state magnetic canting is
not only observed but also explained from the first principles. The temperature-
field driven spin-reorientation transition allows for the easy manipulation of the
magnetization direction. Based on the micromagnetic simulations, a skyrmion state
is predicted for the MnsRhSn, which provides one more dimension for the application
of Heusler compounds.




1 Introduction

This chapter gives a theoretical background of the phenomena, which are discussed
within the present thesis. First, the main types of magnetic interactions are in-
troduced in order to write a Hamiltonian. Then, an establishment of magnetic
modulations is described, which is a result of competing interactions - either clas-
sical Heisenberg exchanges J or perturbations caused by the DM coupling. The
mechanism of magnetic phase transitions with respect to magnetization as an order
parameter is represented by the Ginzburg-Landau functional. In particular, mag-
netic modulations and phase transitions are considered for the non-centrosymmetric
crystal structures with two antiparallel magnetic sublattices. Since the materials
driven into the skyrmion state have a great potential for the new generation mem-
ory technology, the preconditions for such phase are given.

1.1 Interactions in a bulk magnetic solid

Magnetism in 3d transition metals is a question of whether electrons carrying mag-
netic moment are localized or shared between different atoms in a solid. The model
of localized electrons maps them in a real space, while the opposite approach of
itinerant electrons allocates them in a reciprocal space. To get an adequate picture,
one combines both extreme approaches [1].

The simplest magnetic structure can be described as a collinear (parallel) arrange-
ment of spins. At the absence of external magnetic field, a ferromagnet possesses
a spontaneous magnetization as the local moments are directed along one preferred
direction. An antiferromagnetism establishes in case of two mutually compensat-
ing antiparallel sublattices. Partially similar, ferrimagnetism appears when the an-
tiparallel sublattices occupy crystallographically different sites resulting in different
magnetization values of each sublattice.

A certain type of structure establishes due to the fact, that separate magnetic mo-
ments arrange according to the internally and externally acting forces. The strongest
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1.1 Interactions in a bulk magnetic solid

internal interaction, the so-called classical Heisenberg exchange [2, 3] is a homoge-
neous coupling of two localized spins m; and m; (1.1). The strength and type of the
Heisenberg exchange is defined by exchange constant J: J > 0 results in a parallel
(ferromagnetic) spin alignment, J < 0 means an antiparallel (antiferro-, ferrimag-
netic) spin alignment. This type of interaction also contains the superexchange or
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [4, 5, 6, 7, 8, 9], crystal field
splitting [10] and domain dynamics [11, 12].

1
Eex = —5 Z Jijmimj (11)
ij

The interaction between two different spins also includes a dipolar coupling (1.2)
since the interacting moments experience the fields of each other. Contrary to the
short-range classical exchange, the dipolar coupling establishes a long-range order
and is responsible for the magnetic domains formation. The strength of a generated

dipolar coupling varies significantly with the inter-dipolar distance r?j

i =Y 5 lmom; — (me;) (mje;)] (1:2)
ij ' 1j

Here e;; is a unit vector along a line joining two centers of the dipoles.

Some antiferromagnetic systems can also exhibit spontaneous magnetization. This
effect does not relate to any ferromagnetic impurities, but to a crystal symmetry.
Systems, which are noncentrosymmetric, exhibit a small magnetic component, a so-
called staggered magnetization, which is slightly deviated from the principal sym-
metry axis. The weak ferromagnetism [13, 14] was phenomenologically described
by Dzyaloshinskii [15, 16] and later has been extended to a microscopic scale by
Moriya [17] using spin-orbit coupling (SOC) and the Anderson’s theory of superex-
change. The antisymmetric Dzyaloshinskii-Moriya (DM) interaction is written as a
vector cross-product and therefore favors non-collinear spin arrangement.

EDM = ZDUml X my (13)
ij

Another interaction of a relativistic origin, magneto-crystalline anisotropy (MCA),
describes coupling of magnetic moments to the crystal lattice.

11



1 Introduction

Ean =Y K; (me;)?, (1.4)

where K; is a symmetric second-order tensor of energy density. The sign of K;
defines the easy orientation of the magnetization with respect to the crystallographic
directions. As discussed already in classical literature [18], anisotropy constants K;
of a ferromagnetic material are temperature dependent and at a certain point can
change a sign. Thus a symmetry of magnetic structure changes. A ferromagnet
can have three main phases (1.6): a state of an easy axis, an angular state and a
state of an easy plane (see Fig. 1.1). Introducing 6 angle as an order parameter, an
anisotropy energy (1.5) of a hexagonal crystal can be written as follows:

Fan = K1 sin? 0 + Ky sin 6, (1.5)

where 0 is an angle between a magnetization vector and a crystallographic c-axis.

[a] # =0 or m, (K1 >0)

K
[b] sinf = + —2—K12, (—2K; < K1 <0)  (1.6)
[C] 0 = g’ (Kl < _2K2)

Figure 1.1: Three phases of a hexagonal ferromagnet: (a) easy axis, (b) angular
state, (c¢) easy plane.

Magnetization direction can change between these three states depending on the
sign of Ko. If K9 > 0, then the [a]-[b] and [c]-[b] temperature-driven transitions are
of a second order according to the condition:

Ki(Th) =0, Ki(T2) +2K>2(T) = 0, (1.7)

where T} is a transition temperature. In case when K < 0 the [b] phase is unstable,
thus the easy-axis phase directly changes to the easy-plane phase. This first-order
transition occurs at certain temperature Ty; the thermodynamic potentials of both

12



1.2 Modulated magnetic structures

phases become equal:

K1(To) + K2(Tp) =0 (1.8)

All aforementioned energy terms considered only internal interactions. When under
the influence of external magnetic field, the system gains an additional Zeeman
energy term:

Therefore, one can now write a complete Hamiltonian considering all energy contri-
butions:

1 1
H=—g > Jiymim;+ 3 3 [mim; — (mye;) (mye;)] +
Y R (1.10)
+ Z D;jm; x m; + Z K; (miei)z + HZ m;

i 7

Certainly, the aforementioned terms contribute unequally to the total magnetic en-
ergy. Depending on the ratio between them, a certain magnetic structure establishes:
either homogeneous collinear or non-trivial with various modulations. The mecha-
nism of magnetic modulations is described in the following section.

1.2 Modulated magnetic structures

A simple ferro-, ferri-, or antiferromagnetic structure can be modulated, which estab-
lishes a commensurate or incommensurate magnetic order. Commensurate modula-
tions typically result from competing exchange (1.1) interactions: e.g., a triangular
antiferromagnetic lattice [19, 20, 21, 22, 23|, Kagomé lattice [24, 25, 26, 27, 28],
canted magnetism [29, 30, 31, 32, 33, 34] or a spin ice [35, 36, 37, 38, 39]. To tol-
erate two antiparallel couplings with the nearest neighbors, magnetic moment has
to deviate from its crystallographically favorable direction and often experiences a
geometric frustration.

Inhomogeneous magnetic DM interactions (1.3), which are typically a few percent

13
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Figure 1.2: Typical modulated magnetic structures: spin spiral, conical, helical, lon-
gitudinal spin wave, transverse spin wave and fan, from [41].

of the J amplitude, can lead to the incommensurate magnetic modulations of a long
periodicity. The simplest example can be represented by a spin spiral, which is a
longitudinal or a transverse spin wave. The spin spiral is characterized by the vector
S pointing perpendicularly to the spin rotation plane. The S can be non-collinear
with the propagation of modulation resulting in a helical magnetic order. Helimag-
netism can vary in forms as circular (first discovered in (AuaMn [40]) or elliptical;
also it can be inclined with respect to the propagation direction. Schematically,
helimagnetic order is represented as parallel planes: spins are collinear within each
plane but tilted by a fixed angle between the adjacent planes [41]. A competition
of helical and collinear structures can lead to the conical magnetic order [42]; alter-
natively some helimagnets can be driven into the conical state with the change of
temperature and magnetic field [43]. Magnetic field can be also applied to induce a
fan-type structure (see Fig. 1.2)

Inhomogeneous magnetic states are observed not only in highly-ordered magnetic
crystals but also in locally disordered systems, e.g., when magnetic centers are ran-
domly distributed in a non-magnetic lattice. A very minor concentration (a few
at.%) of Mn in Mn-Cu alloy creates a complex magnetic map of mixed interac-
tions. Mn atoms couple indirectly one with each other through the conduction
electrons of non-magnetic Cu (the RKKY exchange). This interaction oscillates in
sign and creates randomly distributed ferro- or antiferromagnetic spin arrangements
resulting in a magnetic frustration. Such frustration is a superposition of many
possible solutions. Though a system possesses no long-range regularity, the freezing

14



1.2 Modulated magnetic structures

of spins occurs at a well defined temperature. The spin glass behavior shows up
in time-dependent magnetic measurements. For example, a zero-field-cooled (ZFC)
magnetization curve as a function of temperature shifts up and reaches the field-
cooled (FC) curve if a sample is first cooled and then left in field for several hours.
Additionally, susceptibility measurements show a frequency- and field-dependent be-
havior of a transition peak [44, 45, 46]. A spin-glass behavior is rather difficult to
control due to the large variety of local energy minima, which the system can occupy.
Instead, we shall concentrate on magnetically ordered crystals, which allow for long-
and short-range modulations. Being perturbed from a collinear spin arrangement,
the system has to contain inhomogeneous DM terms. They are allowed to establish
in systems with no inversion symmetry; additional degree of magnetization manip-
ulation is realized by the presence of two antiparallel magnetic sublattices. The
detailed description is given in the following subsection.

1.2.1 Non-centrosymmetric antiferromagnets

In noncentrosymmetric systems, the DM coupling (1.3) leads to and stabilizes the
long-range magnetic modulations with the fixed sense of rotation [47, 48].

The relativistic DM interaction can be separated in a homogeneous and inhomoge-
neous part. Depending on these contributions, two-sublattice antiferromagnets can
be classified in four types [49]. Collinear antiferromagnets, such as CuCly-2H50,
MnFj, CreO3 and GdAlOs3 [50, 51] are the systems with both terms equal zero,
meaning that there is no reason for modulations. Antiferromagnets with a weak
ferromagnetism result from a hidden collinear arrangement of a staggered magne-
tization. Here only the homogeneous DM interaction is present; materials include
MnCOs [13, 52|, orthoferrites [53], manganites [54, 55] and hematites [15, 17, 56, 57,
58, 29]. The third type is the class of chiral helimagnets; long-range modulations
appear only because of inhomogeneous DM interaction and are stabilized by the
Lifshitz invariants [59, 41]. Typically such magnetic ordering forms in the cubic and
other non-centrosymmetric structures. The last, fourth type, counts those antiferro-
magnets, where both homogeneous and inhomogeneous DM interactions are present
establishing chiral helimagnetism and weak ferromagnetism simultaneously.

The materials discussed in this work are tetragonal non-centrosymmetric ferrimag-
nets of the Doy symmetry class. It has been theoretically predicted [49] that mag-
netic crystals of this symmetry type exhibit modulations within the basal plane
and are not expected along the crystallographic z-axis. The chiral modulations
can appear within a certain window of parameters due to the competition between

15



1 Introduction

homogeneous interactions, inhomogeneous interactions and the magnetocrystalline
anisotropy. The ratio between these energy terms can be tuned by varying the ex-
ternal conditions, e.g., magnetic field or/and temperature, thus inducing a magnetic
phase transition.

1.2.2 Mechanism of phase transitions

A magnetic phase transition is phenomenologically described by considering magne-
tization vector(-s) as an order parameter. In a two-sublattice non-centrosymmetric
system, which already possesses a certain anisotropy, the order parameter is two-
component and distributes inhomogeneously in space. The periodicity of modula-
tions is sensitive to the change of the effective magnetic anisotropy; by varying the
external conditions, one can try to control them. E.g., the increase of anisotropy
leads to the formation of regions with a constant commensurate phase separated by
domain walls or solitons. When the anisotropy is further increased (e. g., by low-
ering the temperature), the it outweighs the inhomogeneous DM interactions and
establishes a fully commensurate magnetic structure.

The free energy of such a system is described by the Ginzburg-Landau functional
(for details see [41]):

@ = [ dz[r(n6) + u @ +w (" + € + Viu(2)] (1.11)

which contains the phenomenological parameters of the Landau theory of phase
transitions: u > 0, r ~ (T — T¢), magnetic anisotropy w and the inhomogeneous
term Viyh(2z) containing the spatial derivatives of the order parameter described
through the Lifshitz invariants [18]:

g dn

—= —&—. 1.12

ndz dz ( )

In other words, the spacial derivatives of magnetization vector(s) are defined as (for
details see [49, 47])
oM oM,
—L - M;—.
oz ox

M; (1.13)
Some modulated magnetic structures prohibit Lifshitz invariants due to the sym-

metry reasons. In such systems, the temperature dependence of the modulation
propagation vector is rather weak, which leads to the first-order (jump-like) transi-
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1.2 Modulated magnetic structures

tion into the commensurate phase.

In weak magnetic fields, the spin spiral is only slightly distorted. Increasing the
field, one observes a fan-type magnetic structure (see Fig. 1.2). When the critical
field value is reached, the fan structure collapses leading to the homogeneous spin
structure along the external magnetic field.

The change of the external conditions like temperature, field or pressure can in-
duce magnetic phase transitions: an antiferro-ferromagnetic transition [60], gradual
spin reorientation in an antiferromagnet [61, 62, 63] commensurate-incommensurate
magnetic phase transition [64]. Canted, conforming or a mixed magnetic structure
are also thickness-dependent [65, 66]. A phenomenological description of the first-
and second-order spin reorientation transitions has been well-developed by Hornet
and Varma [67] and experimentally proven by Antonini and Paroli on ErFeOs [68] in
1984. Earlier works, refer to the observed spin transition processes in MnoCr-based
compounds [69]. Though unexpected [41], it has been recently discovered [49], that
noncentrosymmetric magnetic crystals like tetragonal antiferromagnets Bas CuGesO7
[70, 71, 72] and K9 V30g [73] can show both weak ferromagnetism along one direction
and chiral modulations along another one. Moreover, under certain temperature-
field conditions, a combination of a weak ferromagnetism with incommensurate
structures can form magnetic vortices or skyrmions.

Experimentally, magnetic transitions can be observed on powder samples by neu-
tron scattering technique [74, 75, 76, 21, 58, 22, 77, 78], MoBbauer [79, 61, 57] or
nuclear magnetic resonance [43]. Theoretically, the transitions are explained by the
phenomenological Landau theory using the Ginzburg-Landau functional for the in-
homogeneous distribution of the order parameters [41, 80]. The responsible physical
mechanisms are rather complex: systems which exhibit a localization of magnetic
moments (like insulators or semiconductors) experience a competition of the nearest
and the next-nearest neighbors. The electronic configuration at the Fermi surface
can be modified by the external magnetic field leading to the magnetic transitions in
the rare earth element (REE) based compounds. Some systems, e. g. CeSb, can ex-
ist in six different magnetic configurations in a temperature window from 8 to 16 K
even in zero magnetic field. When applied, the field leads to the creation of new
phases. Such magnetic evolution is explained by the strong inhomogeneous interac-
tions: the inter-plane coupling is much weaker compared to the in-plane coupling
and therefore can be easily perturbed by temperature or field [41].
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Localized chiral structures in non-centrosymmetric uniaxial antiferromagnets

The areas between homogeneous regions with antiparallel staggered magnetization
in weak ferro- (antiferro-) magnets form a domain wall, which corresponds to a spin
spiral. Depending on the crystal symmetry, the non-centrosymmetric antiferromag-
nets favor a Bloch wall formation or a Néel wall (see Fig. 1.3). Though spin spirals

z (a) class Doy

(b) class C., T e

(ras s\ st T

X m P

Figure 1.3: Basic modulated structures for different symmetry types: helicoid and
cycloid, from [49].

have a fixed sense of rotation and the appearance of modulations with the oppo-
site winding is highly unstable, the domain walls of both rotational orientations can
equally arise in the antiferromagnet. In such systems, the reason for the domain wall
creation is of the kinetic origin as the domains nucleate during the magnetization
reorientation transitions. The processes of transitions into the ordered states are
independent on the domain wall energies.

In the zero magnetic field or below the spin-flop transition and applied along the
z-axis, the magnetic free energy is invariant to rotation around the z-axis; the stag-
gered magnetization is axially symmetric in the basal plane and uniform along the
z-axis. This magnetic configuration corresponds to the topological excitations, which
is stabilized by the inhomogeneous DM interactions [81] (see Fig. 1.4). Depending
on the applied field, the vortices may exist in two phases. The localized vortices (see
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1.2 Modulated magnetic structures

- -

class C class D,,

Figure 1.4: Vortex structure for antiferromagnets with different symmetry types,
(a) and (b) distribution of staggered vector, (c)-(f) projections of the
staggered vector and oscillating total magnetization in the basal plane,
from [49].
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Figure 1.5: Delocalized vortex in the spin-flop phase, distribution of the staggered
magnetization vector, from [49].

Fig. 1.4) establish in the fields below the spin-flop transition, while in the spin-flop
phase they delocalize (see Fig. 1.5). When the magnetic field is slightly deviated from
the z-axis, the axial symmetry of the system is disturbed and the delocalized vor-
tex [81] develops various elongated shapes. Such nonsingular linear defect structures
are topological structures, which are unstable in centrosymmetric magnetic crystals
due to the influence of internal anisotropic interactions or applied field; they can be
stabilized by the Lifshitz invariants (see 1.2.1) and therefore non-centrosymmetric
crystal structure is required.

Skyrmion phase in different materials

The problem to describe countable particles in continuous fields [82] was solved by
T. Skyrme who specified them as certain localized states [83]. Later this model
has found a broad application range from microscopic to a cosmological scale [84,
85, 86, 87]; in the context of magnetism they were introduced as ”skyrmions” by
Bogdanov [81]. Though some systems require special external conditions - magnetic
field, temperature or rapid growth of topological defects [88, 89, 90] - to be driven
into the skyrmion phase, others can form a spontaneous skyrmion lattice as a ground
state [91].

First, the magnetic skyrmion phase has been experimentally observed in a chiral
itinerant single-crystalline magnet MnSi [77]. Using a small-angle neutron scatter-
ing, a six-fold symmetry pattern has been observed in a reciprocal space independent
from the sample’s orientation in the external field. In this material, the skyrmion

20



1.3 Technological advances and history of Heusler compounds

phase appears in the vicinity of a conical-paramagnetic phase transition within a
temperature range of 27-29 K and external field of roughly 0.1-0.25 T.

Another helimagnet, FeGe [79], was examined in a direct space using the trans-
mission electron microscopy in a Lorenz mode (Lorenz-TEM) [92]. It has been also
shown, that initially tiny area on the field-temperature phase diagram can be several
times enlarged by the increasing shape anisotropy while thinning the sample from
75 nm down to 15 nm [93].

Formation of a skyrmion lattice is an interesting fundamental problem, whereas an
ability to manipulate a single skyrmion becomes an exciting industrial hunt. Due to
the interface symmetry breaking, a spontaneous skyrmion lattice was observed not
in a bulk but on a Fe-monolayer deposited on Ir using the spin-polarized scanning
tunneling microscopy (SP-STM) [94]. Recently, a creation and annihilation of a
single skyrmion by the spin-polarized current has been reported [95].

All the aforementioned discoveries ignite a scientific thirst for new functional mag-
netic phases in new materials. Presently, the amount of compounds showing a
skyrmion state is very limited, therefore, an expansion of the materials base is vi-
tal. Counting more than 1500 members, Heusler compounds offer a flexibility of the
lattice parameter, magnetic moment, Curie temperature, magnetic anisotropy, spin
polarization and a spin-orbit coupling. All these characteristics are vitally important
for industrial applications. Recently emerged Mns-based Heusler family is especially
attractive due to the presence of two ferrimagnetically aligned Mn sublattices, which
result in a small net magnetization and an additional possibility of a separate sub-
lattice manipulation. Some of them crystallize in the non-centrosymmetric structure
and therefore exhibit DM interactions. The inhomogeneous part of the DM inter-
actions can be amplified by relativistic effects such as spin-orbit coupling, which is
provided by the heavy constituting elements. Heusler compounds are suitable candi-
dates to realize almost any engineering task, including the formation of a skyrmion
phase.

1.3 Technological advances and history of Heusler
compounds

Heusler alloys are named after their discoverer, a German miner and a chemist Dr.
Friedrich Heusler, who found that some of Mn-based compounds become ferromag-
netic despite that none of the constituting elements exhibits ferromagnetism [96].
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Figure 1.6: (a) Crystal structure of a Heusler alloy, (b) crystal structure of a
quenched alloy that exhibited magnetic response, from [97].

This has lead to a new research direction in magnetism of Manganese alloys. By
adding different elements to the manganese-copper premelt - such as zinc, arsenic,
antimony, bismuth or boron - it was possible to increase the magnetization, especially
if the amounts of elements were proportional to their atomic weight.

The structure of the CusMnAl was discussed about 30 years later by Bradley and
co-workers [97], who reported a body-centered cubic lattice with a face-centered
superlattice (see Fig. 1.6). Quenching of a sample led to a better magnetic response;
additionally, the quenched samples exhibited slightly different site occupancies in
the crystal lattice. Later, magnetic and mechanical behavior was studied under the
influence of different annealing regimes.

A new era of Heusler compounds started in 1983 with the prediction of half-metallic
properties [100] in this class of materials by Kiubler [101] and De Groot [102]: re-
ferring to the spin-resolved density of electronic states (DOS), see Fig. 1.7 [98, 99],
one finds a sizable energy band gap in the minority states (half-metallicity). Half-
metallic cubic Heusler compounds follow the so-called Slater-Pauling (SP) [103, 104]
behavior, which stipulates that the total magnetic moment of 3d elements and their
binaries can be estimated by the mean number of valence electrons per atom: one
added valence electron occupies majority-spin band of the system and thus the total
magnetic moment increases by 1 up.

A high spin polarization, which is simply the relative difference between spin-up and
spin-down conducting electrons, is one of the crucial requirements for the modern
spintronics technology, which is nowadays substantially focused on a Heusler family.
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Figure 1.7: Spin-resolved density of states of CooMnZ (Z=Al, Si, Ge and Si),
from [98, 99]. Positive (green) and negative (red) areas correspond to
the majority (up) and minority (down) spin-channels, respectively.

Twenty years after the prediction of half-metallicity, the CooCrg gFeg.4Al compound
has been implemented into a magnetic junction, showing 19% of a tunneling mag-
netoresistance (TMR) effect at the room temperature [105]. The highest achieved
room temperature TMR ratio using Heusler electrodes (CoaMnSi/MgO/Co2MnSi)
is 354% [106]

Due to simple crystal structure, the physical features can be often estimated prior to
experimental attempts. By means of ab-initio calculations Kiibler and co-workers
have shown that the Curie temperature T¢c and the magnetization of some half-
metallic ferromagnetic Cos-based Heusler compounds depend the amount of the
valence electrons [107]. The highest ever Tc = 1120 K and magnetic moment of
6 up were reported for the CoyFeSi half-metallic ferromagnet [108].

These significant developments have opened new technological horizons for the mag-
netic random access memory (MRAM) technology and the spin-transfer torque
(STT) [109, 110] applications, for which the Mng- group became especially suit-
able. It has been found that a prototypical ferrimagnet MnzGa (MnaMnGa) [111]
possesses necessary ingredients for the STT, such as 88% of theoretically calculated
spin polarization [111], a low magnetic moment, a high T and a large energy prod-
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uct of the magnetic hysteresis. The structure exhibits about 30% of a tetragonal
distortion, which leads to a large MCA and a robust thermal stability of magneti-
zation, necessary for the ultra-high density magnetic storage devices. It has been
shown, that the chemical doping works as an advanced functional tool on this sys-
tem. First, a partial substitution of Mn by Co allows for a reduction of the total
magnetization [112]. Second, the spin-transport characteristics can be improved by
a constructive disorder [113].

Heusler compounds are stable in a cubic structure; tetragonal distortion is an at-
tempt of the system to compensate for the instability, which appears at the Fermi
energy. As a result, tetragonally strained compounds do not form an energy gap
in the minority spin channel. Nevertheless, the spin transport properties can be
efficiently manipulated in each channel separately [113].

To demonstrate their industrial applicability, the bulk properties of the MngGa-
related compounds were enhanced in thin film samples [114, 115, 116]. Nowadays,
the Mnsy-based Heusler family is a hot topic and is being extensively developed.
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2 Giant non-collinearity and a
spin-reorientation transition in bulk
Mny;RhSn tetragonal Heusler magnet

Non-collinear magnets provide essential ingredients for the next generation mem-
ory technology. It is a new prospect for the Heusler materials, already well-known
due to the diverse range of other fundamental characteristics. Here the combined
experimental /theoretical study of novel non-collinear tetragonal MnaRhSn Heusler
material is discussed, which exhibits unusually strong canting of its magnetic sublat-
tices. It undergoes a spin-reorientation transition, induced by a temperature change
and suppressed by an external magnetic field. Due to the presence of Dzyaloshinskii-
Moriya exchange and magnetic anisotropy, MnaRhSn is suggested to be a promising
candidate for realizing the skyrmion state in the Heusler family.

2.1 Preface

The art of controlling magnetic degrees of freedom has led to a broad range of ap-
plications that make up the rapidly developing field of spintronics. Up to now, most
of the exploited compounds have been so-called collinear magnets, i.e. materials in
which the magnetization is formed by local magnetic moments aligned parallel or an-
tiparallel to one another. Yet, the possibility of influencing their mutual orientation
opens new horizons for the field of spintronics. Non-collinear magnets can be widely
applied in current-induced spin-dynamics [117], magnetic tunnel junctions [118],
molecular spintronics [119], spin-torque transfer by small switching currents [120]
and anomalous exchange bias [121]. Impressive improvement of the critical current
density by five orders of magnitude [78, 122, 123] is offered by non-collinear magnets
driven into the skyrmion phase [124, 77, 125, 78, 126, 122, 127, 123, 128]. While
such exotic magnetic arrangements are sensitive to external conditions (magnetic
field and temperature), an expansion of the related material base is important for
their stabilization.
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2 Non-collinearity in bulk MnsRhSn

Flexible tuning of the magnetic properties can ultimately be realized in multi-
component systems of several magnetic sublattices with competing types of inter-
actions such as magneto-crystalline anisotropy, dipole-dipole and Dzyaloshinsky-
Moriya (DM) interactions [129, 17]. Heusler compounds, of which there are over 1500
members, provide a rich variety of parameters for almost any material engineering
task (e.g. half-metallic ferromagnetism [101, 100], exchange bias [130], topological
insulators [131], spin-gapless semiconductivity [132], spin-resolved electron localiza-
tion [113] and superconductivity [133]). Furthermore, the majority of MnoY Z (Y
— transition metal, Z — main-group atom) systems are non-centrosymmetric; this
together with the magneto-crystalline anisotropy induced by intrinsic tetragonal
distortion makes such systems attractive for skyrmion research.

First, the unusual ground-state magnetic canting will be discussed, which is observed
in MnsRhSn together with the subsequent temperature-induced spin-reorientation
into the collinear ferrimagnetic mode. Further, a detailed micromagnetic analysis
will be given, which suggests this collinear regime to provide perfect conditions for
the skyrmion formation, in agreement with the earlier theoretical studies [81, 124,
49].

2.2 Sample preparation and precharacterization

In order to prepare a high-quality sample, a special care has been taken on the Mn
purity. The element can have 5 different oxidation states: +2, +3, +4, +6 and
47, each being a corresponding color: pale pink, red, black, green or purple. To
eliminate any presence of oxides, the following procedure was performed. Mn chips
were sealed in evacuated quartz ampules with relatively large internal volume and
heated at 1000°C overnight. Clean Mn surface shined with bright silver color.

Arc-melting is a quick technique for sample preparation. Also, it prevents them
from contamination as no crucible is involved. A lower part of a sample, which
lies on the water-cooled copper heart never melts completely and copper does not
react with the sample. Polycrystalline bulk samples were repeatedly arcmelted from
stoichiometric amounts of high-purity commercially available elements (> 99.99%)
in an Ar atmosphere and Ti getter. An overall mass loss is less than 0.5 wt.%.

To achieve a desired stoichiometry and reduce the evaporation of Mn, a two-step
process was used: first, premelts of Rh-Sn were prepared to reduce the melting
point of refractory Rh-element. According to phase diagram (see Fig. 2.1), these
elements react well with each other and form a stable phase. For the second run, a
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Figure 2.1: Phase diagram of Rh-Sn binary, 1:1 ratio forms a stable phase, from [134]

corresponding amount of Mn was placed below the Rh-Sn premelts. Thus, Mn was
slowly absorbed by the molten Rh-Sn phase. To ensure homogeneity, the samples
were melted 3 times on each side with increasing arc power.

Later the ingots were wrapped in Tantalum foil and sealed in evacuated silica tubes.
Annealing lasted 1 week at 800°C. Samples were slow-cooled and pre-characterized.
Prior to structural and element-specific analysis, all samples were investigated by
optical microscopy in a bright light (see Fig. 2.3), polarized light and differential
interference contrast regimes. This is a fast technique, that covers large areas of
a sample. In the bright field observations any flat feature that is perpendicular to
the incident light appears to be white. Imaging in a polarized light revealed an
additional contrast in a way of perpendicular stripes, which suggested a possible
tetragonal crystal structure.

27



2 Non-collinearity in bulk MnsRhSn

;‘K'-.,.

S ~

\\ ke x01
“4—Qrientierung: g
&« . .

%02

L= =

50um

100um

Figure 2.3: Optical and SEM image of the homogeneous MnsRhSn phase; compo-
sition analysis was performed at the areas marked. The MnsRhSn sto-
ichiometry is constant across the whole sample; a minor impurity of
Mngs 5RhSn is present at around 1 at.% and does not bias the presented

results.

Spot Mn (at.%) Rh (at.%) Sn (at.%)
1) 49.73 25.55 24.71
2) 48.79 25.73 25.48
3) 47.84 26.23 25.93

Table 2.1: EDX analysis of the MnsRhSn sample taken from the areas indicated in
Fig. 2.3. The composition is well reproduced across the whole observed
area.

For the energy-dispersive X-ray (EDX) spectroscopy / scanning electron microscopy
(SEM, see Fig. 2.3) a well-polished surface was required to eliminate topological
distortions. In addition, an electron penetration depth is in a pm range. For this
reason the samples were embedded in epoxy resin blocks and a smooth surface was
prepared. Metallographic analysis revealed that the sample is a single-phase material
with a homogeneous composition distribution. The composition was characterized
by the EDX spectroscopy at the precision of <0.5 at.%., values are summarized in
Tab. 2.1 and are in a good agreement with the intended values.
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2.3 Crystal structure analysis

2.3 Crystal structure analysis

In this chapter the crystallographic parameters of MnsRhSn are discussed. First,
the room-temperature X-ray powder pattern is analyzed, then the temperature-
dependent evolution is studied.

2.3.1 Inverse tetragonal Heusler symmetry

Heusler compounds can be divided in two distinct types: XoY Z, a full-Heusler and
XY Z, a half-Heusler structure with a main group element and two transition metal
elements. By taking 4 interpenetrating fcc sublattices and filling the octahedral
sites, a half-Heusler structure is obtained. For getting the full-Heusler structure,
the tetrahedral sites should be added. Both full- and half-Heusler structures are
initially cubic, they belong to Fm3m (space group no. 225) and F43m (space group
no. 216) [135].

For certain crystallographic reasons, atoms of the X element can occupy different
lattice sites. Contrary to the regular full-Heusler compound having X in equal (1/4,
1/4, 1/4), Y in (1/2, 1/2, 1/2) and Z in (0, 0, 0) Wyckoff positions, an inverse
compound [136, 137] has its X element sitting in two different places. Here X is
in (1/2, 1/2, 1/2) and (3/4, 3/4, 3/4), Y in (1/4, 1/4, 1/4) and Z in (0, 0, 0)
respectively. The reason for such an inversion is in higher electronegativity of Y
element or its atomic size in comparison to the X element. Mns- as well some
Fes-based compounds are the most known examples [138, 139, 140, 141, 142, 143].

The majority of Heusler compounds are stable in the cubic phase. Some, how-
ever, are susceptible to the tetragonal distortion. The discussion about the tetrag-
onal strain around the transition metal cation has started in fifties; various sce-
narios were considered - ordering of the chemical bonds or crystal field splitting,
see [144, 145, 146, 147, 148]. Back in thirties, Jahn and Teller [149] suggested that
the orbital degeneracy in polyatomic molecules can be healed by the nuclear displace-
ment of the ligands. This is accompanied by the splitting of the degenerate state
into two energy levels - therefore, the displacement is a function of the orbital split-
ting and vice versa. Later, the Jahn-Teller mechanism was translated to the crystal
solids: perovskite type manganites, transition metal oxides or spinels [146, 148] -
systems with localized electronic states. In case of metallic Heusler compounds,
where electrons are rather itinerant and experience collective phenomena, such an
approach cannot be straightforwardly applied. Electronic states are severely inter-
mixed and can simultaneously belong to several atoms of the unit cell. Here, the
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Figure 2.4: Image plate Guinier camera Huber G670. From [150]

origin of the tetragonal distortion lies in the instability peak on the er in the cubic
phase. To relax from the instable state, the structure elongates (¢/a > 1) or flattens
(¢/a < 1) along the c-axis. The distortion results in the regular or inverse tetragonal
structure. In the regular I4/mmm (space group no. 139) structure, constituting
elements occupy the following Wyckoff sites: X is in 4d (0, 1/2, 1/4), Y and Z are
in 2b (0, 0, 1/2) and 2a (0, 0, 0) respectively. Whereas, the inverse structure I4m2
(space group no. 119) is represented by X in 2b (0, 0, 1/2) and 2¢ (0, 1/2, 1/4)
sites, Y and Z locate in 2d (0, 1/2, 3/4) and 2a (0, 0, 0) respectively.

The room temperature powder X-ray diffraction pattern was obtained in asymmet-
ric Guinier transmission geometry (Image plate Guinier camera Huber G670, Cu
K, radiation, see Fig. 2.4) with LaBg added as an internal standard. This setup is
advantageous for the routine sample analysis, can handle air-sensitive compounds,
require relatively short time for one measurement (1.5 - 3 hours) as well as the
small sample quantity. To improve the peak-width and eliminate the powder size
distribution, each sample has been preliminary sieved through 40 pm mesh. How-
ever, a certain peak asymmetry was still noticeable at low 260 angles, therefore a
high-resolution synchrotron data were necessary. The obtained powder XRD pat-
terns were refined by the Rietveld method with the help of FullProf [151] software.
The treatment was done in 10 steps: optimization of scale, peak shape, zero shift,
background modeling, lattice constants, thermal expansion parameter, overall tem-
perature factor, half-width parameters (U, V, W), peak asymmetry and a ratio of
Lorentian-to-Gaussian peak profile.
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Figure 2.5: Powder X-ray patterns obtained at room temperature (top) and 50

and 100 K (bottom). The colored and black lines correspond to the
observed and calculated intensities, respectively. Incident light wave-
lengths of A = 1.5405 A and 0.43046 A were used for the room- and
low-temperature measurements, respectively. The high-resolution XRD

data are consistent with the I4m2 symmetry and confirm the tetragonal
crystal structure at low temperatures.
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Figure 2.6: High-temperature cubic phase of MnsRhSn. (a) Differential scanning
calorimetry data show a reversible transition peak. (b) Twinned struc-
ture forms as a result of tetragonal transition.

The refined XRD pattern reveals that the MnoRhSn crystallizes in the inverse tetrag-
onal Heusler cell (so-called I4m2, 119 symmetry type), see Fig. 2.5. The obtained
lattice parameters are a = 4.298 A and ¢ = 6.593 A with the corresponding tetrag-
onal distortion a/v/2c of 8%.

The structural parameters were tested at lower temperatures (see Fig. 2.5) using a
high-resolution X-ray diffraction at ESRF, Grenoble with the incoming beam wave-
length of A\ = 0.43046 A. Powder samples were sealed in 0.3 mm glass capillaries
in a glovebox under the Argon atmosphere. During the measurement, a capillary
rotated at a constant speed in order to collect a sufficiently statistical signal. The
high-resolution synchrotron experiments proved the suggested crystal parameters.

2.3.2 High-temperature cubic phase

To examine the temperature stability of the inverse tetragonal Heusler structure, the
differential scanning calorimetry (DSC) was performed from the RT up to 1500°C.
The powder sample of ~ 50 mg was encapsulated in the Al;O3 crucible and heated
under the Argon atmosphere.
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Figure 2.7: High-temperature structure analysis of the MnsRhSn by the neutron
powder scattering. The wavelength of incoming neutrons is A = 2.448 A.
(a) Refined pattern of the room-temperature (7' = 25.4° C) tetragonal
structure, I4m2, 119 symmetry type. (b) Refined pattern of the high-
temperature (T = 596.1° C) cubic structure, F43m, 216 symmetry type.
(c) Evolution of the lattice parameters with the temperature up to the
transition point. (d) Temperature-dependent behavior of the unit cell
volume. Green ticks show the positions of Bragg reflexes on the (a) and
(b). Blue line corresponds to the linear fit on the (c) and (d).

Fig. 2.6, (a) reveals the reversible structural transition. While heated, the system
undergoes an exothermal process and the opposite, endothermal, during cooling. To
clarify the symmetry change, temperature-dependent elastic neutron scattering was
performed from the room temperature (RT) to the temperature above the transition
and back (see Fig. 2.7). The measurements were done at the E6 focusing powder
diffractometer (Helmholtz-Zentrum Berlin, Germany). The applied wavelength was
A = 2.448 A. The refined RT-pattern confirms the I4m2 (group no. 119) structure.
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2 Non-collinearity in bulk MnsRhSn
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Figure 2.8: Optical microscopy under the polarized light - twinned structure is
present up to the 557°C, which corresponds to the tetragonal phase of
MnyRhSn. The twinned texture gradually fades with heating; in the
cubic phase only the sample’s topography is observed (600°C).
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2.3 Crystal structure analysis

By increasing the temperature, the a and ¢ parameters gradually change with a lin-
ear dependence (see Fig. 2.7, (c)). Interestingly, the a parameter grows nearly twice
faster than the ¢ parameter drops: the corresponding slopes are 2.541 x 10~* A /K
and —1.177 x 10~* A/K respectively. Consequently, the volume change also fol-
lows a linear dependence, both below and above the transition temperature (see
Fig. 2.7, (d)), with the slope of 782 x 10™* A/K and no visible discontinuity up to
the formation of the F43m structure (space group no. 216). Since the transition
is accompanied by a certain temperature hysteresis (about 60° C), it is assigned to
the first-order. While cooled, a sample undergoes a two-step process: the endother-
mal peak shows not an asymmetry (as observed while heating) but rather a distinct
shoulder or even contains an additional small peak at the lower temperature side.
This feature can be attributed to the complex formation of twins. A detailed anal-
ysis of the transmission electron microscopy (TEM) image (Fig. 2.6, (b)), reveals
a peculiar hierarchy of twins in a tetragonal phase: the structure contains twins of
about 50 nm, which, in turn are composed of ~ 10 nm sub-twins.

The twined texture was also observed from the RT up to 600°C using the optical
microscopy under the polarized light (see Fig. 2.8). The twins are clearly resolved
in the tetragonal phase of MnyRhSn and vanish at the temperatures above the
tetragonal-to-cubic phase transition.

Taking the experimentally determined structural parameters at the RT, both cubic
and tetragonal phases were examined in terms of the spin-resolved density of elec-
tronic states. Allowing no volume variation of the unit cell, it was proved that the
cubic phase is not stable at the room temperature due to the sharp feature at the
er. The peak originates from the spin-down d-states of the tetrahedrally coordinated
Mny; atom. Due to the crystal field effects, the degenerated ¢, orbital tends to split
into two more favorable energy levels: upper zy and lower zz, yz. Such a splitting
is accompanied by the nuclear displacement and a tetragonal strain along the c-axis.
The in-plane xy orbital will be higher in energy due to the reduction of the distances
to the in-plane ligands, whereas the xz and yz orbitals will reduce their energy with
respect to the ta,4 level of the cubic state. The e is sensitive to the volume change:
while increasing the volume, the eg moves down towards to valence band and leaves
the instability above - cubic phase becomes robust.

Having the detailed analysis of the crystal structure, the reader can now focus on
the magnetic behavior of the material.
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2 Non-collinearity in bulk MnsRhSn

2.4 Evolution of magnetic structure

Temperature dependent magnetization measurements have been performed at con-
stant field sweeps ranging from 0.1 to 5 T using Quantum Design MPMS XL super-
conducting quantum interference device (SQUID) magnetometer in the zero-field-
cooled (ZFC) and field-cooled (FC) regimes. Total magnetization was obtained from
the hysteresis loops at 1.8 K. Ac-susceptibility measurements were done in a Quan-
tum Design physical properties measurement system (PPMS) at the lowest possible
DC-field of 50 Oe and frequencies ranging from 33 to 9997 Hz. Heat capacity mea-
surements were carried out using a bulk policrystalline piece of about 50 mg from
the RT down to 2 K.

The temperature-dependent magnetization shows rather non-trivial behavior (see
Fig. 2.9, (a)). While cooling down from the RT, two transitions are revealed: a
field-independent transition at about 270 K and a field-sensitive transition between
100 and 50 K. Initially, the field-independent establishment of a ferrimagnetic order
from a paramagnetic state will be discussed.

2.4.1 Paramagnetic - ferrimagnetic transition

The magnetization (see Fig. 2.9, (a)), ac-susceptibility (see Fig. 2.9, (b)) and heat
capacity measurements (see Fig. 2.9, (c¢) and (d)) show the formation of a magnetic
order (T¢) at about 270 K. This is a second-order transition, which is mapped
by the lambda-anomaly (see Fig. 2.9, (¢)). Subtracting the baseline and using the
graphical entropy-conserving equal-areas approximation, the ”jump” of specific heat
ACp and the transition temperature T were obtained as 12 J/mol K and 264 K
respectively. The values contain a certain deviation due to the asymmetry in the
peak shape, though the T is in a good agreement with the results of magnetization
measurements (270 K); thus the bulk origin of the observed effect can be confirmed.
The energy of magnetic ordering is defined as an integrated area under the peak
(baseline subtracted): 453 J/mol.

The unit cell of MnsRhSn contains four atoms per unit cell; according to the em-
pirical Dulong-Petit law, given in Eq. (3.3), the phonon heat capacity should be
saturated at about 100 J/(mol K). Additional contributions are provided by the
electron and magnon scattering described by the second and the third terms in
Eq. (3.14). While the electron part is present within the whole temperature range,
the magnon contribution starts to play role from 50 K on (Fig. 2.9, (c¢) and (d))
and is responsible for the magnetic ordering transition at Tc = 270 K. Below this
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Figure 2.9: (a) Zero-field cooled (ZFC), field-cooled (FC) and field-heated (FH) mag-
netization as a function of the temperature measured at different in-
duction fields of 0.1, 0.5, and 5 T; two transitions are observed - at
270 K and in the range of 100-50 K. (b) Real (x') and imaginary (x”)
parts of the ac-susceptibility are frequency-independent and show con-
firm the transitions by two pronounced steps: at 270 K and at about
80 K. (c) Zero-field heat capacity: phonon, electron and magnon con-
tributions. (d) Magnetic contributions to the heat capacity: extracted
from the total heat capacity and reconstructed from the magnetization
measurement.
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2 Non-collinearity in bulk MnsRhSn

temperature, the compound forms a ferrimagnetic structure, which will be discussed
below.

Magnetic heat capacity can be derived from the total heat capacity (for more details
see Section 3.5) as well as can be reconstructed from the temperature-dependent
magnetization measurement [152] (see Fig. 2.9 (d)). In both cases, the paramagnetic
transition at about 270 K is well reproduced.

Applying the mean-field approximation, one can obtain the Curie constant as

_C _ Nuopls
T-Tc  3kp

X (2.1)
the T is defined as Tc = aC. Here « is the Weiss mean-field (molecular field)
constant. The high-temperature dc-susceptibility measurements in the external field
of 1 T reveal the effective magnetic moment peg = g/ S(S+1) = 2.824\/xT =
5.59 up, which is close to the effective spin S = 5/2 per formula unit. The magnetic
component of the specific heat corresponds to the total exchange self energy of the
material per formula unit as Cy, = Qwex/OT, which gives an estimate for the mean
field constant o and exchange interaction J:
0Mg

and
_ polN am?

282 7
where z = 8 corresponds to the number of the nearest neighbors and S = 5/2 is the
total spin per atom. A rough estimate of the J from T, low-temperature saturation
magnetization and the scaled specific heat gives a values between 3.4 and 9.9 meV
per atom.

J (2.3)

At lower temperatures, 50 K< T <100 K, the magnetization gives rise to a pro-
nounced peak while the magnon heat capacity shows only a broad shoulder. Such
discrepancy attracts a special attention to this temperature region.

2.4.2 Onset of non-collinear magnetic structure: spin-reorientation
transition

The temperature-dependent magnetization (Fig. 2.9, (a)) shows a step between
100 K and 50 K, which has a field-dependent origin: it is more pronounced in
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Figure 2.10: (a) Zero-field cooled (ZFC) and field-cooled (FC) magnetic hysteresis
loop of MnyRhSn. (b) Magnetic structure of MnayRhSn is represented by
two antiparallel Mn sublattices, where the Mnyr-sublattice is deviated
from the z-axis by a canting angle 6.

weaker fields (but larger than the coercive field pugB > H¢) of 0.1 T, reduces by an
increased field of 0.5 T and smears in strong fields ~5 T, where the magnetic struc-
ture is fully saturated and no spin-texture can exist. The transition is even stronger
pronounced on the ac-susceptibility data (Fig. 2.9, (b)). Independent from the fre-
quency, a sharp jump is observed around 80 K. The ac-susceptibility experiments
support the presence of the magnetic transition, suggest a long-range magnetic order
of the material and exclude the spin-glass behavior: there is no evident shift of the
transition temperature with the frequency. Naturally, the magnetic transition in a
Heusler compound implicates a simultaneous investigation of the crystal structure
due to the possible magneto-structural phenomena [153, 154]. The high-resolution
synchrotron X-ray analysis showed however no change of the crystal symmetry above
or below the transition (see Fig. 2.5).

The temperature-dependent evolution of the magnetic structure can be comprehen-
sively analyzed by the neutron scattering experiments. Both magnetic and nuclear
structure have been studied by polarized elastic neutron scattering in zero field at the
Laboratorie Léon Brillouin (LLB), CEA France. Two-axis diffractometer equipped
with a vertical focusing pyrolytic graphite monochromator and a cold neutron guide
was used for the measurement. The sample was encapsulated in a vanadium crucible
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2 Non-collinearity in bulk MnsRhSn

and its environment was was kept constant within the whole temperature range from
1.8 to 299 K. The wavelength of incoming neutrons was 2.422 A. Similar to the the
XRD procedure, the powder has been sieved. The recorded patterns were processed
according to the Rietveld method using FullProf [151] software. First, a nuclear
phase was optimized at 299 K, which is above the magnetic ordering temperature
of 270 K; the obtained parameters were later used for the refinement of magnetic
phase. The background was modeled by interpolation between selected points. The
peak shape profile was described by the pseudo-Voigt function with a refined ratio
between Gaussian and Lorentzian contributions. The magnetic scattering form fac-
tors were used different for Mn; and Mnj as of different oxidation states: 3+ and
2+ respectively.

The paramagnetic room temperature measurement contains only the crystal struc-
ture information. Instead, the diffraction pattern recorded at 1.8 K represents both
structural and magnetic signal (see Fig. 2.11). The latter can be well analyzed due to
its 65% contribution to the overall intensity. Here, the magnetic phase mainly resides
in the (101), (002) and (110) reflexes. Since the the Bragg and magnetic peaks coin-
cide by their positions, first, the room temperature pattern was thoroughly refined
to fix some of the crystal parameters and avoid influencing on the magnetic inter-
pretation. An additional intensity contains only that magnetic component, which
is perpendicular to the scattering vector k. Therefore, neutrons reflected from the
(101), (002) and (110) crystal planes give an estimate how the magnetic moment
evolves within the corresponding planes.

Magnetic structure of MnsRhSn is represented by two Mn sublattices: Mnp at
2b (0,1/2,0) and Mny at 2d (0,1/2,3/4) Wyckoff sites. As typical for the Mns-
based Heusler family, the MnyRhSn is expected to show a ferrimagnetic alignment
of its sublattices, which is indeed observed from 270 K down to 80 K. An antipar-
allel orientation of the sublattices is also suggested by the saturation magnetization
(see Fig. 2.10) of 1.97 up at 2 K (Mn; moment by itself can vary from 3 up to
4.5 pp depending on an environment; the ferromagnetic arrangement would result
> 3 up). At the temperature below 80 K, an in-plane magnetism starts to rapidly
evolve (see Fig. 2.11, (right inset)). This is associated with the deviation of the
Mny; moment from its crystallographic z axis, while the moment of Mny is strongly
localized and stays firmly aligned along the z direction. Development of the in-plane
magnetism is accompanied by the simultaneous suppression of the z-component of
Mn; down to nearly 1 upg, while the z-component of Mn; evolves rather insignifi-
cantly. The in-plane magnetism is realized by the gradual spin reorientation of the
Mny; sublattice. It is not only the mutual orientation of the site-specific moments
that changes but their absolute values also change (Fig. 2.12, (¢)). As the tempera-
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Figure 2.11: Elastic powder neutron scattering patterns obtained at 299 K (red) and
1.8 K (blue) using the wavelength of A = 2.422 A. No external magnetic
field was applied. Main magnetic intensity is added to the (101), (002)
and (110) peaks. Left inset: temperature-dependent neutron spectra,
at the temperatures below 80 K the (002) peak gradually increases.
Right inset: development of the in-plane magnetism (produced by Mnyy
xy-component, closed red marks) suppresses the z-component of Mny

(closed black marks), while the z-component of Mnj evolves rather in-
significantly (open black marks).
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2 Non-collinearity in bulk MnsRhSn

ture decreases, the Mnj; moments become larger and suppress the Mny from 4.5 to
3.5 pup. This occurs gradually, and the slope of the zero-field heat capacity curve
changes (Fig. 2.12, (e)); the spin-wave term is sufficiently weak in comparison to the
electronic and phonon contributions that no sharp anomaly is visible. However, the
onset of the FiM phase is characterized by the explicit step-like increase in the ac-
susceptibility signal (Fig. 2.12, (b)). Measured values of ' and x” were found to be
independent on frequency, suggesting a high magnetic homogeneity. The evolution
of the magnetism with temperature is echoed by the crystal structure (Fig. 2.12,
(f)). Although the a-parameter decreases monotonically, the change in c-parameter
is non-linear and resembles the ac-susceptibility behavior; the anomaly is observed
around the T and gradual non-linear curvature depicts the gradual spin reorien-
tation between 100 and 50 K. The c-parameter is more sensitive to the magnetic
changes than the a-parameter, due to the fact that tetragonal distortion itself is a
result of certain magnetic/electronic instabilities. In the following we will discuss
the ground state magnetic structure.

2.4.3 Ground state magnetism: experiment and theory

Neutron scattering pattern, obtained at the lowest possible temperature of T' = 1.8 K,
reveals a canted ferrimagnetic structure with = (59 £+ 5)° and the moments of
3.59 up and 3.47 pup on Mn; and Mny respectively. Such magnetic arrangement
correlates with the hysteresis loop obtained at the same temperature, which reveals
the total magnetic moment of 1.97 up (see Fig. 2.10, (a)). It is important to stress,
that the 6 is an identical polar angle here, while the azimuthal angle ¢ is free to
change from 0 to 2.

The magnetic order of MnyRhSn was found from the first-principles calculations
using the spin-polarized relativistic Korringa—Kohn—-Rostoker (SPR-KKR) Green’s
function method [155] within a local density approximation [156]. The experimen-
tally obtained lattice parameters were used; a self-consistent determination of local
moments including their amplitudes, directions and periodicity was allowed.

In a non-relativistic case, the magnetic non-collinearity is a result of the compe-
tition between antiparallel and parallel exchange interactions (or between several
types of antiparallel interactions). Such a situation is often encountered in MnyYZ
compounds, but not all of them exhibit non-collinearity. In general, these materi-
als crystallize in the non-centrosymmetric I4m2 structure with two non-equivalent
Wyckoff positions occupied by Mn atoms: Mny at 2b (0, 1/2, 0) and Mnyy at 2d (0,
1/2,3/4). Z and Y elements occupy the 2a (0, 0, 0) and 2¢ (0, 1/2, 1/4) positions,
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(a) Evolution of the magnetic structure with the temperature. Canted
(red), collinear ferrimagnetic (yellow) and disordered (blue) magnetic
states of MnaRhSn. (a) Zero-field-cooled (ZFC), field-cooled (FC) and
field-heated (FH) magnetization as a function of the temperature mea-
sured at induction fields of 0.1, 0.5, and 5 T. (b) Real (') and imaginary
(x") ac-susceptibility components are frequency independent and show
a pronounced step at the onset of the FiM phase. (¢) The increase
of the canting angle occurs because of the simultaneous re-alignment
of the Mnj; moment and an increase in its absolute value. This, in
turn, suppresses the Mn; moment from 4.5 to 3.5 ug. (d) The sum
of the total and z-components of the Mnyr) moments follows the ac-
susceptibility behavior. No in-plane component is present below 80 K.
(e) A change in the slope of the heat capacity curve is observed in the
vicinity of the spin-reorientation. (f) Evolution of the lattice parame-
ters with temperature: the change in the magnetism is echoed mainly
by the c-parameter, while a evolves monotonically.
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2 Non-collinearity in bulk MnsRhSn
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Figure 2.13: (a) Crystal and magnetic structures of MnsYZ Heusler compounds.

Due to the magneto-crystalline anisotropy induced by the tetragonal
distortion, the Mn| magnetic moments are oriented along the c¢ axis;
the moments on Mnyj are canted in an alternating manner with respect
to the ¢ axis. (b) Schematic picture of the leading magnetic exchange
interactions between different atomic layers in MnsYZ (atomic planes
containing Z and Y elements are shown in blue and red, respectively).
The arrows show the orientation of the spin moments on Mn and the
springs show the exchange interactions between different planes. Con-
sidering only the nearest antiparallel interactions J (between Mn-Z
and Mny-Y planes) leaves the magnetic structure collinear; introduc-
ing the next-nearest antiparallel coupling j (between Mny-Y planes)
leads to the alternating canting of Mnj; moments by 6 and 27 — 6.

respectively (Fig. 2.13a).

The most significant exchange coupling between the nearest Mn1 and Mny; atoms is
characterized by a large exchange constant (Jym;—mn, ~ —20 meV) (e.g. [157]) that
leads to a typical collinear FiM (ferrimagnetic) state. Despite the fact that the in-
plane interaction of Mn atoms can be rather complicated (e.g. the nearest in-plane
neighbors couple parallel, the next-nearest couple antiparallel or parallel, and so
on), these interactions are rather weak compared to Jym,—mny, Which always aligns
the Mn spin moments of the same plane parallel to one another (Fig. 2.13b). For
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this reason, we initially do not consider the in-plane interactions but will expand the
description in terms of the effective inter-plane exchange coupling J, which indicates
the interaction of a certain Mn atom () with all other Mn atoms (i’) in a different
plane, i.e. J =3, Ji.
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Figure 2.14: Total energy per MnyRhSn formula unit computed as a function of
the orientation of the Mny; magnetic moment characterized by angle 6.
We compare three magnetic orientations: black - total magnetization
is along the c-axis; blue and red - total magnetization within ab-plane,
but with Mn-moments staggering within ab and within ac-planes, re-
spectively. Inset shows the detailed energy trends near to the canting
minimum at about 125°.

Since the collinear order being substantially determined by the nearest-plane J in-
teraction becomes even more stable if the Y atom is magnetic (as e.g. in case of
MnyCoZ systems [157]), our further consideration concerns MnyYZ Heusler mate-
rials with the non-magnetic heavy Y elements (such as Rh or Ir, since in case of
light elements, such as Ti or V, Mn atoms occupy equivalent 2¢ and 2d positions).
In this case, the collinearity can be perturbed by the next important interaction
j between the next-nearest planes, e.g. between pairs of Mny-Y planes as shown
in Fig. 2.13b. This interaction is antiparallel due to its indirect origin realized
through the main-group element Z (super-exchange) [158]. Since j tends to rotate
the moments of the nearest Mny-Y planes antiparallel to each other, it competes
with the strong antiparallel exchange J, and may then result in a non-trivial canting
angle (0 # 0°,180°, Fig. 2.13b). The relevant #-dependent part of the Heisenberg
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2 Non-collinearity in bulk MnsRhSn

MnoYZ MMny MMnyg 01,2 [ O} my M Mexp

MnsRhSn 3.51 3.08 180 £ 55 0.14 1.9 1.97

Table 2.2: Computed atomic magnetic moments m, canting angle ¢; 2 and total mag-
netization per formula unit M = mum, + mumn,, - cos @ + my, compared
to the experimentally measured magnetization Mcy,. Values of magnetic
moments/magnetization are given in ug.

Hamiltonian will contain only antiparallel interactions:
Hy=—Jcosf —1/2- jcos2(m —0), (2.4)

where the first term is the coupling of the nearest planes (Mn-Z with Mny-Y) and
the second is that of the next-nearest (Mny;-Y) planes. The factor 1/2 accounts for
the twice sparser entrance of the next-nearest plane couplings. The extrema of Hy
are found from:

sin @ (1/2 + %cos 9) =0, (2.5)

and 01 2 = 180° &£ arccos (%) non-collinear solutions are given subject to the con-
dition j/J > 1/2, which means that the canting occurs only if the next-nearest

antiparallel exchange j is sufficiently strong.

The plot of the total energy as a function of 6 indeed exhibits two energy minima
corresponding to the non-trivial canting angles 6; o = 180° & 55°. Calculated local
moments, their orientations, total magnetization, and experimentally measured one,
are summarized in Tab. 2.2.

From the 6-dependent total energy the canting angle 61 o = 180° & 55° is inferred.
The difference between a FM and a FiM configurations is ~0.67 eV, which is per-
turbed by the canting of about 0.06 eV energy gain.

To prove the proposed mechanism, the exchange coupling constants were computed
(using the approach in Ref. [159]) for the model Eq.2.4 directly minimizing the
Heisenberg Hamiltonian. The obtained values of (J=-63.46 and j=—53.05 meV)
satisfy criterion: j/J = 0.83 > 1/2. This then leads to 6; 2 = 180° £ 53.3°, which is
in reasonable agreement with the ab-initio calculated value in Tab. 2.2.

In order to analyze the possible long-range magnetic orders, and in particular, the
possibility of skyrmions in MnsRhSn, the absolute values of the Dzyaloshinskii-
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Moriya (DM) vectors were computed by following the scheme introduced in Ref. [160].
In addition the magneto-crystalline anisotropy was computed as the energy differ-
ence between orientations of the total magnetization along the c-axis and within ab-
plane. Due to canting, for the second case two orientations are separated - first, when
Mnjr moments stagger within ab-plane and second - within ac-plane (see Fig. 2.14).

As it follows from the inset, the energy minima for the ab-orientations are shifted by
few degrees. Their absolute values are about 2.5 (staggering within ab-plane) and
1.8 meV/f.u. (staggering within ac-plane).

2.4.4 Continuum model of magnetic order in Mn,RhSn

Despite of the rich physical phenomena, magnetic orders in Heusler compounds
are rather simple. Currently presented result is pioneering in this family of ma-
terials. The observed non-collinearity, presence of two magnetic transitions, non-
centrosymmetric crystal structure and a large spin-orbit coupling imply a discussion
of a possible skyrmion state. Experimentally, such studies require certain efforts: sin-
gle crystal samples for the small-angle neutron scattering or Lorentz - transmission
electron microscopy (TEM) investigations with a pinpoint accuracy. Nevertheless,
a phenomenological continuum theory together with the obtained Landau-Ginzburg
functional suggest the possibility of a skyrmion state in MnsRhSn and other related
Mmns-based Heusler materials.

The phenomenological continuum theory for the magnetism of MnyRhSn can be
written in terms of the four sublattices (I = 1,2,3,4) consisting of the two sublat-
tices Mn on Wyckoff site 2a and Mnjy on site 2¢. Standard methods have been used
to derive a quantitative model in the shape of this phenomenological theory by a
systematic coarse-graining of a microscopic model, where direct and antisymmetric
DM exchange are calculated with DFT methods. Eventually, by adding magnetic
anisotropies, also from DFT calculations and Zeeman energy, a micromagnetic low-
temperature continuum model can be constructed. For the thermal phase diagram,
empirical input is needed to write a Landau-Ginzburg functional for coupled mag-
netic modes.

As the low acentric symmetry of MnoRhSn allows for the presence of chiral inho-
mogeneous DM couplings, the resulting model has the form of a Dzyaloshinskii-
model [47] marked by the presence of Lifshitz-type invariants that couple different
magnetic order parameters. This coarse-grained continuum theory for the ground-
state can be derived from the microscopic classical Hamiltonian of the lattice and
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2 Non-collinearity in bulk MnsRhSn

symmetry constraints. Using the results of the ab-initio calculations, the magnetic
energy can be expressed by a model including direct (isotropic) Heisenberg-like ex-
change couplings and the DM-couplings. It must be noted that there is no weak
ferromagnetism or weak antiferromagnetism in the tetragonal inverse Heusler struc-
ture, i.e., there are no bilinear coupling terms between components of the staggered
and ferromagnetic vectors derived from the DM-exchange, because the four sublat-
tices are related by non-primitive translations.

After quantification of the exchange couplings terms, it is convenient to analyze the
4-sublattice system by using staggered and ferromagnetic vectors of two sublattices,

it T = (m; — m3); iyt F = (my + m3);
2 2 (2.6)

1_(m2—m4)‘ f_(m2+m4)

mMnH' - fa mMnH = f’

where the spin vectors L and F are related to Mny, and 1 and f — to Mnjy sublattice.

In the ground-state configurations, these vectors fulfill

L? +F2=1; L-F=0

2.7
24f2=1,; 1-f=0. 2.7)

Dropping irrelevant terms, the homogeneous part of the continuum theory is ex-
pressed as

wo = JpF -F+ J L-L+ Jf-f+ Jjl-1

, (2.8)
+ JF-f+ JF - -1-2(mym,-F + mym, - f) - H.

Here the notation is used for the effective exchange, internal to the ordering modes
and between the modes, and using the spin moments from the DFT calculations
MMy gy = 3.51 (3.08) pp. The field H in (2.8) is the internal magnetic field.

The exchange couplings have a clear hierarchy, showing that magnetic ordering is
either dominated by the FM order on Mn sublattice or by staggered AFM order
on Mnp. This AFM order is only very weakly coupled via the staggered vectors
L, which however is not the dominating magnetic mode on Mny sublattice. Hence,
MnyRhSn is close to a tetracritical (or bicritical) point, where these two magnetic
modes would coexist with the paramagnetic state. The FM mode f is a secondary
magnetic order for sublattice Mnyr, which is antiparallel to F via the very strong
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coupling J.. The superposition of F, 1 and f determines a canted state for the
magnetic order with the magnetic cell equivalent to the crystallographic unit cell.

Ground state

The homogeneous ground state can be found by writing a coplanar canted state
arbitrarily in the ac-plane, using F = Fy = (0,0,1), 1 =1y = (sin[r — 9],0,0), and
f=f=(0,0,cos[r —¥]). Its energy is given by

wo = Jp+J 4+ (Jp— )+ J& € = cos[m — V). (2.9)
The solution for the canting angle is

(2.10)

¥ = 7 — arccos

2(Jy =)

Using the parameters above, the canting angle is 99 = 64.2°, which is in reasonable
agreement with the ab-initio calculations finding 62 = 55°, considering that the
exchange approximation in Eq. (2.8) neglects the anisotropy which has an easy-axis
character for the canted sublattice Mny; (see Fig. 2.14).

The ground state, thus, is composed of the two modes F and 1, which are almost
decoupled for J' ~ 0, and by the induced FM mode f on Mny;. However, the condi-
tions (2.7) provide a non-linear coupling between these different modes in a proper
micromagnetic model.

Inhomogeneous states

The micromagnetic model requires now to include the exchange terms and the in-
homogeneous DM-couplings, i.e., the gradient energy is given by

Wy = Wy + Wp. (2.11)

An inhomogeneous modification of the ground-state takes place on long lengths,
owing to the weakness of the DM-exchange compared to the direct exchange. Con-
sidering that the DM-couplings and also applied magnetic fields and anisotropies are
small in comparison to the strong local exchange forces, the basic canted structure
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2 Non-collinearity in bulk MnsRhSn

is preserved in each unit cell. But it can be slowly rotated over length of many unit
cells.

Landau-Ginzburg functional

In order to complete the phenomenological theory, the form of an appropriate
Landau-Ginzburg functional is discussed, which could be used to model the thermal
phase diagram and the phase transitions. The two primary order parameters (OPs)
are the FiM and the AFM modes, F and 1. They and the coupling between them
have to be considered with respect to the secondary OP, which is the FM mode f.

The complete Landau-Ginzburg (LG) functional for the magnetic free energy then
is given by
wra = wo +wy +wp + wy , (2.12)

where wqg is a ground state magnetic free energy, wy described the isotropic ex-
change, wp is the energy term of inhomogeneous DM couplings and the w, collects
anisotropic contributions, not contained in the first three terms, i.e., the magneto-
crystalline and exchange anisotropies.

A complete microscopic derivation of the terms in the LG-functional would require
a detailed finite temperature statistical theory beyond the input from the DFT-
calculations for ground-states. And, for the behavior at lower temperatures, the
higher-order-terms (h.o.t.s) are required in the thermodynamic potential. However,
a semi-quantitative model could be written in the usual manner by restricting the
temperature dependence of the model to the coefficients of the square terms in the
primary OPs:

ar (T —-T2)
a (T —-TY)

ap(T)
a; (T)

(2.13)

In MnoRhSn the bare FiM Curie temperature TCQ ~ 270 K < T¢, and the T]\[} ~ 80K,
i.e. close to the onset of the AFM mode on Mnp-sublattice. Here it is to point out
that the suppression of the FM mode F on Mn-sublattice below the onset of the
AFM signals leads to the competition of the FiM and AFM modes and as a result
to the formation of inhomogeneous textures.
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2.4 Evolution of magnetic structure

Skyrmions in the ferrimagnetic state

The qualitative discussion of the LG-functional is sufficient to understand the basic
features of inhomogeneous state in the intermediate temperature range Ty < T < T
where only the FiM collinear state exists. In that case, the FM mode on the Mnyi-
sublattice is antiparallel to FM mode on the Mn-sublattice, f = —F. Considering
also the Zeeman term an magneto-crystalline uniaxial anisotropy, yields inhomoge-
neous FiM states in the ab-plane:

Wi = A[OGF - 0,F + OyF - OyF] + D[FC9,F* + F°0,F"]

s (2.14)
— Q(mMnI —mMnH)F-H—K(F ) .

These states are exactly equivalent to the FM Dzyaloshinskii-model for chiral mag-
nets from crystal class 42m studied earlier [81, 124]. In particular, the solutions for
isolated and condensed chiral 'vortices’ and the magnetic phase diagram presented
in this pioneering work describe what is now known as chiral skyrmions in the FiM
state of acentric MnyYZ inverse tetragonal Heusler alloys.

The parameters of this model for MnyRhSn can be calculated as A= Ap+ Ap —
2 Apy = 16.5 meV/a? and D= Dp+ Dy —D.=7.0 meV/a. The DFT calculations
of anisotropy suggest an effective easy-axis anisotropy of the order K ~ 2 meV /f.u.
It is assumed that the magnetic coupling coefficients do not depend strongly on
temperature, i. e., their temperature dependence should essentially scale only with
the square of the saturation magnetization. This means that all the ratios of coupling
terms in the free energy Eq. (2.14) are almost constant with temperature. Then, we
may use the coefficients from the microscopic ground-state calculation to estimate
materials parameters of MnsRhSn at elevated temperatures and evaluate the sizes
or stability of skyrmions and the phase diagram in MnyRhSn in the FiM state. The
chiral magnetic twisting lengths is given by

A=4rA/D, (2.15)

which means A ~ 29.5 a ~ 130 nm for MnyRhSn. The strengths of the easy-axis
anisotropy determines whether a modulated spiral ground-state exists and whether

a field-induced skyrmion lattice in an effective field pointing along the c-axis occurs
(see Figs. 9 and 10 in Ref. [124]).

The different cases can be distinguished by the parameter

k=nD/AVAK. (2.16)
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2 Non-collinearity in bulk MnsRhSn

For x < 1, the ground state is collinear as the strong anisotropy suppresses the
spiral state. For k > 1.14, there is a field-induced skyrmion lattice in the magnetic
equilibrium phase diagram for fields along c.

For the estimated coefficients, x ~ 0.95 has a reasonable value for MnsRhSn but
close to the critical k.

The spiral magnetic states in crystals with 42m crystals can have demagnetiz-
ing fields, as they are of cycloidal (Néel)-like character when propagating along
(110)-directions, while they are of helical (Bloch)-like character for propagation
along (100)-directions. The demagnetizing field further reduces the effective x and
oblique/skew spirals for propagation directions in between, as discussed in Ref. [124].
Hence, the quantitative estimates for the micromagnetic model wgj suggest a
collinear FiM state in MnasRhSn. The solutions for isolated chiral skyrmions with
a single FM ordering mode have been presented in Ref. [124] for the basic model
Egs. (2.14).

The shape of an isolated skyrmion in MnaRhSn is sketched in Fig. 2.15. Close to
the reorientation transition, where the AFM ordering sets in, the magnitude of the
l-mode is small and can be modulated (|1] #const). As long this mode is subjugated
to the FiM order it remains perpendicular to the F-mode. Owing to its softness,
it will not only rotate in a manner, so as to minimize the energy of its Lifshitz-
invariants, it also will be modulated with a zero, 1 =0, in the center in form of a
vortex-like defect.

In MnyRhSn, the coefficients D and D; have similar magnitude and the same sign,
so that the screw-sense of the rotation of F and 1 are not in conflict. Hence, close
to T\ the l-mode follows and co-rotates the FiM mode F while being modulated in
lengths, Fig. 2.15 (¢, d). At lower temperatures, the necessity to have a defect of
the I-mode in the skyrmion center and the associated large defect-energy most likely
will destabilize the skyrmions. However, there may exist other localized solitonic
textures in this acentric coupled magnetic system, which may cause inhomogeneous
magnetic states to exist in the acentric MnyYZ alloys.

2.5 Chemical and structural phase stability of Mn;RhSn

Since Heusler compounds are known to be amenable first of all to chemical disorder,
a phase stability is indeed a vital aspect to be discussed. For example, in the present
case, the magnetic state would be severely influenced by any type of antisite disorder.
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2.5 Chemical and structural phase stability of Mns RhSn

Figure 2.15: (a) Shape of the double-twisted skyrmion configuration in the tetrago-
nal inverse Heusler alloys of 42m symmetry. The FM magnetization F
on sublattice Mn parametrizes the FiM collinear state at higher tem-
peratures in MnoRhSn. The corresponding magnetization f on sublat-
tice Mnyy is strictly antiparallel to F. (b) Projection of the skyrmion in
the ab-plane. (c) Close to the reorientation transition, the AFM mode
1 on Mnyr-sublattice sets in: |1| < |F| and also |I| < |f|. 1is perpendic-
ular to F and rotates with it in the same plane in each radial direction.
In the center |1| = 0. (d) Projection of 1 onto ab-plane.
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2 Non-collinearity in bulk MnsRhSn
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Figure 2.16: XRD powder pattern of MnsRhSn. The measured pattern has been
refined using the I4m?2 non-centrosymmetric tetragonal Heusler struc-
ture as a model (119 symmetry type). For comparison, the 119 and 139
structures are showed below (blue and grey respectively), which differ
by the presence of inversion center and Mn-Rh disorder.

Random exchange between Rh and Mn; would increase the amount of Mny type
(magnetically antiparallel to Mny). In turn, the exchange between Sn and Mnyy will
increase the amount of Mn; type. The exchange between Rh and Sn will locally
convert Mny into Mny; within Mni-Sn planes, and Mny; into Mny - within Mnj;-Rh
planes. In which way particular type of disorder will affect the system exactly, is
rather a complicated question, as it implies not just a straightforward redistribution
of different Mn types, but the change of the whole magnetic coupling picture. One
can show (e. g., by first-principle calculations) that in all cases the total energy
drastically increases, which indicates that such events are of small probability (once
the system holds the correct stoichiometry and is properly annealed). In any case,
if such situation would occur, the interpretation of the neutron spectra using the
proposed magnetic picture would be unreliable.

As for the present samples, such straightforward reason for chemical disorder as
deviation between the actual and the target compositions can be excluded due to
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2.5 Chemical and structural phase stability of Mns RhSn
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Figure 2.17: Structure of Mns_,Rh,Sn bulk samples. (a) Powder XRD of the bulk

sample series with the composition step x = 0.1. By decreasing the
Rh content a gradually increasing hexagonal phase (symmetry group
194) is separating from the tetragonal phase (symmetry group 119).
(b), (c) and (d) Phase separation is observed by the differential inter-
ference contrast microscopy for the Rh content of x = 0.6, 0.5 and 0.4
respectively.
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2 Non-collinearity in bulk MnsRhSn

the high quality evidenced by EDX and also XRD. Within this restriction, certain
random intermixing of different atomic types would be still possible. However, any
mixtures involving Sn are excluded, as this affects the zinc-blende substructure,
which is the ’skeletons of any Heusler alloy (one can represent the Heusler structure
as a zinc-blende + extra d elements). Certain intermixing in Rh-Mny; plane would
still be possible (indeed, there are Heusler systems stabilized by such mechanisms,
e. g., FeoCuGa exhibits Fe-Cu intermixing [143]). However such disorder at high
rates would lead to the statistical emergence of the inversion symmetry (which con-
tradicts to the present XRD data, convincingly deducing the 119 symmetry group
instead of 139, i. e., absence of the inversion symmetry, see Fig. 2.16).

Experimentally the phase stability of the compound with respect to composition has
been investigated by considering Mn- and Rh-excess regimes. The Mn-excess series
(Mns_,Rh,Sn, x = 0.9,...,0.1) always exhibit the phase separation, in a form of a
growing amount of Mn-rich MnsSn phase (group N 194, hexagonal), and the ’host’
phase of MnaRhSn (see Fig. 2.17).

There is no direct transition between these crystal structures for the symmetry
reasons: right at the composition of Mns 1RhgoSn the phase separation begins,
which is observed with the help of XRD, EDX, optical and electron microscopy.
Introduction of additional Rh in MnaRhSn system (studied on thin films) reduces
the ¢/a ratio and gradually brings the structure to the cubic phase (see Fig. 4.1).
The stoichiometry control in thin films deposition is more sophisticated compared to
the bulk synthesis; also, fewer reflexes are available for the XRD studies. However,
from the peak positions and their intensity ratios it is concluded that the smallest
Rh content, which is enough to form a cubic structure is MnyRh; 17Sn (will be
discussed in more details later). Thus, the MnyRhSn phase is rather sensitive to a
slight stoichiometric deviation of Rh or Mn.

2.6 Summary

As demonstrated theoretically and experimentally, the design of non-collinear mag-
nets within the Heusler family of materials can be based on MnsYZ compositions,
with Y and Z being a non- or weakly-magnetic transition-metal and a main-group
element, respectively. The choice of the MnsYZ Heusler group allows to control the
canting angles by, e.g. combining the Y and Z elements or varying the Mn con-
tent. The use of heavy transition metals (e.g. as in the present case, Y=Pt, Rh,
Ir and Z=Sn, In) amplifies the magnetically-relevant relativistic effects that are al-
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2.6 Summary

ready present in these systems, such as the DM interaction and magneto-crystalline
anisotropy. Such multiple magnetic degrees of freedom together with the possibility
of their manipulation provided by the family of MnyYZ Heusler materials is vital
for efficient engineering and stabilization of various magnetic orders. In particular,
MnsRhSn is suggested to be a promising candidate for realizing the skyrmion state
in the Heusler family.
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3 Increasing the Curie temperature of
Mn,;RhSn by Co-doping

For technological applications it would be desirable to increase the thermal stability,
since MnaRhSn shows T = 270 K, i.e. below the room temperature. As it is well-
known, the most thermally stable Heusler compounds are the Co-rich ones. Since
Rh and Co belong to the same periodic group, partial substitution of Rh with Co
seems to be the most straightforward way. On the other hand, since MnyCoSn is
known to be cubic, one needs to find a compromise between the possibility of high
Tc and sufficiently large tetragonal distortion.

3.1 Preface

To be applied in the spintronic devices, materials are required to switch magne-
tization at low critical current density and to exhibit a high thermal stability si-
multaneously. Due to the broad range of possible element combinations, Heusler
compounds exhibit a flexible set of parameters. By tuning the composition and/or
the heat treatment regime one can achieve a preferred structure symmetry (cubic,
tetragonal, hexagonal), magnetic moment, spin-polarization and Curie temperature.
Also, the lattice parameter can be optimized in order to achieve high-quality epi-
taxial thin films on the MgO substrate (tunneling barrier).

According to the Slonczewski-Berger equation [109, 110], tetragonal compounds with
a low magnetic moment are preferred for the spin-torque transfer applications. Up
to now, the most famous tetragonal Heusler examples are MngGa [111, 161] and
related compositions - Mns_,Ga with Mnjs_,Co,Ga [112, 162]. MnsRhSn shows
much closer lattice match with the MgQO; in addition, its crystal structure can be
much deeply analyzed - the compound is brittle, high quality powder can be easily
obtained in contrast to ductile Ga-containing Heuslers.

Being tetragonal, MnayRhSn already exhibits a non-zero magnetocrystalline anisotropy
in comparison to the cubic Heusler materials. Also, the presence of two magnetic
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3.2 Sample preparation and precharacterization

sublattices introduces an additional degree of freedom for the magnetization con-
trol. Due to the fact that Mn magnetic sublattices orient in the antiparallel manner,
the total magnetic moment is not very large, which is beneficial for the magnetiza-
tion switching by the spin-torque process. However, the application potential of the
MnsRhSn should be improved as of the low Te = 270 K. Among the Heusler family,
Co-containing compounds show the highest values of T for example, T = 1120 K
of CogFeSi [108]. The following chapter discusses how the T¢ can be significantly
improved by the isovalent substitution of Rh by Co.

3.2 Sample preparation and precharacterization

The MnsRh;_,Co,Sn polycrystalline bulk samples were repeatedly arcmelted from
stoichiometric amounts of high-purity commercially available elements (> 99.99%)
in an Ar atmosphere using the Ti getter. After six runs, the overall mass loss was
less than 0.5 wt. %.

Similar to the parent The MnsRhSn compound, a two-step process was used. First,
Rh-Co-Sn premelts were obtained, then preliminary purified Mn was introduced into
the system: Mn chips were sealed in evacuated quartz ampules with relatively large
internal volume and heated at 1000°C overnight. Later the samples were wrapped
in Tantalum foil and sealed in evacuated silica tubes. Annealing lasted 1 week at
800°C. Samples were slow-cooled and pre-characterized.

Prior to structural and element-specific analysis, all samples were investigated by
optical microscopy in a bright light (see Fig. 3.1), polarized light and back-scattering
electrons (BSE) regimes. To prepare a smooth surface, samples were embedded in
epoxy resin blocks. Metallographic analysis revealed that the samples are single-
phase materials with a homogeneous composition distribution. The composition
was characterized by the EDX spectroscopy at the precision of <0.5 at.%. Table 3.1
summarizes the results of the EDX, which are in a good agreement with the intended
values.

Fig. 3.1 shows the microscopy of two compositions - the MnsRhy7Cog3Sn and
MnsRhg 3Cop.7Sn. The early sample reveals a certain stripe-like texture, which sug-
gests the presence of a tetragonal structure. The latter sample shows a flat image
under the polarized light, which corresponds to the structure of a higher symmetry.
This discrepancy attracts an special attention to the crystal structure analysis.
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3 Increasing the T of MngRhSn by Co dopping

Figure 3.1: MnaRhg 7Cop3Sn and MnyRhg 3Cop 7Sn in the bright light (a, d), po-
larized light (b, e) and back scattering electrons (BSE) (c, f) regimes.
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3.3 Crystal structure analysis: tetragonal-to-cubic phase transition

No Composition Measured composition [at.%)]
Mn Rh Co Sn

1. MnoRhSn 49.73 25.55 - 24.71
2. MnsRhg 9Cog.15n 49.64 23.13 2.81 24.42
3. MnsRhg gCog.2Sn 49.99 20.52 4.93 24.55
4. MnsRhg 7Cog 35n 49.51 17.06 8.41 25.03
D. MnsRhg 5Cog.55n 49.56 12.49 12.66 25.29
6. MnsRhg 4Cog.¢Sn 49.46 10.13 15.32 25.09
7. MnsRhg 3Cog.7Sn 49.15 7.96 17.90 24.99
8. MnsRhg 2Cog.gSn 49.96 5.34 19.53 25.17

Table 3.1: Composition analysis of MnaRh;_,Co,Sn Heusler compounds.

3.3 Crystal structure analysis: tetragonal-to-cubic phase
transition

This chapter is dedicated to the change of the MnsRh;_,Co,Sn crystal parameters
with the growing Co/Rh ratio. First, the RT results are discussed, then the transi-
tion into the high-temperature cubic phase is studied for different compositions.

Similar to the previous chapter, the room temperature powder XRD patterns were
obtained in asymmetric Guinier transmission geometry (Image plate Guinier camera
Huber G670, Cu K,, radiation, see Fig. 2.4) with LaBg added as an internal standard.
To improve the peak-width and eliminate the powder size distribution, each sample
has been preliminary sieved through 40 pm mesh. The obtained powder XRD
patterns were refined by the Rietveld method with the help of FullProf [151] software.
The treatment was done in 10 different steps: optimization of scale, peak shape, zero
shift, background modeling, lattice constants, thermal expansion parameter, overall
temperature factor, half-width parameters (U, V, W), peak asymmetry and a ratio
of Lorentian-to-Gaussian peak profile.
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3 Increasing the T of MngRhSn by Co dopping

No Composition a[A] c[A] c/a
1. Mn,RhSn 4.292(1) 6.619(1) 1.542
2. MnsRho.oCop.1Sn 4.287(1) 6.588(2) 1.537
3. MnyRhg gCop 2Sn 4.280(2) 6.559(1) 1.533
4. MnyRho 7Cog 550 4.272(1) 6.538(2) 1.530
5. MnsRhg.5Cop5Sn 4.267(1) 6.449(1) 1.511
6. MnyRho.4Cog.6Sn 6.145(8) 6.145(8) 1
7. MnsRho3Cog.7Sn 6.134(4) 6.134(4) 1
8. MnsRhg 2CopsSn 6.119(7) 6.119(7) 1
9. MnyRhg 1 Cog.9Sn 6.094(1) 6.094(1) 1

Table 3.2: The lattice parameters of MnoRh;_,Co,Sn Heusler compounds at the
room temperature.

3.3.1 Composition dependence

The gradual substitution of Rh by Co leads to the linear decrease of the ¢/a ratio (see
Tab. 3.2). The phase transition into the cubic phase (F43m, no. 216) is observed at
the MnsRhg 4Cog ¢Sn composition. Fig. 3.2 represents the refined powder patterns
of two mirror compositions: (a) a tetragonal MnsRhy7Cop3Sn and (b) a cubic
MHQRhOBCOO_’?Sn.

3.3.2 Temperature dependence

For the differential scanning calorimetry, ~ 50 mg of a powder sample was prepared,
the sample was encapsulated in the AloOg3 crucible, measurements were performed
in Ar atmosphere from the room temperature up to 1500°C.

As it is known from the spin-resolved DOS calculations (private communications),
the cubic phase is stable at larger unit cell volumes - therefore it forms at the elevated
temperatures. In case of MnoRhSn parent phase, the cubic phase establishes between
530° C and 594° C, which is far above the T = 270 K. Therefore, magnetism was
not considered in the calculations - this resulted into even larger instability at the
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Figure 3.2: Room temperature powder XRD patterns of Rh- and Co-rich compounds
of MnsRh;_,Co,Sn series. MnsRhg7Cop3Sn and MnsRhg 3Cog7Sn
crystallize in the inverse tetragonal 14m?2 and inverse cubic F'43m struc-
tures respectively.
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Figure 3.3: Dependence of the cubic-tetragonal transition temperature with the Co
content. Inset: thermal hysteresis of MnsRhSn and MnsRhg 9Cog.1Sn,
intense and pale red correspond to heating regime, intense and pale blue
mark cooling regime.

er. Magnetism is a stabilizing factor in the formation of the cubic structure. When
non-magnetic Rh is gradually substituted by the magnetic atom of Co, the transition
temperature Ty linearly drops with the Co concentration (see Fig. 3.3).

The transition temperature as a function of Co-concentration follows a linear de-
pendence with a negative slope of -441.34 K/atom (or -38.1 meV /atom).

3.4 Magnetic moment and Curie temperature

Temperature dependent magnetization measurements have been performed at con-
stant field sweeps ranging from 0.1 to 5 T using Quantum Design MPMS XL super-
conducting quantum interference device (SQUID) magnetometer in the zero-field-
cooled and field-cooled regimes. Additionally, an oven was used for the samples with
the high T¢. Total magnetization was obtained from the hysteresis loops at 1.8 K.

Gradual introduction of Co into the system strengthens the effective magnetic cou-
pling. This results in a monotonic increase of the T with respect to the Co content
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3.4 Magnetic moment and Curie temperature
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Figure 3.4: Left: T¢ linearly increases with the Cobalt content. Right: magnetic
moment increases at different rates for cubic and tetragonal phases.
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Figure 3.5: The highest value of the coercive field is observed for the tetragonal
MnoRhSn compound. Further decrease of anisotropy shrinks the hys-
teresis loop.
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3 Increasing the T of MngRhSn by Co dopping

(see Fig. 3.4, (a)). Interestingly, the behavior is rather independent of the tetragonal-
to-cubic transition - the change of slope is insignificant at this point; the whole range
of concentration reveals the slope of 342.3 K/atom (29.5 meV /atom). In contrast to
the T, the magnetic moment shows two distinct areas corresponding to the I4m2
(no. 119) and F43m (no. 216) structures respectively (see Fig. 3.4, (b)). In the
tetragonal phase, the increase is rather moderate with a slope of 0.65 up/at, while
in the cubic phase it becomes nearly 4 times larger: 2.5 ug/at. In the cubic sym-
metry, inter- and in-plane distances become equal, the total magnetic moment per
unit cell is promoted by the strengthening of an additional magnetic Co-sublattice
instead of non-magnetic Rh. The more rapid increase of the magnetic moment in
the cubic phase can be explained by the reduced anisotropy and the soft hysteresis
behavior (see Fig. 3.5, (a)). Introduction of Co into MnyRhSn balances the compet-
ing antiparallel interactions between the Mn; and Mnjj sublattices. The magnetic
transition caused by the spin reorientation of the second Mn sublattice, is observed
only in the initial MnyRhSn phase and gets smeared by the increasing Co content
(see Fig. 3.5, (b)).

3.5 Heat capacity

Heat capacity measurements were carried out using a bulk policrystalline pieces of
about 50 mg from the room temperature down to 2 K. No magnetic field was applied.

Heat capacity represents the degrees of freedom for the crystal lattice to vibrate (a
combination of the kinetic and potential energy) during the transfer of the thermal
energy through the system. The mean internal energy kT of the linear harmonic
oscillator consists of a kinetic part, namely, the vibrational motion of the oscillator,
and the potential part, which corresponds to the elastic deformation. The energy
per one mole of such an oscillator can be written as:

E = 3NoksT = 3RT, (3.1)

with the following heat capacity:

O

“=%r

3R. (3.2)

The majority of solids, which contain relatively heavy ions (Nz > Np,), follow the
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3.5 Heat capacity

empirical Dulong-Petit law!:
3R =24.94 [J/mol K] . (3.3)

This means that they are expected to have the same heat capacity at the room
temperature. In case, the value of heat capacity is greater than the one expected
from the Eq. (3.3), not only lattice vibration plays a role. The Eq. (3.3) considers
the internal energy as a sum of energies from every atom, which is a linear oscillator
with six degrees of freedom. Since there is still much of discrepancy between theory
and experimental results, many models have been developed by now. The classical
Einstein’s theory is based on an assumption that each atom is free to move as a
three-dimensional oscillator meaning that all atoms are vibrating with the same
angular frequency.

Careful measurements show, however, that the Einstein’s model goes somewhat
below the experimental data. The Debye’s model treats the solid as a continues
elastic body rather than assuming a single vibration frequency for all 3N oscilla-
tors. In this case, each vibrational wave is a matter wave with an own de Broglie
wavelength. Each energy level can be occupied by unlimited amount of phonons,
therefore they are treated as bosons. The lattice vibrations are quantized, at the
low temperature only the low-frequency modes are excited. Since their wavelengths
are typically much longer than the inter-atomic distances, the solid is treated as
a continuous media. Setting an upper limit for the frequency wp, one can sepa-
rate the low-temperature regime where all atomic vibrations are collective from the
high-temperature regime with an independent vibrations of atoms. The limiting
wavelength should be comparable with the inter-atomic distances, while the shorter
wavelengthes are not permitted by the Debye theory. The characteristic tempera-
ture is also called the Debye temperature and can be defined for the isotropic media,
N molecules per mole each comprising n atoms as follows:

hwp he (672 Nn
T ks kp ( % ) (3:4)
Taking the derivative of the energy F
TD
T\? x3dx
E = FEy+ 9NnkgT <®D> / e (3.5)

!The Dulong-Petit law holds for the specific heat at the constant volume Cy. However, the

discrepancy at the room temperature is minor CPC_ v <0.04 [163].
\4
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3 Increasing the T of MngRhSn by Co dopping

with respect to the temperature, Debye obtained the expression for specific heat [164]:

47 23dx ) (3.6)
3 ) e —1 e —1]" '
0

where x = hw/kpT and xp = hwp/kgT = Op/T. Comparing the theoretical models
with experimental results, one finds described the heat capacity by the contributions
from the crystal lattice, itinerant electrons having a high mobility, and magnons or
magnetic anomalies, represented by the localized electrons:

Cv =9Rn

Cp (T) = Clatt + Ca + Cmagn . (37)
At the very low temperature, in a linear regime, the heat capacity is defined as
Chae (T) = BT?. (3.8)

where the [S-coefficient is connected to the Debye temperature ©p = ¢/1944n//3. In
the temperature range (Op/50 < T < ©p/10) the phonon heat capacity needs a
more sophisticated description:

Chate = BT+ 0T° + €T" + ... (3.9)

and is not considered here. The Debye temperature ©p cannot be simply treated
as a number, since it is a temperature-dependent function and can have a non-
trivial behavior. It stays constant up to the ©y/50, where the O is defined from
the low-temperature fit and can be called an initial Debye temperature. Later, it
experiences a minimum at ~ ©g/10, then increases up to the ©/2. The Debye
temperature plays a major role in the solid state physics, consequently it can be
defined from a series of other experiments: measurement of the velocity of sound,
resistivity, thermal expansion measurements, melting point or -, X-ray or neutron
scattering. The electron heat capacity in the first approximation is obtained from

Coa =AT. (3.10)

Defining the Sommerfeld coefficient of the electronic heat capacity ~y, one can esti-
mate the amount of states at the Fermi level eg by the relation:

1 (ep) = 0.42425 - ~ (3.11)

Plotting the experimental data C/T = f(T?) up to 10 K one obtains 3 as a slope
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3.5 Heat capacity
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Figure 3.6: (a) Specific heat of the MnasRh;_,Co,Sn series. (b) The electronic con-
tribution to the heat capacity is defined as an intercept from the linear
fit of the v+ 812 = Cp/T.

and 7 as an intercept from the linear fit (see Fig. 3.6, (b)). The 8 and Op are related
through
1944 -
Op = ¢ : i (3.12)

The ratio of v and B gives the squared value of the crossover temperature T., =

V/B.

Though magnetic excitations at the low temperature can be by about 50 times
smaller than the other two [165] and are hardly visible, one may still extract this
contributions as follows [166]:

Crnagn = 6T (3.13)

Therefore, the total heat capacity contains all three terms:
Cy =T + BT3 + 6T°>. (3.14)
By analyzing the zero-field heat capacity of MnyRh;_,Co,Sn series (see Tab. 3.3),

it is observed that Sommerfeld coefficient of the electronic heat capacity increases
with the increased Co concentration.
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3 Increasing the T of MngRhSn by Co dopping

. gl s 0 n(er) ©p
[mJ /mol K?] [mJ /mol K*] [mJ /mol K?] [states/eV f.u.] K]
. 21.84(7) 0.41(5) 6.50(1) 9.27 279.1
0.3 31.50(2) 0.26(1) 10.31(2) 13.36 310.5
0.5 29.11(4) 0.28(3) 10.82(1) 12.35 303.8
0.6 30.19(6) 0.35(5) 12.82(2) 12.81 282.3
0.7 30.87(4) 0.29(3) 13.06(2) 13.10 297.6

Table 3.3: Physical property data of the MnsRh;_,Co,;Sn series derived from the
zero-field heat capacity measurements.

The low-temperature fit of the phonon contribution reveals slightly scattered values
with the composition; overall, it is reduced with the increased Co content. Contrary,
the magnon propagation becomes promoted and linearly increases.

3.6 Summary

As shown experimentally, the MnaRhSn can be optimized for the industrial applica-
tions in terms of the structure, magnetic moment, lattice parameter, anisotropy and
the Curie temperature. If focused on the tetragonal distortion, which is favorable for
the STT technology - the optimal composition is MnsRhg 5Cog 55n. It still preserves
the distortion while exhibiting the significantly improved T = 434 K in comparison
to the 270 K of MnyRhSn. Moreover, the lattice parameter of MnsRh;_,Co,Sn
gradually approaches the lattice parameter of the MgO with the increase of Co
concentration.
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4 Structural, electronic, and magnetic
properties of perpendicularly
magnetised Mn,RhSn thin films

Epitaxial thin films of MnyRhSn were grown on MgO(001) substrate by magnetron
co-sputtering of the constituents. An optimised range of temperature for heat treat-
ment was used to stabilise the tetragonal structure and to prevent capping Rh layer
from diffusing into the Heusler layer. Electronic and magnetic properties were anal-
ysed by hard X-ray photoelectron spectroscopy (HAXPES) as well as field and tem-
perature dependent Hall and resistivity measurements. The measured valence spec-
tra are in good agreement with the calculated density of states. The measured
saturation magnetisation corresponds to 1 up per formula unit. The magnetisa-
tion measurements revealed an out-of-plane anisotropy energy of 180 kJ/m? and
a maximum energy product of 45.3 kJ/m?. The magnetoresistance ratio is lower
than 2% for fields below 9 T. The lattice parameter of the compound has a very
small mismatch with MgO, which makes it promising for coherent electron tunnelling
phenomena.

4.1 Preface

MnyY Z-based Heusler systems (where Y is a late transition metal and Z is a main-
group element) represent a large family of ferrimagnets, which enables the engineer-
ing of exotic magnetic and transport phenomena. Among the most recent of them,
for instance, are the single-spin localization [113], spin gapless semiconductivity [132]
in the MnsCoAl compounds, and giant intrinsic exchange bias in the Mns_,Pt,.Ga
alloys [130]. As tunable ferrimagnets, Mn-based systems exhibit large variability
of compensation temperatures, which automatically makes them interesting candi-
dates for all-optical switching [167]. Due to their non-centrosymmetric and tetrag-
onally distorted structure, they can exhibit important relativistic effects, such as
Dzyaloshinskii-Moriya interaction [16, 17] and magnetocrystalline anisotropy, which

71



4 Perpendicularly magnetised Mna RhSn thin films

can be further amplified by introducing heavy Y and Z elements. As it is well-known,
these are the necessary ingredients for the formation of the magnetic skyrmion struc-
tures [81, 124, 168, 169, 93]. Skyrmions were theoretically predicted for the bulk non-
centrosymmetric systems more than a decade ago [49]. Recent experimental studies,
which demonstrate a complex non-collinear magnetic behavior in MnyRhSn [170],
also indicate the realistic possibility of engineering the skyrmion states in this and
similar Heusler systems.

In order to understand the applicability and the potential for a possible skyrmion
state in MnsRhSn, it is necessary to produce the material in a thin film form, which
is suitable for various experimental characterizations. Moreover, in geometrically
constrained systems, the skyrmion phase persists within a wider field-temperature
regime [93]. Thin films allow further incorporation into more complicated devices
based on superstructures and multilayers combined with the most commonly used
substrate or spacer materials. One of the important technological requirements for
new materials is their lattice match with MgO as tunnelling barrier. Also, thin films
are perfect samples for the ferromagnetic resonance experiments due to the sample
amount, shape factor and defined magnetization direction. This is one motivation
for the present chapter, which is devoted to the growth and characterization of the
magnetic and electronic properties of MnaRhSn thin films.

4.2 Sample preparation and precharacterization

Thin films of (MnaSn);_,Rh, compositions have been deposited by a magnetron co-
sputtering technique from two cathodes (MngoSnygo and Rh) in ultra-high vacuum.
By varying the plasma power ratio of the targets and maintaining the constant
deposition rate, a proper 2:1:1 composition was achieved. MgO single crystal (001)
substrates were preliminary cleaned in ultrasonic bath using acetone, ethanol and
distilled water. To remove residual water, the substrates were annealed at 700°C
for 1 hour. All films were initially capped with a 5 nm Rh capping layer. Later,
the samples for XMCD were gently cleaned by removing the existing Rh layer and
recapped with 3 nm of Al

To control the film thickness, two samples were deposited in each experimental run.
An additional sample was grown through a mask; a difference between the empty
substrate and the area of deposited material was checked by the thickness profile.
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4.3 Crystal structure

Table 4.1: Lattice parameters (in A) measured at room temperature for several Mn-
based Heusler materials compared to the MgO lattice, bulk samples [139,
111, 171, 172, 173, 174]. Note!: these Heusler compounds crystallize in
the structure.
Note?: a/+/2 is given for cubic compounds.

MgO MnsRhSn  MnsGa MnsFeGa MnyNiGa!'  MnyCoGal'  CooMnSil

4.212 4.289 3.904 3.715 4.1772 4.1452 4.0092

4.3 Crystal structure

MnyRhSn crystallizes in the inverse tetragonal Heusler structure [139], which in
contrast to most of Ga-based compounds, exhibits a rather small lattice mismatch
with MgO - about 2% (see Table 4.1). This is an important precondition for the
successful manufacturing of thin films and tunnel junction.

X-ray diffraction patterns have been recorded in the in—plane and out—of—plane ge-
ometries. For a first estimation of the deposition parameters, the substrate temper-
ature was varied from the 20°C to 700°C. The structure of the films was analyzed
by X-ray diffraction using the parameters of a bulk MnyRhSn sample [139] as a
reference. The films deposited at 450°C show the best matching peak positions and
intensity ratios with respect to the powder XRD. Thus the tetragonal I4m2 (space
group no.: 119) structure of thin films is confirmed. The crystal structure has no
inversion center and the Mn atoms occupying different Wyckoff sites: Mny in 2b (0,
0, 1/2) and Mny in 2¢ (0, 1/2, 1/4), whereas Rh is in 2d (0, 1/2, 1/4) and Sn in 2a
(0, 0, 0) positions.

Fig. 4.1 shows the XRD pattern of thin films depending on the composition (4.1, (b))
or annealing procedure (4.1, (c)). The bulk compound shown in 4.1, (a) is given
for comparison. Introducing additional Rh into the tetragonal MnyRhSn (space
group I4m2, no. 119) results in a gradual decrease of the c/a ratio and a tetragonal
to cubic phase transition (see Fig. 4.1) is observed. The stoichiometric thin film
exhibits lattice parameters of a = 4.37 A and ¢ = 6.52 A resulting in ¢/a = 1.51.

To find a proper Rh:(MnySn) ratio, the composition was tuned from the Rh-rich to
the Rh-poor regime. RhaMnSn crystallizes in a cubic structure [175, 176, 177, 178].
The other limiting case, MnaSn [179, 180] has a hexagonal structure. The reduction
of Rh content in the Mno,,Rh;_,Sn compound leads to a decomposition into two
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4 Perpendicularly magnetised Mna RhSn thin films
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(a) Powder XRD of MnaRhSn bulk sample. (b) XRD of Mn-Rh-Sn
thin films, shift of the (002), (004) and (112) peaks with respect to the
MnySn-Rh ratio. Here the (002) and (004) peaks were obtained in the
out—of-plane scan, while the (112) peak was recorded in the in—plane
geometry and later added to the (002) and (004) data. (c) The in-situ
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ez-situ process leads to Rh diffusion from the capping layer and a change
to the cubic structure.
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4.3 Crystal structure

100 nm

Figure 4.2: (a) TEM and (b) HR-TEM images of MnyRhSn thin films.

phases with competing structures (see Fig. 2.17). For example, Mng 5Rhg 55n is rep-
resented as a sum of hexagonal Mng 75Rhg 17Sn and tetragonal MnaRhg g5Sn (within
an experimental uncertainty of about 1 at.%). This behavior, known from the bulk
studies [139], is well reproduced in the thin films. MnyRhgg3Sn shows a higher
(002) peak (see Fig. 4.1), which is due to a contribution from the growing MnsSn
phase. The Rutherford backscattering spectrometry (RBS) revealed a composition
of Mnyg 1+1Rhog.3+25n956+2. This proves the adjustment of the stoichiometry by
means of the lattice parameter optimization. A 5 nm thick capping layer of Rh was
deposited on top of the Heusler film to protect the films from oxidation.

The quality of the samples strongly depends on the heat treatment, therefore, an
annealing step is essential. According to differential scanning calorimetry and high
temperature XRD — both measured on bulk samples — the structure exhibits a
transition into a high-temperature cubic phase between 570 and 580°C. The films
were annealed at 550°C (see Fig. 4.1 (c)) to preserve the tetragonal distortion.
Nonetheless, the cubic structure was formed due to the Rh diffusion from the capping
layer into the Heusler layer. On the other hand, the in-situ annealing prior to
the deposition of the capping layer significantly improves the crystallinity while
preserving the tetragonal structure.

Additionally, the samples were investigated by the transmission electron microscopy
(TEM). Preparing a sufficient sample is a jewelery art work. For the planar view,
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4 Perpendicularly magnetised Mna RhSn thin films

first, 9 um diamond film was used for thinning the sample at a very gentle speed of
20 rpm. When the thickness was reduced to 300 pm, a more fine diamond film of
6 pum was applied until the thickness of 100 um was achieved. Further, the sample
was thinned by a dimple grinder. A shiny thin surface was achieved by cubic boron
nitride and aluminum oxide abrasive materials. The sample was then placed on a
copper mesh and fixed with glue. For the cross-section view, the sample was cut with
the focused ion beam (FIB). The TEM images in a normal and a high-resolution
mode (see Fig. 4.2) represent the film structure. The thickness is proved to be about
50 nm, while roughness could be further improved.

4.4 Spectral characterization

Hard X-ray photoemission spectroscopy (HAXPES) has been performed at the un-
dulator beamlines BL47XU [181] and BL15XU [182, 183] of SPring-8 (Japan). See
Ref. [184, 185, 186] for more details of the HAXPES measurements. The films with
and without Rh capping as well as 2 nm Al-capped films were studied, the results
were compared to the bulk sample fractured in-situ. The spectra were obtained in
the temperature range between 20 and 300 K in the base pressure of 10~7 mbar.
The core level spectra have been treated using the Unifit 2013 software [187]. The
background was subtracted according to the Shirley correction procedure. An iter-
ative fitting was performed until the least-square discrepancy (x*?) was reduced to
below 1.

A bulk sample has been used as a reference to study the spectral characteristics of the
film. The wide energy HAXPES (see Fig. 4.3) spectra show all expected electronic
contributions from the constituting elements. Changing the excitation energy results
in different cross sections. This changes the peak intensities of different element
contributions but keeps the intensity ratio within each element.

The bulk sample (see Figure 4.3 (c¢)) was fractured in-situ in the ultra high vacuum
chamber. No trace of MnO, was observed (MnOg states are expected at about
530 eV as marked by an arrow in the inset). The survey of the Al-capped film
perfectly resembles the states of the bulk sample. The additional oxygen 1s state
being observed in the spectrum of the thin film arises from the AlO, capping layer.
The peaks in the vicinity of the Fermi energy er are by two orders of magnitude
less intense than the core level states [188] and require longer measurement time.
At least 25 measurement iterations were carried out to improve the signal to noise
ratio of the valence band spectra.
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Figure 4.3: HAXPES survey spectra of MnayRhSn. Panel (a) shows the wide energy
range spectrum of the AlO, capped thin film measured at 40 K with an
excitation energy of 7.94 keV. (b) Spectrum of the bulk sample obtained

at 20 K with 5.94 keV. Inset: For the bulk sample no trace of oxidation
is observed in the vicinity of the O 1s-peak.
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Figure 4.4: HAXPES spectra of the 2p core states of Mn in MnsRhSn; open marks
are the measured data and solid line is the result of refinement. (a) Spec-
tra of the bulk sample compared with the Al-capped film. Measurement
was carried out at 50 K with an excitation energy of 7.94 keV. (b) Mn
2p3/9 states evolve with the temperature. The spectra from bulk were
obtained at 5.95 keV incoming photon energy. A and B assign the well
screened peak with high J and the poorly screened satellite.

4.4.1 HAXPES of core states

The Sn 3d state exhibits a larger spin-orbit splitting compared to Rh 3d core level:
ASY(3d) = 8.4 eV and ARS(3d) = 4.6 eV. The splitting of the Rh 3p states is about
6 times larger compared to that of Rh 3d: AISD‘S(Sp) = 24.8 eV. Instead of a pure spin
orbit doublet, the Mn 2p states show a complicated multiplet structure (Figure 4.4).
Similar splittings in Heusler compounds have been first observed by Yarmoshenko et
al [189]. Such behavior is attributed to the exchange coupling of the 2p core hole
and the localized valence d states of Mn. This many electron effect was explained
for Heusler compounds in Refs [190, 191] or in more general by de Groot and Kotani

in Reference [192]. The multiplet effect is observed in both, the bulk sample and
the thin film.

A closer look at the Mn 2pg/, excitation (see Fig. 4.4 (b) for the bulk sample)
reveals a splitting into four major sublevels separated by about 1 eV. Their width
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4.4 Spectral characterization

is about 0.5 e€V. The complete multiplet structure spans over about 4 eV below
the main 2p3/; line. The 2p3/» multiplet can be described by a jj coupled state
that is LSJ coupled to the valence electrons. The ground state of the Mn atom is
3d°4s%(6S;). The 2p — 3d exchange interactions couples the 2p° core hole and the
3d® valence electrons to four levels with total angular momenta J = 4,3,2, and 1.
In localized materials the states with lowest binding energy are well screened (peak
A in Figure 4.4 (b)) in contrast to the poorly screened states at higher binding
energies. The electron correlation effects are mainly responsible for the shape of
the satellite features. The shape of the 2p3/; spectrum is different from that of
Heusler compounds with regular L2; crystalline structure (compare Refs [190, 191]).
The differences are attributed to the differences in the crystalline structure. In the
present case of MnasRhSn, the Mn atoms occupy two different, non equivalent sites.
Therefore, an additional broadening of the lines appears that is caused by the two
specific surroundings of the Mn atom (see Fig. 4.5, inset).

The exchange splitting of the Mn 2p3 , state depends on the temperature, as is seen
in Fig. 4.4 (b). The intensity ratio for the bulk sample is calculated between the well
screened peak (A) and the satellite (B). It increases with increasing temperature
and equals to 0.77, 0.78 and 0.86 for 20, 200, and 305 K, respectively. This hints
that even above the T a localized but disordered magnetic moment persists at the
Mn atoms [193].

4.4.2 HAXPES of valence states

The HAXPES valence band spectra of MnsRhSn bulk material and thin film are
shown in Fig. 4.5(a) and compared to the calculated density of states in Fig. 4.5(b).
The valence band spectrum of the Al-capped MnoRhSn thin film is slightly different
from that of the bulk sample. It exhibits more pronounced features due to the higher
crystalline order. Deposition of a Rh capping layer influences the photoemission
signal of the core levels and the valence states. For instance, the so-called Heusler
gap (at about -8 e€V) is completely covered by Rh d-states and not longer visible in
spectra (not shown her). It was not possible to detect the Heusler layer underneath
a Rh capping layer of 5 nm thickness. The situation is different in the case of an
AlO, capped film. The states of an insulating AlO, capping layer don’t contribute
to the emission close to er energy due to the wide band gap of the oxide.

The electronic structure of MnaRhSn was calculated with the SPR-KKR method [155].
A comparison of the valence-band photoelectron spectra to the atomic site resolved
densities of states reveals the origin of its main features (see Fig. 4.5). The Mn

79



4 Perpendicularly magnetised Mna RhSn thin films

—a— thin film
—o— bulk

! " !

Mn,RhSn (b)

MnH

Rh
Sn

-12 -10 -8 -6 -4 -2 0 2
Energy E—¢p[eV]

Figure 4.5: HAXPES spectra of the MnaRhSn valence band measured with the ex-

citation energy of 7.94 keV. (a) Spectra of a bulk sample and a thin film

measured at 50 K. (b) Calculated total and site resolved partial density
of states.
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4.5 Transport properties

Table 4.2: Scattering contributions to the temperature-dependent resistivity ob-
tained as fit parameters of the Bloch—Griineisen equation.

Temperature range [K] Pe-e [1€2cm)] Pe-ph [p1€2cm] O [K]
2 -60 42.9+2.8 20.543.1 295.5+8.9
2-170 38.24+1.5 24.2+2.1 280.1+4.4
2-80 34.0+1.0 28.6+1.8 266.443.1
2-90 30.440.9 33.0+1.7 254.8+2.6
2 -100 26.4+1.0 38.7+2.1 241.6+2.8
2 -110 21.1+1.3 46.4+2.9 224.243.5

atoms are well distinguished by their different surroundings. Mnj in the 2a Wyck-
off position is considered more localized, whereas Mnjy in the 2¢ position is more
itinerant. Structural stability of the compound is indicated by the fairly large sp
hybridization (Heusler) gap (between -8.5 and -6.8 €V) and the absence of a sharply
peaked density of states in the vicinity of the Fermi energy erp. Three maxima are
resolved in the energy range of the d states. The states closest to ep are mainly
contributed by Mnp and less pronounced from Mn; or Rh. The excitation at about
-2 eV has the highest intensity in the photoelectron spectrum. It consists of d-states
from Mn; (-1.5 €V) and Mny; (-2 €V). The density of Rh states increases with in-
creasing distance from er and has a maximum at about -3.5 eV as seen from the
calculated density of states. The s-band appears below -8 e€V. It is more intense for
the film compared to the bulk sample. Such an enhancement is caused by the rough-
ness of the bulk material after fracturing. The bulk sample has no microscopically
well defined surface normal compared to the thin film.

4.5 Transport properties

The zero-field temperature dependent resistivity is shown in Fig. 4.6. It exhibits a
positive temperature coefficient which manifests a typical metallic behaviour. The
residual resistivity pox = 113 puf2cm at 2 K and the residual resistivity ratio RRR =
p300K/p2x = 1.34 are in the typical range of sputtered Heusler films [194, 195, 196,
197]. The high temperature resistivity follows above 150 K a nearly linear behavior

81



4 Perpendicularly magnetised Mna RhSn thin films

= 150

=

&)

G

= 140t

<

=

< 130 : — —

| —— heating

‘g ‘ | ——cooling ‘vﬂw’/"w‘ |

g 120 115.0 T

3 L | L

(a7 25 30 35 40 45 50 ]
110 1 1 L L L 1 L 1 L

| |
0 50 100 150 200 250 300
Temperature 7 [K]

Figure 4.6: The temperature-dependent resistivity of MnyRhSn measured in 0 T,
0.13 T and 0.30 T. While cooling from the room temperature down to
2 K, the sample was first measured without magnetic field (black curve).
Then, 0.13 T induction field was applied at 2 K and the resistivity was
measured up to room temperature and back to 2 K (blue curve). The
same procedure was repeated for a field of 0.30 T (red curve). Insets: en-
larged view of the temperature-dependent resistivity and the resistivity
hysteresis in the field of 0.30 T.

with a change of the slope at To = 290 K.

The low-temperature resistivity (7" < 110 K) is described by the Bloch—Griineisen
equation [198, 199]:

z=2
n

o(T) = p(0) + 3 4, <£>n / e 1;?1 et (4.1)
" 0

where p(0) is the residual resistivity, A, are coefficients that depend on the un-
derlying physical effects, T is the temperature, and © is the Debye temperature.
The second, integral term is a sum over 3 different contributions with exponents
n = 2, 3, and 5. Those correspond to the electron—electron (e-e), the s-d electron
and the electron—phonon (e-ph) scattering. The e-ph interaction is the dominating
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4.6 Magnetic and magnetotransport properties

mechanism, whereas e-e scattering becomes important at low temperature. The
two contributions are comparable at about 90 K with a subsequent increase of the
electron—electron scattering part with decreasing temperature. The s-d term has
found to be six orders of magnitude smaller than the e-e or e-ph contributions and
can be neglected. The existing phenomenology can barely explain all mechanisms
that contribute to the temperature-dependent resistivity. The full temperature range
cannot be sufficiently analyzed within the present model. The Debye temperature
from a simple phonon density model is again a temperature-dependent quantity. It
is derived as a fit parameter and listed in Table 4.2.

4.6 Magnetic and magnetotransport properties

Magnetic moment m [ug]
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Figure 4.7: Magnetic properties of MnaRhSn thin films. Shown are the in—plane
(H|) and out—of-plane (H ) magnetic hysteresis loops measured at 50 K.
The corresponding geometries are schematically shown. The inset shows
the temperature dependence of the magnetization. The Curie tempera-
ture is about 290 K.
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4 Perpendicularly magnetised Mna RhSn thin films

The magnetic properties of MnaRhSn thin films grown on MgO are shown in Fig. 4.7.
The MgO substrate is diamagnetic, but may also contain random paramagnetic in-
clusions that slightly affect the overall magnetization signal in particular at low
temperatures. The diamagnetic contribution of the MgO substrate has been sub-
tracted from the magnetic moment measurements.

| I'= I50 K (c)
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Induction field yH [T]

Figure 4.8: Magnetotransport of MnsRhSn. (a) Longitudinal magnetoresistance
MR(H ) measured at 2 and 20 K. (b) The Hall resistance measured
at the same temperatures. (c) Magnetisation measured at 50 K for
in-plane (H)|, black) and out-of-plane (H |, green) geometry. The max-
imum energy product determined from the H | hysteresis amounts to
BHppax = 45.3 kJ/m3.

The magnetization curves displayed in Fig. 4.7 reveal an out—of-plane easy axis. It
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4.6 Magnetic and magnetotransport properties

is characterized by an anisotropy field of Hx ~ 1.2 T. This field corresponds to a
moderate anisotropy energy of Hxmgs ~ 0.18 MJ/m?. This value is by two orders of
magnitude lower compared to the bulk anisotropy of ~ 50 MJ/m? deduced from first
principles calculations as an estimate of the “upper’ limit [170]. The measured value
for the film is reduced because of temperature effects or by dipole-dipole interactions
that favor an in-plane orientation. Between 100 and 150 K the system undergoes
a transition from a non-collinear into a collinear ferrimagnetic state. The system
is magnetically soft with a coercive field of about 0.05 T (see Figure 4.8 (c)). The
magnetization is ms &= 1 ug. Here, it is small due to the ferrimagnetic alignment of
the magnetic moments. This allows to keep the out—of—plane anisotropy intact.

The coercive field for H| amounts to approximately 0.03 to 0.04 T and is compa-
rable to that measured with H, (see Fig. 4.8). This may be a sign of a certain
staggered component of magnetization, which resides in the film plane. It has two
main origins. As it was shown earlier [170], the bulk magnetic structure is canted
for T' < 50 K. The first magnetic sublattice is aligned along the c-axis while the
second sublattice is forced to tolerate two antiparallel couplings between the near-
est and the next-nearest neighbors. Therefore the net total moment deviates from
the ¢ axis. This situation may also preserve in thin films. Another reason is the
Dzyaloshinskii-Moriya interaction that gives rise to a long-range magnetic modu-
lation. It is already present in the non-centrosymmetric bulk sample and may be
amplified on the surface due to additional symmetry reduction. The temperature
dependence of the magnetization (see inset in Fig. 4.7) reveals the T¢ of 290 K. This
is slightly higher compared to the bulk value of 270 K.

4.6.1 Magnetoresistance

An interesting behavior is observed for the transversal magnetoresistance M R =
(pr — po)/po, measured in H | -mode (Fig. 4.8 (a)). It consists of positive, nearly
linear dependencies superimposed with a pair of local maxima centered at around
40.125 T at 2 K. The maxima shift down to smaller fields at higher temperatures.
These maxima result from magnetic inhomogeneities such as propagating domain
walls. The movement of the domain walls causes also the non-linear curvature of
the hysteresis in Figure 4.8 (c). One observes the same trend in the anomalous
Hall signal Ap,, (Fig. 4.8 (b)). puy(H) is proportional to the magnetization, and
changes its sign at about the coercive field. The anomalous Hall conductivity is

Uﬁf = puy/p2, = 310 S/m at 2 K and zero field.

Fig. 4.9 shows the angular dependence of the magnetoresistance and Hall effect for
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4 Perpendicularly magnetised Mna RhSn thin films

high magnetic fields. The measurements are acquired with fields in the range of
poH < 9 T and with varying angle (0 < 6 < 90°) between external field and electric
current. It is not necessary that the magnetization and the external field are parallel
at low fields, due to remanently magnetized or virgin domains oriented along the easy
direction. The non-linear contribution at pgH < 1.5 T to the magnetoresistance is
anisotropic and ranges from about 1% at ¢ = 0 (H)) to 0 at 6 = 90° (H.). For
a given 6 (6 < 90°) the anisotropic magnetoresistance (AMR) increases with field
due to a rotation of the magnetization from perpendicular orientation (easy axis)
towards the external field. The AMR saturates at about uoH; = 1.2 T (6 = 0).
For pgH > 1.2 T, all localized electron orbits responsible for the magnetization are
oriented perpendicular to the external field (and to the direction of electric current).
This situation provides the maximal s — d scattering cross-section for conduction
electrons.

2.0 : : - - : - E

Magnetoresistance MR [%]

- - . - - H=H, , 6=0
0.0 -6 -3 0 3 6 9 !

Induction field pyH [T]

Figure 4.9: Magnetoresistance measured as function of applied magnetic field H at
2 K for different orientations 0 < 6 < 90° of the field with respect to the
electric current. The relation between magnetization M, external field
H, and current j is given in the sketches of the geometry.

The magnetoresistance behaves similar in the saturated part of the magnetization
when the angle between field and current is varied. A detailed analysis reveals that
the field dependence of the derivative of the magnetoresistance contains not only a
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Figure 4.10: Hall resistance measured as function of applied magnetic field H and

temperature 1. The topological contribution is observed within the
fields of pgH = 0.1 — 0.2 T and temperatures T'= 2 — 120 K.

constant value but also a linear part. The linear part of the slope hints on a quadratic
behavior for H > H.. The quadratic part of the transverse magnetoresistance
determined from the slope is given by MR = 0.15 x 1072 T2 % (ugH,)? and of
about the same order for the longitudinal magnetoresistance.

The longitudinal magnetoresistance (H)) behaves at low fields different from the
transversal magnetoresistance. It increases strongly up to the saturation field of
about 1.5 T, where it has a value of about 1%, as mentioned above. At higher fields
it develops parallel to the transversal magnetoresistance. This means that the slopes
of the field dependence are rather independent on the angle. The offset between low
and high field behavior increases with decreasing angle.

4.6.2 Anomalous Hall effect

Materials with antiparallel alignment of their magnetic sublattices are known to
exhibit topological Hall resistance when driven into the non-collinear phase [200]. In
the ordinary conductor, the Hall voltage is measured transverse to the current in the
perpendicularly applied magnetic field. The effect arises from the Lorenz force that
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Figure 4.11: Magnetic-field-induced phase diagram of the non-collinearity in the thin
film of MnsRhSn.

interacts with the charge carriers. The presence of an internal magnetism brings
additional contributions to the Hall voltage. The so-called anomalous Hall effect
arises in collinear spin structures due to the magnetization and spin-orbit coupling.
The non-collinearity with a fixed sense of modulation can introduce a certain Berry
phase, which in turn yields the topological contribution to the Hall effect (THE).
In literature, the THE is attributed to the skyrmion phase of non-centrosymmetric
B20 helimagnets [201, 202] or other non-trivial spin structures.

The field-dependent Hall resistance shows a non-linear behavior, which evolves with
the temperature (see Fig. 4.10). In the low field regime pogH < 0.2 T the Hall
resistance shows an enhancement of p,,, which is attributed to the non-collinear
spin structure. As the external field rises, the p,, changes the slope and slowly
increases without saturation, which corresponds to the collinear ferrimagnetic state.
The difference of the resistivity signal pz,(H) — pay(0) gradually increases for the
temperatures 7' < 50 K and then slowly drops as the temperature rises. The mea-
surement of the p,, allows to build a magnetic field induced phase diagram of the
non-collinearity in MnaRhSn thin film (see Fig. 4.11). The first derivative of the sig-
nal with respect to the applied magnetic field reveals a pocket, which corresponds
to the non-collinear magnetic state.
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4.7 Spin reorientation in Mn,RhSn by FMR
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Figure 4.12: Temperature-dependent in-plane and out-of-plane FMR measurement
of the Rh-capped MnsRhSn thin film. The resonance field values were
obtained from the Lorentzian fit of the resonance line. Inset: Orienta-
tion of the film in the external magnetic field. The magnetization vector
is defined by the polar and azimuthal angles § and ¢ with respect to
the crystallographic directions. Since the magnetization vector prefers
an out-of-plane axis, the i > 6. The high-frequency field Hyy 1 H
lies always in the film plane.

MnsRhSn has a noncollinear magnetic structure in the ground state and undergoes
a spin reorientation transition in one of the Mn-sublattices at the elevated tempera-
tures. Frequently, such phenomena have their origin in the temperature-dependent
evolution of the effective magnetic anisotropy energy [203, 204, 205].

As of the random crystallite orientation, the crystallographic axes are not defined
in a bulk policrystalline ingots. Therefore, single crystalline samples, preferably
in the form of thin films, are inevitable. To probe the coupling of magnetization
vector with the crystal directions, temperature and angle dependent ferromagnetic
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Figure 4.13: Angle and temperature-dependent FMR measurement of the Rh-
capped MnsRhSn thin film. The resonance field values were obtained
from the Lorentzian fit of the resonance line. 8 = 90° and 6 = 180°
correspond to the in-plane and out-of-plane orientation of the film cor-
respondingly.

resonance (FMR) spectroscopy [206, 207] can be used. Thin ferromagnetic layers
are perfect sample form due to the (1) known shape and demagnetization factors
(2) defined orientation of crystallographic axes and (3) small amount of a metallic
material that is exposed to microwave radiation - while interacting with a metal,
microwaves excite eddy curets that lead to the parasitic heat. One more condition
is that (4) for the homogeneous excitation, the film thickness should be smaller than
the microwave skin depth.

In a conventional setup, the sample is placed in the magnetic field, which creates
the Zeeman splitting of energy levels. Simultaneously, the second alternating field
of a fixed frequency is irradiating the sample, which excites the magnetic dipole
transitions between the split Zeeman levels. The precession frequency of local mag-
netic moments is tuned by the external magnetic field; when it reaches the value of
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4.7 Spin reorientation in Mns RhSn by FMR

applied microwave frequency, the resonance condition is fulfilled and the microwave
power is absorbed by the sample.

The temperature- and angular-dependent resonances were recorded from the room
temperature down to 20 K by a commercially built setup using the frequency
f=9.39603 GHz. To prevent the sample from the loosen rotation in the external
field, the film was fixed with glue in a capillary. The resonance line was fit with a
Lorentzian peak profile.

The free energy density of a film with tetragonal symmetry is written as [208]:

E = — HM (sinfsinfp cos(¢ — m/4) + cos O cos Oy ) + 2mM? cos® H—

1 1 1 4.2
— KUCOSQQ—ﬁKlLCOSZLG—gKlnz(3—|—COS4¢) sint 9, (4.2)

where the first and the second terms correspond to the Zeeman and demagnetizing
energy respectively; the perpendicular uniaxial anisotropy of the second and fourth
orders is given by Ky and K7 ; the fourfold in-plane anisotropy is described by the
K. For more details, see [209, 208]. The angles 6 and 0y are the polar angles
from the film normal to the vectors of magnetization and applied field respectively.
The azimuthal angles ¢ and ¢y are counted with respect to the [100] crystallo-
graphic direction (see the scheme on Fig. 4.13). When saturating the magnetization
perpendicular to the film surface, the FMR condition is defined as [210]:

wo = 7/ (H + (Ny = N2)M) (H + (N, = N2)M), (4.3)

with the demagnetization factors N, = N, = 0, N, = 47. The magnetization should
be saturated to a single domain state. Minimizing the free energy density by the
angle, the Eq. (4.2) can be simplified [211]

2rnf = ”Y‘\/H” (H” +47TMeff); for O = /2
2nf = |yl (HL — 47 Megr); for 057 = 0

(4.4)

The fingerprints of a resonance phenomena in a ferromagnet are the shape and
linewidth of an absorption spectrum, which contain the information about the mag-
netocrystalline anisotropy and the Gilbert damping parameter . The latter is of
an utmost interest recently due to its crucial significance for the memory technology
and the fast magnetization switching process [109, 110, 212, 213].

The temperature-dependent FMR, measurements (see Fig. 4.13, (a)) show a signif-
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4 Perpendicularly magnetised Mna RhSn thin films

icant difference between the parallel and perpendicular orientation of the sample
in the external magnetic field (see the sketch in Fig. 4.13, (b)). According to the
hysteresis loops (see Fig. 4.7), the MnpRhSn thin film can be considered to have
large magnetic domains. In the easy magnetization direction (out of the film plane),
the magnetic moment becomes fast saturated already in small fields. In the oppo-
site case of small magnetic domains, an antiferromagnetic interaction between them
would work against the external magnetic field. Therefore, the saturation of mag-
netization would occur at the larger field values. For more details, see Fig. 5 (b, ¢)
in the Ref. [214].

The resonance field position at T' = 250 K proves the out-of-plane easy axis of
magnetization by having its maximum at § = 90° and minimum at 6 = 180°. At
this temperature, the magnetic anisotropy is nearly vanished due to the approaching
to the T¢. By lowering the temperature down to 7' = 150 K, the difference between
the resonance field maxima and minima increases due to the rising anisotropy. At
the temperature T' = 100 K, the magnetization vector tilts for about 35°. Further,
at T = 20 K two additional minima add as satellites in the vicinity of 150°. This
might be explained by the canting in the Mnj; sublattice, known from the bulk
studies.

4.8 Summary

Stoichiometric MnaRhSn thin films have been synthesized with high crystallinity
order, as it is proved by the detailed XRD analysis. The composition ratio of
Mn:Rh:Sn was confirmed to be 2:1:1 with help of the RBS technique. The phase
stability is observed within a narrow composition range. A slight excess of Rh
brings the structure to the cubic state while Rh deficiency leads to decomposition
into tetragonal MnaRhSn and hexagonal Mn3Sn (MnaSn) phases. The valence band
HAXPES spectra of the films are very similar to bulk spectra and agree very well
with the density of states found in ab-initio calculations. In particular, details of
maxima in the density of states are better resolved due to a higher crystalline order
of the films. The thin MnsRhSn films exhibit a Curie temperature of 290 K that is
about 20 K higher compared to bulk material. The determination of the magnetiza-
tion reveals a soft magnetic behavior with perpendicular magnetic anisotropy. The
anisotropy energy and the maximum energy product amount to Hxm, = 180 kJ/m?
and BHp., = 45.3 kJ/m?, respectively. The anomalous Hall conductivity has a
value of o4H = 310 S/m at 2 K. A non-trivial behavior of the magnetoresistance
is observed for fields below the coercive or saturation fields. The longitudinal and
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4.8 Summary

transversal magnetoresistance components are both positive and in the order of few
percent for fields of up to 9 T. The magnetic-field-induced phase diagram of the
non-collinearity in MnsRhSn is build based on the anomalous Hall resistance. The
onset of the collinear ferrimagnetic phase is attributed to the change of magnetocrys-
talline anisotropy - the spin reorientation transition at the temperatures T' > 150 K
is revealed from the FMR studies.
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5 Vector network analyzer ferromagnetic
resonance (VNA-FMR) setup

The conventional FMR experiment can be upgraded by the additional degree of
freedom [215, 216]. Together with the possibility of external field sweep, one can
also sweep the excitation frequency in a broad range. The possibility of a simulta-
neous field-frequency variation allows to define the Gilbert damping - one of the key
parameters for the ultrafast magnetization switching [109, 110, 212, 213].

The magnetization dynamics is well-described by the Landau-Lifshitz-Gilbert equa-
tion [217]:
oM

— = —7YM x (Heff_

a OM o oM
a ) (5.1)

mﬁ :—’)/MXHeff—i-ﬁSMX W7
where the first term corresponds to the excitation of the precession motion and the
second term describes damping; Heg and M are the effective field and magnetization
vectors, Mg, v and « are the saturation magnetization, gyromagnetic ratio and the
Gilbert damping constant respectively. The Heg is an integrated influence of the
externally applied static and dynamic magnetic fields together with the internal fields
induced by the magnetocrystalline, shape and magnetoelastic anisotropies. The
effective damping parameter contains several contributions: the material-specific
Gilber damping, two-magnon scattering process, scattering on the grain boundaries,
etc. In general, it is directly proportional to the ratio of absorption linewidth AH
and the resonance frequency f:

_ mAH
© dxf

(5.2)

here 7y is the gyromagnetic ratio. The first term is frequency-independent and results
from the present magnetic inhomogeneities while the second term corresponds to the
viscous damping.
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Figure 5.1: Shift of the absorption peak with the excitation frequency.
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Figure 5.3: Evolution of the absorption peak profile with the excitation frequency.
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The VNA-FMR system consists of two major components: a controlled electro-
magnet for the field sweeps up to 350 mT and a commercial 2-port vector network
analyzer ZVA40 Rhode&Schwarz, which generates and reads back the frequency-
domain measurements in the range of 20 MHz - 40 GHz. The incoming signal is
analyzed by the amplitude and phase and compared to the outgoing signal. Instead
of a conventional resonator, the sample is placed on top of the coplanar wave guide
(CPW) with a characteristic impedance of 50§2. The radio-frequency signal of about
10 dB intensity is supplied to the CPW through the coaxial cables and non-magnetic
microwave connectors. For the resonance condition, the H,; field is perpendicular
to Hy, field.

The FMR studies were carried out at the room temperature using the frequency
f range of 8 GHz to 23 GHz. The microwave signal was supplied to the sample
via a coplanar waveguide and detected back in a transmission mode. First, the
sample was saturated in the high magnetic field driving the resonance peak beyond
the investigated frequency window; a reference measurement was recorded. Then,
for each frequency, magnetic field sweeps were performed; the data was obtained
as a real and imaginary components of the transmitted microwave power through
the sample. The data acquisition and treatment may employ various methods [216,

218, here the log Zstep/Zyer formula was used, where Z = (/5213 + 5212 | S21g,
and S21y, are the real and imaginary parts of the transmitted microwave power
in dB. Finally, the plotted absorption spectrum is a result of averaging over 201
measurement runs; the linewidth and the resonance field value were extracted from
the Lorentz peak fit. To test the setup, a test specimen of Mn-Co-Fe-Si Heusler
film was used (produced in Bielefeld by D. Ebke). The sample was annealed at
500°C, crystallizes in a cubic structure, is magnetically soft and has a thickness of
about 50 nm (private communications). Before the measurement, the sample was
saturated in the external field H > Hc = 500 mT. Fig. 5.1 shows a typical resonance
absorption line and its shift with increased excitation frequency. Fig. 5.3 shows the
change of the peak shape at different excitation frequencies. A certain asymmetry
is already present at the lowest frequency of f = 11 GHz, which increases and
leads to the additional peak broadening at higher frequencies up to f = 23 GHz.
For comparison, the samples of the same structure and composition but different
annealing temperatures were measured (see Fig. 5.4). Surprisingly, the asymmetry
reduces with the decrease of annealing temperature: at the 7, = 200°C the peak
broadening is rather symmetric. The origin of this effect is not yet understood and
requires additional studies. The linear dependence of the resonance frequency (see
Fig. 5.2, (a)) was fit according to the Kittel formula eq. (4.4). The slope well-
correlates with the typical behavior of the Heusler films (e.g., see review [219]), the
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obtained values of « are 0.0074, 0.0069, 0.0074, 0.0074 and 0.0109 for the T,, = 500°C,
T, = 400°C, T, = 300°C, T, = 200°C and the RT correspondingly. The damping
phenomena can be composed of several contributions: excited magnons may relax
to the lattice vibrations either directly or in steps trough the two-magnon, multiple
magnon or magnon - conduction electron scattering processes [220]. The expression
is given for the uniform excitation and might be questioned due to the finite size of
the coplanar waveguide or inhomogeneous field excitation and resulting generation
of spin waves. However, due to the negligible cause to the frequency shift this effect
can be omitted [215].
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6 Summary and outlook

The present work provides an insight into the emergent Mns-based Heusler materials.
The establishment and evolution of canted ferrimagnetic spin arrangement in the
novel MnsRhSn compound is shown experimentally and explained theoretically. In
particular, the compound shows all necessary pre-conditions for the formation of the
skyrmion phase: (1) a non-centrosymmetric crystal structure and a Dzyaloshinskii-
Moriya (DM) interaction; (2) it contains a heavy transition metal element Rh, which
enchances relativistic effects and the DM coupling and (3) shows two magnetic tran-
sitions. Based on the ab-initio calculations, the continuum model of the magnetic
order in MnsRhSn suggests a formation of the skyrmion lattice in a collinear ferri-
magnetic state (7" > 80 K) with a skyrmion size of about 140 nm. In addition to the
rich magnetic behavior, the MnsRhSn shows a structural transition into the cubic
structure at the elevated temperatures. The gradual substitution of Rh with Co lin-
early reduces the transition temperature until the cuic phase is achieved already at
the ambient conditions for the Co concentration > 60%. Beside from the structural
transition, the Co-doping linearly increases T¢, Sommwrfeld coefficient of the elec-
tronic heat capacity and reduces the lattice mismatch with the MgO, which makes
the MnaRh;_,Co,Sn series potential candidates for the spintronic applications.

Inspired by the measurements on the bulk sample, thin films of the same composition
were successfully fabricated for the electronic, magnetotransport and magnetocrys-
talline anisotropy studies. The stoichiometry of MnsRhSn composition was fully
optimized by XRD and later proved by the RBS. The films show the T¢ = 290 K,
which is higher than in case of the bulk samples and a perpendicular magnetic
anisotropy in the ground state. The anisotropy energy and the maximum energy
product amount to Hxms = 180 kJ/m? and BHyax = 45.3 kJ/m3, respectively.
The anomalous Hall conductivity has a value of o4 H = 310 S/m at 2 K. A non-
trivial behavior of the magnetoresistance is observed for fields below the coercive or
saturation fields. The longitudinal and transversal magnetoresistance components
are both positive and in the order of few percent for fields of up to 9 T.

As an outlook for future studies, the single crystal growth is inevitable for the small-
angle neutron scattering and magnetotransport measurements.
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