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Abstract

Antiferromagnets, unlike their ferromagnetic counterparts, have their magnetic properties con-
cealed in a compensated spin structure. For this reason, antiferromagnetic materials remained a
scientific curiosity for many years without practical applications. The situation changed in the
early 90s when antiferromagnetic thin films were used to impede the magnetization reversal of
ferromagnetic layers via exchange coupling at their common interface. This so-called exchange
bias effect is used in tunneling magnetoresistance devices implemented in read-heads of hard
disk drives. Only recently antiferromagnets have become the focus of scientific and technologi-
cal interest for their own right because of their intriguing properties and potential applications
in antiferromagnetic spintronic devices. This is due to their much faster spin dynamics in the
THz regime as compared to GHz frequencies in ferromagnets and their insensitivity to external
magnetic fields, allowing a much higher information storage density. However, new concepts for
manipulating the antiferromagnetic state have to be developed for reading and writing infor-
mation bits. One of the prominent materials for this purpose is the metallic antiferromagnetic
MnoAu.

In this thesis, we report on a detailed investigation of the antiferromagnetic properties of epi-
taxial MnsAu thin films. Most of the results were obtained by application of x-ray magnetic
linear and circular dichroism (XMLD and XMCD) either in spectroscopic or in imaging mode,
using instrumentation at the synchrotrons BESSY IT (Helmholtz Zentrum Berlin, Germany) and
Diamond (Rutherford Appleton Laboratory, UK). In addition, in-house facilities were used for
magnetic hysteresis measurements and domain imaging via the magneto-optic Kerr effect.

The main results of the thesis are as follows. In the as-grown state, the MnsAu antiferromag-
netic domains have a size of ~1pm. The Néel vector within the domains points along one of
the (110) easy axes. Exposure to very high magnetic fields causes a reorientation of the do-
mains. The spin-flop field necessary to rotate the Néel vector is between 16 T and 30 T. From
these values, the four-fold in-plane anisotropy constant is inferred to be in the range from 5 to
17.5peV/f.u., in agreement with theoretical predictions. The upper limit for the domain wall
width was determined to be about 80 nm, but the actual value may be much less. From the
perpendicular susceptibility measurements, the effective exchange coupling constant was deter-
mined to be (22 4+ 5) meV. These experiments also revealed a much larger Mn orbital moment
than expected, an effect that can be explained by a much weaker spin-orbit coupling compared
to the spin-spin exchange coupling. Finally, we demonstrate that elastic strain affects the anti-
ferromagnetic domain distribution in a fashion similar to magnetostriction in ferromagnets. The
XMLD spectroscopy measurements confirmed that application of a 0.1 % tensile strain along
an easy-axis causes a reorientation of the Néel vector in thin MngAu films. This shows that a

magnetoelastic effect also exists in antiferromagnets.



Kurzfassung

Antiferromagnete, im Unterschied zu Ferromagnete, verbergen ihre magnetischen Eigenschaften
in der kompensierten Spinstruktur. Daher blieben Antiferromagnete iiber viele Jahre eine
wissenschaftliche Kuriositdt ohne praktische Anwendung. Die Situation &nderte sich erst in
den frithen 90-iger Jahren, als antiferromagnetische Schichten zum Unterdriicken der Mag-
netisierungsumkehr in ferromagnetischen Schichten gebraucht wurde, ein Effekt, der iiber die
Austauschwechselwirkung an einer gemeinsamen Grenzfliche bewerkstelligt wirde. Diese soge-
nannte Austauschverschiebung wird {iberall bei Tunnelmagnetwiderstdnden genutzt, die z. B.
in Lesekopfe von magnetischen Festplatten eingebaut sind. Erst kiirzlich haben Antiferromag-
nete selber sehr grofes wissenschaftliches und technologisches Interesse wegen ihrer faszinieren-
den Figenschaften und moglichen Nutzung im Rahmen einer antiferromagnetischen Spintronik
geweckt. Dies beruht einerseits auf einer viel schnelleren Spindynamik im THz Bereich im
Vergleich zu GHz Frequenzen bei Ferromagneten und andererseits auf der Unempfindlichkeit
gegeniiber magnetischen Streufeldern, die eine viele hohere Datenspeicherdichte ermdoglicht.
Allerdings miissen neue Konzepte fiir die Veréinderung des antiferromagnetischen Zustands sowie
das Schreiben und Lesen von Information in Datenbits entwickelt werden. Ein vielversprechendes
Material fiir diesen Zweck ist die metallische antiferromagnetische Legierung MngAu.

In dieser Dissertation wird iiber eine detaillierte Untersuchung der antiferromagnetischen Eigen-
schaften von epitaktischen MnsAu diinnen Schichten berichtet. Die meisten Resultate wurden
durch Anwendung des linearen und zirkularen magnetischen Rontgen-Dichroismus (XMLD und
XMCD) entweder durch Spektroskopie oder Mikroskopie gewonnen. Die Experimente wurden
an Instrumenten durchgefiihrt, die an den Synchrotron Strahlungsquellen BESSY 11 (Helmholtz
Zentrum Berlin, Germany) und Diamond (Rutherford Appleton Laboratory, UK) zur Verfiigung
stehen. Dariiberhinaus wurden Labor-Instrumente verwendet um mittels des magnetooptischen
Kerr Effekts magnetische Hysteresen zu messen und magnetische Domé&nen abzubilden.

Die wichtigsten Ergebnisse der Dissertationsarbeit sind wie folgt zusammengefasst. Im ur-
spriinglichen Zustand nach Wachstum haben die antiferromagnetischen Dominen in MngyAu
eine Groke von ~1 pm. Der Néel Vektor in den Doménen ist entlang der leichten (110)-Achsen
ausgerichtet. Anwendung sehr hoher Magnetfelder erzeugt eine Umorientierung der Doménen.
Das Spin-Flop Feld, welches fiir die Umorientierung mindestens bendtigt wird, liegt zwischen
16 T und 30T. Mit diesen Feldern kann die vierzdhlige Anisotropiekonstante mit Werten im
Bereich 5 bis 17.5 peV /f.u. abgeschétst werden, was auch mit theoretischen Voraussagen iibere-
instimmt. Die obere Grenze fiir die Domé&nenwandbreite wurde zu 80 nm ermittelt, der tatsich-
liche Wert mag weit darunter liegen. Durch Messung der senkrechten Suszeptibilitdt wurde die
effektive Austausch - Kopplungskonstante zu (22 + 5) meV bestimmt. Diese Experimente of-
fenbarten aufserdem ein unerwartet hohes orbitales magnetisches Moment in Mn. Dieser Effekt
kann durch die Annahme einer deutlich schwicheren Spin-Bahn Wechselwirkung im Vergleich zur
Spin-Spin Wechselwirkung erklédrt werden. Schliefilich wurde der Einfluf elastischer Verzerrung
auf die antiferromagnetische Doménenverteilung untersucht, dhnlich der Magnetostriktion in
Ferromagneten. Mittels der XMLD-Spektroskopie konnte bestéitigt werden, dass bei einer Verz-
errungsamplitude von 0.1 % entlang der leichten Achse eine Umorientierung des Neéel-Vektors
in MngoAu stattfindet. Damit konnte nachgewiesen werden, dass ein magnetoelastischer Effekt

auch in Antiferromagneten existiert.
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1 Introduction

The phenomenon of magnetism is known to humans at least for two thousand years. It is not
possible to name the discoverer of ferromagnetism (FM), who for the first time noticed that
iron is attracted by natural mineral magnetite'. However, the theory, able to comprehensively
explain this phenomenon, appeared only in the beginning of the last century after the introduc-
tion of quantum mechanics. Approximately at the same time, new magnetic states of matter
were described including ferrimagnets and antiferromagnets (AFM). Antiferromagnets, in other
words, materials with the alternating magnetic moments at neighboring atoms, were proposed
by L. Néel |1; 2|. Interestingly, the name "antiferromagnet" was given to this class of materials
later by F. Bitter [3]|. First experimental evidence of an AFM order was provided in 1949 when
C.G. Shull and J.S. Smart determined the magnetic structure of MnO by neutron diffraction
[4]. The research on AFMs resulted in two Nobel Prizes. One of them was awarded to Louis
Néel in 1970 "for fundamental work and discoveries concerning antiferromagnetism and ferri-

n2

magnetism which have led to important applications in solid state physics"® and another one to

Clifford G. Shull jointly with Bertram N. Brockhouse in 1994 "for the development of neutron
spectroscopy'"?.

In his Nobel lecture, L. Néel declared that the materials he discovered "are extremely interesting
from the theoretical viewpoint, but do not seem to have any applications" (from the Nobel
lecture by L. Néel, 1970). However already at that time, experimental results existed, which
subsequently would lead to an important application of AFMs. In 1957, W. H. Meiklejohn and
C.P. Bean discovered exchange anisotropy in heterostructures AFM/FM [5]|, which manifests
itself in a displacement of the FM hysteresis loop along the field axis. This phenomenon named
exchange bias was later used in spin valves [6; 7| for pinning one of the FM layers [8] and
resulted in giant magnetoresistance (GMR)* and tunnel magnetoresistance (TMR) read-heads
implemented in modern hard disk drives (HDD). The above-mentioned effects, GMR and TMR
together with spin-transfer torques (STT) [9] and spin Hall effect (SHE) [10] are at the base of
modern spintronics, which stands for SPIN transport elecTRONICS. As follows from the name,
the essence of this concept is in utilizing not only the charge of the electrons but also their spin.
To this extent, magnetic phenomena determined by the electron spin play a very important role
in spintronics.

The next step envisioned for the development of non-volatile data storage is the realization of

the magnetoresistive random-access memory (MRAM), where writing and reading operations are

! A Greek legend tells that this happened to shepherd Magnes when he was pasturing his sheep at mount Ida
taken from https://www.nobelprize.org/nobel _prizes/physics/laureates/1970/

3taken from https://www.nobelprize.org/nobel _prizes/physics/laureates;/1994/

*Peter Griinberg and Albert Fert received the Nobel Prize in physics in 2007 for the discovery of GMR



performed by currents. In contrast to the current HDD technology, where AFMs are used only as
a passive element for pinning the FM magnetization, MRAM can make full use of the outstanding
properties of AFMs and implement them as active parts carrying bits of information. The
advantages of AFMs for the new generation storage devices are hard to overestimate. AFMs do
not produce stray fields due to compensated magnetic moments at an atomic scale, which makes
them insensitive to external field perturbations. Furthermore, AFM memory cells are expected
not to disturb the magnetic moments in the neighboring cells, which allows for increasing the
information storage density. In comparison to FMs, where the characteristic resonance frequency
is proportional to the applied external field frps x H, resonance frequencies in AFMs depend
on the product of the exchange field (Hg) and the anisotropy field (Hy4), farym < VHEH4.
While H cannot exceed several Tesla, the exchange interaction is equivalent to a magnetic field
of Hp ~1000T. This enhancement means that fs4pps is to be expected in the THz regime
in contrast to the ferromagnetic resonance frequencies in the GHz range. These exceptional
properties provide a vision of reliable future data storage devices with a high areal bit density
operating at extremely high frequencies.

The potential of AFMs is not limited to data storage only. Several new applications were
already proposed for AFMs including THz emitters [11] and detectors [12], AFM-based spin
current generators in spin-orbitronics [13], and spin-caloritronics [14]. This list is by far not
complete and interested readers are referred to several recent reviews on advances in the AFM
research area [15; 16; 17; 18; 19].

Scientists who intend to probe the magnetic state of AFMs experience considerable difficulties.
Direct investigation of the AFM order usually requires large-scale facilities like neutron sources
or synchrotrons. The anisotropic magnetoresistance measurements are limited to conductive
AFMs [20; 21; 22]. The recently discovered spin Hall magnetoresistance (SMR) allows perform-
ing transport experiments of insulating AFMs with a heavy-metal layer deposited on top [23].
However, this effect provides small signals of the order of 0.01 %. Another approach for studying
AFMs is based on the exchange bias effect in a FM/AFM bilayer where the FM is used as a
tracer for extracting information on the AFM domains [24; 25]. In spite of a high activity in this
research area, AFMs still remain terra incognita among the magnetic materials. Consequently,
obtaining information about properties of AFMs and elaborating ways for manipulating the Néel
vector are of prime importance for stimulating progress in the field of AFM spintronics.

In the framework of this thesis, we report on magnetic characterization and reorientation of
magnetic moments for the epitaxial MnsAu thin films, a novel metallic AFM material with a
high potential for applications. The characterization involves measuring the exchange constant
and the loose spin concentration in thin epitaxial MnsAu films. These values are determined
by detecting the spin and orbital magnetic moments induced by an out-of-plane magnetic field
(perpendicular susceptibility) extracted from the X-ray magnetic circular dichroism (XMCD)

spectra. Investigation of hysteresis loops in MnyAu/Fe heterostructures sheds light on the



spin structure at the interface. For the first time, irreversible reorientation of AFM domains
via a spin-flop transition was evidenced by measuring the domain images in MnyAu samples
after applying strong magnetic fields. This result together with the field dependent transport
data provided the range for the spin-flop field and for the anisotropy constant. In addition,
the domain wall width was estimated by fitting the intensity profiles across a domain wall
image according to the proposed model. Direct experimental evidence of strain manipulation
of the AFM Néel vector was obtained by measuring the strain-dependent X-ray magnetic linear
dichroism (XMLD) spectra in MnsAu.

This thesis is structured as follows:

In Chapter 2, we introduce the basics of the AFM physics, including a material review, which
presents the most relevant AFMs for modern science and technology, magnetic interactions
responsible for the characteristic antiparallel alignment of magnetic moments, and the energy
functional for AFM materials. Also, such phenomena as exchange bias, susceptibility, and spin-
flop fields are discussed.

In Chapter 3, we explain the experimental techniques employed in this work focusing on the
synchrotron radiation based methods. The description starts with the general aspects of the
interaction of X-rays with matter and physical base of XMCD and XMLD, which is followed by
an introduction to the instrumentation used for spectroscopy and microscopy studies.
Chapters from 4 to 7 present the results obtained in the present work.

In Chapter 4, we report on the determination of the exchange interaction constant and of the
loose spin concentration in epitaxial MnsAu films by field-dependent XMCD spectroscopy.

In Chapter 5, we demonstrate the possibility of generating exchange bias in MnsAu/FM het-
erostructures and present investigation of exchange bias dependence on the MnoAu grain size
and film thickness. The feasibility of using an exchange coupled FM film as a tracer layer
for investigating the MnsAu domain structure by Kerr microscopy and XMCD photoemission
electron microscopy (PEEM) is proven.

In Chapter 6, we show the domain images in as-prepared epitaxial MnsAu thin films and after
a spin-flop transition in a high magnetic field measured by XMLD-PEEM. An estimation of the
domain wall width in MnsAu is also provided.

In Chapter 7, we discuss the magnetoelastic effect in MngaAu(001) epitaxial thin films. A strain
of 0.1 % applied along an in-plane easy direction causes a reorientation of the Néel vector and
changes the domain distribution within the AFM, favoring the magnetic moment orientation
perpendicular to the strain axis.

In Chapter 8, we summarize the results obtained in this work and provide the conclusions,

which follow from the analysis of the results.






2 Theoretical foundations and literature

review

2.1 Classification of antiferromagnetic materials

Antiferromagnetic materials have versatile crystallographic and magnetic structures. For ex-
ample, the collinear spin order in a primitive cubic lattice can be classified according to seven
types of magnetic arrangements shown in Figure 2.1. One of them, B-type, is FM and the rest
corresponds to AFM orders with A-type, C-type, and G-type being the most common structures
among the AFMs. An A-type AFM is characterized by the ferromagnetically oriented xy-planes
stacked along the z-axis. C-type and G-type ordered materials have a compensated net moment
in the xy-planes. The moments located in different xy-planes above each other point in the same

direction in a C-type AFM and in the opposite directions in a G-type AFM.

RIStRIRHRIS
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Figure 2.1: Seven types of magnetic moment arrangements in a primitive cubic lattice.

For a better visibility, red and blue colors are used for up and down spins, respectively.

In the following, some representatives of insulating (Subsection 2.1.1), semiconducting and
semimetallic (Subsection 2.1.2), as well as conductive AFMs (Subsection 2.1.3) are listed. The

focus is set on AFMs having a collinear order with some exceptions.

2.1.1 Insulators

The AFMs having the rock-salt structure include several divalent oxides of 3d transition ele-
ments. The magnetic moments in such compounds are ferromagnetically ordered within the

{111} planes. The easy anisotropy directions are material dependent as shown in Table 2.1.



This class of materials marks many important milestones in the AFM research field. MnO

is mentioned above in connection with the first neutron diffraction studies [4]. The pioneer-

ing experiments on exchange bias were performed on Co/CoO nanoparticles [5]. The resonant

excitation of AFM magnons by terahertz pulse magnetic field was demonstrated in NiO [26].

Crystal Unit cell Chemical Néel Easy axes
structure formula  temperature
@@ niion _
o MnO 120K (112)
Rock salt FeO 198 K (111)
o CoO 293K ~ (100)
NiO 525K (112)
n
Rutile : MnF, 67K (001)
* FeF, 78K (001)
Perovskites BiFeO3 653 K (001)
LaFeOg3 740K (001)

from [29]

Table 2.1: Representatives of insulating antiferromagnetic materials

The archetypical AFM halides MnFy and FeFs were widely studied in the past, which includes

the experimental identification of the spin-flop transition [30] and of antiferromagnetic reso-

nances [31; 32]. Moreover, a positive exchange coupling was for the first time observed in a

FeFy /Fe heterostructure [33]. However, as shown in Table 2.1, these materials have very low

Néel temperatures, which excludes them from candidates for technical applications.

The perovskites are known for their multiferroic properties, which provide additional means for



control of their magnetism. In Ref. [34], electric field induced changes in the AFM domain
structure of BiFeOs are demonstrated. Nolting et al. employed another material of this fam-
ily, for investigating the alignment of FM domains by an underlying AFM in a LaFeO3/Co
heterostructure [24]. Other prominent results are the detection of the optically driven AFM
moment reorientation in TmFeOg [35] and the inertial spin dynamics in AFM HoFeOj3 [36].

2.1.2 Semiconductors and semimetals

Crystal Unit cell Chemical Neéel Easy axes
structure formula  temperature
%N
® Cu
<l 9»
Tetragonal ! CuMnAs 480 K (100)
%o %™
(0101
2-b-380A
from [37]
Half-Heusler CuMnSb 50K (112)
Wurzite MnTe 323K (1000)

from [39]

Table 2.2: Representatives of semiconductive and semimetallic antiferromagnetic ma-

terials

A remarkable semimetallic AFM CuMnAs has magnetic sublattices with broken inversion sym-

metry. These are the necessary prerequisites for the emergence of the Néel spin-orbit torque



(NSOT) theoretically predicted in Ref. [40], which provides a possibility to reorient the mag-
netic moments by a charge current. The first experimental demonstration of this effect was
published in Ref. [21] followed by other works on switching the Néel vector via NSOT by ultra-
short current pulses [41] and THz radiation [42]. These findings suggest CuMnAs as a candidate
for magnetic random access memory (MRAM). The main obstacle to implement this material
in applications is a relatively low Néel temperature typical for semiconductors and semimetals.
The semimetallic compound CuMnSh is another member of CuMnX family. It has a layered
magnetic structure with the ferromagnetically oriented {111}-planes [43]. The Néel temperature
of this material is 50 K, which excludes any possible applications. The reason for such low T
is the frustrated exchange coupling shown by red and green lines in the corresponding figure in
Table 2.2. Therefore, AFM order is stabilized only at low temperatures. The magnetic anisotropy
of CuMnSb can be varied by changing the lattice symmetry, which makes this material interesting
for researchers [37].

The magnetic structure of MnTe was firstly revealed by neutron diffraction in Ref. [44]. The
study indicated the ferromagnetically coupled ab-planes with alternating direction of moments
along the c-axis. Kriegner et al. [39] demonstrated a concept of a multiple-level memory based on
the material. Different magnetic states were achieved by cooling MnTe films in different magnetic
fields from above Tx. Afterward, the domain distribution in the final state was monitored by
anisotropic magnetoresistance (AMR). It is worth mentioning that AMR in this AFM was found
to follow the sin® ¢-law, similar to FMs. An exceptional stability of the magnetic order below

the Néel temperature was also proven.

2.1.3 Conductors

Chromium is the only known single element antiferromagnet among the 3d transition metals.
In the AFM phase, bee-Cr has a magnetic order with the oppositely oriented moments of the
central atom and of the corner atoms within one unit cell. In a bulk single crystal, the magnetic
moments are modulated along one of the (001) directions forming an incommensurate spin-
density wave with a wavelength of ~25 lattice constants [45]. The material undergoes a first
order phase transition at about 311K as was shown by neutron diffraction studies in Ref. [46].
Alloys of Mn usually have a complex non-collinear magnetic structure (e.g. 3Q order of FeMn
and IrMn with the spins pointing to the center of the tetrahedron formed by the magnetic atoms)
and are characterized by very high Néel temperatures. Currently, they are widely used in the
read-heads of modern hard disks, which makes them the most technologically relevant AFMs.
Park et al. studied tunneling anisotropic magnetoresistance (TAMR) in NiFe/IrMn/MgO /Pt
heterostructures while changing the direction of AFM moments via the exchange spring effect
at the interface NiFe/IrMn [20]. They demonstrated TAMR reaching 100 % at a temperature of
4 K, however, the effect was reduced to a few percent already at 100 K. In Ref. [50], the authors
investigated the value of spin Hall angle (SHA) in different Mn alloys. The result indicated that



Crystal Unit cell Chemical Néel Easy axes

structure formula  temperature

Body-centered Cr 311K (001)

cubic

Face centered FesoMnsg 500K 3Q-structure

cubic PtMnj 475K
from [48]
AF 3
Bulk centered FeRh 380K (001)
cubic
@ Fe Rh
from [49]
~ % L
-~
Bulk centered MnyAu ~1500 K (110)
tetragonal
el

Table 2.3: Representatives of conductive antiferromagnetic materials

the alloys containing heavy metals with a larger atomic weight are characterized by a larger
SHA. The strongest spin Hall effect is observed in PtMn, which is comparable to that of Pt.

These findings indicate a correlation between the SHA and the spin-orbit coupling.



An interesting property of FeRh is a FM-AFM transition that takes place at about 380 K, with
the G-type spin ordering in the AFM state. This fact was utilized in Ref. [51] to illustrate
the concept of the memory resistor based on an AFM. The authors cooled a FeRh thin film
through the transition point in differently oriented magnetic fields and subsequently measured
AMR, which was found to depend on the magnetic field direction. Recently, it was shown that
FM/AFM transition in FeRh can be influenced by epitaxial strains [52]. This finding opens
more opportunities for tuning the magnetic order in the material and for possible applications.
Metallic AFM MnsAu is in the focus of the present research. Its crystallographic structure
was firstly described by Wells in 1970 [53]. Neutron and X-ray diffraction studies revealed
that the material has the tetragonal symmetry with spatial group I4/mmm and the lattice
constants a = 3.328 A and ¢ = 8.539 A. Based on the temperature dependent susceptibility
measurements, Abe et al. concluded that the material exhibited weak itinerant magnetism in
contrast to Au-rich MnAu-alloys [54]. A recent powder neutron diffraction study by Barthem
et al. [55] proved the AFM nature of this alloy. MnaAu exhibits a layered AFM structure with
the moments lying in the basal planes. The ferromagnetically arranged sheets of Mn atoms
are antiferromagnetically stacked along the c-axis. The easy axes of bulk MngsAu are (110),
which was evidenced theoretically [56] as well as experimentally [57]. The bulk MnsAu Néel
temperature reaches about 1500 K [55].

2.2 Interactions determining the spin order in a magnetic
material
For this variety of materials shown above, it is important to address the question of physical

mechanisms determining the magnetic order. Subsection 2.2.1 introduces the Hubbard model,

which is then employed for addressing different exchange mechanisms in Subsections 2.2.2 - 2.2.5.

2.2.1 Hubbard model

The Hubbard model is used for describing an ensemble of strongly correlated electrons. It is

based on the following Hamiltonian written in the basis of the Wannier functions:
H = Z —t(C;Zng + h.c.) + Z Uniﬁ?,u, (2.1)
(ij)o i

where ¢} (c;,) are the creation (annihilation) operators for the electron at the cite i with the spin
o="%or | and nj, = c;"gcw is the number operator. Both terms in Eq. (2.1) have a clear physical
meaning. The first term corresponds to kinetic energy and describes the motion of an electron
as hopping between the cites ¢ and j. The second term accounts for the Coulomb repulsion

energy, which counts if two electrons occupy the same site. Please note that the Hamiltonian
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in Eq. (2.1) is written in the single band approximation and includes hopping only between the
nearest neighbors (NN), which is denoted by the angle brackets ({ij)).

2.2.2 Direct kinetic exchange

The kinetic exchange is illustrated for a system of two atoms with two electrons. The funda-
mentally different configurations of the system correspond to parallel and antiparallel electron
spins (Fig. 2.2). The energy of the former is equal to zero since Pauli principle forbids hopping
and double occupancy. The latter corresponds to four possible states | T,1), | |, 1), | {1,0), and

10,41).

Figure 2.2: The states, which can be realized in a system of two atoms, each having a
single unpaired electron. The spins of the electrons are (a) antiparallel and (b) parallel.

The Pauli principle prevents hopping in (b).

In this basis, the matrix form of the Hamiltonian in Eq. (2.1) is

0 0 —t —t
0 0 ¢t 1
1 — (2.2)
-t ¢t U 0
-t ¢t 0 U

This matrix has the following eigenvalues:

U VU? +16t2
EBig=—-%——F7—,
’ 2 2
B =T, (2.3)

Ey =0,

with the eigenfunctions:
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gy = LD 4110
4 NG .
For a strong Coulomb coupling (U — o0), the system has the minimal energy Ey = —%

corresponding to the state 19 ~ w, which indicates that the kinetic exchange favors the

antiparallel (AFM) spin alignment.

2.2.3 Superexchange

Superexchange plays an important role in magnetic oxides where the direct exchange between
the remote magnetic ions is suppressed. Here, this mechanism is demonstrated for a system
consisting of two 3d atoms separated by an oxygen atom. Each of the periphery atoms has one
unpaired electron at a 3d orbital and the central atom has two electrons occupying the same 2p
level. Looking ahead, the coupling type, namely AFM or FM, depends on the relative positions

of the ions and the symmetries of the 3d electronic orbitals.

! A !
| A 1
[ R [
[ S L
p- 1 B
) ! o
N Pl N
r " -
! I\ HE
[ 2R i
| o |
— I —
\ 1 \
A4 |: \
v L v

Figure 2.3: The states, which can be realized in a system of two (magnetic) ions
having one unpaired electron each separated by another ion with two paired electrons.
The periphery spins are (a) antiparallel and (b) parallel. The Pauli principle imposes

restrictions on hopping in (b).

1) AFM coupling: the typical case of AFM coupling corresponds to all three ions located in one
line with the 3d orbitals having the same symmetry. In analogy with the kinetic exchange, two

cases are compared, namely the parallel and the antiparallel alignment of the 3d electron spiuns.
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The former corresponds to a 3x3-Hamiltonian matrix, and the latter to a 9x9-Hamiltonian
matrix (Fig. 2.3). A rigorous treatment of this problem can be found in Ref. [58], which results
in the lowest energy for the antiparallel configuration.

The coupling strength depends on the mutual orientation of the electronic orbitals, in other
words, on the degree of their overlap. The configuration shown in Fig. 2.4(a) is characterized

by a stronger coupling than that in Fig. 2.4(b).
a b
(a) 2 20 Ny (b) 34 ; 3d
strong coupling weak coupling

Figure 2.4: Examples of electronic configurations with (a) strong and (b) weak anti-

ferromagnetic superexchange interaction.

2) FM coupling: since not only oxide AFMs are present in nature, but also a number of oxide
FMs, a mechanism favoring parallel spin arrangement has to exist as well. The FM superex-
change coupling is realized in a system of atoms arranged at an angle of 90° (Fig. 2.5(a)) or
involving different kinds of 3d orbitals (Fig. 2.5(b)). Here, hopping occurs only between the
overlapping 3d and 2p orbitals, such that the electrons from one 3d site cannot come to the
other one. FM superexchange coupling is a particular case of the double exchange, which is a
combination of the kinetic exchange between the 3d and 2p atoms and the Coulomb exchange

at the oxygen site. A more detailed treatment of this problem can be found in [58] indicating

the parallel (FM) ground state.
(@) 3d 2p ) 3d 2p 3d
 | & X

[ ]

Figure 2.5: Examples of electronic configurations resulting in a ferromagnetic superex-

(b

3d

change coupling. The dashed lines show the hopping paths.
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2.2.4 RKKY exchange

In rare-earth (RE) metals, the magnetic properties are mainly determined by the electrons in
the unfilled 4f-shell. They are strongly localized in the vicinity of the nucleus and their wave
functions almost do not overlap with the 4f electrons of the neighboring atoms. This renders the
direct exchange in RE very weak. The Ruderman-Kittel-Kassiya-Yoshida (RKKY') mechanism
is important in this case, where the coupling is mediated by conduction electrons. The free
5d6s-electrons, polarized by the 4f-electrons via direct exchange, transfer the polarization to
the neighboring atoms. The character of the coupling depends on the distance between the

interacting atoms as

2kFRij COS(2]€FRij) - Sin(2/{3FRZ'j)
(kpRij)*

HRrEKY X = .F(Rij)7 (2.5)

where kp is the Fermi momentum [59]. The sign of F(R;;) determines the coupling type, which
is FM at short distances and then changes sign with a period of ~ 7/(2kp) (Fig. 2.6). Due to
a long range nature of the RKKY exchange and interplay with other magnetic interactions and
anisotropies, multiple exotic spin configurations can exist in a RE metals, including helical and

conical spin structures.

0.10) oot

005L Antiferromagnetic ]
g 0.00 "

0.05¢ Ferromagnetic ]

_0.100 1' 5 :|3 ‘.‘ é é % é é J

R (1/k,)

Figure 2.6: Dependence of the RKKY exchange parameter F(R;;) on the distance
between the atoms R;; according to Eq. (2.5).

2.2.5 ltinerant magnetism and Stoner criterion

The mechanism discussed in this subsection is relevant for conductive FM and AFM materials,
where the electronic structure is described in terms of continuous bands rather than discrete
levels. The density of states (DOS) is the quantity determining the number of available states
per interval of energy. In the non-relativistic approximation, the DOS has two branches corre-
sponding to spin-up and spin-down electrons. In a non-magnetic material, these branches are

degenerate and all states below the Fermi energy Fr are occupied at T = 0.
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In some cases, it can be energetically favorable to promote electrons within an energy interval
0F in the vicinity of Fermi level to the other spin sub-band resulting in an asymmetric DOS.
The number of electrons in this interval is dn = p(Er)dE. The kinetic energy increase is given
by

§Eyin = 0ndE = p(Er)(0E)>. (2.6)

At the same time, the change of the Coulomb energy (see Eq. (2.1)) is

dECoutomb = U(n + 5”) (n - 5”) - Un2 = _U(dn)ga (27)

where n is the equilibrium electron density.

For a stable configuration, the total energy gain has to be less than zero:

p(Er)(SE)* = Up(Er)*(6E)* <0
(2.8)
Up(Er) > 1

The last expression is called Stoner criterion, which decides whether spontaneous spin order is

energetically favorable.

4t(a) ] 4L (b) —Mnl ]
: —Mn
2 L ] 2t Total Mn
T 0 o of
S f ] S of ]
(O] (0] [
C c L
L 4L ] L 4L ]
6L l [ ] -6 — l ]
4 3 2 4 0 1 2 3 a4 4 s 2 a0 1 2
DOS (states*eV *atom™) DOS (states*eV *atom™)

Figure 2.7: (a) Density of states of bee-Fe calculated with FP-LAPW ELK code. Zero

energy corresponds to the Fermi level. (b) The same for MnsAu.

The considerations given above are supported by density functional theory calculations per-
formed with the FP-LAPW ELK software [60]. Indeed, the DOS of Fe exhibits shifted bands
(Fig. 2.7(a)). The DOS of MnyAu, which is one of the very few itinerant AFM, is shown in Fig.
2.7(b). The partial DOS of the Mn-I and Mn-IT atoms belonging to the different sublattices
with opposite magnetic moments are asymmetric (Fig. 2.7(b)), while the branches of the total
Mn DOS are identical.
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2.3 Spin dependent Hamiltonian and mean field approximation

The previous section mainly deals with the Hubbard Hamiltonian, which implicitly depends
on the electron spins. However, it seems more natural to discuss the magnetic properties of
a material dealing with spin-dependent Hamiltonians and corresponding wave functions. A
"toy-model" Hamiltonian generalizing the above-listed exchange mechanism was proposed by
Heisenberg |61]:

H=> 27,8, (2.9)
ij

where ¢ and j enumerate the atoms and S; denotes the spin of the corresponding atom. In this
representation, J;; is called exchange constant and is proportional to the overlap of the spatial
wave functions of the electrons located at the atoms ¢ and j. This quantity also considers the
short-range nature of the exchange interaction, since it rapidly decreases as the distance between
the corresponding atoms becomes larger. Therefore, for many problems, the summation in Eq.
(2.9) is confined to the nearest coordination sphere with a single constant J.
Two qualitatively different cases are distinguished depending on the sign of 7. The ground state
of the Hamiltonian with J < 0 is the FM state with the parallel spins. Within the 1D Ising
model, it is either |ppr1) = | ™1 ...) or [Yrare) = | L4 ...). However for J > 0, a sign-changing
ensemble of spins in the form | 11} ...) is not the ground state of the Heisenberg Hamiltonian,
which seems counterintuitive. The actual AFM ground state is a linear combination of vectors
having the form [S75253...), where each S; = 1 or | [19]. This fact evidences a crucial role of
correlations in quantum AFMs.
A practical simplification of the Heisenberg Hamiltonian is called mean field approximation
(MFA) which implies representing the interaction with the neighboring atoms in terms of the

average spin (5):

H=T> 8> Sips~TZY Si(S)=pogus Y _Si H”, (2.10)
% [ [ 1

where § represents summation over NN with their number amounting to Z. The last equality
introduces the effective magnetic field proportional to the average spin uoH"Y = JZ(S)/(gus),
which is known as the Weiss field.

Due to a collinear spin arrangement, a FM is characterized by the single order parameter called

magnetization (M), which is the magnetic moment per unit volume. Using the fact that M =

gppn(S) gives!:

JZ

HY = Y2
po(gpB)?n

M = oMM, (2.11)

!This equation is correct in solids, where the orbital moment (L) is quenched. In other cases, magnetization
is proportional to the total moment M o J.
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where g is the gyromagnetic ratio, and n is the number of magnetic atoms per unit volume.

In an AFM, the crystallographic lattice can be split into magnetic sublattices, each characterized
by the sublattice magnetization vector (M;). Since the sublattices interpenetrate each other,
the interaction between different sublattices is to be considered. The analog of Eq. (2.11) for an

AFM with two collinear sublattices is

HY = asaMy4 + axpMp,
(2.12)
HY = agaM4 + apsgMgp,

where M 4 and Mp are the magnetizations of the corresponding sublattices. The coefficients
aap and apa are negative and ensure the antiparallel coupling of different sublattices, while
as4 and app are greater than zero and determine the parallel coupling within one sublattice.
Inversion symmetry requires that M4 = —Mp, aaa = app, and aap = aap. With this in
mind, Eq. (2.12) becomes

H,VaxV(B) = @AFMMB(A), (2.13)

AFM AFM < 0.

where « = aaB — a44. Please note that «

A different set of vectors is commonly introduced for an AFM, which for the case of two sublat-

tices is
Myu-M
[ — A B ’
2
(2.14)
MA + M
Mgy = ———2
2
where L is called the Néel vector and M gz is the magnetization. In equilibrium, M4 = —Mp,

Marpy = 0, and the magnetic state of the AFM is described solely by the Néel vector with
L=Mjs=Mp=M. A finite M gpp appears in a non-equilibrium state, e.g. at spin pumping
into the AFM [16], and usually Mapyr << L = M. Therefore, the Néel vector plays the role of
an order parameter in AFMs.

The temperature dependence of the magnetic order parameter can be found from the Brillouin

function:

M 2J+1 2J+1 1 1
- B — h — —coth{ — 2.1
o= Byt = 2 o (220) - o (). .15

where J is the total orbital moment of the magnetic atom, Mg = ¢gJupn is the saturation
magnetization. The dimensionless argument y = MuoH/(nkgT) includes the magnetic field H

and the temperature T'. In order to find the spontaneous magnetization, which appears in the
absence of external fields, H in Eq. (2.15) is substituted by the Weiss field resulting in [62]
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Figure 2.8: The temperature dependence of the order parameter calculated according
to Eq. (2.16) and to Eq. (2.17).

ﬁzBJ( 3J M/Ms , (2.16)
Mg J+ 1T/ Teri

where Mg is the saturation magnetization, J is the total moment, and the critical temperature
is given by Tui¢ = (J +1)gupabds/3k, where « is either of™ or aA¥M . Solving Eq. (2.16) pro-
vides the dependence of M /Mg on T /T¢rit (Fig. 2.8). The order parameter decreases at higher
temperatures and becomes zero at T called Curie temperature (T¢) for FM and Néel tem-
perature (T) for AFM. The existence of the phase transition is dictated by increasing entropy
(disorder) in a magnetic system included in the free energy ' = E — T'S. For temperatures
T > Te (Tn) the Weiss field cannot sustain the magnetic order and the compound becomes
paramagnetic. Another model, usually used for describing the phase transitions, represents a

power law relationship between the reduced order parameter and the reduced temperature:

M T \*
—=(1- , 2.17
MS ( Tcrit) ( )

where £ is called critical exponent of the order parameter. Mean-field theory provides g = 1/2.

In practice, the critical exponent ranges from 1/3 to 1/2 [63]. A good qualitative agreement
between the two models is observed for a large .J (Fig. 2.8).

The magnetization of a ferromagnet can be measured by a variety of techniques, including
superconducting quantum interference device (SQIUD), vibrating sample magnetometry (VSM),
and magneto-optic Kerr effect (MOKE). In contrast, the experimental determination of the Néel
vector in an AFM is not easy and usually requires large-scale facilities like synchrotrons and

neutron sources.
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2.4 Energy functional of a magnetic material

This paragraph is devoted to the free energy functional of FM and AFM materials. Only the
terms relevant for the present study are considered in this section, therefore such contributions
as surface anisotropy [64] and Dzyaloshinskii-Moriya interaction (DMI) [65; 66| are omitted.
The former is relevant in films with a thickness of a few monolayers and the latter is important
in twisted topological magnetic structures, e.g skyrmions [67], which are beyond the scope of
this research.

The energy density functional used for analyzing the results of the present thesis contains six

terms, which are explained in more detail below:

€ = €egch + EMAE + €shape T €m—e + €el + €Zeeman- (2'18)

1) The exchange energy having the form Egg.p, = Zij 2J:;S:8S; is discussed in detail in Section

2.3. Tt can be rewritten as
1 -
Ceach = > 27 (Bia B + BiyBiy + BizBiz) (2.19)
]

where iz, fiy, and 3;, are the directional cosines of S;. S is the absolute value of S;, jij = jZ-jSQ,
and V is the sample volume.

2) The second term in Eq. (2.18) is called magnetocrystalline anisotropy energy (MAE). The
origin of MAE lies in spin-orbit coupling (SOC) of the 3d electrons in the transition metals
and 4f electrons in the rare-earth elements. Due to SOC, the electronic orbitals rotate upon
reorienting the spin of an atom. It leads to change in the energy of electrostatic interaction
between the electrons and the nuclei of the neighboring atoms. The ey 4 is usually written in

the phenomenological form. In the case of axial symmetry:

1 1
MAE = 1 Y KB = VZKCOS2 6;, (2.20)
7 )

For tetragonal symmetry, eprap takes the form:

1

EMAE = 17 Z (K21 B}, + KaL B, + 4Ky (Biy + Biy)) =

)

X (2.21)
= v Z (KQL cos’ 0; + Ky cos*0; + K4H sin* 6; cos 4¢Z~) ,
i

where 8 and ¢ are the axial and polar angles of the corresponding spin, and K are the anisotropy
constants. The directions of magnetic moments for which the ejrap reaches its minimum and

maximum are called easy and hard axes, respectively.
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3) The shape anisotropy energy density, which is the third term in Eq. (2.18), arises from the stray
fields produced by a magnetic body. If it has the form of a thin film, the produced, a significant
demagnetizing field appears inside the film for the out-of-plane magnetization direction. In this
case, the corresponding energy dengity term is proportional to the square of the out-of-plane

magnetization component [68]:

1 1
€shape — §/J'OM;;2 = W,UO(QMBSV(Z /Bzz)2 (2'22)

For AFMs, the shape anisotropy is usually small because of vanishing net magnetization. How-
ever, the shape effects can be significant in AFM nanoparticles with a large surface-to-volume
ratio (see paragraph 2.6).

4) The fourth term called magnetoelastic energy connects the magnetic and the mechanical
properties of a material. As in the case of magnetocrystalline anisotropy, this energy contribution
is also related to spin-orbit coupling. The non-spherical electronic orbitals rotate together with
the spins of electrons inducing changes in the crystal dimensions. This effect can be illustrated
by a simple model of elongated electron clouds in a FM which change their orientation following
the external field. As a result, the sample length increases from /; to la (Fig. 2.9). Since the
elongation is invariant with respect to the magnetic moment inversion, magnetostriction energy

has the same form and is usually of the same order of magnitude in FM and AFM.

l
H lz

SOCOCDES

Figure 2.9: Schematic illustration of the origin of magnetoelastic effect in a ferromag-

net. The black arrows represent the magnetic moments of each atom.

The form of the magnetoelastic energy density functional is derived from the phenomenological

expression:

€m—e = % > BuenBuBus, (2.23)
i
kl=2y,z
where By are the magnetoelastic coupling coefficients, ej; is the strain tensor. There are two
types of strain: normal strain with g, # 0 and shear strain with eg; # 0 for k # [, characterized

by different coupling coefficients B'"9 and B, respectively [69]. For a tetragonal crystal
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with the xy-basal plane Eq. (2.23) is written as

1 I I
Em—e = v g Blong (SCUZL‘/BzQx + eyylg’?y) + BQOnggzz/61‘22+
7

+2 Biransé‘my/gix/giy +2 Bgans(gzzﬁimﬁiz + 5yz/3iy6iz)~ (224)

5) The elastic energy density is purely mechanical and is attributed to any deformed physical
body:

ct =" ChimnEriEmn, (2.25)

k,l,m,n
where Cjjp; are elastic stiffness constants.

In a tetragonal crystal with the xy-basal plane, Eq. (2.25) in the Voigt notation takes the form

1 1 1
€el = 56'11(53@ + 5531) + 5033632 + 5044(6%2 * €ZZ)+

1
+ §C665§y + Ci3(exz€2z + Eyycrz) + Crogazeyy (2.26)

6) A magnetic moment in an external field minimizes its energy when pointing along the field.

The energy gain due to interaction with the external magnetic field is given by the Zeeman term:

J
€Zeeman = —poMH = % E B;H. (2.27)
%

2.5 Susceptibility of different magnetic substances

Susceptibility () is an important characteristic of a magnetic material, which determines its
response to an external field. According to the definition, x = dM/dH|g—o. At first, the
paramagnetic state is considered since it is relevant for FM and AFM above the ordering tem-
perature. The magnetization of a paramagnet is described by the Brillouin function (Eq. (2.15)).
Expanding it at high temperatures results in the Curie-Weiss law:

_gupNJ(I+1) _C (2.28)

3kgT T’

where C is called the Curie-Weiss constant.
For a FM above the Curie temperature, the Weiss field has to be added to the external field
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H — H + o™ M. Using the fact that H" is proportional to M (Eq. (2.10)) results in

e
T T

X (2.29)

where TC = CanM/MO. A FM material can be recognized in the paramagnetic state by positive
extrapolated Curie-Temperature. It is not practical to assign a susceptibility to a FM below
Tc due to a non-linear M (H) dependence. Instead, FMs are characterized by the temperature

dependent order parameter, which is discussed in more detail above.

(@) Xrui 4 ®) 1,
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Figure 2.10: (a) The temperature dependent susceptibility of an AFM. (b) Inverse sus-
ceptibilities for different kinds of magnetic materials. The FM and AFM susceptibilities

are shown for the region above the ordering temperature.

Considering only interaction with the NNs in an AFM at a T" > Ty results in a negative addition
to the external field H — H — |aap|M (see Eq. 2.12). This leads to the following expression:

C
X = ~
T+ TN

(2.30)

where Ty = Claap|/po. This dependence is equivalent to a FM with a "negative" ordering
temperature.

For an AFM below Ty, the susceptibilities for the external field oriented perpendicular (x )
and parallel (XH) to the magnetic moments are to be distinguished. In the approximation of
vanishing anisotropies, x| of a uniaxial AFM is determined by an interplay between the exchange
interaction favoring the antiparallel spin alignment and the external magnetic field. The energy

functional in this case is € = aypM4Mp — poH(M 4 + Mp), which results in

X =1 (2.31)
OAB

An external field oriented along the magnetic moment direction changes the sublattice magne-
tizations, such that they become M4 = Mo+ AM and Mp = My — AM:

(2.32)

J H My — AM
Mo+ AM = g;JupNB, (QJ ps (moH + asp(My )))7

kpT
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Expanding Eq. (2.32) to the first order results in

= 29 ns)*NB; (o)
I kBT + pogJ psMolaap| B’ (yo)’

(2.33)

where yo = pogJupMo|laap|/ksT. Please note that x| =0 at T=0 due to B, (yo = 00) — 0.
At T =Ty, both x| and x| approach pg/aap (see Fig. 2.10(a)).

2.6 Ferromagnetic and antiferromagnetic domains

Formation of FM domains allows for reducing the stray fields generated at the surfaces of mag-
netization discontinuity and reducing the magnetoelastic energy. The magnetoelastic coupling
coefficients (B'") of Ni and Fe are +6.2 x 10% and -2.9 x 10 J/m3, respectively. In compar-
ison, the magnetocrystalline anisotropy constants of these materials are -0.45 x 10* and 4.8 x
10* J/m?, respectively [70]. A strain reaching 1% is necessary for generating a magnetoelastic
contribution comparable to the magnetocrystalline anisotropy. In epitaxial single crystals, the

former can usually be omitted being much less than the latter.

a>‘xﬁ' ) Ny N/ (c)
| N |t

/]&\ WANUAN

Figure 2.11: (a) Schematic illustration of the stray fields produced by a FM in the

single domaln state. (b) The same after dividing the sample into two domains. (c)
A closure domain configuration, known as Landau pattern. The thick arrows are the

magnetization vectors and the thin arrows represent the stray fields.

The single domain state of a rectangular FM sample shown in Fig. 2.11(a) is characterized by
strong stray fields. In the multidomain state (Fig. 2.11(b)), the magnetic field lines close on
the neighboring domains reducing the stray fields. The Landau pattern (Fig. 2.11(c)) is an
example of a closed domain structure, where stray fields are very much suppressed in all space
except the domain walls and the singularity point in the middle [71]. The magnetization is
homogeneous within one domain and changes its direction in a region separating two domains,

which is called a domain wall (DW). The DWs are divided into Bloch type walls and Néel type
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Figure 2.12: (a) Schematics of a 180°-Bloch domain wall in a uniaxial ferromagnet.
(b) The same for a 180°-Néel domain wall.

X

walls, which correspond to the magnetic moments rotating parallel and perpendicular to the wall
plane, respectively (Fig. 2.12). Due to a non-collinear arrangement of moments, the presence
of a DW increases the exchange energy, characterized by the exchange constant (A), and the
anisotropy energy, characterized by the anisotropy constant (K). Minimizing the total energy
of a 180° Bloch type DW in a FM provides a DW width of wpy = w\/% [72]. Thus the
widest DW are observed in materials with a strong exchange interaction and low anisotropy.

The AFMs also form magnetic domains with a domain size varying within several orders of

(a)
IR TR
(b)

Y ///\\ X

Figure 2.13: (a) Schematics of a 180°-Bloch domain wall in a uniaxial antiferromagnet.
(b) The same for a 180°-Néel domain wall.

magnitude. It can reach 1mm in a bulk single crystalline NiO [73], be around 1pm in AFM
thin films [74; 75; 76|, and appear as small as 4nm in NiO nanoparticles |77]. The mechanisms
governing domain formation in AFMs are not as straight-forward as in FMs. Antiferromagnetic
materials do not possess a bulk net magnetization and are not expected to create stray fields.

Thus, magnetoelastic coupling plays a crucial role in the formation of AFM domains because
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of the lack of other contributions, and minimization of the elastic energy is the main reason for
the Néel vector reorientation and the creation of AFM domains.

In a continuous AFM thin film, magnetoelastic effects originate from a lattice mismatch between
the AFM film and the substrate/buffer layer. Properties of strained AFM were investigated in
films grown on substrates (buffer layers) with different lattice constants. In this case, the magne-
toelastic effects result in an enhancement of the exchange bias for a Fe/Fe,Mn;_, heterostructure
[78] and in a reorientation of the Néel vector of a strained CoO film [79].

The magnetoelastic effects in finite-size AFMs were scrutinized by Gomonay and Loktev [80; 81].
The Néel vector boundary conditions in such AFMs are defined by its geometry. The long-range
magnetoelastic coupling transfers the boundary conditions into the bulk. Finally, the magnetic
state corresponds to the minimal value of the Néel vector (L(r)) dependent energy functional
(W[L(r)]) including the contributions of the bulk and the boundary of the nanostructure. The
resulting domain distribution is determined by the size and the shape of a nanostructure as well as
by the relative orientation of the AFM easy axes and the boundary. Moreover in nanostructures
with a significant surface-to-bulk ratio, a small magnetic moment can exist due to the presence
of uncompensated spins at the defect sites, which contributes to the stray fields [82; 83|.

The domain walls in an AFM can also be attributed either to the Néel type or to the Bloch type

(Fig. 2.13) depending on the plane in which the rotation of magnetic moments takes place.

2.7 Hysteresis curves of FM and AFM/FM heterostructures

Due to different types of anisotropies, not all magneti-

zation directions in a magnetic material are equivalent,

1o ’ i and magnetic moments tend to orient themselves along
0.5- oy ,,/ ] energetically favorable easy directions. It is necessary
< 00 to overcome a potential barrier determined by a com-
s bination of anisotropies and domain wall pinning for
-0.51 N 1 changing the magnetization direction of a FM from a
10 -z | saturation state to the opposite one, which is called a

06 04 02 00 02 04 06 remagnetization process. This causes the magnetiza-
Hoq IRV tion switching not to take place at H = 0 but at a

Figure 2.14: The hysteresis loops higher coercive field [Hc| > 0.

measured in a Sendust sheet along easy The shape and the width of a hysteresis curve depend

and hard magnetic axes. Adapted from OB the magnetic properties of the material and the rel-
[84]. ative orientation of the external field with respect to
the easy directions. Hysteresis loops are very narrow
in magnetically "soft" polycrystalline materials, such

as permalloy, in contrast to wide loops in materials with a high anisotropy. A square hysteresis
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loop with the remanent magnetization (M, ) close to the saturation magnetization (Mg) is ob-
served when the external field is swept along an easy axis. The hysteresis loop becomes more
rounded if the magnetic field approaches a hard direction. The easy- and hard axis hysteresis
loops are illustrated in Figure 2.14.

In a FM/AFM heterostructure, an additional anisotropy stems from the interfacial exchange
coupling (Fig. 2.15). In case of a small-anisotropy AFM, the AFM spins at the interface are
rotatable, which results in an additional uniaxial anisotropy and broadening of the hysteresis

loop [85; 86]. If the anisotropy is large, the AFM spins are fixed causing a shift of the loop [87].

@ M d) M (c) M
H —— ——
S— ) N H et H
He, — ==

Figure 2.15: (a) Sketch of the hysteresis loop of a FM layer (blue) grown on a non-
magnetic substrate (gray). (b) The same for a FM deposited on a magnetically soft
AFM with rotatable spins in the interface region (red). (c) The same for a FM on a
magnetically hard AFM (white). The exchange anisotropy results in a broadening (b)
and a shift (c) of the hysteresis loop.

Quantitatively, a hysteresis loop is characterized by the width (H¢) and the exchange bias field

(Hpp), which is the shift value. The following notation is usually used:

E[C C1 027
H, —H
H C1 027

where Heq is the left coercivity, and Heo is the right coercivity (see Fig. 2.15)
The simplest model for estimating Hpp was proposed by Meiklejohn and Bean [5] for cubic FM
and AFM materials with one atom in a unit cell and the lattice constant a. The interfacial

exchange and the Zeeman energy density are given by

Fvi—arm _ JPM-APMSFEMSAFM _ grupsSruH (2.35)

= €Zeeman =
exch at ’ as ?

where ¢ is the FM layer thickness, and Jrar— apar is the interfacial exchange constant. Combin-
ing these two expressions in Eq. (2.35), the exchange coupling can be represented as an effective

magnetic field directed along the topmost layer of AFM spins:
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Heo TrPM-—AFM SAFM G
EB = .
grm pBt

(2.36)

The exchange bias calculated according to Eq. (2.36) is usually much larger than the experi-
mentally determined values [88]. Nevertheless, the model predicts the correct 1/t dependence

of Hgp on the FM thickness, indicating the interfacial nature of the effect.

2.8 Spin-flop transition in antiferromagnets

Spin-flop is a sudden reorientation of the Néel vector in an AFM caused by a strong magnetic
field applied along an easy direction. Firstly, the spin-flop effect is illustrated for a uniaxial AFM
at T = 0K. Based on Eq. (2.19) and Eq. (2.20), the energy density in the initial antiparallel

state can be written as

e=-nZLJesr — K, (2.37)

where n is the volume density of atoms, Z is the number of NN, and K is the volume anisotropy
constant. Rotating the moments towards the field decreases the Zeeman contribution but in-
creases the exchange term and the anisotropy energy. Upon increasing the external field, the
magnetic moments reorient themselves if the energy of a new configuration is less than in the

initial state. The energy density of the final configuration after spin flop results in

€fin =nZJ cos20 —2MgB cos + K cos? 0, (2.38)

where Mg is the sublattice magnetization. Pleasde note that the angles between the sublattice
magnetizations and the magnetic field are equal due to the two-fold symmetry with respect to
the field axis. Taking into account that usually nZJ >> K, the value of €y, in Eq. (2.38)

reaches a minimum equal to

(MgpoH)?

€fin—min = Tonzg nzZJ, (2.39)
at the angle @, for which one obtains
MgpoH
0=—"—. 2.40
cos T T (2.40)
From the condition €in_min < €in4t, the spin-flop field results in
vnZJK
poHsp = ———. (2.41)

Mg
It is worth mentioning that there is no spin-flop in an isotropic medium since with K = 0 the Néel

vector can freely rotate and orient itself perpendicular to external magnetic field. Substituting
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Eq. (2.41) in Eq. (2.40) yields cos § = \/K/nZJ for the angle directly after reorientation. If K <
nZJ, the spin-flop transition occurs with a non-zero angle between sublattice magnetizations. In
a high anisotropy compounds with K > nZJ, the magnetic moments instantly orient themselves
parallel at Hgp resulting in the spin-flip transition (Fig. 2.16).

(a) M A (b) MA

. -

o

HSF HSAT H H QF

TV

Figure 2.16: (a) Schematics of a spin-flop transition in a uniaxial AFM. The magnetic
moments form a non-zero angle in the field interval from Hgp to Hgar. Saturation
occurs at H > Hgap. (b) The same for a spin-flip transition in a uniaxial AFM.

Saturation is achieved already at Hgp.

The spin-flop field can also be found from the dependence of the k=0 magnonic mode frequency
of the AFM on the external field [89]. In a tetragonal easy plane AFM, there are two modes
associated with the out-of-plane anisotropy and with the in-plane anisotropy (see Appendix 2).

For the anisotropy functional in the form of Eq. (2.21), the corresponding spin-flop fields are

L HOP VAnTer Kol 7

spin— flop = MS
(2.42)

D V8nTepr Ky

i
N(]Hspm—flop = Mg
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3 Experimental methods

3.1 Synchrotron radiation

Wavelength
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Figure 3.1: Electromagnetic spectrum specifying different spectral ranges from infrared
(IR) to hard X-rays [90].

The X-ray region of the electromagnetic spectrum is of high importance for material science
(Fig. 3.1). X-rays are crucial for investigating the structural properties of materials since the
atomic distances are usually of the order of X-ray wavelengths. Moreover, availability of powerful
X-ray sources allows studying the electronic properties of different materials investigating the
electronic excitations from the core states with binding energies from ~100¢eV to ~10keV.
Nowadays, intense X-ray radiation is generated by electron bunches accelerated to relativistic
velocities in linear accelerators (LINAC) and booster rings and kept at these velocities in storage
rings (synchrotrons). A typical synchrotron layout is presented in Figure 3.2. The electrons
produced by the electron gun are accelerated in the LINAC (1) to an energy of several MeV.
Afterward, the electrons are supplied to the booster (2), which increases the energy by several
orders of magnitude up to the GeV range. The booster injects the electrons to the main storage
ring (3). In order to keep them on the curved track, magnets with different configurations of
the field are used. Dipole (bending) magnets deflect the electron trajectories and quadrupole
magnets are used for focusing. One quadrupole magnet focuses electrons along one direction and
defocuses along the other. Therefore, two quadrupole magnets work in tandem to reduce both
the height and the width of a bunch. The magnetic field configurations of higher orders (e.g.
sextupole magnets) provide fine corrections to the trajectories. Radio frequency (RF) cavities
installed at a storage ring recover the energy that electrons loose by photon emission and keep
them on the track in concentrated bunches around the ring.

An accelerated relativistic electron radiates in the forward direction within a small angle, which
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Figure 3.2: Layout of a modern synchrotron: (1) - LINAC; (2) - Booster ring; (3) -
Storage ring; (4) - Beamlines. Adapted from [91]

is inversely proportional to the relativistic factor ~1/ [92]. Thus in a synchrotron, X-rays are
emitted tangentially to the ring and many experimental end-stations (4) can be installed around
it. The modern synchrotrons (e.g. BESSY II at Helmholtz-Zentrum Berlin (HZB) and Diamond
Light Source) operate in the top-up mode when the ring current losses are compensated by
periodically supplying additional electrons to the bunches by the booster without interrupting
the facility operation.

Three types of X-ray radiation sources are utilized at synchrotrons:

1) Bending magnet. Bending magnets installed at a storage ring perform two jobs simulta-
neously. They guide particles in the ring and simultaneously produce X-rays with a continuous
spectrum. The radiation power of ultrarelativistic electrons moving along a trajectory with a

curvature radius R is given by the Schwinger equation [93]:

2e2¢ E \* 4re? E \*
P=n-_—_ - - | = I 3.1
"3 R (mecg> 3 R (meCQ) ’ (3:-1)

where n is the number of electrons, I is the ring current, and £ is the kinetic energy. The photons
emitted in the ring plane are 100 %-linearly polarized. The photons emitted above and below
the the ring plane have partially left (0—) and right (o0+) circular polarization, respectively. At
higher angles, the circularity degree becomes larger, while the X-ray intensity decreases. One
has to take into account both effects while choosing the beamline settings.

2) Wiggler. Increase in intensity can be achieved by installing a periodic array of magnets cre-
ating the regions with alternating vertical magnetic fields, which induces an additional swaying

in the ring plane. The X-ray intensity becomes proportional to the product of the pole number
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(N) and the ring current:

P o IxN. (3.2)

The swaying also leads to an increased emittance >>1/v and results in a broadening of the
X-ray beam.

3) Undulator. An undulator also employs spatially varying magnetic fields for enhancing the X-
ray intensity. The distance between the magnetic poles in an undulator can be tuned to satisfy
the constructive interference condition for the chosen wavelength, which results in a discrete
emission spectrum. Due to interference, the generated intensity is proportional to the squared

number of poles times the ring current:

P o Ix N2 (3.3)

By changing the configuration of poles, the X-ray polarization can be chosen between o+, o—,

and a set of linear polarization with variable electric field direction.
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Figure 3.3: (a) The brilliance of different X-ray sources [94]. (b) Emission spectra of

some modern synchritrons and free electron lasers [95].

An important characteristic of an X-ray source is called brightness or brilliance. According to
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the definition, brightness is the number of photons emitted per second from a 1mm? of the
emitter surface in a solid angle of 1 mrad? per 0.1 % of the bandwidth. The brilliance of different
X-ray sources is plotted in Fig. 3.3(a). Bending magnets, wigglers, and undulators mark three
generations of the X-ray sources. The dashed line in Fig. 3.3(a) represents free electron lasers
(FEL), which are attributed to the fourth generation. Since FELs are out of the scope of this
research, they are not discussed in this chapter.

The energy distribution of the emitted photons depends on the electron kinetic energy. A
threshold frequency exists, which marks the photon distribution cut-off [96]. One synchrotron
usually does not cover the whole X-ray part of the spectrum, and different machines are used for
generating soft and hard X-rays (see Fig. 3.3(b)). Among the former are BESSY II (Germany)
and ALS (USA); among the latter are ESRF (France) and SPring8 (Japan).

The generated X-ray beam is guided to the experimental chamber within a beamline. As an
example, the layout of the beamline UE52_SGM at BESSYII (HZB, Berlin) is shown in Fig.
3.4. This beamline often hosts the ALICE chamber [97], which provided many results presented

in this thesis.
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Figure 3.4: Layout of beamline UE52_SGM at BESSY IT [98|.

An X-ray mirror is made from a substrate covered by a reflective coating with a large atomic
number Z. Due to the fact that X-rays are absorbed in a medium, the refractive index of the

coating is a complex number:

n=1-06+ip, (3.4)
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with 6, 8 << 1 and Re[n] < 1. For this form of the refractive index, the total external reflection
occurs at small grazing angles. The Snell’s law results in the following expression for critical
angle 0.0 = V20 o< VZ/(hw) if B is neglected [90]. The refractive index is close to unity at
0 < 0.4+ and decreases dramatically for 8 > 0.,;+. Multilayer mirrors provide an increase of O+
and are very practical for hard X-rays. Focusing of the beam is realized by curved mirrors. A
cylindrical mirror focuses the beam along one direction and an elliptical mirror focuses along
both axes perpendicular to the k-vector.

Diffraction gratings are used for monochromatizing the X-rays. They operate according to the
Bragg law cos(0;) + cos(0,) = nAN, where n is the diffraction order and N is the line density. 6;
and 6, are the angle of incidence and the angle of reflection, respectively. It is worth mentioning
that a grazing incidence angle enables using gratings with typically ~1000lines/mm, in spite
of the small X-ray wavelength. A diffraction grating usually operates in tandem with a mirror
(Fig. 3.4).

The entrance slit and the exit slit confine the beam determining the spot size and the bandwidth
[99].

3.2 X-ray absorption spectroscopy

Synchrotrons provide all necessary prerequisites for investigating the properties of different
kinds of materials by X-ray absorption spectroscopy (XAS). A whole spectrum of different non-
destructive techniques exists, which are based on the fact that the X-ray absorption coefficient
(11.4) depends on the crystal structure and on the magnetic order of the material. Polarization
dependent XAS includes two methods, X-ray magnetic circular dichroism (XMCD) and X-ray
magnetic linear dichroism (XMLD). Implementation of both methods requires polarized soft
X-rays in order to excite initial states with strong spin-orbit splitting, such as the L-shells of 3d
transition metals or the M-shells of 4f rare-earth elements.

Within a single particle approximation, absorption of a photon causes the transitions from the
occupied initial state |7) having the energy E; to the unoccupied final state |f) with an energy

of Ef. The absorption coefficient for a material can be derived from Fermi’s golden rule:

ia o< Y [TO1 p(Ep)p(Ei)d (B = By = hw), (35)
if
where O is the transition operator and p(F) is the density of states. Energy conservation,
represented in terms of the delta-function! implies the resonant nature of absorption, which is
very much enhanced if the photon energy is tuned to the difference of two electronic levels.
A resonant peak in the absorption spectrum is characterized by the type of the shell |7), from

which the electron is excited. The letter denotes the main quantum number (K for n=1, L for

!The delta-function become the Lorentzian in the case of a finite life-time of the corresponding initial and
final states.
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n=2, M for n=3, etc.) and the additional index indicates the angular moments corresponding
to [i) (1 for s, 2 for pyj9, 3 for pys, etc.). One K-peak, three L-peaks, and five M-peaks
can be present in an absorption spectrum. As an example, the energy dependence of the mass

absorption coefficient for Sm is shown in Fig. 3.5(a).

10° ~ 100 T
= N, Mass Absorption > f(b) ..... - K
o [l e Coefficients for Sm X I
£ 104 L g . ]
&7 = + & 1
S . Lk 2 104 “
g_ 10— o [ K
g E’ |V|
0
$ 102 |'1.4OKSV ||7.73k5\n' -8 1 | vV ]
= 1.12keV, 7.29 keV o F . E ]

109keV  '670keV [ T~ 1 1 ; .
10" 0 20 40 60 80 100
0 5 10 15 20 25 Z
Energy (keV)

Figure 3.5: (a) Energy dependent mass absorption coefficient for Sm [100]. (b) Binding
energies for the electrons in K, L, and M shells of atoms with different atomic numbers
[101].

According to the selection rules for the strongest electric dipole transition, the total momenta of
|f) and i) can differ not more than by 1: j; = j; £1,0. In the case of LS-coupling, this rule can
be expressed in terms of orbital [ and spin moment s as [y = l; =1 (parity change) and sy = s;.
The selection rules provide the means for determining the possible final states |f).

The presence of resonant peaks in XAS causes the element specificity of the technique by tuning
the photon energy to the binding energy of an element of interest. The binding energies for some
3d transition metals and 4f rare-earth elements are provided in Tables 3.1 and 3.2, respectively.
The localized core states are split by spin-orbit coupling (SOC) according to the total momentum
projection. Typically, this splitting amounts to ~10 eV, which determines the difference in energy
between the edges with the same principal quantum number [64]. The tables also show that
the binding energies for the Lo 3-shells of the transition metals and for the M, 5-shells of the
rare-earths are in the soft X-ray range (see also Fig. 3.5(b)).

25Mn 26 Fe 27 Co 28 Ni 29 Cu

Ls-shell (eV) 638.7 706.8 778.1 852.7 932.7
Lo-shell (V) 649.9 719.9 7932 870.0 952.3

Table 3.1: Electron binding energies for some 3d transition metals.

The single particle approximation provides good results for conductive materials, where the final
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62S5m 63Eu 64Gd 65Tb 66 Dy 67 Ho

Ms-shell (eV) 1083.4 1127.5 1189.6 1241.1 1292.6 1351
My-shell (eV) 1110.9 1158.6 1221.9 1276.9 1333 1392

Table 3.2: Electron binding energies for some 4f rare-earth elements.

states form a continuous band. However, for describing X-ray absorption in insulating materials,
having discrete levels, one has to consider individual transitions of the form 2p®3d™ — 2p33d™*!.
In this case, interaction with the core hole, crystal field, and SOC play an important role and
have to be taken into account. This results in additional peaks at the absorption edges in
comparison with the smooth absorption spectra of metallic compounds having a single peak at
each edge (Fig. 3.6). In the case of rare earth elements, the exchange splitting of the initial state

also contributes to the multiplet feature of the absorption edges.
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Figure 3.6: XAS measured in metallic Fe, Co, and Ni and in oxides containing these

elements. Taken from [102] (see also [64])

The following sections provide an introduction to XMCD (Subsection 3.2.1) and XMLD (Sub-
section 3.2.2). The description of the experimental techniques for measuring these effects is

given in Subsection 3.3.
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3.2.1 X-ray magnetic circular dichroism

The theoretical prediction of the XMCD effect dates back to 1975 [103] and the first experi-
mental proof was published by Schiitz et al. in 1987 [104]. Here, the XMCD effect is illustrated
using a ferromagnetic 3d transition metal as an example (Fig. 3.7). Due to a strong exchange
coupling between neighboring atoms, an effective Weiss magnetic field appears, which shifts the
3d electron density of states (DOS) corresponding to the spin-up electrons (majority) and the

spin-down electrons (minority) (see also Fig. 7(a) in Section 1.2).
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Figure 3.7: (a) Schematic representation of the DOS of a magnetic 3d transition metal
with the indicated transitions from 2p states to 3d states. (b) Experimental geometry
for measuring XMCD. M is the magnetization of the sample and k is the wave vector
of the incoming photons. (c¢) XAS averaged over 0+ and o— and the corresponding

XMCD spectrum measured in an Fe thin film.

According to Fermi’s Golden rule (Eq. (3.5)), the probability of an electronic excitation is the
product of the squared matrix element and the density of the final states. Thus, the X-ray
absorption can be described as a two-step process. The first step is the excitation of an electron
from a 2p to a 3d state, governed by the matrix element, and the second step is "filtering" the
electrons according to the spin projection due to the different DOS at the Fermi level. It leads

to a difference in absorption of o+ and o— photons:

XMCD(E) = XAS,(E) — XAS, (E). (3.6)

By tuning the photon energy, the technique allows obtaining element specific magnetic proper-
ties. This is especially practical in the case of a material containing several magnetic constituents.
Absorbed photons excite the electrons to the localized 3d states as well as to the delocalized
sp-states close to the Fermi level. In order to exclude the latter process, a background S(E) has
to be subtracted from the experimental XAS: XAS,+(F) - XAS,+(E) — S(F), where S(E)
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is usually interpolated by a two-step function [105]:

h 2 E-FE h 2 E-F
S(E) = § (]_ —+ ;arctaﬂ A_EL?)) =+ g (1 + ;arctan AELQ> , (37)

with h being the difference of the TEY signals at the pre-edge and the post-edge. AE ~0.5¢eV
is the spectrum broadening assumed to be equal at both edges. The ratio of the step heights is
set to 2:1, which is proportional to the number of states at 2p3,5 and 2p;/, levels.

The sum-rules allow for obtaining quantitative information about the magnetic moment per
atom in a material from the XMCD data. Thole et al. [106] and Carra et al. [107| demonstrated
that one can determine the orbital magnetic moment (47) and the spin magnetic moment (pg)
from integrals of the XAS and XMCD spectrum. The following notations appear useful for

implementing the sum-rules, which are also illustrated in Fig. 3.7:

A= XMCD(E) dF,
L3

B = XMCD(E) dE, (3.8)
Lo

o / XAS,. (F) + XA, (E) o

2

where Ny is the number of d-holes [108]. The proper derivations of sum-rules can be found in

the references [106; 107]. The result for the 3d transition materials, relevant for the present

study, is
2(A+ B)
=———— 72N,
ML 30 d UB,
(3.9)
A—-2B
ps=~—5 Ng pp,

where the expectation value of the quadrupole operator (T,) is omitted. The values of the
moments obtained with Eq. (3.9) have an error of ~10 % partly caused by jj-mixing of the 2p3
and 2py /3 levels for the lighter 3d transition elements [109]. Therefore, an additional correction
factor has to be added for compensating this error [110]. The second uncertainty arises from

the assumption for the number of d-holes.
3.2.2 X-ray magnetic linear dichroism

Two models of X-ray magnetic linear dichroism

X-ray magnetic linear dichroism (XMLD) implies a difference in absorption of linearly polarized
X-rays with different orientation of the electric field vector. A rigorous multiplet model of XMLD

in a 3d material considers excitations from initial 2p® 3d™(.J;) states to excited 2p®3d"*1(J})
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states with J/, = Jz £ 0,1, according to the selection rules. The degeneracy of the states with
different J7, in the final state is lifted in a magnetic material due to Zeeman splitting caused by
the Weiss field. It was shown by Thole et al. [111] that the matrix elements corresponding to
absorption of linearly polarized photons with a certain final total momentum are proportional
to the magnetization squared (M?). For experimental observation of the effect, the resolution
has to be sufficient for separating transitions to the final states with different J7,.

Due to the quadratic dependence on the magnetization, not only FM having a net magnetic
moment can be probed by XMLD, but also AFM with sign changing (staggered) magnetic
moments. No sum-rules, analogous to XMCD, exist for the XMLD spectra to the best of my
knowledge. However, XMLD still can provide valuable information about e.g. AFM order
parameter temperature dependence [112] or the Néel vector orientation [113; 114].

A single electron model for an itinerant AFM containing a 3d-transition element is considered
in Fig. 3.8. Please note, that the total DOS of an AFM is symmetric (see Fig. 7(b) in Section

1.2), which does not give rise to a circular dichroism.
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Figure 3.8: (a) Schematic DOS of a 3d transition antiferromagetic material. (b) Ex-
perimental geometry for measuring XMCD. Blue arrows represent sublattice magneti-
zations. Red and black arrows indicate the electric field of horizontally and vertically
polarized X-rays, respectively (c¢) XAS and XMLD calculated for MngAu using the
FP-LAPW ELK software.

Exchange interaction splits the 2p3/; and 2p;/, core states into four and two sub-levels with
different total moment projections, respectively (Fig. 3.8 (a)). The transition matrix elements
from the 2p sublevels to the 3d states are different for linear horizontal (LH) and vertical (LV)

polarizations, which leads to the dichroism:
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XMLD(E) = XASru(E) — XASpy(E). (3.10)

The chosen notations LH and LV correspond to the electric field of X-rays oriented in the ring
plane and perpendicular to it. The resulting XMLD spectrum consists of narrow peaks with the

separation corresponding to the energy splitting of 2p3 /o (2p;/2) states (Fig. 3.8(c)).

Crystal field effect

Within the multiplet model, the degeneracy lifting of the final states can be caused not only by
the purely magnetic exchange interaction but also by a crystal field [115; 116; 117]. This effect
is caused by a lower symmetry of a crystal lattice in comparison to the SO(3) group.

Fig. 3.9(a) shows energy splitting of 3d levels of a Dy3* ion in environments having different
symmetries. A magnetic field (either external or effective Weiss field) results in a set of equidis-
tant levels with different Jz values. An axially symmetric crystal field constructs degenerate
pairs of levels with £.J; unequally spaced in energy [116]. Therefore, X-ray linear dichroism hav-
ing a non-magnetic origin appears due to the crystal field splitting (Fig. 3.9(b)). Moreover, the
experimental polarization dependent XAS can be well described by both magnetic and crystal
field based theories (Fig. 3.9(b)).

Two ways were proposed for distinguishing between magnetic and crystal field generated dichro-

ism:
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Figure 3.9: (a) Splitting of the Dy®* ion levels caused by the Weiss field (H) and by a
crystal field having axial symmetry (Cuy). (b) The theoretical polarization dependent
XAS resulting from the splitting mechanisms shown in (a) and the experimental spec-

tra for different angles (a) between the X-ray electric field and the quantization axis.
Adapted from [116].

1) Temperature dependent measurements. The crystal field induced linear dichroism does not

depend on temperature if there is no structural phase transition. In turn, the magnetic contri-
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bution proportional to the squared order parameter decreases with increasing temperature (Fig.

3.10(a)). Thus, magnetic dichroism disappears above T [118].
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Figure 3.10: (a) Temperature dependent XAS of NiO measured at the Ni Ly edge with
linearly polarized X-rays at normal incidence [118]. (b) Experimental and (c) theoretical
XAS of NiO measured at the Ni L3 edge with linearly polarized X-rays at the incidence
angles of § = 15° and 90° [117|. The theoretical spectra are calculated assuming the
crystal field originating from the Dy; symmetry with no exchange coupling. The inset

in (c) shows the experimental geometry

2) Polarization dependent measurements. Varying the incidence angle changes the electric field
direction with respect to the surface normal for a p-polarized beam (see the inset in Fig. 3.10(c)).
Due to non-spherical p- and d-orbitals, different initial and final states are probed, which are
shifted by the crystal field splitting. Redistribution of spectral weight within a multiplet causes
a shift of the corresponding absorption peaks in the XAS (Figs. 3.10(b) and 3.10(c)).

The XMLD spectrum does not contain the crystal field contribution if the two consecutive XAS
are measured with the X-rays polarized along the crystallographically equivalent directions, e.g.

[110] and [110] in a tetragonal crystal.

3.3 Experimental methods for measuring X-ray absorption
spectra
3.3.1 Determining the absorption coefficient from transmission measurements

Absorption and scattering of X-rays lead to an intensity damping of a beam propagating within
a material. intensity due to these two processes after passing a distance d in a medium is given

by the Beer-Lambert law:
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I = Iyexp(—ud), (3.11)

where Iy is the initial intensity. The attenuation coefficient (x) can be represented as the sum of
the absorption coefficient and the scattering coefficient yu = pa + pg. In general, p(F), pa(E),
and pg(E) are material and energy dependent. In the case of a compound or a solution, the

total attenuation coefficient is given by the sum of mass attenuation coefficients ((u/p);):

HOUE) = 3 (1/p): i (3.12)

)

where p; is the density of the corresponding constituent.
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Figure 3.11: The energy dependence of the tungsten absorption cross section indicating

contributions of different mechanisms [119].

Expressing p(F) from Eq. (3.11) results in

p(E) = —%ln (I(I?)) . (3.13)

Figure 3.11 shows the energy dependence of the absorption cross section (o 4), which determines

the absorption coefficient g4 x 04, corresponding to different attenuation mechanisms in tung-
sten. For soft X-rays, the photoelectric (absorption) contribution is two orders of magnitude
larger than the coherent scattering, and the incoherent scattering cross section remains negligi-
bly small. This fact justifies the approximation u(E) = p4(E). The photoelectric cross section

in a material with the atomic number Z decreases at higher frequencies as Z"/(hw)?3, where n =
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4 to 5. Therefore for hard X-rays, incoherent scattering dominates starting from ~100keV. At
energies exceeding twice the electron rest mass 2m.c? ~1MeV, pair production occurs, which

prevails at high photon energies.
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Figure 3.12: The normalized intensity of X-rays transmitted through the sample with
the layer structure AlsO3/Ta 18 nm/MngyAu 10nm/AlO, 2nm.

The transmission of a 10 nm-thick MnyAu film measured with the ALICE instrument at BESSY
II (HZB) is shown in Fig. 3.12. The investigated film was grown on a AlyO3(1102) substrate with
a 18 nm-thick Ta buffer layer. The value plotted in Fig. 3.12, is the photoluminescence of the
substrate, which is proportional to the transmitted X-ray intensity. The resonant enhancement
of the absorption is distinctly visible at the photon energies corresponding to the Ls-edge and
the La-edge of Mn. At the L3 edge, about 25% of intensity are absorbed in the layer, which

indicates an X-ray penetration depth =~ 35nm.

3.3.2 Determining the absorption coefficient from total electron yield

measurements

The total electron yield (TEY) is based on the Auger process, which occurs due to recombination
of the core hole appearing after photon absorption. The high-energy Auger electrons produce a
cascade of secondary electrons (Fig. 3.13(a)), which escape to vacuum. The mean free path A
of the secondary electrons having an energy of several €V is in the nanometer regime according
to the universal curve (Fig. 3.13(b)). This determines a probing depth of the method of ~3nm
[25].

For a layer with a thickness much larger than A, the photoelectron current (I) is written as

o0 E
T MA(E)/O e ralB)zo=2/A g, — —/m'lz?)(_)l//\ >~ pa(E)N, (3.14)
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Figure 3.13: (a) Formation of a secondary electron cascade after absorption of an X-
ray photon. The secondary electrons are excited by Auger electrons upon the core hole
recombination (adapted from [120]). (b) The universal curve showing the mean free

path of electrons depending on their kinetic energy [121].

where the condition A << 1/pa(FE) is used. Thus, the absorption coefficient can be directly

determined from the measured TEY current.

3.3.3 Determining the absorption coefficient from fluorescence measurements

M 1

0.51

Figure 3.14: Fluorescence yield dependence on the atomic number for the holes in the
K-, L-, and M-shells [101].

In addition to the discussed Auger process, core-hole recombination can be accompanied by the
emission of a photon. The fluorescence method is based on detecting these photons instead of
electrons. The relative probability of radiative versus non-radiative recombination process is

described in terms of the fluorescence yield (FY), which is
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ns—XerAs,

where X and Ay are the probabilities to emit a photon and an Auger electron, respectively,

(3.15)

and the index s denotes the shell where the hole is created. The dependence of 75 on the atomic
number is given in Figure 3.14. The value of 7, increases with Z and is largest for recombination
with a hole in the K shell. For the L. and M shells, FY is quite small and TEY remains the
method of choice for measuring X-ray absorption in thin films containing transition metals or

rare-earth elements.

3.4 Experimental setup for X-ray absorption spectroscopy and

X-ray resonant magnetic scattering studies

All experiments with X-ray absorption are performed in vacuum since soft X-rays are strongly
attenuated by air. High vacuum (HV) chambers and ultra-high vacuum (UHV) chambers are
used at multiple beamlines all around the world. The HV chambers, e.g. ALICE at BESSY
IT (HZB), have an easily accessible sample stage providing freedom for installing additional
equipment. However, the relatively high concentration of residual gases in combination with a
high power beam illumination causes contamination of the sample surface during a measurement.
In contrast, the UHV chambers, e.g. VEKMAG at BESSY 1I (HZB), preserve a clean sample

surface but require a load-lock and a complicated transfer mechanics.

Figure 3.15: Scheme of a setup for X-ray absorption spectroscopy and X-ray resonant
magnetic scattering measurements: (1) - sample, (2) - sample holder, (3) and (4) -

photodiodes.

Typical equipment for X-ray absorption studies is presented in Figure 3.15. The layout allows

simultaneous measurement of several parameters providing complementary information about
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the investigated material properties. The sample (1) is mounted on a copper holder (2) with the
investigated film being electrically connected to the holder. The amperemeter (A) monitors the
total electron yield (TEY) current. The photodiode (3) detects the reflected X-ray intensity, and
the photodiode (4) placed behind the sample acquires the substrate photoluminescence signal
through a hole in the copper holder. Usually, the design of an experimental setup includes
cooling equipment for performing the measurements at cryogenic temperatures and a magnet

for applying an external field to the sample.

3.5 Low-energy electron microscopy and photoemission electron

Mmicroscopy

The spectroscopic techniques described in the previous section give the integral characteristic
of a sample averaging the absorption coefficient over the X-ray spot size, which is typically
~10pm. If magnetic inhomogeneities on this length scale are to be spatially resolved, a different
approach is required. Several techniques exist providing a spatial resolution, among which are
transmission X-ray microscopy (TXM) [122], scanning transmission X-ray microscopy (STXM)
[123], X-ray holography [124], and X-ray photoemission electron microscopy (X-PEEM). The
first three listed techniques are based on detecting the transmitted photons and are suitable for
transparent samples. In contrast, the latter involves detecting the spatial distribution of the
emitted secondary electrons with electron optics and does not require a transparent substrate
or a complicated sample preparation procedure.

Two techniques for surface imaging are discussed in this chapter: photoemission electron mi-
croscopy (PEEM) and low-energy electron microscopy (LEEM). While LEEM is based on de-
tecting the elastically backscattered electrons, PEEM deals with the electrons excited by either
ultraviolet light or X-rays. The same detection optics can be utilized for LEEM and PEEM
and usually, both methods are combined in one setup installed at a synchrotron for PEEM ap-
plications and having an additional electron gun for LEEM. One of the widely used solutions
provided by Elmitec is installed at BESSY II (SPEEM beamline), DIAMOND (106 beamline),
and SLS (SIM beamline).

This section introduces the basic physical concepts underlying both methods and the typical
instrumentation. Since the LEEM was used in the current work mainly for adjustment of the

electron optics, only a brief description of the technique is given here.

3.5.1 Interaction of low-energy electrons with matter

In a LEEM, electrons approaching the sample surface typically have an energy in the interval
from 0 to 100eV. At these low-energies, backscattering occurs with a high probability [125] with
the backscattering cross section depending on the electron energy and on the atomic number

of the scattering atoms [126]. If scattering from a crystalline sample is considered, the highest
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reflection coefficient is achieved for the electrons with the energies corresponding to a band
gap of the sample, since there are no states which they can occupy. However, total reflection
cannot be achieved due to several reasons such as the presence of surface states, electron-phonon
interaction, etc. [126].

The inelastic processes for scattering from a metal are mainly connected with plasmonic excita-
tions. For electrons with an energy smaller than the plasmon energy, the attenuation coeflicient
is mainly determined by elastic processes. Thus, low energy electrons can penetrate deeper into
the material, which has a negative impact on the surface sensitivity. Bauer gives an optimal

electron energy for electron-surface interaction of 20 to 30 eV [126].

3.5.2 Interaction of X-rays with matter

Interaction of X-rays with matter is discussed in detail in Section 3.2. The relevant process for
PEEM is the resonant absorption of photons, which results in electronic excitations and creation
of core holes. Subsequently, the high-energy Auger electrons produced in the recombination
process generate secondary electrons (SE), which can propagate to a distance of several nm
from the excitation point. For PEEM, this fact has two important consequences. Firstly, this
implies a surface sensitivity of the technique with a probing depth of several nm. Secondly, the
photoelectron current extracted from a sample area is proportional to the local excitation rate,

which defines a high lateral resolution.

3.5.3 Instrumentation of a LEEM/PEEM microscope

Schematics of a typical LEEM/PEEM setup is shown in Fig. 3.16. In the PEEM mode, the
X-ray beam impinges onto a sample under an angle of typically ~16°. A small retarding voltage
~ 1eV cuts off the slow photoelectrons in the low energy part of the distribution and the
rest is accelerated to an energy of 10keV towards the objective lens. Passing the sector field,
electrons enter the optical column, which transmits the image to the hemispherical analyzer,
filtering the electrons according to the energy and improving the resolution. The projective
optics magnifies the image and transfers it to the microchannel plate (MCP), which greatly
enhances the photoelectron current. Then, the accelerated electrons bombard the luminescent
screen imaged by the CCD camera. A resolution reaching 25 nm can be achieved with a modern
PEEM [128].

In the LEEM mode, the electrons emitted from the electron gun pass through the beam separator
towards the sample surface. The beam separator creates a homogeneous magnetic field inside
of it, which deflects counter-propagating bunches of electrons to the opposite directions. This
allows separating the incoming and the outgoing electrons. The anode of the electron gun is
set under a high negative voltage of ~-20keV. At the same time, the potential of the sample
equal to ~-20keV + Ugpy is biased by a start voltage (Ugpy ). Ugpy can take values from -5 to

100 V. In the negative voltage regime, the electrons are reflected from the sample surface and
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Figure 3.16: A schematic image of a low-energy electron microscope / photoemission

electron microscope [127].

this operational mode is called mirror electron microscopy (MEM). For a positive Ugry, the
electrons scattered from the surface atoms form a diffraction pattern in the focal plane of the
extractor lens, similar to a conventional LEED experiment. The surface imaging can be then
performed in the bright-field mode if the main (00)-reflex is chosen by the contrast aperture, or
in the dark field mode in the case of a secondary reflex, e.g. (01).

Electrostatic and magnetic lenses are used for focusing the electrons in a microscope. Their
operational principle is based on creating inhomogeneous electric (magnetic) fields, which curve
the electron trajectories in the way as it is done with light beams in optical lenses. An elec-
trostatic lens consists of several electrodes with apertures. A magnetic lens represents itself a
solenoid wrapped around a yoke made out of a soft ferromagnetic material. The yoke can have
a narrow slit for concentrating the magnetic field in a particular region of space and increasing
its gradient.

Similar to visible light optics, electronic lenses also suffer from aberrations. The most important
of them are spherical aberration, chromatic aberration, diffraction limit and astigmatism.

1)Spherical aberration is caused by the fact that the focal lengths are not equal for the electrons
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propagating at different distances from the main optical axis (Fig. 3.17). The minimal spot

diameter d for focusing a parallel beam is [129]

ds = Cya’. (3.16)

Please note that Cs for electron optics is always positive (in contrast to light optics) and can

therefore not be compensated by conventional means.

Figure 3.17: Illustration of spherical aberration in electronic optics.

2) Chromatic aberration results in different focal lengths for electrons with different kinetic
energies (Fig. 3.18). Therefore, a parallel narrow non-monochromatic electron beam is focused

to a spot having the diameter d. [129]:

AE

dC = Ccfod, (317)
where F is the average energy of the electrons and AF is the energy distribution width.
A

Figure 3.18: lllustration of chromatic aberration in electronic optics. Different lines

correspond to the trajectories of the electrons with different energies.

3) Diffraction effects come into play when the wavefront is confined. The diffraction induced

broadening dp is given by the Abbe formula (Fig. 3.19):

_ 1A

= q
dp 55 (3.18)

where A is the wavelength of the electrons.
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Figure 3.19: Illustration of diffraction limit related distortions in electronic optics.

The resolution, which can be achieved in an optical system, is limited by these three contributions
d = \/d? +d? + d?%. Figure 3.20 shows the dependence of d on the aperture 4. The highest
theoretical resolution for the considered parameters reaches 5nm. In reality, the achievable
resolution is several times lower [128]. This is explained by too optimistic parameters chosen for
plotting Fig. 3.20 and other sources of aberrations, such as space charge caused by the pulsed

illumination of the synchrotron light.

0 5 10 r/um—20 25

Figure 3.20: The total theoretically achievable resolution of an electronic lens (d)
as a function of the aperture width (r4): dg - spherical aberration, d¢ - chromatic
aberration, and dp - diffraction limit. The accelerating voltage is 25 kV, the field length
is 3 mm, the start voltage is 2.5 ¢V, and the energy spread is 0.25 eV [130].

Another optical aberration, called axial astigmatism, is caused by flaws in axial symmetry of
the electron optical elements. This leads to a variation of fields experienced by electrons at
different ¢ angles in the same cross-section of an optical element. As illustrated in Fig. 3.21(a),
this results in a broadened image and elliptical distortions of the image before and after the
image plane. For correcting this aberration, changes in the form of a (at the best round) spot
on the sample surface are analyzed upon varying the objective focal length. In the presence of

astigmatism, the image becomes elongated in two opposite directions, which is compensated by
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(b) y ] F

Figure 3.21: (a) The trajectories of electrons in a non-axial symmetric lens resulting
in axial astigmatism. (b) Compensation of the aberration by the stigmators. The

potentials of the opposite pairs of stigmators are £V [129].

the stigmators in live regime Fig. 3.21(b).

3.56.4 XMCD and XMLD spectromicroscopy

The current of the photoelectrons extracted from an area on the sample surface is proportional
to the local u4(FE). Therefore, the intensity of light caused by electrons bombarding the screen
is also proportional to u4(E), which is then detected by the camera. For measuring the XAS of
a sample with a PEEM, a series of images is taken at a range of energies close to the absorption
edges of the investigated material. The absorption spectrum is then plotted as the sum of the
gray-scale levels over the region of interest (ROT) in the obtained stack of images. This technique
is called microspectroscopy since it allows for investigating the XAS over arbitrary ROIs.

In order to perform the surface composition analysis in a PEEM, two images are taken at the
absorption edge of the investigated element and at an energy several eV lower. The ratio of
these two images provides the element specific contrast in the near-surface region.

As it is shown above, the XMCD in a magnetic material is determined by the asymmetry of the
DOS of the majority and minority electrons. In turn, it is proportional to the magnetic moment,
projection on the chosen. quantization axis (see Subsection 1.2.5). This leads to dependence
of the XMCD on the mutual orientation of the X-ray wave vector and the magnetization [131].

This fact provides an opportunity for implementation of spectromicroscopy technique. For this,
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Co XMCD Ni XMLD

Figure 3.22: Magnetic domains measured by combination of XMCD and XMLD PEEM
in a heterostructure NiO(100)/Co [132]. Field of view is 15 um

the photon energy is set to the absorption edge, where the maximal dichroism is reached. The
asymmetry of two images taken at circular right and left polarizations gives the ferromagnetic
contrast. An example of Co domains imaged in a NiO(100)/Co 2.5 nm heterostructure is shown
in Fig. 3.22(a) [132]. The white arrow in the left bottom corner shows the in-plane projection
of the X-ray wave vector. Three colors can be distinguished in the picture, corresponding to
parallel (white), perpendicular (grey), and antiparallel (black) orientation of the magnetization
and the wave vector. The technique cannot distinguish between two perpendicular magnetization
orientations, which is indicated by the double-headed arrow in the image.

The antiferromagnetic domains are imaged with linear polarization with the electric field vector
in the film plane. For oxides exhibiting pronounced multiplet peaks in XAS, the magnetic
contrast is obtained as the asymmetry of the images taken at the energies corresponding to
different multiplet peaks. The conductive AFMs having a single maximum at every absorption
edge require a different approach. In this case, a combination of spectroscopy and microscopy
measurements provides the energies corresponding to the maximum and minimum of XMLD.
The asymmetry of the images obtained at these energies provides magnetic contrast [76].

The AFM domains in the heterostructure NiO(100)/Co 2.5nm discussed above are shown in
Fig. 3.22(b). The probing depth of the X-ray PEEM allows for reaching buried layers at the
depth of several nm under the sample surface. The white double-headed arrow in the left bottom
corner indicates the X-ray electric field. Two types of AFM domains are visible in the image. It
is worth mentioning that the shape of the Co domains and the NiO domains are very similar. A
combination of XMCD and XMLD proved the 90° coupling between the FM moments and the
AFM moments in a NiO/Co heterostructure.
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4 Determination of the exchange constant

and the loose spin concentration in

MnsAu epitaxial thin films

4.1 Introduction

Knowing the exchange constants J in AFMs is of high
importance since they determine the spin-flop field [62],
the DW profile [133], and the characteristic excitation fre-
quencies [134]. Traditionally, the Js have been determined
from the AFM magnon dispersion by inelastic neutron
scattering [135]. However, these methods are not appli-
cable to thin AFM films. Therefore, alternative methods
are required as described in this chapter.

As mentioned in Section 2.3, the value of J depends on the
distance between the interacting atoms, and usually, only
a few nearest neighbors are considered. Three exchange
constants are usually taken into account in MnsAu, which
are responsible for the arrangement of spins within a unit
cell (Fig. 4.1). Interaction between a Mn atom with its
three nearest neighbors separated by 2.750 A, 2.846 A, and
3.328 A is described by exchange constants Ji, Jo, and Js,
respectively. The theoretical values of these constants cal-
culated by density functional theory (DFT) are —34 meV,
—46 meV and 10meV, respectively [136]. The negative
values of Jy and Jo indicate the antiparallel coupling be-

tween the neighboring planes of Mn atoms, while the pos-

1
-
7 - 9
J

Figure 4.1: The elementary cell of
MnsAu with Au atoms shown in
yellow and Mn atoms belonging to
different sublattices shown in red
and blue. The exchange constants
for the three nearest coordination

spheres of a Mn atom are specified.

itive value of J3 implies parallel alignment of Mn moments within ab-planes.

One possible way for determining the exchange constants is to measure the perpendicular sus-

ceptibility of the AFM. While the exchange constants were determined by this method for a

powder MnaAu sample in Ref. [55], measurements of J regarding thin films are lacking in the

literature. XMCD suits perfectly for the susceptibility measurements in AFM thin films due to

its element specificity and surface sensitivity in the TEY mode.

Epitaxial thin films contain structural defects, such as grain boundaries and substitutional atoms,

which are caused by impurities, lattice mismatches between the layers, etc. In a magnetic

53



material, these defects also disturb the magnetic order leading to a weaker coupling of the
moments to the neighbors. Thus in the case of a very weak residual coupling, the moments at
the defect sites become loose and behave similarly to a paramagnet. A high magnetic field orients
the paramagnetic spins at low temperatures, while at the high temperatures, the paramagnetic
spin ensemble remains disordered. Therefore, the loose spin concentration can be determined
from the perpendicular susceptibility measured at different temperatures.

This chapter is devoted to the discussion of the exchange constants and the loose spin concentra-
tion in epitaxial MnsAu thin films. Section 4.2 introduces the details about sample preparation
and employed experimental techniques. Section 4.3 reports the field and temperature depen-
dent perpendicular susceptibility accessed by XMCD and data analysis procedure, which allowed
to determine the exchange constants and loose spin concentration of MngAu thin films. The
perpendicular susceptibility of MngAu at room temperature (RT) originates solely from the re-
sponse of the antiferromagnetically coupled spins (Section 4.3.1). Thus, it provides information
on the exchange coupling constant (Subsections 4.3.2). In contrast, the susceptibility at low
temperatures (Subsections 4.3.3) contains the contributions from coupled spins and from loose

spins and sheds light on the loose spin concentration.

4.2 Experimental details

The epitaxial thin film samples discussed in this chapter have the layer sequence of Al,O3 (1102)/
Ta(001)/ MngaAu(001)/ AlO,. The in-plane epitaxial relation probed by X-ray diffraction (XRD)
is MnaAu(001)[100] || Ta(001)[100]. The samples were grown by radio frequency magnetron sput-
tering in a UHV deposition cluster. A Ta buffer layer was deposited at the optimal temperature
and Ar pressure assuring the best layer quality as verified afterward by reflection high energy
electron diffraction (RHEED) and XRD. The heater temperature of 600 °C in combination with
the Ta buffer layer provided a high-quality MnaAu(001) film. The layer thicknesses were defined
from the known deposition rates. An Al capping was used for oxidation protection.

The susceptibility measurements were performed at VEKMAG end station located at BESSY
IT (Helmholtz-Zentrum Berlin). The instrument is installed at beamline PM2 with a bending
magnet as the X-ray source. The beam is monochromatized with a spherical grating monochro-
mator and focused to a spot of 40x60 pm. The X-ray flux is 5 x 10? photons/sec on the sample
surface. The degree of circularity provided by the beamline is typically set to 77 %, which max-
imizes the figure of merit of the beamline. A beam analysis chamber installed in the beam path
provides an outstanding beam stability. A load-lock and a mechanical transfer system allow a
fast sample transfer to the experimental chamber, where the pressure is maintained lower than
5 x 10~ mbar. The samples are mounted in the center of the superconducting vector magnet,
providing £8 T along the beam, £2 T perpendicular to the beam and £1 T in the vertical di-

rection. The sample stage allows conducting the measurements at temperatures from 7K to
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300 K. The X-ray absorption data in this work were acquired in TEY mode. Picoampermeters
Keithley 6485 and 6487 were used for monitoring the currents. The total current extracted from
the sample, which amounted to several picoamperes, was normalized to the current of a Pt mesh
monitor located in the beam analysis chamber. This procedure allows for compensating the
residual beam deviations caused by fluctuations of the storage ring current and the beamline
equipment instabilities.

The sum rules in the following form were employed for determining the values of spin and orbital
moment (see Subsection 3.2.1 for the definitions of A, B, and C):

_ _COT’TA—ZBN
ms = P 70 d 4B-
(4.1)
Corr 2(A + B)
= — -~ N,
mr I2 3C d 4B,

where Ny is the number of 3d holes in Mn, Corr = 1.5 is the correction factor compensating
for the jj-mixing [137], and P = 0.77 is the degree of circular polarization provided by the

beamline.

4.3 Determination of the exchange constant and the loose spin

concentration in Mn,Au

The exchange interaction determines the "rigidity" of the antiparallel spin alignment in an
AFM. Therefore, it can be determined from the perpendicular susceptibility, which in the linear
approximation is x; = M /H. In a non-perfect AFM, the susceptibility contains contributions

from the coupled and the loose spins:

AFM loose
AFM+ loose ML +ML

XL =X X1 = H . (4~2)

The susceptibility of antiferromagnetically coupled spins (fo M) is determined by the strong
exchange interaction and magnetic anisotropies favoring the antiparallel in-plane alignment (see
Section 2.5). If the material of interest has a T much higher than the RT, as in the case
of MngAu, its magnetic properties do not significantly change upon cooling. Thus, the first
term of Eq. (4.2) is assumed to be constant below RT. In contrast, the loose spin distribution
in an external magnetic field is strongly temperature dependent, due to a weak coupling to
the neighbors. Thus, susceptibility measurements performed at different temperature allow for
separating two contributions in Eq. (4.2).

It is worth mentioning that for an easy plane antiferromagnetic MnoAu, an out-of-plane magnetic
field results in the same induced magnetization in both types of antiferromagnetic domains.

Therefore, the domain distribution in such a material does not affect the measured susceptibility.
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4.3.1 Estimation of the loose spin contribution to the perpendicular
susceptibility at different temperatures

In this work, the model of completely decoupled loose spins is employed. Therefore, they are
treated as an ensemble of paramagnetic moments, which can be described by the Brillouin

function:

M 25 +1 25 +1 1 1
- B - th | ———v ) — = coth [ =1 4.
Mloose S(y) 28 “ ( 25 y) 0 ( y) ’ ( 3)

where Mjyese is the saturation magnetization of loose spins, and y = ug/[”MOH/kBT is the
dimensionless argument depending on the Mn magnetic moment ug/[ " = 3.591 up (see Appendix
3). In Eq. (4.3) in comparison with the conventional Brillouin function, the total moment J is
replaced by the spin moment S. This is justified in a crystalline solid due to orbital momentum

quenching providing that J ~ S.
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Figure 4.2: The graphical representation of the function in Eq. (4.3) for S=1.8 at
different temperatures. Please note that the plot corresponding 300 K is multiplied by
10.

For RT and the highest magnetic field of 8T, which was available during the XAS studies at
VEKMAG, the Brillouin function provides M = 0.03Mj,,5.. The same estimation at 7K gives
the loose spin magnetization M = 0.74Mj,,s.. A small concentration of loose spins in epitaxial
films implies a small M,,se value. Thus, the contribution of loose spins to the perpendicular

susceptibility can be neglected at RT but it has to be taken into account at low temperatures.

4.3.2 Room temperature measurements

Sample MA1 with the stacking sequence AlpO3/Ta 18 nm/MngAu @600 °C 10 nm/AlO, 2 nm was

prepared for experiments on perpendicular susceptibility measurements. The absorption spectra
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measured in MAI at RT in a field of 8 T indicate a sizable dichroism (Figs. 4.3(a) and 4.3(c)).
The XMCD value at the Ly edge is small indicating a large induced orbital moment.
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Figure 4.3: (a) XAS measured in MA! at 8 T and at 300 K. (b) The same measurement
as in (a) but at 7K. The blue line shows the contribution of the absorption to delocalized
electron states. (c) and (d) The corresponding XMCD spectra calculated from the data

shown in (a) and (b), respectively.

The blue curves in Fig.4.3 represent the background associated with excitation of electrons
from 2p states to delocalized states close to the Fermi level described by function S(E) with
AFE =0.35€V (see Subection 2.2.2).

Integration of the XAS and the XMCD spectrum provides A = —1.68 £ 0.11, B = 0.33 +0.03,
and C = 3.17£0.09 (Fig. 4.3(c)). The resulting moments are pug = (0.065 £ 0.010) up/atom
and p1, = (0.025 £0.005) pup/atom at 8 T. Please note that the ratio of pr/pg is surprisingly
large, reaching 30%. The perpendicular susceptibility determined for the AFM coupled spins
at RT is:

XAFM = W = (5.5 +0.9) 1073, (4.4)

where n=4.2 x 102 m~3 is the number density of Mn atoms in MnsAu.

A large experimental value of ur can be interpreted with the following simple model. The spin
magnetic moments of both sublattices (ug1 and pg2) are antiferromagnetically coupled via a
strong exchange interaction. The magnetic field has to overcome the exchange torque to tilt

the spin moments (left side of Fig. 4.4). In turn, the orbital magnetic moments (ppq1 and pip2)
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are coupled to the corresponding pg1 and pgo via SOC (the central part of the Fig. 4.4). The
SOC constant is one order of magnitude smaller than the exchange constant [138]. Therefore,
the external field rotates the orbital magnetic moments by a larger angle out of the equilibrium
antiparallel position than the spin moments (see Fig. 4.4) and the projected perpendicular orbital
moment is of the same magnitude as the projected spin moment. Our experimental finding point
out that only the spin moments are coupled by the exchange interaction and not the orbital
moments. A similar non-collinear arrangement of the spin moment and orbital moment has also

been observed in FM [138].

Spin magnetic moment Orbital magnetic moment
Zeeman Spin-orbit coupling Zeeman
(Iu_.Sl + Ez) H ' ('ML)j_ + .UL)Z) H
Exchange
J s s, H

Figure 4.4: The spin (ps, and pg,) and the orbital (ur, and pr,) magnetic moments
of two MnoAu sublattices in external magnetic field. Spin-orbit coupling couples the

spin and the orbital moment of the same sublattice.

The following energy density functional is employed for analyzing the field induced magnetization
in MngAu, which takes into account exchange interaction, MAE, shape anisotropy, and Zeeman
energy:

€ = €cgchange T EMAE + €shape + €Zeeman- (4'5)

The exchange energy is given by (see Section 2.4):

€exchange = Z _Jij €;e; = Z Jij COS(W - 20‘)a (4'6)
{ij} {ij}

where e; is a unit vector oriented along the spin vector S; and « is the tilting angle of the Mn

spins towards the film normal. In approximation that « is small:
€exchange = N Jeff 2052, (4.7)

where Jopp = (4J14J2)/2 is the effective exchange constant (see Fig. 4.1) and n is the number of
Mn atoms per unit volume. The parallel alignment of Mn spins within one ab-plane is preserved

upon application of an out-of-plane magnetic field. Thus, the exchange constant J3 cannot be
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determined from the present experiment. Using the notation from Ref. [56], the MAE is written

as:

K K
EMAE = N2l sin? o = n2l o’ (4.8)
2 2
The expression for shape anisotropy in thin films is [68]:
1 . 1
€shape = 5 poM?2 sin’ a ~ 3 poM2 o, (4.9)

where Mg is the saturation magnetization of MngAu. Combining Egs. (4.7) to (4.9) and adding
the Zeeman term n (us + pr) poH gives the total energy density:
nKQL 1

Hs
= unM?2
9 + 5 Ho 5) (MM“

(4.10)

2
€= (2ndess + ) —n(ps + pr)poH,

where « is replaced by pg/pam. Minimizing (4.10) with respect to the induced spin magnetic

moment, the equation for J.s; is obtained:

(4.11)

1 2 M?
Jesr = 1 (MOHM/ZH - Ky — Mon S) .

Inserting values obtained from experiments at 300 K into Eq. (4.11) results in Jo 7y = (22 = 5) meV.
This experimental value is considerably smaller than a theoretically predicted value of 90 meV
[136] and the experimentally determined value of 75meV for a powder sample [55]. One of the
possible reasons for this discrepancy is the contribution of the weakly coupled moments at the

surface and at the grain boundaries characterized by a reduced exchange constant.

4.3.3 Low temperature measurements
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Figure 4.5: (a) The field dependence of the spin moment determined for MAI at the

temperature of 7K. (b) The same for the orbital moment.

The field dependent X-ray absorption measurements were performed after cooling MA1 to TK
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(Fig. 4.3(b)). The low-temperature XMCD spectrum reveals a higher dichroism values than
measured at RT (compare with Fig. 4.3(a)). For these spectra we calculate A = —4.91 + 0.36,
B =29140.08, C = 3.35+£0.07. The spin moment determined according to the proce-
dure described above reaches (0.27 £0.04) up/atom at the external field of 8 T. The u; =
(0.048 £ 0.015) up/atom is of the same order as the RT value. This fact corroborates the above-
discussed model that the induced orbital moment originates mainly from the antiferromagneti-

cally coupled moments.
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Figure 4.6: (a) The induced perpendicular spin magnetic moment in MAI at 7K
determined by XMCD (black dots), which is the sum of the loose spin contribution
(blue dots) and the antiferromagnetically coupled spin contribution (red dots). The
latter is the linear extrapolation of the data measured at RT. (b) The Brillouin function

fit of the induced magnetization of loose spins.

For determining the concentration of loose spins, it is necessary to extract their contribution
from the total low-temperature susceptibility. The moment of the antiferromagnetically coupled
spins obtained at RT is linearly extrapolated to the range of magnetic field from -8 T to 8 T
(Fig. 4.6(a) red dots and line) and subtracted from the total induced spin moment at the low
temperature (Fig. 4.6(a) black dots). The difference (Fig. 4.6(a) blue dots) yields the loose spin
contribution. The loose spin magnetization in the units of J T~ m=3 (Fig. 4.6(b)) is fitted by the
Brillouin function (Eq. 4.3) with the saturation magnetization (M;ese) as the fit parameter. The
blue line in Fig. 4.6(b) represents the best fit minimizing the root-mean-square deviation. The
extracted Mjypse is equal to 86kJ T~! m~3. This value corresponds to a loose spin concentration

of 6 % in the 3nm surface region probed in the TEY mode.

4.4 Conclusion

The perpendicular susceptibility of a MngAu(001) thin film in high magnetic fields up to 8 T
has been measured by XMCD spectroscopy at RT and 7K.
From the RT data, the exchange coupling constant was determined to be (4.J; + Jo2)/2 =

60



(22 £+ 5) meV. This value is lower than the theoretically predicted one of 90 meV, but still in the
same order of magnitude. The obtained orbital magnetic moment is surprisingly large reaching
about 30 % of the spin magnetic moment. A model is proposed for explaining this phenomenon,
which includes exchange coupling acting solely on the spin moments of the sublattices in com-
bination with a weaker spin-orbit coupling aligning spin and orbital moments of one sublattice.
The effect results is similar projections of the spin and the orbital moment on the applied field
direction.

The susceptibility measured at low temperatures contains two contributions, namely from the
antiferromagnetically coupled moments and loose moments located at defect sites. A combined
analysis of the data obtained at different temperatures provided the concentration of loose spins
in the near-surface region, which for the investigated films is 6 % of the total amount of Mn

spins.
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5 Investigation of antiferromagnetic
properties of Mn;Au via a ferromagnetic

tracer layer

5.1 Introduction

In this chapter, a ferromagnetic tracer layer is used to gain information on the AFM properties
of MngAu films. The changes of the ferromagnetic hysteresis in a MngAu/ferromagnet het-
erostructure due to exchange bias are analyzed to infer the properties of the AFM layer. The
term exchange bias refers to an interface coupling between an AFM and a FM layer, where the
Néel vector in the AFM is pre-oriented by cooling from above Tx in an external field or by
growing the AFM on a FM layer in magnetic saturation [139]. The orientation of the AFM layer
causes an additional effective field, the exchange bias field (Hgp), that shifts the hysteresis loop
of the ferromagnetic layer (see Section 2.7). Thus, the investigation of exchange bias can provide
information about the interface properties. These include fixed and rotatable moments at the
interface [87; 140] and magnetic anisotropy of the AFM [141].

Several studies were performed for imaging the domains in AFM/FM bilayers by the combination
of XMLD-PEEM and XMCD-PEEM [24; 25]. It was found that an AFM underlayer strongly
affects the FM domain pattern via interfacial exchange coupling. The shape of the resulting FM
domains repeats the AFM domain pattern of the AFM layer.

In case of bulk MnsAu, direct alignment by field cooling is not possible because of the high
Ty ~ 1500 K [55] since the material becomes structurally unstable below the Ty [142]. Never-
theless, Wu et al. measured an exchange bias induced by MnyAu in a Fe/MngAu heterostructure
grown on an MgO(001) substrate by molecular beam epitaxy (MBE) [143]. The MnsAu layer
had a thickness of 10nm, and the Fe layer was wedge-shaped with the thickness varying from
3nm to 10nm. This allowed investigating the dependence of exchange bias on the FM layer
thickness. The samples were annealed in a field of 5T at 380 K, which is much lower than the
bulk material T, and subsequently cooled to cryogenic temperatures. After this procedure, a
significant exchange bias was observed reaching 300 Oe for a 3nm thick Fe layer at 5 K.

The aim of this chapter is to use a ferromagnetic layer as a tracer layer to detect the manipula-
tion of the AFM Néel vector. It presents a systematic investigation of the magnetic properties of
MngAu/ferromagnet heterostructures. Section 5.2 contains the description of the sample prepa-
ration method and of the experimental setups used for field cooling, measuring the hysteresis
loops, and imaging the domains. Section 5.3 shows the structural and magnetic characterization

of the epitaxial MngAu/Fe heterostructures. Subsection 5.3.1 reports the results obtained for
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the high-quality epitaxial MnoAu layers deposited at the optimized growth conditions. Since
no exchange bias was achieved in these films, we decided to prepare films with smaller grain
sizes for decreasing the Ty (Subsection 5.3.2). The model employed for extracting the exchange
coupling parameter and the fraction of fixed magnetic moments at the interface from the mea-
sured hysteresis loops is presented in Subsection 5.3.3. Subsection 5.3.4 introduces the results of
fitting the experimental data. Section 5.4 describes the hysteresis loops measured for the sample
having the reversed stacking sequence, i.e. MnsAu deposited on a in-situ magnetized Fe layer.
The FM domain structure in the MngAu/Fe heterostructures visualized by Kerr microscopy
and by XMCD-PEEM are presented in Subsection 5.5.1 and Subsection 5.5.2 of Section 5.5,

respectively.

5.2 Experimental details

The samples discussed in this chapter are grown by radio frequency magnetron sputtering. All
samples are deposited at Al;03(1102) substrates and have the layer sequence AlyOg/ Ta(001)
/MngAu(001)/ Fe(001)/capping or AlyOs/Ta(001)/ MngAu(001)/ Py/ capping. The in-plane
epitaxial relation determined by XRD is Ta(001)[100] || MnzAu(001)[100]. Additionally, orienta-
tion of the Fe layer with respect to the MnsAu layer is given by MnpAu(001)[100] || Fe(001)[100].
The base pressure before deposition in the vacuum chamber was ~10~% mbar. An epitaxial Ta
buffer layer supported the epitaxial growth of the MnyAu layer in (001) orientation. A stoichio-
metric target was used for depositing MnaAu. The substrate temperature (Ts,;) during MnaAu
deposition was chosen between 450 °C and 600 °C [75]. The layer thicknesses were defined from
the previously determined deposition rates. Either Ta or Al is used as the capping layer to
prevent oxidation.

The MOKE measurements were performed with an in-house developed instrument. The setup
is equipped with a red laser diode (Coherent) generating a wavelength of 635nm and an elec-
tromagnet (GMW 3470). The polarization rotation induced upon reflection from a magnetic
medium is proportional to the sample magnetization [144; 145|. The implemented scheme for
detecting the rotation based on Faraday modulator is described in Ref. [146]. A lock-in detector
SR7225 and a pre-amplifier provided AC voltage for polarization modulation and DC voltage for
compensating the Kerr rotation to the Faraday coil. The polarization after passing the Faraday
coil was detected using a ThorLabs analyzer and a photodiode. The DC voltage dependence on
the magnetic field was measured during the experiment. The samples were mounted either on a
rotational stage, which allowed performing azimuthal scans at RT or on the copper cold finger
of an Oxford cryostat placed between the pole shoes of the magnet for low-temperature inves-
tigations. During the measurements, the cryostat volume was pumped to 10~ mbar providing
stable operation in the temperature range from 10 K to 450 K.

A separate vacuum heating stage equipped with a permanent magnet providing 0.2 T was used
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for field cooling in the temperature range from 300 K to 500 K. The pressure in the vacuum
chamber of the stage during the whole heating/cooling cycle did not exceed 10 ®mbar. A
Pt100 resistance thermometer was mounted on the copper sample holder for monitoring the
temperature.

The Kerr microscopy measurements were performed using a Carl Zeiss Axio Imager.D2m equipped
with a CCD camera Hamamatsu ORGAO03G. The sample stage equipped with an electromag-
net provides 2000 Oe. An array of light emitting diodes (LEDs) is used as a light source,
which allows choosing between the longitudinal, transversal, and polar MOKE modes. The
measurements presented here were performed in the longitudinal mode sensitive to the in-plane
magnetization component [147|. Subtracting the background image taken at saturation field
compensated for the surface morphology contribution. The utilized objective and the micro-
scope settings provided a spatial resolution of 520nm. The hysteresis loop was measured by
taking a series of images at different magnetic fields from 1700 Oe to -1700 Oe and then from
-1700 Oe to 1700 Oe with a step of 50 Oe.

The X-PEEM study was conducted at the SPEEM end station installed at beamline UE49_PGM
at the storage ring BESSY II (HZB, Berlin). The instrument provides a spatial resolution in
the sub-100nm range. The X-ray beam had a bandwidth of 0.4eV during the measurement.
A magnetic field of 250 Oe could be applied to a sample in the vacuum chamber between the
measurement. An Ar-ion gun installed in the instrument allows sputtering materials from the
sample surface for reaching buried layers. The X-ray beam incidence angle is kept constant
during the experiment at 16° with respect to the sample surface. The XAS is measured prior to
imaging the domains for determining the energies corresponding to the absorption edges. For
that purpose, a series of images are acquired for a range of energies close to the Lg and Loy edges
of the investigated material. The absorption is calculated as the integral of gray-scale levels
over a region of interest. During the spectromicroscopy measurements, the photon energy is set
at the L3 edge of the investigated material (Er,) for achieving the maximal XMCD effect (see
Subsection 3.2.1). For compensating a time-dependent drift, each measurement consists of three
series. Firstly, 20 images are taken at circular right polarization (o+) followed by 40 images at
circular left polarization (0—) and 20 more images at o+. Afterward, the first and the third
series are combined giving two sets for 04 and o— with 40 images each. Ferromagnetic contrast

is obtained as the asymmetry of the averaged images corresponding to o+ and o—:

IU+(EL3) — IU* (EL3)
IU+(EL3) + IU* (EL3)

IXMCD = (5.1)
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5.3 Exchange bias in epitaxial Mn;Au/Fe heterostructures

5.3.1 Investigation of high-quality Mn;Au/Fe films

The first investigated sample MA2 prepared at the optimal conditions for achieving a good
crystal structure has the following stacking sequence: AlpOz/Ta 18 nm/MnyAu @600 °C 4nm /Fe
3nm/Ta 3nm.
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Figure 5.1: (a) Sketch of the experimental geometry. Hy;oxp indicates the direction
of the magnetic field and the plane of incidence during the MOKE measurements. (b)
Angular dependence of remanence normalized to the saturation value for sample MAZ2.
Examples of hysteresis loops at (¢) ¢ =0° and (d) ¢ =45°.

The anisotropy of the Fe layer was characterized by measuring the hysteresis loops at different
azimuthal orientations of the sample. The angular dependence of the residual magnetization
(M,) reveals a four-fold magnetocrystalline anisotropy of the Fe layer grown on the epitaxial
MnsAu film (Fig. 5.1(b)), where large and small values of M, correspond to the easy and the hard
magnetic axes of the ferromagnet, respectively. Therefore, the Fe (100) easy-axes are rotated by
45° with respect to the (110) easy-axes of bulk MnyAu [56]. The coercive field is found to be
~100 Oe (Figs. 5.1(c) and 5.1(d)), which is one order of magnitude larger than in an epitaxial
Fe film grown on a MgO(100) substrate [148]. This broadening is attributed to an exchange
coupling between MnsAu and Fe (Section 2.7). The measured hysteresis loops are symmetric

with respect to H = 0, indicating the absence of exchange bias in the as-prepared sample.
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As mentioned above, an exchange bias in an AFM/FM heterostructure can be induced by field
cooling (FC) through the T. Accordingly, the sample was cooled in the cryostat from 400 K to
10 K in a field of Hpe = 2000 Oe. The field during FC was applied along the [100] crystallographic
axis. The sample treatment protocol included annealing at 400 K in the magnetic field for 30 min
before cooling. Please note that the applied field is much smaller than the spin-flop field of
MnsAu and cannot directly influence the AFM Néel vector [55].
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Figure 5.2: (a) The temperature dependence of the exchange bias and coercive field
of sample MA2 after field cooling from 400K in a saturating magnetic field. (b) The
corresponding hysteresis loops measured at 10 K and 400 K. Lines through the data

points in (a) and (b) are for visual aid.

The temperature-dependent hysteresis loops were measured while heating the sample. The
coercive field decreases with increasing temperature and becomes He =50 0e at 400K (Fig.
5.2(a)), which is still larger than the coercivity of an Fe layer grown on a paramagnetic substrate
[148]. Since a loop broadening originates from AFM coupled rotatable spins at the interface (see
Section 2.7), the MnyAu layer is in the AFM state in the investigated temperature region. This
indicates that T is higher than 400 K. The determined Hgp is equal zero within error margins
(Fig. 5.2(a)).

The external heating stage was used for achieving higher temperatures with the aim of exceeding
Tn. Field cooling was performed in two steps. Firstly, sample MA2 was cooled from 500 K to RT
in a saturating magnetic field of 2000 Oe in the heating stage. Then the sample was transferred
to the cryostat and cooled further to 10 K while applying a field of the same magnitude. The
determined coercivity and the exchange bias are plotted in Fig. 5.3. For estimating T, the
assumption is made that the coercivity is proportional to the AFM order parameter Ho o L
and approaches zero at T because of a small intrinsic coercivity of an uncoupled epitaxial Fe

film. Accordingly, the temperature-dependent coercivity data are fitted by Eq. (2.17) in Section
2.3 with g =1/2:
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Figure 5.3: (a) The temperature dependence of the exchange bias and coercive field of
sample MA2 after field cooling from 500 K in a saturating magnetic field (see text for
details). Red curve corresponds to the best fit of the experimental data by Eq. (5.2).
The black lines are guides to the eye. (b) The corresponding hysteresis loops measured

at 10K and 300 K. Lines through the data points are guides to the eye.

He(T) = Ho(0) 1 - 7 (5:2)
depending on two parameters H(0) and T. The best fit is shown by the red line in Fig. 5.3(a).
The fit parameters are Hc(0) =1650e and Ty =470K, which is smaller than the maximal
temperature of 500 K reached during the field cooling. On the other hand, no significant exchange
bias is observed, which can be explained by a too weak anisotropy of the AFM layer that fails
to stabilize the interface moments.
In an attempt to increase the anisotropy, a thicker MngAu sample MA8 was prepared with the
stacking sequence Al;Os/Ta 18 nm/MnsAu @600°C 7nm/Fe 3nm/Ta 3nm. The same field
cooling and measurement protocol utilizing the heating stage and the cryostat were applied as
described above.
The H¢ for sample MAS3 is larger than that for sample MA2 (Fig. 5.4(a)). The best fit by Eq.
(5.2) is shown by the red line in Fig. 5.4(a) corresponds to H(0) = 235 Oe and Ty = 550 K. The
exchange bias is again equal to zero within the error bars. Most likely, the absence of exchange
bias is caused by the fact that Ty was not reached before field cooling.
Heating of the MnyAu/Fe heterostructures above 500 K leads to interdiffusion of the atoms at
the interface, which is evidenced by non-reversible changes of a MnyAu/Fe sample resistance
introduced after overcoming this temperature. Accordingly, field cooling from above 500 K
was not performed to avoid deterioration of the interface. An interesting question is why a
considerable exchange bias effect has been observed before for similar Fe/MnyAu layers in Ref.
[143]. The RHEED XRD data provided in the article indicate a considerable disorder at the

interface and a substantial proportion of admixture phases in MnyAu. This fact suggests that
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Figure 5.4: (a) The temperature dependence of the exchange bias and coercive field of
sample MAS3 after field cooling from 500 K in a saturating magnetic field (see text for
details). Red curve corresponds to the best fit of the experimental data by Eq. (5.2).
The black lines are guides to the eye. (b) The corresponding hysteresis loops measured
at 10K and 300 K. Lines through the data points are guides to the eye.

the observed exchange bias can originate from uncompensated moments at the interface and
does not reflect the intrinsic magnetic order within MnyAu [149].

In summary, the anisotropy of a MngAu film with a thickness <7nm is too small for sustaining
an exchange bias and thicker films have a Ty > 500 K. A proper field cooling process of a thick
MnoAu films requires a temperature exceeding 500 K, which introduces defects at the interface

between the MnsAu and a FM layer.

5.3.2 Dependence of the exchange bias field on the Mn;Au grain size

This subsection addresses the issue of decreasing the Ty by tailoring the crystallite size of the
epitaxial film for achieving a sizable exchange bias effect. The Néel temperature of a polycrys-
talline AFM depends on the grain size [150], which can be reduced by lowering the substrate
temperature during deposition. In order to investigate the exchange bias dependence on the
grain size, two samples, MA/ and MAS5, were prepared at purposely non-optimal growth con-
ditions. Both samples have the same structure AlpO3/Ta 18 nm/MnyAu @Q(Ty,; °C) 10nm/Fe
3nm/Ta 3nm, where Ty, is 500 °C and 450 °C for samples MAJ and MASJ, respectively.

The crystal structure of the films was investigated by XRD. The experimental peak positions in
the 8-26 scans in Fig. 5.5 are close to the theoretical values with the lattice parameters from
[136]. The majority of the MngAu crystallites have (001)-orientation with the proportion of
(101)-phase increasing at lower Ty,;. In order to extract the grain size, the peaks in the 6-26
spectra were fitted by Lorentzian functions and the corresponding rocking curves by Gaussian
functions (Table 5.1). The Scherrer equation was used for calculating the average crystallite size

[151]. The size of the (001) crystallites is reduced for the sample deposited at a lower tempera-
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ture. At the same time, the size of the (101) crystallites increases. For the further analysis, only
the (001) crystallites are assumed to provide an exchange bias due in-plane magnetic moments
at the surface, in contrast to the (101) crystallites with predominantly out-of-plane moment
direction. Therefore, sample MAJ5 has smaller exchange bias-creating crystallites than sample
MAY.
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Figure 5.5: (a) 8 — 20 spectrum measured for sample MA/ grown at 500°C. (b) The
same for sample MA5 deposited at 450°C. The insets in (a) and (b) show the rocking
curves obtained at 20 corresponding to (002)-peak of MngAu.

The size of (001) The size of (101)  Rocking curve

Sample ] ) )

crystallites (nm)  crystallites (nm)  width (degrees)
MA4 (500°C) 8.4(1) 6.1(1) 0.68(1)
MAS5 (450°C) 6.4(1) 7.3(1) 0.77(1)

Table 5.1: The grain size and the rocking curve width for samples MA4 and MAS.

The values in parentheses indicate the fit errors.

Both samples were field cooled from 500K to RT in a saturating magnetic field of 2000 Oe. The
Hpc was applied along the [100] crystallographic axis. The angle-dependent MOKE measure-
ments conducted for sample MA5 at RT show a dominating two-fold anisotropy that may be
induced by an interfacial exchange coupling. In order to prove that the two-fold anisotropy is
induced by field cooling, the experiment was repeated for Hp¢ directed along the [010] axis (Fig.
5.7). The subsequently measured hysteresis loops exhibit the easy and hard axis behavior for
opposite angles compared to the results shown in Figure 5.6. In fact, no shift of the hysteresis
loops could be detected at RT in either case.

Temperature-dependent MOKE measurements were performed for both samples after further FC
in the Oxford cryostat from RT to 20K in a field of 2000 Oe (Figs. 5.8 and 5.9). A significant
exchange bias was observed for reaching 140 Oe and 210 Oe at 20K in samples MA4 and MAS5,
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respectively. The presence of an exchange bias indicates that the T of both samples is smaller
than 500 K. The coercivity of the polycrystalline Fe films in these samples is unknown for
the absence of exchange coupling and can significantly exceed that of an epitaxial layer [148].
Therefore, estimation of the T including the fitting by Eq. (5.2) as presented in Figs. 5.3 and

5.4 cannot be implemented here.
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Figure 5.6: (a) The experimental geometry indicating the field direction during field
cooling (Hp¢). (b) The hysteresis loops measured in sample MAS5 at different ¢ values.
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Figure 5.7: (a) The experimental geometry indicating the field direction during field
cooling (Hp¢). (b) The hysteresis loops measured in sample MA5 at different ¢ values.

The blocking temperature (Tp) characterizes the interface energy (Ein¢) of an AFM/FM het-
erostructure, which determines the exchange coupling. At high temperatures the thermal energy
reduces the interface energy according to Eint(T') = Eint(0) —kpTp [152], and the exchange bias
approaches zero at Tg. Obviously, the blocking temperature of an AFM cannot exceed Néel
temperature Tg < Ty. The values of T obtained from Figs. 5.8(b) and 5.9(b) for samples MA4
and MAS5 are 250 K and 200 K, respectively.

The remagnetization mechanism determines the shape of the hysteresis loop. An abrupt tran-
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sitional region of the descending branch (negative fields) of the 20 K-loop in Figure 5.9(a) indi-
cates remagnetization via the domain wall formation and propagation. A smoother change of
the magnetization at the ascending branch (positive fields) implies remagnetization via (partial)
coherent moment-rotation. The same behavior, however less pronounced, is also observed at low
temperatures for sample MA4 (Fig. 5.8(a)).
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Figure 5.8: (a) The temperature-dependent hysteresis loops measured for sample MA/4

after FC. (b) Coercivities and exchange bias fields extracted from the loops in (a).
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Figure 5.9: (a) The temperature-dependent hysteresis loops measured for sample MA5

after FC. (b) Coercivities and exchange bias fields extracted from the loops in panel

(a).

Summarizing the presented results, a significant exchange bias in a MngAu/Fe heterostructure
can be achieved for a higher degree of disorder in the MnyAu film via lowering the growth
temperature. In order to get a deeper insight into the exchange bias mechanism in non-perfect
MnsAu layers, the experimentally obtained hysteresis loops were simulated using the spin glass

model. The results are presented in the next section.

72



5.3.3 Spin glass theory of coupled antiferromagnet/ferromagnet
heterostructures

The spin glass model accounts for important features observed in the experimental loops such as
1) the shift of the loop, caused by fixed interfacial AFM spins, 2) the increase of H¢ originating
from rotatable interfacial AFM spins, and 3) an asymmetric shape of the hysteresis loops due
to different remagnetization mechanisms at Hey and Heg [153)].

The model is based on the Stoner-Wolfarth macrospin approach [154] with the additional as-
sumption that the interface contains a layer of low anisotropy spins having a thickness of tgp
and magnetization Mgp. The coupling strength between the FM and the interfacial spins is
characterized by exchange constant J. A certain fraction f of the interfacial spins is assumed to
be fixed and (1 — f) to be rotatable. This leads to an additional uniaxial anisotropy with the co-
efficient K;Jg = J (1 — f) and an unidirectional anisotropy characterized by Jgjlc)f = J f. Please
note that both parameters, Kg’;f and Jg’];f , describe the interface effects and have dimensions

of [Jm~2]. The total energy functional within the spin glass model has the form:

FE = —;LoHMFMtFM COS(@ - ﬁ) + KFMtFM Sing(ﬁ) COS2(,3)+
+ Karmtarm sing(a +7/4) cos2(a + 7/4) — noH Mgptsp cos(0 — )+
+ K sin?(8 — ) — J& sin(B — ), (5.3)

where angles «, 8, and 8 correspond to the orientation of AFM moments, FM moments, and
magnetic field respectively. tpas and t4ppr are the thicknesses of the FM and AFM layers.
The first term in Eq. (5.3) is the Zeeman energy depending on the magnetization of the FM
layer. The second and the third terms represent the four-fold in-plane anisotropy of Fe and
MnyAu characterized by the constants Kppys and Kapas, respectively. The additional factor
7 /4 accounts for the different easy directions of Fe and MngyAu. The last three terms are related
to the spin glass at the interface and represent the Zeeman energy and the additional anisotropies
discussed above.

In the following, the MnsAu anisotropy is considered to be larger than the Fe anisotropy. This
allows neglecting the second term in Eq. 5.3 . The fourth term in Eq. (5.3) is omitted since tgp

is usually much smaller than tpps [153]. Accordingly, one obtains the condition for the energy

minimum:
OF . .
o = Karmtarymsin(2a) — S]];fcos([i’ —a) =0,
(5.4)
OF
5 = —poHMptpsin(© — ) + Kggsin@ﬂ —) — ngfcos(ﬁ —a)=0.
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5.3.4 Fitting of experimental data using theoretical models

The temperature-dependent hysteresis loops measured in samples MA4 and MAS5 were simulated
according to Eq. (5.4) with J and f left as the fitting parameters. Angle v = 7/9 was chosen

for all calculations [153].
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Figure 5.10: (a) Temperature-dependent hysteresis loops measured for sample MA4
(circles) and corresponding simulated hysteresis loops (solid lines). (b) The coupling
constant (J) and the fraction of the rotatable interfacial spins (f) corresponding to the

best fit curves shown in (a).
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Figure 5.11: (a) Temperature-dependent hysteresis loops measured for sample MAS5
(circles) and corresponding simulated hysteresis loops (solid lines). (b) The coupling
constant (J) and the fraction of the rotatable interfacial spins (f) corresponding to the

best fit curves shown in (a).

The determined coupling parameters J are very close for both samples (Figs. 5.10(b) and
5.11(b)). Consequently, larger exchange bias values in sample MA5 stem from a larger amount of
fixed spins, which reaches 40 % at 10 K in comparison with 30 % for sample MA4. The value of f
is reduced at higher temperatures and approaches zero at Tp. Negative values of f above T'p are

caused by the offset of the measured hysteresis loops due to a systematic error (see blue curves
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Figs. 5.8(b) and 5.9(b)). The model fails to properly describe the hysteresis loops for sample
MA/ at temperatures above 300 K (Fig. 5.10(a)). This is presumably caused by an increasing
ratio of the FM and the AFM anisotropy constants Krpr/Kapar at higher temperatures. In

this case, the second term in Eq. (5.3) has to be taken into account.

5.4 Exchange bias induced by Mn;Au deposited on an Fe layer

An alternative to field cooling is the deposition of the AFM layer on a previously magnetized
FM layer. In this case the Néel vector is oriented during the growth of the AFM layer as soon as
Ty exceeds the growth temperature. The advantage is that a high temperature annealing step

is not required.
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Figure 5.12: (a) XRD spectrum of sample MA6. (b,c) RHEED images measured
in-situ after deposition of the Fe layer (b) and the MnyAu layer (c).

Sample MA6 with the following structure MgO(001)/Fe(001) 5 nm/MnoAu QRT 10nm/Ta 3nm
was used for investigating exchange bias induced by a ferromagnetic buffer layer. For this
purpose, the Fe layer was magnetized in-situ by a permanent magnet before depositing MngyAu.
The XRD analysis of the sample indicated no peaks corresponding to MnoAu (Fig. 5.12(a)).
The presence of weak spots in the RHEED image of the MnyAu surface indicates a textured
structure of the AFM layer (Fig. 5.12(c)).

The angle-dependent hysteresis loops of the as-prepared sample are presented in Figure 5.13.
The loops are much more narrow than for Fe deposited on an epitaxial MnsAu and exhibit
an anisotropic behavior featuring steps at Ho. These steps indicate a superposition of the Fe
four-fold magnetocrystalline anisotropy and a uniaxial anisotropy originating from an exchange
interaction at the interface [155]. Please note that the easy axis for the uniaxial anisotropy
coincides with the Fe magnetization direction (Mppg), which means that the MnyAu moments
are oriented by the underlying FM. No shift of the hysteresis curves is observed in Fig. 5.13(b).
The low-temperature hysteresis loops measured after field cooling from RT in a magnetic field
of 2000 Oe are significantly broadened and shifted in the direction opposite to the magnetic field
applied during field cooling (Fig. 5.14(a)). In contrast to epitaxial MngAu films, both Hey and
H¢o decrease uniformly with increasing temperature. The Ty of sample MAG6 is close to 300K,

which is evidenced by a vanishing width of the Fe hysteresis curve at this temperature. The
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Figure 5.13: (a) The experimental geometry indicating the Fe magnetization direction
during MnoAu deposition. Hpy;ox g denotes the direction of the magnetic field and the
plane of incidence during the MOKE measurements. (b) The hysteresis loops measured
for sample MA6 at different ¢ values.

absolute value of Hgp is significantly smaller than for samples MA/ and MAS5, which can be
caused by a smaller fraction of the fixed spins at the interface. T'g of the textured MnsAu layer

is estimated to be ~200 K, which is comparable to the epitaxial MngoAu films.
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Figure 5.14: (a) The temperature-dependent hysteresis loops measured for sample
MAG6 after FC. (b) Coercivities and exchange bias fields extracted from the loops in

(a).

In summary, the reversed growth process indeed produces a sizable exchange bias indicating
the antiferromagnetic order in the MnsAu film. However, the growth of MnsAu on the FM Fe
layer causes a decreased quality of the crystal structure, resulting in a considerably reduced Néel

temperature in comparison with the epitaxial MnsAu films.
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5.5 Investigation of ferromagnetic domains in
MnyAu/ferromagnet heterostructures

In order to investigate the domain structure in an as-grown high quality MnsAu film, a ferro-

magnetic layer deposited on MnsAu was used as a tracer. The exchange coupling is expected

to transfer the AFM domains on the FM, whose domain pattern is then visualized by Kerr
microscopy (Subsection 5.5.1) and XMCD-PEEM (Subsection 5.5.2).

5.5.1 Kerr microscopy investigation of ferromagnetic domains in Mn,Au/Py

Figure 5.15: The Kerr microscopy images for sample MA7 taken consecutively at the
field values specified in the insets. The background image acquired at -1700 Oe was

subtracted from each of the images.

Permalloy (Py) was chosen for this experiment since it forms a polycrystalline layer on MngAu
and has a negligible magnetocrystalline anisotropy. In this case, the FM domain distribution
is supposed to be mainly determined by the AFM. Correspondingly, Py is a good tracer layer
for studying the exchange coupling and the AFM domains. Sample MA7 with a layer structure
of AleO3/ Ta 18 nm/ MnaAu @600 °C 66 nm/ Py 4nm/ Ta 3 nm was prepared for Kerr microscopy
studies. The hysteresis loop measured using the Kerr microscope exhibits a significant broad-

ening with a coercivity of ~500 Oe, which is two orders of magnitude larger than the coercivity
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of a Py thin film grown on a paramagnetic substrate [156]. This indicates a strong interfacial
exchange coupling between MnsAu and Py.

Afterward, a series of images were taken while sweeping the in-plane field from a negative satu-
ration value of -1700 Oe to the positive field of the same magnitude (Fig. 5.15). The background
image taken at -1700 Oe is subtracted from the images in Fig. 5.15. The image taken at a posi-
tive coercivity of 4500 Oe shows a pronounced domain contrast with fine domains. The domain
size is at the limit of the instrumental resolution and cannot be determined from the image. At
the positive saturation field (41700 Oe), the image becomes homogeneously gray, proving the
white/black contrast to be magnetic. After decreasing the external field to the negative coerciv-
ity, a similar domain pattern is obtained. Since the size of the observed domains is much smaller
than in a Py layer not coupled to an AFM [157], the observed domain pattern is presumably

caused by the AFM domains via exchange coupling.

5.5.2 XMCD-PEEM investigation of ferromagnetic domains in Mn;Au/Fe

In order to obtain a better spatial resolution for analyzing the domain shape and size, XMCD-
PEEM has been applied. The XMCD-PEEM experiments were performed with sample MAS,
consisting of the following layers: AlyO3/Ta 18 nm/MnyAu @600°C 60 nm/Fe 10nm /Al 5nm.
Fe is a preferable material for this experiment since it provides a higher XMCD asymmetry than
Py. The Al capping layer was sputtered with the Ar gun prior to the measurements in order to
enhance the contrast from the underlying FM layer. For sputtering, an acceleration voltage of
1.2keV was used and the Ar pressure was set to 2 x 10~° mbar. The sputtering time amounted

to 15 min.
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Figure 5.16: (a) The XAS and corresponding XMCD measured for sample MA8. (b)
The element contrast obtained as the ratio of the images taken at the Fe L3 edge
(707.5eV) and pre-edge (700.0eV). The black areas on the left and in the center of the

image are due to structural defects used for alignment. The FOV is 15 pm.

The XAS and XMCD spectrum of Fe measured after removing the capping layer are shown in
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Fig. 5.16(a). The L3 and the Ly edges corresponds to the energies of 707.5eV and 720.7eV,
respectively. The surface morphology and the Fe content in the near-surface region are revealed
in ratio of the images taken at the Lz edge (707.5eV) and a pre-edge (700.0eV) shown in
Figure 5.16(b). The homogeneous intensity over the whole image implies the capping layer to

be uniformly sputtered.
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Figure 5.17: The asymmetry of the images taken at o+ and o— in sample MAS8. The
FOV is (a) 25 um and (b) 10 pm.

The images shown in Figure 5.17 represent the XMCD asymmetry for sample MAS indicating
the FM contrast. The Fe domains have irregular shapes and are elongated in the [110] direction,
which is the easy axis of MngsAu. The average size of the domains is ~1 pm being in line with
the previously obtained Kerr microscopy data.

The maximal magnetic field available with the used sample holder was 250 Oe. However, it was
possible to conduct the measurements only in 200 Oe field because of the photoelectron trajec-
tories distortions caused by magnetic fields. In order to investigate the influence of moderate
magnetic fields on the domain distribution, a field of 250 Oe (-250 Oe) was applied to the sample
before the measurements and reduced to 200 Oe (-200 Oe) during the measurements. In both
cases, the domain structure did not exhibit any visible changes (Fig. 5.18). This observation is
in agreement with the large coercive field measured for MngAu/Fe heterostructures.
Subsequently, an attempt was made to sputter the Fe layer and measure the AFM domains
directly using the XMLD effect to compare them with their ferromagnetic counterpart. However,
we were not able to obtain any magnetic contrast, most likely because of the deterioration of

the sample surface caused by the sputtering process.
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Figure 5.18: The ferromagnetic domain in sample MAS8 exposed to an external mag-
netic field. (a) a field of +250 Oe was applied to the sample prior to the measurement
and the set of images was taken at a field of +2000e. (b) The negative field of the

same amplitudes were applied before and during the measurement.

5.6 Conclusion

The main findings presented in this chapter are as follows.

e High-quality MnoAu films with a thickness <7nm grown at an optimized deposition tem-
perature have a low anisotropy and turn out to be inefficient for generating exchange bias in
MngyAu/Fe heterostructures. Thicker MnyAu layers are characterized by an increased Neéel tem-
perature T > 500 K. Exchange bias in such samples cannot be induced by field cooling, since it
requires heating the sample to temperatures above T. At this conditions, interdiffusion occurs
at the AFM/FM interface, which results in its deterioration.

o In order to lower the T of MnsAu, samples with a reduced grain size were prepared. In the
current work, control of the crystallite size is achieved by depositing the material at different
substrate temperatures. Two samples were prepared at the substrate temperatures 100 °C and
150 °C lower than the optimal temperature of 600°C. A lower deposition temperature corre-
sponds to smaller (001)-crystallites as it was evidenced by XRD. After performing field cooling,
a significant exchange bias was measured reaching 140 Oe in the former and 210 Oe in the latter.
The value of Tp for the samples is lower than RT and amounts to ~250 K and ~200 K, respec-
tively. A broadening of the hysteresis loop is observed, which is induced by a strong uniaxial
anisotropy created at the interface by the AFM.

e The spin glass theory is used for fitting the experimental hysteresis loops of the MnyAu/Fe
heterostructures grown at a decreased substrate temperature. Within the model, the interfacial
exchange constant is found to be equal in both samples. The larger value of Hgp in a sample

corresponding to a lower growth temperature and smaller crystallites originates from a larger
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fraction of fixed AFM moments at the interface.

e A MnsAu film deposited on an epitaxial and magnetically saturated Fe layer has a textured
structure and also generates an exchange bias of ~40 Oe upon cooling to 10 K, which is smaller
than for the epitaxial samples. The studied sample is characterized by T = 200K and a low
Tn of 300 K. The reduction of the Néel temperature is attributed to a low crystalline quality of
the MnsAu layer.

e The domains in epitaxial high-quality MnaAu/Py and MnaAu/Fe heterostructures with thick
AFM layers were imaged by Kerr microscopy and XMCD-PEEM. The acquired ferromagnetic
domain patterns consist of fine random domains with an average size of ~1um, which is signifi-
cantly smaller than the domain size in a Py or Fe film on a non-magnetic substrate. This result
indicates that the ferromagnetic domains follow the domain pattern of the underlying MnsAu
film. Consequently, a FM layer can be used as a tracer layer for investigating the non-easily
accessible AFM domains of MnsAu thin films, which is otherwise only possible by the XMLD
effect.
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6 Antiferromagnetic domains in Mn;Au and

domain reorientation in a high magnetic

field

6.1 Introduction

It is known that, in analogy to FM, AFM may also form domains with a uniform Néel vector
within one domain. However since AFMs do not have a net magnetization and do not produce
stray fields, the AFM domains remained elusive for investigators longer than their FM counter-
part. First observations of domains in bulk insulating AFMs were made by neutron tomography
[158; 159; 160] and optical microscopy [161; 73]. An important breakthrough in research on
domains in AFM thin films was made after discovery of XMLD, which is the difference between
absorption of X-rays with various linear polarizations [131]. Subsequently, a series of exciting
experiments were performed in AFM and AFM/FM heterostructures [24; 25; 162; 163| with the
help of XMLD combined with PEEM. It was shown that in thin AFM films the domains have a
size of ~1pm [164; 24; 165] and usually show irregular shapes with curved boundaries. Menon
et al. demonstrated imaging of domains in NiO by LEEM [166]. Since NiO has a magnetic
periodicity twice larger than the structural periodicity, half-order Bragg reflexes appear in the
back focal plane of the objective. Choosing one of these reflexes by the contrast aperture allows
obtaining the domain images in the dark-field mode. The virtues of this technique are a high
surface sensitivity and a lateral resolution reaching 10 nm. However, the method is not universal
and requires different spatial and magnetic periods resulting in separate magnetic Bragg peaks.
In AFM spintronics, a bit of information can be encoded by the direction of the Néel vector.
Therefore a concept of AFM memory requires efficient methods for writing and reading the Néel
vector orientation, in other words, changing and detecting its direction. The emergence of cur-
rent induced NSOT in AFMs with non-centrosymmetric magnetic sublattices was theoretically
predicted in Ref. [40]. This torque can change the orientation of the Néel vector, which was, in-
deed, recently demonstrated for CuMnAs [21; 41] and MngaAu [22; 167]. However, the threshold
current densities for Néel vector reorientation are, in general, close to the sample destruction
limit. To this end, the characterization of the AFM domain structure is of major importance
for further material optimization, which allows for reducing the necessary current.

Two equivalent bulk types of domains exist in MnoAu with staggered magnetization oriented
along [110] and [110] directions. However, there are four possible surface terminations with the
topmost magnetic moments pointing along +/-[110] and +/-[110] (Fig. 6.1). Little is known

about the domains in MnsAu thin films. Results presented in the previous chapter obtained
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by XMCD-PEEM for a MnsAu/Fe heterostructure provide an estimated AFM domain size of
~1yum. To this end, measurements directly probing the AFM domain structure of MnsAu are

required.
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Figure 6.1: (a) Two types of bulk AFM domains in MnsAu. (b) Four possible structures
at the surface of a MngyAu bulk single crystal. Filled and empty arrows correspond to

the topmost moments and the second layer of Mn atoms, respectively.

The region separating two magnetic domains is called a domain wall (DW), where the Néel
vector (L) direction changes smoothly from L; in the first domain to Lo in the second domain.
The DW structure is determined by the bulk and interface properties of the magnetic layers,
such as exchange coupling, anisotropy coefficients, and Dzyaloshinskii-Moriya interaction [133].
Information about the AFM DWs is lacking in the literature. Only a few articles exist concerning
NiO domain walls, which provide different estimations for the domain wall width [168; 27].
The analysis of the DW profiles in AFMs is interesting because it can provide information
about the above-mentioned parameters of AFM samples. For example, information about the
magnetocrystalline anisotropy determining the switching current value is required for lowering
its threshold density [40]. Moreover, a recent study of NSOT in CuMnAs indicated a crucial
role of domain walls for current switching [42].

Spin-flop manifests itself in a reorientation of sublattice magnetizations in an AFM by a strong
magnetic field. This effect was for the first time experimentally investigated in MnF,, an AFM
with a uniaxial magnetocrystalline anisotropy having Ty = 67 K [30]. The susceptibility mea-
surements in a pulsed magnetic field performed at 4.2 K indicated a sudden increase of the
induced magnetic moment at Hgp = 9.37T. The transition region became broader for the ex-
ternal field misaligned with the easy axis direction. As it is also pointed out in Section 2.8,

the spin-flop field is proportional to the square root of the product of exchange field and the
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anisotropy field o« v HgH 4. The materials with a high Néel temperature are characterized by
a large Hgp and, as a consequence, a large Hgp. Generally, fields of several tens of Tesla are
necessary to achieve spin-flop. These high fields are available only in pulsed mode, which hin-
ders direct experimental investigation of this phenomenon. The Hgg can also be determined
by performing a field dependent antiferromagnetic resonance measurement since the collective
mode frequency depends on the external field as fapyr o< (V2HpH4 — H) and goes to zero
when H = Hgp = v/2HpH 4 [30]. However, this approach is also fraught with difficulties for
AFMs with high Ty since it requires extremely high magnetic fields available only in the pulsed
mode for reducing fapar to the measurable values.

This chapter presents the investigation of the domain structure in epitaxial MnoAu thin films
and orientation of the AFM domains in high magnetic fields. Section 6.2 shows the details of
the sample preparation and the employed experimental techniques including XMLD and XMLD-
PEEM. Section 6.3 introduces the XMLD spectra obtained in as-prepared MnsAu samples and
samples exposed to high magnetic fields. The AFM domains in an as-prepared MnsAu film
imaged by XMLD-PEEM are discussed in Section 6.4. Section 6.5 presents the changes in
the MnsAu domain structure caused by high external magnetic field via spin-flop transition.
Antiferromagnetic DWs in MnyAu are discussed in Section 6.6. Finally, Section 6.7 introduces
the measurements of the Mns Au magnetoresistance. The obtained results confine the field range,

at which the spin-flop transition occurs in MnsAu.

6.2 Experimental details

The epitaxial thin films discussed in this chapter have the layer stacking sequence AlyO3(1102)/
Ta(001)/ MnaAu(001)/AlO; with the in-plane epitaxial relation MnaAu(001)[100] || Ta(001)[100].
The samples were grown by radio frequency magnetron sputtering in a UHV cluster. The base
pressure before the deposition was 10~ mbar. First, a Ta buffer layer was deposited at an op-
timal substrate temperature of 710°C and an Ar pressure of 0.03 mbar assuring the best layer
quality. These growth parameters correspond to a 2D-RHEED pattern and the narrowest Ta
(001) 6 — 26 peak as well as the rocking curve measured by XRD. A stoichiometric target was
used for depositing MnoAu. During the MngAu deposition, the Ar pressure was set to 0.1 mbar
and the RF source power to 25 W. A substrate temperature of 600°C in combination with
the Ta buffer layer provided a MnsAu(001) epitaxial thin film [75]. The layer thicknesses were
defined from the known deposition rates. An Al capping was used for oxidation protection.

High magnetic fields were applied to the samples at the High Magnetic Field Laboratory of
the Helmholtz Zentrum Dresden Rossendorf (HZDR) (courtesy of Dr. Yurii Scourski). A set of
samples prepared according to the same protocol was exposed to pulsed magnetic fields having
a maximal value from 30 T to 70 T with an increment of 10 T. The direction of the external field

was parallel to either [110] or [100] crystallographic axis of MngAu.
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Figure 6.2: The XAS and the corresponding XMLD spectrum of MnsAu calculated
with FP-LAPW ELK software [60]. The energies E'2%%, , and B, . corresponding

to the maximum and the minimum of XMLD are indicated.

The spectroscopic X-ray absorption studies were performed with the ALICE chamber at the
synchrotron facility BESSY II (HZB). During the experiments, the instrument was installed at
the beamline UE52_SGM with an implemented APPLE II undulator providing variable circular
and linear beam polarizations. The X-ray beam was incident normal to the sample surface and
focused to a spot of 60 pm x80 pm. The film was connected to the ground through a Keithley 6485
picoamperemeter. Crystallographic (110) axes were oriented horizontal and vertical, i.e. in the X-
ray polarization planes. A deviation of [110] axis from the X-ray electric field direction amounting
to a few degrees is to be expected. The XAS were measured in TEY mode, detecting the current
flowing to the ground to compensate the photocurrent. The monitor current measured at a Pt
mesh located in the beam path was used for normalization. The XMLD spectrum was calculated
as the difference of the corresponding XAS spectra measured at linear horizontal (LH) and linear
vertical (LV) polarizations:
 XASpy(E) — XASpv(E)

XMLD(E) = X Asyae T XASTE (6.1)

where LH and LV correspond to the electric field vectors oriented in the ring plane and perpen-
dicular to it, respectively.

The XMLD-PEEM studies were performed at beamline 106 at Diamond Light Source and
SPEEM at BESSY II (HZB) both equipped with Elmitec photoemission electron microscopes.
The setup allows obtaining images with the field of view of 5 to 80 pm and a spatial resolu-
tion of ~50nm. The energy resolution was ~0.4eV. The X-ray beam incidence angle was kept
constant during the experiment and equal to 16°. All measurements were conducted at linear
vertical (LV) polarization with the electric field vector oriented in the sample plane. The XAS
were obtained with PEEM by taking pictures at a series of energies in the vicinity of the Mn
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L3 edge and averaging the gray scale levels over a selected area in the pictures. Comparing it
with the spectroscopy XAS measured with ALICE, the energies corresponding to the maximum
(Bpaz. ) and the minimum (E%, ) of XMLD were experimentally determined (Fig. 6.2).

The AFM contrast was obtained from the difference between pictures at the energies of (ER4% )

and (ER47; p) normalized by their sum:

Iy (ERe o) — Inv (B )
Iv (Bt p) + Lov (B p)

IXMLD = . (62)

A stack of 20 pictures at E4f; ;, followed by 40 pictures at E;’g}(j ;p and another 20 pictures at
E347 p with an exposition time of 3 seconds were taken. These measurements were repeated
4 times. An averaging procedure including background correction and drift correction allowed
to obtain a sharp magnetic contrast in the averaged image [169]. The measurements were
performed at different angles of rotation around the sample normal. For a tetragonal easy plane
AF, a magnetic contrast is expected when the electric field of the X-ray beam is parallel to an
easy axis. The contrast is supposed to disappear after rotating the sample by 45° and to change
sign after 90° rotation [76].

Transport measurements were performed in an cryostat (Oxford) providing magnetic fields up
to 16 T. The resistance of a square 10 mm x 10 mm sample was detected in the van der Pauw

geometry.

6.3 Orienting the Néel vector of a MnsAu thin film by a

spin-flop transition in a high magnetic field
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Figure 6.3: (a) The XAS and the corresponding XMLD spectrum measured in sample
MAY previously exposed to a pulsed field of 70T along the [110] direction. The sample
was rotated by 0° (blue) and by 90° around its normal (red). (b) The XAS and the
corresponding XMLD spectrum for reference sample MA9ref.

The first experiment was aimed at investigating the possibility to orient the AFM domains
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in MnoAu via spin-flop transition. Two samples MA9 and MAZdref with the layer sequence
Aly03/Ta 15nm/MnaAu @500 °C 10 nm/Fe 1 nm/AlO, 2 nm were prepared for this experiment.
The growth temperature was decreased in comparison to the optimal 600 °C [75] for reducing the
spin-flop field value, which is achieved by decreasing the grain size. A smaller grain size results
in a lower Néel temperature and lower exchange interaction strength [170], which determines
the spin-flop field (see Section 2.8). Sample MA9 was exposed to a magnetic field of 70 T along
the [110] crystallographic direction. The Fe layer, which was deposited for magneto-optical Kerr
effect (MOKE) investigations, is assumed to have no influence on the spin-flop process [171].
The XMLD spectra measured in MA9 after exposure to a 70 T magnetic field are shown in Fig.
6.3(a). The XMLD at the Lz edge reaches 0.5% and changes sign after rotating the sample by
90°. The as-prepared sample MAJref, which was not exposed to a high magnetic field, does not
exhibit an XMLD effect (Fig. 6.3(b)). Thus, the external field reoriented the magnetic moments
in MnyAu, resulting in a net XMLD signal for MAY9, in contrast to MA9ref. The experiments
on imaging the AFM domains presented in the next chapters shed light on the changes in the
domain structure caused by spin-flop transition and explain the obtained data in more detail.
The XAS spectrum reaches its maximum at the Mn L3 edge at an energy of 639.8eV. The
maximum and minimum XMLD value at 0° rotation (blue curve in Fig. 6.3(a)) correspond
to 639.0eV and 639.8eV and are separated from the Lj absorption edge by 0.8eV and 0.0eV,

respectively.

6.4 Imaging AFM domains in an as-prepared Mn;Au
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Figure 6.4: (a) The XAS measured in MA10. (b) The spectrum is averaged over the
area marked with the red box. The field of view is 8 pm.

The AFM domains in the as-prepared sample MAI10 with the layer sequence of AlyO3/Ta
30nm/MnyAu @600 °C 240 nm/AlO, 2nm were studied by XMLD-PEEM. The XAS spectrum
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(Fig. 6.4(a)) was measured over the region of interest (ROI) with the dimensions 250 pixel x 250 pixel
indicated by the red box in Figure 6.4(b). Comparing the Mn Ls absorption edge energy Ep3
= 639.6eV (Fig. 6.4(a)) with the spectroscopy data (Fig. (6.3(a)), the energies E797, , and
E%\ZL p were found to be 638.8¢V and 639.6 €V, respectively. The asymmetry was calculated
from the pictures taken at the above given energies EQ47, ;, and EY}, , according to Eq. (6.2).
The same procedure for measuring XAS and determining the energies was repeated for each

sample discussed below.

‘?Jj‘l’

~

Figure 6.5: The XMLD-PEEM experimental geometry. The X-ray wave vector (or-
ange) forms an angle of 16° with the sample plain, ¢ is the angle between the X-ray

electric field (red) and the [110] crystallographic direction in MngAu.

The asymmetry image obtained at the X-ray electric field pointing along the [110] crystallo-
graphic axis exhibits light /dark areas with a size of 1 pm (Fig. 6.6(a)). Figure 6.6(c) shows that
the contrast changes sign after rotating the sample from ¢ = 0° to ¢ = 90°. This leads to the
conclusion that the light and dark contrast correspond to the areas with different orientations
of the Néel vector. For 45° rotation, when the X-ray polarizaiton is along the [100] direction, no
contrast is visible (Fig. 6.6(b)). Thus, there are two magnetic domains in MnysAu with the Néel
vector pointing along [110] and [110] directions with the AFM axis orientation indicated below
the images. The domains in an as-grown sample have an irregular shape and a size of 1 pm.

The XMLD effect detected by spectroscopy methods in MA9ref (Fig. 6.3(b)) is averaged over
multiple domains with the perpendicularly oriented Néel vectors within the X-ray spot having
a size of about 50 pm. The contributions from these domains cancel out resulting in a vanishing

dichroism.

6.5 Spin-flop induced changes in the AFM domain structure in
MnyAu epitaxial thin films

For the investigation of the changes in the domain structure caused by spin-flop, samples with the
layer structure AlsO3/ Ta 30 nm/ MnsAu @600 °C 240 nm/ AlO; 2nm exposed to high magnetic
fields were studied. Sample MA11 exposed to a field of 30 T along the [110] direction exhibits a
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[110]

Figure 6.6: Asymmetry images for the as-prepared sample MA10. The in-plane angle
of the X-ray electric field vector is (a) 0°, (b) 45° and (c) 90°. The red double-headed
arrow indicates the X-ray polarization. The white feature on the left side of the figures

is caused by the gold marker.

fundamentally different asymmetry pattern, in comparison with the as-prepared sample, which
consists predominantly of light areas incorporating smaller dark areas (Fig. 6.7). Increase of
the AFM domain size occurs at a field less than 30T, specifying the upper boundary for the
spin-flop field in MnoAu.

Figure 6.7: Asymmetry images for the sample MA 11, which was exposed to a magnetic
field of 30T along the [110] direction (green arrow). The in-plane angle of the X-ray
electric field vector is (a) 0°, (b) 45°, and (c) 90°. The red double-headed arrow indicates

the X-ray polarization.

Sample MA12 was exposed to 50T along the [110] in-plane direction. An asymmetry in the
images is present if the electric field is directed along one of the (110) directions (Fig. 6.8). In
panel (a) we recognize large light gray areas that have Néel vectors pointing along the 4[110]
directions. These areas indicate that the high external field has wiped out domains with the Néel
vector oriented parallel to the applied magnetic field direction (Fig. 6.10). Residual dark lines

are also present having a width of ~100nm with the Néel vector predominantly oriented along
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+[110] directions. These regions can either be due to AFM domains formed by locally enhanced
magnetostriction or due to 180° domain walls. A detailed investigation of these features requires

a technique with a resolution of ~10nm and is out of the scope of this research.

Figure 6.8: Asymmetry images for the sample MA 12, which was exposed to a magnetic
field of 50T along the [110] direction (green arrow). The in-plane angle of the X-ray
electric field vector is (a) 0°, (b) 45°, and (c) 90°. The red double-headed arrow indicates

the X-ray polarization.

Finally, the effect of a 70T magnetic field applied to sample MA18 along [100] axis is investi-
gated. Also here, a sign change is observed after rotating the sample by ¢ = 90°, which proves
the magnetic origin of the contrast (Fig. 6.9). Both types of AFM domains have a size from

1um to 3 pm and occupy comparable areas signifying a symmetric domain distribution.

Figure 6.9: Asymmetry images for the sample MA 13, which was exposed to a magnetic
field of 70T along the [100] direction (green arrow). The in-plane angle of the X-ray
electric field vector is (a) 0° and (b) 90°. The red double-headed arrow indicates the

X-ray polarization.

The changes in the domain structure resulting from a spin-flop transition can be explained by
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the following simple model. An as-prepared MnsAu sample has two types of AFM domains
equally distributed in the sample (Fig. 6.10(a)). A high external field applied along an easy axis
induces a spin-flop transition, if the field is higher than the spin-flop field (Fig. 6.10(b)). After
switching the field off, the oriented magnetic moments keep their direction due to magneto-
crystalline anisotropy preventing them from flipping back. Thus if the magnetic field is oriented
along an easy axis, the spin-flop transition is accompanied by a dramatic increase of the size of
one type of domain and an elimination of the other type of domains almost completely. This
change in the magnetic domain distribution is proven by the presented experimental images
and manifests itself in the appearance of an XMLD spectrum. It is worth mentioning that
some magnetic moments can restore their original direction after the spin-flop transition due to

local magnetoelastic effects prevailing over the magnetocrystalline anisotropy (dark lines in Fig.

6.8(a)).
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Figure 6.10: (a) A schematic representation of two equivalent antiferromagnetic do-
mains in an as-prepared MngAu sample. (b) By applying a high external magnetic field
along an easy direction, the magnetic moments are rotated via a spin-flop transition.

The moments show along the easy axis perpendicular to the applied field direction.

An external field higher than the spin-flop field applied along a hard axis leads to orthogonal
orientation of the staggered magnetization (Fig. 6.11(b)). After reducing the magnetic field
magnitude, the magnetic moments pointing along a hard axis are arranged back to the easy
axes, which can result in a larger domain size keeping the areas occupied by the equivalent AFM
domains almost equal.

The experimentally determined limit for the spin-flop field in MnsAu allows estimating the in-
plane anisotropy constant using the equation for the spin-flop field Hgp = \/W [89].
Using an exchange field of pgHezer, — 1300T from Ref. [55], the anisotropy field uoH!% results
in poH!* = 0.35T. For the in-plane moments with § = /2, the expression for the tetragonal
anisotropy from Section 2.8 becomes K| cos4¢;. With this notation, the obtained anisotropy
field corresponds to Ky = 17.5peV/f.u., which roughly agrees with the theoretically predicted
value of 10 peV /f.u. [56].
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Figure 6.11: (a) A schematic representation of two equivalent antiferromagnetic do-
mains in an as-prepared MnyAu sample. (b) By applying a high external magnetic field
along a hard direction, the magnetic moments are rotated via a spin-flop transition.

The moments show along the hard axis perpendicular to the applied field direction.

6.6 Domain walls in Mn;Au

It was predicted theoretically by Shick et al. [56] that the out-of-plane anisotropy constant Ky
in MnyAu is several orders of magnitude larger than the constant Ky associated with the four-
fold in-plane anisotropy. Therefore, Néel type DWs with the Néel vector rotating in-plane are
energetically more favorable in our thin films. The width of a DW can be determined by minimiz-
ing the total DW energy per unit area containing exchange interaction and magnetocrystalline
anisotropy terms [172].

In the following, the exchange energy functional is derived for [100] (Fig. 6.12(a)) and [110] (Fig.
6.12(b)) domain walls. In the first case, the functional is given by:

0 Jy 4 2J5 o [(dp\?
= (o) dw (6.3)

where i numbers the rows of atoms in the [100] direction, n is the volume density of Mn atoms,

E = Z (2J1 cos(pit1 — ¢i) + J3cos(dira — ¢s)) = /

o

and a is the MnoAu lattice constant. For the [110] DW, the exchange energy is

— oo 2
E = (J1+2J3)cos(pit1 — ¢i) = / %cﬂ (;lf) dz, (6.4)

)
where 7 numbers the rows of atoms in the [110] direction. Identity of the Eqs. (6.3) and (6.4)
implies the same properties of a [100]-DW and a [110]-DW in MnsAu.
The total energy of the DW is given by

00 2
Eld(z)] :/ (Ja2 (Zi) +K4|(1—cos4gb)> dz, (6.5)

—0oC

where J = (J1 + 2J3)/4 for both types of domain walls (see Fig. 6.12) and Ky is the four-fold
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Figure 6.12: (a) A schematic image of the [100]-Néel type domain wall in MnyAu
with the exchange constants specified for the nearest Mn atoms. (b) The same for the

[110]-Néel type domain wall.

anisotropy constant. The chosen angular dependence of the anisotropy term corresponds to angle
¢ between [110] easy axis and the staggered magnetization direction (Fig. 6.12). Minimizing the
functional in Eq. (6.5) with the boundary conditions ¢(—o0) = 0 and ¢(o0) = /2 for a 90° DW
provides the dependence ¢(x):

¢(x) = arctan exp ( 8JI((142|$> ) (6.6)

The DW width results from the profile gradient in the center of the DW. Using Eq. (6.6), the

DW width is derived as:
T 1 T J
e . 6.7
YT 2dgjdn(z =0) 2\ 2K, " 6.7

Since the XMLD does not change the sign upon Néel vector inversion, the normalized XMLD-

PEEM contrast across a DW is proportional to the cosine squared of the angle between the Néel
vector and the X-ray electric field Ipy (z) o< cos? ¢(z) [173]. Thus in analogy with Eq. (6.7),

the apparent antiferromagnetic DW width observed in the experiment is:
1 J

exp — = . 6.8
Weap dIDW/dx(x = 0) 2K4|| “ ( )

This result indicates that a DW appears 7/2 times more narrow in an XMLD-PEEM image in
comparison with the actual width.
In an XMLD-PEEM experiment, the DW image is broadened due to a finite instrumental reso-
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Figure 6.13: (a) Asymmetry image obtained for the sample MA13. The path used for
calculating the line profile across the topographical structure is indicated by the blue
line. (b) Line profile across a domain wall (dots) and fits by Eq. (6.10) (solid line).

lution, which can be represented as a Gaussian function:

2ro? 202

Resy (z) = —— exp (- "”2), (6.9)

where parameter 20 defines the resolution. A sharp element on the sample surface will appear
smeared, with the boundary described by the Gauss error function, which is the convolution of

the step-function and the Gauss function:

T
V20

For determining 20, the intensity profile was calculated across the defect in the top right part of

Ipes(z) = Erf( ), (6.10)

Fig. 6.9(a), which is shown in Fig. 6.13(a). Each point is averaged over 150 nm perpendicular to
the line. The profile was fitted by the Gauss error function (Fig. 6.13(b)). The obtained value
for 20 from the fit is 47 nm.

A domain wall profile was determined across a straight section of a domain wall in sample MA 13
(green line in Fig. 6.13(a)) with every point being averaged over 300 nm perpendicular to the
line, as depicted in Fig. 6.13(c). The profile was fitted by a convolution of the instrumental

resolution and the domain wall profile:

ITE (z) = (Ipw * Res,) () (6.11)

with 2Ky /J being the fit parameter. The value of 2Ky /J providing the best fit is 2 x 1074,
with the lower limit estimated to be 0.5 x 10~ (see Fig. 6.13(c)). According to Eq. (6.7), this

value corresponds to a domain wall width of 80 nm, which is of the same order of magnitude as
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Figure 6.14: (a) Asymmetry image obtained for sample MA13. The path used for
calculating the line profile across the straight domain wall section is indicated by a green
line. (b) Line profile across a domain wall (dots) and fits by Eq. (6.11) for 2Ky /J =
2x 10~* (solid line) and 2Ky /J = 0.5x 10~ (dashed line).

the instrumental resolution. Considering the expected DW width, a high spatial resolution of
better than 10nm is necessary for a detailed investigation of DWs in MnsAu. Please note, that
our analysis relies on the assumption of a perfect straight domain wall section. In FM thin films,
straight DW sections are favored because they minimize the stray-field energy, which is absent
in AFM. Therefore, the apparently straight DW section in an AFM might show a variation of
the position perpendicular to the profile, thereby increasing the apparent domain wall width.
Substituting J equal to 13.5meV from Ref. [136] results in Ky = 1.5meV/fu., which is the
lower estimation for Ky). This value corresponds to an anisotropy field of 0.02T and Hgp =
7T.

6.7 Transport measurement of spin-flop in Mn;Au

In order to investigate changes in the magnetic structure of a MngyAu thin film at lower fields,
transport measurements in a cryostat equipped with a superconducting magnet were performed
(courtesy of Dr. Lorenzo Baldrati). Reorientation of the Néel vector was read-out by AMR
measurements.

AMR is a change of the material resistance depending on the relative orientation of the magnetic
moments and the electric current. Since the effect is invariant with respect to the magnetic
moment inversion [174], the material resistance depends evenly on the angle (a) between the
order parameter (M for a FM and L for an AFM) and the current direction. For a single domain

state one obtains:

R =Ry + AR sin® o, (6.12)
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where Ry is the resistance for M(or L)parallel to the current direction, AR is the AMR magni-
tude. In the case of a MnaAu(001) thin film in the multidomain state, the AMR contributions
from different domains are summed up. Let z be the fraction of the [110] domains. For the

current applied along the [110] direction, the measured resistance is given by (see Fig. 6.15)

R=Ry+ AR X z, (6.13)

where the the domain wall contribution to the resistance is neglected. Thus, AMR allows for

measuring the domain distribution.

[170]

[110]

Figure 6.15: To the calculation of AMR in a MnsAu film in a multidomain state. The

fraction of [110] domains and of [110] domains is x and 1-x, respectively

The transport investigations were performed in sample MA 14 with the layer sequence of AlaO3/
Ta 18 nm/ MnyAu @600 °C 80 nm/ TaO, 3 nm. The measurement protocol included ramping the
magnetic field to 12T then decreasing it to —121' and increasing it back to 0T. In the first
experiment, the field was oriented along the [110] easy direction. The field dependence of the
relative resistance change is shown in Fig. 6.16(a). A resistance drift was corrected assuming its
linear increase with time. No significant change of the resistance is observed in the accessed field
range. According to the recent data, AR in MnyAu reaches 6 % [22]|, which corresponds to a
resistance change of 3 % with respect to the as-prepared state upon reorienting half of the AFM
domains via the spin-flop transition. A small measured AR/Ry not exceeding 0.2 % indicates
that the applied magnetic field does not invoke any significant change in the domain structure.
Subsequently, the sample was taken out of the cryostat and rotated by 90° such that the [110]
axis became parallel to the field direction. The measurement was repeated for the maximal
field increased to 16 T. Again, a variation of the resistance smaller than 0.2 % is observed (Fig.
6.17(a)). The initial increase of the resistance is caused by the temperature instabilities (compare
with Fig. 6.17(b)). The measurements were stopped while decreasing the external field at —10T
due to technical reasons. The conclusion can be made that no spin-flop transition occurs at
fields less than 16 T.
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Figure 6.16: (a) Field dependence of AR/Ry measured in MA1/ while applying an
external field along the [110] direction. (b) The corresponding temperature values during

the measurements.
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Figure 6.17: (a) Field dependence of AR/Ry measured in MA1/ after 90° rotation
while applying an external field along the [110] direction. (b) Corresponding tempera-

ture values during the measurements.

6.8 Conclusion

In this chapter, the effect of large external fields on the AFM domain distribution in epitaxial
Mn2Au(001) thin films is discussed.

The absorption spectroscopy studies show an XMLD of 0.5% in a MnsAu sample exposed to
a pulsed magnetic field of 70T along an in-plane easy axis. In contrast, no dichroism is mea-
sured in an as-prepared MnsAu sample. The obtained XMLD spectrum provided the energies
corresponding to the maximum and the minimum dichroism values for MnyAu, which were sub-
sequently exploited for obtaining an AFM contrast in PEEM. XMLD-PEEM was employed for
imaging the AFM domains in MnsAu films. Small and irregular domains with a size of ~1pm

were found in an as-prepared sample. This result is in line with the domain size determined
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from the XMCD-PEEM measurements using an Fe tracer layer deposited on MngoAu.

The sample exposed to a high external field of 30 T along an easy-axis prior to the measurement
exhibits large domains with the Néel vector oriented perpendicular to the field. This is an
indication of the spin-flop transition resulting in the domain reorientation. The sample exposed
to a field of 50T also shows large domains with the Néel vector oriented perpendicular to the
field separated by 180° domain walls (narrow domains). The domain pattern measured after
exposure to a field of 70 T along a hard axis consists of both types of AFM domains with the Néel
vectors rotated by 90°. A simple model is proposed for explaining the changes in the domain
distribution caused by a spin-flop transition upon application of a magnetic field along easy and
hard magnetic directions.

The microscopy data provide insight into the magnetic structure of the AFM materials upon
the spin-flop transition and allow comprehending the dichroism spectra. The XMLD averaged
over an X-ray spot size of 50 um has a finite value only if the sample has been subjected to a
pulsed magnetic field generating large domains. In an as-grown sample, the magnetic domains
are much smaller than the spot size and the resulting dichroism is negligible.

The rotation of the Néel vector within a Néel type DW in MnyAu was calculated by solving
the variational problem for the energy density functional. The instrumental resolution was
determined to be ~50nm by fitting the profile of a structural defect image. A corresponding fit
of a line profile across a DW provided the DW width of less than 80nm. This value is at the
limit of the instrumental resolution and should be considered as a rough approximation for the
average DW width in MnsAu.

Combination of the XMLD-PEEM data obtained in the samples exposed to high magnetic fields
and of the transport data provided the spin-flop field ranging between 16 T and 30 T. From these
values, the four-fold in-plane anisotropy constant is inferred to be in the range from 5peV/f.u.

to 17.5 peV /f.u., which is in agreement with the theoretical predictions [56].
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7 Magnetoelastic effect in Mny;Au epitaxial

thin films

7.1 Introduction

Magnetoelastic effects are considered to play an important role in the magnetic structure of an
AFM. Due to the absence of stray fields in AFMs, the AFM domain pattern is expected to be
mainly determined by magnetoelastic interactions [16]. An AFM with a uniform Néel vector
has the maximal magnetostriction energy and splitting into domains reduces this energy within
the film. Additionally, a mechanical strain imposed by epitaxial or external forces should cause
a magnetic anisotropy analogous to the well-known strain anisotropy in ferromagnets. If the
magnetic strain anisotropy is strong enough, it will even change the domain structure of the
AFM film. Consequently, the phenomenon of strain anisotropy can be exploited to actively
manipulate the Néel vector [171].

An influence of epitaxial strains on the magnetization structure in AFM films has been investi-
gated using substrates or buffer layers with different lattice constants [79; 78; 175]. The epitaxial
tensile strain generated in CoO sandwiched between two MgO layers induces the preferential
out-of-plane orientation of the moments in contrast to the compressively strained CoO grown
on Ag(100) with in-plane orientation of magnetic moments. Besides the Néel vector orientation,
strain also changes the Ty. A Ag/MgO/CoO/MgO sample has Ty = 290 K and for a Ag/CoO
sample one obtains T = 310K [79]. In AFM/FM heterostructures, an epitaxial strain can
produce a dramatic change of the interfacial exchange coupling. The epitaxial strain causes
an enhanced exchange bias in Fe;Mn;_, /Fe [78] or even a spin-reorientation transition Co/Mn
films depending on the Mn layer thickness [175]. These observations prove that strain has an
effect on the magnetization structure in AFMs, however, an epitaxial strain is always fixed, once
the film has been deposited.

In order to reversibly manipulate the magnetization structure, external forces must be applied.
Piezoelectric substrates provide an elegant way to produce external forces by applying an elec-
trical potential. The manipulation of magnetization structures by piezoelectric substrates has
been demonstrated for FM films and AFM/FM heterostructures. The additional anisotropy
contribution in an epitaxial FesOy thin film has been monitored by ferromagnetic resonance
measurements [176], and changes of the domain pattern in Ni nanostructures were imaged by
XMCD-PEEM [177]. Modulation of the perpendicular exchange coupling in IrMn[Co/Pt| was
demonstrated in Ref. [178]. The piezo-induced strain opens a pathway to a full electric control
of magnetism, which is relevant for low power-consumption electronics [179; 180].

Theoretical predictions suggested that the magnetic easy directions in MnoAu can be altered
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from (110) to one particular [100]| direction, along which a mechanical strain is applied [56].
The authors calculated the additional uniaxial anisotropy resulting from the mechanical strain
characterized by the parameter K;‘H. The reorientation of the magnetic moments occurs when
K;‘H X € > 2Ky, where € is the stain value and Ky is the four-fold in-plane anisotropy constant.
Substituting Ky from Ref. [56] results in a minimal strain of ~0.3% that is necessary for
altering the easy-axes. The contribution of the Au atoms to K;‘H is prevailing over the Mn
contribution. This fact is connected with the anisotropy mechanism in MnsAu, where the Mn
atoms polarize the Au orbitals, which are coupled to the lattice due to the strong SOC of
5d-electrons. Therefore, the Mn compounds containing a heavy-element with a high SOC are
favorable for investigating magnetoelastic effects [181].

This chapter presents the study of magnetoelastic effects in AFM MnsAu films. Section 7.2
introduces the sample preparation method and the setups used for investigating strain-induced
changes of the magnetic structure by transport measurements and XMLD spectroscopy. Two
sample stages designed for applying a controllable value of strain are introduced. Section 7.3
reports experimental results of the domain manipulation by strain and monitoring the domain
distribution by AMR. A reference experiment was performed for a Ni film (Subsection 7.3.2) to
demonstrate the feasibility of the method. Analogous AMR measurements conducted for epitax-
ial MnsAu thin films are reported in Subsection 7.3.3. Section 7.4 deals with the synchrotron-
based investigation of magnetoelastic effects in MnsAu using XMLD, which yields more direct

information on the AFM order.

7.2 Methods

The FM and AFM thin films were grown by radio frequency magnetron sputtering. MgO
(100) and Aly03(1102) 10 mmx 14 mm-substrates were utilized for depositing the samples for
the transport experiments. The FM sample has the layer structure MgO/Ni/ TaO, with a
polycrystalline Ni layer grown at RT. The AFM sample with the stacking sequence Al,O3/ Ta
(001)/ MnyAu(001)/ TaO, and the reference sample Alo03(1102)/ Ta(001)/ TaO,, not containing
a MnsAu layer were used for investigating the magnetoelastic effects in AFM MnyAu. The
sample for the X-ray studies grown at a standard Al;O3(1102) 10 mmx10 mm-substrate has the
layer structure AlpOz/Ta(001)/ MnaAu(001)/ AlO,. The base pressure in the vacuum chamber
before deposition was 10~® mbar. All layers were deposited at the optimal temperature and Ar
pressure [75]. A stoichiometric target was used for depositing MnaAu. The layer thicknesses
were defined from the previously determined deposition rates. The Ta and Al layers served as

the oxidation protection.
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Two setups for applying a mechanical strain have been
developed (see Appendix 4). The setup for the strain-
dependent AMR measurements contains a sample stage,
which can be moved in the vertical direction by a microm-
eter screw, and a piezoelectric actuator PA 90/14 with a
lifting range of 100 pm (Fig. 7.1). The base side of a tri-
angular sample is fixed at the stage. A strain is generated
by lifting the loose vertex of the sample by the piezoelec-
tric actuator. Combined manipulation of the micrometer
stage and the piezoelectric actuator allow achieving high
values of strain reaching 0.3 %. The voltage to the piezo-
electric actuator was applied by a Keithley 6487 Picoam-
peremeter/Voltage source. The resistance of the sample
was measured in the four-point van der Pauw scheme while

applying the current with a Knick J41 current source and

monitoring the voltage with a Keithley 182 Digital volt-

meter. Figure 7.1: A photograph of the

For the X-ray absorption studies, the device described bending device used for the trans-

above is too large to be implemented on the sample manip-
ulator of the ALICE chamber (BESSY II, HZB). There-

fore, a smaller bending device has been developed shown

port measurements.

in Fig. 7.2(a) (see also Appendix 4). The operational principle of the device is based on gener-
ating a strain by a force applied in the center line of a substrate that is fixed at both ends (see
Fig. 7.2(b)). The force is produced by a rod with an eccentric rotation axis. In the lowest state,
the surface of the rod is on one level with the substrate. If rotated by an angle, the rod presses
on the substrate inducing a mechanical strain, which is transmitted to the film deposited on the
upper face of the substrate. In this case, the strain is less homogeneous across the film area with
the maximum in the film center. A strain gauge SS-080-050-500P-S4 from ME-Mefsysteme was
attached to each sample with epoxy glue M-Bond-600 for monitoring the strain value.

The spectroscopic X-ray absorption studies were performed with the ALICE chamber at the
synchrotron facility BESSY II (HZB). During the experiments, the instrument was installed at
the beamline UE52_SGM with an implemented APPLE II undulator providing variable linear
beam polarizations. The X-ray beam was incident normally on the sample surface and focused to
a spot of 60 pmx80 um. Crystallographic (110) axes were oriented horizontal and vertical, i.e. in
the X-ray polarization planes. A deviation of the [110] axis from the X-ray electric field direction
amounting to a few degrees is to be expected. The XAS were measured in the TEY mode. The
current of a Pt mesh monitor placed in the beam path is used for normalizing the TEY current.

The XMLD spectrum was calculated as the normalized difference of the corresponding XAS
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Figure 7.2: (a) A photograph of the vacuum compatible bending device used for the
XAS studies. (b) Schematic representation of the operational principle of the bending

device.

spectra measured at linear vertical (LV) and linear horizontal (LH) polarizations:

XASLy(E) — XASLy(E)
XASTe X ASpar

XMLD(E) =

where X ASTY* and X ASTY;" are the maxima of the corresponding XAS spectra.

7.3 Investigation of the magnetoelastic effects by transport

measurements

7.3.1 Optimization of the sample geometry for achieving a homogeneous strain

In order to prove the constant strain distribution in a triangular sample, the following model is
considered. A film having a thickness much smaller than the substrate thickness (tg) is solidly
bonded to the substrate. Thus, the film elongation is equal to the elongation of the substrate
upper face.

A small deformation depicted in Fig. 7.3(b) is considered, for which

zFE

Uyy(z, Y) = €yy(2:,Y)E = m,

(7.2)

where £ is the Young modulus, R(Y') is the curvature radius, and z is the coordinate over
the substrate cross-section. The torques acting on the substrate have to be equal for every

cross-section:

ts/2 (L-Y)tan o EZ
F(L-Y) / / 2dXdz. (7.3)
ts/2 (L-Y) tana )

Performing the integration results in the following expression for R(Y):
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Et?
RY)=R= G—F“?tan(a). (7.4)
Thus, the strain is constant over the sample having a triangular shape. Taking notice that
the curvature radius depends on the coordinate of the middle line R = Z{, and Z(Y) =
R(L —Y)?/2, the strain on the upper face of the substrate with z = t5/2 is given by:
ts Zpiezo

EYyy = T (75)

@ g (b)

3)

Figure 7.3: (a) Schematic representation of the in-house developed setup for strain-
dependent transport measurements. The piezoelectric actuator (1) presses on the vertex
of the triangular substrate (2) fixed in the movable stage (3). (b) The substrate cross-

section featuring the acting forces.

7.3.2 Magnetoelastic effects in a Ni thin film

We investigate the AMR of a Ni film as a reference experiment on a well-known FM material
showing a sizable AMR effect and also exhibiting a strong magnetoeleastic anisotropy [182].
Sample Ni! with the structure MgO/Ni 35nm/TaO, 3nm was prepared for measuring the
strain-induced AMR. Firstly, the magnetic field induced AMR was measured for determining
the magnitude of the effect in the unstrained Ni film. A saturating magnetic field was applied
to the sample with the help of a permanent magnet. The magnet was held close to the sample
(saturation) and then was removed (remanence) along the Y-direction. Afterward, the experi-
ment was repeated while moving the magnet along the X-direction (Fig. 7.4(a)). An AMR of
0.8 % was detected from the resistance in both saturated states, which is a typical value for Ni
[183].

Knowing the expected AMR value, the strain-dependent transport measurements were per-
formed without applying an external magnetic field. The strain-induced changes of the AMR

reached 0.5% (Fig. 7.4(b)). The resistance saturates at a strain of 0.1 % and almost recovers
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to its initial value after relaxing the sample. This indicates a high degree of reversibility of the
strain induced changes in the Ni domain structure. A small discrepancy between two resistance
values in the unstrained state can be caused either by a time-dependent drift or by the presence

of irreversible domains.
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Figure 7.4: (a) Magnetic field induced AMR measured in sample Ni! for different

directions of the saturating external field (shown in the insets) and at the remanent

states with H = 0 (denoted as Rem.). (b) Strain-dependent change of the resistance of

sample Nil. The inset shows the four point measurement scheme

7.3.3 Magnetoelastic effects in a Mn,Au thin film
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Figure 7.5: (a) The lithographic structure patterned on the samples MA15ref and
MA15 used for the transport measurements. (b) Strain-dependent changes of the resis-

tance of sample MA 15ref upon increasing and decreasing strain.

All MnyAu films are grown on Ta buffer layers, and the strain induced changes of resistance are

expected in both metallic layers. Therefore, reference sample MA15ref with a layer structure
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AlO3/Tal0nm/ TaO, 3 nm was studied prior to the samples containing MnsAu. Please note
that all films discussed in the current subsection were patterned by optical lithography (courtesy
of S. Yu. Bodnar) as shown in Fig. 7.5(a). The meander structure is oriented along the strain
direction, providing a more precise value of AMR. The periphery and the central contact pads
are used for applying current and for measuring the voltage in the four-probe measurement
scheme, respectively.

The resistance of sample MA15ref in the unstrained state is (65816 + 10) 2. Upon application
of elastic strain, the resistance changes linearly with increasing € and reaches 0.22 % at ¢ = 0.2 %
(Fig. 7.5(b)). A fully reversible behavior is observed when decreasing the strain.

Afterward, sample MA15 with the stacking sequence of AlsO3/Tal0nm/ MnsAu75nm/ AlO,
2nm was investigated. The sample resistance at zero strain is Rgara15 = 4825.0 £ 7.20. The
dependence of AR/Ry on the strain value is reversible (Fig. 7.6(a)) indicating that any changes
in the domain structure disappear after relaxing the sample. In order to extract AR/Ry for the

MngyAu layer, the Ta contribution shown in Fig. 7.5(b) was subtracted according to:

(7.6)

ARpa1s  ARpaisres
7 7 ;
RO MA15 RO MAl5ref

R >
ARanAu — RO MnoAu (

where Ro prnyau = Roma1sRomaisres/(Romaisres — Romars) = 5206.7 £ 8.9Q. No saturation
of the MnyAu layer resistance with increasing strain is observed (see Fig. 7.6(b)) in contrast
to the case of Ni (Fig. 7.4(b)). Therefore, it is not possible to distinguish between the strain
induced AMR and the non-magnetic contributions caused by lattice distortions. A different
method much more sensitive to the magnetic order, such as XMLD, is necessary for analyzing

the magnetoelastic effects in MngoAu.
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Figure 7.6: (a) Strain-dependent changes of the resistance of sample MA15 upon
increasing and decreasing strain. (b) AR/Ry of the MngAu layer determined according
to Eq. (7.6).
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7.4 Investigation of the magnetoelastic effects in Mn;Au by

XMLD measurements

Sample MA16 with the stacking sequence of AlsO3/Tal0nm/ MnsAu60nm/ AlO, 2nm was
used for strain-dependent XMLD experiments. The sample was mounted to the small bending
device and fixed to the sample holder in the ALICE chamber. The XMLD measurements were
performed at several values of strain. Increasing the strain was accomplished outside of the
vacuum chamber by manually rotating the eccentric rod. The resistance of the strain gauge was
monitored before and after each XMLD measurement. The difference in the readings did not
exceed 19, corresponding to an absolute strain variation of 0.003 % during a measurement. The

total error of the determined strain did not exceed 0.01 %.
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Figure 7.7: The XAS and corresponding XMLD spectrum measured in the unstrained
sample MA16.

The XMLD spectrum measured in the unstrained sample does not show a clear XMLD mi-
nus/plus feature at the L3 edge (Fig. 7.7). This is a clear sign that the (110)-domains are
equally distributed. Next, the XMLD measurements were performed for several values of strain
up to 0.16 %. A higher strain value caused a destruction of the Al,O3 substrate. The tensile
strain during this experiment was applied along the easy [110] direction. The representative
strain-dependent spectra are shown in Figure 7.8.

The difference of two XAS spectra corresponding to the electric field parallel and perpendicular
to the Néel vector gives an XMLD spectrum with the characteristic minus/plus-pattern at the Ls-
edge of Mn (see Appendix 3). The XMLD spectra presented in Figure 7.8, which are calculated
according to Eq. (7.1), exhibit the expected minus/plus-pattern. Accordingly, the Néel vector in
the strained state is oriented in the vertical direction, perpendicular to the horizontally applied

strain.
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Figure 7.8: XAS and corresponding XMLD spectra measured in MA16 at a strain of
(a) 0.06 %, (b) 0.08%, (c) 0.10%, and (d) 0.16 %
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Figure 7.9: Strain-dependent difference of the maximum and the minimum of XMLD.
The dots indicate the XMLD values measured at different points at the sample surface

(see the text).

The theoretical spectrum calculated by the density functional theory (DFT) methods (see Ap-
pendix 3) multiplied by a factor (F' x X M LDy, (E)) was used for fitting the experimental XMLD
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(XMLDegp(E)) spectra with F being the fitting parameter. The magnitude of the XMLD effect
was determined as the difference of the maximal and the minimal value of F' x XM LDy, (E)
providing the best fit at the L3 edge (Fig. 7.9). A pair of data points for each of the strain val-
ues in Figure 7.9 represent the XMLD obtained at two points on the sample surface separated
by 0.5mm. The difference between the obtained XMLD values may be caused by the residual
growth induced strain in the film, inhomogeneous distribution of the actual strain, or by growth
inhomogeneities of the MnyAu layer. In spite of the noisy data, there is, beyond any doubt, an

increase of the XMLD effect with increasing strain, which reaches 1% at ¢ = 0.16 %.

(a)

> [110]

> [110]

Figure 7.10: (a) Two equivalent AFM domains in unstrained MnsAu. (b) Schematic
representation of the strain induced lattice distortion resulting in a uniaxial anisotropy.

The relative deformation in (b) is strongly exaggerated.

The observed experimental results can be described by the following simple model (Fig. 7.10).
The AFM structure of an unstrained sample consists of two types of domains with the Néel
vector rotated by 90° and the expected XMLD signal, as averaged over both types of domains,
is zero (Fig. 7.10(a)). A mechanical strain distorts the tetragonal MnaAu lattice. The imposed
uniaxial anisotropy may favor one direction on the expense of the other one resulting in a finite
XMLD signal. Only one in-plane easy axis perpendicular to the strain direction is expected to

remain in the material after reaching the saturation value of strain.

7.5 Conclusion

An experimental stage for strain-dependent transport measurements in thin magnetic films was
constructed and assembled, with a piezoelectric actuator providing a controllable strain value.
For demonstrating the feasibility of the method and for testing the equipment, the dependence
of the AMR in a Ni thin film on the applied strain was measured. The detected resistance
change reaches a saturation value of 0.5% at a strain level of ¢ = 0.1 %, which is consistent
with the field induced AMR data obtained in the same sample. This experiment confirms that

a change of the magnetic domain distribution in a metallic thin film can indeed be detected by
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AMR measurements.

With this positive test, the dependence of the MnsAu thin-film resistance on the applied strain
was determined. Experimental data were obtained for a MngAu grown on a Ta buffer layer and
for a reference sample containing only the Ta layer. The resistance changes linearly for £ up to
0.25 % with no saturation achieved. Presumably, non-magnetic strain-dependent contributions
to the resistance dominate in this experiment. The sensitivity of the experimental method to
the AFM order can be enhanced by growing MnsAu on the AloOjs-substrate without a buffer
layer, which was suggested in Ref. [184].

Please note that a control experiment based on reorienting the magnetic moments by an external
field, as done for the Ni film, was not possible for the MnsAu sample. The reason for that is an
extremely high magnetic field value necessary for orienting the AFM moments in MnsAu.

In order to directly probe the changes in the domain distribution upon applying a mechanical
strain, XMLD measurements were performed in a MngAu thin film. The external strain was ap-
plied using a vacuum compatible bending device and monitored by semiconductor strain gauges.
An increase of the XMLD effect up to 1% proves the possibility to reorient AFM moments (do-
mains) at a strain level of 0.1%. A model is proposed for explaining the experimental data,
which predicts the emergence of an additional uniaxial anisotropy due to lattice distortions.
This leads to a single domain state at a high strain value instead of two equivalent intrinsic
domains in the tetragonal unstrained MngAu.

The XMLD effect turns out to be slightly different when measured in different areas on the
sample surface. This variation is presumably caused by an inhomogeneous strain distribution
in the film plane. Unfortunately, this renders a quantitative analysis of the experimental data
difficult. Precise investigation of the magnetoelastic effect in MnsAu requires means of measuring
the strain locally. Moreover, a flexible substrate able to sustain higher values of strain would
also be favorable for further analysis. In any case, the present XMLD results confirm that

reorientation of AFM domains in MnyAu by application of strain is feasible.
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8 Summary and Outlook

In this work, we investigated the magnetic properties of epitaxial MnsAu thin films, which is
a promising candidate for antiferromagnetic spintronics. Also, we scrutinized the possibility of
manipulating the AFM domains in this material by extremely high magnetic fields and by elastic
strain.

The first experiments were aimed at determining the exchange constant, an important parameter
of an AFM, which among other things characterizes the ordering temperature of the material
and the spin-flop field value. For this, we measured the perpendicular susceptibility in magnetic
fields up to 8 T by XMCD spectroscopy. The sum-rule analysis of the XMCD spectra measured
at RT provided the value of induced spin and orbital moments. Using these values the exchange
constant J = (22 £ 5)meV was calculated. The large ratio of induced perpendicular orbital
moment and spin moment reaching 30 % is explained based on a simplified model for the effect
of an external field on magnetic moments in a solid. Within this model, the external field has a
smaller effect on the spin moment because it is strongly coupled to the neighbors via exchange
interactions. In contrast, the orbital moment, that is coupled more weakly by the spin-orbit
coupling, is rotated to a larger angle towards the field. Taking into account different absolute
values of spin moment and of orbital moment, this results in similar projected values on the
field axis. Comparing the field induced perpendicular spin moments measured at RT and at
7K granted the loose spin concentration in the near-surface region of our thin MnsAu films. A
relatively high obtained value of 6 % is due to a contribution of defects in thin films including
antisite disorder and grain boundaries. The employed experimental technique can be used for
characterizing a wide variety of AFM thin films. Moreover, for materials with a lower Ty, larger
induced moments are expected, which serves decreasing the experimental error.

Furthermore, a ferromagnetic layer deposited on top of a MnsAu film was used for extracting
information about the magnetic properties of the AFM from the exchange bias measurements.
High-quality epitaxial MngoAu films grown at optimal deposition conditions induce a broadening
of the FM hysteresis loop with no shift. This is explained by a small anisotropy of thin MnsAu
layers with a thickness <7nm and a very high Néel temperature of the thicker films preventing
a non-destructive field cooling protocol, usually required for inducing an exchange bias effect.
For the purpose of lowering the T, samples with a smaller crystallite size were prepared. The
reduction of the crystallite size was achieved by changing the substrate temperature during
the MngoAu deposition resulting in a Néel temperature below 500 K. The maximum value of
exchange bias measured for such a sample at 10 K reaches 210 Oe. A MnoAu film deposited on
an epitaxial Fe layer in magnetic saturation also induces an exchange bias, which is, however,

smaller than that for the above-discussed films. This behavior is most likely due to a lower
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crystalline quality of the MnsAu layer grown on Fe as compared to normal layer sequence: Fe
on top of MnoAu.

A ferromagnetic tracer layer deposited on top of the AFM film was used for investigating the
AFM domains in MnsAu. The FM domains were visualized in a MnyAu/Py sample by Kerr
microscopy. A small size of the observed domains, very unusual for Py, indicates that this
domain pattern is, indeed, imprinted by the AFM layer. However, the limited resolution of an
optical microscope does not allow to investigate the details of the domain size and shape. In
order to improve the resolution, XMCD-PEEM measurements were performed for MngAu/Fe
samples. In general, the obtained domain images agree with the findings of the Kerr microscopy.
The FM domains have irregular shapes and presumably follow those of the AFM. The average
size of antiferromagnetic domains estimated from this experiment is ~1 pm.

XMLD-PEEM provides an opportunity to directly visualize the AFM domains in thin films.
MngAu thin films covered with a thin Al capping layer for oxidation protection, which is favor-
able for total electron yield photoemission measurements, were prepared for such experiments.
Combined spectroscopy and microscopy measurements are necessary to maximize the magnetic
contrast in an XMLD-PEEM experiment for conductive AFMs without a multiplet structure
at the absorption edges. Using laterally integrated XMLD spectra for a MnsAu sample with
oriented magnetic moments, the energies corresponding to the maximum and minimum of the
XMLD were determined. The magnetic contrast was obtained from the asymmetry of the images
taken at these energies. The magnetic domains in an as-grown sample have an average size of
~1yum. From the similarity of the directly measured MnsAu domains and those obtained by
XMCD-PEEM in the MnsAu/Fe heterostructure we infer that a thin FM layer can indeed be
used as a tracer for investigating the AFM domains.

After characterizing the magnetic properties of our AFM thin films, we addressed the question of
manipulating the magnetic moments in MngAu. The first experiment was aimed at orienting the
magnetic domains by applying a high external field via a spin-flop transition. For the samples
exposed to a field higher than 30T along an easy axis, we observed a significant increase of
the size of the domain with the Néel vector pointing perpendicular to the field. Application
of a very high pulsed magnetic field of 70T aligned along a hard axis of the sample causes a
slight increase of the domain size, while the areas covered by two equivalent in-plane domains
remain similar. An important aspect is the non-reversibility of the field-induced Néel vector
reorientation in MnsAu, which is still present after several months passed between applying the
magnetic field and performing the microscopy measurements.

These findings pave the way for investigating the changes in the MnsAu caused by current pulses
via Néel spin-orbit torque (NSOT) using XMLD-PEEM [22|. Such experiments have already
been performed in CuMnAs, another conductive AFM material where NSOT can be realized
[76; 42]. To this end, the PEEM studies shed light on numerous important aspects of the current-
switching effect in CuMnAs. The established procedure for imaging the MnsAu domains will
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provide a deeper understanding of NSOT in MngAu thin films and lead to further optimization
for a reliable Néel vector switching for future spintronics devices.

The second method for manipulating the AFM order addressed in this work is magneto-elastic
coupling, which links the magnetic and the mechanical properties of a material. In this work, a
controllable strain was applied to magnetic thin films by bending the substrate, which caused
an elongation of the film along an easy magnetic axis. The strain induced changes in the
domain structure of a conductive material can be studied by measuring AMR, i.e. changes of
the material resistance caused by reorientation of the magnetic moments. This method was
successfully applied to ferromagnetic Ni samples but did not provide convincing evidence for
domain reorientation in MnsAu. Nevertheless, optimization of the sample structure can improve
this method into a reliable tool for investigating magnetoelastic effects in MngAu. The Néel
vector orientation in strained MnsAu thin films was directly probed by XMLD spectroscopy.
An increase of XMLD measured at strain values above 0.1 % was observed. Analysis of the
experimental spectra involving DFT calculations performed by the FP-LAPW ELK software
proves that the change of XMLD is due to a reorientation of magnetic moments in the material,

which orient themselves perpendicular to the elongation direction.
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9 Appendix

9.1 The list of samples

The substrate is either Al;O3 (1102) or MgO (100). All deposited layers consist predominantly of
(001) oriented crystallites with the in-plane epitaxial relation Ta (001)[100] || MnaAu (001)[100]
|| Fe (001)[100], if not specified otherwise.

MnsAu
Sample Layer sequence deposition Comment
temperature
Al Ta 1l
MA1 203/Ta 18 nm/ 600°C
/MngAu 10nm/TaO, 3 nm
AlyO3/Ta 18
MA2 203/Ta 18nm/ 600°C
/MngAu 4nm/Fe 3nm/Ta0O, 3nm
AlyO3/Ta 18
MA3 203/Ta 18 nm/ 600°C
/MngAu 7nm/Fe 3nm/TaO, 3nm
AlyO3/Ta 18
MA4 205/Ta 18nm/ 500°C
/MnzAu 10nm/Fe 3nm/TaO, 3nm
AlyO3/Ta 18
MAS 203/Ta 18 nm/ 450°C
/MngAu 10nm/Fe 3nm/TaO, 3nm
MgO/Fe 5
MAG 80/Fe Sm/ RT
/MngAu 10nm/TaO, 3 nm
AlyO3/Ta 18
MA7 203/Ta 18nm/ 600°C
/MnoAu 66 nm/Py 4nm/Ta0O, 3nm
AlyO3/Ta 18
MAS 203/Ta 18 nm/ 600°C
/MngAu 60 nm/Fe 10nm/AlO, 5nm
MAQ Aly03/Ta 15nm/ £00°C Exposed to a field of

/MnsAu 10nm/Fe 1nm/AlO, 2nm

70T along [110] direction
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MnsAu

Sample Layer sequence deposition Comment
temperature
AIQOg/Ta 15 nm/
MA9ref 500°C
/MngAu 10nm/Fe 1 nm/AlO, 2nm
Aleg/Ta 30 nm/
MA10 600 °C
/MnsAu 240 nm/AlO, 2nm
Aly03/Ta 30 nm/ Exposed to a field of
MA11 600 °C
/MnzAu 240nm/AlO, 2nm 30T along [110] direction
AlyO3/Ta 30 nm/ Exposed to a field of
MA12 600 °C
/MngAu 240 nm/AlO, 2nm 50T along [110] direction
Al,O3/Ta 30 nm/ Exposed to a field of
MA13 600 °C
/MngAu 240 nm/AlO, 2nm 70 T along [100] direction
AlyO3/Ta 18 nm/
MA14 600 °C
/MnsAu 80 nm/TaO, 3nm
Aly03/Ta 10 nm/ Substrate
MA15 600°C
/MnsAu 75nm/TaO, 3nm size 10 mm x 14 mm
AlO3/Ta 10nm/ Substrate
MAT15ref 600 °C
/TaO, 3nm size 10 mm x 14 mm
Aleg/Ta 10 nm/
MA16 600 °C
/MnsAu 60nm/AlO, 2nm
MgO/Ni 35nm/ Substrate
Nil 600 °C

/TaOz 3nm

size 10mm X 14 mm

RT - room temperature
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9.2 Collective magnonic modes in a tetragonal easy plane

antiferromagnet

The out-of-plane hard axis is z, the easy axes are x and y. The spins in equilibriumn point along

+x-axis. The following expression for the anisotropy energy density is used (see Section 1.4):

ea= Y KoiBa, + KuiBa, + Ky (Bag + Bay): (9.1)
a=1,2

where the sum over the atom number 1 is replaced by the sum over the sublattice number «. In
the linear approximation, considering that in the excited material Si; = 1 and |B1y], |B1.] <<1

and P, &= —1 and |Bay], [B2.] << 1:

ea= Y Ky 2, — 2K, B2, — 2Ky Ba, ~ Y Kai P2, + 2Ky 6L, (9.2)
a=1,2 a=1,2

The total energy is the sum of the exchange, the anisotropy, and the Zeeman energy:

Ctotat = JefB1Pa+ Y Kol B, + 2Ky Bl + poHMs (B + a), (9.3)
a=1,2

where magnetic field H is directed along the x-axis. Landau-Lifshitz equation, with y=1 is given
by:
dfa

MSdt:'Y[/Ba X

aetotal :| (9 4)

Pa
where Mg is the sublattice magnetization. For different components of the vectors 81 and fo,
Eq. (9.4) takes the form:

Mg d
’}’Sgiy - _('UOHMS +2Ks1 + Jeff)/glz - Jeff62z7
Mg d
Mo By Jegsbre — (woHMs — 2631 — Jeg)fie
9.5)
Msd
75 gtlz - ('UOHMS + 4K4H + Jeff),Bly + Jeff/Ban
Ms dps,
TS 5752 = —Jeff,Bly+(M0HMS—4K4H _Jeff)/B2y-

Using the notations Hp = Jeff/(;t()Ms), HJA = 4K4H/(,UOMS)7 and Hj = 2K2L/(;L0Ms), Eq.

(9.5) can be written as:
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/Bly ﬁly

1d /323/ 623/

- =0 : (9.6)
v di /Blz /Blz
/32;: /32,2
where € is given by the expression:
0 0 —(H+ Hg+ HY) —Hy
. 0 0 Hp —(H - Hgp — Hy
Q= ( N TS
H+ Hg+H) Hy 0 0
—Hp H—Hg — H), 0 0

t

The frequencies of the harmonic modes B,; = 9,6t are given by the eigenvalues of Eq. (9.7):

wi =vH +y\/2HpH,
wy =yH £ v\/2HH|,

where the anisotropy fields are considered to be much smaller than the exchange field.
The resonance frequencies approach zero at the spin-flop field. Therefore, Hsr = 1/2HgH j; for

(9.8)

the out-of-plane field and Hgp = V2HEHL|X for the in-plane field.

9.3 Density functional theory calculation of density of states and

of X-ray magnetic linear dichroism in Mn;Au

9.3.1 A short introduction to density functional theory

Density functional theory (DFT) is a universal method for calculating the electronic structure
of different classes of materials including atoms, molecules, and crystals. The calculation of the

electronic structure starts with the stationary Schrédinger equation:

Hip(r1, .oyt Ry, oy Ryp) = Etp(r1, ooyrp, Ry, oo, Rin), (9.9)

where #{ is the Hamiltonian of the system and ¢ is the wave function, depending on the co-
ordinates of n electrons and m nuclei. The Hamiltonian in Eq. (9.9) contains the terms cor-
responding to the kinetic energies of the electrons and the nuclei and to the electron-electron,

electron-nucleus, and to the nucleus-nucleus Coulomb interactions:
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H=Te+ T+ Vee + Vei + Viir (9.10)

The Born-Oppenheimer approximation takes into account that the electron mass is several
orders of magnitude smaller than the mass of a nucleus. Therefore, the nuclei are considered
to be immobilized creating the constant external potential for the electrons Vemt = Vez This

assumption allows omitting the second and the third terms in Eq. (9.10):

H="T,+ Vo + Vous. (9.11)

The DFT approach is based on two theorems formulated by Hohenberg and Kohn [185]. The first
theorem states that the external potential V¢ (r) is uniquely determined by the ground-state
density distribution p(r). This statement indicates that there is a one-to-one correspondence
between the Hamiltonian in Eq. (9.11), depending on Vg, (r) and the number of electrons n and

p(r). Consequently, the energy calculated for Eq. (9.10) is the functional of the electron density:

Elp] = T[p] + Veelp] + Veat[p]. (9.12)

The second Hohenberg-Kohn theorem states that the E[p] is minimal for the density correspond-
ing to the ground state of the system, which directly follows from the variational principle of
quantum mechanics.

A further step to an efficient implementation of DFT methods was introduced by Kohn and
Sham. They suggested to replace the kinetic energy T'[p] with the energy of a system of n non-
interacting electrons Ts[p] = >_,(¢i|V?|¢:) using the wave functions providing the necessary

electron density p(r) = >;(¢:|¢i). The classical Hartree term in the form:

VH[p] ://wdridrj (913)

is separated from Vg.[p] resulting in:

Elp] = Ts[p] + Vilp] + Vear[p] + Ezclpl,
(9.14)

Erelp] = (Tlp] = Ts[pl) + (Veelp] = Volpl),
where Eg.[p] is exchange correlation energy. Varying Eq. (9.14), one obtains the Kohn-Sham

equations:

0 Eye[p]
dp(r)

The explicit form of Vi.(r) = dEz[p]/dp(r) is not known and different approaches are used

1 !
_§V2¢i0(r) + |:Vext(r) +/ |rpg‘1)./| + 1/11'0 = Ez’ad)z’a- (915)

for evaluating it. These include the local density approximation (LDA), where V,.(p(r)) is
assumed to depend only on p(r), and the generalized gradient approximation (GGA) with
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Vzc(p(r)7 Vp(r)).

9.3.2 A short introduction to the linear augmented plane wave method

One of the important tasks for implementing the DFT methods is to properly choose the basis
wave functions for the potential Vi (r). One of the possible choices is to specify a muffin-
tin potential. Within this approximation, each nucleus is surrounded by a sphere (S) with a
spherically symmetric potential within S and a constant potential in the interstitial region (I).
Full potential approaches so not require such restrictions and deal with the atomic potential in
the whole space. Correspondingly, the wave functions are represented as atomic orbitals in S

and Bloch functions in I:

\/1‘7 % CgektGr rinl,
(9.16)
> Apu(r; B)Yim(0,4)  rin S.

Im

Please note that the Bloch functions are expanded in a Fourier row. This choice of the wave
function is the base of the augmented plane wave method (APW). The function w;(r; Ej) is the
solution of the Schrédinger equation (—3V? + V(r) — E;)w/(r; E;) = 0. Since w/(r; E;) depends
on F, the Schréodinger equation provides the correct wave function if £ = Ey in accordance with
the dispersion relation for a electronic band. Absence of variational freedom with respect to £
increases the necessary computational power if Fy is unknown.

An extension of the APW method called linear augmented plane wave (LAPW) method adds

the derivative of the wave function with respect to E:

\/1‘7 ; Cge'k+G)r rinl,
(9.17)
> (A (r; By) + Byt (r; E))Yin (0, ¢) rin 5.

Im
In this case, the wave function for an arbitrary energy is u;(r; E) = wi(r; E) + (E — E))w(r; E) +
O((E — Ey)?), which results in an error of O((E — E;)*) in the band energy.
For some problems, e.g. for calculating the X-ray absorption spectra, it is necessary to explicitly
take into account the core atomic states. Since the core states are strongly localized near the
nucleus, it is convenient to describe them in terms of local orbitals, which exist only in S and

do not expand into I:

0 rin I,

9.18
S WO E)Yin(6,4)  rinS. 19
Im
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9.3.3 The results obtained for Mn,Au

The DF'T simulations were performed with the ELK full-potential linear augmented plane wave
(FP-LAPW) software [60]. The valence band density of states (DOS) was calculated for bct
MnyAu with the fixed lattice parameters a = 3.328 A and ¢ = 8.539 A. The spin of Mn atoms
was calculated self-consistently by setting a high external magnetic field with the opposite di-
rections on each Mn atom in the basis. The field value was reduced at each iteration to improve
convergence. The high-quality setting of ELK was activated, which specifies the summation
cut-off for the APW Imazapw = 10, maximal length of |G + k| in units of reciprocal muffin-tin
sphere radius rgkmaz = 8. Also, the maximal |G| is set gmazvr = 20 and the angular momen-
tum cut-off for the muffin-tin density and potential Imaxzo = 8. Broyden mixing is implemented
for facilitating convergence. A 12x12x12 mesh of k-points uniformly distributed within the
Brillouin zone (BZ) was used. Perdew-Burke-Ernzerhof GGA approach is chosen for calculating
the Ey.[p].

DOS (states/(eV*atom))

PR T T S S N T ST S N ST S W |

-8 -6 -4 -2 0 2

N
[}

Energy (eV)

Figure 9.1: Element resolved DOS of MnsAu. Positive and negative DOS values

correspond to spin-up (majority) and spin-down (minority) electrons, respectively.

The calculated MngsAu DOS indicates that the Mn atoms carry a magnetic moment (Fig. 9.1),
whereas the Au atoms do not possess a magnetic moment, confirmed by the identical DOS
for majority and minority electrons. The DOS of MnIlI atoms (not shown) is found to be
opposite to the DOS of Mnl atoms. The simulation provides the following Mn spin moment
ug/[” = £3.591 up and orbital moment u%/[" = F0.002 ug. The value of u%/[" is much smaller
than uf‘g/[ " which is typical for transition metal elements due to orbital moment quenching [186].
It is worth mentioning that the ,uﬁ/[ ™ is oriented oppositely to ug/[" Another important property
of MnsAu obtained from the DOS is the number of d-holes per Mn atom N4, which amounts to

9.0.
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Figure 9.2: (a) Theoretical XMLD spectra calculated for non-magnetic tetragonal
MngAu. (b) The same for the AFM MngAu with the moments pointing along the 4[110]

directions. The insets show the schematic basal-plane view of the modeled compounds.

In order to obtain the X-ray absorption spectra, local orbitals were added at Mn sites in order
to account for exchange splitting of the 2ps/5 and 2p; /, core states. The linear optical response
tensor (€;7) was simulated based on the momentum matrix elements. The absorption coefficient

for linearly polarized X-rays with the polarization vector along é; is expressed as

pi = Sm(ei;). (9.19)

The theoretical spectra presented in Fig. 9.2(a) were calculated for a non-magnetic MngAu by

setting the Mn spins equal to zero. The XMLD spectrum calculated as

XMLD = 3m(ezs) — Sm(eyy)- (9.20)

is vanishingly small. In contrast to the non-magnetic compound, the tetragonal MnyAu with
magnetic moments oriented along the (110) axes shown Fig. 9.2(b) exhibits a significant dichro-
ism.

It is important for the interpretation of the strain-dependent measurements of the Néel vector
in MnsAu to know the non-magnetic contribution to the linear dichroism originating from a
reduced lattice symmetry. For this purpose, non-magnetic MnoAu with a distorted lattice was
modeled by setting the elongation along the X-axis to 0.1 % together with a compression along
the Y-axis to keep the unit cell volume. The numerical result indicates that the dichroism due to
the pure lattice distortion without magnetism is much smaller than the XMLD of a single-domain

antiferromagnetic MngAu.

124



1.0_ T T T T T T

—Imée,) |
2 o8} —Im(e,,)
= XMLD
X 06} v ]
(7]

< 04| e ¥ |
X 0.

g

= 0.2+ g
£

o 0.0

z

02} ,

630 635 640 645 650 655 660 665
Energy (eV)

Figure 9.3: (a) Theoretical XMLD spectra calculated for non-magnetic MnyAu
strained to a value of 0.1% in the [110] direction. The inset shows the schematic

basal-plane view of the modeled compound (the deformation is strongly exaggerated).

9.4 Technical drawings of the equipment for the bending

experiments

Figure 9.4: The drawing of the base of the miniature vacuum-compatible bending

device. The material is oxygen-free copper.
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Figure 9.5: The drawing of the fixing part. The material is oxygen-free copper.

-t

Figure 9.6: The drawing of the frame. The material is oxygen-free copper.

Figure 9.7: The drawing of the eccentric rod. The material is titan.
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Figure 9.8: The first part of the bending device with a piezo element. The material is

aluminum.
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Figure 9.9: The second part of the bending device with a piezo element. The material

is aluminum.
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List of used abbreviations

FM - ferromagnet

AFM - antiferromagnet

XMCD - X-ray magnetic circular dichroism

XMLD - X-ray magnetic linear dichroism

PEEM - photoemission electron microscopy
X-PEEM - X-ray photoemission electron microscopy
LEEM - low-energy electron microscopy

GMR - giant magnetoresistance

TMR - tunneling magnetoresistance

HDD - hard disc drive

STT - spin transfer torque

SHE - spin Hall effect

MRAM - magnetoresistive random-access memory
SMR - spin Hall magnetoresistance

NSOT - Néel spin-orbit torque

T - Néel temperature

Tc - Curie temperature

Ty - Blocking temperature

TAMR - tunneling anisotropic magnetoresistance
SHA - spin Hall angle

RE - rare-earth

RKKY - Ruderman-Kittel-Kassiya-Yoshida

DOS - density of states

FP-LAPW - full potential linear augmented plane wave
NN - nearest neighbor

SQUID - superconducting quantum interference device
VSM - vibrating sample magnetometry

MOKE - magneto-optic Kerr effect

DMI - Dzyaloshinskii-Moriya interaction
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MAE - magnetocrystalline anisotropy energy
SOC - spin-orbit coupling

DW - domain wall

FEL - free electron laser

XAS - X-ray absorption spectrum

TEY - total electron yield

FY - fluorescence yield

o+ - circular right (X-ray polarization)

o— - circular left (X-ray polarization)

LH - linear horizontal (X-ray polarization)
LV - linear vertical (X-ray polarization)
HZB - Helmholtz-Zentrum Berlin

HV - high vacuum

UHV - ultra-high vacuum

TXM - transmission X-ray microscopy
STXM - scanning transmission X-ray microscopy
SE - secondary electrons

MCP - microchannel plate

MEM - mirror electron microscopy

ROI - region of interest

DFT - density functional theory

J - exchange constant

RHEED - reflection high energy electron diffraction
XRD - X-ray diffraction

H¢ - coercivity

Hpgp - exchange bias field

Hrpce - field applied during field cooling

M, - remanent magnetization

RT - room temperature

RF - radio frequency

AMR - anisotropic magnetoresistance
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