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To try to make a model of an atom by studying its spectrum is like
trying to make a model of a grand piano by listening to the noise it
makes when thrown downstairs.

Oliver Lodge,
In Atoms and Rays (1924)
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Abstract

This thesis concentrates on the response of the magnetic and structural subsystems of FeRh

and Ni2MnSn-Heusler compounds to various external stimuli investigated by utilizing a va-

riety of X-ray spectroscopy techniques to reveal the changes of the magnetic and structural

subsystem for each compound.

The first part of this thesis concentrates on the equiatomic alloy FeRh. Besides the study

of the well-known metamagnetic phase transition of B2-FeRh, investigating the short-range

order at low temperature utilizing extended X-ray absorption spectroscopy (EXAFS) points

to the presence of a lattice instability. This lattice instability indicates that the assumed B2

crystal structure (CsCl structure) is not the thermodynamic ground state of FeRh. Utilizing
57Fe nuclear resonant inelastic X-ray scattering (NRIXS), it is possible to investigate the

Fe-partial lattice dynamics and the Fe-partial vibrational density of states along the meta-

magnetic phase transition. The Lamb-Mössbauer factor fLM indicates that with respect

to phonons, the lattice is softer in the antiferromagnetic phase compared to the ferromag-

netic phase. At the same time, the vibrational entropy Svib suggests that the change of the

isotropic entropy change ∆Siso can be contributed to the vibrational modes of Rh. Based

on these results obtained in a thermal steady-state, the lattice dynamics were investigated

in a thermal non-equilibrium on a picosecond timescale. For these measurements, a novel

pump-probe experiment has been designed, where an optical fs-laser pulse thermally excites

the system and the lattice dynamics are probed via nuclear forward scattering (NFS) and

nuclear inelastic X-ray scattering. Looking at the NFS time pattern, it is possible to suppress

the observed beating structure due to a change of the coherence of the system, for example,

by inducing a coexistence of the antiferromagnetic and ferromagnetic domains within the

coherence length of the incident gamma pulse. The NRIXS measurements reveal different

relaxation dynamics for optical and acoustic vibrational modes hinting towards differences

in the electron-phonon or magnon-phonon coupling. Besides the temperature-dependent in-

vestigations, it was possible to study the effect of structural disorder in FeRh, which was

introduced through ion irradiation. EXAFS measurements at low temperatures reveal that

the introduction of open-volumes in the form of small lattice dislocations are sufficient to

introduce ferromagnetism in an antiferromagnetically ordered sample.

In the second part, the formation of core-shell precipitates in Ni2MnSn-Heusler alloys is

discussed utilizing 119Sn Mössbauer spectroscopy. It is demonstrated that the Sn moment

is susceptible to the local environment and can, therefore, be used as a detector for the

decomposition process in NiMn based Heusler alloys.

The insights obtained in these thesis can be adopted to different materials and lead to new

experimental techniques.
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Kurzzusammenfassung

Innerhalb dieser Arbeit werden die Veränderungen des magnetischen und strukturellen Teil-

systeme in den Legierungen FeRh und der Heusler-Legierung Ni2MnSn mittels verschiede-

nen Röntgenspektroskopie-Techniken untersucht. Dabei werden beide Legierungen unter-

schiedlichen externen Stimuli ausgesetzt.

Der erste Teil der Arbeit behandelt dabei die equiatomare Legierung FeRh. Neben der

Untersuchung des bekannten metamagnetischen Phasenübergangs von B2-FeRh deutet sich

bei tiefen Temperaturen eine Änderung der strukturellen Nahordnung an, die in dieser Ar-

beit mittels Röntgenabsorptionsspektroskopie (EXAFS) untersucht wird. Die Analyse der

spektralen Feinstruktur deutet auf das Vorhandensein einer Gitterinstabilität hin und lässt

eine Vermutung anstellen, dass die angenommene B2-Kristallstruktur (CsCl-Struktur) nicht

der thermodynamische Grundzustand von FeRh ist. Mithilfe der inelastischen Röntgen-

streuung an dem Kernübergang des Isotops 57Fe (NRIXS) ist es möglich, die partielle Git-

terdynamik und die Phononenzustandsdichte der Fe-Atome entlang des metamagnetischen

Phasenübergangs zu untersuchen. Der Lamb-Mössbauer Faktor fLM zeigt, dass das Gitter

in Bezug auf Phononen in der antiferromagnetischen Phase weicher ist als in der ferromag-

netischen Phase. Gleichzeitig deutet der Gitterbeitrag der Entropie Svib darauf hin, dass die

Änderung der isotropen Entropieänderung ∆Siso den Schwingungsmoden von Rh zuzuord-

nen ist. Basierend auf diesen Messungen, die in einem thermischen Gleichgewichtszustand

durchgeführt wurden, ist es möglich die Gitterdynamik auf einer Picosekunden-Zeitskala in

einem thermischen Nichtgleichgewicht zu untersuchen. Dafür wurde ein neuartiges Pump-

Probe-Experiment entworfen, bei dem ein optischer fs-Laserpuls das System thermisch anregt

und die Relaxation mittels nuklearer resonanter Röntgenstreuung (NFS) und nuklearer in-

elastischer Röntgenstreuung untersucht wird. Betrachtet man die aus der Relaxation der

nuklearen Übergänge resultierende Interferenz, so ist es möglich, diese Interferenz aufgrund

einer Änderung der Kohärenz des Systems zu unterdrücken. Die NRIXS-Messungen zeigen

unterschiedliche Relaxationsdynamiken für optische und akustische Schwingungsmoden, was

auf Unterschiede in der Elektron-Phonon oder Magnon-Phonon-Kopplung hindeutet. Neben

den temperaturabhängigen Untersuchungen, ist es möglich, den Effekt der strukturellen Un-

ordnung in FeRh zu untersuchen, der durch Ionenbestrahlung hervorgerufen werden kann.

EXAFS-Messungen bei niedrigen Temperaturen zeigen, dass das Erzeugen von offenen Vol-

umen in Form von Gitterversetzungen ausreicht, um Ferromagnetismus in einer antiferro-

magnetisch geordneten Probe zu stabilisieren.

Im zweiten Teil wird die Bildung von Kern-Schale-Ausscheidungen in Ni2MnSn-Heusler-

Legierungen mittels 119Sn-Mössbauer-Spektroskopie untersucht. Es lässt sich zeigen, dass

das Sn-Moment empfindlich auf die lokale Umgebung reagiert und daher als Detektor des

Dekompositionsprozesses in NiMn-basierten Heusler-Legierungen verwendet werden kann.

Die in dieser Arbeit gewonnenen Erkenntnisse können auf verschiedene Materialien übertra-

gen werden und werden zu neuen experimentellen Techniken führen.
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1. Introduction

In the future, it will be essential to be able to control and exploit phase transitions in func-

tional materials in order to develope new classes of new class of commercial devices. Mainly,

phase transitions in magnetic materials will be critical in a variety of different technolo-

gies ranging from information technology, data storage to efficient and environment friendly

solid-state cooling. It is essential to understand these phase transitions in magnetic mate-

rials, arising from an interplay between lattice, electronic and magnetic degrees of freedom,

leading to increased efficiency of individual technologies and devices.

From the perspective of fundamental research, it is crucial to investigate materials possessing

a first-order magnetostructural phase transition under different types of external stimuli.

Such investigations give insights into the coupling mechanisms of the different degrees of

freedom, for example in form of electron-phonon or spin-phonon coupling, making it possible

to understand the origin of the phase transition. Once we understand the mechanisms behind

the transition, we can exploit the process by tailoring it to specific applications.

One of these systems, which are interesting for the fundamental research, is the system

B2-FeRh, due to its unique magnetostructural phase transition, where the low-temperature

phase shows no macroscopic magnetisation. In contrast, the system possesses a large mag-

netisation at higher temperatures. A more detailed introduction of the system will be given

in Chapter 4.

In this work, different spectroscopic techniques reveal the structural and magnetic response

of FeRh to different types of external stimuli. In the following, a short outline of this thesis

will be given.

Section 2 lays the theoretical foundation for the used experimental techniques, which are

necessary for the different types of spectroscopic insights into the phase transition. Since

this is an experimental investigation, section 3 discusses the sample preparation procedure,

and the different used experimental setups.

As previously mentioned, the main topic of this thesis is the magnetostructural phase tran-

sition in B2-FeRh. Therefore, a detailed introduction to the system and the current state of

the literature is presented in Chapter 4. Besides the structural characterisation of the used

FeRh thin film (see Chapter 4.1), a detailed investigation of the local structure around the

Fe atoms at low temperatures is presented in Chapter 4.2 and indicates a lattice instability

of the up to now experimentally assumed ground state in FeRh. Afterwards in Chapter 4.3,
57Fe NRIXS reveals the Fe-partial lattice dynamics along with the phase transition, indicat-

ing the hybridisation of Fe- and Rh-partial vibrational modes and the lattice contribution
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to the phase transition. These results obtained in a steady-state are the foundations for the

first performed ”optical pump – nuclear resonance probe” measurements, making it possible

to probe specific Fe-partial vibrational modes on a picosecond timescale after ultrafast laser

excitation. The obtained experimental results are discussed in Chapter 4.4.

All of these mentioned investigations focus on the structural and magnetic response to dif-

ferent kinds of external thermal stimuli. Be it the effect of a static increasing temperature

(see Ch. 4.3), a short laser pulse leading to a thermal non-equilibrium state (see Ch. 4.4)

or even the absence of thermal excitations at low temperatures (see Ch. 4.2). Therefore, in

Chapter 4.5, we investigated the response of systematically induced structural static disor-

der. This type of disorder was produced employing low energy ion irradiation. While for low

ion fluences a similarity between temperature-driven and disorder-driven phase transition is

present, the investigation of higher ion fluences reveals the formation of a disordered fcc-

phase. In the literature, different groups assume that the presence of such kind of secondary

phases may lead to a local modification of the magnetostructural phase transition.

These insights of a modification of the electronic structure after the introduction of structural

disorder leads to the investigation of the formation of ferromagnetic core-shell precipitates

in off-stoichiometric Ni2MnSn-Heusler alloys, which is presented in Chapter 5.

Afterwards, the experimental results will be summarized in Chapter 6. As it is often the

case with different studies, new results lead to new questions and new possible experiments,

which will be discussed within the same Chapter.



2. Fundamentals

2.1. Magnetic ordering

In the later part of this work, changes in the magnetic structure will be discussed. Therefore,

a shortly summarized theoretical description of magnetic coupling is given.

For a system with uncompensated magnetic moments, these moments can align, in a sim-

ple Ising model, either parallel or antiparallel with respect to each other. The exchange

interaction Hex describes this phenomenon of parallel or antiparallel alignment of magnetic

moments in the Heisenberg model with

Hex = −2
N∑
i>j

Jij ~Si · ~Sj, (2-1)

where

Jij =
e2

4πε0

∫
dV1

∫
dV2Ψ∗i (~r1) Ψ∗j (~r2)

1

r12

Ψi (~r1) Ψj (~r2) (2-2)

describes the exchange integral between two adjacent molecular orbitals with the spin ~Si
and ~Sj and is caused by Coulomb interaction and the Pauli exclusion principle. For a

ferromagnetic (FM) system Jij > 0 and the energy of the system can be minimized with a

parallel spin alignment. For Jij < 0 an antiparallel alignment of the neighboring spins is

found. A system with an antiparallel spin alignment is called an antiferromagnet (AFM).

The sign of Jij plays an important role in the overall wave function for a fermionic system

since the complete wave function, which can be separated into the product of the spin-wave

function χ
(
~S1, ~S2

)
and the position-space wave function ψ (~r1, ~r2) as

Ψ
(
~r1, ~r2, ~S1, ~S2

)
= ψ (~r1, ~r2) · χ (~s1, ~s2) , (2-3)

needs to be antisymmetric. While the Heisenberg model effectively describes the magnetism

in isolating materials with localized electrons, it fails to explain the magnetic structure in

metallic materials like Fe, Co, or Ni that possess delocalized electrons. Therefore, it is

necessary to introduce the Stoner model, originating from Edmund Clifton Stoner. In this

model, we assume the presence of a density of states for spin-down and spin-up electrons.

Both of these densities of states have an identical shape, while they are shifted by the energy

contribution ∆ - called the exchange splitting. This exchange splitting leads to an increase
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of the kinetic energy while an additional rise of the potential energy is present due to the

exchange interaction. Arising from this discussion, the Stoner model states a ground state

is ferromagnetic if a large amount of states in the vicinity of the Fermi energy and a strong

exchange interaction are present, also given by the Stoner criterion with [1]

1

2
UD̃(EF ) > 1 (2-4)

with the Stoner parameter U and the spin-projected density of states at the Fermi energy

D̃(EF ). For a more detailed theoretical introduction to magnetism, the reader is referred to

Ref. [2].

2.2. Spectroscopy in the X-ray regime

This section gives an introduction for two different kinds of spectroscopy techniques, which

were used for the experimental results of this work. For this purpose, a brief description of

the general interaction of X-ray photons with matter follows, while in the latter part a more

detailed description of X-ray absorption spectroscopy and Mössbauer spectroscopy is given.

2.2.1. Interaction of X-rays with matter

In general, the transmitted intensity of radiation propagating through a homogeneous and

isotropic material with the thickness x can be described by the Lambert-Beer law by

I(x) = Io exp (−µ̃(E)x) , (2-5)

where µ̃(E) is the so-called attenuation coefficient. The attenuation coefficient (µ̃(E) =

µ(E) + τ(E)) can be divided into the sum of the absorption coefficient µ(E) and scattering

cross-section τ(E), where τ(E) consists of the elastic and inelastic scattering processes [3].

For the photon energy used in this work, one can neglect the contributions of the scattering

cross-section τ(E). The absorption coefficient µ(E) contains the transitions from an initial

state Ψi to an excited state Ψf and is proportional to the so-called ”Fermi’s golden rule” [4]

µ(ω) ∝
∑
f

∣∣∣〈Ψf

∣∣∣Ĥ∣∣∣Ψi

〉∣∣∣2 δ (Ef − Ei − ~ω) , (2-6)

with the perturbed Hamiltonian Ĥ and the energy of the final (initial) state Ef (Ei) re-

spectively. Depending on the spectroscopy technique one is using, the Hamiltonian Ĥ needs

to be adjusted. For example in the dipolar approximation (Ĥ = ~p · ~A, if exp(ik · r) ≈ 1)

the permitted transitions from an initial state |l,ml, s,ms〉 to a final state |l′,m′l, s′,m′s〉 is
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Figure 2-1.: (a) X-ray absorption coefficient µ as a function of the photon energy for berylium

(red), silicon (yellow) and lead (blue). An increase of the absorption coefficient

occurs, when the absorbed photon energy is sufficient to excite an electron into

the continuum. It is evident, that these transition occurs for different elements

at different energies. With this it is shown, that X-ray absorption spectroscopy

is an element-specific measurement method (b) Nomenclature for the different

transition from the orbital to the continuum. Figure taken from Ref. [11].

determined by the dipole selection rules [5]

∆l = l − l′ = ±1

∆ml = ml −m′l = 0,±1

∆s = s− s′ = 0

∆ms = ms −m′s = 0.

(2-7)

2.2.2. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) yields information about the unoccupied states and the

chemical environment, while one is indirectly probing the electronic band structure [6] above

the Fermi energy. In general, an important feature of XAS is the possibility to measure

the transition on the one hand with element-specific precision (shown in Figure 2-1 (a)),

while on the other hand, it is also possible to probe features of certain unoccupied electronic

orbitals[7] and therefore the interaction between different elements [8]. Taking iron as an

example [9], it is possible to probe the transition from 1s→ 4p states, but also the transition

from the spin-orbit split 2p1/2,3/2 → 3d states. These transitions are notated as Fe K (1s →
4p) or Fe L2,3 (2p1/2;3/2 → 3d) respectively [10] and are shown in Figure 2-1 (b).
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In general, the XAS spectrum consists of two parts. There is the XANES-part (X-ray

Absorption Near Edge Spectroscopy, also called Near Edge X-ray Absorption Spectroscopy

in the soft X-ray region) and the EXAFS part (Extended X-ray Absorption Fine Structure

spectroscopy). While the XANES part reflects the electronic structure (photon energy of

up to 150 eV larger then the respective edge energy), the EXAFS part reveals information

concerning the local structure and short-range order. The EXAFS region is usually defined

for a photon energy E of 150 eV larger than the respective edge energy.

Extended X-ray absorption fine structure spectroscopy

A schematic EXAFS spectrum is shown in Figure 2-2 and describes the oscillating fine

structure χ(k) for a photon energy above the edge energy. It is possible to extract the fine

structure χ from the general absorption spectrum by the relation [12]

χ(k) =
µ(E)− µ0(E)

∆µ(E0)
(2-8)

with a background function µ0(E) describing the absorption of an isolated atom, the mag-

nitude of the edge step ∆µ(E0) and the wavenumber k

k =

√
2me

~
(E − E0), (2-9)

with the mass of electron me, the photon energy E and the respective edge energy E0.

The origin of the EXAFS spectrum can be explained by the interference of the emitted

Figure 2-2.: Simplified illustration for the energy dependent formation of the fine structure

in the X-ray absorption spectrum (red line). Figure taken from [13].
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Figure 2-3.: (a) Schematic two dimensional representation of the local environment, which is

often used for EXAFS discussions. (b) Changes of the absorption spectrum by

varying the amount of nearest neighbours (upper case) or changing the distance

between absorber and nearest neighbour. Figure taken from Ref. [11].

photoelectron waves. The photoelectrons are thereby generated due to the transition from

the initial state to an unoccupied excited state above the Fermi energy, as discussed before

in Eq. (2-6). For a detailed description of EXAFS, it is useful to discuss the corresponding

equation for the fine structure χ(k), which is

χ(k) =
∑
j

S2
0(k)Njfj(k) · exp

(
−2

Rj

λ(k)

)
· exp

(
−2σ2

jk
2
)
·

sin

(
2kR−4

3
c3,jk

3 + δj(k)

)
kR2

j

,

(2-10)

and was first shown by Sayers et al. [14]. Each of the individual terms will be discussed in

the following for a simple system, like bcc-Fe for example, while the overall equation can be

understood as the time-propagation of a damped sine wave, as

x(t) = A0 · e−t/to · sin(ωt+ φ). (2-11)

The oscillating structure in Eq. (2-10) originates from the term ”sin (2kR + δj(k))”, while the

scaling factor ” 1
kR2

j
” is relevant for the normalization, since the general equation is derived in

spherical coordinates. Here, Rj describes the radial distance between the absorber atom and

the j-th nearest neighbour, which acts as a backscatter (schematically illustrated in Figure
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2-3 (a). To be precise, the photoelectron is not scattering at the nuclei of the j-th nearest

neighbour, instead it is scattering at the effective charge density, resulting in a change of the

phase relative to 2kR. This effect is compensated by δj(k) [15]. If anharmonic contributions

occurs, for example at elevated temperatures, the third cumulant c3 is introduced and reflects

the skewness of the bond-length in a symmetric Gaussian distribution [16].

The amplitude of the oscillation is described by ”S2
0(k)Njfj(k)”, where S2

0(k) is the so-called

amplitude reduction factor, Nj is the number of atoms in the j-th backscattering shell and

fj(k) is the backscattering amplitude. The factor S2
0(k) is necessary since in the general

EXAFS theory the contributions of multi-electron excitations are neglected (for example

relaxation of the other electrons in the absorbing atom to the hole in the excited core level).

In general, the magnitude of S2
0 is between 0.7 and 1.0 [17]. The backscattering amplitude

”fj(k)” describes the general k-dependent amplitude of the EXAFS fine structure χ(k) for

the j-th shell and reflects the characteristic charge density that the photoelectron experi-

ences depending on the absorbing atom, the backscattering atom, the distance between these

two atoms and the nature of the scattering path (single scattering or multi scattering). In

addition, it is worthwhile to mention that the phase shift δj(k) is connected to the backscat-

tering amplitude fj(k), as Fj(k) = fj(k) exp (iδj(k)). Due to the listed dependencies, it is not

feasible to calculate this function analytically. Therefore, the function is usually calculated

within an ab-initio method, for example, with the program package FEFF [18, 19]. For a

system, which obtains different elements in the j-th shell, the product of Njfj(k) needs to

be considered for both elements, leading to the possibility to investigate site disorder on a

local scale with EXAFS [20, 21]. The influence of varying Rj and varying Nj on the XAS

spectrum is schematically illustrated in Figure 2-3 (b).

The last term ”exp
(
−2

Rj

λ(k)

)
· exp

(
−2σ2

jk
2
)
” will be discussed now. In general, this term

leads to a damping of the fine structure oscillation and is due to two different effects. The

first term ”exp
(
−2

Rj

λ(k)

)
” presents the limited lifetime τ , that the created photoelectron and

the resulting hole possess due to interaction with different electrons or relaxation processes.

A typical lifetime is in the order of 10−17 s [23]. Therefore the photoelectron can only travel

a limited distance in the lattice (in the order of 10 Å). Associated to this lifetime of the

photoelectron is the mean free path λ(k) [24]. The term exp
(
−2σ2

jk
2
)

is called Debye-

Waller factor [25] and leads to a damping of the oscillatory fine structure due to disorder.

This structural disorder leads to the mean square relative displacement σ2
j (MSRD). It is

possible to separate the MSRD into σ2
j = σstat +σtherm(T ), with the contribution of the static

disorder being σstat and dynamic disorder σdyn(T ). The static disorder can be generated, for

example, by a dislocation or other kind of structural disorder.

In contrast, the dynamic disorder is the displacement of the nuclei by a phonon and can be

simulated, e.g. by assuming a correlated Debye Model. Figure 2-4 illustrates the effect of

dynamic disorder in bcc-Fe in the form of theoretical calculations for different temperatures

with a fixed Debye temperature ΘD. It is worthwhile to mention that σ2 is the relative
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Figure 2-4.: Theoretical calculations for bcc-Fe to illustrate the amplitude dependence of the

fine structure oscillations for varying degrees of disorder. In this calculation,

dynamic disorder was induced in form of a correlated Debye model by assuming

different measurement temperatures between T = 0 K up to T = 600 K in steps

of ∆T = 50 K and an assumed Debye temperature ΘD of 430 K. The Debye

temperature ΘD is determined by 57Fe-NRIXS at room temperature from a

bcc-Fe foil [22]. Anharmonic effects arising at higher timperatures (reflected by

the third cumulant c3) are neglected.

mean square displacement. Therefore a uniform mode (e.g. an acoustic phonon) can not be

detected through EXAFS, in contrast to Mössbauer spectroscopy or X-ray diffraction, for

example.

In a first order approximation, the Fourier transformation of equation (2-10) is a radial pair

distribution function (PDF), as one can obtain for example from X-ray diffraction, transmis-

sion electron microscopy or neutron diffraction. Due to the convolution of fj(k), exp
(
−2Rj

λ(k)

)
and sin (2kR + δj(k)), the Fourier transformation of χ(k) is not a real pair distribution

function.
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2.2.3. Mössbauer spectroscopy

Mössbauer spectroscopy utilizes the effect of recoil-free nuclear resonant absorption [26],

discovered by R. L. Mössbauer in 1957 (Nobel prize in 1961), and is a non-destructive spec-

troscopy technique to investigate the nuclear Zeeman splitting. Due to the nuclear resonant

character of the measurement method, it is possible to probe spectroscopic properties within

an isotope-specific approach. For the measurements, it is necessary, that the investigated

isotopes have some characteristic requirements, leading to the consideration of only a small

group of isotopes for conventional Mössbauer spectroscopy in a lab environment. For exam-

ple, a ”reasonable” Mössbauer active isotope needs to have a convenient natural linewidth,

small transition energy and acceptable half-life of the corresponding source material. Only

the isotopes 57Fe, 119Sn, 121Sb, 151Eu and 161Dy are commonly used due to the presence of

fundamental properties. In this work, only 57Fe and 119Sn have been utilized for Mössbauer

spectroscopy, which are the most commonly used isotopes for investigations in general. As

will be discussed in the following, the investigation of the nuclear Zeeman effect reveals in-

formation concerning the magnetic structure, chemical bonding, thermodynamic properties

and structural characterization. Due to these properties, Mössbauer spectroscopy is used

in different research fields from chemistry, condensed matter physics, across metrology and

even astrophysics or general relativity. Since a vast amount of results are obtained by 57Fe

Mössbauer spectroscopy, the following discussions will concentrate on the properties of this

isotope, while the differences between 57Fe and 119Sn will be mentioned in an additional

section.

For lab-based Mössbauer experiments, a radioactive source is needed, which provides the

necessary gamma radiation. Usually, 57Co is used as a radioactive source material (half-life of

Figure 2-5.: Decay scheme of a 57Co and the corresponding energy level and lifetimes of the

different states of 57Fe. On the right side the excitation process in the absorber

is shown. The de-excitation can process via emission of an 14.4 keV photon or

by emission of a conversion electron with an energy of 7.3 keV.
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270 days), which emits gamma radiation with an energy of 14.412497 keV. The corresponding

decay scheme is shown in Fig. 2-5. For the actual spectroscopy the transition between

the I1/2 and I3/2 states are used, where the mean lifetime τ 1 of the first excited state is

τ = 97.7 ns. Using Heisenberg’s uncertainty principle

∆E · τ ≥ ~
2
, (2-12)

with the reduced Planck’s constant ~, this leads to a natural intrinsic linewidth Γ ≈ 5 neV

of the emitted γ-radiation, leading to a relatively high resolution Γ
E0

of 3.3 · 10−13, showing

the narrow emission and absorption line shape for the first excited state in 57Fe. For an

ensemble of identical nuclei in the excited state, the intensity distribution I(E) during the

de-excitation to the ground state can be described by the Breit-Wigner equation [27]

I(E) ∝ Γ2

4 (E − E0)2 +

(
Γ

2

)2 . (2-13)

The maximum probability for resonant absorption radiation can be calculated from the

absorption cross-section σ0, which can be expressed as [28]

σ0 =
λ2

2π
· 1 + 2Ie

1 + 2Ig
· 1

1 + α
. (2-14)

Here, α is the conversion coefficient, describing the ratio of nuclei decaying by internal

conversion relative to the decay by emission of γ-radiation.

Due to the energetically narrow nuclear transition, it is necessary to distinguish the recoil

free absorption process from the creation and annihilation of phonons, which usually have

aa energy in the range of meV. The non-resonant absorption events can be considered in

the form of the Lamb-Mössbauer factor fLM , which is in a simplified form the ratio of

the probabilities for recoil free resonant (zero phonon processes) and all resonant scattering

events (single phonon + multi phonon processes). These multi phonon scattering processes

will be discussed in section (2.2.3.3) in more detail. Similar to the Debye-Waller factor in

EXAFS, the Lamb-Mössbauer factor in three dimensions can be derived from

fLM = exp

(
−k

2 〈∆x2〉
3

)
, (2-15)

where 〈∆x2〉 is the mean square displacement of the nuclear vibrations in a harmonic ap-

proximation. The exact expression of the Lamb-Mössbauer factor can be calculated for an

ensemble of N quantum mechanically harmonic oscillators as

fLM(T ) = exp

(
− 2ER

3N~

∫ ωmax

0

(
n(ω) +

1

2

)
ρ(ω)

ω
dω

)
. (2-16)

1The half time t1/2 can be related to the mean lifetime τ , as t1/2 = ln(2) · τ .
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Figure 2-6.: Temperature dependence of the Lamb Mössbauer factor fLM calculated by equa-

tion (2-17) for a Debye Temperature ΘD = 50 K and ΘD = 600 K in steps of

∆ΘD = 50 K.

Here, ER = ~2k2
2M

is the recoil energy, n(ω) is the Bose-Einstein function and ρ(ω) is the

distribution of vibrational modes with frequency ω. In the Debye model and for small

vibrational frequencies below the Debye frequency (ω < ωD), we can assume a continuous

vibrational density of states ρ(ω) =
9Nω2

ω3
D

[1]. Inserting this into Eq. (2-16) we obtain the

temperature dependence of the Lamb-Mössbauer factor fLM(T ) in the Debye approximation

as

fLM(T ) = exp

[
− 3ER

2kBΘD

(
1 + 4

(
T

ΘD

)2 ∫ ΘD/T

0

x

exp(x)− 1
dx

)]
(2-17)

with the Debye temperature ΘD = ~ωD

kB
. The evolution of the Lamb-Mössbauer factor fLM

is illustrated in Figure 2-6.
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2.2.3.1. Hyperfine interactions

Since the nucleus interacts with the local surrounding, for example, the electron cloud of the

atom and its nearest-neighbours, there are electrostatic and magnetic interactions. These

interactions can lead to a shift of the energy levels or even lifts the degeneracy of the ground

and first excited states, leading to the occurrence of transitions with different energies. Figure

2-7 schematically shows the hyperfine interactions in the nuclear Zeeman splitting, which

will be derived in the following.

Figure 2-7.: Hyperfine interactions within the absorber (right, upper case) and the resulting

Mössbauer spectrum (right, lower case). Figure adapted from Ref. [27].

Electrostatic interaction: For the electrostatic energy of a nuclei we use

Ee =

∫
ρN (~r)Ue (~r) dV, (2-18)

with the electrostatic potential Ue(~r) resulting from all electrical charges surrounding the

nucleus and the nuclear electric charge density ρN(~r). Evident from the equation (2-18), the

energy of a nucleus in a compound is different than in an isolated atom. The electrostatic

potential Ue(~r) can be approximated [28] in a multipole expansion with a Taylor series for
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~r = 0

Ue (~r) = Ue(0) +
3∑

α=1

∂Ue(0)

∂xα
xα +

1

2

3∑
α=1

∂2Ue(0)

∂x2
α

x2
α + . . . , (2-19)

leading to a modified version of Eq. (2-18) corresponding to

Ee = ZeUe(0) +
3∑

α=1

∂Ue(0)

∂xa

∫
ρN (~r)xαdV +

1

2

3∑
α=1

∂2Ue(0)

∂x2
a

∫
ρN (~r)x2

αdV. (2-20)

The first term describes the energy of the nucleus and the second term vanishes since the

nuclear electric dipole moment is zero. The third term leads to a change of the transition

energies ∆EE and can be expressed as [29]

∆EE =
1

2

3∑
α=1

∂2Ue(0)

∂x2
a

∫
ρN (~r)x2

αdV

=
1

2

3∑
α=1

∂2Ue(0)

∂x2
a

∫
ρN (~r)

(
x2
α −

1

3
r2

)
dV +

1

6

3∑
α=1

∂2Ue(0)

∂x2
a

∫
ρN (~r) r2dV

= EQ + IS,

(2-21)

leading to the quadrupole splitting EQ and the isomer shift IS. The isomer shift is thereby

given as [30]

IS =
1

6

3∑
α=1

∂2Ue(0)

∂x2
α

∫
ρN (~r) r2dV

=
1

6
Ze2 |Ψ(0)|2

∫
ρN (~r) r2dV

=
1

6
Ze2 |Ψ(0)|2

〈
r2
〉
,

(2-22)

with the electron charge density |Ψ(0)|2 and the expectation value of the nucleus-charge

〈r2〉. It is evident from Eq. (2-22), that the spectral shift caused by the isomer shift can be

explained by the finite size of the nucleus (〈r2〉) and the finite volume of the charge cloud(
|Ψ(0)|2

)
, which are normally not considered in a traditional electrostatic multipole expan-

sion. For an experiment, the mathematical expression of the isomer shift differs slightly from

Eq. (2-22) due to the physical properties of the nucleus and the experimental arrangement.

First, the size of the nucleus in the ground state
(〈
r2
g

〉)
and in the excited state (〈r2

e〉) are not

equivalent and secondly, the isomer shift occurs in the radioactive source and in the absorber

material – yielding to two different detected charge densities in the absorber
(
|Ψa(0)|2

)
and

in the source
(
|Ψs(0)|2

)
. Both of these effects result in the fact that the measured isomer

shift needs to be adjusted as [31]

δiso =
Ze2

6ε0
· |Ψa(0)−Ψs(0)|2 ·

(〈
r2
e

〉
−
〈
r2
g

〉)
. (2-23)
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In general, the isomer shift is often expressed relative to bcc-Fe measured at room tem-

perature, to enable source-independent comparisons. There is an additional effect, leading

to a temperature-dependent shift [32] of the central shift of the spectrum, which can be

considered as

CS(T ) = δiso + δSODS(T ), (2-24)

with the second-order Doppler shift δSODS(T ). This is a relativistic effect and occurs due to

lattice vibrations in the source and the absorber. If we consider, that the temperature of

the absorber is changing, while the source is at a constant temperature, an energy shift ∆E

occurs due to temperature-dependent lattice vibrations, which is proportional to the mean

square velocity v2 of the 57Fe nuclei. In a Debye approximation, the resulting energy shift

due to the second-order Doppler shift can be approximated by [33]

δSODS =
v2

2c2
Eγ ≈ −

9kBEγ
16Mc2

(
ΘD + 8T

(
T

ΘD

)3 ∫ ΘD/T

0

x3

exp(x)− 1
dx

)
. (2-25)

In Figure 2-8 the influence of the second-order Doppler shift δSODS is shown.

Considering both effects, δiso from the radioactive source and second-order Doppler effect

δSODS, the measured isomer shift δiso for bcc-Fe at room temperature corresponds to a Doppler

velocity of -0.107 mm/s or relative energy of approximately -5 neV, for a 57CoRh source.

Thereby, the relation between energy transfer ∆E and velocity ∆v can be calculated as

∆E =
∆v

c
· Eγ. (2-26)

Another hyperfine interaction obtained from Eq. (2-21) is the quadrupole splitting EQ. For

the sake of completeness, the effect is discussed, even though it is not present in the discussed

spectra, within the scope of this work. The quadrupole splitting occurs, if a non-spherical

charge distribution [34] exists around the probed 57Fe-nuclei, resulting in the generation of

an electric field gradient. This lifts the degeneracy in the excited Ie = 3/2 state with the

quantum number me = ±1/2 and ±3/2, resulting in the generation of two distinct singlet

contributions, which are separated by the factor [30]

EQ =
e2qQ

4I(2I − 1)

(
3I2
z I(I + 1) +

η
2

(
I2

+ + I2
−
))

(2-27)

with the quadrupol moment Q and the asymmetry factor η as [28]

eQ =

∫
ρN (~r)

(
3z2 − r2

)

η =

∂2U

∂x2
− ∂2U

∂y2

∂2U

∂z2

.

(2-28)
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Figure 2-8.: Temperature dependence of the second-order Doppler shift (δSODS) calculated

by equation (2-25) for a Debye Temperature ΘD = 50 K and ΘD = 600 K in

steps of ∆ΘD = 50 K.

In a magnetically ordered sample, the quadrupole splitting becomes the quadrupole line shift

ε as [28]

ε =
1

8
· eQVzz

(
3 cos2 (α)− 1

)
, (2-29)

where α is the angle between the electric field gradient and the 57Fe spin, while this is only

true in the dipole approximation.

Magnetic hyperfine interactions An additional hyperfine interaction illustrated in Figure

2-7 is the magnetic splitting. For this, we consider the magnetic energy, generated due to

the interaction of the nuclear magnetic moment ~µ with an external magnetic field ~B as

Ĥm = −~µ · ~B(r = 0) = −g e~
2mp

~I · ~Bhf (2-30)
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with the hyperfine field ~Bhf . The considered magnetic field can be an external applied field,

but can also be caused by the electron spins. In general, the hyperfine field ~Bhf can be

separated as [28]
~Bhf = ~Borb + ~Bdip + ~Bfermi (2-31)

and the contributions will be discussed separately in the following.

The orbital motion of the electrons produces the orbital field ~Borb with the relation

~Borb = −µ0

2π
µB

N∑
i

~li
〈
r−3
〉
i
. (2-32)

Similar to the magnetic orbital moment in a solid, this field is quenched in cubic systems.

The dipolar field ~Bdip is caused by the magnetic moment ~Si of these electrons as

~Bdip =
µ0

2π
µB

N∑
i

~Si − 3~ri

(
~Si · ~ri

)
~r2
i

〈r−3
〉
. (2-33)

As a last hyperfine field contribution, the field caused by the Fermi contact interaction will

be discussed, which can be understood in a non-quantum mechanically physical picture. A

spinning charge e0 with the velocity ve creates the magnetic moment µ ≈ e0~
2m

on a classical

electron orbit. The resulting magnetic field inside this electron orbit is H ≈ e0ve
4π2λ2

ve

. The

average magnetic field H̄ resulting at the nucleus can be approximated by the product of

the magnetic field H inside the electron orbit and the electron charge density as [27]

H̄ ≈ 1

3π

3~
m
|Ψ(0)|2 . (2-34)

By integration over all electrons, the field caused by the Fermi contact interaction is given

by

~Bfermi = −4µ0

3
µB ~S

∑
n

(
|Ψns↑ (0)|2 − |Ψns↓ (0)|2

)
≈ A · ~S (2-35)

where one considers the spin-resolved electron charge density Ψns↑ and Ψns↓. It can be shown,

that the so-called contact field is proportional to the magnetic moment with the hyperfine

coupling constant A. In general, by considering all contributions, the magnetic hyperfine

field ~Bhf can be understood as [28]

~Bhf = A · ~S +B ·
〈
~S
〉
trans

, (2-36)

where the first part is the magnetization of the absorber caused by an imbalance in the

spin-resolved electron density of states, while the second part is the so-called transferred

hyperfine field and is caused by the environment around the absorber, similar to an induced

moment. In general, the occurrence of a hyperfine field leads to a splitting in (2I+1)-states,
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Table 2-1.: Relative transition probabilities for magnetic dipole transitions from |Ieme〉 to

|Igmg〉 with the corresponding∆m, the square of the Clebsch-Godrdan coefficient

C2 and the resulting angular dependence for W (Θ) in general and for the cases

of a parallel (0◦) and perpendicular (90◦) orientation between incident γ-photon

and spin.

Lines Transition ∆m C2 W (Θ) W (0◦) W (90◦)

1 (6) −1

2

(
+

1

2

)
→ −3

2

(
+

3

2

)
-1(+1) 1

3

4
(1 + cos2(Θ))

3

2

3

4

2 (5) −1

2

(
+

1

2

)
→ −1

2

(
+

1

2

)
0

2

3
sin2(Θ) 0 1

3 (4) −1

2

(
+

1

2

)
→ +

1

2

(
−1

2

)
+1(-1)

1

3

1

4
(1 + cos2(Θ))

1

2

1

4

as seen in Figure 2-7. By the suspension of the degeneracy in the hyperfine splitting of the
57Fe nuclear spin in the Ig = 1

2
and Ie = 3

2
states for bcc-Fe is 33 T, which is in the order of

0.5µeV. The energetic positions of these transitions can be calculated by

E = E0 −
(
µe
me

Ie
− µg

mg

Ig

)
·Bhf = E0 − (mege −mggg) ·Bhf , (2-37)

with the magnetic quantum numbers mg and me, and the g-factors gg and ge for the ground

and excited states, respectively. The relative probability for a resonant absorption corre-

sponds to [28]

W (Θ) = |〈IgmgL∆m | Ieme〉χmL (Θ)|2 , (2-38)

where L is the angular moment of the γ-radiation, the quantum number m = I, I−1, . . . ,−I,

the quantum state of the incident photon χmL and the angle Θ between γ-radiation and

Figure 2-9.: (Left) Mössbauer emission spectrum for an angle θ = 0◦, 54.7◦ and 90◦ between

spin and γ-ray. (Right) Evolution of the intensity ratio A2,3 as a function of the

polar angle θ, as shown in Eq. (2-39).
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quantization direction (given by the direction of ~Bhf). To evaluate Eq. (2-38), we must

determine the Clebsch-Gordon coefficients C = 〈IgmgL∆m| Ieme〉. For several cases, the

transition probability is calculated in Table 2-1, showing that the line intensity ratio for a

parallel orientation of spin and photon corresponds to 3:0:1:1:0:3, while for a perpendicular

orientation the intensity ratio equals 3:4:1:1:4:3. For a random distribution of the spin

orientation, the intensity ratio is 3:2:1:1:2:3. All of these scenarios are shown in Figure 2-9.

Just from the two extreme limits, it is evident, that from the line intensity ratio it is possible

to determine the spin orientation relative to the incident photon direction, as for the line

intensity ratio A2,3 between lines 2 (5) and 3 (4) applies

A2,3 =
I2

I3

=
4 sin2(θ)

1 + cos2(θ)
, (2-39)

as it is shown in Figure 2-9 and can be derived from the ratio of the individual W (Θ)

discussed in Table 2-1.

Special properties of 119Sn As it will be the topic in chapter 5, 119Sn Mössbauer spec-

troscopy has been utilized to investigate Sn containing NiMn based Heusler alloys. For-

tunately, 57Fe and 119Sn are both isotopes with a 3
2
-1

2
nuclear transition. Therefore, the

derivation of the different hyperfine interactions is similar to the case of 57Fe. Interestingly,

some aspects differ which will be the topic in the following

1. The atomic number ZSn is almost twice as large compared to ZFe leading to a larger

isomer shift as evident from Eq. (2-22).

2. The nuclear quadrupole moment Q for 119Sn is relatively small - leading to relative

small quadrupole splittings which one can neglect within the scope of this work. Ne-

glecting the quadrupole splittings is possible because in metallic alloys usually only

small deviations from the spherical charge distributions are evident, therefore, leading

to small quadrupole effects. A similar assumption is probably not the case for ionic

systems as, for example, SnCl−3 [35].

3. The contribution to magnetism is inherently different between Fe and Sn, which will

be discussed in the following:

The electronic configuration for Fe is usually taken as [Ar]3d64s2, where the delocalized d-

electrons generate the magnetism in metallic iron. For Sn, this looks a bit different, since the

electronic configuration is [Kr]4d105s25p2; therefore, no ferromagnetic ordering arises from

the 4d-electrons in a metallic tin foil. The electron configuratioun leads to an interesting

effect, which will be discussed in the following. Reconsidering Eqs. (2-31 & 2-36), we can

state that the magnetic hyperfine field Bhf can be separated into different contributions

and is in general proportional to the magnetic moment of the probed isotope. In the case
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Table 2-2.: Spectroscopic properties of 57Fe and 119Sn. Here, E0 is the resonance energy, τ0 is

the natural lifetime, Γ0 is the natural linewidth, a is the natural abundance of the

specific isotope, µg and µe are the magnetic moments of the ground and excited

state, Qg and Qe the quadrupole moments of the ground state and excited state

and α is the internal conversion factor. σ0 is the nuclear resonance absorption

cross section (which can be calculated with Eq. (2-14)), while σph is the total

electronic absorption cross section at the nuclear resonance including the photo

absorption and Compton scattering. The data for the resonant energy E0 has

been measured by backscattering of synchrotron radiation [36, 37] and the other

properties have been taken from Ref. [38, 39]. The nuclear magneton µN is

5.50508 · 10−27 J/T = 0.03153µeV/T and 1 barn corresponds to 10−28 m2.

Isotope 57Fe 119Sn

Multipolarity M1+E2 M1+E2

E0 14.412497 keV 23.879478 keV

τ0 141.11 ns 25.61 ns

Γ0 4.66 neV 27.70 neV

a 2.14 % 8.58 %

Ig
1
2

− 1
2

+

Ie
3
2

− 3
2

+

µg 0.0906µN -1.0473µN
µe -0.1553µN 0.633µN
Qg 0 barn 0 barn

Qe 0.15 barn -0.094 barn

α 8.56 5.22

σo 2464.0 kbarn 1380.5 kbarn

σph 5.57 kbarn 2.45 kbarn

of 119Sn the dipole field Bdip and orbital field Borb are zero – so that only considering the

transferred hyperfine field is required, which is caused by the local environment. Therefore,
119Sn Mössbauer spectroscopy is a powerful tool to investigate the local magnetic environ-

ment around the 119Sn nuclei. Table 2-2 lists different spectroscopic parameters used in

Mössbauer spectroscopy for 57Fe and 119Sn, respectively

2.2.3.2. Nuclear resonant scattering in the time domain

In general, there are two methods to measure the hyperfine interaction utilizing Mössbauer

spectroscopy. For the first, the Mössbauer spectrum is measured by a variation of the photon

energy in the neV-range usually achieved by using an oscillating radioactive 57Co source

to modulate the photon energy Eγ on a sub neV level. The method to obtain an energy-
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spectrum at a synchrotron radiation facility was developed at the nuclear resonance beamline

at the ESRF, using the pure nuclear resonant reflection of a 57FeBO3 single crystal. This

process is also called ”synchrotron Mössbauer source”[40] and leads to single line radiation

(close to the natural linewidth), with it being fully recoilless and of pure linear polarization.

The energy emitted from this source is also modulated by an oscillating motion of the
57FeBO3 single crystal. For both mentioned types of processes, the character of the nuclear

scattering is of an incoherent elastic nature, since effectively for the measurement the emission

of the conversion electrons, emission of backscattering γ-radiation is detected, respectively.

In a transmission experiment, both contributions are effectively measured since both emission

processes lead to an increase in the absorption coefficient.

The more commonly used procedure to investigate the hyperfine interactions at a synchrotron

source requires the measurement of the relaxation from the excited states in the time domain.

In general, this is necessary, since one is only able to tune the energetic bandwidth ∆E of the

incident photon beam down to the meV-range. Even with more sophisticated X-ray optics

a bandwidth of ”only” 100µeV is achievable at operating energy of 14.412 keV, as shown

by Chumakov et al. [41]. Such a degree of monochromatization of the incident radiation is

only possible by the use of a high-resolution monochromator, which is further discussed in

chapter 3.2). However, the general hyperfine splitting is in the range of 0.5µeV; therefore, it

is not possible to distinguish the general Mössbauer spectrum as a function of energy under

these type of conditions. Therefore, it is necessary to measure the hyperfine interactions

through the radiative decay as a function of time in an elastic coherent scattering process.

First of all, one needs to define the terms elastic, inelastic, coherent and incoherent. In

general, the decay of an excited system may proceed either into the previous ground state or

into a different excited state. Thereby, the different excited states may differ from the ground

state due to energy exchange with the electron shell (for example by internal conversion or

transfer of the excitation energy to an electron) or via lattice excitation (for example by

creation or annihilation of lattice vibrations), which will be further discussed in Chapter

2.2.3.3. An elastic process occurs if the initial state and the state after decay are in the same

ground state. For an inelastic process, the ground state and the state after decay is different

due to a transfer of energy.

Additionally, a scattering process is incoherent if the decay of the excited state leads to the

emission of either fluorescence radiation (e.g. characteristic X-ray emission like Kα,β) or an

electron (conversion electron or Auger electron). The coherence is thereby lost since the

emission leads to a phase shift of the wave function. A detailed introduction about coherent

elastic nuclear resonant scattering in the time domain will be given in the following. For the

following discussion, we assume that the incident radiation pulse can be considered short in

comparison to the nuclear lifetime of the excited state. Therefore, we can assume that all

states are excited at the same time. For measurements at PETRA III (DESY, Hamburg)

and the Advanced Photon Source (Argonne National Laboratory, Lemont, Illinois) the pulse

duration is below 150 ps in the respective timing schemes, while the nuclear lifetime of 57Fe is
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τ0 = 141 ns. Usually, one would assume that the scattering process leads to a single excited

nucleus. Instead, in a coherent process, a probability exists that the nucleus can be excited,

while the remaining nuclei in the ensemble remain in the ground-state. Due to the coherence

of the process, it is not possible to identify the scattering atom in the ensemble. Instead, the

total probability for the resonant interaction of the photon with the nuclei is reflected by the

summation over all single nuclei excitations probabilities. Since we assume, that the pulse

duration is short compared to the nuclear lifetime τ0, each probability of resonant scattering

exhibits the same temporal phase, and the single excitation is coherently distributed over

the N nuclei [42]. The wavefunction of this excited state can be expressed by

∣∣∣Ψ(~k0

)〉
=

1√
N

N∑
n=1

|g〉 |en〉 exp
(

i~k0 · ~rn
)
, (2-40)

where |g〉 |en〉 describes the situation, where the n-th atom at the position rn is in the

excited state |en〉, while all other atoms remain in the groundstate |g〉. It is worthwhile to

mention that within the current environment of synchrotron radiation sources in the hard

X-ray regime, the process of nuclear resonance scattering is a ”1 photon - N nuclei” process

and the probability of multiphoton processes is in the range of 10−4. With the arrival of

fully coherent X-ray light sources (e.g. XFEL, LCLS and SACLA) it might be possible to

perform nonlinear optics or multiphoton nuclear scattering experiemnts, as Chumakov et al.

[43] recently demonstrated.

A physical picture of the time dependence of the nuclear resonant scattering intensity will be

discussed in the following. An energetically broad photon beam ∆E at the nuclear resonance

E0 illuminates the sample, and all allowed transitions can be stimulated. Thereby, the

excited state can decay within a timescale τ0 =
~
Γ0

into the ground state by the emission of

a photon with the respective resonant energy Ei. Since the coherent elastic nuclear resonant

scattering is a N -atom process, a variety of photons are emitted and can interfere with each

other. Simplified, the measured intensity I(t) after excitation, for a magnetically ordered

sample, can be approximated by

I(t) ≈
6∑
i=1

Ai exp

(
i
Eit

~

)
︸ ︷︷ ︸
Intereference term

exp

(
−Γ0t

~

)
︸ ︷︷ ︸

Decay term

, (2-41)

where the number 6 corresponds to the number of permitted transitions in the dipole ap-

proximation. As a comparable physical process, we can use the diffraction of visible light or

X-rays in position-momentum space, where a spatially broad beam is used for the illumina-

tion of an array of slits, making it possible to reconstruct the diffracting object in k-space.

Similarly, nuclear forward scattering can be understood as a probing method to measure the

relative energetic distances of the nuclear resonances in the time domain.

The following discussion is intended to be a schematic introduction to the description of

nuclear forward scattering and shows the different contributions that have to be considered
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for exact modelling of experimental data. The description of the nuclear scattering amplitude

assumes a special case discussed by R. Röhlsberger in Ref. [44]. For a detailed discussion of

the physics behind nuclear forward scattering, the reader is referred to Refs. [28, 44, 45]

The speedup process

In an excitonic state, the radiative transitions are sped up by coherent effects, comparable to

the concept of superradiance. As shown by Dicke [46], for a system consisting of N atoms,

the transition probability is increased by a factor of N . As a consequence, the lifetime of the

excited state is reduced by the factor of N . This effect leads to the so-called speedup process,

which will be introduced in the following. The radiative decay of an isolated nucleus follows

I(t) = I0 exp

(
−Γ0t

~

)
, (2-42)

where Γ0 is the natural linewidth consisting of the partial width for radiative decay Γγ and

the partial width of internal conversion decay Γα = αΓγ. For a given excited state (defined

in Eq. (2-40)), the radiative decay width is increased due to the effect of spatial coherence,

as

Γγ = Γc + Γ′γ (2-43)

with the partial coherent decay width Γc and spatially incoherent decay width Γ′γ. In general

Γc depends on the polarization dependence and the structure factor of the nuclei ensemble

and can be approximated as

Γc =
ρλ2d

4π
Γcoh =

ρλ2d

4π

fLM
2

2Ie + 1

2Ig + 1
Γγ. (2-44)

Here, ρ is the density of the resonant nuclei, λ corresponds to the wavelength of the incident

photon at resonance and d is the thickness of the absorber. For practical uses, the radiative

decay is often [47] rewritten to

I(t) = I0 exp

(
− (1 + χ)

t

τ0

)
with χ =

1

4
ρσ0fLMd, (2-45)

with the absorption cross section at nuclear resonance σ0 (σ0(57Fe) = 2464 kbarn = 2.464 ·
10−22 m2).

The nuclear scattering amplitude

The nuclear scattering amplitude will be introduced for a simplified case of a magnetically

ordered sample. For deriving the nuclear scattering amplitude, it is necessary to distinguish

the nuclear and the electronic scattering lengths N(ω) and E(ω) from the general energy-

dependent scattering length M(ω), as

M (ω) = N (ω) + E (ω) , (2-46)
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if it is possible to neglect the interference of both terms [48, 49]. Fortunately, the width of

electronic resonances is in the range of 1-10 eV, which leads to a lifetime of approx. 10−16 s

[23]. In contrast, the resonance width of 57Fe is 141 ns and, therefore, the electronic scattering

can be essentially described as instantaneous. Therefore, it is conveniently possible to neglect

the electronic contribution by only investigating the delayed part. This means, that for 57Fe,

a veto signal suppresses the first 20 ns after the incident synchrotron pulse – leading to a

signal of pure nuclear origin. The reflected intensity of the delayed part [49] behaves as

I(t) =

[∣∣∣f̃11(t)
∣∣∣2 +

∣∣∣f̃12(t)
∣∣∣2]χ2 exp

(
−χt
τ0

)
, (2-47)

where f̃11(t) and f̃12(t) are matrix elements resulting from the Fourier transform of M(ω)

in the time domain. Due to the neglection of electronic scattering contributions, only the

nuclear scattering length N(ω) is relevant. In general, the nuclear scattering length N(ω)

can be expressed in the dipole approximation (∆l = 1) as [49, 50]:

16π

3
[N (ω)]µ,ν = (~εµ · ~εν) (F+1 + F−1)− i (~εµ × ~εν) · ~m (F+1 + F−1)

+ (~εmu · ~m) (εν · ~m) (2F0 − F+1 − F−1) ,
(2-48)

with the polarization base vectors (εµ, εν), the unit vector ~m defining the magnetic quanti-

zation axis and the energy dependence of the scattering process F∆m(ω) with [48]

F∆m(ω) =
2πfLMΓ0

k0(1 + α)(2Ig + 1)

∑
mi

|〈IgmgL∆m| Ieme〉|2

~ (ω − ωmi∆m) +
iΓ0

2

. (2-49)

Figure 2-10 shows the resonant scattering amplitude |F∆m (ω)|2 for α-57Fe. For convenience,

we assume that a distribution of in-plane magnetisation directions exists, while the incident

photon beam ~k0 is almost parallel to the magnetisation. Then we have to calculate the sum,

as [44]

N(ω) =
∑
i

piNi(ω) =
3

16π
·
(

F+1(ω) + F−1(ω) −iS(φ) · (F+1(ω)− F−1(ω))

iS(φ) · (F+1(ω)− F−1(ω)) F+1(ω) + F−1(ω)

)
,

(2-50)

while S(φ) is the product of the rotation matrix D(φ) and the magnetic structure function
~M . These functions justify the relations [49]

S(φ) = ~k0 ·
[
D(φ) ~M

]
D(φ) =

(
cos (φ) sin(φ)

− sin(φ) cos(φ)

)
~M =

∑
i

pi ~mi exp
(

i
(
~k − ~k′

)
· ~Ri

)
∑
i

pi = 1.

(2-51)
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Figure 2-10.: Upper panel: Schematic hyperfine splitting of an 57Fe-system with the 6 al-

lowed transition in the dipole approximation. In the following, we assume a

system with pure magnetic dipole transition and no quadrupole effects. Lower

panel: Energy dependence of the function |F∆m|2 for a nuclear resonant scat-

tering process. The shown spectra is taken for an α-57Fe system with a hy-

perfine field splitting Bhf of 33.0 T with a random spin-distribution leading to

an intensity-ratio of 3:2:1:1:2:3. Figure adapted from Ref. [49].

This discussion leads to a modification of equation (2-47) as

I(t) =

[∣∣∣F̃+1(t) + F̃−1(t)
∣∣∣2 + S2(φ)

∣∣∣F̃+1(t)− F̃−1(t)
∣∣∣2]χ2 exp

(
−χt
τ0

)
, (2-52)

with the Fourier transform of Eq. (2-49)

F̃+1(t) = (a1 exp (iω1t) + a4 exp (iω4t)) · exp

(
− t

2τ0

)
F̃−1(t) = (a3 exp (iω3t) + a6 exp (iω6t)) · exp

(
− t

2τ0

) (2-53)
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and the relative amplitude ai. Notice that
∣∣∣F̃+1(t)

∣∣∣2 =
∣∣∣F̃−1(t)

∣∣∣2, since a1 = a6 and a3 = a4,

we can substitute the time-dependent resonant scattering amplitudes into Eq. (2-52) provides

the final time-dependent scattering amplitude

I(t) =
[
G (0, 0,Ω1)

(
1 + S2(φ)

)]
· exp

(
−χt
τ0

)
+
[
G (Ω1 + Ω2,Ω1 − Ω2,Ω2)

(
1− S2 (φ)

)]
· exp

(
−χt
τ0

) (2-54)

with the abbreviations

G(ν1, ν2, ν3) = cos (ν1t) + a1,3 cos (ν2t) + 2a1,3 cos (ν3t) . (2-55)

where a1,3 = 1
3

originates from the amplitude ratio of the two resonance lines that persist

the functions F±1(ω) and the frequencies

Ω1 = ω4 − ω1 =
(∆e + ∆g)

~

Ω2 = ω3 − ω1 =
2∆e

~
,

(2-56)

where ∆e = µeB/Ie and ∆g = µgB/Ig are the hyperfine splittings of the ground state and

excited state, respectively. For bcc-57Fe with an hyperfine field splitting Bhf of 33.0 T, the

respective splitting can be calculated to ∆g=190.25 neV and ∆e=108.70 neV [44].

2.2.3.3. Nuclear resonant inelastic scattering

Another application of the Mössbauer effect is the opportunity to investigate the lattice dy-

namics of a given system by measuring the vibrational density of states (VDOS). As already

discussed previously, the Mössbauer effect is a nuclear transition, leading to an isotope spe-

cific (e.g. Fe-partial) VDOS. Much efforts went into the realization of these measurements,

while the use of synchrotron radiation could only overcome the experimental difficulties.

Latter are, for example, that the required energy transfer to detect lattice vibrations cannot

be reached within the conventional energy modulation, utilizing the Doppler effect. Typical

phonon energies are in the meV range (1 meV = 0.2418 THz), corresponding to a required

source velocity (by the use of Eq. (2-26)) in the km/s range. Also, the general incoherent

inelastic signal is relatively small, making it difficult to obtain satisfactory statistical errors.

First experimental proof of the possibility to obtain the vibrational density of states by nu-

clear inelastic scattering was shown in 1995 by Seto et al. [51, 52] and Churmakov et al.

[53] for a bcc-Fe foil and an energy resolution of 6 meV. Nowadays, the energy resolution has

been increased to a linewidth below 1 meV [22, 54, 55]. Besides, it is possible to reduce the

linewidth to the µeV range, with the use of a different monochromator setup [41, 56].

The process of nuclear resonant inelastic scattering occurs after the resonance absorption

of γ-rays. As discussed before, the decay process can occur via radioactive decay (coherent
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decay) or through internal conversion by the emission of an electron and the corresponding

fluorescence radiation (incoherent decay). The relative probabilities for both processes are
1

1+α
and α

1+α
, where α is the internal conversion coefficient. The delayed K-fluorescence yield

is given by [28]

I(E − E0) = I0n
′
αηk

αk
1 + α

σ(E − E0), (2-57)

where I0 is the incident photon flux, n′α is the effective area density of the nuclei, ηk the

K-fluorescence yield, αk is the partial internal conversion coefficient and σ(E − E0) is the

cross-section for nuclear resonant absorption for a photon with given energy E and the

Mössbauer resonance energy E0 as,

σ(E − E0) =
π

2
σ0ΓS

(
~k0, E − E0

)
. (2-58)

Thereby, S
(
~k0, E − E0

)
is the normalized multi phonon excitation probability, which is in

general ~k-dependent for example in the case of an anisotropic lattice. The phonon excitation

probability can be separated into a sum, as

S
(
~k0, E − E0

)
= fLM

(
~k0

)[
S0

(
~k0, E − E0

)
+
∞∑
n=1

Sn

(
~k0, E − E0

)]
, (2-59)

where S0(E−E0) describes the nuclear elastic absorption and Sn(E−E0) is the n-th phonon

excitation probability. As it is the convention, the abbreviation E = E − E0 is used in the

following, since for the nuclear inelastic scattering, the relative photon energy with respect

to the Mössbauer resonance energy is relevant. The following relations describe the phonon

excitation probability terms S0(E) and Sn(E)

S0 (E) =

∫
dτ

2π
exp

(
−iEτ − Γ |τ |

2

)
=

Γ

2π

1

E2 +
Γ

4

S1 (E) =
ER

E · (1− exp (−βE))
g(E) =

ER
2 (E)

coth

(
βE

2
+ 1

)
g(E)

Sn (E) =
1

n
Sn−1 (E)⊗ S1 (E) .

(2-60)

S0(E) can be interpreted as a Lorentzian curve with the width Γ. S1(E) expresses the one

phonon excitation probability and shows the relation between the phonon excitation proba-

bility and the vibrational density of states g(E). The multi-phonon excitations Sn(E) can

be calculated by the successive convolution of the single-phonon term S1(E) with Sn−1(E).

As it is visible from Eq. (2-60), we can see the relation between the energy transfer and the

phonon energy. Besides, it is possible to determine the lattice temperature of the system,

since nuclear inelastic scattering satisfies the detailed balance condition. This means that
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for a given energy spectrum the ratio of annihilation (E < 0) and creation (E > 0) of the

phonon excitation probability is given by

S1(E)

S1(−E)
= exp (−βE) (2-61)

with the inverse temperature β = 1
kBT

. This leads to a modified relation of the vibrational

density of states g(E) and the one phonon excitation probability from Eq. (2-60) as [57]

g(E) =
E

ER
(S1 (E) + S1 (−E)) tanh

(
βE

2

)
with E > 0. (2-62)

The extraction of the phonon excitation probability from an experimental spectrum is a bit

more complex. In reality, the experimental Iexp is a convolution of the normalized instrument

resolution function R(E) with a modified function Sexp(E) as [28]

Iexp (E) = R(E)⊗ aSexp(E), (2-63)

where

Sexp(E) = fLMcδ(E) + fLM

∞∑
n=1

Sn(E). (2-64)

Thereby, a is a normalization factor to satisfy an area normalized excitation probability,

which is calculated according to the Lipkin’s sum rule [58]. Besides, the factor c takes into

account different self-absorption effects and restores the intensity of the central elastic peak

[59]. The instrumental function is determined by the high-resolution monochromator used

in the measurement and will be discussed later in section 3.2.3. For the actual evaluation of

the experimental data, the Fourier-Log method is used, which originates from the work of

Johnson et al. [60] and is embedded in a variety of programs like PHOENIX [45], SciPhon

[57] or Pi [61].

Based on the obtained Fe-projected vibrational density of states g(E) from S(E), it is

possible to obtain a variety of thermodynamic quantities for the probed element, which will

be discussed in the following. First of all, it is possible to obtain the recoil energy ER from

the first moment of S(E) [62], as

ER =

∫
ES(E)dE, (2-65)

while from the second and third moment of S(E), one obtains the mean kinetic energy Tk
and the mean force constant Φk, respectively, by the relations

Tk =
1

4ER
=

∫
(E − ER)2 S(E)dE

Φk =
M

~2ER

∫
(E − ER)3 S(E)dE.

(2-66)
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As discussed previously in Eq. (2-16), it is possible to extract the Lamb-Mössbauer factor

fLM by integration of the vibrational density of states g(E) by the relation [54]

fLM = exp

−ER ∞∫
0

g(E)

E
· coth

(
βE

2

)
dE

 , (2-67)

where E represents the phonon energy. Also, it is possible to determine the vibrational

entropy Svib

Svib = 3kB

∞∫
0

((1 + n(E, T )) ln (1 + n (E, T ))− n (E, T ) · ln (n (E, T ))) · g(E)dE

= 3kB

∞∫
0

(
βE

2
· coth

(
βE

2

)
− ln

(
2 sinh

(
βE

2

)))
· g(E)dE

(2-68)

with n(E, T ) corresponding to the Bose-Einstein distribution function [63]:

n(E, T ) =
1

exp (βE)− 1
. (2-69)

Similarly, it is possible to receive the vibrational kinetic energy Uvib and the vibrational heat

capacity Cvib by the relations

Uvib = 3

∫
E

2
coth

(
βE

2

)
· g(E)dE (2-70)

and

Cvib = 3kB

∞∫
0

(
βE

2

)2
1

sinh

(
βE

2

) · g(E)dE. (2-71)

The factor 3 in Eq. (2-68),(2-70) and (2-71) relates to the three degrees of freedom for an

isotropic sample. As discussed by Hu et al. [62], for a sample with an ~k-dependent phonon

density of states, the corresponding equation needs to be adapted. In the simple thermo-

dynamic approximation of lattice properties, the Debye model, it is possible to calculate

different thermodynamic properties by the use of the Debye temperature ΘD. As discussed

before within Eq. (2-16) and (2-17), it is possible to obtain the Debye temperature ΘD from

the cut-off frequency of the vibrational density of states g(E), where g(E) is approximated

by E2. This approximation is nevertheless only satisfied for the low energy range and for

temperatures T � ΘD. Otherwise, it is possible to determine the Debye temperature, in a

way that it matches the known entropy or specific heat at a given temperature [63]. For this

approach, we use the relation [64, 65]

εn =

∞∫
0

Eng(E)dE

∞∫
0

g(E)dE

, (2-72)
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with n > −3 and n 6= 0. In the latter case, one uses the relation

ln
(ε0
ε

)
=

∞∫
0

ln(E)g(E)dE

∞∫
0

g(E)dE

, (2-73)

where ε is a normalisation factor to satisfy a dimensionless scalar in the natural logarithm

and depends on the normalisation of g(E). With this, it is possible to define the respective

Debye temperature with

kBΘ(n) = exp

(
1

3

)
εn, (2-74)

where for example Θ(0) is the entropy debye temperature ΘS
D and Θ(2) is the specific heat

Debye temperature ΘC
D [66]. At low phonon energies, the average Debye velocity of sound,

〈vD〉, can be obtained from the energy-dependence of the reduced VDOS g(E)/E2, using

the relation [67, 68]

lim
E→0

(
g (E)

E2

)
=

3mabs

2π2ρ〈vD〉3~3
, (2-75)

where mabs is the mass of the absorbing isotope, ρ is the mass density of the investigated

sample and the factor 3 is necessary if the VDOS g(E) is area-normalized to three vibrational

degrees of freedom. The determination of the average Debye sound velocity 〈vD〉 is possible,

since at low phonon energies (E <15 meV) the ratio g(E)/E2 can be described by a constant

called the Debye level, which can be obtained from the experimental VDOS in the limit

E → 0. Even though, one measures the lattice dynamics of the absorbing isotope, the

calculated Debye sound velocity represents in a first-order approximation the sound velocity

of the host environment even for a diluted system, where the resonant absorbing isotope is

a doping material [68]. As described by Morrison et al. [69], it is possible to obtain the

sound velocity 〈vD〉 for phonon energies exceeding 15 meV by deploying an empirical power

law and a Bayesian statistics approach. Nevertheless, similar results for the sound velocity

are obtained for both methods by investigating Fe/MgO heterostructures [70] and Fe-Ni-Si

compounds in a high-pressure environment [69].
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This chapter discusses the details of sample preparation and experimental setup. Within

this work, we investigate the magnetostructural phase transition in FeRh thin films and

bulk material. In contrast, for the formation of the nano-precipitate in NiMnSn Heusler

alloys, powder material was utilized. Chapter 3.1 gives a short introduction into differ-

ent sample preparation methods, while Chapter 3.2 discusses the experimental details for

different measurement techniques. For this work, Mössbauer spectroscopy, positron anni-

hilation spectroscopy and synchrotron-based techniques, for instance, EXAFS and NRIXS

were utilized.

3.1. Sample preparation

Thin film preparation of FeRh

For this work, we prepared FeRh thin films within two methods. For 57Fe-Mössbauer related

experiments, 57Fe isotope enrichment was used in order to make Mössbauer and nuclear res-

onant experiments feasible. 57FeRh(001) thin films were epitaxially grown on a single crystal

MgO(001) substrate with a molecular beam epitaxy (MBE) setup under ultra-high vacuum

(UHV) conditions. Additionally, FeRh thin films were prepared by magnetron sputtering

within the cooperation with the group of Professor Thomas Thomson from the University

of Manchester.

It is possible to grow epitaxial FeRh films on MgO(001), where the (110) direction of FeRh is

shifted by 45 ◦ relative to the (002) direction of MgO. This rotation leads to a reduced strain,

since the in-plane lattice constant of volume-like FeRh is 2.993 Å, where the in-plane lattice

constant ainplaneof FeRh/MgO(001) is 2.978 Å=
√

2 · aMgO – leading to a slight tetragonal

distortion in the FeRh film with a c/a-ratio of 1.005 for the AFM phase. In the ferromagnetic

phase this c/a-ratio expands to 1.016 [71, 72] due to the 1% volume expansion during the

first order magnetostructural phase transition [73, 74].

Molecular beam epitaxy (MBE)

Molecular beam epitaxy achieves the successful epitaxial growth of single high-quality FeRh

thin films. The utilized MBE-chamber has a base pressure of 5 · 10−10 mbar, while during

sample preparation, this value increases to 4·10−9 mbar. Using ion-getter and Ti sublimation
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pumps, it is possible to achieve these conditions. Since within the used MBE-chamber,

different cells simultaneously evaporate Fe and Rh, it is possible to tune the requested

stoichiometry of the prepared alloy. For a detailed description of molecular beam epitaxy in

general, the reader is referred to [75].

For the evaporation of 57Fe, we use a homemade effusion cell, which consists of a ceramic

crucible (Al2O3) with a tungsten wire wound around it. The spirally wound tungsten wire is

heated by an applied voltage and electric current, which creates the necessary heat to create

the mass flow of the respective material. An electron beam heated Mo cell is used for the

evaporation of Rh.

Before the deposition of the film, the MgO(001) substrate was cleaned using isopropanol and

transferred into an ultra-high vacuum environment. Annealing of the substrate at 300 ◦C for

60 min in a pressure of ·10−9 mbar removed contaminants from the surface. For the epitaxial

growth of 57Fe49Rh51 (95 % enrichment of 57Fe), an evaporation rate of 0.07 Å/s and 0.05 Å/s

was chosen for 57Fe and Rh, respectively. These evaporation rates resulted in an optimal

growth of the FeRh thin films. For both elements, the evaporation rate is monitored by

independently calibrated quartz crystal microbalances and adjusted by a computer-assisted

control mechanism. After the evaporation process, the film was in situ annealed for 90 min

at 700 ◦C, while during the evaporation process the substrate temperature is Tsub = 300 ◦C.

This annealing process allows diffusion inside the film and ensures the formation of the B2

structure. This deposition process leads to a lateral non-homogeneous distribution of Fe

and Rh, caused by the different distances between the respective evaporation cells and the

substrate position. The inhomogeneity led to a sample with mixed magnetic contributions

(AFM and FM) and two distinct lattice constants (aAFM and aFM) caused by the different

chemical composition around the equiatomic concentration [76], within the identical crystal

structure (B2). To prevent a sample with mixed magnetic and structural properties caused

due to non-homogeneous chemical composition, an in situ rotation of the substrate by 180◦

during the deposition process was necessary. With this additional process, it was possible

to grow antiferromagnetically ordered B2 FeRh thin films on MgO epitaxially. X-ray re-

flectivity (XRR), X-ray diffraction (XRD) and Conversion electron Mössbauer spectroscopy

(CEMS) (all performed at room temperature) have verified the thickness, crystal structure

and magnetic structure of the thin film, as discussed later in the chapter (4.1).

Magnetron sputtering

Magnetron Sputtering prepared FeRh thin films with a thickness beyond 40 nm. For the

growth of thin films, a sputtering chamber with a base pressure of 6 ·10−9 mbar was utilized.

In contrast to the MBE-growth process, the sputtering of FeRh is achieved by a single target

with a similar composition instead of two individual targets. For the sputtering process,

a continuous flow of Argon was applied, which led to a pressure of 3 · 10−3 mbar in the

chamber. Applying a voltage led to the acceleration of Ar+ ions towards the sputter target



3.1 Sample preparation 33

and yield in the extraction of target atoms in the form of FeRh clusters. These clusters are

then deposited on the sample holder and the substrate, resulting in continuous film growth.

For the film deposition, the substrate temperature is Tsub = 650 ◦C. Afterwards, annealing

of the sample for 2 h at 750 ◦C ensures the formation of the B2 structure. Further details on

DC magnetron sputtering, in general, is given in the work of M. Braun [77] and for growth

of FeRh/MgO, employing magnetron sputtering, the reader is referred to Barton et al. [78]

and Bull et al. [79].

Ion irradiation

In chapter (4.5), the order-disorder transition in B2 FeRh is discussed. The structural

disorder is induced in the system, in this case, by irradiating an ordered sample with high

energetic noble gas ions (Ne+), which drives the order-disorder phase transition. For this

work, the electrostatic ion accelerator at the Ion Beam Center at the Helmholtz-Zentrum

Dresden-Rossendorf provided the high energetic ions. Ne ions are extracted by a high static

voltage and then accelerated due to a voltage gradient. Afterwards, an analyzing magnet

filtered the single charged ions. Thereby, one uses the Lorentz division, which depends on

the charge and mass of the ion. The ions are then accelerated to the requested energy and

penetrate the sample, which is grounded.

At the point, as the ion hits the sample, it interacts with the surrounding solid, for example,

in the form of collisions. If the energy of the ion is sufficiently high, atoms may be displaced.

Figure 3-1.: Theoretical calculations to estimate the displacements per atom caused by Ne+

irradiation as a function of depth for (left) 40 nm FeRh on 20 nm MgO for an

ion energy of 25 keV and (right) 100 nm FeRh on 20 nm MgO for an ion energy

of 110 keV for different ion fluences. Simulations performed with SRIM-2013

[80].
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For the current work, the ion species were chosen in such a way, that the mass is sufficiently

high to efficiently create a vacancy in the lattice while penetrating the whole sample thickness

even with relatively low ion energy. The necessary ion energy was estimated based on Monte

Carlo simulations within the binary collision approximation implemented in the program

package ”Stopping and Range of Ions in Matter” (SRIM) [80], to ensure a full penetration

of the film volume. Figure 3-1 shows SRIM simulations for a 40 nm and a 100 nm FeRh thin

film for different ion fluences. In both cases a density ρFeRh of 9.76 g/cm3 has been assumed.

Arc melting

We studied Sn-containing NiMn-based Heusler alloys to obtain a microscopic understanding

of the formation of nano-precipitates, leading to the so-called Core-shell ferromagnetic effect

(see chapter 5). For this purpose, Prof. i.R. Dr Mehmet Acet prepared off-stochiometric

Ni50Mn45Sn5, and stochiometric Ni2MnSn by arc melting, which will be briefly discussed in

the following. For these samples, elements, with a purity of 99.95 % or better, were mixed

and molten together by arc-melting under argon atmosphere. Afterwards, the polycrystalline

ingot is annealed for five days at 1073 K in a sealed quartz tube under an Argon atmosphere

of 300 mbar and subsequently rapidly quenched in water. For the actual measurements,

a powder is necessary. Therefore, the sample is ground into a powder and wrapped in a

Ta foil before being sealed in a quartz tube for an additional annealing process for 24 h

at 1073 K and quenched in water. This secondary annealing of the material is required to

release the stress, induced during grinding. EDX measurements determine the composition

of the reference materials and are shown in Table 3-1. For the decomposition studies of

Ni50Mn45Sn5, the obtained powder has been annealed in a quartz-tube oven under high

vacuum conditions (p = 2 · 10−6 mbar) at an annealing Temperature Ta = 650 K for different

annealing times ta = 3 h, 17 h and 200 h.

Table 3-1.: Composition of the different NiMnSn alloys determined by EDX analysis.

Abbreviation Ni Mn Sn

NiMnSn5 49.7 44.8 5.5

Ni2MnSn 51.2 24.2 24.6
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3.2. Experimental Details

In the following, the different experimental setups will be discussed. Section 3.2.1 motivates

the measurement procedure and the detection scheme of 57Fe Mössbauer spectroscopy, while

in section 3.2.2 a short introduction into positron annihilation spectroscopy is discussed.

Besides, an introduction to the physics of synchrotron radiation and two general beamline

setups will be discussed in section 3.2.3.

3.2.1. Mössbauer spectroscopy

For Mössbauer spectroscopy, a variety of detection schemes exists, which will be mentioned

shortly. The most abundant measurement method is the transmission mode, where one

measures the relative absorption events as a function of the modulated incoming photon

energy. Transmission measurements yield reasonable count rates for thin absorbers like

Figure 3-2.: Primary and secondary emission processes for 57Fe Mössbauer spectroscopy.

Figure adapted from Ref. [81] with additional data taken from Refs. [38, 39, 82].

nanoparticles or powder material. This method does not yield high count rates for thick

samples, such as thin films grown on thick substrates or large single crystals. For this class of

samples, it is useful to measure the primary and secondary emission processes like conversion

electrons or emitted γ-radiation with the energy of the incident photon (backscattering or

re-emission). Figure 3-2 depicts the different emission processes for the isotope 57Fe, while

the ratio between emitted conversion electrons and re-emitted γ-radiation with an energy of
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Figure 3-3.: Schematic illustration for a gas-flow proportional counter used for CEMS. Figure

adapted from Refs. [81, 83].

14.412 keV is given by the internal conversion-coefficient α. In principle, a similar emission

scheme can be drawn for the isotope 119Sn. For this work, most of the measurements have

been performed by the detection of conversion, and Auger electrons. This method is called

Conversion Electron Mössbauer Spectroscopy. A schematic sketch for a CEMS setup is

shown in Figure 3-3, where the energy of the incoming γ-radiation Eγ is modulated by a

driving unit with the velocity v, utilizing the Doppler effect, where the relative energy change

follows the relation ∆E =
v

c
Eγ. Usually, the velocity is driven in the so-called constant

acceleration mode, leading to an evenly distributed amount of data points – assuming an

identical integration time per velocity. In contrast, it is possible to change the velocity in a

sinusoidal mode, where a large distribution of data points is at the extreme points (−vmax

and +vmax). Thereby, one determines the velocity of the driving unit by a measurement of

a reference system with known spectroscopic properties, like bcc-Fe, for example. At room

temperature, bcc-Fe possesses a hyperfine field splitting Bhf of 33.0 T, which corresponds to

a velocity span of 10.63 mm/s or an energy change of 51µeV at 14.412 keV. Otherwise, it

is possible to determine the velocity by laser interferometry [84], enabling a more precise

calibration for a velocity beyond 25
mm

s
.

For the actual measurement, the sample is embedded in a purpose-built proportional counter

with a continuous He gas flow and 4% CH4. The γ-radiation impinges the sample through

an acrylic glass window, where a thin Mylar foil blocks incoming low energy photons from

the ambient surrounding (visible light) to avoid the creation of photoelectrons. For the

proportional counter, He gas is chosen based on the low absorption cross-section for 14.4 keV

γ-radiation, while a relatively high efficiency for the interaction with electrons, having a
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kinetic energy up to 7.3 keV exists. The absorption of the γ-radiation leads to the emission

of conversion electrons or γ-radiation (shown in Figure 3-2), while the primary emitted

conversion electrons results in the emission of Auger electrons. In general, one electron may

lead to the emission of further secondary electrons, as it is illustrated in Figure 3-4 (a), e.g.

by collision with different atoms. It is worthwhile to mention that the kinetic energy of the

electrons reduces due to collisions inside the material, leading to a maximum escape depth

of the electrons, which behaves exponentially. For the 7.3 keV electrons, 66 % of the detected

electrons have a maximum escape depth of 60 nm and 99 % have a maximum escape depth

of 200-300 nm [85].

Applying a positive high voltage to the wire leads to an acceleration of the emitted electrons

towards it. The interaction between electrons and He-atoms creates an electron avalanche,

therefore increasing the number of occurring events, while the amount of electrons created in

the avalanche is proportional to the energy of the initial emitted electron. The introduction

of CH4 is necessary, to stop a continuous ionisation of He, leading to a termination of the

electron avalanche. This effect opens the possibility to measure the emission events as a

function of the Doppler velocity. The general signal is measured by a voltage drop at the

wire and applied to the pre-amplifier. Thereby, electrons colliding with the positively charged

wire invokes the voltage drop at the wire. Afterwards, the signal from the pre-amplifier is

differentiated twice by the main-amplifier, resulting in a bipolar signal – making it possible,

that the emission signal can be discriminated to reduce contributions from non-resonant

absorption. Exemplary schematic energy-resolved emission spectrum is shown in Figure 3-

4 (b). While it might be useful to discriminate the low energy region partially since this

region coincides with non-resonant photon electrons (scales roughly with 1/E) – making it

possible to reduce contributions from non-resonant absorption effects drastically.

Figure 3-4.: (Left) Resulting secondary electron avalanche after absorption of a photon.

(Right) Corresponding electron yield as a function of the electron energy. Figure

taken from Ref. [11].
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3.2.2. Positron annihilation spectroscopy

Doppler broadening variable energy positron annihilation spectroscopy (DB-VEPAS) mea-

surements have been conducted using the apparatus for in situ defect analysis [86] of the

slow positron beamline [87] located at the Helmholtz-Zentrum Dresden-Rossendorf and have

been carried out by Dr Maciej Oskar Liedke. Positrons were extracted from a radioactive
22Na source, moderated down to several eV and magnetically guided to the accelerator unit,

where they were subsequently accelerated in the range between 40 eV up to 35 keV. This

positron energy range allows depth profiling of the films from the surface down to about

2µm for FeRh. At the same time, a simple material density-dependent formula can approxi-

mate a mean positron implantation depth (assuming a density of FeRh ρFeRh = 9.76 g/cm3):

zmean = 3.69 · E1.62
p , where zmean is expressed in the units of nm and Ep is the positron en-

ergy. For the experiment, the broadening of the 511 keV positron annihilation line has been

measured with a high purity Ge detector, having an energy resolution of 1.09 ± 0.01 keV

at 511 keV. In the solid, positrons lose their kinetic energy due to thermalisation, and after

a short diffusion time, they annihilate in delocalised lattice sites or localise in vacancy-like

defects and interfaces. The interaction of positrons and electrons leads to the emission of two

anti-collinear 511 keV γ-photons. Since at the annihilation site thermalised positrons have

minimal momentum compared to the electrons a broadening of the 511 keV annihilation line

is observed mostly due to the momentum of the electrons. The broadening of the positron

annihilation line is characterised by two distinct parameters S and W, which are defined as

Figure 3-5.: Schematic emission spectrum of a doppler broadening positron annihilation

spectroscopy measurement. The energetically broadening of the positron anni-

hilation line is schematically shown, while the defined region for the inner (AS)

and outer regions (AW,1 and AW,2) is highlighted.
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the fraction of the area of the annihilation line, as

S =
AS
Atotal

and W =
AW,1 + AW,2

Atotal
, (3-1)

where AS is the integrated intensity in the energy range 511± 0.93 keV, while for AW,1 and

AW,2 the integration range has been defined as 508.56 ± 0.35 keV and 513.44 ± 0.35 keV,

respectively. A schematic emission spectrum is shown in Fig. 3-5, where the areas to

calculate the S- and W -parameter are highlighted.

Thereby, the S-parameter represents the fraction of positrons annihilating with low momen-

tum valence electrons and represents the concentration of vacancy type defects. The W -

parameter indicates the overlap of the positron wavefunction with core electrons, possessing

a high momentum. For a further detailed discussion on positron annihilation spectroscopy,

the reader is referred to Ref. [88].

3.2.3. Synchrotron radiation

The following presents an introduction to the science of synchrotron radiation. Therefore,

a short discussion into the general working principles of a synchrotron radiation facility is

necessary, combined with the comparison of different concepts for radiation sources and the

respective benefits. Afterwards, a more detailed description follows of the beamline layout

for performing EXAFS and NRIXS measurements.

General components of a synchrotron radiation facility

Figure 3-6 shows the general setup of a synchrotron radiation facility, and in the following,

the process of obtaining the synchrotron radiation from accelerated electrons will be illus-

trated. It is worthwhile to mention that most of the discussed parts are in an ultra-high

vacuum environment.

In the beginning, free electrons are generated by thermionic emission from the heated fila-

ment of an electron gun and pre-accelerated to the energy of 100 MeV in a linear accelerator.

The booster rings further accelerate the electrons to the energy of the electrons in the actual

storage ring (typical energy is in the range of 6 GeV). It is noteworthy that the achieved

velocity of the electrons is close to the speed of light c
(
ve
c
≈ 99, 999996%

)
, which makes it

necessary to consider relativistic effects. At this point, the booster ring injects electrons pe-

riodically into the storage ring, which is filled with several evenly occupied electron bunches.

These injections are regularly performed, if the ring-current drops by less then 1 % of the

regular current – leading to stable experimental conditions in the so-called ”Top-Up” mode.

The storage ring, thereby, consists of multiple straight lines, which are connected by so-

called dipole-bending magnets to force the electron bunches on a quasi-circular path in the

storage ring. Additional quadrupole and sextupole magnets refocus the electron bunches

and correct for chromatic aberrations. One refers to this array as a bend achromat, which
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Figure 3-6.: Schematic sketch of a synchrotron illustrating the general working principle.

Figure taken from Ref. [11].

also includes RF-cavities (radio frequency). In general, the electron bunches decelerate after

passing through the bending magnet, which effectively results in a reduction of the electron

energy inside the storage ring. The quadrupole and sextupole magnets interact with the

electron bunches in different ways, since the refocusing of the electron bunches depend on

the deviation of the single electron path to the ”optimal” path. This effect leads to a change

of the bunch length and would have an impact on the duration of the radiation pulse. Due

to both of the mentioned deceleration effects, it is useful to include the RF-cavities since it is

possible to accelerate the electrons, leading to a small distribution of electron energies inside

of the ring and identical bunch lengths in the ps range. Therefore, the bending magnet or the

so-called insertion devices, placed in the straight lines between two bend achromats, create

the desired synchrotron radiation. Figure 3-7 illustrates the obtained intensity of different

radiation sources, as a bending magnet, a Wiggler, or an undulator. The brilliance is defined

as, [11]

Brilliance =
photons/second

(mm2 · source area) ·
(
mrad2

)
· (0.1 % bandwith)

. (3-2)

At the end of the straight lines are the so-called beamlines. At these beamlines, one performs

the different experiments within specialised experimental setups. As evident from Figure 3-

7, there is a significant difference in the brilliance between the different radiation sources

as a function of photon energy. A discussion of the different concepts to obtain radiation

follows.
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Figure 3-7.: Brilliance for different insertion devices as a function of the photon energy.

The bending magnet (red), super bend (yellow) or wiggler (green) shows a

continuous spectrum, while the undulator (blue) shows a discrete spectrum

with distinct maxima for a fixed gap of the undulator (harmonics at multiple

photon energies). Figure taken from Ref. [11].

Radiation sources at a synchrotron

In general, due to the high velocities of the electrons, it is necessary to consider relativistic

effects. For example, the emitted electromagnetic radiation of electrons having a velocity

v � c is isotropic. Instead for electrons having a velocity v ≈ c the radiation becomes

highly directed along the travel path, and the natural opening angle θ ∼ γ−1 reduces with

increasing velocity, where γ is the Lorentz factor with, [11]

γ =
1√

1−
(v
c

)2
. (3-3)

The primary use of bending magnets is to keep the electrons on a quasi-circular path and

connect two straight sections. Also, a bending magnet produces energetically continuous

synchrotron radiation (red line of Figure 3-7), while the maximal achievable photon energy

~ωc of a bending magnet can be derived from the Lorentz force and leads to the relation [11]

~ωc = 0.665 · E2 ·B, (3-4)
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Figure 3-8.: Radiation profile of an electron

beam passing through a bending

magnet with the radius ρ. Figure

taken from Ref. [11].

where ~ωc is in the unit keV, E is the electron

energy in the storage ring given in the unit

GeV, and B is the magnetic field strength

expressed in the unit T. For a conventional

bending magnet the used magnetic field is in

the order of 1 T. At the same time, it is possi-

ble to use so-called ”superbends” which con-

sists of a superconducting magnet with field

strengths of 5 T yielding higher photon en-

ergies and a larger brilliance. As illustrated

in Figure 3-8, a bending magnet generates

a large fan of radiation – making it possible

to supply multiple beamlines with a single

radiation source.

Instead of using a bending magnet as a radiation source, it is possible to use so-called

”insertion devices” (ID), which are placed in the straight sections. These ID’s are either a

so-called wiggler or an undulator. In a simple term, an ID consists of an alternating array

of bending magnets and, therefore, forces the electrons on an oscillatory path which Figure

3-9 illustrates. With this technique, it is possible to obtain more photons, as shown in

Figure 3-7 for a wiggler (green curve) or an undulator (blue curve), while both setups can

be separated due to the amplitude of the oscillatory path of the electrons. For a deviation of

the electron paths larger than the natural opening angle θ, the individual radiation cones do

not overlap, and the final intensity is the sum over the individual cones. Such an insertion

device is called wiggler, and one can calculate the obtained horizontal spread of the radiation

cone [11]

θw,h =
2K

γ
, (3-5)

where K is a dimensionless parameter and is the product of the maximum angular deviation

Φmax and the Lorentz factor γ, similar to a bending magnet, the obtained photon yield

is energetically continuous. In contrast, the angular excursion in an undulator is in the

order of the natural opening angle θ, and therefore the independently generated radiation

cones overlap and interfere with the other cones. In this case, the final intensity does not

equal a simple summation of the individual intensities. Instead, the field amplitudes add up

vectorially (i.e. the phase difference) and the sum of the amplitude is squared. The resulting

effect is that the spectrum of the undulator peaks at distinct photon energies, where the

interference is constructive. Aside from this, the opening angle of an undulator [11] is given

by

θu,h =
2

γ

√√√√√
(

1 +
K2

2

)
2mN

≈ 2√
mNγ

, (3-6)
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Figure 3-9.: (a) Schematic three-dimensional representation of the in-plane oscillatory path

of the electrons travelling through an insertion device, resulting in a linear

horizontal polarised beam. (b) Comparison of the radiation profile of a wiggler

and an undulator, where the deflection from the straight path of the electron

beam produces the radiation. Figure taken from Ref. [11].

where m is the number of the used harmonic, N is the number of periods in the undulator,

and K is again the dimensionless parameter, which expresses the angular deviation of the

electron path. For an undulator, the parameter K is close to unity, while for a Wiggler

K is in the range of 10. The benefit of an undulator is the extreme brilliance compared

to the different mentioned radiation sources. One disadvantage of an undulator is the non-

continuous emission spectra. Therefore, it is necessary to change the gap between upper

and lower magnetic array to obtain different photon energies, while, effectively varying the

maximum angular deviation.

Principle beamline setup

After the introduction of the principal synchrotron layout, and the discussion of different

synchrotron radiation sources, the general beamline layout will be discussed in the following
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and is schematically shown in Figure 3-10. After being emitted from the radiation source,

the photon beam is first monitored by the beam position monitors (BPM) and focused

by a beam-defining aperture, while a high-pass filter/window filters additional secondary

radiation, for example, soft X-rays. The photon beam is then further defined by passing

through an array of horizontal and vertical slits, and a toroidal mirror. A double crystal

monochromator (DCM) filters the energy of the incoming photon beam by utilising Bragg’s

law. In the hard X-ray regime, the DCM consists of a set of Si(1 1 1) (up to 17 keV) and

Si(3 1 1) (beyond 16 keV) crystals depending on the required energy range and resolution.

The monochromator is often also referred to as a high heat load monochromator because it is

the first optical element, which is directly irradiated by the photon beam, leading to a large

amount of deposited heat and increased temperature of the first crystal. The monochromator

is cooled by water or liquid nitrogen [89], to avoid a change of the lattice constant of the

first crystal, due to increased temperature.

Normally liquid N2 is used to utilise the minimum in the thermal expansion coefficient α of

Si around T = 80 K – effectively achieving better experimental conditions.

Afterwards, the beam intensity I0 is measured, for example, by utilising an ionisation cham-

ber, representing the incident intensity of the photon beam. The synchrotron radiation is

then impinging on the sample and detected depending on the performed experiment in dif-

Figure 3-10.: Schematic sketch of a beamline setup. The synchrotron radiation is emitted

from the source (bending magnet or an insertion device), while beam defin-

ing apertures or filters further define the photon beam. The monochromator

further defines the photon energy E and the energy bandwidth ∆E, resulting

in a monochromatic photon beam. The precise layout of a beamline can vary

between different experimental techniques. Figure taken from Ref. [11].
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ferent ways. In the case of EXAFS measurements, the absorption coefficient is measured by

utilising Beer-Lamberts law as,

µ(E)x = ln

(
I0

I1

)
≈ F

I0

, (3-7)

while the first part represents transmission experiments where I1 denotes the residual inten-

sity present after passing through the sample. In the case of thick samples, it is useful to

measure the fluorescence radiation F where J. Jacklevic et al. [90] showed the equivalence

between measurements taken in transmission and fluorescence. It is possible to detect the

fluorescence radiation with the help of silicon photodiode detectors [91].

Figure 3-11.: Nomenclature of X-ray flu-

orescence lines for the K

emission (blue) and L emis-

sion (yellow) according to

Siegbahn. Figure taken

from Ref. [11].

In the case of fluorescence measurements, the

photon beam hits the sample in grazing incidence

(e.g. 45 ◦) and the detector is rotated by 90 ◦

with respect to the incident γ-beam. Due to the

short wavelength of the incident X-rays (which

is in the same order of magnitude as the lattice

constant) combined with relative small signals

for thin films, it is often the case that the ac-

tual absorption coefficient superimposed with so-

called Bragg-Peaks originated from X-ray diffrac-

tion, making it difficult to extract the X-ray ab-

sorption fine structure χ (k). It is possible to

change the angle between the sample and inci-

dent photon beam to minimise these secondary

contributions. Alternatively, one reduces these

contributions by using an energy-dispersive de-

tector, making it possible to discriminate the de-

tected fluorescence radiation and only focus on

specific characteristic X-rays, excluding Bragg

reflections. Figure 3-11 schematically shows

the different X-ray fluorescence lines and their

nomenclature. These photons are emitted for

photon energies exceeding the respective edge en-

ergy and for example in an EXAFS experiment at the Fe K edge; it is useful to primarily

detect the Fe Kα fluorescence radiation (E ≈ 6.4 keV). This emission line is at lower en-

ergies compared to the commonly used measurement range of a Fe K EXAFS spectrum

(the Fe K edge is at ∼7112 eV), resulting in no significant background contributions due to

the overlap of the elastic scattering and fluorescence radiation. The EXAFS measurements,

shown in the scope of this work, have been measured at the undulator beamline P65 [92] at

the synchrotron radiation facility PETRA III (DESY, Hamburg, Germany) and the bending
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Figure 3-12.: Beamline setup for nuclear resonant scattering experiments performed for the
57Fe Mössbauer resonance at a photon energy of 14.412 keV. Schematic repre-

sentation of the measurements illustrates the scattering processes as a function

of relative energy (upper panel) for bcc Fe (data taken from Ref. [22]) and

as a function of time (lower panel) for B2-FeRh. Figure adapted from Refs.

[44, 54].

magnet beamline BM23 [93] located at the European Synchrotron Radiation Facility (ESRF,

Grenoble, France), while at both beamlines the measurements were performed by detecting

the fluorescence yield.

High resolution monochromator for nuclear scattering experiments

As mentioned in chapter 2.2.3.2, 57Fe-Mössbauer scattering experiments require the possi-

bility to tune the photon energy around the 57Fe-Mössbauer resonance (E0 ≈ 14.4125 keV)

on a sub-meV level. Also, it is necessary to have a separation of two consecutive electron

bunches in the order of the nuclear lifetime τ0 = 141 ns or even longer, combined with the

possibility to detect single photon events within a sub-ns time resolution, and a high signal-

to-noise ratio. Some beamlines fulfil these prerequisites. In this work, experiments were

performed at the undulator beamlines 3-ID (APS, Argonne National Laboratory, Lemont,

Illinois, USA) and P01 (PETRA III, DESY, Hamburg, Germany) [94], where the available

time range is 150 ns and 192 ns, respectively. The actual experimental layout is similar to

the previously discussed setup, while additional X-ray optics are necessary and will be the

topic in the following. As Figure 3-12 illustrates, the undulator provides an energetically-
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broad photon beam with a mean energy of 14.4125 keV and is pre-monochromated by a high

heat load monochromator consisting of two C(1 1 1) or Si(1 1 1) crystals leading to an energy

bandwidth ∆E = 1 eV. Afterwards, the photon beam is finally monochromated by a high-

resolution monochromator consisting of two Si(4 0 0) and two additional Si(10 6 4) achieving

the final energy bandwidth ∆E ≈ 1 meV and an energy resolution E/∆E ≈ 107. The final

monochromatisation of the incident photon beam is possible by deploying asymmetrically

cut crystals in a backscattering geometry [95], as schematically illustrated in Figure 3-12.

In principle, there is a wide variety of different high-resolution monochromator designs avail-

able, while one needs to balance the energy bandwidth ∆E with the obtainable photon-flux

I0 [54, 56]. With the presented design, it is possible to obtain an energy bandwidth between

0.8 meV and 1.4 meV without drastically reducing the photon flux. After the monochroma-

tisation process, it is possible to further reduce the horizontal and vertical beam-size in the

µm-size, by reflecting the incident photons at grazing incidence off a curved surface, with

the help of a pair of Kirkpatrick-Baez mirrors [96], also called KB-mirrors. Even though it

is possible to reduce the beam-size with refractive lenses, the advantage of KB-mirrors is

the minimal loss of intensity compared to the refractive lenses. After the focusing process,

the photon beam hits the sample in grazing incidence, and an avalanche photodiode (APD)

or an array of APD’s [97] registers the emitted photons – allowing one to measure the nu-

clear scattering events within a good signal to noise ratio and providing a time resolution

below 100 ps [98]. With the help of the NFS APD, the nuclear forward scattering intensity

is measured as a function of time-delay to obtain the hyperfine splitting by detecting the

incoming 14.412 keV photons, or as a function of the relative energy – obtaining access to

the resolution function R(E). The NIS APD detects the non-resonant scattering events in

the form of the Fe Kα fluorescence radiation (E = 6.4 keV), giving access to the phonon

excitation probability S(E), when one measures the intensity as a function of the relative

energy. It is worthwhile to mention that the fluorescence radiation of an inelastic process is

emitted into 4π, making it necessary to reduce the distance between sample and detector to

achieve a relatively high count rate for the experiment.

Additional details concerning the conduction of ”optical pump - nuclear resonant probe”

measurements at the beamline P01 will be discussed in the chapter (4.4).



4. The AFM-FM phase transition of

FeRh

In the first experimental Chapter of this thesis, different aspects of the magnetostructural

phase transition in B2-ordered FeRh will be discussed. Therefore, a detailed summary of the

current state of the research on the material system FeRh will be given – with a focus on the

magnetocaloric properties of FeRh, insights from different pump-probe experiments, and at

last the order-disorder phase transition inducing ferromagnetic ordering at low temperatures.

The system FeRh

The ordered equiatomic compound FeRh possesses a first-order magnetic phase transition.

Fallot and Hocart[99, 100] showed the first experimental evidence of the unusual phase

transition at Ttr ≈ 370 K in late 1930. In 1961, Muldawer et al. showed that the magnetic

phase transition could be associated with a change from the antiferromagnetic (AFM) to the

ferromagnetic (FM) phase [101], while the metamagnetic phase transition can be associated

with the equiatomic composition and the B2 (CsCl)-crystal structure. Therefore, a short

discussion of the FeRh phase diagram is necessary. For a sample in the A1 phase (disordered

fcc-phase, also called γ-phase), a spin-glass ordering exists below T ≈ 100 K [102], while

for higher temperatures the system is paramagnetic (PM) [103]. If the composition is too

iron-rich (Fe100−xRhx with x< 49.5) the metamagnetic phase transition is suppressed due

to the origin of a Fe-nucleus on initial Rh-sites – resulting in a local bcc-configuration for

Fe [104, 105]. These nuclei lead to a stabilisation of the ferromagnetic phase, even at low

temperatures. For small deviations into an Rh-rich sample, a phase segregation occurs and

the system self-assembles into equiatomic B2-ordered FeRh, while the remaining Rh-content

forms an A1-phase, as shown by van Driel et al. [106]. Figure 4-1 illustrates all of these

discussed phases.

From a microscopic point of view, the magnetic structure of the AFM B2-ordered FeRh phase

corresponds to a G-type AFM (illustrated in Figure 4-2), resulting in alternating FM planes

which are antiferromagnetically coupled along the (111) plane [108]. Thereby, the Fe atoms

possess a total magnetic moment of ±3.1µB and the Rh atoms have no accessible moment in

the antiferromagnetic state. Beyond the transition temperature Ttr, the Fe and Rh moment

increases to +3.3µB and +1.0µB [109], respectively, combined with an expansion of the

unit cell dV/V by 1 % [110], while the B2 structure is still present in the ferromagnetic
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Figure 4-1.: Phase diagram of FeRh as a function of the Rh content. Figure adapted from

Ref. [76].

phase. The occurrence of the Rh moment stabilises the ferromagnetic phase, as it was

shown by Gruner et al. [111]. As mentioned above, the Rh moment is non-existent in the

AFM-phase, since the magnetic exchange fields originating from the nearest-neighbouring

Fe atoms cancel at the Rh-site. Neutron diffraction and XMCD measurements at the Rh

L2,3 [112] and M2,3 edges [109] experimentally observe the instability of the Rh moment.

Shirane et al. [104, 113] observed an increase of the magnetic hyperfine field splitting Bhf

from 25.4 T in an antiferromagnetic sample to 27.7 T in a ferromagnetic sample. Shirane

et al. performed these measurements at room temperature for different compositions. In

contrast, a similar trend of the hyperfine field Bhf has been observed by Bordel et al. [72] for

the equiatomic compound and additionally observed a spin reorientation along the magnetic

phase transition in FeRh thin films.

Efforts were made to tailor the phase transition temperature Ttr in FeRh bulk systems by

doping the system with different d-metals and effectively varying the exchange interaction.
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Figure 4-2.: Illustration of the crystal and magnetic structure of B2-FeRh in the antiferro-

magnetic phase (left) and the ferromagnetic phase (right). Blue and orange

spheres represent the Fe and Rh atoms, respectively, and the dashed lines indi-

cate the unit cell. Figure adapted from Ref. [71] using VESTA [107].

For example, with the introduction of only 1 % of Ni, Co or Pd, it is possible to reduce the

transition temperature Ttr below 300 K, while with the addition of Ir or Pt Ttr can be tuned

beyond 400 K. Barua et al. present a detailed overview of the effects of different dopants

[114]. Besides the different approaches for bulk materials, additional investigations show the

possibility to modify the transition temperature or magnetic phase in thin films by varying

the strain field in epitaxial films due to the chosen substrates [115, 116], by varying the

strain-effected volume [78, 117] or by growing FeRh thin films on ferroelectric substrates like

BaTiO3 [118] or PMN-PT [119]. Besides, it is possible to change the transition temperature

at the surface by different capping materials as Al [120], for example.

Recent theoretical investigations of the lattice dynamics of B2-FeRh at T = 0 K show a lat-

tice instability in the phonon band structure of antiferromagnetic phase [71, 121, 122, 123].

Detailed analysis of the soft phonon mode occurring at the X-point leads to a new ground

state with a monoclinic crystal structure (space group P2/m or Pmm2) with an AFM-

ordering. It is worthwhile to mention that in these theoretical calculations the imaginary

frequencies critically depend on the Fe magnetic moment and the volume [71], while as-

suming that the relatively small lattice entropy suppress this low-temperature phase. Belov

et al. [124] also showed the existence of the lattice instability by temperature-dependent
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phonon calculations, while at T = 100 K the investigated phonon mode is real – assuming a

dynamical stabilisation temperature of the AFM B2-phase at about T = 50 K. 57Fe-NRIXS

measurements [71] of FeRh thin films do not reveal this new ground state at T = 59 K. Even
57Fe-CEMS measurements performed at T = 4.3 K indicates a B2 crystal structure. Fe-K

edge EXAFS-measurements (see Chapter 4.2) , performed at temperatures below 10 K shows

a dynamic disorder contribution (e.g. an additional mode), which can be associated with

a soft phonon mode. Interestingly, this phenomena occurs in thin films as well as in bulk.

Evident from the phonon density of states (VDOS) in the mentioned theoretical and experi-

mental investigations, the phonon modes of the low-temperature AFM phase are softer than

the FM phase – decreasing the number of low energy contributions in the phonon density of

states and an increase of the Lamb-Mössbauer factor [71]. Wakisaka et al. showed the lat-

tice softening in a temperature-dependent EXAFS study along the phase transition [73] by

observing a discontinuity and hysteretic behaviour of the mean square relative displacement

of the Fe-Fe scattering path.

Recently, Keavney et al. showed by a combination of XMCD Photoemission electron mi-

croscopy (PEEM) and nano-XRD measurements, that the magnetostructural phase tran-

sition exhibits a defect-driven domain nucleation behaviour [125]. Gatel et al. observed

similar effects of an inhomogeneous phase transition in a Transmission electron microscopy

(TEM) study [126], where the film-surface and the film-substrate interface have a lower tran-

sition temperature than the centre of the film. Saidl et al. [127] observed that the optical

properties of different microscopic regions possess different transition temperatures leading

to a distribution of transition temperatures Ttr. Chirkova et al. explain these experimental

observations by the microstructure of neighbouring bcc and fcc grains resulting in stress

fields at the phase boundaries [128]. These phase boundaries and stress fields result in a

modification of the electronic structure and therefore effecting the phase transition on a

local level. Thus, it is possible to use these findings to structure the phase transition by

the introduction of local defects, as it is commonly done in permanent magnets [129] and

Core-Shell ferromagnets in NiMn-based Heulser [130].

Potential technical applications to employ the magnetosturctural phase transition include

heat-assisted magnetic recording (HAMR) [131], magnetotransport [132], antiferromagnetic

spintronics [133] and magnetic refrigeration [134, 135]. In the following, a detailed discussion

concerning the magnetocaloric effect will be given.

The magnetocaloric effect of FeRh

The magnetocaloric effect describes the resulting temperature change in a magnetic system

from being magnetised or demagnetised. Predicted theoretically by Langevin [136, 137] in the

paramagnetic system, the first experimental observation was found in 1917 by P. Weiss and

A. Piccard [138, 139] for Ni and then exploited later by Giaque and MacDougall to achieve

temperatures below 1 K by using the paramagnetic salt Gd2(SO4)3·8H2O [140]. Later on,
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Brown showed the first demonstration to utilise the magnetocaloric effect close to room tem-

perature with Gd-plates magnetised with a magnetic field of 7 T [141], while Pecharsky and

Gschneider showed in 1997 [142] the giant magnetocaloric effect in the compound Gd5Si2Ge2

close to ambient temperatures.

The microscopic origin of the magnetocaloric effect can be understood in a magnetic cooling

cycle, which will be discussed in the following. For the discussion, we assume that the total

entropy separates to [63]

S(T,H) ≈ Svib(T,H) + Sel(T,H) + Smag(T,H), (4-1)

with the lattice entropy Svib, electronic entropy Sel, and magnetic entropy Smag. For cer-

tain systems, this separation is not possible due to the electron-phonon coupling, as it is

known for the system La(FeSi)13 [63]. If we consider a system with a distribution of dif-

ferent orientations of magnetic moments at ambient temperature Tamb (e.g. paramagnetic

or antiferromagnetic system), a sufficiently large applied magnetic field leads to a partial

alignment of the magnetic moments – resulting in a decrease of the magnetic entropy Smag.

If the magnetic field is applied under adiabatic conditions, the total entropy can not change.

Therefore, the reduction of the magnetic entropy is compensated for example by the lattice

entropy Svib or electronic entropy Sel. The change of the vibrational entropy leads to a

heating of the material with Twarm > Tamb. The generated heat may be expelled because of

exchange with the environment. This leads to a cooling of the sample towards the ambi-

ent temperature. If the system is then adiabatically demagnetised afterwards, the magnetic

entropy increases again, leading to a cooling of the material, possibly below the ambient

temperature, due to the compensating effects of the lattice and magnetic entropy. Therefore

it is possible to extract a temperature span ∆Tad after each cycle, which can be utilised for

cooling applications. The total entropy change ∆S and the adiabatic temperature change

∆Tad can be derived from the Gibbs free energy G for a magnetic material and its derivative

[135]

G(T, p,H) = U + pV − TS −Mµ0H

and

dG(T, p,H) = V dp− SdT −Mµ0dH,

(4-2)

where G(T,p,H) is a function of the temperature T , pressure p, and the magnetic field

H with the contributions of the inner energy U , the entropy S, the volume V and the

magnetic moment M . If we assume a constant pressure, we can define the entropy S and

the magnetisation M as the partial derivative of the Gibbs free energy G for a constant

magnetic field or constant temperature, respectively, as [1]

S(T,H) = −
(
∂G

∂T

)
H

, and µ0M(T,H) = −
(
∂G

∂H

)
T

. (4-3)
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Figure 4-3.: Landscape of the adiabatic temperature change |∆Tad| within a magnetic field

change of ∆H = 2 T for different magnetocaloric systems as a function of the

phase transition temperature TC or Tm. Systems with a second-order transition

are marked by a hatched pattern, while solid fill patterns represents materials

with first-order phase transition. Figure taken from Ref. [144].

If we now consider the derivative of 4-3 concerning the other variable we obtain the Maxwell

relation (
∂S

∂H

)
T

= µ0

(
∂M

∂T

)
H

(4-4)

and by integration from zero to the maximum applied magnetic field H we obtain the total

entropy change as [143]

∆S(T,H) = −µ0

∫ H

0

(
∂M

∂T

)
H′
dH ′. (4-5)

The adiabatic temperature ∆Tad change can be further estimated by introducing the specific
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heat Cp, as [143]

∆Tad(T,H) = −µ0

∫ H

0

T

Cp

(
∂M

∂T

)
H′
dH ′. (4-6)

As it is evident from Equation (4-5 & 4-6) a good magnetocaloric material should possess a

low specific heat Cp and a strong change of the magnetisation as a function of temperature,

resulting in a large ∂M
∂T

. The second property is certainly given for a system like FeRh, due

to the first-order characteristic of the phase transition, while strictly speaking the derivative

is not defined in an ideal phase transition, because of the discontinuity in the temperature

dependence of the magnetisation at the transition temperature Ttr. Fortunately, it is still

experimentally possible to determine the adiabatic temperature change with the given re-

lations, if one considers the correct measurement protocol as discussed by Pecharsky et al.

[143, 145] and Caron et al. [146].

Figure 4-3 shows the landscape of different magnetocaloric materials with the experimen-

tally achieved absolute adiabatic temperature change |Tad| as a function of the respective

transition temperature for commonly investigated magnetocaloric materials [144]. As it is

visible, FeRh is an excellent material, due to its large magnetocaloric effect [147], while

not considered as a material for room-temperature applications, due to the relatively high

costs associated to the price of Rh [148]. Either way, the system FeRh is recognized as a

benchmark material [123], similar to Gd [149], due to its good thermodynamic properties

and relatively simple structure compared to the different investigated ternary or quaternary

material classes like La(FeSi)13 [63], (MnFe)2PSi [150], or NiMnCo-X Heusler alloys [151] for

example. In the scope of this work, 57Fe-NRIXS measurements, performed on thin films,

reveal information on the Fe-partial vibrational density of states along the phase transition

and shows the changes of the lattice entropy Svib and the vibrational specific heat Cvib.

With this unique method, it is possible to estimate the contribution of the Fe-associated

lattice dynamics and disentangle these contributions from the macroscopic thermodynamic

properties.

FeRh as a model System for pump-probe experiments

In the field of ultrafast dynamics, one investigates systems in non-equilibrium conditions

and tracks the relaxation of the electronic, structural and magnetic subsystems towards the

equilibrium. Therefore, one aims to understand the energy transfer between the different

subsystems. In most cases the non-equilibrium state is achieved by exciting the system with a

femtosecond short laser pulse (pump pulse) and the system is probed with a different pulsed

source employing, e.g. photoemission spectroscopy [152], X-ray absorption spectroscopy

[153], magneto-optical Kerr effect [131], X-ray diffraction [154], or different imaging tech-

niques [155]. Emerging from this field, the phenomena of ultrafast demagnetisation arose

with the pioneering work of Beaurepaire et al. in 1996 [156]. Therein, the authors showed the

demagnetisation of Ni on a sub-ps timescale after irradiating the system with a femtosecond
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laser pulse, while the magneto-optical Kerr effect probes the magnetic system.

With these kinds of pump-probe experiments, it is possible to track phase transitions on

sub-ps timescales after excitation. For conventional ferromagnetic materials with a second-

order phase transition, one investigates effective heating into the PM state on picosecond

timescales to achieve the demagnetised state, while the relaxation to the ground state occurs

on longer timescales (cooling of the material). The interaction of the magnetic, electronic

and structural system leads to a first-order phase transition – offering the possibility to

investigate the interplay of different subsystems and their relaxation pathways. Usually, the

observations after ultrafast excitation are described by allocating different temperatures to

the electronic, lattice and spin system. The thermalisation rates of these temperature baths

can be estimated by the electron-phonon (0.5-2 ps), spin-orbit (<1 ps), and spin-lattice (10-

100 ps) coupling within the so-called phenomenologically ”two-temperature model” [157] or

”three-temperature model” [156, 158].

The first time-resolved MOKE (magneto-optical Kerr effect) measurements on FeRh [159,

160] revealed the formation of ferromagnetism within 500 fs after optical excitation, while the

sample remained in the ferromagnetic state for up to 500 ps after laser irradiation [159]. Due

to the relatively fast formation of the ferromagnetic phase, the authors suggested that the

electronic system drives the phase transition since the lattice expansion occurs on timescales

beyond 1 ps. Radu et al. showed the coexistence of antiferromagnetism and ferromagnetism

utilising time-resolved XMCD measurements [153] in the soft X-ray regime. The authors

also suggest a growth mechanism of ferromagnetic domains in an antiferromagnetic matrix,

while the transient non-magnetic response suggests a lattice-driven phase transition. Ultra-

fast investigations of structural dynamics performed by Quirin et al. [154] and Mariager et

al. [161] reveal a coexistence of the antiferromagnetic and ferromagnetic phase in the XRD-

measurements, while an exponential function describes the phase transition with a time

constant of approximately 100 ps. Mariager et al. propose that the nucleation of ferromag-

netic domains and the lattice expansion is a collective process, contrary to one subsystem

driving the other system [161]. This proposition bases on the observation that the induced

structural changes are limited by the speed of sound, while the magnetic response can occur

on faster timescales. Recently Pressacco et al. [162] published pump-probe valence band

photoemission spectroscopy, and showed the occurrence of a spectroscopic feature at the

Fermi level, which can be associated as a fingerprint of the FM-phase. The measurements

reveal the transition into the ferromagnetic phase within 100 ps, while the relaxation into

the AFM-phase is not finished on a timescale of a few ns. Similar observation has been made

by XMCD-PEEM measurements [155].

Within the scope of this thesis (section 4.4), we have used FeRh thin films in an ”optical

pump – nuclear resonant probe” experiment to investigate pump induced changes in the nu-

clear forward scattering (NFS) time pattern and the nuclear inelastic scattering spectrum.

These studies were carried out as a function of the time delay ∆t between laser pump and

synchrotron probe pulse on a sub-ns timescale with a time resolution of 100 ps. Such pump-
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probe experiments based on the Mössbauer effect, have been initially performed for the first

time by Sadashivaiah et al. [163] to investigate the optical excited low spin-high spin (LS-HS)

transition in the spin-crossover complex [Fe(PM-BiA)2(NCS)2] and [Fe(Htrz)4(trz)2](BF4).

Therefore, the presented ”optical pump-nuclear resonant probe” experiment is the first mea-

surement on a material possessing a first-order magnetostructural phase transition using the

Mössbauer effect. With this kind of measurement, one has the unique possibility to directly

investigate the vibrational density of states in a metallic system on ultrashort timescales,

which is not possible with other techniques like Raman-spectroscopy or inelastic neutron

scattering. For example, in inelastic neutron scattering the time resolution is in the order of

0.1 ms and the inelastic scattering signal is relatively small.

The order-disorder phase transition of FeRh

Up to now, the discussed FeRh topics addressed the temperature-driven magnetostructural

phase transition in B2-FeRh from the antiferromagnetic to the ferromagnetic phase. Addi-

tionally, B2-FeRh also possesses a disorder-induced phase transition, where the ordered state

has an antiferromagnetic ordering, and the disordered state possesses a stable ferromagnetic

ordering or is even paramagnetic. It is possible to drive the phase transition through ball-

milling [164], cold-rolling, ion irradiation [165], or laser irradiation [166]. The advantages

of the two last-mentioned methods can be summarised by the possibility to systematically

induce the structural disorder into a system and having the possibility to perform the dis-

ordering on a local scale [167], either by using a focused ion beam [168] or by irradiating

through a mask [169].

In most cases, the introduction of the structural disorder leads to a reduction or complete sup-

pression of magnetic ordering, as Hellwig et al. showed for CrPt3 [170] with N+-irradiation.

Thereby, the initially ordered state possesses ferrimagnetic ordering, while the fully dis-

ordered system is paramagnetic. Interestingly, the crystal structure is identical for both

states of the system. However, the site occupation changed after the irradiation process –

explaining the change of the magnetic structure.

On the other hand, a variety of materials respond differently to structural disorder. For ex-

ample, B2-ordered systems like Fe60Al40 or FeRh are not ferromagnetic at room temperature

or low temperatures in their ordered states, while the introduction of structural disorder

leads to the formation of ferromagnetic ordering. This type of chemical disorder-induced

phase transition has been long known for Fe60Al40, where the initial material is param-

agnetic, and the disordered one is ferromagnetic [171], accompanied with a change of the

crystal structure from B2 to A2. Similar to the question of the driving-force in temperature-

driven phase transitions, a similar discussion is ongoing on the principle and driving force

of disorder-induced ferromagnetism in these B2-alloys. There are a few hypothesises to un-

derstand this kind of phase transition, which will be stated in the following. In the first

hypothesis suggested by Menéndez [172] et al., the increasing lattice expansion and a change
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of the structural order parameter S leads to the changes of the magnetisation, while Zamora

et al. [173] propose that only the changes of the structural ordering parameter S contribute

to the magnetic ordering. In a detailed study of Ehrler et al. [174], a combination of XRD

and magnetometry measurements reveals that both lattice expansion and structural order-

ing parameter S have a contribution to the increase of the magnetisation. In contrast, only

the lattice expansion contributes after a reduction of S ≈ 0.4. The decrease of the ordering

parameter S can be explained by recombination of vacancies in ion irradiated B2-ordered

FeAl leading to the formation of a disordered bcc structure (A2 structure). The changes

of the local surrounding reveal EXAFS measurements at the Fe K edge, which suggest the

formation of Fe and Al-rich regions with increasing irradiation fluence, accompanied by an

expansion of the lattice [175].

For FeRh, a similar disorder-induced transition is known and was initially shown by Iwase

et al. [176], by irradiating a bulk FeRh sample with Ni, Kr, Xe or Au ions. Thereby

the irradiated material has a finite orbital polarisation below room temperature, which was

revealed by XMCD-measurements at the Fe K edge. In the scope of this thesis, irradiation

with light noble gas ions, such as Ne+, realises the systematic disordering of the material.

The energy of the ion is chosen in such a way that the resulting kinetic energy is efficient to

cause displacements of the Fe and Rh atoms from their ordered sites in the whole volume of

the sample, without artificially doping the system with materials possessing free electrons

[177]. Recently, similar investigations have been performed for FeRh thin films irradiated

with He+ [178] and Ne+ ions [165, 179] showing, for low irradiation fluence, an increase of the

magnetisation at low temperatures and a shift of the transition temperature Ttr towards lower

temperatures. Up to now, the performed studies of the disorder-induced ferromagnetic phase

in FeRh involved measurement techniques which integrate all magnetic contributions. With

these kinds of measurements, it is not possible to separate contributions from inequivalent

crystallographic sites or different structural phases in metallic systems, as it is possible with

the use of Mössbauer spectroscopy. Therefore, in the scope of this thesis (see section 4.5) a

combination of Mössbauer, X-ray absorption and positron annihilation spectroscopy is used

to disentangle the changes in a systematic structural disordered sample and compares this

to a traditional temperature-driven phase transition discussed in section 4.1.
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4.1. The metamagnetic phase transition in FeRh

The following section discusses the structural characterisation of MBE-grown epitaxial FeRh

thin films. The metamagnetic phase transition will also be investigated by utilising magne-

tometry and Mössbauer spectroscopy. Afterwards, an investigation of the microscopic local

structure will be discussed, which shows the occurrence of a structural disorder contribu-

tion, which can be associated with the occurrence of a theoretical predicted soft-phonon

mode occurring in antiferromagnetic FeRh at low temperatures.

Structural characterisation

As already motivated, 40 nm thick FeRh thin films were epitaxially grown on MgO(001)-

substrate using MBE with the described procedure from section 3.1. X-ray diffraction mea-

surements in a Bragg-Brentano geometry reveal the B2 crystal structure and the presence

of the epitaxial growth with an additional minority γ-FeRh phase contribution. Rietveld

refinement of the diffraction pattern shown in Figure 4-4 reveals an out-of-plane lattice con-

Figure 4-4.: X-ray diffraction (XRD) pattern (Cu-Kα-radiation, λ = 1.5406 Å) of the B2-

FeRh/MgO thin film at T = RT. The position of B2-FeRh, γ-FeRh and MgO

peaks are labelled. The inset schematically shows the relative orientations of

the B2-FeRh and the MgO lattice. The B2-FeRh (110) direction is oriented

relative to the MgO cubic (100) direction by 45◦ [78].
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stant of (2.997 ± 0.002) Å and a grain-size of (441.7 ± 0.8) Å, assuming an in-plane lattice

constant of 2.978 Å =
√

2 ·aMgO. The observed lattice constant implies an antiferromagnetic

ordering at room temperature. Small-angle (Θ−2Θ) X-ray reflectivity (XRR) measurements

have been performed to determine the film thickness and interface roughness. Figure 4-5

depicts the XRR-pattern of a nominal 40 nm thin FeRh film (black dots), indicating a thin

film with a relatively smooth surface. A simulation of the XRR-pattern (red curve) reveals

a total film thickness of 420.6 Åwith an interfacial roughness of 4.5 Å – assuming a density

ρFeRh = 9.76 g/cm3. Cross-sectional TEM measurements unveil similar insights, shown as

an inset in Figure 4-5 for a nominal 20 nm thin sample. The observable Moiré fringes in

the TEM-images indicate a slight tetragonal distortion, while single area electron diffraction

verifies the B2 crystal structure.

Summarising, the combined results obtained from XRD, XRR and TEM indicate the growth

of B2-FeRh on MgO, while TEM, additionally, indicates a slight tetragonal distortion, which

suggests an epitaxial growth. TEM and XRR reveal a relatively smooth film surface.

Figure 4-5.: X-ray reflectivity pattern of FeRh/MgO (black dots) and the corresponding fit

(red line) for a 42.06 nm thick FeRh layer, assuming a density ρFeRh of 9.76 g/cm3

with a roughness of 0.45 nm. The inset shows a cross-sectional TEM image of

a 20 nm FeRh thin film to show the relative smooth surface and the single

crystallinity of the MBE-prepared thin film. The moire fringes are due to a

tetragonal distorted B2 lattice. The cross-sectional TEM image was obtained

by Rene Hübner at the Helmholtz-Zentrum Dresden-Rossendorf.
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Magnetic structure

Besides the structural investigation at room temperature, a temperature-dependent magnetic

characterisation has been performed using the so-called ”ZFC-FC”-protocol. The sample is

thereby cooled down without an applied magnetic field leading to the preparation of a zero-

field cooled state (ZFC). The heating of the sample occurs in a small applied magnetic field.

Afterwards, the sample is again cooled towards low temperatures with an applied field (FC).

Figure 4-6 depicts the temperature-dependent magnetisation of the previously characterised

40 nm FeRh thin film in an applied magnetic field of 10 mT and 1 T. The measurement,

performed in small magnetic fields, reveal a magnetisation of almost 0 emu/cm3, while at

375 K the magnetisation increases to a value of 850 emu/cm3 at T = 400 K, consistent

Figure 4-6.: Temperature dependent ZFC-FC magnetisation curves for a 40 nm FeRh thin

film measured in an applied magnetic field of 10 mT (black curve) and 1 T (red

curve). The heating and cooling rate for the measurement is 2 K/min. The

arrows indicate the heating and cooling curves.
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with the results of different works like Ref. [180]. The magnetisation decreases at higher

temperatures, as the system approaches the Curie Temperature TC at approximately 670 K

[181]. The width of the thermal hysteresis is 10 K, within the expected size for a thin

film [117], while the phase transition is symmetric. By applying a magnetic field larger than

10 mT, it is possible to shift the phase transition towards lower temperatures. Measurements

in magnetic fields up to 9 T have revealed a shift of the phase transition of -8 K/T [180].

All of these magnetic properties coincide with the literature values of B2-FeRh, suggesting

a good sample quality of the MBE-grown FeRh thin films.

To further investigate the metamagnetic phase transition, zero-field CEMS measurements

were taken at different temperatures. Figure 4-7(a) depicts the specific Mössbauer spectra

at to illustrate the spectral changes with increasing temperatures.

At room temperature (upper panels of Figure 4-7), the majority of the spectrum consists of

a sextet with the peak positions at -4.2 mm/s (line 1) and +4.1 mm/s (line 6), leading to a

central line shift in the order of -0.1 mm/s and a hyperfine field splitting Bhf of 25.4 T. The

hyperfine field Bhf agrees with literature values of antiferromagnetic B2-FeRh for T = 300 K

[104, 72]. The intensity ratio of lines 2 (5) and 3 (4) reveals a preferred in-plane spin

orientation, confirmed by the fitted A2,3-ratio (see Equation 2-39) of 3.9, which corresponds

to an almost complete in-plane alignment of the Fe magnetic moment. Additionally, a small

singlet contribution is evident with a central line shift of -0.1 mm/s suggesting a paramagnetic

phase. By comparison with literature values [103, 182], and the known phase diagram [76]

the contribution can be associated with γ-FeRh. All of these hyperfine parameters suggest

a metallic system (negative central line shift at room temperature similar to bcc-Fe) which

coincides with known literature values of B2-FeRh [72, 104].

Figure 4-7(b) highlights the velocity range of the sixth sextet-line and reveals a decrease

of the hyperfine field splitting with rising temperatures, while for the spectrum taken at

T = 377 K a broadening of line 6 is evident – caused by the occurrence of two magnetic

contributions. The lower hyperfine field contribution with Bhf ≈ 23.9 T describes the anti-

ferromagnetic phase, while the contribution with Bhf ≈ 25.3 T associates to the ferromag-

netic phase. For temperatures up to T = 390 K, a coexistence of the antiferromagnetic and

ferromagnetic phase exists, while for higher temperatures only a single magnetic contribu-

tion occurs. Apart from the hyperfine field splitting Bhf , the isomer-shift δiso decreased with

rising temperatures, due to the second-order Doppler shift (see Eq. (2-25)), while the new

sextet, associated with the ferromagnetic phase, possesses a slightly larger isomer shift. The

increased isomer shift can be directly derived from the different spectral fine structure at

T = 377 K of line 1 and 6 (see Fig. 4-7). During the metamagnetic transition, an expansion

of the lattice occurs – leading to a change of the electron charge density at the 57−Fe nucleus

[183]. This change explains the discontinuity of the isomer shift. The obtained spectra have

been theoretically described (red line) by a combination of a hyperfine field distribution

p (Bhf) (green line) and a single Lorentzian line (blue line) to address the sextet and singlet

contribution, respectively. Figure 4-7(c) depicts the obtained hyperfine field distribution
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Figure 4-7.: Zero-field Conversion Electron Mössbauer Spectroscopy (CEMS) results for

40 nm thick FeRh thin film. (a) Representative Mössbauer spectra at different

temperatures and corresponding least-squares fit for the B2-FeRh thin film us-

ing a hyperfine-field distribution p (Bhf ) for the sextet (green) and a Lorentzian

single line for the weak central singlet (blue). (b) Zoom of the grey shaded area

(line 6 of B2-FeRh) for different temperatures, to illustrate the change of the

fine structure along the metamagnetic phase transition. The obtained hyper-

fine field distribution p (Bhf) for the different measurements can be seen in (c),

where the coexistence of two magnetic contributions is evident for T = 377 K.

Details of the fitting procedure are given in the text.

p (Bhf) for the chosen temperatures.

Besides the zero-field measurements, CEMS spectra in an external magnetic field of 1 T and

1.25 T were taken along the phase transition, while the magnetic field is applied perpendicular

to the incident γ-ray. The measurements in a magnetic field reveal the effective hyperfine

field splitting Beff , which is given by

B2
hf = B2

eff +B2
ext + 2BeffBext cos (θ) (4-7)
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Figure 4-8.: Temperature dependence of (a) the average hyperfine field 〈Bhf〉 and (b) the

average isomer shift 〈δiso〉 of a 40 nm FeRh thin film taken for measurements

with rising temperatures without and with an applied magnetic field of 1 T and

1.25 T.

and can be derived from the vectorial sum of the different magnetic field contributions

[28]. Figure 4-8(a) depicts the average effective magnetic hyperfine field 〈Beff〉 for all

temperature-dependent Mössbauer measurements, while Figure 4-8(b) shows the average

isomer shift 〈δiso〉. The hyperfine parameters reveal, that for the antiferromagnetic phase,

no field-dependent change of the effective hyperfine field occurs, while even in the tempera-

ture range of the zero-field phase transition only a small increase occurs, because the applied

external field Bext reduces the effective hyperfine field in the ferromagnetic phase [184]. Un-

fortunately, the applied magnetic field is in the order of the expected discontinuity of Bhf ,

which makes it difficult to observe the change of the hyperfine field Bhf across the phase

transition. In contrast, the average isomer shift 〈δiso〉 shows an identical discontinuity at

lower temperatures – indicating the metamagnetic transition in the FeRh thin film.

Combining the results of this section, the combination of structural and magnetic charac-

terisation reveals the growth of high-quality B2-FeRh thin films on MgO(100). XRD and

Mössbauer spectroscopy reveal a secondary phase of approximately 2.3 % γ-FeRh, while

small-angle XRR and TEM verify the formation of a smooth film surface. Temperature-

dependent magnetometry and Conversion electron Mössbauer spectroscopy under external

magnetic field shows the occurrence of a metamagnetic phase transition with a transition

temperature Ttr of 375 K. Additionally, Mössbauer spectroscopy depicts the coexistence of

the antiferromagnetic and ferromagnetic phases by the occurrence of two spectral contribu-

tions with different hyperfine parameters.
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4.2. Lattice instability in B2-FeRh at low temperatures

EXAFS measurements at the Fe K edge reveal the short-range order around the Fe-atom

and are sensitive to the different atomic distances and variations of the local surrounding

[21, 175]. To reduce the contributions of thermal damping through the Debye-Waller factor

exp
(
−2k2σ2

j

)
, measurements at low temperatures are ideal. At low temperatures, for exam-

ple T ≈ 5 K, the only noticeable vibrations are caused by the zero-point vibrations and can

be sufficiently described within a correlated Debye model [185].

For the exclusion of potential tetragonal distortion of FeRh thin films, which would result

in drastic changes of the fine structure χ(k), EXAFS measurements on the previous char-

acterised thin film and a FeRh volume material have been made at T = 5 K1. Thereby,

Alisa Chirkova (Functional Materials, workgroup of Oliver Gutfleisch, Technical University

Darmstadt) prepared the bulk material by electromagnetic levitation with high overcooling

and further homogenisation by heat treatment to ensure better B2-ordering. Figure 4-9

depicts the complete X-ray absorption spectrum at the Fe K-edge for both sample classes.

The inset of Figure 4-9 shows the Fourier transform of the oscillatory part of the absorption

Figure 4-9.: Fe K-edge EXAFS spectra for a FeRh thin film (black curve) and a bulk-sample

(red curve). The inset shows the Fourier transform of the fine structure kχ(k).

Measurements performed at T = 5 K. Figure adapted from [186].

1The results shown here were achieved as part of Johanna Lill’s bachelor thesis and noted in Ref. 184.
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spectra FT |kχ(k)| extracted from the fine structure kχ(k) from kmin = 2.3 Å
−1

up to kmax =

14.1 Å
−1

, resulting in a obtainable k-range of ∆k ≈ 11.8 Å
−1

– achieving a minimal spectral

resolution of ∆R ≈ 0.035 Å. The beating structure in the Fourier transform is due to the

used window function (Hanning function) with a width of dk = 0.1 Å
−1

. The minimum in the

oscillating fine structure between 7200 eV and 7300 eV (or in k-space from 5 to 6 sÅ−1) can

be explained as a Ramsauer-Townsend resonance, which is caused by the Fe-Rh scattering

paths. Both spectra reveal identical oscillating fine structure – indicating that the short-

range ordering is comparable for the thin film and the volumetric sample. A comparison

of the respective Fourier transforms FT |kχ(k)| strengthens this point (inset of Fig. 4-9),

while small discrepancies at the distances R = 2.9 Å and R = 4.8 Å can be neglected within

the error. As later shown with Figure A-1, a tetragonal distortion leads to an increased

intensity for R = 4.8 Å in |FT (kχ(k))| (R). In fact, the thin film shows even a slight

reduction. Therefore, we can state that within the current experimental data set, EXAFS

does not reveal a tetragonal distortion of the probed FeRh volume, while potentially only

the first FeRh layers posses the distortion. This observation makes it possible to assume a

normal bcc structure for the upcoming theoretical modelling2.

Summarising, it is possible to say that the distances and structural ordering is comparable

for the thin film and the bulk material – revealing once again the good quality of the thin

film sample and making it possible to predict a similar behaviour for both sample classes.

Additionally, the experimental spectra are similar to the observations of different FeRh

EXAFS investigations, as published by Miyanaga [187] and Wakisaka et al. [73].

For a further understanding of the Fourier transform, ab-initio calculations with the program

package Artemis [188] have been performed. Thereby, Figure 4-10 depicts the previously

shown Fourier transform of kχ(k) for the FeRh thin film sample and a theoretical fit within

a single scatterer approach. For the calculation, a three-dimensional cluster consisting of

331 atoms has been used, assuming the symmetry of B2-FeRh – realising calculations for

scattering paths up to 9 Å. The FEFF calculation predicts the extended absorption fine

structure for a given central atom (marked here as Fe0) and the different scattering paths

with the respective neighbouring Fe- or Rh-atoms in the backscattering shell. Thereby, the

inset of Figure 4-10 illustrates the nomenclature of the different shells. The simulation

assumes an isotropic expansion, leading to a lattice constant a of 2.974 Å at T = 5 K

(corresponding to the distance of the Fe-Fe1 scattering path), which is in the expected range

for B2-FeRh at low temperatures. Besides, for each path, an independent damping term was

included, in the form of a MSRD σ2
j .

Table 4-1 depicts the atomic distances and mean square relative displacements for the in-

dividual scattering paths. Due to the relatively high damping of the Debye-Waller factor,

simulated by the MSRD, the scattering paths Fe-Fe3 and Fe-Fe5 have almost no contribution

in the simulation, even though atomic distances are similar compared to the scattering paths

of Fe-Rh2 and Fe-Rh3. Nevertheless, the relatively high damping of the Fe-Rh2 scattering

2An exemplary FEFF input file with the initially assumed lattice constant is shown in Chapter A.1.
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Figure 4-10.: Fourier transform of the fine structure kχ(k) for an FeRh thin film and a theo-

retical fit using the program Artemis. The respective backscattering atoms are

labeled, while Rh1 represents the first Rh backscattering atom, for example.

The inset presents a two-dimensional FeRh cluster to visualize the nomencla-

ture for the different backscattering shells with the Fe atoms shown in blue,

and Rh shown in orange. Figure adapted from [186].

paths demands further investigations.

For ab-initio calculations using the package FEFF9.6 [18, 19] leads to a detailed understand-

ing, assuming a similar cluster as discussed before. For the calculations, we only consider

scattering paths with a path length up to 6.5 Å. Contributions in the Fourier transform above

this radial distance can be associated with the experimental noise, and Fourier artefacts also

present below R =1 Å. Figure 4-11 presents the initial calculations with a small static disor-

der in the range of σ2 = 0.008 Å2 and shows a relatively good agreement between experiment

and theory for wavenumbers k > 6Å, while for smaller values the estimated intensity from

theory is too large. The Fourier transform reveals a good agreement for the nearest Rh

neighbour. This is in contrast to the first Fe backscattering atom, which intensity is too

large. Interestingly, the theoretical calculation predicts a larger intensity for the scattering

path Fe-Rh2 at a radial distance R=4.9 Å. The introduction of an additional static damp-

ing term σ2
Fe−Rh2 = 0.05 Å2 for the mentioned scattering paths leads to similar intensity in

the respective range in the Fourier Transform, while the fine structure oscillation reveals an
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Table 4-1.: Simulation results for the coordination number Nj, atomic distances R and the

mean square relative displacements σ2 for the simulation shown in Figure 4-10.

The shown σ2 resembles the contribution of static and dynamic disorder. For

the scattering paths marked with ”∗”, the error bar of the obtained σ2 is larger

then the actual σ2. For the calculation, an amplitude reduction factor S2
0 = 0.9

has been set, while an energy shift ∆E0 = − (1.6± 0.6) eV was calculated.

Path Coordination Number, Nj Distance, R MSRD, σ2(
Å
) (

Å
2
)

Fe-Rh1 8 2.575(4) 0.0025(4)

Fe-Fe1 6 2.974(4) 0.0038(13)

Fe-Fe2 12 4.206(6) 0.0058(21)

Fe-Rh2 24 4.932(7) 0.0112(9)

Fe-Rh3 24 6.482(10) 0.0068(37)

Fe-Fe6 24 7.285(11) 0.0144(17)

Fe-Rh4 32 7.727(13) 0.0028(18)

Fe-Fe3∗ 8 5.151(8) 0.1946

Fe-Fe4∗ 6 5.947(9) 0.0241

Fe-Fe5∗ 24 6.650(10) 0.1812

obvious intensity mismatch at large wavenumbers.

Additional FEFF-calculations for different measurement temperatures (see Figure 4-12(a))

model the effect of thermal disorder on the oscillatory fine structure kχ(k). A comparison

of the relative Fourier transforms, shown in Figure 4-12(b), reveals that with rising tem-

peratures, the intensity associated with the scattering path Fe-Rh2 constantly decreases,

indicating that a temperature T = 400 K achieves the experimental intensity-ratio between

the scattering paths Fe-Rh1 and Fe-Rh23. By comparing the theoretical and experimental

fine structure kχ(k), such a high measurement temperature does not possess the same in-

tensity in kχ(k) (see Figure 4-12(a)), suggesting that the necessary reduced contribution of

the Fe-Rh2 scattering path does not originate from isotropic vibrational modes. Besides the

discussion of the scattering path Fe-Rh2, the comparison of Fourier transforms suggests that

for an improved agreement between theory and experiment, it is also necessary to introduce

additional damping to the scattering path Fe-Fe1.

In general, the discussed deviation of theory and experiment for individual scattering paths

in FeRh at low temperatures leads to a reconsideration of the B2 crystal structure at low

temperatures. Because the intensity of individual scattering paths, here expressed as Fe-

Fe1 and Fe-Rh2, is not estimated correctly by theory only small deviations from the B2

crystal structure are necessary, which can be modelled by the introduction of additional

path-dependent relative displacements. As discussed in section 4, different theoretical works

3The additional damping at R = 4.8 Å is due to the overlap of the Fe-Rh2 single scattering paths and

different multi-scattering paths, while the latter ones are more affected from the Debye-Waller damping.
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Figure 4-11.: (a) Experimental X-ray absorption fine structure (black curve) and FEFF-

calculation for B2-FeRh with a lattice constant of 2,991 Å, assuming a S2
0 =

0.9, a correlated Debye model with a measurement temperature of T = 5 K

combined with a Debye temperature of ΘD = 380 K, and an additional

global mean square relative displacement σ2 = 0.008 Å2. Additionally a sim-

ilar FEFF-calculation (blue curve) is shown, with an additional MSRD of

σ2
Fe−Rh2 = 0.05 Å2 has been used for the scattering path Fe-Rh2. (b) shows the

respective Fourier transforms within the window function of the fine structures

illustrated in (a). Figure adapted from [186].

predicted a new ground state for FeRh [71, 121, 122, 123] leading, for example, to the

occurrence of a soft phonon at the X-point (along the (110) direction) in the phonon band

structure for antiferromagnetic B2-FeRh, shown in Figure 4-13. Besides, lattice instabilities

also occur at the K and U -point, while the corresponding imaginary frequencies are smaller

compared to the X-point one, therefore, we want to focus on the lattice instability at the X-

point in the following. Calculations of the X-point instability have been performed, including

displacements of the Fe and Rh atoms from the expected B2-positions, as indicated in Figure

4-14(b), without considering a cell or atomic relaxation [71]. A Fe-displacement of 0.05 Å

reveals minimum energy with a total energy reduction of ∼0.2 meV/f.u.. For further details
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Figure 4-12.: Temperature-dependent FEFF calculations at the Fe K-edge of B2-FeRh with

an assumed lattice constant a = 2.993 Å and a Debye temperature ΘD = 380 K

with temperature steps of ∆T = 20 K. Layer (a) shows the oscillatory fine

structure kχ(k) and (b) shows the corresponding Fourier transform, which are

normalized to the respective maximum of the Fe-Rh1 scattering path. The

red curve in the respective layer presents the experimental data.

on the calculation procedure, I refer the reader to Ref. [71].

Figure 4-14 contains the resulting FEFF-calculations, assuming a B2-structure with the

inclusion of a frozen phonon 4, corresponding to the lattice instability at the X-point. Addi-

tional static damping of σ2 = 0.0014 Å
2

has been included for this calculation for all scatter-

ing paths. As the Fourier transform in Figure 4-14 illustrates, there is a visible reduction of

the contribution to the scattering originating from paths Fe-Fe1 and Fe-Rh2. Additionally,

we observe changes for the scattering paths Fe-Fe2 and Fe-(Rh3&Fe5) as well (scattering

paths with a radial distance of R ≈ 6.5 Å). A comparison between the experimental spectra

and the theoretical calculation, including the frozen phonon, reveals that the agreement of

the envelope at large wavenumbers k in the oscillatory fine structure kχ(k) improves with

the introduction of the soft phonon. In contrast, not all distances are correctly modelled

with the assumed displacements of the atoms. For the first Rh backscattering atom, a slight

overestimation of the distances occurs, while for the second Fe and Rh backscattering atoms

the distance is underestimated – indicating that a Fe-displacement of 0.05 Å is not precisely

observed in the experiment. This effect leads to a slight mismatch in the frequency of the

fine structure, while the overall envelope of the theoretical-calculation and experiment are

4The corresponding crystal structure of the B2-structure of FeRh with the included frozen phonon has been

provided by Markus Gruner (University of Duisburg-Essen).
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Figure 4-13: Phonon band structure for an-

tiferromagnetic B2-FeRh. The

different lines depicts the calcu-

lation for a 4 × 4 × 4 (red full

lines), 3×3×3 (dark-grey dashed

lines), and 2 × 2 × 2 supercells

(light grey dashed-dottet lines).

The blue lines represents the cal-

culations for ferromagnetic FeRh

from a 4×4×4 supercell. Figure

taken from Ref. [71].

comparable. Here, the first experimental indication of the lattice instability in FeRh at low

temperatures is present. One needs to highlight that only the lattice instability of B2-FeRh

has been observed, while at T =5 K the phase transition to the predicted monoclinic ground

state is not achieved. A possible reason for this could be that the energy gain from the

transformation from the cubic to the monoclinic structure is too small, and the entropy of

the system may suppress it. Therefore, it might not be possible to observe the actual ground

state of FeRh experimentally.

Despite the improved agreement in the Fourier transform and in the fine structure oscilla-

tions at large k – both theoretical models predict a higher intensity at small wavenumbers(
k < 5 Å

−1
)

, which is not present in the experiment. For the following discussion on meth-

ods to tune the intensity in the fine structure at low wavenumbers, we want to recall the

EXAFS-equation (Eq. (2-10)) with

kχ(k) =
∑
j

S2
0(k)Njfj(k) · exp

(
−2

Rj

λ(k)

)
· exp

(
−2σ2

jk
2
)

︸ ︷︷ ︸
Describes the intensity

·sin (2kR + δj(k))

R2
j

. (4-8)

Since we are looking for a path- and k-dependent mechanism, we can neglect changes of

Nj. A possible way to reduce the intensity at small k is related to changes of S2
0(k), λ(k)

or σ2
j . The latter contribution leads to a Gaussian damping and influences primarily the

intensity at large wavenumbers k (as illustrated in Figure 2-4&4-12) and can therefore

be neglected. The proposed mechanism considers the problem within two methods5, by

adjusting S2
0(k) or λ(k). Within the first approach, a full multiple scattering calculation

including the near edge structure is generated, where one hopes to improve the intensity

at small wavenumbers k, due to a consideration of the electronic density of states close to

the Fermi energy and the consideration of scattering paths with more then four scatterers

(nleg > 4). Another approach is a reconsideration of S2
0 , since this parameter accounts for

5Private Communication with John Rehr, University of Washington
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Figure 4-14.: (a) Experimental X-ray absorption fine structure (black curve) and FEFF-

calculation for B2-FeRh. The latter was calculated with a lattice constant of

2,991 Å, assuming a S2
0 = 0.9, a correlated Debye model with a measurement

temperature of T = 5 K and a Debye temperature of ΘD = 380 K combined

with an additional global mean square relative displacement σ2 = 0.008 Å2.

FEFF-calculation (blue curve), assuming a B2-FeRh crystal structure includ-

ing a frozen phonon along the (110) direction with a Fe-displacement of

0.05 Åand a static mean square displacement σ2 = 0.0014 Å
2
. The inset indi-

cates the direction of different displacements. Inset adapted from Ref. [71].

intrinsic and extrinsic losses, which is not directly considered in the FEFF calculations yet.

At the moment, a cumulant approach is integrated in FEFF to address additional inelastic

losses in X-ray spectra [189] – making it possible to obtain a spectral function Ak(ω). This

spectral function can then be convoluted with the previous obtained FEFF-calculation to

obtain a absorption fine structure kχ(k), which exhibits all inelastic losses and possesses the

correct intensity at small k. Currently this approach can be simulated by an increase of the

lifetime Γ – leading to an energy-dependent broadening, as would be present if one considers

the additional losses.

Summarising, by performing Fe K-edge EXAFS measurements at low temperatures, a theo-
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retically predicted lattice instability in B2-FeRh is experimentally observed for the first time

in thin films and bulk materials (compare Figure 4-9). It was shown that the introduction

of a specific frozen phonon (corresponding to the lattice instability at the X-point) in the

B2-crystal structure leads to a path-dependent damping mechanism – revealing an improved

agreement between theory and experiment. Even though the imaginary frequencies at the

X-point are more significant compared to the phonon modes at the K and U -point, currently

we have only considered the presence of the X-point instability. In the next steps, it will be

necessary to investigate further the lattice instability, including the K and U -point, or even

a superposition of all three soft phonon modes.

At this point, the critical temperature, at which the phonon mode is dynamically stabilised,

has not yet been fully established. Belov et al. theoretically predicts that this process is

achieved at T ≈ 50 K [124]. Therefore, it is necessary to perform additional temperature-

dependent EXAFS measurements at low temperatures – yielding an experimental answer to

the question. In addition to temperature-dependent EXAFS measurements, high-resolution

XRD is sensitive enough to observe the same process and will be performed at synchrotron

radiation facilities.
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Lattice dynamics in FeRh thin films

In the following, insights into the Fe-lattice dynamics studied by 57Fe-nuclear resonant inelas-

tic X-ray scattering will be presented. First, we focus on the equilibrium thermal properties

with a focus on the changes in the Lamb-Mössbauer factor and the vibrational entropy. Later

on in section 4.4, we will present a novel approach for the investigation of the nonequilib-

rium magnetic and lattice dynamics employing ”optical pump – 57Fe-nuclear resonant probe”

using nuclear forward scattering and nuclear resonant inelastic X-ray scattering. With this

method, one has a unique possibility to directly investigate the phonon dynamics, potentially

on a sub-ps timescale.

4.3. Fe-partial phonon density of states measured along

the metamagnetic phase transition

In order to investigate the Fe-partial vibrational density of states (VDOS) in FeRh along the

metamagnetic phase transition, measurements at different temperatures have been performed

with rising temperatures without an applied external field. Thereby, Figure 4-15 depicts the

temperature-dependent magnetisation curve (black line) and an illustration of the different

measurement temperatures (red circles) – giving the possibility to correlate the changes of

the Fe-VDOS with the magnetisation (and the phase transition in general).

First, we want to discuss changes in the Fe-VDOS between the antiferromagnetic and fer-

romagnetic phase. Therefore, Figure 4-16 shows the direct comparison between the two

extreme temperatures. In general, one can see the changes of four features labelled F1 to

Figure 4-15.: Magnetisation data for a 100 nm thin FeRh film grown on MgO (black curve)

measured in an external field of 10 mT and the respective temperatures at

which 57Fe-NRIXS measurements have been performed (red dots).



74 4 The AFM-FM phase transition of FeRh

F4, which will be individually discussed in the following. At roughly 10 meV (feature F1),

one can see a reduction of the VDOS from 48 states/eV/Fe-atom in the antiferromagnetic

phase to 32 states/eV/Fe-atom in the ferromagnetic phase. At 23 meV (feature F2) a drastic

increase of the VDOS-intensity occurs from 36 states/eV/Fe-atom to 120 states/eV/Fe-atom

and can be explained by a broadening of the high energy phonon modes associated with

F3 and F4 and a red-shift associated with the thermal expansion along the phase transi-

tion [154]. The VDOS pronouncedly changes at the spectral features F3 (26 meV) and F4

(30.5 meV). For both points, the intensity of the VDOS drastically reduces in the ferromag-

netic phase. Besides, the asymmetry changes, assuming that the reduction of the VDOS is

stronger for F4. As revealed by the above discussed spectral changes of the VDOS of B2-

FeRh, it appears that the Fe-partial lattice dynamics are sensitive to the magnetic structure

and hint towards strong magnetoelastic interaction, because of the isostructural character of

the phase transition. By comparison of the obtained Fe-VDOS g(E) in the antiferromagnetic

phase with experimentally observed phonon dispersion curve along the (111) direction by

inelastic neutron scattering from Castets et al. [190], it is possible to further characterise

the vibrational density of states g(E). With this it is possible to assign the spectral feature

F3 (26 meV) to the longitudinal optical mode, F4 (30.5 meV) to the transversal optical mode

and the contribution around 15 meV to the longitudinal acoustic phonon mode [71, 190].

Figure 4-17 (a) shows a contour plot of the Fe-partial VDOS along the phase transition,

where the colour scale illustrates the VDOS intensity. With this way, it is possible to track the

spectral changes for the Fe-partial VDOS as a function of temperature. Thereby, it appears

that the previously discussed changes occur at a temperature T > 380 K, where the phase

transition occurs according to the temperature-dependent magnetisation measurements (see

Figure 4-15).

Wolloch et al. [71] compared the Fe-partial g(E) obtained by 57Fe-NRIXS and DFT-based

calculations in the antiferromagnetic and ferromagnetic phase. These results will be sum-

marised in the following. The experimental Fe-VDOS was extracted at room temperature

from a Fe-rich sample (Fe51Rh49, which is ferromagnetic at room temperature) and an Rh-

rich sample (Fe48Rh52 with antiferromagnetic ordering at room temperature). The advantage

of the DFT-calculation is the possibility to separate the Fe- and Rh-partial vibrational den-

sity of states from the total vibrational density of states - giving an excellent opportunity to

compare the theoretical calculations with the element-selective experimental results. Within

the antiferromagnetic state of B2-FeRh, a good agreement between theory and experiment

was found for the Fe-partial VDOS, while the agreement in the ferromagnetic phase is not

as good. However, the global changes, as the broadening of the VDOS at higher phonon

energies, are sufficiently reproduced by theory. A possible explanation for the discrepancies

between theory and experiment is on the one side the changes of the experimentally ob-

tained VDOS at different temperatures, as presented in the supplemental material of Ref.

[71]. Additionally, the theoretical modelling does not consider contributions of anti-site de-

fects. The DFT-calculations do not consider both of these effects. Aside from the changes in
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Figure 4-16.: Comparison of the Fe-projected VDOS for B2-FeRh at T = 300 K in the

antiferromagnetic phase (blue curve) and at T = 450 K in the ferromagnetic

phase (red curve), while the differences between both curves are shaded in

orange.

the Fe-partial VDOS, DFT-calculations estimate drastic changes in the Rh-partial VDOS,

especially in the energy range of the longitudinal acoustic mode, suggesting a strong hybridi-

sation between the Fe-partial and Rh-partial vibrational densities of states.

As already stated in 2.2.3.3, one is able to extract a variety of different thermodynamic

quantities from the vibrational density of states. In the following we want to concentrate

on the Lamb-Mössbauer factor fLM and the vibrational entropy Svib. As stated before, the

relation between the Lamb-Mössbauer factor fLM and the VDOS g(E) is

fLM = exp

−ER ∞∫
0

g(E)

E
· coth

(
βE

2

)
dE

 . (4-9)

By inserting the experimentally obtained Fe-VDOS g(E) into the equation with the respec-

tive measurement temperature yields to Figure 4-18, which reveals a discontinuity of the
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Figure 4-17.: (a) Representative illustration of the Fe-partial VDOS in the AFM and FM

phase of B2-FeRh. (b) Experimentally obtained Fe-partial VDOS (color code)

along the phase transition determined for rising temperatures, while the mea-

surements are indicated by an orange dot.
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Lamb-Mössbauer factor along the phase transition. Interestingly, Wakisaka et al. also

Figure 4-18.: Experimental Lamb-Mössbauer factor obtained from the Fe-partial VDOS

g(E) for different temperatures. The straight lines represent an average for

the temperature evolution of the Lamb-Mössbauer factor for different g(E) in

the antiferromagnetic (blue line), or ferromagnetic (red line) phase. The right

scale indicates the mean square displacement 〈∆x2〉, assuming k = 7.31 Å
−1

.

observed a similar discontinuity along the metamagnetic phase transition on FeRh thin

films grown on MgO(001) through EXAFS at the Fe and Rh K-edge [73]. The authors

extracted the mean square relative displacement σ2 by considering the first two scattering

paths for FeRh. They extracted the mean square relative displacements for the paths Fe-

Fe, Fe-Rh and Rh-Rh from the respective absorption edges and observed a discontinuity

and thermal hysteresis for the Fe-Fe path, while such an anomalous behaviour could not be

reliably determined outside the error bar for the paths Fe-Rh and Rh-Rh. Within the Lamb-

Mössbauer factor fLM, 57Fe-NRIXS measures the mean-square displacement 〈∆x2〉 of the Fe

nuclei and can be directly extracted from Figure 4-18, since we know that k = 7.31 Å
−1

for a

photon energy of 14.413 keV. A comparison of the 〈∆x2〉, extracted from the Fe-VDOS, and
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Figure 4-19.: Fe-partial vibrational entropy for B2-FeRh along the metamagnetic phase tran-

sition. Straigt lines represents the temperature-dependent vibrational entropy

Svib for Fe (straight lines) and Rh (dashed lines) in the antiferromagnetic

(blue lines) and ferromagnetic phase (red lines), respectively, as calculated

from DFT [71].The inset focusses on the temperature range investigated dur-

ing the experiments.

σ2 from Ref. [73], a similar magnitude is found for the Fe-Rh scattering path, while a distinct

difference exists to the Fe-Fe displacements. This suggests that a dominant contribution of

the NRIXS determined mean-square displacement 〈∆x2〉 can be associated with the nearest-

neighbour Fe-Rh vibrational modes. Besides, it is possible to associate the discontinuity of

the Lamb-Mössbauer factor fLM (〈∆x2〉) of 0.01
(
6 · 10−4 Å2

)
to the decreased intensity of

the spectral feature F1, since for the calculation of fLM the Fe-VDOS is weighted by the

factor 1/E. Overall, the increase of the Lamb-Mössbauer factor along the phase transition

indicates, that at the same temperature that the lattice in the antiferromagnetic phase is

softer than in the ferromagnetic phase, with respect to phonons.
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Aside from the extraction of the Lamb-Mössbauer factor, it is also possible to obtain the

vibrational entropy Svib from the VDOS g(E), as

Svib = 3kB

∞∫
0

(
βE

2
· coth

(
βE

2

)
− ln

(
2 sinh

(
βE

2

)))
· g(E)dE. (4-10)

With this equation it is possible to extract the Fe-partial vibrational entropy Svib, as Figure

4-19 depicts. It seems that along the phase transition of the Fe-partial vibrational entropy

∆SFe
vib can be assumed to be very small, since the error is larger then the estimated dis-

continuity, while DFT-calculations suggest a slight decrease with ∆SFe
vib = −0.011 kB/Fe at

T = 380 K. In contrast, it seems that the change of the vibrational entropy is driven by the

changes associated with the Rh-vibrational modes, which can be attributed to the changes

in the Rh-partial VDOS at 15 meV [71]. Different thermodynamic properties, as the specific

heat Cvib, show similar behaviour. For the sake of completeness, Table A-1 gives the Lamb-

Mössbauer factor fLM, the Fe-partial vibrational entropy Svib, Fe-partial specific heat Cvib,

and the Debye-temperature θD for the different temperatures.

Summarising, this section showed a detailed investigation of the Fe-partial vibrational den-

sity of states g(E) in B2-FeRh along the metamagnetic phase transition. Here, it was possible

to observe changes of spectral features in g(E) for the different magnetic structures, show-

ing that it is possible to distinguish two different magnetic phases by spectroscopic feature.

Furthermore, the Lamb-Mössbauer factor indicates an anomalous structural behaviour, in-

dicating that the AFM-lattice is softer compared to the FM-one, with respect to phononic

excitations, at a given temperature. The extraction of the Fe-partial vibrational entropy

suggests that along the metamagnetic phase transition, the changes in the vibrational den-

sity of states g(E) compensate each other – indicating that the changes of the vibrational

thermodynamic properties can be attributed to the Rh-vibrational modes.
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4.4. Picosecond relaxation dynamics of FeRh in a thermal

non-equilibrium state using an optical pump - nuclear

resonance probe scattering approach

In the following section, the results of the first pump-probe experiments will be shown,

utilizing the Mössbauer effect on a material possessing a metamagnetic first-order phase

transition. The general concept bases on the first reports of Sakshath et al. [163]. In

this paper, the authors investigate a transition from a low-spin to a high-spin state in a

Fe-containing spin-crossover complex. In general, it is possible to drive this transition by

a variation of the temperature. Besides, one is also able to induce this transition optically

[191].

Based on these reports, we have developed pump-probe nuclear resonant methods to study

the transient of a laser-induced phase transition in 40 nm thin FeRh films. At the same

time, the nuclear resonant scattering process serves as the probe technique and principally

reveals the relaxation dynamic on a picosecond timescale. It is worthwhile to mention that

the following experiments consisting of the laser alignment, optimizing the spatial overlap

between synchrotron and laser pulse, fluence-dependence, temperature-dependence, and the

variations of the time-delay between synchrotron and laser pulse have been performed within

one week of beamtime at the beamline P01 [94] located at PETRA III, DESY in cooperation

with Sadashivaiah Sakshath from the workgroup of Prof. Volker Schünemann (Technical

University of Kaiserslautern) and the staff of the beamline P01. The following section

presents a detailed description of the experimental setup.
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Experimental details for optical pump nuclear resonant probe

measurements

For this kind of experiment, the horizontal and vertical beam size of the synchrotron (SR)

must be minimized utilizing a Kirkpatrick-Baez-mirror (KB-mirror) to a size of 10µm and

9µm in the horizontal and vertical direction, respectively, as Figure 4-20 depicts.

Figure 4-20.: Horizontal and vertical beam size after KB-mirrors measured by an avalanche

photodiode. A fit of the derivation of the average signal with a Gauss-

distribution reveals a full width half maximum (FWHM) of 10µm and 9µm

along the horizontal and vertical direction, respectively.

Such a small beam size is necessary to guarantee that we only probe a laser-excited volume

with the SR-beam. A similar reduction of the beam size would have been possible by the

SR-beam passing through a set of slits, while the slits lead to a reduction of 10 to 20 %

of the incident beam intensity – resulting in an even smaller signal in the NRIXS-part, as

discussed later. For the pump-pulse, we use a 250 fs Satsuma laser emitting photons with

a wavelength of 515 nm using the second harmonic with an average power of 10 W. The

workgroup of Prof. Volker Schünemann (Technical University of Kaiserslautern) provides

the laser for the experiment. For these experiments, the laser has been focused to a diameter

of 150µm.

Figure 4-21 depicts the most crucial components to perform the measurements. For the

experiments, a FeRh film thickness of 40 nm has been chosen, since one can assume that

the laser affects the complete volume of the thin film, as shown in the time-resolved XMCD

study of Radu et al. [153] and the work of Mariager et al. [161]. Different works even

manage a 100 nm thin FeRh film [154, 160]. By utilizing a liquid nitrogen-cryogun, it is

possible to cool the sample actively and accelerate the relaxation process by lowering the

ambient temperature Tamb around the sample. The laser pulse has been externally triggered

by electronically delaying the bunch clock of the synchrotron. We were able to determine the
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Figure 4-21.: Image of the experimental setup for the performed ”optical pump - nuclear

resonant probe” measurements at the beamline P01, PETRA III. The most

crucial components are labelled in the image. A 40 nm FeRh thin film grown

on MgO(001) is shown in the middle of the images, while the film is tilted by

20◦ with respect to the SR-beam and the laser pulse. The so-called ”timing

APD” detects the scattered photons (laser and X-ray), making it possible to

determine the time delay between SR-pulse and laser-pulse. The NRIXS-APD

is located above the sample and detects the Fe K fluorescence radiation, nec-

essary to measure the inelastic scattering process. Attached to the housing

of the NRIXS-APD, two permanent magnets are mounted, producing a field

along the X-ray direction. During the actual measurement, the distance be-

tween sample and NRIXS-APD is decreased - therefore creating a magnetic

field of approximately 150 mT at the location of the FeRh thin film. A cryogun

creates a laminar flow of N2, making it possible to cool the sample down to

T = 80 K.

relative timing between SR pulse (pulse duration of 55 ps) and laser pulse (pulse duration

of 250 fs) by using the timing APD, as shown in the original report [163]. The electronic

evaluation of the APD within the multichannel analyzer (MCA) made it possible to vary

the time-delay with an accuracy of 0.5 ns. In addition, we applied a small magnetic field of
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Figure 4-22.: Nuclear forward scattering (NFS) time pattern of a 2µm-thick non-enriched

bcc-Fe foil in a multi domain state (black curve) and a single domain like

state (red curve). For the multi domain state a random distribution of in-

plane magnetization was assumed, while the applied external magnetic field of

150 mT establishes the single-domain state. The inset shows the characteristic

alignment of the magnetic moments relative to ~k0. The time t = 0 ns refers to

the incident SR-beam.

150 mT (measured with a Hall sensor) along the beam direction by attaching two permanent

magnets on the NRIXS APD housing. The NFS time pattern of a bcc-Fe foil motivates the

used magnetic field and will be discussed in the following.

Even though the hyperfine field Bhf changes during the metamagnetic transition of FeRh by

∼1.4 T [192] and the nuclear forwards scattering (NFS) time pattern is in general sensitive

enough to observe this change, it is more efficient to exploit the change of the magnetic

structure. Figure 4-22 illustrates the experimental NFS time pattern of a 2µm thick bcc-Fe

foil at room temperature for different domain structure. An external magnetic field creates a

single-domain like state and yields the red curve in Figure 4-22. The resulting time pattern

is distinctly different from the multi-domain state (black-curve) measured with the same

bcc-Fe foil before the magnetization process. The influence of the spin structure on the

NFS-time pattern has been discussed, for example, in different works from Röhlsberger et

al. [49, 193] or Shvydko et al. [194].

For the present case of the FeRh thin film, the magnetization lays in the film plane, as
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discussed in section 4.1. In the case of the ferromagnetic phase, the magnetization will align

parallel to an external field, while in the antiferromagnetic case, the magnetic moment will

align perpendicular [133]. A similar change of the time pattern was shown for antiferromag-

netic 57FeBO3 [194]. Therefore, it is possible to directly distinguish the antiferromagnetic

and ferromagnetic phase in FeRh just by a comparison of the signatures in the time pattern

instead of in-depth analysis and the extraction of the hyperfine parameters as the hyperfine

field Bhf .

Up to now, we have established a procedure to distinguish the different magnetic phases

from the NFS time pattern, and we were able to reduce the beam-size along the horizontal

and vertical direction. Besides, it is necessary to guarantee the spatial overlap of the SR

beam and laser pulse. To achieve such a condition, we have performed NFS-measurements

at ambient temperature Tamb = 300 K and a laser fluence Fth = 8.77 mJ
cm2 at different sample

positions, with a fixed laser-position due to the experimental setup. The combination of

the ambient temperature and the used laser fluence is sufficient to induce the ferromagnetic

phase by static heating. As Figure 4-23 depicts, we achieve an optimal spatial overlap, if

the NFS-time pattern indicates a ferromagnetic ordering, while the hyperfine field Bhf is

minimal. This combination of conditions indicates a local maximum of the temperature –

caused by the deposited laser energy.

The measurements have been performed in the so-called 40 bunch timing mode at the syn-

chrotron PETRA III. This means that in the storage ring, 40 evenly occupied electron

bunches exists. In this timing mode, the separation between two consecutive electron bunches

is 192 ns. A multichannel analyzer (MCA), consisting of 2048 channels, saves the measured

intensity of the respective APD, while in the following, scattering events of eight consecutive

bunches have been saved. For convenience, the different bunches have been separated into

four regions of interest. Since all of the discussed measurements have been performed within

the identical timing scheme, a small motivation of the general timing scheme of the experi-

ment will be given. The so-called first bunch (0-191 ns) is the bunch before the laser pulse

and can be interpreted as an unpumped reference and is synchronized with the bunch-clock

of the storage ring. The second bunch (192-383 ns) is the pump-affected bunch and will be

referenced as ”pumped” onwards. The third bunch (383-575 ns) may be affected by the pre-

vious laser pulse. Additionally, the so-called unpumped reference (576-1535 ns) consisting of

four different bunches have been grouped and resemble a steady-state reference with a high

S/N-ratio. Due to the electronics, the obtained measurements of the eight bunch is 25,ns

shorter compared to the different bunches and will be neglected. Within this timing scheme,

we can perform pump-probe experiments, while the time between two laser pulses is 1536 ns

(8·192 ns) corresponding to a repetition rate of 0.6 MHz. Within the current state of the

electronic setup and detection scheme, it is only possible to extend the separation between

two laser pulses, by pumping every 40th SR-pulse. Such a change leads to a pump-pulse

every 7.68µs, making it possible that the system potentially fully relaxes into thermal equi-

librium. Such an increase of the separation of two pump-pulsed leads to a drastic reduction
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Figure 4-23.: Illustration for the optimized spatial overlap between the SR beam and laser

beam. NFS time patterns have been obtained at Tamb = 300 K with a laser

fluence Fth = 8.77 mJ
cm2 . The overlap is optimized by a variation of the sample

position (with a fixed laser position) relative to the SR beam (position of

measurement indicated by a dot). An optimal spatial overlap is obtained by

a minimal hyperfine field Bhf , where the NFS time pattern corresponds to a

single domain state, resembling the ferromagnetic ordering (indicated by the

colour of the dot). The colour code represents an interpolation of the obtained

hyperfine field Bhf between the experimental data.

of the intensity in the pumped pattern by a factor of 5 for the same measurement time,

making it difficult to perform most of the later shown experiments. In the following, the

time-delay ∆t between SR and laser pulse is defined that for a negative time delays ∆t, the

SR pulse precedes the laser pulse, while for positive time delays it is the other way around.

Such a definition is used in the scheme of different pump-probe experiments.
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Figure 4-24.: Schematic representation of the timing scheme used for the pump-probe ex-

periments. The dark green line represents the laser pulse

Within this experimental setup and the defined procedure, it is possible to perform ”optical

pump-nuclear resonant-probe” measurements on FeRh thin films. The following section

concentrates on the coherent elastic scattering, while later on, we also focus on the nuclear

inelastic scattering signal – representing the creation and annihilation of phonons.
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Coherent elastic scattering within a pump-probe scheme

For the actual pump-probe experiments, it is necessary to identify the changes of the

hyperfine-parameter in a quasi-steady state, as a function of the incident laser fluence. There-

fore, we measured the time-pattern and extracted the hyperfine field Bhf from the previously

defined unpumped reference. To avoid any continuous heating effects, the temperature of the

N2-stream, provided by the cryogun, is set to 200 K, which is the assumed ambient temper-

ature Tamb. From the obtained hyperfine field without the incident laser pulses, a hyperfine

field of 26.32(8) T can be extracted, in relatively good agreement with the emission spectrum

at 200K. Figure 4-25 depicts the power-dependent extracted hyperfine fields Bhf from the

NFS time pattern. By comparison with conventional heating measurements performed in

a steady-state, we conclude that the deposition of a laser fluence of 8.77 mJ
cm2 is sufficient

to heat the thin film by ∼ 100 K, since the expected hyperfine field for antiferromagnetic

Figure 4-25.: Evolution of the magnetic hyperfine field Bhf as a function of the laser fluence

from the unpumped reference (average of bunch 4 to 7). Measurements per-

formed at an ambient temperature Tamb = 200 K.
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B2-FeRh is ∼25.4 T [72, 104, 192] at room temperature. Furthermore, it is possible to state

that the phase transition occurs with a laser fluence between 12.11 mJ
cm2 and 13.16 mJ

cm2 , while

a laser fluence of 14 mJ
cm2 is sufficient to induce a stable ferromagnetic phase due to steady

heating.

Since we are interested in the possibility to probe the laser-induced ferromagnetic phase

within a pump-probe experiment, we want to focus on the NFS time pattern obtained with

a laser fluence Fth of 8.77 mJ
cm2 , 12.11 mJ

cm2 , and 14.56 mJ
cm2 and compare the different regions

of interest. Figure 4-26 illustrates the NFS time patterns for the mentioned laser fluences,

Figure 4-26.: NFS time pattern for different laser fluence Fth. The pump probe delay be-

tween SR bunch and laser beam ∆t = 78 ns in the second bunch indicated by

the vertical line. Measurements were performed at an ambient temperature

Tamb = 200 K. Evident is a drastic change of the NFS time pattern for a

laser fluence Fth = 12.11 mJ
cm2 for the 2nd bunch, while no significant difference

between 1st and 3rd bunch is visible. For a laser fluence Fth of 8.77 mJ
cm2 and

14.56 mJ
cm2 slight changes occur in the 2nd bunch.
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while the various regions of interest are compared to the 1st bunch, which is not affected

by the laser. In all the subpanels (I)-(IX), the vertical line indicates the timing position of

the laser. For the time pattern in Figure 4-25 (I) & (III), representing the laser fluence Fth

of 8.77 mJ
cm2 and 14.56 mJ

cm2 , a slight decrease of the intensity occurs in the time pattern after

the arrival of the laser pulse. If we focus on Fth = 12.11 mJ
cm2 , Figure 4-26 (II) indicates a

strong suppression of the time pattern. Even though a clear pump-induced effect in the time

pattern occurs in the laser affected bunch, no differences can be observed for the third bunch

or at later times. As previously motivated for bcc-Fe (see Fig.4-22), Figure 4-26 (VII)-(IX)

show a clear change in the quantum beat structure, which can be attributed to the phase

transition, the change of the magnetic structure and the accompanying possibility to align

the magnetic moments with the applied field.

To further understand, if the laser-induced phase transition causes the suppression, or if it

is an effect of the interaction of the laser (and its electric field) with the nuclear-excited

Figure 4-27.: Integrated intensity of the NFS time pattern of the unpumped bunch (first)

and pumped bunch (second) relative to the ”unpumped reference” as a func-

tion of the incident laser fluence of the previous discussed measurements shown

in Fig. 4-25&4-26, performed at Tamb = 200 K. The intensity is given rela-

tive to the unpumped reference and the shaded area represents the respective

error bar.
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state, we compare the intensity of the unpumped (first) and pumped bunch (second) and

compare with the unpumped reference, which Figure 4-27 presents. The dependency of the

relative intensity or the ”pump-induced” change indicates that the suppression of the NFS

time pattern can only be statistically significantly observed in a range between 11.32 mJ
cm2

and 13.16 mJ
cm2 , already indicating a resonant-like behaviour that the suppression of the time

pattern is associated with a pump induced phase transition. For the current set of measure-

ments, the time delay is ∆t = −71 ns, while the minus sign indicates that the laser pulse

illuminates the sample after the SR-beam. With this time delay, the suppression of quantum

beat structure occurs at a constructive interference. To verify, if the behaviour is similar at

different time delays, additional measurements have been performed with a time delays ∆t

of -42 ns and -34 ns. For all cases, a similar behaviour occurs – indicating that it is possible

to stop the quantum beat pattern at a given time.

Figure 4-28.: Difference of the NFS time pattern for different pump probe delays between SR

beam and laser. These measurements reveal a clear change of the time pattern

after the optical pump pulse.The arrow in the respective colour indicates the

pump probe delay ∆t. Measurements performed at an ambient temperature

Tamb=200 K and with an laser fluence Fth = 12.11 mJ
cm2 .

The discussed results up to now indicate that it is possible to suppress the NFS time pattern

when the system is heated close to or slightly above the metamagnetic phase transition. In

contrast, all of the discussed measurements have been performed at negative time delays ∆t

– indicating that the laser pulse illuminates a nuclear-excited state and at a constant ambient

temperature of Tamb = 200 K. Therefore, additional temperature-dependent measurements

have been performed in a temperature range between 160 K and 260 K by varying the ambient

temperature Tamb, utilizing the N2-cryogun. The time delay ∆t between the SR and laser

pulse is set to -40 ns, since from the power-dependent investigation, it is possible to identify

the magnetic ordering from the fingerprint in the time pattern between 25 ns and 60 ns, as

Figure 4-26 (VII)-(IX) illustrates. Additionally, the NFS time pattern directly reveals, if the

laser pulse leads to a suppression of the time pattern, due to the large intensity at 55-60 ns
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in both magnetic phases.

Figure 4-29.: NFS time pattern for pumped and

unpumped state performed at differ-

ent ambient temperatures Tamb with

a constant laser fluence of Fth =

12.11 mJ
cm2 and a fixed pump-probe

delay ∆t = −40 ns.

As Figure 4-29 depicts, a suppression

of the beating structure is evident in a

temperature range between 200 K and

230 K, while for higher temperatures

a slight reduction of the intensity is

evident for Tamb of 240 K, 250 K, and

260 K, corresponding to a change of the

integrated intensity of less than 15 %.

For temperatures exceeding Tamb =

230 K a frequency change in the un-

pumped and pumped pattern is evident

and can be explained by the metamag-

netic phase transition induced by static

heating of the deposited laser energy.

Summarising the results for time de-

lays ∆t < 0 ns, the deposited laser heat

leads to static heating of the system at a

local scale, while a laser fluence Fth be-

yond 14.56 mJ
cm2 (at a fixed ambient tem-

perature Tamb of 200 K) is sufficient to

stabilize the ferromagnetic phase. In-

terestingly a slightly lower laser fluence

Fth of 12.11 mJ
cm2 leads to an interest-

ing phenomenon in the quantum beat

structure. In the time pattern of the

nuclear forward scattering, a laser pulse

leads to a suppression of the beating

structure, while within the current tim-

ing mode of the synchrotron, it is not

visible if the beating structure recovers.

Within the current hypothesis, the SR-

pulse leads to a coherent nuclear-excited state, while the relaxation process is tracked within

the NFS quantum beat pattern. Assuming the right combination of laser fluence Fth and

temperature of the system Tamb (as shown in Figure 4-27&4-29), the 250 fs laser pulse

excites the system, possibly into the ferromagnetic or paramagnetic phase, combined with

a reorientation of the 57Fe-spins due to the applied magnetic field. The relaxation of the

laser-excited system does not lead to a formation of quantum beats since the coherence is

lost after the interaction with the laser. Within this theory, slight changes of the intensity

after laser excitation in Figure 4-26 (I) & (III) can be understood as a reduction
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Figure 4-30.: (a) NFS time pattern for a time delay ∆t = −1. ns. (b) pumped-induced

change of the integrated time pattern. The dashed line represents an expo-

nential growth with a time constant τ = 9.4 ns.

of the coherence in the antiferromagnetic or ferromagnetic phase, initiated by an interaction

of the system with the laser pulse.

Since all of these measurements have been performed, when the laser interacts with a pre-

viously prepared nuclear-excited state (by the SR pulse), additional experiments have been

performed, where the time delay ∆t is below 2 ns with the initially used parameters of an

ambient temperature of Tamb = 200K and a laser fluence of Fth = 12.11 mJ
cm2 . Figure 4-30 (a)
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depicts the difference between the pump and unpumped time pattern obtained by nuclear

forward scattering for a time delay ∆t = −1.5 ns. By comparing the integrated intensity

of both patterns, we see a reduction of almost 75 % for a time delay ∆t = 600 ps (see Fig-

ure 4-30 (b)). The remaining intensity of ∼ 25 % can be explained within two approaches.

On the one hand, the remaining intensity may be generated by parasitic radiation of the

SR-pulse, caused by a non-ideal focus of the incident photon beam and the nuclear forward

scattering of non-laser affected regions. On the other hand, it could be explained by a be-

ginning relaxation process of the system in the first 200 ps [153]. Within the current scope of

the experiment data, it is not possible to distinguish these two explanations. Focussing on

the pump-induced change of the measurements with ∆t = −1.5 ns, a similar result reveals

the measurement with a time delay ∆t = 0.6 ns, indicating that the change of coherence is

similar if the nuclear-excitation by the SR pulse precedes or follows the optical pump pulse.

This finding indicates the presence of antiferromagnetic and ferromagnetic domains formed

within the laser-affected region, which is, according to Bergmann et al. [195], a proposed

growth mechanism of laser-induced magnetization in FeRh. The intensity recovers on a time

scale of a few ns, while the recovery process can be described within an exponential growth

using a time constant of τ = 9.4 ns. This suggests that the relaxation into a fully antifer-

romagnetic state is considerably slower as it was also observed in pump-probe valence band

photoemission experiments by Pressacco et al. [162], who identified the presence of a fer-

romagnetic phase even after a time delay ∆t = 4 ns. Time-resolved XPEEM measurements

indicate a slow recovery of the antiferromagnetic phase [155] on the same time scale.

Summarizing all of the experimental insights from the pump-probe experiments utilizing

elastic nuclear forward scattering, the power-dependence of the hyperfine field Bhf reveals

a reduction with rising laser fluence Fth, due to the deposition of additional heat provided

by the laser. By creating a non-equilibrium condition, where static heating does not fully

achieve the ferromagnetic phase, a complete suppression of the quantum beat structure

originating from nuclear forward scattering is present. It can be explained by the interaction

of the laser beam with the material – resulting in a change of the coherent state of the

system. Time-delay dependent measurements reveal a recovery of the intensity in the order

of 10 ns, indicating the co-existence of domains with different magnetic phases, probed within

the coherence length of the SR beam (generally in the order of 100µm). It is worthwhile to

mention that it is currently not possible to further evaluate the experimental data with known

algorithms and software like CONUSS [45], since the obtained signal is a convolution of the

dynamical state (associated with the ultrashort laser pulse) and the time-dependent signal,

resulting from the quantum interference of the nuclear resonant photons. Nevertheless, a

summary of the remaining open questions and a general outlook with the newly adopted

optical pump-nuclear resonance probe experiments will be given in section 6.
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Pump-probe incoherent nuclear inelastic scattering

Nuclear Resonant Inelastic X-ray Scattering gives a unique possibility to investigate the

partial vibrational density of states. In a first experiment, Figure 4-31 depicts the changes

in the vibrational density of states in the antiferromagnetic and ferromagnetic phase for

the 40 nm thin FeRh film measured at the beamline P01, at PETRA III, with the same

energy-resolution used for all of the pump-probe investigations.

Figure 4-31.: (Upper panel) Fe-partial vibrational

density of states in the antiferromag-

netic (red line) and ferromagnetic

phase (blue line). (Lower panel) rel-

ative changes of the vibrational den-

sity of states between the two mag-

netic phases.

One should notice that the overall fluo-

rescence yield of nuclear inelastic scat-

tering events is relatively small. For

the performed steady-state experiment

on the FeRh thin film, the photon-yield

at relative energy of 31 meV (the max-

imum in the antiferromagnetic vibra-

tional density of states g(E)) is 1.4 %

of the peak intensity at ∆E = 0meV

– showing the experimental difficulty

to detect the signal associated with

the nuclear inelastic scattering process.

Therefore, it is necessary to obtain the

time-dependent evolution at fixed rela-

tive energies, before it is possible to ex-

ecute a full nuclear inelastic scattering

scan at a fixed time delay ∆t – mak-

ing it possible to investigate the relax-

ation of the lattice dynamics. Due to

the large signal at the elastic peak, one

time-delay scan has been performed at

the elastic peak (∆E =0 meV). Addi-

tionally, a further delay scan has been

performed at an relative energy ∆E of

23 meV, since we expect a change of up to 60 % from the previously discussed static

temperature-dependent measurements (see Figure (4-31)).

Figure 4-32 depicts the delay-scans at a fixed relative photon energy ∆E. For both energies,

a maximum of the pump-induced change occurs after a time delay of 1 ns. After the maximum

pump-induced change is achieved, it seems that the relaxation-process for the elastic peak

∆E = 0 meV occurs on a faster timescale compared to ∆E = 23 mev. An exponential

growth/decay theoretically describes the temporal evolution of the elastic peak – revealing

a time constant for the pump-induced change within 300 ps and afterwards a decay on the

same time scale. A similar exponential decay for the temporal evolution of the time delay
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Figure 4-32.: Time delay scans for the pump-induced change of the nuclear inelastic scat-

tering intensity at a fixed relative energy ∆E of (a) 23 meV and (b) 0 meV.

Measurements were performed at an ambient temperature Tamb = 200 K with

a laser fluence Fth = 12.11 mJ
cm2 . The red lines represents a guide to the eye,

while the blue lines are an exponential fit of the experimental data. The dashed

black line represents ∆t = 750 ps – Figure 4-33 illustrates the time delay of

the full NRIXS-spectra.

measured at 23 meV reveals a time constant of 1.8 ns. The difference in the relaxation

time constants of 300 ps (∆E = 0 meV) and (∆E = 23 meV) suggests different relaxation

behaviours. A comparison of literature results on the pump-induced structural dynamics on

FeRh by Quirin et al. and Mariager et al. shows that the lattice expansion occurs on a time

scale below 50 ps [154], while the lattice constant suggests a ferromagnetic phase even after

400 ps [161].

In addition to the time-dependence of the spectral features, it was possible to obtain a full

nuclear inelastic scattering (NRIXS) spectrum at a fixed time delay ∆t. As discussed in

section 2.2.3.3, a full NRIXS spectrum consists of the phonon annihilation (∆E < 0) and

phonon creation (∆E > 0) branches, while the ratio of these two parts reveals the detailed

balance temperature as (see Eq. (2-61))

S1(E) = S1(−E) exp

(
E

kBT

)
, (4-11)

with the one-phonon excitation probability S1(E). With this relation, it is possible to

approximate the lattice temperature of the system.
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Figure 4-33.: Comparison of the NRIXS spectra for the unpumped (a) and pumped state (b).

Comparison of the phonon creation branch S(E) (black line), phonon annihi-

lation branch S(−E) (blue line) and rescaled phonon annihilation contribution

SR(−E) (red line). Measurement performed at a temperature Tamb = 200 K

with a laser fluence Fth = 12.11 mJ
cm2 .
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In the following, we define the rescaled excitation probability SR(−E) as

SR(E) = S(−E) exp

(
E

kBT

)
= S(−E) exp (βE) , (4-12)

with the inverse temperature β = 1
kBT

. Therefore, we can compare the phonon annihilation

and creation branches for the pumped and unpumped case and assign a temperature to

the lattice. Figure 4-33 depicts the NRIXS spectrum with E>0 for the unpumped state

(∆t > 384ns) and the pumped state (∆t = 750 ps) with the ratio of the two branches.

For the unpumped spectrum (∆t > 384 ns), there is no difference visible between creation

and the rescaled annihilation branches with an assumed temperature of T = 306 K. For

the pumped state, the low energy phonon (acoustic phonons) reveal a similar trend indi-

cating no significant differences for the two branches with an assumed lattice temperature

of T = 315 K. In contrast, a large difference between the two photons branches exists for

E > 25 meV – indicating an imbalance of phonon annihilation and creation processes. This

imbalance indicates that 750 ps after laser excitation the optical phonon system has not

been equilibrated, while the acoustic phonon system already has. In reference to the often

referred 2 or 3 temperature model, the measurements performed with a fixed time delay

of ∆t = 750 ps indicate the presence of different temperatures for the phonon system after

laser excitation. Figure 4-34 depicts the nuclear inelastic scattering spectrum for all defined

Figure 4-34.: Nuclear inelastic scattering signal for different time delays ∆t from the region

of interest. The phonon annihilation branch has been rescaled by Eq. (4-12)

with the highlighted temperatures. Measurements performed at Tamb = 200 K

with Fth = 12.11 mJ
cm2 . The spectra have been vertically shifted for clarity.
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regions of interest. Therefore, we can state that the imbalance of phonon creation and anni-

hilation processes can be attributed to the incident laser pulse and is not an artefact due to

the low intensity. Due to the mentioned complexity and low fluorescence yield in the exper-

iment, it was not possible to obtain an additional nuclear inelastic scattering spectrum at

different time delays ∆t < 1 ns, except the discussed one. In general, the different behaviour

of acoustic and optical phonons also follows the temporal evolution shown in Fig. 4-32.

Currently, an explanation for the different thermalization rates of the optical and acoustic

phonons relates to two different coupling mechanism and needs to be verified by theoreticians

in the future. In a pump-probe experiment, the laser directly heats the electronic system,

which thermalizes with the spin and the phonon system due to spin-orbit or electron-phonon

coupling. A possible explanation for the different phonon temperatures would be the presence

of variations in the electron-phonon coupling depending on the phonon dispersion curve.

This can lead to different thermalization rates for different phonons and would explain the

higher temperature for optical phonons with the energy of 32 meV. A different explanation

could be the contribution of phonon-magnon coupling. Associated with the phase transition

from the antiferromagnetic to ferromagnetic phase is a change of the magnon dispersion

[196]. The introduction of an additional relaxation pathway (in the form of magnon-phonon

coupling) could also influence the thermalization of the lattice system. The co-existence of

both magnetic phases (antiferromagnetic and ferromagnetic), as suggested in different TR-

MOKE experiments, will also affect the present magnon dispersion, consisting of an average

of the antiferromagnetic and ferromagnetic dispersion curve.

Summarizing, the novel ”optical pump - nuclear inelastic probe” measurements reveal differ-

ent temporal evolution of acoustic and optical phonons. For individual acoustic and optical

phonons, the maximum pump-induced change occurs on a timescale of 1 ns, while an expo-

nential decay can describe the relaxation process with a time constant of 300 ps (elastic peak)

and 1.8 ns (optical phonons). A complete NRIXS scan at a fixed time delay ∆t = 750 ps

indicates different temperatures for acoustic and optical phonons and may be explained by

differences in the electron-phonon or phonon-magnon coupling, which needs to be verified by

theory. Although the current experimental scheme only achieves a time-resolution of 150 ps,

a unique insight into the lattice dynamics of metallic materials is possible. Within section

6, specific improvements to modify the time resolution and signal quality will be discussed,

combined with new possibilities to investigate different material systems.



4.5 Magnetic response to static and dynamic disorder 99

4.5. Magnetic response to static and dynamic disorder

In the following, we try to compare the metamagnetic phase transition, which usually is

temperature-driven (referred to as dynamic disorder) with the disorder-driven one by the

introduction of static disorder through ion irradiation. Therefore, a definition of dynamic

and static disorder is necessary. Here, dynamic disorder refers to lattice vibration in the

form of zero-point vibrations at low temperatures or by phonons at higher temperatures.

All of these vibrations lead to oscillating displacements of the nuclei inside the lattice, while

the general symmetry is conserved. While this type of disorder is a function of temperature,

static disorder is temperature independent and has its origin, for example, already in the

crystallisation process of the sample preparation and can be caused by epitaxial growth of

thin films. Besides these effects, static disorder can occur in the form of mono-vacancies,

vacancy clusters [197], anti-site contributions or grain boundaries. These defects lead to

a change of the physical properties on a microscopic level, which will be explained in the

following.

For example, the occurrence of an anti-site contribution leads to the stabilisation of ferromag-

netism in Fe-rich FeAl [175, 198] or FeRh [105] due to a change of the exchange interaction.

In the case of Fe51Rh49, Fe-atoms occupies the initial Rh-site and possess a total of eight

nearest-neighbours – leading to a bcc-Fe configuration, which stabilises the ferromagnetic

phase even at low temperatures. In contrast, a grain boundary or a void generates a lattice

distortion, effectively varying the distances between two neighbouring atoms. These static

variations and lattice distortions lead to a blurred distribution of bond lengths and can be

compared to the time-averaged variations of nearest-neighbour distances generated by lattice

vibrations. Therefore, in a first-order approximation, we can assume that in a time-averaged

experiment, static and dynamic displacements can not be differentiated.

To fully address the differences and similarities of static and dynamic disorder combined

with the magnetic response in FeRh, a combination of different microscopic and macro-

scopic measurement methods were utilised for the investigation of the electronic, local and

defect structure. By combining magnetometry and Mössbauer spectroscopy, it is possible

to relate changes of the macroscopic magnetisation to the local Fe moment and compare

the microscopic and macroscopic magnetic properties. In addition to the investigation of

the electronic structure, the element-specific EXAFS spectroscopy at the Fe K edge reveals

the changes of the local structure. While all of the above mentioned spectroscopic tech-

niques may reveal the occurrence of anti-site contributions, the interlink between defects and

the disordering process will be further investigated by positron annihilation spectroscopy.

The combination of different experimental techniques reveals that for an ion irradiation

fluence below 0.4 Ne+/nm2 a similarity of the AFM-FM transition occurs compared to a

temperature-induced phase transition. For higher irradiation fluences, the X-ray absorption

fine structure indicates a non-isostructural phase transition from an ordered bcc structure

to a disordered fcc structure, which leads to the suppression of magnetic ordering at higher
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Figure 4-35.: Macroscopic magnetisation as a function of magnetic field (a) and temperature

(b) for different irradiation fluences. The field dependent measurements were

performed at 300 K, while for the temperature dependent measurements an

external magnetic field of 10 mT was applied. The inset of Figure (a) depicts

the magnetic hysteresis in a field range ±80 mT. The same color code is valid

for (a) and (b). Figure taken from Ref. [192].

fluences.

First of all, it is necessary to investigate the macroscopic effect of the induced structural

disorder on the magnetic properties.

Figure 4-35 (a) depicts the field-dependent magnetisation curve for different disordered

states, while all measurements are performed on similar prepared MBE-grown 40 nm FeRh

thin films, with a small residual A1 phase, as discussed in section 4.1. For the as-grown film,

a small saturation magnetisation of 25 emu/cm3 occurs, consistent for a mainly AFM-ordered

system with a small fraction of non-compensated Fe-spins particularly located at the surface

[152] and the FeRh/MgO-interface [199]. For the irradiated sample below 0.125 Ne+/nm2

a two-step hysteresis occurs and can be separated into two processes. In a magnetic field

below ±80 mT, a hysteresis occurs with a coercive field below 50 mT (compare inset of Fig.

4-35 (a)), while for higher magnetic fields a second loop occurs which closes in the case of

applying a magnetic field of 9 T. A similar loop can also be observed in the ordered sam-

ples at temperatures below the phase transition by applying a large magnetic field (e.g.

H ≈ 11 T for T ≈ 300 K [180]) and can be interpreted as the field-induced isostructural

AFM-FM phase transition [200]. For higher irradiation fluences only a single hysteresis

loop occurs at room temperature, which indicates that the AFM-FM transition has been

fully achieved. Temperature-dependent magnetisation measurements, illustrated in Figure

4-35 (b), indicate that for the initial B2-ordered sample the first-order phase transition oc-
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curs at 370 K with a width of 10 K for the thermal hysteresis, while the phase transition

shifts towards lower temperatures and the hysteresis width increases with rising ion fluence.

Focusing on the shape of the hysteresis, it appears that a broad thermal phase transition

exists, possibly due to a broad distribution of transition temperatures, as it is evident for

the sample irradiated with 0.4Ne+/nm2. As a side note, the increase of the magnetisation at

low temperatures originates from defects and impurities [201] in the MgO substrate, making

it difficult to extract the magnetic properties of FeRh at these temperatures.

Concentrating on the microscopic magnetic structure, Mössbauer spectroscopy was utilised

to investigate the changes for both phase transitions. Even though the Mössbauer results

on the temperature-driven phase transition was discussed in detail in chapter 4.1, a short

summary of the outcome is given in the following.

Figure 4-36 (i) shows the zero-field Mössbauer spectrum of B2-FeRh with a minor singlet

contribution, corresponding to A1-FeRh. A detailed investigation of the room temperature

measurement and the different measurements are taken with rising temperatures indicate a

hyperfine field Bhf of 25.4 T, while the hyperfine field Bhf reduces with increasing temperature

up to a temperature close to 370 K. As depicted in Figure 4-36 (ii), at higher temperatures,

a third spectral contribution occurs with a larger hyperfine field Bhf , indicating the isostruc-

tural AFM-FM transition. The temperature-dependence of the hyperfine field Bhf reveals

a discontinuity of 1.4 T, which can be attributed to the AFM-FM transition and associated

with the change of the magnetic moment of Fe. Analysing the thermal evolution of the

hyperfine field Bhf contributions below 375 K, and above 385 K lead to an extrapolated Néel

temperature TN = 615± 17 K for the AFM phase and a Curie temperature TC = 662± 13 K

for the FM phase, which is in a reasonable agreement with the Curie temperature obtained

by magnetometry on thin films (TC = 670 K) [181] and bulk materials (TC = 675 K) [202].

Figure 4-36 (iii) depicts the different Mössbauer spectra in the chemically disordered state

after irradiation with 25 keV Ne+ with an ion fluence up to 0.4Ne+/nm2.

Comparing to the as-grown material at room temperature (see Figure 4-36 (i)), an additional

component arises, which leads to a broadening of lines 2 and 4 – combined with the occurrence

of additional spectral fine structures at line 1 and 6. Detailed theoretical modelling reveals

a hyperfine field Bhf of 27.4 T for the additional phase. Increasing the static structural

disorder by further irradiation leads to an increasing relative spectral area of this phase

compared to the initial AFM-ordered B2-FeRh, while for a sample with 0.4Ne+/nm2 the

average hyperfine field 〈Bhf〉 is 27.4 T. A comparison of the hyperfine field Bhf associated

with the structurally disordered phase with different literature values for FeRh indicates a

similar splitting compared to Fe-rich Fe51Rh49 at room temperature [104, 105]. Interestingly,

in Fe51Rh49 occurs an anti-site Fe contribution (Fe on an initial Rh site), as an additional

magnetic contribution, with a hyperfine field splitting Bhf(FeII) of 38 T, which is not present

in the performed measurements (red circles indicate expected position in layer (i) & (iii)).

Similarly, it is possible to neglect the formation of the disordered bcc-phase (A2), since for

this phase the hyperfine field Bhf(A2) = is 35 T [104] and does not occur in the experiment.
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Figure 4-36.: Zero-field CEMS results for 40 nm thin FeRh films. (i) Room temperature

Mössbauer spectrum and corresponding least-squares fit for the B2-FeRh thin

film. The corresponding nomenclature of the different sextet lines is shown. (ii)

Spectra for different temperatures across the phase transition in the AFM-FM

coexistence region. The corresponding measurement temperature is presented

in each layer. (iii) Spectra for samples irradiated with different ion fluences

varying from 0.05 Ne+/nm22
up to 0.4 Ne+/nm22

with an ion energy of 25 keV.

In all graphs, the blue subspectra describes a paramagnetic secondary phase,

while the green subspectra illustrates the contribution of hyperfine fields. The

expected positions of sextets line 1 and 6 caused by anti-site Fe [104, 105] is

highlighted by red circles in Fig. 4-36 (i). Figure taken from Ref. [192].

One can see that the samples have different amounts of A1-FeRh (central blue singlet),

showing an inhomogeneous distribution of this impurity phase [128], since for the present

low irradiation fluences a formation of additional A1-FeRh does not occur [165, 178, 179].
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Figure 4-37.: Hyperfine field distribution p (Bhf ) (color code) obtained from zero-field con-

version electron Mössbauer spectroscopy for a 40 nm FeRh thin film. Subfigure

(a) shows the changes of the hyperfine field distribution across the magne-

tostructural phase transition and subfigure (b) illustrates the hyperfine field

distribution at 300 K for different disordered states obtained by ion irradiation

with 25 keV Ne+ with different fluences. Subfigures (c) and (d) present the

p (Bhf ) distribution as a function of the macroscopic (remanent) magnetization

obtained from temperature dependent (c) or field dependent measurements (d)

shown in Figure 4-35. The value of the average hyperfine field 〈Bhf〉 for each

measurement is indicated with a black dot. Figure taken from Ref. [192].

All of the discussed Mössbauer spectra were modelled by a hyperfine field distribution p (Bhf)

and will be discussed in the following. Figure 4-37 (a) & (b) depicts the obtained hyperfine

field distribution p (Bhf) for the temperature-driven and irradiation-induced transition in a
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contour plot. In the following, we want to compare these two kind of transitions. Therefore,

it is necessary to define an order-parameter for both samples. As discussed within 4-35 the

macroscopic remanent magnetisation indicates the state of the system and will, therefore,

be used as the order parameter of the transition. Figure 4-37 (c) & (d) depicts the change

of the microscopic Fe moment in two different types of phase-transitions as a function of

the remanent macroscopic magnetisation. In both cases, a similar change occurs from the

AFM phase to the FM phase, while the coexistence of both phases exists combined with a

discontinuity of the hyperfine field ∆Bhf in a similar range of 1.5 T to 2 T. By focussing on the

systematic-disordered states, we see the emergence of a hyperfine field Bhf with 27.4 T, which

is similar to the hyperfine splitting for ferromagnetic Fe51Rh49 at room temperature [104,

105, 113] and is also the extrapolated splitting at room-temperature from the temperature-

dependent investigation (see Figure 4-37 (a)). Interestingly, no indication for the formation

of Fe anti-site contributions or the A2-phase is present. Summarising the comparison of these

two procedures to induce ferromagnetic ordering in FeRh, the measurements suggest that

the metamagnetic isostructural phase transition can be driven by ion irradiation with low

fluences, as the changes of the microscopic moment of Fe as a function of the macroscopic

remanent magnetisation show a similar trend compared to a temperature-driven system

(figure 4-37).

Concentrating on the changes of the local structure due to ion irradiation, Fe K edge EXAFS

reveals the local structure around the Fe-nuclei at a measurement temperature T = 5 K. The

DEMETER package [188] has been utilized to analyse the experimental data and extract the

oscillating fine structure χ(k). Figure 4-38 depicts the oscillating fine structure kχ(k) and

the corresponding Fourier transform for both samples. For the as-grown and ion irradiated

sample (ion fluence of 0.4Ne+/nm2), the Fourier transform was performed for wavenumbers

k between kmin = 2.3 Å
−1

and kmax = 13.3 Å
−1

with a Hanning function (window function)

with a width of dk = 0.1 Å
−1

. This yields to an accessible k-range of ∆k = 11 Å
−1

.

Focussing on the experimental fine structure kχ(k) for the as-grown state (black curve in

Figure 4-38 (a)), it is possible to describe the envelope by two overlapping Gaussian curves,

which yields to an intensity minimum between k = 5 to 7 Å−1. The Ramsauer-Townsend

effect causes this type of envelope due to the presence of heavy elements in the first backscat-

tering shell, indicating that the first neighbouring shell of Fe consists of a majority of Rh

backscattering atoms, as expected for B2 FeRh. FEFF calculations of a Fe-Rh scattering

path reveals the presence of two distinct maxima in the backscattering amplitude fj(k),

which leads to a beating structure in the Fourier transform (see Figure 4-38 (b)) for the first

peak between 1.5-3 Å and the dip at 2 Å [203]. A similar effect is evident in the irradiated

case, indicating the remaining majority of Rh atoms in the first backscattering shell around

Fe.

A comparison of kχ(k) for the as-grown and irradiated sample reveals an amplitude reduction

for the irradiated sample, which seems to be k-dependent. Such a decrease hints towards a

Debye-Waller damping caused by an increased mean square relative displacement σ2. Due to
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Figure 4-38.: (a)Fe K edge EXAFS oscillations kχ (k) for an initial 100 nm FeRh (black)

thin film and the sample irradiated with 0.4 Ne+/nm2 with an ion energy of

110 keV (red). (b) Corresponding Fourier transforms |FT (kχ (k))|. Details

concerning the Fourier transform are given in the text. Measurements have

been performed at T = 5 K. Figure taken from Ref. [192].

the low measurement temperature, we can assume to be in the range of zero-point vibrations,

which lets us conclude that static structural disorder leads to the increased σ2. Besides, a

comparison of the general characteristic envelope of kχ(k) and the individual oscillation

frequencies (see Figure 4-38 (b)) suggests a similar local structure around the Fe-atom,

indicating that even after light ion irradiation the B2 ordering of the crystal structure is

still valid. It is possible to simulate the induced structural disorder by applying a damping

term exp (−2σ2k2) to the as-grown state with the mean square relative displacement σ2 =

9 · 10−4 Å−2. Wakisaka et al. [73] found a similar increase of σ2 in temperature-driven phase

transition in FeRh by temperature-dependent EXAFS measurements at Fe and Rh K edge,

while 57Fe NRIXS shows a similar change of 〈∆x2〉 ≈ 6 · 10−4 Å2 along the metamagnetic

phase transition.

Besides the changes of the local and magnetic structure, positron annihilation spectroscopy

probes the concentration of open volume defects in a solid. In the following, Doppler broaden-

ing variable energy positron annihilation spectroscopy is utilised, where one detects changes

of the width and intensity of the positron annihilation line and associates these to the

defect concentration. In the following, the discussion will mainly concentrate on the S-

parameter, reflecting the concentration of vacancy-like defects. Figure 4-39 depicts the

positron-energy dependence of the S-parameter for the as-grown film and irradiated sample

with 0.125 Ne+/nm2 and shows a reduction in the range from 0.75 keV to 4.5 keV, indicating

a change of the defect-concentration in the FeRh film. For larger positron energies than

4.5 keV, the defect concentration is not changing, since irradiation with 25 keV Ne+ affects
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Figure 4-39.: Line shape parameter S of the positron annihilation line as a function of the

incident positron energy obtained by DB-VEPAS. Theoretical fits of the S(E)

spectrum are presented for the as-grown and irradiated samples with a fluence

of 0.125 Ne+/nm2. Figure adapted from [192].

only the volume of the FeRh thin film and not the MgO substrate.

Furthermore, the positron diffusion length, L+, has been extracted from the experimental

data by using the VEPFit code [204], which is inversely proportional to the defect concentra-

tion [204]. The positron diffusion length L+ has been calculated as 19.7(1) nm, 7.27(4) nm,

and 5.68(4) nm for the as-grown, irradiated with 0.1 Ne+/nm2, and 0.125 Ne+/nm2 films,

respectively, while for the calculation the thickness of the film was fixed to 42.8 nm for all

three samples with a material density of ρFeRh = 9.76 g/cm3 and ρMgO = 3.6 g/cm3 for FeRh

and MgO, respectively. For the MgO substrate, the positron diffusion length L+ has been

fixed to 35 nm for all investigated samples (the fitted values: 33-37 nm). The as-grown sam-

ple, because of a large L+, has a relatively low defect concentration nearly as low as the

MgO crystal, while the irradiation of the film introduces vacancy like defects. The current

state of the experiment suggests that the size of defects remains identical, while the defect

concentration increases with rising ion fluence by a factor of ∼4 – resulting in a growth of the

open volume fraction. Unfortunately, it is currently not possible to further characterise the
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type of open volume by utilising Doppler broadening variable energy positron annihilation

spectroscopy to differentiate the contribution of static disorder or vacancy like defects. Nev-

ertheless, the increase of the open volumes is consistent with the increased static disorder

observed in the ion-irradiated films, as determined from the EXAFS measurements.

Due to the variety of differently performed experiments, it is useful to summarise the re-

sults obtained for the disorder-induced phase transition for ion fluences up to 0.4Ne+/nm2.

Concentrating on the structural characterisation, EXAFS does not suggest the formation of

Fe-rich regions or intermixing of the nearest-neighbouring shells, since the relative intensity

of specific features in the Fourier transform are identical for the ordered (as-grown) and

disordered (ion irradiated) phase. They are suggesting that no local variations of the chem-

ical composition are present, which would lead to the formation of Fe-rich regions combined

with an onset of ferromagnetism, which is the origin of the disorder-induced ferromagnetic

phase in Fe60Al40 [175]. Therefore, the mechanism of the disorder-induced ferromagnetic

phase in FeRh and FeAl is not identical. In general, the EXAFS-results are contrary to

XRD investigations of ion irradiated FeRh by Cervera et al. [179], where a decrease of the

long-range order parameter S indicates intermixing of Fe and Rh atoms. Instead, it is pos-

sible to describe the observed fine structure oscillations of the structural-disordered sample

by applying a static mean square relative displacement (MSRD) σ2
stat of 9 · 10−4 Å−2. At

the same time, potential changes in the dynamic contributions can be neglected due to the

low measurement temperature (T = 5 K). Therefore, EXAFS suggests a similar cubic crys-

tal structure after ion irradiation, while the increased MSRD can be explained due to the

induced structural disorder and lattice distortion, caused by trapped Ne ions on interstitial

sites or in voids [178], or a decreased grain size, while PAS confirms the increased defect

concentration. Looking on the effects on the magnetic structure, temperature-dependent

magnetisation measurements indicate ferromagnetic ordering at low temperatures for the

disordered state, combined with a broadening of the thermal hysteresis and the occurrence

of a broad distribution of transition temperature Ttr. Field-dependent measurements re-

veal the coexistence of two distinct different ferromagnetic phases, while the soft-magnetic

phase (occurring in a field range between ±80 mT) is associated with the disorder-induced

phase. The second magnetic phase can be attributed to the hard magnetic B2 phase with

an initial antiferromagnetic ordering. For this phase, the applied magnetic field breaks the

anti-parallel spin alignment and induces the formation of ferromagnetic ordering. As dis-

cussed, by defining the remanent macroscopic magnetisation Mr as an order parameter for

the temperature-driven or ion-irradiation induced AFM-FM transition, a similar trend of

the hyperfine field Bhf occurs for these two distinct transitions. Interestingly, the hyper-

fine field Bhf of the disorder-induced ferromagnetic phase of 27.4 T could be explained by

a change in the chemical composition. Within the EXAFS and Mössbauer measurements,

the occurrence of anti-site Fe is well below 0.6 Fe-at.%, which is not enough for the stabil-

isation of the ferromagnetic phase at these temperatures. Therefore, the formation of the

ferromagnetic ordering needs to be explained by a different mechanism. In the present case,
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the short-range disorder, measured by the mean square relative displacement σ2 increases by

9 · 10−4 Å−2, while Wakisaka et al. showed a similar change of σ2 by temperature-dependent

measurements, while the discontinuity of the mean square displacement 〈∆x2〉 from the Fe-

partial VDOS could be extracted to 6·10−4 Å2 (see section 4.3). The similar behaviour of the

mean square displacement suggests that the ferromagnetic phase can already be stabilised by

the introduction of slight displacements in the form of lattice distortions and grain bound-

aries. Combining the observed changes of the hyperfine field splitting towards an identical

splitting in the FM phase at 300 K and an increase of the static disorder in EXAFS with

absent changes of the chemical composition – the effect can be explained in such a way that

a structural defect breaks the local symmetry and modifies the electronic structure, there-

fore, effectively lowering the transition temperature of the surrounding. This concept of a

defect-driven domain nucleation growth in B2-FeRh was previously suggested by Keavney

et al. [125]. Therefore, it is possible to say that the disorder-induced ferromagnetic phase in

FeRh proceeds via a B2-B2 transition with slight displacement for low ion fluences, instead

of the known B2-A2 transition in Fe60Al40, even for ion fluences in the range of 6 Ne+/nm2.

Therefore it is necessary to investigate the local structure for similar large fluences.

Local structure after high irradiation fluence

To investigate the local structure after ion irradiation with higher ion fluences6, EXAFS mea-

surements were performed on a sample irradiated with 50 Ne+/nm2, while Figure 4-40 (a)

depicts the fine structure for an as-grown and irradiated FeRh thin film. Even though, the

fine structure is similar up to k = 3.5 Å−1, for higher wave numbers distinct differences exist.

For low wavenumbers k, the fine structure is dominated by the near edge and hints towards

a similar electronic structure. For higher wavenumbers, higher frequency components are

absent, indicating a change of the crystal structure, while in addition the intensity reduction

for k > 6 Å−1 suggests the existence of high structural disorder due to the present damping

of the Debye-Waller factor. Focussing on the Fourier transform, Figure 4-40 (b) indicates

the absence of all backscattering shells except for the first shell up to radial distances R of

3Å, indicating the relatively large mean square relative displacements σ2, while even the first

backscattering shell is firmly damped - compared to the as-grown material.

Due to the large intensity reduction in the Fourier transform, one expects to find a strongly

disordered system, while for the theoretical modelling, one assumes the contribution of only

two scattering paths, to be precise the first Fe-Rh and Fe-Fe paths. It is sufficient only to

model the first backscattering shell since for larger R no significant contributions are present

in the Fourier transform. Therefore, a cluster of Fe and Rh atoms has been prepared with

one absorbing Fe atom. For the simulation, the program Artemis [188] has been utilised to

vary the radial distance R, the degeneracy N and the mean square relative displacement σ2,

while the amplitude reduction factor S2
0 has been fixed to a constant value.

6The results shown here were achieved as part of Johanna Lill’s bachelor thesis and noted in Ref. 184.
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Figure 4-40.: Comparison of the experimental Fe K edge fine structure kχ(k) (a) and the

corresponding Fourier transform FT (kχ(k)) (R) for an as-grown 100 nm FeRh

film (black line) and a disordered FeRh film irradiated with 50 Ne+/nm2 with

an ion energy of 110 keV. Measurement performed at T = 5 K. Figure adapted

from Ref. [186].

Figure 4-41.: Experiment and theoretical modelling of the Fe K edge fine structure kχ(k)

(a) and the corresponding Fourier transform FT (kχ(k)) (R) for a disordered

100 nm FeRh film irradiated with 50 Ne+/nm2 with an ion energy of 110 keV.

Measurement performed at T = 5 K. Figure adapted from Ref. [186].
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Thereby, Figure 4-41 depicts two different models to describe the spectral fine structure

kχ(k), while Table 4-2 lists the obtained fit parameters. In the first approach, the first

backscattering shell consists of 9 Fe-atoms at a distance of 2.664 Å and 3 Rh-atoms at

2.617 Å, respectively. As Table 4-2 depicts, the Fe-Fe scattering paths has a relatively large

σ2 of 0.0159 Å2, which leads to strong damping of the respective spectral contribution. This

relatively large damping results in a fine structure kχ(k), which is completely associated

with the Fe-Rh scattering path. The second approach consists of different chemical com-

position in the first backscattering shell of 10 (2) Fe (Rh) atoms, where similar distances

R and mean square relative displacements σ2 occur. Both of these models describe the

experimental spectrum reasonably well as Figure 4-41 depicts, while the discrepancy at

low wavenumbers k might be attributed to the non-correct consideration of inelastic losses,

similar to the ordered case. Either way, the current modelling already indicates some in-

teresting changes. First of all, we can see that the fully disordered state consists of an fcc-

structure, since the total amount of nearest neighbours increased from 8 (bcc) to 12 atoms

(fcc), showing that by focussing on the extreme conditions, the disorder-induced transition

proceeds from the B2 to an A1 crystal structure, with a Fe-rich surrounding. Secondly,

Table 4-2.: Fit parameters obtained for the two discussed mod-

els showed in Figure 4-41 to describe the experi-

mental spectrum of a FeRh-sample irradiated with

10 Ne+/nm2. For the calculation, the amplitude

reduction factor S2
0 has been set to 0.8, and an en-

ergy shift ∆E0 of 5 eV was obtained.

Path Degeneracy, Nj Radial distance, R MSRD, σ2(
Å
) (

Å2
)

Fe-Fe 9 2.664 0.0143

Fe-Rh 3 2.617 0.0021

Fe-Fe 10 2.671 0.0159

Fe-Rh 2 2.615 0.0031

even the first backscatter-

ing shell indicates strong

disordering since the Fe-Rh,

and Fe-Fe distances R dif-

ferentiate by ∼ 0.05 Å2. In

the end, the mean square

relative displacement σ2 in-

dicates that the Fe-Fe scat-

tering path shows a broad

distribution of distances –

leading to a larger σ2,

which could be explained

by the lower mass of Fe

with respect to Rh, result-

ing in an easier displacement from the initial site after the collision with the Ne ion.

Summarising, the investigation for low irradiation fluences reveals the onset of ferromag-

netism, while the local structure indicates the increase of static disorder and the concentra-

tion of open volume defects. In contrast, CEMS and EXAFS do not indicate substantial

intermixing of Fe and Rh atoms for these irradiation fluences. Besides, the magnetic struc-

ture as probed by CEMS and magnetometry indicates the presence of two distinct ferro-

magnetic phases, whose magnetic properties suggest the formation of ferromagnetic FeRh,

while the crystal structure remains B2 ordered. This is in contrast to different B2 alloys,

like FeAl, where the disorder-induced transition occurs from B2 to an A2 crystal structure

[174, 175]. Focusing on the effects of higher irradiation fluences reveals the formation of the
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Figure 4-42.: Schematic illustration of dynamic (left) and structural (right) disorder in FeRh.

Figure taken from Ref. [192].

A1 structure, while the theoretical modelling of the EXAFS fine structure kχ(k) reveals the

formation of a Fe-rich surrounding. Therefore, we can state that the ion irradiation-induced

phase transition proceeds from the B2 structure to the A1 structure, which is energetically

favoured [205]. A comparison of the thermal-driven and structural disorder-driven phase

transition reveals a jump-like behaviour of the remanent magnetisation dependence of the

hyperfine field, indicating that it is sufficient to induce slight deviations in the Fe-Fe and

Fe-Rh distances to stabilise ferromagnetic ordering at low temperatures. Such variations

in the bond-distances can be of dynamic nature in the form of thermal excitation (lattice

vibrations), while it is also sufficient to induce static structural disorder in the form of grain

boundaries to stabilise the ferromagnetic phase below room temperature. One can under-

stand this phenomenon with the help of Figure 4-42, since static disorder is a snap-shot

equivalent of the dynamic disorder contribution in an ensemble average. In addition, it is

possible to tailor the metamagnetic phase transition of FeRh by inducing secondary phases

like A1-FeRh, as suggested by Keavney et al. [125] and Chirkova et al. [128], while similar

approaches can be utilised in Heusler alloys [206, 207].



5. The Sn-moment as a detector for the

formation of core-shell precipitates in

Ni50Mn45Sn5-Heusler alloys

Contrary to the system FeRh, Ni-Mn based Heusler alloys possess a non-isostructural phase

transition, which serves as prototype systems for investigating fundamental physical phe-

nomena such as structural disorder [208] and intrinsic exchange bias [209], most of which are

related to the presence of mixed magnetic interactions at the microscopic scale. Aside from

their physical properties, these alloys have many functionalities based on the presence of the

first-order magnetostructural transition, with potential room-temperature applications in

the areas of magnetic shape-memory, magnetocalorics [210] and spintronics [211]. A newly

achieved property of the off-stoichiometric Heusler alloys is the shell-ferromagnetic effect,

which is less studied.

Shell-ferromagnetism is a recently discovered effect [206] in Mn-rich antiferromagnetic (AF)

Heusler-based compounds, that opens paths to possible functionalities. This effect occurs

when Ni50Mn45Z5 (Z: Al, Ga, In, Sn, Sb) decomposes into cubic L21 ferromagnetic (FM)

Heusler Ni50Mn25Z25 and L10 antiferromagnetic (AF) Ni50Mn50 during temper-annealing at

temperatures around 600 K < TA < 750 K, where TA is the annealing temperature. By

applying a magnetic field during the annealing process, nano precipitates are formed with

a ferromagnetic shell and embedded in a strongly pinning AF matrix, originated from the

off-stochiometric Ni50Mn45Z5. A collection of shell-FM precipitates in a macroscopic sam-

ple gives rise to a partially compensated magnetic response to an applied magnetic field,

which has been demonstrated in a video [213]. At the same time, Figure 5-1 schematically

illustrates the proposed magnetic structure. The observed pinning mechanism implies that

the formed precipitates could form building blocks for high-performance and light-weight

permanent magnets of unsurpassed coercivity. The shell, consisting of NiMn, within the

precipitate becomes pinned in the direction of the applied magnetic field during annealing

so that the field-dependence up to 9 T appears as a vertically shifted hysteresis loop, while

it is a minor loop within a major loop with a coercive field exceeding 5 T [130]. The rema-

nent magnetisation of the loops is always positive and the shell moments only reorientate

entirely in fields exceeding 20 T, in a temperature range up to 550 K . The core structure of

the precipitate (Ni2MnZ) is, however, magnetically soft, and the spins rotate freely in the

direction of an applied magnetic field. These shell-ferromagnetic structures were first found
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Figure 5-1.: Schematic representation of the Core/Shell ferromagnetic precipitates. The

antiferromagnetic matrix Ni50Mn45Z5, the pinned NiMn shell, and soft magnetic

Ni2MnZ core is represented by the black, red and blue arrows, respectively.

Figure adapted from [212].

as a result of decomposing Ni50Mn45In5 [212] or Ni50Mn45Ga5 [206] at 650 K in a magnetic

field. For the effective compensation of the magnetisation, the surface-to-volume ratio of

the precipitate is important. For the case of a large surface-to-volume ratio, it is possible

that the magnetisation of the Ni2MnZ-core can be compensated by the NiMn-shell, while

for larger precipitates, the NiMn-shell is not sufficient to compensate the magnetisation of

Ni2MnZ and the shell-ferromagnetic effect is not occurring. Scherrer analysis indicates a

precipitate size of 3-5 nm for Ni50Mn45In5 annealed at 650 K, corresponding to a surface-to-

volume ratio [214] of 1.2–2 nm−1, while for Ni50Mn45Sb5 the precipitate size is in a similar

range of 5-10 nm [215].

In this section, 119Sn-Mössbauer spectroscopy tracks the modification of the electronic and

magnetic structure during the decomposition process in off-stoichiometric Ni2MnSn Heusler,

by tracking the evolution of fingerprint contributions, e.g. the occurrence of a spectroscopic

feature from Ni2MnSn. Besides, we can observe residual 119Sn-containing phases during

this decomposition process, which may not be visible in XRD due to the non-existence
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of long-range order. As mentioned in the theory section, for the investigation of magnetic

systems with 119Sn-Mössbauer spectroscopy, compared to other isotopes, only the transferred

hyperfine field (due to nearest-neighbour interactions) and external applied magnetic field

contributes to the abrogation of degeneracy for the I = 1
2

and I = 3
2

nuclei states in the

nuclear Zeeman splitting of 119Sn [216]. Therefore, we are directly probing the induced Sn-

moment. For that reason, we are sensitive to small changes in the magnetic and electronic

structure of Sn which is caused by the local environment, without doping the system for

example with 57Fe and therefore affecting the physical properties of the system [217], by

inducing structural disorder. Recently this property was utilised in 119Sn Mössbauer study

to identify the local stress and defect state of ball-milled Ni50Mn35Sn15 [218].

5.1. Effect of Sn-concentration on the general magnetic

behaviour

Before the investigation of the decomposition process, a comparison of the precursor and

precipitate material is necessary and has been conducted at T = 4.3 K. These measurements

reveal a magnetic ordering for the stoichiometric and off-stoichiometric sample. Figure 5-

2 (a) displays the spectrum from the off-stoichiometric sample, while in Figure 5-2 (c) the

spectrum of the stoichiometric sample is shown. Both spectra can be described by a broad

distribution of hyperfine fields p(Bhf ) (see 5-2 (b), while the stoichiometric sample shows

a pronounced spectral fine structure leading to a defined structure of the hyperfine field

distribution. It is possible to describe this spectrum by a simple combination of discrete

sextet contributions or by a quasi-continuous distribution of hyperfine fields (green line), as

indicated in Figure 5-2 (c). The possibility to describe the spectrum of the stochiometric

sample by 6 discrete sextets suggests the existence of differences of the magnetic hyperfine

field contributions – proposes the existence of multiple Sn moments. Due to the fact, that

the 119Sn hyperfine field is sensitive to the local environment since it is transferred from the

nearest neighbours, the variation in the 119Sn hyperfine fields can be caused by vacancies or

anti-site disorder at the lattice site with the Wyckoff position 4a (initial Mn-site in Ni2MnZ)

or due to lattice distortions. Schleicher et al. showed for NiMnGaCo [208], that forcing

Mn-atoms on the Ni-sublattice changes not only the character of the magnetic coupling to

the nearest Mn-neighbours but also reshapes the Mn density of states. Since for 119Sn the

relation between magnetic moment and hyperfine field (µSn = ABhf,Sn) depends on different

properties, e.g. the anisotropy of the system [219, 220, 221], the exact determination of the

different magnitudes of the Sn moments or the origin of this behaviour is beyond the work

of this manuscript and could be achieved, for example, by detailed ab initio calculations.

Never the less, this measurement implies the occurrence of a discrete distribution of multiple

Sn moments in the stoichiometric Ni2MnSn-Heusler alloy.
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Figure 5-2.: Zero field Sn-Mössbauer Spectroscopy measurements of the as-prepared off-

stoichiometric Ni50Mn45Sn5 (a) and stoichiometric Ni2MnSn (c) precursors at

T = 4.3 K described by assuming a distribution of hyperfine fields p(Bhf) (green

line) or by a combination of finite & discrete sextet sup spectra. (b) Obtained

hyperfine field distribution p(Bhf) from the different measurements. Details

concerning the fit procedure are discussed in the text. We want to raise the at-

tention, that the velocity scales are not equivalent for the measurements shown

in (a) and (c). On the right side a representation of the respective crystal struc-

ture of the L1 structure (upper case) and L21 (lower case) is shown. For the

L1 structure, the Sn and Mn atoms can occupy the same lattice site (ratio of

9:1 (Mn:Sn)).
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For a more accessible description of the decomposition process, the assumed fit for Ni2MnSn

based on the hyperfine field distribution p (Bhf) will be used in the following. By comparison,

one can see a reduction of the average hyperfine field 〈Bhf〉 from 13.9 T to 7.1 T, which can

be explained by the reduction of Mn from 45 at% to 25 at% in the system, where Mn is the

nearest neighbour of the Sn nuclei. This change of composition leads to a sufficient dilution

of the total spin moment. The average central shift 〈CS〉 of 1.5 mm/s indicates the covalent

binding character of Sn for both systems. A detailed summary of the fitting parameters can

be found in Table 5-1.

Table 5-1.: Mössbauer parameters for the investigated samples at T = 4.3 K obtained from

least-squares fitting of the spectra seen in Figure 5-2 based on the different

models, which have been discussed in the text. For NiMnSn5 and Ni2MnSn a

distribution of hyperfine fields p (Bhf) can be used (upper part of the table),

while for Ni2MnSn a simple description of the spectrum can be achieved by

using 6 discrete sextet sub spectra (lower part of the table). CS is the average

central shift, 〈Bhf〉 refers to the average magnetic hyperfine field, Γ describes the

intrinsic linewidth (FWHM) of the used sextets. Parameters marked with ∗ have

been fixed for the evaluation of the fit.

sample 〈CS〉 〈Bhf〉 Γ A

(mm/s) (T) (mm/s) (%)

Ni50Mn45Sn5 1.52(2) 13.86(17) 0.80∗ 100∗

Ni2MnSn 1.35(3) 6.92(5) 0.80∗ 100∗

Ni2MnSn



1.39(2) 1.67(8) 0.93(6) 8.4(9)

1.33(1) 3.42(2) 0.98(7) 14.7(1.2)

1.33(4) 5.49(2) 1.10(5) 17.9(1.1)

1.32(2) 7.82(5) 1.04(8) 27.6(2.8)

1.34(4) 8.62(3) 0.89(8) 15.8(3.1)

1.35(6) 9.50(4) 1.05(4) 15.5(1.8)

5.2. Formation of core-shell precipitates in

Ni50Mn45Sn5-Heusler alloys

As discussed in the motivation and different works of Mehmet Acet and co-workers [206, 212],

the annealing process leads to a decomposition, which can be approximated by the following

chemical reaction

5Ni50Mn45Sn5 → Ni10Mn5Sn5 + 4Ni40Mn40.

Further on, we can simplify this relation from precursor to final products to

Ni50Mn45Sn5 → Ni2MnSn+NiMn,
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where the two products form the core-shell precipitate. As suggested by Mössbauer spec-

troscopy, this chemical reaction is not entirely observed - instead, a new Sn-containing phase

occurs. Therefore, it is necessary to adapt the decomposition process and include an ad-

ditional residual phase, which contains Sn. For finite annealing times, the decomposition

process can be approximated by

Ni50Mn45Sn5 → (1− x− y − z) · Ni50Mn45Sn5

+ x · Ni2MnSn + y · NiMn

+ z ·
∑
κ,υ,ε

NiκMnυSnε,
(5-1)

where NiκMnυSnε is the residual Sn-containing phase with an unknown composition of Ni,

Mn and Sn, while x, y, z are the respective volume fractions.

Due to the used measurement technique, we now have a spectroscopic possibility to inves-

tigate the changes of the electronic and magnetic structure of the 119Sn nuclei for differ-

ent decomposed states. Furthermore, reference samples for the Ni50Mn45Sn5 precursor and

Ni2MnSn precipitates have been prepared and measured at room temperature. The decom-

position process has been investigated for an annealing temperature TA of 650 K, since it

is known from different structural investigations that at these temperatures the size of the

precipitates does not drastically change as a function of the annealing time [214, 215] and

the size is below 10 nm – resulting in a relative sizeable surface-to-volume ratio to achieve the

compensation of the magnetisation due to the shell-ferromagnetic effect. The annealing time

has been set to 3 h, 17 h and 200 h, making it possible to track the changes of the magnetic

structure.

Figure 5-3a) depicts 119Sn-Mössbauer spectra for different decomposed states. By a com-

parison of the experimental spectra, a slight reduction of the hyperfine splitting is evident

after an annealing time tA of 3 h, while the reduction increases for the material after 17 h.

For the sample annealed for 200 h, the major contribution of the hyperfine splitting is in

a similar energy range compared to the system Ni2MnSn, showing that the decomposition

from Ni50Mn45Sn5 to Ni2MnSn is almost achieved.

Beyond the discussion of spectral changes, the experimental spectra have been analysed by

a distribution of hyperfine fields p(Bhf), within the following procedure. As discussed in

equation 5-1, a given decomposed state can exist in a total of four different phases, where

three of these phases can possess 119Sn nuclei and can, therefore, be probed with the utilised

technique. Because the measurements have been performed on a powder material, one can

assume a random spin-orientation, resulting in an intensity ratio A2,3 = 2. The obtained dis-

tribution was then further used for the analysis of the different annealed states by employing

a linear combination of the two known distributions (Ni50Mn45Sn5 and Ni2MnSn) combined

with a third distribution, which describes the residual phase with an unknown Sn concentra-

tion. Figure 5-3 (b) illustrates the corresponding hyperfine field distributions p (Bhf), while

the overall distribution (red line) can be separated into the different contributions (blue,
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Figure 5-3.: a) Zero field Sn-Mössbauer Spectroscopy measurements of the as-prepared

Ni50Mn45Sn5, Ni50Mn45Sn5 heated at 650 K for tA = 3 h, 17 h, 200 h and for

comparison an as-prepared stoichiometric Ni2MnSn Heusler. All measurements

were performed at room temperature. The individual spectra of the annealed

states can be described by a linear combination of the spectra from the precursor

material and an additional residual distribution of hyperfine fields p(Bhf ). Ad-

ditional details concerning the analysis of the Mössbauer spectra are discussed

in the text. b) Combined hyperfine field distribution p(Bhf ) for the respective

measurements, obtained by a combination of the sub spectra.

green, and orange dots).

The comparison of the hyperfine field distributions p (Bhf) of the different annealed states

(shown in fig 5-3b) reveals an increase of hyperfine field contributions in the low field regime

(below 15 T) already for a relatively short annealing time of 3 h. This trend further develops

for the sample annealed for 17 h, while after 200 h most of the hyperfine field contributions
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align with the expected stoichiometric reference and only small contributions at larger fields

are visible, indicating a remaining residual phase and a minor contribution from the off-

stoichiometric phase. The respective composition of the different spectral components is

enlisted in Table 5-2.

Table 5-2.: Relative spectral area obtained

from the hyperfine field distribu-

tion p (Bhf) for the different com-

ponents.

tA Ni50Mn45Sn5 Ni2MnSn residual

(h) (%) (%) (%)

0 100 0 0

3 80.8(1.8) 11.3(1.1) 7.9(9)

17 57.9(2.3) 19.8(2.1) 22.3(1.6)

200 15.2(1.5) 66.8(1.7) 18.0(1.1)

Summarising, 119Sn-Mössbauer spectroscopy

performed at low temperatures reveals a dis-

tinct difference of the hyperfine splitting for

Ni50Mn45Sn5 and Ni2MnSn, while the av-

erage hyperfine field 〈Bhf〉 reduces with in-

creasing Sn-content and can be explained by

a reduction of the average spin moment of

the system. Focussing on the stoichiomet-

ric Heusler alloy Ni2MnSn, 119Sn Mössbauer

spectroscopy reveals a well-defined spectral

fine structure, which can be simulated by the

introduction of six distinct magnetic contri-

butions. A possible origin of these distinct magnetic moments may be due to site-disorder

and need to be further investigated in the future by DFT-calculations. Looking at the

decomposition process in off-stoichiometric Ni50Mn45Sn5, Mössbauer spectroscopy reveals

changes to the hyperfine field distribution p (Bhf) after annealing at TA = 650 K for 3 h,

while similar changes occurs for longer annealing times. Interestingly, it is possible to detect

changes already after 3 h.

In comparison, the available XRD investigations on In and Sb containing NiMn-Heusler

alloys [214, 215] observe the occurrence of stoichiometric precipitates after annealing for

24 h, indicating that it is possible to track the decomposition process with 119Sn-Mössbauer

spectroscopy within shorter time scales. A possible explanation for the different observations

made from investigations into the lattice and the electronic structure is the different effects

that are being probed. While, X-ray diffraction probes the long-range ordering, Mössbauer

spectroscopy probes the nearest-neighbour interactions and is therefore quite sensitive to

changes of short-range order. In the future, it might be a reasonable idea to investigate the

decomposition process with EXAFS-measurements at the Sn K edge, making it possible to

track the structural changes of the Sn-environment. Besides the shell-ferromagnetic effect,

which may lead to high-performance magnets or can be used in magnetic recording, a similar

process may lead to a modification of the phase transition in magnetocaloric materials like

FeRh [128] or can be used to tune the inverse magnetocaloric effect in different Heusler

compounds like NiMnInCo [207].
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In the context of this work, the reaction of the magnetic and local crystalline structure to dif-

ferent forms of ”structural disorder” has been investigated for the alloys FeRh and Ni2MnSn.

Due to the variety of used techniques and sample environments, a short recap of the different

new experimental observations will be given combined with possible explanations. Although

these experimental findings reveal new insights into the magnetic structure and the phonon

system, these observations generate additional questions, which lead to possible new findings

and further interesting experiments – beyond the scope of the investigated alloys.

The system FeRh

All of the discussed experiments have been performed on epitaxial FeRh thin films grown

on MgO(001). The structural characterisation employing X-ray diffraction indicates a B2-

ordering with a grain-size of 440 Å and X-ray reflectivity reveals a smooth film surface for

the 40 nm thin films, grown by molecular beam epitaxy. Investigation of the magnetic struc-

ture indicates the antiferromagnetic ordering at room temperature. Temperature-dependent

measurements reveal the magnetostructural phase transition from the antiferromagnetic to

ferromagnetic phase. Mössbauer spectroscopy indicates a change of the magnetic moment

and a variation of the charge density around the 57Fe nuclei. Based on these results, one

can assume a B2-ordering and high quality of the grown FeRh thin films.

Even if one assumes, that the local structure is well known for a system established for more

than 80 years, it is always an excellent opportunity to investigate the ”assumed” ground

state to earn additional knowledge. While in the present case, the investigation of the local

structure through Fe K edge EXAFS at temperatures T below 10 K reveals an excellent

agreement of the distances between the Fe and Rh atoms, a detailed investigation of the

damping caused by the Debye-Waller factor indicates the presence of static or dynamic dis-

order for specific scattering paths. If we assume the presence of static disorder in the system,

one would typically expect a global damping term, which is independent of the scattering

path. Instead, we observe, that some scattering paths experience a more substantial damping

term, compared to others. In collaboration with Markus Gruner, we can suggest the presence

of a lattice instability, which was predicted by theoretical investigations by different groups

since 2016 [71, 121, 122], while a first experimental indication has been achieved within this

work. In the future, it will be necessary to verify further the first experimental observation of

the present lattice instability. Therefore it is necessary to disprove the presence of different



121

artificially induced phonon modes, and it will be necessary to vary the magnitude of the

assumed Fe-displacements along the (1 1 0) direction to reduce the discrepancy between ex-

periment and theory. Currently, the temperature-dependence of the soft phonon mode is still

unclear. At the moment, the critical temperature is assumed to be at approximately 50 K,

while experiments with temperature-dependent EXAFS or high-resolution X-ray diffraction

can contribute to this discussion. Beside the investigation of the system FeRh, different

systems like the Heusler alloy Ni2MnGa [222] or the anti-perovskite Mn3GaC [223] have a

similar lattice instability, where the investigation of the local structure may reveal additional

information concerning the phonon band structure.

A different method for the indirect investigation of the phonon band structure is possible

by performing nuclear inelastic X-ray scattering experiments. In the case of FeRh, 57Fe-

NRIXS reveals the Fe-partial vibrational density of states at a given temperature. The

temperature-dependence of the vibrational density of states indicates distinct differences in

the antiferromagnetic and ferromagnetic phase. A comparison with theory reveals a hybridi-

sation of the Fe- and Rh-vibrations, while the Rh-partial VDOS changes drastically along

the first-order phase transition [71]. The extraction of different thermodynamic properties

from the Fe-partial VDOS reveals, for example, a discontinuity of the Lamb-Mössbauer fac-

tor fLM of 0.01 or a change in the mean square displacement of ≈ 6 · 10−4 Å2. The increase

of the Lamb-Mössbauer factor suggests an anomalous structural behaviour, indicating that

the AFM-lattice is softer compared to the FM-one for phononic excitations, at a given tem-

perature. In contrast, it is not possible to determine a statistically evident discontinuity

of the Fe-partial vibrational entropy Svib along the phase transition, suggesting that the

overall change of the vibrational entropy is attributed to the Rh-vibrations. Although the

static temperature-dependent 57Fe-NRIXS measurements suggest, that Rh is a driving force

of the phase transition, future NRIXS experiments on the strain-induced phase transition

by growing FeRh thin films on ferroelectric substrates may give additional microscopic in-

sights to multicaloric cooling cycles [210]. Aside from the investigation of FeRh or different

Fe-containing materials like LaFeSi [63] or (MnFe)2PSi [150], it is possible to investigate the

vibrational density of states of magnetocaloric materials containing the element Sn such as

in the magnetocaloric compound Ni50Mn35Sn15 [224] with various external stimuli.

One of the possible external stimuli for such a study is laser excitation, where it is possible

to investigate the temporal-evolution of the nuclear forward or nuclear inelastic scattering

signal in a pump-probe experiment. Although the Mössbauer effect is a rather old fashioned

method, its accuracy in detecting slight changes of energy levels in the nuclear Zeemann

splitting is still unchallenged. Within the current work, it was further possible to develop a

pump-probe scheme with the Mössbauer effect [163] to investigate changes of the magnetic

structure and the lattice dynamics on a sub-ns timescale. Besides the effect to reduce

the hyperfine field Bhf by a steady deposition of heat through the incident laser, it was

possible to create a non-equilibrium state, in which the relaxation process of a nuclear-

excited state were suppressed by laser excitation. A possible explanation at the moment
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would be the coexistence of antiferromagnetic and ferromagnetic domains within a volume

probed by the SR-beam. Accompanied by the laser-induced coexistence of the two magnetic

phases is a reduction of the coherence of the system – explaining the complete suppression

of the quantum beat structure. The time-dependent pump-induced change suggests a slow

relaxation process into the antiferromagnetic phase on the timescale of a few ns. Because

of the novelty of the performed experiments, it is not possible to go beyond the discussed

insights, due to the absence of a dynamical theory of the Mössbauer effect after this kind of

ultrafast excitation. Different questions already arise from an experimentalist point of view,

which will be discussed in the following. One of the interesting questions is the relaxation

pathway of the nuclear-excited state after laser excitation: Is the relaxation accompanied by

an emission of additional conversion electrons or photons? For the efficient detection of the

conversion electrons, it would be necessary to perform these experiments under ultra-high

vacuum conditions with a hemispherical electron analyser – increasing the difficulty of the

experimental setup. Another possibility to expand the current observation would be a change

from the coherent nature of the experiment to an incoherent one, for example by utilising a

synchrotron Mössbauer source with the nuclear reflection in antiferromagnetic 57FeBO3 [40].

In contrast to the investigation of the magnetic structure by utilising nuclear forward scat-

tering, nuclear resonant inelastic X-ray scattering reveals the partial vibrational density of

states of the probed isotopes and shows in the case of pump-probe experiments the temporal-

evolution of the vibrational density of states after ultra-short laser excitation. Due to the

small fluorescence signal associated with the nuclear inelastic scattering process, it was only

possible to investigate the temporal-evolution of two specific spectral features of the phonon-

excitation probability and a complete energy-scan around the nuclear resonance at a fixed

time delay of ∆t = 750 ps after laser excitation. These three measurements have been per-

formed within 36 hours – showing that it would be necessary to improve the experimental

setup to achieve more insights into the response after ultrafast excitations. The complete

energy scan suggests an imbalance of phonon creation and annihilation processes, which can

be explained by a distribution of effectives temperatures for the phonon system. While the

acoustic phonons have a temperature of ∼315 K, the region associated with optical phonons

indicates a temperature above and below 315 K. The temporal-evolution of individual spec-

tral features associated with the elastic peak and the optical phonon show a fast rise of the

pump-induced change with a time constant of 300 ps, and the relaxation of the elastic peak

occurs on a similar time scale. In contrast, a slower relaxation is evident for the optical

phonon feature on a timescale of 1.8 ns. Both of these effects indicate a different tempo-

ral response after ultrafast laser excitation and can be possibly explained by differences in

the electron-phonon or magnon-phonon coupling and need additional investigation by the-

ory. These measurements were the first approach to implement a time-resolution on such

a timescale into nuclear inelastic scattering and reveal not yet observed differences in the

relaxation pathway for phonons in FeRh.

At the moment, the results look quite promising for the implementation of a new pump-
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probe experimental method, but it will be necessary to optimize the time-resolution, which

is currently in the range of 150 ps and the intensity of the scattering process. It is essential to

mention, that such an experimental setup is currently not standard procedure at the nuclear

inelastic scattering beamlines, making it necessary that the different user groups prepare the

setup on their own. Even if such an experiment is performed regularly, a lower limit of the

time-resolution is given by the pulse duration of the synchrotron and is in the range of 55 ps

(for PETRA III, DESY, Hamburg) or 150 ps (for APS, Chicago) and will not change with

the introduction of the 4th generation light sources like the ESRF-EBS, APS-II or PETRA

IV. Therefore, it may be necessary to perform these kinds of experiments at free-electron

lasers, like the European XFEL. At these facilities, the time-resolution could be decreased

down to 800 fs, while being limited by the 1 meV energy-resolution. First experiments using

nuclear forward scattering have been conducted at such free-electron lasers [43] and would be

the optimal procedure to improve the time-resolution and signal-quality for nuclear inelastic

pump-probe experiments. Aside from the discussed relaxation behaviour of the lattice system

in FeRh, it would be possible to investigate heat transfer and dynamics of specific phonon

modes located at the interfaces of heterostructures such as Fe/MgO [70, 225]. Additionally,

it would even be possible to isolate these interfacial phonon modes by utilising 57Fe-enriched

tracing layers, as done by Keune et al. for heterostructures like Fe/Cr and Fe/Ag [226] or by

Ślezak et al. for the monolayer resolved vibrational density of states at the Fe(110) surface

grown on W(110) single crystals [227].

Contrary to the previously discussed results where structural disorder has been induced by

temperature in the form of phonons, static structural disorder can also be introduced by

ion-irradiation. Mössbauer spectroscopy and magnetometry have revealed the formation of

a second magnetic phase in samples which had been irradiated with a low ion fluence. This

secondary magnetic phase is ferromagnetic at room temperature, while the spectroscopic

features of the disordered-induced phase correspond to ferromagnetic B2-FeRh [192]. The

combination of the microscopic and macroscopic magnetic properties reveal a discontinuity

of the Fe magnetic moment as the remanent magnetisation increases. For this system,

the comparison reveals similarity of the temperature-driven and structural disorder-driven

phase transition. A detailed investigation by positron annihilation spectroscopy indicates

an increase in the open volume defect concentration, while the size of the disorder does

not change. By directly comparing the local structure in an as-grown and irradiated thin

film, utilising Fe K edge EXAFS, we have found an additional static mean square relative

displacement of σ2 = 9 · 10−4 Å2. This is in a similar range compared to the discontinuity of

the mean square displacement 〈∆x2〉 obtained from NRIXS for the temperature-driven phase

transition. From the performed EXAFS and Mössbauer measurements, we can conclude that

the formation of vacancies and anti-site Fe contributions can be neglected, showing that it

is possible to induce ferromagnetic ordering in B2-FeRh by slight deviations of the lattice

structure, which can be induced either by irradiation in the form of static disorder or through

thermal excitation which is dynamic structural disorder.



124 6 Conclusion & Outlook

The formation of ferromagnetic core-shell precipitates in Ni50Mn45Sn5

Besides the different investigations on the material FeRh, the formation of ferromagnetic

core-shell precipitates was studied employing 119Sn-Mössbauer spectroscopy. The initial

investigation of the magnetic structure reveals for both the stoichiometric Ni2MnSn and off-

stoichiometric Ni50Mn45Sn5 a magnetic hyperfine splitting for the 119Sn-nuclei. While the

off-stoichiometric material possesses a large distribution of hyperfine fields, the stoichiomet-

ric material reveals distinct features in the hyperfine field distribution p (Bhf), indicating the

presence of multiple discrete magnetic moments for Sn in the compound Ni2MnSn. Due to

the induced character of the Sn-moment, it can be effectively utilised as a detector for struc-

tural changes on the local scale. The decomposition process at a temperature of 650 K for

different annealing times indicates the predicted formation of Ni2MnSn precipitates inside

the Ni50Mn45Sn5 matrix, while Mössbauer spectroscopy suggests the presence of a residual

Sn-containing phase, which is not observed in previously performed XRD-investigations. A

comparison of the Mössbauer results with the different structural investigations of the decom-

position process in In- [214] and Sb-containing [215] Heusler-alloys indicates the observation

of the precipitates at shorter annealing times, showing the possibility to use the Sn moment

as a detector for structural changes. In addition to the decomposition process in NiMn-

based Heulser alloys, we can see that the concept of phase decomposition on the nanoscale

is currently investigated for different types of permanent magnets [129] or in magnetocaloric

materials like the anti-perovskite Mn3GaC [228]. In the future, Mössbauer spectroscopy can

be further utilised to investigate the decomposition process in these systems because of the

sensitivity to short-range order.
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A.1. FEFF-code used for calculations at the Fe K edge

Exemplary input file for the FEFF-calculation of an EXAFS spectrum of the Fe K edge.

* This FEFF8 file was generated by Demeter 0.9.26

* Demeter written by and copyright (c) Bruce Ravel, 2006-2018

* --*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--

* space = P 4/m -3 2/m

* a = 2.9973 b = 2.9973 c = 2.9973

* alpha = 90.000 beta = 90.000 gamma = 90.000

* rmax = 10.000 core = Fe0

* polarization = 0 0 0

* shift = 0 0 0

* atoms

* # el. x y z tag

* Fe 0.00000 0.00000 0.00000 Fe

* Rh 0.50000 0.50000 0.50000 Rh

* --*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--

* --*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--

* total mu*x=1: 3.324 microns, unit edge step: 8.834 microns

* specific gravity: 9.790

* --*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--

* normalization correction: 0.00061 ang^2

* --*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--*--

* Fe K edge energy = 7112 eV

EDGE K

S02 0.9

* pot xsph fms paths genfmt ff2chi

CONTROL 1 1 1 1 1 1

PRINT 1 0 0 0 0 3
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EXCHANGE 0 0.0 0.0 -1

SCF 5.0 0 100 0.2 1

COREHOLE FSR

EXAFS 20.0

RPATH 8.0

DEBYE 5 380 0

POTENTIALS

0 26 Fe 2 2 0.001

1 26 Fe 2 2 1.0

2 45 Rh 3 3 1.0

ATOMS

0.00000 0.00000 0.00000 0 Fe.0 0.00000

1.49865 1.49865 1.49865 2 Rh.1 2.59574

-1.49865 1.49865 1.49865 2 Rh.1 2.59574

1.49865 -1.49865 1.49865 2 Rh.1 2.59574

-1.49865 -1.49865 1.49865 2 Rh.1 2.59574

1.49865 1.49865 -1.49865 2 Rh.1 2.59574

-1.49865 1.49865 -1.49865 2 Rh.1 2.59574

1.49865 -1.49865 -1.49865 2 Rh.1 2.59574

-1.49865 -1.49865 -1.49865 2 Rh.1 2.59574

2.99730 0.00000 0.00000 1 Fe.1 2.99730

-2.99730 0.00000 0.00000 1 Fe.1 2.99730

0.00000 2.99730 0.00000 1 Fe.1 2.99730

0.00000 -2.99730 0.00000 1 Fe.1 2.99730

0.00000 0.00000 2.99730 1 Fe.1 2.99730

0.00000 0.00000 -2.99730 1 Fe.1 2.99730

2.99730 2.99730 0.00000 1 Fe.2 4.23882

...

A.2. Spectral fingerprints of tetragonal-distorted FeRh in

EXAFS

Figure A-1 depicts FEFF calculations for different tetragonal distortions of B2-FeRh. These

calculations for different c/a-ratios indicate that no significant changes in the Fourier trans-

forms is present, suggesting that the strong intensity reduction at R ≈ 4.8 Å (see Chapter
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4.2) can not be explained by the thin film character of the investigated material and a

possible tetragonal distortion of the thin film.

Figure A-1.: FEFF calculation for different tetragonal distortions of B2-FeRh by applying a

c/a-ratio ranging from 0.996 to 1.012. Calculations performed with S2
0 = 0.9,

with a Debye temperature ΘD = 380 K and a measurement temperature T =

5 K. Layer (a) presents the oscillatory fine structure, while layer (b) shows the

corresponding Fourier transform

A.3. Thermodynamic properties of FeRh

Table A-1 lists the different vibrational thermodynamic properties, which have been ex-

tracted from the Fe-partial VDOS obtained by 57Fe-NRIXS measurements at different tem-

peratures.
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Å
−

1,
th

e

v
ib

ration
al

en
trop

y
S

v
ib ,

th
e

v
ib

ration
al

in
tern

al
en

ergy
U

v
ib ,

th
e

k
in

etic
en

ergy
T
k ,

th
e

force
con

stan
t

Φ
k ,

th
e

(en
trop

y
)

D
eb

ye
tem

p
eratu

re
Θ
D (Θ

SD ),
an

d
th

e
average

D
eb

ye
sou

n
d

velo
city

d
eterm

in
ed

w
ith

in
th

e
con

ven
tion

al

ap
p
roach

(〈v
D 〉

co
n )

(see
E

q
.

(2-75)
an

d
R

efs.
[67,

68])
an

d
th

e
em

p
irical

ap
p
roach (〈v

D 〉
em

p )
d
iscu

ssed
in

R
ef.

[69].

T
f

L
M

∆
x

2
S

v
ib

C
v
ib

U
v
ib

T
k

Φ
k

θ
D

θ
SD

〈v
D 〉

co
n

〈v
D 〉

em
p

(K
)

(
10
−

3Å
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wavelength standard;’ Journal of Synchrotron Radiation; vol. 9, 1:(2001); pp. 17–23;

doi:10.1107/s0909049501019203.

[38] J. G. Stevens and V. E. Stevens, eds.; Mössbauer Effect Data Index, (Springer US
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[122] U. Aschauer, R. Braddell, S. A. Brechbühl, P. M. Derlet, and N. A. Spaldin; ‘Strain-

induced Structural Instability in FeRh;’ Physical Review B ; vol. 94, 1:(2016); doi:

10.1103/PhysRevB.94.014109.

[123] N. A. Zarkevich and D. D. Johnson; ‘Reliable thermodynamic estimators for screening

caloric materials;’ Journal of Alloys and Compounds ; vol. 802:(2019); pp. 712–722; doi:

10.1016/j.jallcom.2019.06.150.

[124] M. P. Belov, A. B. Syzdykova, and I. A. Abrikosov ; ‘Temperature-dependent lattice

dynamics of antiferromagnetic and ferromagnetic phases of FeRh;’ Physical Review B ;

vol. 101, 13:(2020); doi:10.1103/PhysRevB.101.134303.

[125] D. J. Keavney, Y. Choi, M. V. Holt, V. Uhĺıř, D. Arena, E. E. Fullerton, P. J.
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O. Gutfleisch, and M. Acet ; ‘Room-temperature five-tesla coercivity of a rare-earth-

free shell-ferromagnet;’ Applied Physics Letters ; vol. 110, 19:(2017); p. 192406; ISSN

0003-6951; doi:10.1063/1.4983199.

[131] J.-U. Thiele, S. Maat, and E. E. Fullerton; ‘FeRh/FePt Exchange spring Films for ther-

mally assisted Magnetic Recording Media;’ Applied Physics Letters ; vol. 82, 17:(2003);

pp. 2859–2861; doi:10.1063/1.1571232.

[132] M. Sharma, H. M. Aarbogh, J.-U. Thiele, S. Maat, E. E. Fullerton, and C. Leighton;

‘Magnetotransport Properties of epitaxial MgO(001)/FeRh Films across the antiferro-

magnet to ferromagnet Transition;’ Journal of Applied Physics ; vol. 109, 8:(2011); p.

083913; doi:10.1063/1.3573503.

[133] X. Marti, I. Fina, C. Frontera, J. Liu, P. Wadley, Q. He, R. J. Paull, J. D. Clarkson,
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[177] R. Barua, F. Jiménez-Villacorta, and L. H. Lewis ; ‘Towards tailoring the Magne-

tocaloric Response in FeRh-based ternary Compounds;’ Journal of Applied Physics ;

vol. 115, 17:(2014); p. 17A903; doi:10.1063/1.4854975.

[178] S. P. Bennett, A. Herklotz, C. D. Cress, A. Ievlev, C. M. Rouleau, I. I. Mazin, and

V. Lauter ; ‘Magnetic order multilayering in FeRh Thin Films by He-Ion irradiation;’

Materials Research Letters ; vol. 6, 1:(2017); pp. 106–112; doi:10.1080/21663831.2017.

1402098.

[179] S. Cervera, M. Trassinelli, M. Marangolo, C. Carrétéro, V. Garcia, S. Hidki,
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ing the Magnetic Spin Structure of Exchange-Coupled Thin Films;’ Physical Review

Letters ; vol. 89, 23:(2002); doi:10.1103/PhysRevLett.89.237201.

[194] Y. V. Shvyd’ko, T. Hertrich, U. van Bürck, E. Gerdau, O. Leupold, J. Metge, H. D.
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[218] I. Unzueta, J. López-Garćıa, V. Sánchez-Alarcos, V. Recarte, J. I. Pérez-Landazábal,
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[227] T. Ślȩzak, J.  Lażewski, S. Stankov, K. Parlinski, R. Reitinger, M. Rennhofer, R. Rüffer,
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Benedikt Eggert, Heiko Wende, Jürgen Lindner, Jürgen Fassbender, Christoph Leyens,

Kay Potzger, and Rantej Bali

New Journal of Physics 22 073004, featured article, doi:10.1088/1367-2630/ab944a

Reference [174]

Publications in preparation/ review process

1. Irradiation-induced enhancement of Fe and Al magnetic polarizations in Fe60Al40 films

Alevtina Smekhova, Thomas Szyjka, Enrico La Torre, Katharina Ollefs, Benedikt Eggert,
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sults with Dr. Joachim Landers and Dr. Soma Salamon. In addition, I thank Dr. Soma



158 Bibliography

Salamon for the maintenance of the PPMS and teaching me how to use it.

I want to thank our bureaucratic-super weapon Christiane Leuchtenberger for handling the

different travel applications, handling emergency sample-delivery, and the purchase of equip-

ment. Besides, it is always nice to have a place to escape the daily business and chaos and

drink a cup of tea. Besides, I appreciate all of the work done by Dipl. Ing Ulrich von Hörsten

for maintaining the lab equipment, for designing new sample holders and for the Mössbauer
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