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Chapter 1

Introduction

L10 - chemically ordered FePt thin films with large perpendicular magnetic anisotropy
(PMA) of up to 7 MJ/m3 [1], are one of the most promising materials to overcome
existing limitations in data storage density [2–6]. It has been recently implemented
as ultra-high density magnetic storage media for applications in heat-assisted magnetic
recording (HAMR) [4,7] and is of high interest for the other spintronic applications [8,9],
exchange-coupled systems [10], magnetic random access memories [11–13], rare earth free
magnets [14]. The magnetic properties of FePt are determined by its crystallographic
structure and quality of chemical order. An equilibrium phase diagram shows that the
L10 phase with a face-centered tetragonal lattice (Fig. 1.1(a) and (c)) forms at an Fe:Pt
composition of around 50:50. For perfectly chemically ordered system, where pure Fe
and Pt atomic layers alter along the c - direction, the c/a ratio is 0.962 [1]. Due to pro-
nounced magnetocrystalline anisotropy, which arises from the large spin-orbit coupling
in Pt and the hybridisation of Pt 5d – Fe 3d orbitals [15], the easy axis of magnetization
is aligned with the c - axis. Thus, growth of thin films with (001)-texture is required to
benefit from perpendicular magnetic anisotropy.
The development of new technologies will persist further to meet the demands of data
growth and higher read-write rates. In this regard, ultrafast all-optical switching (AOS)
of magnetization has a potential to be a future technology of magnetic recording de-
vices [16]. Hence, the design of new magnetic materials, e.g. tuning of FePt properties
to make it accessible for AOS, are of high interest from a fundamental as well as tech-
nological point of view [17,18].
Recently, AOS with assistance of an additional external magnetic field on FePtAgC
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2 1 Introduction

Figure 1.1: Equilibrium phase diagram (a) of Fe-Pt bulk alloys [1] with (b)-(d) corresponding
unit cells of A1, L10 and L12 crystallographic lattices, respectively. Curie temperatures of pure
Fe and some FePt alloys are displayed in ◦C and magnetic order transition lines are shown for
different phases.

granular media was demonstrated [16]. However, manipulation of the magnetization
without utilizing an external field is an attractive goal for memory storage device appli-
cations [19]. In this regard, AOS was observed experimentally for rare-earth-transition
metal alloys with two ferrimagnetically coupled sublattices, which exhibit different tem-
perature dependencies [19–22], and RE-free multilayers and heterostructures, that mimic
the properties of RE–TM alloys [19,22–27]. Another group of authors discussed the mech-
anism of AOS on a timescale of 10-100 fs in GdFeCo ferrimagnets [28]. It was show by
means of element-specific technique X-ray magnetic circular dichroism that the process
of switching is mediated by ferromagnetic-like states of rare-earth and transition-metal
sublattices. Moreover, it was demonstrated that the remanent magnetization could be
the limiting factor for AOS [29]. In this regard, an extensive theoretical study discussed
the role of the compensation point for AOS in rare-earth transition-metal ferrimag-
nets [30, 31]. The author declared that most efficient switching can be achieved in the
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vicinity of the magnetization compensation temperature, which is in line with reported
experimental results [32, 33] and supports the importance of the low-remanence crite-
rion [29] for AOS in ferrimagnets. The role of the magnetic circular dichroism (MCD)
in helicity-dependent AOS for CoTb ferrimagnetic alloys is discussed in Ref. [21]. It
was shown that MCD produces a thermal gradient that initiate the domain wall mo-
tion. This work suggests a pure thermal two-steps mechanism based on the MCD: first,
a multidomain state is formed as the result of thermal demagnetization; then due to
temperature gradient across domain walls some domains will shrink and some will grow
depending on the magnetization direction and light helicity [21]. In this regard, the
comprehensive study on the impact of the domain size on the helicity-dependent AOS
had defined one more important criterion [24]. It tells that the thermal demagnetization
occurs only when the magnetic domain size is smaller than the laser spot. This find-
ings indicate the relevance of the manipulation of magnetic anisotropy in order to tune
the domain size and achieve AOS in superior materials for data storage applications [24].

In this thesis different concepts of tuning the properties of FePt thin films were ex-
plored using various established experimental techniques (Chapter 2) in order to take
advantage of the remarkable magnetic properties of FePt for AOS. This work is dedi-
cated to the development of a controlled way to change the material properties of FePt,
in particular to stabilize a ferrimagnetic order.
In the first part of the results, rapid thermal annealing (RTA) was employed to induce
the A1 to L10 phase transformation in FePt/Mn/FePt trilayers. The dependence of
magnetic and structural properties on the annealing temperature and Mn concentration
was investigated (Chapter 3). The formation of a ternary alloy, only partially doped
with Mn, and diffusion of Mn to the surface during the RTA process was discovered.
This resulted in a gradient of Mn concentration throughout the film and formation of
the oxide at the free surface [V, XII].
The second part of this thesis is dedicated to ion implantation (Chapter 4). Tb was
chosen as a dopant to reduce the net magnetization and to tune the effective damping in
L10 - FePt films. This study includes the evaluation of the disordering process, induced
by ion implantation at 10 keV, and its effect on static and dynamic magnetic properties.
The main part of the experimental results is focused on epitaxially grown FePt thin
films doped with different 3d and 4f elements (Chapter 5). It includes a comparison
of two rare-earth dopants, Tb [X] and Gd, which couple antiferromagnetically to the
Fe moments, resulting in the formation of speri- and ferrimagnetic systems. Depending
on concentration and deposition temperature, large rare-earth atoms amorphize their
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local atomic environment and introduce a temperature-dependent magnetic anisotropy.
By contrast, the addition of 3d transition metals such as Cr, Mn, and Cu allows to
substitute Fe at the L10 lattice sites. All three elements affect PMA and morphology
of the film depending on concentration, which results in reduced coercivity and Curie
temperature. In case of Cr and Mn, which couple their magnetic moments antiparallel
to Fe, a transition from ferro- to ferri- and to antiferromagnetic order is observed.



Chapter 2

Experimental techniques

Various approaches of the FePt thin film deposition and doping require certain prepara-
tion methods and procedures as well as different methods of investigation. All experi-
mental techniques used in the frame of this work are briefly described in this chapter.

2.1 Deposition and sample processing

All FePt-based magnetic thin films, which are in the focus of this work, were deposited
using magnetron sputtering. A description of the fabrication method is given in the
following subsection along with details on post-treatment, such as annealing and ion
implantation.

2.1.1 Magnetron sputtering

Generally, the sputtering process is based on the bombardment of a target surface with
ionized and accelerated atoms of a working gas, most often Ar. Ejected (“sputtered”)
source material atoms are consequently condensed (“deposited”) on the substrate, which
is placed in front of the sputter gun. Conventional sputtering has a low deposition rate
due to low ionization efficiency in the plasma, which was overcome by developing the
magnetron [34, 35]. A simplified model of the magnetron working principle is shown in
Figure 2.1. The target disk (cathode), anode, and magnets are usually placed in a UHV
chamber and protected by shielding to avoid contamination by other target materials.
The magnet system consists of one central pole and a second outer ring pole, or, instead

5



6 2 Experimental techniques

of the last one, a set of magnets located on the outer ring. As a result, some of the
magnetic field lines between them are confined close to the target surface in a ring-like
“racetrack”. This constrains the electron motion to the vicinity of the target disk and
changes their path to a spiral-like shape (inset in Fig. 2.1) due to the acting Lorentz
force. This, in turn, increases the mean free path of the electrons, and accordingly the
number of electron-atom collisions, which raises the ionization efficiency in the plasma.

Figure 2.1: Schematic cutout of the magnetron with a non-magnetic target. The red and
blue arrows indicate the magnetic ( ~B) and electric ( ~E) field lines, respectively. The system
of magnets is shown with an offset from the target for better visibility. The plasma-torus is
shown above the sputter racetrack (in pink). Inset show a spiral trajectory of the electron
under ~E × ~B condition (highlighted in green).

The ions generated in the glow discharged plasma are accelerated towards the negatively
charged target (incident ion in Fig. 2.2). They directly collide with the surface or trans-
fer a part of their energy to the neutral atoms of working gas. As a result both ions and
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Figure 2.2: Schematic cutout of the target is showing sputtering and concomitant processes
in the vicinity of its surface.

atoms bombard the cathode, which leads to secondary electrons emission. Those are
accelerated into the bulk of the glow discharge by the electric field. They gain enough
energy to ionize the gas atoms, which happens most intensely close to the cathode sur-
face. Further away from the target the collisions of gas atoms with secondary electrons,
ions or exited atoms brings neutrals to the excited state. One of the ways to release
energy is radiation in the form of photons, which one can observe as glowing light. Its
color and intensity depends on the type of gas and the pressure, respectively.
Sputtering of the source material atoms itself is the result of cascade collisions in the
target surface. Interactions of the ions with the matter can also lead to lattice distortion
(Fig. 2.2), defect formation, enhanced diffusion, void creation, and roughening of the
source material surface. The system of magnets under the cathode can also be optimized
for higher growth rates. The so-called unbalanced magnetron configuration can be used,
which means that the ring or central magnet is stronger. As a result, not all field lines
are closed between the poles. Depending on the distance to the substrate and the other
magnetrons as well as their polarities, the magnetic field lines could bend, be closed at
the other magnetrons, or even point towards the substrate. The plasma stream follows
them, which can strongly increases the growth rate [36].
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Various designs of magnetron sputtering systems give the opportunity to sputter a wide
range of materials. Different solutions are applied for the fabrication of oxide, magnetic,
or metallic thin films. Insulating coatings, often used as a corrosion-resistant capping,
can be prepared by (i) reactive sputtering of the target in a controlled oxygen or nitro-
gen atmosphere, but this can contaminate the target; or (ii) using radio frequency (RF)
sputtering [37], when instead of generating a plasma with direct current (DC), which
is used for sputtering of metallic coatings, a low frequency alternating voltage (in the
MHz range) is applied for insulators [35].
Another problem appears when using ferromagnetic targets, because they guide mag-
netic flux through their volume. It can be solved by using relatively thin targets and
removing the central magnet, or adjusting magnet’s strength.
Further optimization of the sputtering process lead to the introduction of a sample
holder rotation stage, which allowed to produce homogeneous coatings on areas of sev-
eral inch2 [38].
The precise thickness of the deposited film is a crucial factor for the final application
and has to be well controlled. Exactly knowing the deposition rate, the thickness can
simply be controlled by opening the shutter above the magnetron or substrate for a
certain time. Accurate measurements of the rate are usually done using a quartz crystal
microbalance, which detects the mass variation per unit area by measuring the change in
its resonance frequency [39]. It is accurate enough for single layers with only one element.
In the case of co-deposition of several targets or sputtering of alloys, it is important to
cross-check the final composition, e.g. using Rutherford backscattering spectroscopy,
which is described in subsection 2.2.1. This necessity arises from the so-called selective
sputtering yield and resputtering effects. In general, the sputtering yield (S) is defined
as the number of atoms ejected from a target surface per incident ion [35]. But for
alloys, S can be “selective”, varying for each component in an alloy depending on the
mass difference between ions and target atoms, type of bond, binding energies of atoms
in the solid, or different vapor pressure of the elements. This effect causes a change of
the target surface composition, and, respectively, of the film. Selective resputtering, in
turn, affects deposited adatoms at certain surface sites, causing anisotropic distribution
of the elements with respect to the growth direction [40,41].

Magnetron sputter heteroepitaxy

The term “heteroepitaxy” normally refers to the oriented growth of a crystalline mate-
rial on a substrate typically with a small lattice mismatch, establishing a well-defined
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crystallographic relationship between two different materials across the interface [42].
Epitaxial single crystalline films with tens of nm thickness can be grown by magnetron
sputtering on a preheated substrate. Nevertheless, for controlling the structure and
morphology the following parameters have to be taken into account:

• moderate pressure of the working gas;
• substrate temperature lower than melting point of the film;
• lattice mismatch.

The pressure of the Ar gas strongly influences the energy of adsorbed atoms (ad-atoms)
in the moment they arrive at the substrate. In a high-pressure Ar atmosphere the source
atom will lose more energy due to collisions with Ar ions on the way to the substrate.
This limits ad-atom mobility, but can be compensated by a higher substrate temperature.
Too low pressure will increase the mean free path of atoms and therefore their energy,
causing surface distortion and defect formation in the initial film upon collision. Thus,
the working gas pressure has to be moderate and adjusted carefully for each particular
case.
The surface energy plays a crucial role at all stages of layer growth. If arriving ad-atoms
have a lager diffusion coefficient (D), e.g. the substrate is at elevated temperatures, then
fewer nucleation sites will be formed, because high D means that ad-atoms have a higher
probability to meet already existing growth sites, before forming a new nucleation point
with another ad-atom that is deposited in close. This results in an island-like growth of
the film, because atoms simply cluster.
The next parameter to optimize is lattice mismatch. Choosing the right substrate is
necessary to minimize strain and number of defects in the film. If there is even a small
mismatch, the first layers of the film will experience elastic strain to have the same
lateral inter-atomic distances as the substrate. Trying to minimize the free energy, the
growing film will relax epitaxy with dislocations, grain boundaries, or island formation.

2.1.2 Rapid thermal annealing

Thin film samples can be post-treated in a rapid thermal annealing (RTA) chamber.
A schematic picture of the RTA reactor unit as a cross section through the symmetry
plane is shown in Figure 2.3. The silicon sample holder (Wafer) is lying on three pins
of the wafer tray. From its back side, a thermocouple is connected, whose cold ends
are guided out (feed through). In front of the process gas inlet, situated at the rear
side of the chamber, two distributor plates are fixed on the wafer tray for better flow
homogeneity during the process and turbulent flow during purging cycle. The tray is
fixed on the door (not shown) such that it’s not touching the quartz reactor walls. The
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Figure 2.3: Picture of the rapid thermal annealing reactor unit in cross-section.

reactor itself is mounted in a high reflective reactor block with water and N2 cooling
loops. Between quartz tube and reactor block, a set of 13 (top) and 14 (bottom) high
power halogen IR lamps are placed. The bottom plate of the reactor block and quartz
tube contains the optical path for the pyrometer. The principal mechanism of rapid
thermal annealing used as a post-treatment for FePt metallic thin films deposited on
commercially available SiO2(100 nm)/Si substrate is described in the following. The IR
light is absorbed mainly by the silicon substrate and the silicon sample holder (Wafer).
Neither the silicon oxide nor the metallic film absorb light during RTA. The Si heats
up with a rate of 400 ◦C/s and a non-thermal equilibrium is established between the
layers in the sample and the holder within the first picoseconds. The thermal energy
is transferred to the metallic layer by heat conduction through SiO2 in the order of
nanoseconds. This delay in the SiO2 layer results in a different thermal expansion of
the Si substrate and the metallic thin film, causing in-plane tensile stress in the FePt
layer. The strength of this strain depends on the SiO2 thickness. In case of FePt it
promotes the L10 - ordering process and a (001)-texture [43]. However, it leads to strong
dewetting of the FePt film.
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2.1.3 Ion implantation

Ion implantation is a unique method, which allows to create a particular depth distri-
bution of the dopant and/or vacancy-interstitial atom defects in thin films [44]. This is
not achievable by means of any other technique. Using an Eaton NV-3204 system [45]
a large variety of ions at acceleration energies of 5-200 keV can be implanted.
In Fig. 2.4 the major components of the implanter are shown. In the ion source (under-
side inset in Fig. 2.4) the granular dopant material is placed in a spiral tungsten holder
in front of the filament, which is heated up by a current of up to 60 A. Gas can also be
used as a source material and ionized in the plasma. Heating leads to the sublimation
of source material atoms as well as thermal electron emission from the filament. As
a result, free atoms are post-ionized by the released electrons in the plasma, confined
by a magnetic field. Ionization is enhanced by the injection of hydrochloric acid (HCl)
gas into the arc chamber. After passing the exiting slit in the ion source unit, charged
particles are pre-accelerated by 20 kV towards the 90◦ - analyzing magnet. Travelling
through the magnetic field ~H, perpendicularly to the ~H lines, the ions are deflected
due to acting Lorenz force (top inset in Fig. 2.4). The curvature of the ion trajectory
depends on its mass, charge, energy and traveling distance through the magnetic field:

• bigger mass ⇒ less bend
• higher charge ⇒ stronger bend
• lower energy ⇒ stronger bend
• longer distance through the field ⇒ stronger bend

The radius r of the curvature can be calculated using equation 2.1.

r =
m · ϑ
~H · q

, (2.1)

where m and q are the mass and charge of the ion, respectively, ϑ is the velocity per-
pendicular to the applied magnetic field ~H. By adjusting the strength of the field, ions
of a certain desired chemical element with a defined charge can be deviated by exactly
90 degrees, whereas all other particles coming from the source get deflected at different
angles. The resolving aperture, placed at the exit of the magnet to cut the ion beam,
regulates the intensity and serves as a beam shutter. After passing through the acceler-
ator tube with applied voltages of up to 200 kV, the ion beam gains its final energy, but
diverges and gets a non-uniform intensity profile across its diameter with the maximum
in the center. Thus, after the final acceleration, it has to be brought to focus using
triplet-quadrupole lenses (three sets of four electro-static electrodes) to reduce beam
current losses and implant uniformly in scanning mode. Monitoring of the beam shape
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Figure 2.4: Eaton NV-3204 medium current ion implantation system. Main functional com-
ponents are marked in the figure. Insets are showing enlarged: analyzing magnet (top) and ion
source (bottom).
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and scanning itself is realized via horizontal and vertical x− and y− scan plates. Before
reaching the sample, ions might be neutralized via collision with molecules of residual
atmosphere. Even in the ultra-high vacuum produced by several cryopumps, neutrals
are present in the final beam and have to be suppressed before reaching the sample
surface. That’s why the last pair of scan plates are also deflector plates. By applying a
high voltage, they bend the ion path by a fixed angle of 7◦, while all uncharged particles
go straight (neutral trap). Accordingly, the vacuum line also makes a 7◦ "knee" turn.
The sample holder can be cooled or heated in the range of − 100 ◦C to +400 ◦C. Depend-
ing on the purpose of implantation, temperature control of the substrate can restrict
or help defect’s relaxation, ordering-disordering, diffusion, etc. The implanted dose is
proportional to the integrated current over area. Respectively, it can be calculated as a
current, measured by an ammeter between the sample and the ground, divided by the
scanned area. As an example, the beam current to dose conversion is given in equation
2.2 [45], where the current is typically in the microamp range.

Dose =

[
Scanned Current
(1 microamp)

]
=
Current

Area
=

6.3× 1012 Ions/sec
63 cm2 (wafer 3′′)

= 1× 1011 Ions
cm2 · sec

(2.2)
For more details about dose calculations used in this work and simulated ion depth
profiles of the implanted Tb please see chapter 4.

2.2 Sample Characterization

A brief overview of all methods used in the frame of this work for the characterization
of structure, morphology, static and dynamic magnetic properties is given in following.

2.2.1 Rutherford backscattering spectroscopy

Rutherford backscattering spectroscopy (RBS) is a non-destructive method used for the
determination (with certain limitations) of stoichiometry, elemental areal density and
impurity distribution as a function of depth relatively to the surface, and intermixing
at the interfaces in thin films [46]. The RBS method uses projectile ions with energies
in the range of MeV. The measurement is based on the detection of the number of
ions and the energy distribution after elastic backscattering from nuclei at the sample
surface in the nm to µm depth range. In this work, RBS measurements were conducted
on the tandem-ion-accelerator system from High Voltage Engineering Europa B.V. The
standard functional components are shown in Fig. 2.5 (not to scale).
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The ion source contains He gas, which is excited by an RF (Radio Frequency) oscillator.
Produced He+ ions, accelerated by a voltage of 20 kV, are passing through Li vapor (at
∼ 600 ◦C) in the charge exchange channel. During this process, ions pick up electrons
due to a variety of scattering effects. Controlling the Li vapor temperature (TLi) allows
to adjust the intensity of the He− ion beam, because TLi influences the number of
scattering events. The resulting ion beam is accelerated towards the 90◦ - analyzing
magnet, where only He− ions get deviated by exactly 90◦ due to the adjusted magnetic
field. The main accelerator can reach a maximum voltage of 2MV using an SF6 isolated
(capacitively coupled) Cockroft-Walton type power supply [47]. Both entrance and exit
of the accelerator are at ground potential, when the maximum voltage is applied in the
middle. First, the He− ions are accelerated, passing through N2 gas (red part of the
beam in Fig. 2.5). Due to the so-called stripping process they lose electrons, converting
to He+ and He++ (orange part of the beam in Fig. 2.5). By using a switching magnet
the beam can be directed towards the RBS measurement line (other possible lines are
not shown in Fig. 2.5). Further along the beam path, an electromagnet is placed, which
is used for stopping ions during sample change. The sample station is equipped with
φ - and θ - sample rotation axes and a semiconductor detector with a multi-channel
analyzer.
The application principle regarding thin films is presented in Fig. 2.6. As an example, the
displayed film consists of two chemical elements A and B and has a uniform composition
AmBn. The substrate is significantly thicker than the film and is made of lighter atoms.
The incident beam has a number of ions Q and energy of projectile ions E0. Using 4He++

it is possible to achieve an effective energy E0 of up to 6MeV. Incident ions have energy
EA

1 (EB
1 ) after elastic backscattering from atom A (B), which is characteristic for a mass

of the target atom A (B). The detected final energy distribution is displayed in Fig. 2.6
as dependency of counts vs. channel number, where the latter is linearly proportional
to the energy of the backscattered ions, Ei

1. There are several factors, which define the
shape of the spectrum:

• energy losses due to elastic backscattering ⇒ define the position of the elemental
peak on energy (or channel number) scale and the energy sensitivity of the method;

• energy losses due to Coulomb interaction with valence electrons of atoms, while
traveling in and out through a certain depth x⇒ cause the peak width broadening
in the backscattering spectrum and determines the depth sensitivity of the method;

• strong dependency of the differential cross section on energy E−2 ⇒ represents
the probability for ion to scatter back at high angles θ.
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Figure 2.6: Basics of the backscattering process: the principle measurement geometry of RBS
setup for thin films [48]. The backscattering spectrum is shown as an inset on the side of the
sample model.

The characteristic portion of the energy, transferred from the projectile ion to an atom
during elastic backscattering, is the so-called kinematic factor K:

K =
Ei

1

E0

(2.3)

Using the laws of momentum and energy conservation, the K -factor is derived in [48,49]
as

K =


√

1−
([

M1

M2

]
· sin θ

)2

+
[
M1

M2

]
· cos θ

1 +
[
M1

M2

]


2

(2.4)

where θ is the backscattering angle, and M1 and M2 are masses of the ion and target
atom, respectively. Substituting K in equation 2.3 shows that the backscattering energy
Ei

1 depends on the mass ratio of projectile ion to target atom M1

M2
. This means, that

the backscattering energy contains information about the mass of the target atom. To
maximize the energy accuracy the K-factor should be minimized, thus θ has to be set
to high values close to 180◦ (here θ = 170◦) and the mass difference should be the
highest possible with M1 � M2. By solving equations 2.3 and 2.4 for M2, it is possible
to identify the target element. From the other side, knowing all elemental masses it
is possible to find Ei

1 from equation 2.3. The value Ei
1 for each type of atom i would
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be present as a sharp line in the spectrum, coming purely from the surface elastic ion
backscattering. Experimental observation of the broad peaks or plateaus is due to the
thickness distribution of the ith chemical element and can be explained by energy losses
of ions due to traveling through the electron clouds of target atoms before and after
backscattering. This change of energy is introduced as stopping power − dE

dx
of the

material. Using the approximation that − dE
dx

is constant in the energy range of MeV
for thin films, one could describe the ion energy Ex (Fig. 2.6) at depth x just before
backscattering as follows:

Ex = E0 − x ·
(

dE

dx

)
E0

(2.5)

Therefore, for the measured energy Ei
1 the equation 2.3 has to be modified by introducing

the rate of energy loss − dE
dx

and using Ex instead of E0. For simplicity, the incident
angle θ1 is set to zero, then the final energy of ions that are backscattered from the
depth x is given by [49]

Ei
1(x) = K ·

(
E0 − x ·

(
dE

dx

)
E0

)
− x

− cos θ
·
(

dE

dx

)
K·Ex

(2.6)

where the subscripts E0 and K · Ex on the stopping power term refer to the energy at
which it has to be evaluated.
The energy difference between ions backscattered at the surface (Ei

1 = K · E0) and at
the depth x (Ei

1(x)) corresponds to a change in depth (or in thickness ∆t)

∆E = K · E0 − Ei
1(x) = −∆t

(
K ·

(
dE

dx

)
E0

− 1

cos θ
·
(

dE

dx

)
K·Ex

)
(2.7)

Equation 2.7 shows that the depth resolution is determined by the energy resolution of
the detector, stopping power and geometry of the experiment [49].
For quantitative analysis the areal density (Nt)i of the aimed ith chemical element has
to be determined, which further can be used for calculating the stoichiometry and film
thickness.

(Nt)i [atom/cm2] =
Ai · cos θ1

Q · Ω · σi(E, θ)
(2.8)

where i is a type of atom (A or B), Ai is the integrated peak area of ith element (AA
or AB in Fig. 2.6), θ1 is the incident angle, Q is the number of incident ions, Ω is the
detector solid angle (here Ω = 1.08 msr), and σi(E, θ) is the differential cross section,
defined as the ratio of the number of particles backscattered into the detector solid
angle per time unit to the general number of incident ions. It takes into account that
scattering processes are anisotropic and shows how many ions actually scatter back into
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the solid detector angle. For Rutherford backscattering (pure Coulomb scattering) it
can be calculated using equation 2.9 [48].

σRuth (E, θ) =

(
Z1 · Z2 · e2

16πε0 · Ex

)2

· 4

sin4 θ
·

(√
1−

([
M1

M2

]
· sin θ

)2

+ cos θ

)2

√
1−

([
M1

M2

]
· sin θ

)2
(2.9)

where Z1 and Z2 are the charge of ion and target nuclei, respectively, e is the elementary
charge, ε0 states for the vacuum permittivity, and Ex is the energy of the projectile ion
immediately before backscattering at the depth x (Fig. 2.6). For surfaces and thin films
E0 can be taken instead of Ex. The importance of the differential cross section can be
seen from calculations of the number of backscattering events I per time interval, given
by [50]

I = I0 · P = I0 ·
N

A
· σRuth (E, θ) (2.10)

where P is the probability of scattering processes, I0 is the number of incidence ions
per time interval, and N

A
is the number of scattering centers per target area. Equation

2.10 shows that σRuth (E, θ) has to be maximized in order to get a higher sensitivity.
Taking into account strong dependency of σRuth (E, θ) on (Z1 · Z2)2 from equation 2.9,
it is better to use projectile ions with higher atomic number Z, e.g. He instead of H,
especially for detection of small dopant amounts, while still keeping M1 � M2. Also,
the dependency on Z2

2 means that heavier chemical elements will have a higher peak
intensities compared to lighter atoms of the same amount. Furthermore, the cross section
is inversely proportional to E2, thus σRuth (E, θ) gets reduced with increasing the ion
energy, resulting in a low amount of backscattering events, I.
Using equation 2.8 for an alloy film AmBn, it can be shown that the stoichiometry
depends only on the ratio AB/AA of the integrated peak areas and differential cross
sections σi(E, θ) for each element:

n

m
=

(Nt)B
(Nt)A

=
AB
AA
· σA(E, θ)

σB(E, θ)
(2.11)

The film thickness t [48] depends on the areal density (Nt)i and is given by

t =
(Nt)A

N AmBn
A

=
(Nt)B

N AmBn
B

(2.12)

where N AmBn
A and N AmBn

B are the atomic densities of atom types A and B, respectively,
which are calculated as

N AmBn
A =

m · ρAmBn ·N0

MAmBn

; N AmBn
B =

n · ρAmBn ·N0

MAmBn

(2.13)
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where m and n are the fractions of A and B in the AmBn alloy, ρAmBn is the mass density
of the alloy, N0 is Avogadro’s number, and MAmBn is the molecular weight of the alloy,
given by MAmBn = m ·MA + n ·MB, where the molecular weights MA and MB of the
pure elements A and B are known.
In this work, the evaluation of backscattering spectra is done using the simulation pro-
gram SIMNRA [51]. By fitting the measured spectrum, the program computes areal
densities (Nt)i for each component in the alloy and sample stoichiometry. The thick-
ness can be calculated using equations 2.12 and 2.13, but a crucial source of error is the
alloy density ρAmBn , because for thin films, it is often different compared to bulk values.
Geometry of the experiment has to be carefully adapted for the purpose of investigation.
For example, for epitaxially grown single crystalline films it is important to use a nonzero
incident angle θ1, because in a perfect crystal structure along certain crystallographic
directions between chains of atoms exist channels with lower potential. If an ion enters
such a channel under relatively small angle, it travels long time along this channel. Its
mean free path increases and as a result the probability of elastic backscattering at high
angles θ drops drastically. This is the so-called channeling effect.

2.2.2 X-ray diffraction

X-ray diffraction is a powerful method for characterizing crystal structure (class, type),
chemical ordering, lattice parameters, crystallite size, intrinsic strain in thin films, mo-
saicity and texture, or effect of dopants in film samples. This is possible due to the
short wavelength of the x-rays (in the order of 1Å) which experience constructive or
destructive interference on periodic crystal structures with lattice parameters in same
size range. Discussion in this chapter basically follows references [52–54].
The method make use of elastic Thomson scattering, which is one of three relevant
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Figure 2.7: Geometrical representation of (a) scattering vector (reciprocal space) in respect
to incoming and exiting waves and (b) the Bragg law in real space [52].
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interactions between x-rays and solids, the other two are photoionization and inelastic
Compton scattering.
If the point of observation (detector) is located at large distance compared to the x-ray
wavelength, the x-rays can be pictured as an elementary plane wave, which elastically
scatters on electrons in the atom. The incoming and outgoing waves, with the corre-
sponding wave vectors ~k0 and ~k, lie in the scattering plane with the angle 2θ between
them (Fig. 2.7a). The characteristic scattering vector ~Q, in units of 1/length, is then
given by

~Q = ~k− ~k0 (2.14)

Thus, ~Q is pointing along the bisection of incident and scattered beam (Fig. 2.7a). Using
the definition of the wave vector and the fact that the wavelength λ is conserved for
elastic scattering (~k = ~k0 = 2π

λ
), the amplitude of the ~Q - vector is geometrically defined

(see Fig. 2.7a) as

|~Q| = 4π · sin θ
λ

(2.15)

Equation 2.15 shows the dependency of the scattering vector on the geometry of the pro-
cess as well as on the x-ray wavelength, which are both defined by the experimentalist.
Hence, the measurement is basically scanning the structure of the sample by varying
the amplitude (x-ray wavelength in Eq. 2.15) and direction (angle 2θ) of the scattering
vector. The scattering strength will then depend on the spatial orientation of ~Q with
respect to the crystal reference frame. In the following this relation of ~Q - vector and
crystallographic direction will be discussed, keeping λ constant.
Primarily, real and reciprocal lattices have to be introduced for the interpretation of the
data measured in experiment. It is important to understand that the diffraction pattern
is experimentally measured reciprocal lattice, where the points in reciprocal space are
maxima of constructive interference in the experiment (peaks in the diffraction pattern).
First, it is considered that a lattice unit cell has three crystal basis vectors ~a1, ~a2, and ~a3

and the volume V = ~a1 · |~a2 × ~a3|. In this real crystal there are sets of parallel, equidis-
tant atomic planes. The distances between two neighboring planes along the three basic
vectors (intercepts on corresponding crystallographic axis) are ~a1

h
, ~a2

k
, and ~a3

l
. The in-

teger numbers h, k, and l are the so-called Miller indices, which are used to name a
set of planes, characterizing their orientation. The distance between planes in each hkl
family is defined as dhkl. Both properties, orientation and distance, are united in the
description of the reciprocal lattice vector, which is discussed below.
The reciprocal lattice is the Fourier transform of the real lattice. This means that the
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reciprocal basis vectors ~b1, ~b2, and ~b3 are given by

~b1 =
~a2 × ~a3

~a1 · ~a2 × ~a3

, ~b2 =
~a1 × ~a3

~a1 · ~a2 × ~a3

, ~b3 =
~a1 × ~a2

~a1 · ~a2 × ~a3

(2.16)

where each ~bi is perpendicular to the plane made by two crystal basis vectors ~aj and
~ak, where indices j 6= k 6= i.
In terms of ~bi, a new vector is defined:

~Ghkl = h~b1 + k~b2 + l~b3 (2.17)

~Ghkl is the so-called reciprocal lattice vector and it is perpendicular to the family of hkl
- planes. Using the ~Ghkl - vector, the distance between two atomic planes dhkl can be
expressed as

dhkl =
2π∣∣∣~Ghkl

∣∣∣ (2.18)

For a detailed derivation, see [53].
The condition of positive interference of x-rays is the Laue condition ~Q = ~Ghkl. Intro-
ducing equations 2.18 and 2.15 to this condition, Bragg’s law can be derived

2 · dhkl · sin θ = n · λ (2.19)

where n (a positive integer number) is the reflection order, which will get higher with
increasing angle θ. A graphical representation of Bragg’s law is shown in Fig. 2.7b. The
law says, that when two x-rays are scattered at neighboring planes in one hkl family,
constructive interference is observed if the path difference ∆ = ∆1 +∆2 of the two waves
is an integer multiple of the x-ray wavelength λ, which means that they should come
"in phase". This imposes a constraint on the angles, because λ is fixed. Thus, peaks
on the diffraction pattern will appear only at certain 2θ angles (Bragg angle) between
reflected and non-scattered primary beam (Fig. 2.8).
In a diffraction pattern, 2θ is usually plotted as the abscissa, with the intensity being
the ordinate. Using equation 2.19, dhkl− spacing can be calculated from the position of
peak maximum. For a cubic structure, dhkl can be expressed via the unit cell parameter
a by

1

d2
hkl

=
h2 + k2 + l2

a2
(2.20)

For a tetragonal structure like L10 chemically ordered FePt, where a = b 6= c, the dhkl
is given by

1

d2
hkl

=
h2 + k2

a2
+
l2

c2
(2.21)
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If the x-rays used were not monochromatic, the Rachinger correction has to be applied
to define the exact 2θ position, which subtracts the Kα2 radiation contribution from the
Bragg peak [53]. Furthermore, shape and intensity of a Bragg peak carry information

Figure 2.8: Experimental setup and measuring geometry for symmetric (θ − 2θ) - scan.

about the size of crystallites in the sample and the Scherrer equation 2.22 can be used to
estimate it. This equation relates the coherent scattering length L⊥coh to the full width
at half maximum (FWHM) ∆ θhkl. The L⊥coh corresponds to the average crystallite
dimension perpendicular to the set of reflecting planes and typically limited by the film
thickness.

L⊥coh =
N · λ

∆ θhkl cos θhkl
(2.22)

where N is a constant related to the crystal type, e.g. N = 2
√

ln 2
π

= 0.94 for cubic
symmetry, but often taken as 1 for other types. For a more precise evaluation of L⊥coh,
instrumental broadening also has to be taken into account [53].

Measurement of Bragg reflections

The diffractometer XRD 3003 PTS from Seifert with a parallel x-ray beam, which was
used in this work is shown in Fig. 2.8 with a typical (θ − 2θ) - geometry. The sample
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is mounted on a stage with multi-axis goniometer: translational X, Y, and Z position-
ing, horizontal (ω) and vertical (χ) tilting angles, rotation in the sample plane by 360◦

(φ). The incident beam is directed onto the sample surface under the angle θ. The
detector counts scattered radiation at the same angle with respect to the surface. The
x-ray source is fixed in this case. During a symmetric (θ− 2θ) - scan both, incident and
reflected angles are simultaneously changed by moving the detector (2θ) with twice the
angular velocity of the sample stage rotation (ω).
In a symmetric (θ − 2θ) - scan, where ω = θ, the scattering vector is parallel to the
substrate normal, and thus Bragg reflections are coming only from those lattice planes
hkl, which are parallel to the sample surface. Due to the high penetration depth, of
up to tens of µm, very strong substrate peaks might dominate the diffraction pattern.
Asymmetric (θ−2θ) - scans allow measuring hkl planes that are inclined with respect to
the surface. Such a scan uses different incident and reflection angle, while detector is at
2θ (ω 6= θ). As a result, the x-rays have a smaller penetration depth and the substrate
peaks are getting suppressed [55]. A third type of detection geometry is an “in-plane
scan”. It uses a grazing incident beam, making it suitable for measuring in-plane dis-
tances, which are hkl planes perpendicular to the sample surface [56].
The x-ray source consists of a hot cathode, usually made of tungsten, and a metal-
lic anode, often copper, operating in a high vacuum environment. Electrons from the
hot cathode are accelerated towards the water cooled anode by a voltage in the keV
range. Electrons emit two types of radiation, when stopped in matter: continuous
(Bremsstrahlung) and characteristic sharp peaks. The emission of the latter takes place
due to electron transitions between valence and core levels of the anode atoms. The
process of ionization and further relaxation via x-ray emission will be discussed in more
details in section 2.4. Only characteristic x-rays, which depend on the anode material,
are used for diffraction measurements. In this work Cu-Kα radiation is used. If the
anode is contaminated with redeposited tungsten from the cathode, the x-ray spectrum
might contain W-Lα and W-Lβ lines. A monochromator is needed to filter out unwanted
wavelengths in the incident beam, which might disturb the interpretation of the pattern.
In Fig. 2.8, additional optics to produce a parallel beam is utilized before the x-rays
hit a sample. A parabolic graded multilayer mirror [55], also called collimator, is used.
It reduces the primary intensity of the x-rays and the beam spot, however simplifies
the device configuration. Using a focused beam has an advantage of higher intensity
x-rays, but requires a Bragg-Brentano alignment [52]. Closer to the sample an aperture
is placed to define exactly the size of the beam spot on the sample. The scattered beam
can also be cut by a set of slits to ensure the constant size of the spot, over which the



24 2 Experimental techniques

detector will integrate counts.
In this work the analysis of data, such as background subtraction and Rachinger cor-
rection, was done using the “search-match” software – Rayflex [57] and Match!3 [58].
For comparison, the internal database of Match!3 and PDF-2 (Powder Diffraction File,
released in 2000) were used.
Sometimes, interference fringes (Laue-oscillations) can be observed in the diffraction

Figure 2.9: Example of thickness fringes around the (111) peak of L10 - PtCr phase in a
symmetric (θ − 2θ) - scan.

pattern, as shown in Fig. 2.9. This effect is related to the different optical paths of the
x-rays, scattered at surface-air and substrate-film interfaces. From the position of these
satellite peaks the film thickness t can be estimated as

t =
(n1 − n2) · λ

2 · (sin θ1 − sin θ2)
(2.23)

where ni is a number of the fringe, (n1 − n2) is basically the period between neigh-
boring fringes, and ωi is the corresponding 2θ - position of fringe ni. For a more exact
determination of the thickness, the fringes have to be simulated for each particular case.

Orientation, texture and chemical order

The orientation of the crystal structure is a crucial parameter for epitaxially grown films.
When dealing with polycrystalline thin films, all orientations are present randomly in
different grains: all allowed peaks can be seen in the (θ− 2θ) - scan and some peaks are
forbidden, obeying the diffraction selection rules for different crystal structures [52, 53].
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On the other hand, in epitaxially grown films only peaks from one (hkl) family might be
present in (θ−2θ) - geometry, due to the preferred crystallographic orientation (texture).
Another aspect investigated by the x-ray diffraction is the chemical order. For example,
L10 - chemically ordered FePt phase has an fct structure as well as superlattice, consti-
tuted of alternating atomic monolayers of Fe and Pt along [001]-direction. Respectively,
the fundamental (002)-peak comes from fct crystal structure and due to chemical or-
dering an additional superstructure (001)-peak appears. Here, constructive interference
occurs when x-rays are scattered on planes with the same chemical element, such as Fe-
Fe and Pt-Pt. The ratio of integrated intensities from superstructure and fundamental
peak is used to quantify the degree of order, given by [59]

S =

√√√√I001 · |F002|2 · A002 · L002 · exp− BF ·sin2 θ002
λ2

I002 · |F001|2 · A001 · L001 · exp− BS ·sin2 θ001
λ2

(2.24)

where I00l is the integrated measured intensity of the corresponding Bragg peak, F00l is
the structure factor, A00l is an absorption correction, L00l is Lorenz factor, BF and BS

are the Debye-Waller factors of the fundamental and superstructure peak, respectively,
λ is the x-ray wavelength, and θ is the incident angle. However, for the integrated
measured intensity the background has to be carefully corrected, especially if the peaks
of interest are overlapping with other peaks in the pattern. Also, Rachinger correction
and accurate determination of all factors in equation 2.24 is crucial for the calculations
of S. Nevertheless, the simple ratio I001

I002
shows the tendency of order parameter change

depending on e.g. dopant concentration in one series of samples. For L10 - chemically
ordered FePt, the highest ordering is observed when I001 is approximately two times
larger than the I002 intensity.
Additional information can be obtained via rocking curve scans. During this measure-
ment, the detector is fixed at the 2θ position of the Bragg peak maximum, while the
sample rotation angle ω is tilted by ±∆Ω. Such ω - scans are performed to deduce
information about the lateral size of crystallites, their tilt and mosaicity. Using the
FWHM of the ω - rocking curve and a correspondingly modified Scherrer equation [53],
the lateral grain size L‖coh can be found by

L
‖
coh =

N · λ
∆ωhkl cosωhkl

(2.25)

where N is a constant related to the crystal type (see equation 2.22), ∆ωhkl is the full
width at half maximum, and ωhkl is the position at maximum intensity. However, not
only L‖coh contributes to the ω - peak width, but it is also related to the mosaic spread.
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Figure 2.10: Illustration of FePt columnar grains with slight (a and b) and strong (b and
c) misorientation relatively to neighboring grains; the grain (c) with off-c-axis; (d) with poor
order and strongly misoriented crystallites in one grain.

It can be pictured as a small misorientation of several degrees between crystallites in
one grain in reference to each other [52, 53]. In epitaxial thin films, as illustrated in
Fig. 2.10a,b, FePt columnar grains can have a slight misorientation. It also can be seen
as a tilt of the whole grain by an angle of tenths of a degree.
The analysis of texture and chemical order is, of course, not only focused on the re-
flections of interest. In the diffraction pattern of an epitaxial thin film, all peaks that
were unexpected from a texture point of view, even those with low intensity, have to be
considered during sample characterization. Important in case of FePt are the off-axis
grains with (111), (110) or other orientations (Fig. 2.10c), grains with poor or no order
(Fig. 2.10d), which cause the shift of (002) reflection towards lower angles or appearance
of additional peaks from A1 - disordered FePt phase.
By comparing intensities and measuring rocking curves, it is possible to estimate the
relative amount and size of imperfect grains. A combination of all approaches helps to
define the general quality of the film growth, which is important for application.
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Sample alignment

When measuring diffraction patterns of epitaxial films, it is important to have perfect
(θ − 2θ) geometrical conditions (Fig. 2.11a), where ω, the angle of sample rotation in
the scattering plane, is equal to θ. But due to mounting the sample on the holder using
double-sided tape, the sample is often tilted by tenths of a degree (Fig. 2.11(b)). To
find this tilting angle, a diffraction peak of the substrate can be used as a reference.
Single crystalline substrates, which give a very high peak intensity in x-ray diffraction,
are typically are used for epitaxial growth. At the 2θ position of the main Bragg peak of
the substrate, a rocking curve scan has to be performed. Basically, the sample holder is
“rocked” back and forth, and at some point the scattering vector ~Q will match the surface
normal ~n of the sample, resulting in a maximum intensity. Afterwards, the sample has
to be brought to the position of the maximum in the ω - scan by rotation. The difference
between ωmax and the expected θ value is ±∆Ω (Fig. 2.11b). Finally, to compensate
the tilt, a constant offset ±∆Ω is introduced to the angle θ during the (θ − 2θ) - scan
by rotating the sample holder (Fig. 2.11c). As a result, the surface normal ~n is aligned
with the scattering vector ~Q for a symmetric (θ−2θ) -measurement. Such an alignment
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Figure 2.11: Alignment of the sample for symmetric (θ − 2θ) -measurement.

can strongly influence the intensity. If the tilt is strong, it is possible that the beam
spot of parallel x-rays hits the detector slit only partially, which leads to a significant
intensity loss. The detector slit is 2 mm wide and 1.5 cm long, which is why it is more
important to perform alignment in the ω - axis than in χ - axis, which is perpendicular
to it in the sample plane.



28 2 Experimental techniques

Reciprocal space mapping

As discussed in section 2.2.2, an x-ray diffraction measurement is basically a scan of
the sample structure by varying the amplitude and/or direction of the scattering vector.
Thus, it makes sense to picture all scanning techniques using Qx and Qz, the projected
components of the scattering vector in a coordinate system (Fig. 2.12). Qz is the com-
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Figure 2.12: Graphical representation of (a) symmetric (θ−2θ) - scan, (b) rocking curve mea-
surement, (c) radial scan for reciprocal space mapping, in terms of scattering vector components
in-plane Qx and out-of-plane Qz [52].

ponent of the scattering vector ~Q in the direction of the substrate normal ~n, while Qx is
perpendicular to Qz in the scattering plane and appears to be nonzero during a rocking
curve scan (Fig. 2.12b). The relation of Qz and Qx to the instrumental angles ω and 2θ

is given by [52]
Qx = K[cos(θ − ω)− cos(θ + ω)]

Qz = K[sin(θ − ω)− sin(θ + ω)]
(2.26)

whereK = 2π
λ
is the magnitude of the x-ray wave vector ~k. In the new coordinate system

different steps of the (θ−2θ) -measurement are shown by various colors in Fig. 2.12a. For
the rocking curve measurement, the magnitude of ~Q stays constant, scanning only the
angular dependence of ~Q - vector on ω (Fig. 2.12b). A further method of measurement
is a radial scan (Fig. 2.12c), where one (θ− 2θ) - scan is measured for each omega value.
Finally, reciprocal space mapping (RSM) is monitoring the intensity in a confined area
in ~Q− space in the vicinity of a chosen Bragg reflection. RSM measurements can be
obtained in two ways: (i) measuring sequential rocking curves with increasing 2θ, or (ii)
using a series of radial scans with different ω. In both cases the map has to be translated
into the Qx and Qz coordinate system using equations 2.26. Peak broadening in RSM
is used to calculate the size and tilting distribution of mosaic blocks.
Recalling that the reciprocal space vector ~Q is inversely proportional to the distance dhkl
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between atomic planes (eq. 2.18) and, consequently, to the lattice parameter (eq. 2.21):

Q2
hkl =

4π2

d2
hkl

= 4π2

(
h2 + k2

a2
+
l2

c2

)
= Q2

x +Q2
z (2.27)

where in the last part Pythagorean theorem is applied [60]. Then it is possible to
correlate the a and c lattice parameters with Qx and Qz components of the scattering
vector ~Q, respectively:

Q2
x = 4π2

(
h2+k2

a2

)
→ a = 2π

Qx

√
h2 + k2

Q2
z = 4π2

(
l2

c2

)
→ c = 2π

Qz
· l

(2.28)

where h, k, and l are Miller indices [60], Qx and Qz are the coordinates of the intensity
maximum in the RSM.

2.2.3 Superconducting quantum interference device-vibrating
sample magnetometry (SQUID-VSM)

To investigate static magnetic properties, a commercially available MPMS SQUID-VSM
by Quantum Design was used [61]. The working principle of this established method is
schematically shown in Fig. 2.13. The sample, mounted on a rod, is located between su-
perconducting pick-up coils. These detection coils are symmetrical with counter-wound
outer loops, which is a so-called second order gradiometer. They only pick up the sig-
nal of the locally changing magnetic field induced by sample movement, neglecting the
linear gradient of the externally applied field. Essentially, if the change of the field is suf-
ficient, the current δI is induced in the pick-up coils, leading to an increase or decrease
of the magnetic flux by δΦ. The signal is then transferred to the magnetically-shielded
DC-SQUID sensor via induction coupling to a flux transformer. The shielding makes it
possible to significantly increase the sensitivity [62] as well as to vary the experimental
conditions (temperature, field, etc.) for the sample independently, which can be well
beyond the operational limits of the SQUID sensor. The working principle of the sensor
itself is shown enlarged in Fig. 2.13(inset). It consists of a superconducting ring with
two thin isolating barriers, called Josephson junctions [63]. A fixed bias current 2 · IB,
close to the critical current IC of both Josephson junctions together, is applied to the
SQUID loop in order to operate in a regime on a I−V - curve between superconducting
and normal behavior. If there is an additional induction (screening) current (IC±Iinduc)
due to oscillating perpendicular magnetic flux, the effective current will increase or de-
crease, respectively. This results in a periodic change of the voltage drop with the period
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Figure 2.13: The SQUID-VSM detection principle.

of one flux quantum Φ0 = h/2e, where h is the Planck constant and e is the electron
charge. The detected change of the voltage ∆V allows to determine the magnetic flux
∆Φ, which was inductively coupled to the SQUID loop. A detailed description of the
SQUID detection principle and all types of sensors is available in [62].
Using a SQUID-VSM magnetometer allows to measure very small changes of the mag-
netic flux with a sensitivity ∆Φ of less than 8× 10−8 emu at an external magnetic field
of 70 kOe, according to manufacturers specifications [61]. Measurements can be con-
ducted in the temperature range of 1.8-1000K utilizing liquid helium and nitrogen gas.
A magnetic field of up to 70 kOe, generated by a superconducting Niobium-Titanium
(NbTi) solenoid, can be applied along the rod axis in both directions. As a result, two
possible geometries can be accessed for measuring the response of the magnetic mate-
rial to the external field (hysteresis loop). By mounting the sample along (on a quartz
holder) or perpendicular (in a straw) to the rod axis, the field is applied “in-plane" or
“out-of-plane" to the sample surface, respectively.
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As every other method, the SQUID-VSM has several limits. First, it is important to
position the sample exactly at the center of the pick-up coils, thus, sample scan is per-
formed before each measurement. While moving it vertically in VSM or DC mode, the
maximum of the SQUID signal is taken as a reference position for further measurements
(Fig. 2.13).
Second, the measured signal is always an integral signal from the whole sample volume,
including substrate, glue, etc. Normally, background contributions are diamagnetic or
paramagnetic and therefore show a linear dependency on the magnetic field. Hence, the
raw data has to be corrected by subtracting the slope of the M −H - loop at high fields,
where the saturation of the magnetic layer is reached. Nevertheless, for hard magnetic
materials it is not always possible to saturate the sample even at 70 kOe, which causes
an error in the detection of magnetization and coercivity.
Another problem is measuring in out-of-plane configuration at temperatures higher than
340K. The commercial holder with heating unit is made for in-plane configuration, there-
fore for the other geometry sample will have smaller contact area with the heater. It
might cause difference in heat transfer for two configurations. As the result, there is an
error in determination of the Curie temperature in out-of-plane geometry. Furthermore,
"soft phase artifact" can be irregularly observed in the M − H - loop measurements.
Several possible reasons supported by theory are discuses in literature [64].

2.2.4 Time-resolved magneto-optical Kerr effect

While SQUID-VSM magnetometry can precisely measure the magnetic moment of an en-
tire sample, it is sometimes necessary to only be sensitive to the first tens of nanometers
of the surface. In this regard, the magneto-optical Kerr effect (MOKE) is the favorable
method to probe magnetic properties of thin films due to the limited penetration depth
of light. The essence of MOKE is the rotation of the polarization plane of linearly po-
larized light after reflection from a magnetized surface, called the Kerr rotation θK [65].
Also, due to a phase shift between the electric field components perpendicular and par-
allel to the incident plane, the reflected light becomes ellipticaly polarized, called the
Kerr ellipticity εK . Both changes, Kerr rotation and Kerr ellipticity, are proportional
to the magnetization M of the surface and characterize the local magnetic properties.
By measuring the intensity of the reflected light under variation of the applied magnetic
field, a qualitative hysteresis loop can be obtained.
Multiple experimental methods utilize MOKE in combination with different types of
detection configurations. There are three distinctive geometries, which depend on the
orientation of the plane of incidence with respect to the magnetization in the thin film.
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Figure 2.14: Top: schematic image of a TR-MOKE setup; (a) magneto-optical Kerr effect
configurations (polar, longitudinal and transversal) for three possible orientations ofM relative
to the plane incidence; (b) dynamic measurements in an applied effective magnetic field Heff ,
where ∆mz is detected.

In polar geometry, M is out-of-plane (Fig. 2.14a), while in longitudinal and transversal,
M is in-plane and parallel or perpendicular to the plane of incidence, respectively.
Compared to SQUID-VSM magnetometry, the MOKE is much a faster method, al-
though it doesn’t provide a qualitative value of magnetization. Nevertheless, it has
found application in ultrafast magnetization dynamics investigations, where the relative
change of M on a femtosecond time scale is observed.
Investigations in this work used the polar geometry in a time-resolved MOKE setup

as described in [66]. It is important to note that in this configuration the method is
sensitive to the z - component of magnetization. In Fig. 2.14, the paths of both pulses,
probe (800 nm) and pump (400 nm), are shown schematically. Every pump pulse during
first picoseconds demagnetizes the affected area, causing magnetization precession on a
time scale of hundreds of picoseconds. The probe pulse is going through the delay sta-
tion with movable mirrors, which adjusts the pulse arrival time by ∆t. It also has much
lower power than the pump pulse in order to avoid any significant effect on the magnetic
system. Before the next pump pulse reaches the surface, the sample is remagnetized to
the initial state by an applied external field. Both steps are repeated in a cycle.
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The direction of the magnetic field can be varied with respect to the sample orienta-
tion. Indeed, its relative orientation with respect to the easy axis of magnetization is
very important. Taking into account that the polar MOKE geometry is sensitive to the
z - component of M , it is clear that precession around the plane normal or exciting a
system with an in-plane easy axis will not show oscillations. Only if the magnetization
is tilted by an effective external field, its precession will have a measurable component
along the z-direction (Fig. 2.14b) [66].
To determine the Gilbert damping parameter, analysis of spin dynamics oscillations ob-
tained at different applied fields has to be performed. The magnetic precession at each
field should be fitted by a complex sin - function, which is described by C. Berk [66] and
W. G. Yang et al. [67].

2.2.5 Atomic and magnetic force microscopy

A well established technique to investigate the topography of the sample surface is
atomic force microscopy (AFM) [68]. The schematic working principle of AFM is shown
in Fig. 2.15. The surface is probed by a sharp tip (5-10 nm radius of curvature), which
is located on the free end of a cantilever. A laser beam is focused on the back side of the
cantilever using aim adjustment screws. During a scan the deflection of the laser due to
tip-surface interactions of the cantilever is measured by the position-sensitive detector,
consisting of split photodiodes. Before starting a measurement, the laser spot has to
be reflected exactly to the detector center. By using two detector mirror positioners, it
can be preliminarily aligned on the laser spot detector screen and then more precisely
using the software. The sample, mounted on a stage equipped with a stepper motor
(not shown), is performing a raster scanning motion, which simplifies optical alignment.
AFM can be performed in different modes: contact, tapping, or non-contact. The most
frequently used and suitable for ambient conditions is tapping mode. Here, a cantilever
oscillates at or near its resonant frequency with a given amplitude, driven by a piezo
element. While getting closer to the sample surface, its amplitude changes due to Van
der Waals interactions, electrostatic forces, etc. between the tip and the surface atoms.
The control unit corrects the height of the cantilever to keep the set amplitude constant,
thus detecting change of the height. Since the measurement is done in close vicinity of the
surface, the shape and size of the cantilever are crucial for the high quality imaging. A
smaller radius of the tip curvature allows to resolve tiny features of topography. Whereas
a doubled tip, dust on the tip will cause measurement artifacts.
The distance between tip and surface will determine which forces are acting on the tip.
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Figure 2.15: Main components of AFM (MFM) setup.

In this regard, using magnetic tips allows to detect magnetic dipole-dipole interactions in
the so-called magnetic force microscopy (MFM) or “lift” mode (Fig. 2.16). An AFM tip
covered with a thin magnetic layer has to be magnetized in perpendicular direction to the
sample surface to make it sensitive to the force gradients due to out-of-plane component
of the sample’s stray field. On the first trace and retrace, a scan is done in close proximity
of the sample surface (several nm away), recording normal AFM topography. The
second step is measuring at a certain lift scan height (tens of nanometers) to enhance the
magnetic contrast, while the effect of other forces is strongly reduced at higher distances.
Since the phase shift of the resonant frequency is proportional to the gradient of the
magnetic forces in the out-of-plane direction, the MFM mode allows to image magnetic
domains or domain walls of the sample.
Nevertheless, due to a possible mutual influence of the stray field from the tip and the
sample on each other, artifacts, like a sudden change of the color map from one scan
line to the next, can be observed.
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Figure 2.16: Magnetic force microscopy: concept of “lift mode” measurements.

2.3 Electron microscopy

Electron microscopy is a method utilizing the effect of the electron wave-particle du-
ality [69]. Hence, by accelerating an electron it is possible to tune its wavelength λ.
Minimizing λ allows to increase the spatial resolution of electron microscopes down to
0.1 nm [70]. There are two general types of microscopes - scanning and transmission,
which are described in the following.

2.3.1 Scanning electron microscopy

A technique designed for topography imaging is scanning electron microscopy (SEM)
[71, 72]. The working principle of the setup is schematically shown in Fig. 2.17. The
electron source generates an electron beam, passing through an accelerating anode. Elec-
tromagnetic lenses are utilized to focus the beam, adjust astigmatism, and move (scan)
the beam across the sample surface. The motorized stage allows linear translation, an
angle tilt of several degrees and rotation of the specimen, if necessary. Every measure-
ment mode uses a corresponding detector or x-ray spectrometer and is briefly described
in the following.
The contrast in the SEM image originates from the interaction of the focused electron
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beam with the local charge density on the surface. During raster scanning with the
electron beam over the surface different signals can be detected:

• secondary electrons (SE) ⇒ highest lateral resolution;
• backscattered electrons (BSE) ⇒ element-specific contrast;
• x-ray ⇒ energy-dispersive x-ray spectroscopy (EDX);

Figure 2.17: Schematic illustration of the main components in an SEM microscope [71]. All
parts are placed in high vacuum.

The first one originates from inelastic scattering of incident electrons, which kick out
electrons from various atomic shells or trigger the ejection of Auger electrons. SEs are
emitted from the first few nanometers of the surface. Since the resolution of the SEM
is primarily determined by the interaction volume, the SE detection mode provides the
highest lateral resolution. Backscattered electrons occur as a result of elastic scattering
at angles between 90-180◦. Due to their higher energy, they can emerge out of a big-
ger volume, resulting in a poorer resolution compared to SE mode. Since the intensity
of backscattered electrons is proportional to the atomic number (see subsection 2.2.1),
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imaging in BE detection mode gives element specific contrast if the topographic con-
trast is minimized (flat surface). Furthermore, characteristic x-rays are generated when
incident electron knock an electron out of the inner atomic shell, subsequently causing
filling of the empty state via transition of a second electron, which leads to the emis-
sion of x-ray with the specific energy for the respective chemical element. This signal
can escape from even larger interaction volume than SEs and BSEs, which limits the
resolution of the EDX mode to 1µm3. Despite the complexity of this method, it allows
qualitative (type of element) and quantitative (concentration of element) analysis of the
chemical composition.

2.3.2 Transmission electron microscopy

In contrast to SEM, electrons transmitted through the sample are detected in TEM,
thus, the sample thickness has to be less than 200 nm. The working principle of a
TEM [71, 73, 74] is shown in Fig. 2.18. Generated in the source (gun), electrons are
accelerated to much higher energies than in SEM, up to 300 kV. Also, the arrangement
of electromagnetic lenses in the TEM column is more complex. Condenser lenses focus
the beam before the sample, whereas the condenser aperture reduces the intensity, the
objective lens focuses transmitted through the sample electrons to get a diffraction
pattern or the image in real space. The projection lens magnifies it onto detection system,
which normally has multiple options: liftable phosphor (viewing) screen, charged coupled
devices (CCD) wide-angle camera (converts incoming electrons in electronic pulse per
pixel) or exchangeable photographic plates.
Depending on the desired information about the probed sample, there is a large number
of imaging modes in TEM:

• Bright-field (BF) imaging is the most common mode, where the objective aper-
ture, placed in the back focal plane of the objective lens (Fig. 2.18), filters out
elastically or inelastically scattered electrons. Thus, areas with active scattering
have darker contrast: zones with larger thickness, increased mass, higher density,
grain boundaries, dislocations, etc., whereas brighter areas appear where electrons
are transmitted (not scattered).

• Dark-field (DF) imaging uses the same objective aperture, which is placed to select
a part of the electrons scattered at certain angle, blocking all the rest. Those areas
that scatter the electrons at this specific angle will be bright in the DF image. This
method uses annular dark-field (ADF) detector.

• Electron diffraction is the result of constructive and destructive interference of
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elastically scattered electrons. The position of the reflections will be defined by
the crystallographic structure and orientation (analogous to Bragg scattering in
subsection 2.2.2). Consequently, the crystalline structure and orientation can be
investigated on the nanoscale using this mode.

Figure 2.18: Schematic illustration of the main components in a TEM microscope [71]. All
parts are placed in high vacuum.

• High-resolution TEM (HR-TEM) is possible for ultrathin samples (< 100 nm),
where an image with the atoms positions can be reconstructed from the complex
diffraction pattern at high magnification (×500000 or more).

• For scanning transmission electron microscopy mode (STEM) uses STEM scan
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coils to scan with focused beam across the sample surface and detects transmitted
electrons. This method is extremely useful for local chemical analysis of up to
one atomic column [75]. Using an EDX detector in STEM mode is 10 times
more accurate than in SEM, because of the smaller interaction volume [69, 72].
A combination of STEM mode with focused beam and EDX detector allows to
obtain an element-specific map of the surface area.

• High angle annular dark field (HAADF) builds an image by collecting electrons
that were incoherently scattered at very high angles. As a result, HAADF images
have a contrast that highly depends on the atomic number Z [76].

• Electron energy loss spectroscopy (EELS) helps to identify the elemental compo-
sition by measuring energy losses due to the inelastic interaction of transmitted
electrons [77]. These interactions of incident electrons with the sample leads to
the emission of SEs and BSEs. However, instead of detecting both of them like in
SEM, the energy losses of transmitted electrons are analyzed in TEM. An EELS
spectrometer counts the electrons after passing through a magnetic prism, which
deflects them according to their energy [78]. EELS images can be taken in STEM
mode as a complementary method to EDX. Compared to EDX, the EELS mode is
more suitable for the detection of light elements and low concentrations of dopants
(contamination), it has a higher spatial resolution and no problems with peak over-
lap [79].

2.4 X-ray Absorption Spectroscopy

Photon absorption by solids is an extremely complex process and its description requires
strong assumptions, such as the atomic model or single-particle approximations. In the
following the latter will be used to discuss X-ray Absorption Spectroscopy (XAS) due
to its simplicity in visualization.
X-rays with wavelengths in the range of∼ 25Å to 0.25Å are absorbed by matter through
the photo-electric effect [80]. As shown by three dotted black arrows in Fig. 2.19a,
electrons from the inner shells (1s or 2p) are excited to the unoccupied states or the
continuum via absorption of the exact or above the core-level binding energies E0. Any
energy in excess of the electronic binding energy E0 can be seen as the kinetic energy
Ekin of the photo-electron, given by

Ekin =
k2 ~2

2 ·me

= E− E0 (2.29)
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where E is the energy of the incident x-ray, k is the wavenumber, ~ is the reduced Planck
constant, and me is the mass of an electron.
The implications of the photo-electric effect and the wave-particle duality give rise to
X-ray Absorption Fine-Structure (XAFS) in X-ray Absorption Spectroscopy.
XAS experiments are performed using a synchrotron radiation source, which can provide
a tunable in energy x-ray beam of high intensity. The measurement itself refers to the
absorption coefficient µ, which represents the x-ray absorption probability according to
Beer’s law:

I = I0 · e−µ t (2.30)

where I is the transmitted intensity, I0 is the incident x-ray intensity, and t is the sample
thickness, as shown in the inset in Fig. 2.19a. The absorption coefficient µ is given by

µ ≈ ρ · Z4

A · E3
(2.31)

where ρ is the sample density, Z is the atomic number, A is the atomic mass, and E is
the x-ray energy. Due to strong the dependency on Z4 and E3, the absorption coefficient
µ is very element-sensitive. By adjusting the right energy, it is possible to achieve good
element-specific contrast, independent on thickness or concentration. Additionally, if
the x-ray energy is chosen equal to the binding energies of a core-level electron, a sharp
rise of absorption will be observed, a so-called edge. The XAFS appears above the edge.
Hence, using the known and tabulated values of binding energies, one can select the
chemical element to be probed by XAFS. The K and L edges are usually used in the
hard x-ray regime (E > 10 keV ) and the M edges for heavy elements in the soft x-ray
regime (E < 10 keV ). As shown in Fig. 2.19a, an absorption event not only leads to
the formation of a photo-electron, but also creates a core hole. Such an atom is in an
excited state, which eventually will decay by one of two main mechanisms:

• X-ray Fluorescence⇒ appears more likely in the hard x-ray regime⇒ an electron
from a higher core-level fills a deeper core hole, which leads to the emission of
an x-ray photon with well-defined energy. This type of fluorescent (secondary)
radiation is characteristic for each chemical element. The hole at the K - shell
with the principal quantum number n = 1, can be filled by an electron from the
shells L (n = 2), M (n = 3), etc., with consecutive electron transitions to the
newly created holes, until all electrons are redistributed in the atom. Each of
those cascade jumps will result in the emission of characteristic radiation. The
allowed K -, L- and M - transitions are shown in Fig. 2.19b. There are selec-
tion rules for dipole (|∆ l| = 1, |∆ j| = 0, 1) and weaker quadrupole radiation
(|∆ l| = 0, 2, |∆ j| = 0, 1, 2, where l is azimuthal and j is total angular momenta
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quantum numbers), which apply strict constraints. Furthermore, the same select-
ing rules are valid for creation the hole as well as for filling it. This means, that it
is not possible to excite an electron (or create a hole) if there is no available state
for it above the Fermi level, which would satisfy the selection rules.
Here it is important to mention differences in notation: when talking about char-
acteristic radiation, one uses Greek letters as indices in the K -, L- or M - series.
For example, the transition from the 2p3/2 to the 1s orbital leads to the emission
of Kα 1 radiation, from 2p1/2 to 1s is called Kα 2, from 3p to 1s is Kβ, etc. [81]. Re-
garding absorption edges, one uses numerical indices for K, L or M. For example,
creating an electron hole in the 2p3/2 - orbital corresponds to the L3 edge, in the
2p1/2 - orbital refers to the L2 edge, etc., as shown in Fig. 2.19a on the right next
to each energy level.
X-ray Fluorescence gives the possibility to measure XAS-spectra for bulk samples,
which is not achievable in transmission mode. During the measurement, the in-
tensity of fluorescent x-rays If is measured in reflection as schematically shown in
the inset in Fig. 2.19b.

• Auger effect ⇒ more likely takes place in the soft x-ray regime ⇒ one electron
drops from a higher level to fill the core hole, releasing quantum of energy. An-
other one (Auger electron) can absorb it and escape to continuum or even out of
the sample (Fig. 2.19c). Passing through the solid, the Auger electron produces a
cascade of secondary electrons due to inelastic scattering. The current that com-
pensates the emitted charges is measured by a picoammeter between the sample
and the ground and it is proportional to the absorption probability. Such a mea-
surement geometry refers to the total electron yield detection (TEY) and is shown
in the inset in Fig. 2.19c. Additionally, the escape depth of the electrons is tens of
nanometers, making TEY measurements much more surface-sensitive than x-ray
fluorescence or transmission.

An example of an XAS-spectrum, which shows the dependency of the absorption coef-
ficient µ on the photon energy, is shown in Fig. 2.20. The Pre-edge region contains all
features between the Fermi energy and the binding energy E0. Analysis of the shape,
intensity, and position of the pre-edge peak (or multiple peaks) can be correlated to the
oxidation state o the sample. Edge region is a strongly rising part due to transition
of photo-electrons to unoccupied valence states. Just above it is the X-ray Absorption
Near Edge Structure (XANES) or Near Edge X-ray Absorption Fine Structure (NEX-
AFS) region. Both names are referring to the same part of spectrum, the region within
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Figure 2.20: X-ray absorption coefficient vs. energy of the incident photons. Different parts
of the XAS-spectrum are highlighted by color.

about 50 eV above the edge, but in the hard and soft x-ray regime, respectively. Photo-
electrons here have just enough energy to escape into the continuum, but due to the
strong scattering amplitude by neighboring atoms, they experience multiple scattering
resonances in a small nanoclusters [82]. The kinetic energy of the photo-electrons is low
and their wavelength is much larger than the interatomic distance (Fig. 2.19a), and as
a result the mean free path is smaller than a nanometer, thus its life time is on the fem-
tosecond time scale. Nevertheless, XANES (NEXAFS) carries important information
about the density of electronic states, coordination chemistry, p − d orbital hybridiza-
tion, etc. [83]. In comparison to XANES (NEXAFS), oscillations more than ∼ 50 eV

above the edge, associated with Extended X-ray Absorption Fine Structure (EXAFS),
have a relatively simple analytical description (subsection 2.4.1). Photo-electrons here
have high a kinetic energy (Fig. 2.19a), thus the extended spectrum can be interpreted
in a more quantitative way using single-scattering approximation.

2.4.1 Extended x-ray absorption fine structure

Oscillations well above the absorption edge are defined as a χ(E) - function and can be
understood best in terms of the wave-like nature of the photo-electron [83]. As shown in
Fig. 2.21, the outgoing spherical wave is traveling to the neighboring atoms, where it gets
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scattered, and travels back to the absorbing atom. In a simplified picture, neighboring
atoms are treated as point-scatterers. Then cause of the measured absorption coefficient
oscillations is the constructive and destructive interference of backscattered waves with
the forward-propagating waves. Accordingly, the energy has to be converted to k using
equation 2.29, then the wave vector k can be written as

k =

√
2me · (E− E0)

~
(2.32)

where me is the electron mass and ~ is the reduced Planck constant. Then the primary
function χ(E) is converted into the EXAFS – χ(k). Subsequently, it is easier for inter-
pretation to characterize the different regions of absorption spectrum in terms of the
k - vector, by comparing k with the coordination distances R:

• 0 6 k < 2/R ⇒ X-ray Absorption Near Edge Structure (XANES) or Near Edge
X-ray Absorption Fine Structure (NEXAFS);

• k > 2/R ⇒ Extended X-ray Absorption Fine Structure (EXAFS).
Oscillations of EXAFS decay fast, so the function χ(k) is often multiplied by k2 or k3 to
emphasize them. The EXAFS consist of different frequencies, which can be separated by
Fourier transformation each of them corresponds to a certain near-neighbor coordination
shell and can be described by the EXAFS Equation [83]:

χ (k) =
∑
j

Nj · fj(k) · e−2·k2·σ2
j

k ·R2
j

· sin[2 · k ·Rj + δj(k)] (2.33)

A real measurement averages the signal over all pairs of absorbing and scattering atoms.
Thus, j in the equation 2.33 represents the coordination shell with identical atoms
at approximately the same distance R from the absorbing atom. Scattering factors:
amplitude f(k) and phase-shift δ(k) depend on the atomic number Z of the neighbors,
which allows to identify exactly which chemical element is located at the distance R.
Accurate values of the scattering factors can be calculated with the automated program
FEFF for ab initio multiple scattering calculations [84]. Knowing both properties (f(k)

and δ(k)) of the neighboring atoms, it is possible to find:
• the coordination number N ;
• the distance to the nearest neighbor R;
• the Debye-Waller factor σ2, which is the mean-square displacement in the bond

distance R. This type of disorder has thermal and static origin.
Equation 2.33 has two main approximations:

• scattering from the neighboring atom is purely elastic;
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Figure 2.21: Origin of EXAFS oscillations due to the interference of outgoing and incoming
spherical waves, scattered from neighboring atoms in different coordination shells.

• the photo-electron has to come back to the central (absorbing) atom before the
core hole is filled and the excited stay has decayed.

To take into account inelastic scattering and core-hole lifetime, an additional parameter,
mean free path λ, has to be introduced. It characterizes the maximum traveling distance
of a photo-electron before it experiences inelastic scattering and before the core hole is
filled. Accordingly, the spherical wave is assumed to be damped and an additional term,
including λ, appears in equation 2.33:

χ (k) =
∑
j

Nj · fj(k) · e−2·k2·σ2
j · e−2·Rj/λ(k)

k ·R2
j

· sin[2 · k ·Rj + δj(k)] (2.34)

The mean free path λ varies in the range of 5 to 30Å, and it significantly and nonlinearly
depends on k. As a result, the terms λ(k) and R−2 make XAFS inherently sensitive
only to the local structure.
Independent of the measuring mode (TEY, fluorescence, transmission), the raw data
reduction and analysis are essentially the same. A practical step-by-step guide of EXAFS
data modeling is described in [83].
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2.4.2 X-ray magnetic circular dichroism

X-ray Absorption Spectroscopy allows to probe the electronic structure of the magnetic
material [83] and hence to gain information about its magnetic properties [85]. X-ray
magnetic circular dichroism (XMCD) is based on the different absorption cross section
(absorption probability) for left (LCP) and right (RCP) circularly polarized light [85,86].
In a simplified way, this effect can be described by a two-step model:

1. A spin-orbit split 2p core level has states with j = l+ s = 3/2 and j = l− s = 1/2,
as shown in Fig 2.22a for 3d transition metals. At the photon energy of the L3 and
L2 edges, photo-electrons from both the 2p3/2 and 2p1/2 states will be excited to the
unoccupied valence states with number of holes Nholes. The angular momentum
of the photon, which is parallel or antiparallel to the wave vector k for +~ and
− ~, respectively, is transferred to a photo-electron. Depending on the alignment
of the photon spin, which is either parallel (+~) or antiparallel (− ~) to the 2p

orbital moment the excited electrons will preferably have a spin-up or spin-down
direction, respectively. To put it simply, LCP (RCP) light will excite much more
spin-up (spin-down) photo-electrons. Thus, photo-electrons coming from 2p states
will be partially spin polarized, as shown in Fig 2.22b. To maximize this effect,
collinear orientation of the photon spin and the 2p orbital moment is required.

2. Photo-electrons will enter the 3d valance band, where the number of holes for spin-
up and spin-down is imbalanced. Hence, the 3d band will serve as a “spin-sensitive
detector” for photo-electrons. In other words, photo-electrons with spin-up (spin-
down) will probe spin-up N↑ (spin-down N↓) states in the 3d band because of the
spin-conservation, as shown in Fig 2.22b. By setting the magnetization M of the
3d band parallel (antiparallel) to the wave vector k, the occupation of N↓ (N↑)
holes will increase. Hence, for LCP light the L3 edge will be more intense and
L2 reduced, and vice versa for RCP light. The difference of two XAS-spectra,
measured with LCP and RCP light, is called XMCD signal. A maximum XMCD
effect requires collinear orientation of the magnetization M and the photon spin
(angular momentum Lph), thus the most convenient geometry is when the x-rays
travel along the direction of magnetization. The XMCD signal will be observed
in the following two cases:

• for two XAS-spectra, where the helicity of the x-rays is LCP for the first and
RCP for the second spectrum, but M is fixed parallel or antiparallel to k for
both spectra;
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• for two XAS-spectra, where the helicity is not changing, but the direction of
M in respect to k.

The XMCD difference is observed in the near-edge range of the XAS-spectrum. Since
the magnetic moment of transition metals and rare-earth elements is defined by the 3d−
and 4f− states, respectively, one can select to probe the corresponding L− orM− edge
based on the dipole selection rules. It makes XMCD a perfectly suitable technique for
the analysis of spin and orbital moment of magnetic materials [87,88].
In 1992-1995 the sum rules were derived by Thole et al. [89], Carra et al. [90], and Thole
Stöhr et al. [91] to relate the integrated XMCD signal to the spin and orbital moments.
There are three main sum rules [86]:

1. Charge sum rule. In a magnetic 3d transition metal, the total integrated XAS-
spectrum intensity I at the L3 and L2 edges corresponds to the number of valence
holes, Nholes, in the electronic ground state, as shown in Fig 2.22a:

〈I〉 = C ·Nholes (2.35)

where C is a proportionality constant given by

C = A · R2 · L

3 (2L+ 1)
(2.36)

where A = 4π2~/137, R is the radial transition matrix element, and L is the
angular momentum of the of valence state [86]. For 3d transition metals, A is in
the range of 10 Mb·eV [92].

2. Spin sum rule. Due to spin-dependent absorption, the XMCD difference will
correspond to the difference of spin-up and spin-down holes above the Fermi level,
which is the magnetic moment. In Fig. 2.22b, two measurements are shown for
LCP and RCP light, as well as the resulting XMCD signal below. This sum rule
correlates the dichroism intensity with the spin moment per atom ms:

〈−A+ 2B〉 =
C

µB
·ms (2.37)

The integrated area B has to be doubled, because there are twice as many electrons
at the L3 edge as at the L2 edge.

3. Orbital moment sum rule. Even if the orbital moment mo is very small for 3d

transition metals, one could still separate it during XMCD analysis. The orbital
moment can be very anisotropic due to ligand (crystal) fields, which strongly affect
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or even destroy the motion of the electrons around any crystal axis. To extract mo

properly, the sample has to be polycrystalline, or three different averaged XMCD
measurements have to be done in orthogonal directions. As shown in Fig. 2.22c,
the difference between N−ml and N+ml is very small in the 3d band structure, and
from the relationship for the orbital sum rule

−〈A+B〉 =
3C

2µB
·mo (2.38)

it can also be seen, that the subtraction of B > 0 from A < 0 will result in a small
value. Thus, high quality measurement data is required to extract the exact value.
The importance of mo lies in its coupling with the lattice, which determines the
easy direction of the magnetizationM , the magneto-crystalline anisotropy (MCA),
and the magnetostriction effect.

The sum rules are based on several assumptions [86], and as a result there are many
practical difficulties, especially in regard to rare earth elements [93].





Chapter 3

Rapid Thermal Annealing

In the frame of this work, Rapid Thermal Annealing was used extensively due to its
effective and relatively simple application perspectives [3, 94]. As described in subsec-
tion 2.1.2, the difference in light absorption of the substrate and metallic film inducing
in-plane tensile stress on the FePt film, which promotes the (001)-texture of the L10 -
phase. FePt samples with additional layers of Cu [III, IV], Mn [V, XII], Cr, and Tb were
prepared as bi-/tri-layes or co-deposited and further exposed to RTA post treatment.
Here the presented study focuses on sample series with FePt/Mn/FePt trilayers [V, XII].
Part of the presented results is obtained in the frame of the master work of Matthias
Riepp at the University of Augsburg [95].

3.1 RTA-processed FePt/Mn/FePt thin films

The addition of third elements in L10 - FePt, which allows to tune its magnetic prop-
erties, was extensively investigated in various studies regarding heat assisted magnetic
recording (HAMR) [2,3,96]. One of the most important requirements for HAMR is the
reduction of Curie temperature without significant loss of PMA, which can be achieved
by doping with Mn as predicted by first-principles calculations [97]. It was also ex-
perimentally confirmed for stoichiometric Fe1−xMnxPt thin films prepared at elevated
temperatures by epitaxial growth on MgO(001) [98]. By contrast, the influence of Mn
addition on the phase, texture formation and magnetic properties in RTA-processed
FePt thin films will be discussed in this chapter.

51



52 3 Rapid Thermal Annealing

Experimental

A series of Fe52Pt48/Mnx/Fe52Pt48 trilayers, with a total thickness of 10 nm, was pre-
pared at room temperature by sputter deposition on SiO2(100 nm)/Si(001) substrates
and further processed by rapid thermal annealing in N2 atmosphere in the temperature
range of 650-800 ◦C for 30 s. For deposition, an Fe52Pt48 alloy and pure Mn targets were
used. The Mn concentration was varied by altering the thickness of the individual Mn
and FePt layers (table 3.1). The evolution of structural properties and phase forma-
tion was investigated with x-ray diffraction (XRD), and, for selected samples, studies
were performed by cross-section transmission electron microscopy (TEM), using a JEOL
system. Via atomic force microscopy (AFM) and scanning electron microscopy (SEM),
changes of surface morphology were investigated. SEM measurements were performed
in a Nova 200 NanoSEM from FEI. For the characterization of the magnetic properties,
superconducting quantum interference device - vibrating sample magnetometry (SQUID-
VSM) was used at room temperature. Additionally, magnetic force microscopy (MFM)
was carried out to image the magnetic domain structure.

Table 3.1: Layer thicknesses and compositions of the Fe52Pt48/Mnx/Fe52Pt48 sample series

Nominal composition As-grown layer thicknesses
FePt (nm) Mn (nm) FePt(nm)

Fe52Pt48 10 – –
Fe52Pt48/Mn (5 at.%)/Fe52Pt48 4.9 0.23 4.9
Fe52Pt48/Mn (10 at.%)/Fe52Pt48 4.8 0.46 4.8
Fe52Pt48/Mn (15 at.%)/Fe52Pt48 4.7 0.67 4.7
Fe52Pt48/Mn (20 at.%)/Fe52Pt48 4.6 0.87 4.6

RBS composition RBS thickness RTA temperature RTA duration RTA rate
after RTA (±2 at.%) (nm ±2 nm) (◦C ) (s) (◦C/s)

Fe52Pt48 10 650, 700, 750, 800 30 400
(Fe89Mn11)55Pt45 10 650, 700, 750, 800 30 400
(Fe84Mn16)56Pt44 10 650, 700, 750, 800 30 400
(Fe79Mn21)58Pt42 10 650, 700, 750, 800 30 400
(Fe72Mn28)60Pt40 10 650, 700, 750, 800 30 400
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Structural and magnetic properties

XRD (θ − 2θ) - scans of RTA processed at 650 ◦C and 750 ◦C FePt/Mn/FePt trilayers
with different Mn thickness are presented in Fig. 3.1. The XRD patterns were normal-
ized to the maximum of the (002)-fundamental reflection for better comparison. All film
samples exhibit L10 phase formation with a pronounced (001)-texture. Nevertheless, a
weak (111)-reflection is observed even for the reference FePt sample. The intensity of

Figure 3.1: XRD (θ − 2θ) - scans of Fe52Pt48/Mnx/Fe52Pt48 films with different Mn content,
processed by RTA at 650 ◦C (black) and 750 ◦C (red).
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Figure 3.2: c - lattice parameter extracted from the L10 - (001) superstructure and (002)
fundamental reflection positions for Fe52Pt48/Mnx/Fe52Pt48 trilayers, processed at 650, 700
and 750 ◦C. Dotted lines are a guide to the eye.

the (111) peak is not changing with addition of Mn after RTA at 650 ◦C. However, at a
processing temperature of 750 ◦C the (111) peak gets reduced with the addition of up to
21 at.% Mn. Further increase of the Mn content up to 28 at.% alters the film orientation
again, as indicated by the reappearance of the (111)-reflection (Fig. 3.1). Thus, a Mn
concentration of 21 at.% seems to be the optimum in terms of (001)-texture formation.
Interestingly, the integral intensity ratio of (001)/(002), which is proportional to the
L10 - order parameter (Subsection 2.2.2), is almost constant with addition of Mn for
both annealing temperatures (Fig. 3.1), which is in line with the results reported pre-
viously for epitaxially grown Fe1−xMnxPt films [98]. The FWHM is smaller for higher
annealing T , which is due to the larger coherent scattering length (L⊥) as the result
of thermally induced grain growth (Fig. 3.2(a)). Extracted from the position of the
(001) superstructure and (002) fundamental reflection positions, the average c - lattice
parameter for samples processed by RTA in the range of temperatures 600-750 ◦C are
summarized in Fig. 3.2(b). The c - lattice parameter stays almost constant around 3.67Å,
which is slightly lower than the corresponding bulk value for L10 - Fe50Pt50 due to the
higher Fe content used here. Compare to the results of G. Meyer et al. [98], no contin-
uous change of the c - lattice parameter was observed with addition of Mn. Apparently,
Mn is only partially participating in L10 phase formation.
Magnetic hysteresis loops taken in out-of-plane and in-plane geometry for the Fe52Pt48/
Mnx/Fe52Pt48 films after RTA processing at 650 ◦C and 750 ◦C, are shown in Fig. 3.3. Ris-
ing the annealing temperature leads to an increase ofMR/MS ratio, which characterizes
the squareness of the loop. The remanent magnetization almost reaches the saturation
value as a result of the formation of a high fraction of L10 - ordered (001)-oriented grains.
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Figure 3.3: M-H hysteresis loops measured in the in-plane and out-of-plane direction geome-
try at 300K for Fe52Pt48/Mnx/Fe52Pt48 films with different Mn content, processed by RTA at
650 ◦C and 750 ◦C.

Figure 3.4: Dependence of the (a) saturation magnetization on Mn concentration using the
nomenclature (Fe100−xMnx)Pt; (b) coercivity depending on the RTA processing temperature.
Lines are a guide to the eyes.

Lower remanence in the in-plane direction indicates its hard-axis character. The occur-
rence of a significant coercivity in the IP direction is due to presence of (111)-oriented
grains (Fig. 3.1). Moreover, only a small reduction in MS from 1125 to 800 emu/cm3

by doping with 28 at.% Mn is observed (Fig. 3.4(a)). However, for antiparallel cou-
pling between Mn and Fe magnetic sublattices, a much stronger reduction than 30%
is expected. G. Meyer et al. reported that the saturation magnetization in epitaxially
grown (Fe100−xMnx)Pt thin films shows a linear reduction with Mn content [98], given
for comparison in Fig. 3.4(a). This leads to the conclusion that for RTA-processed
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FePtMn samples with 28 at.% Mn only a small amount of about ∼ 8 at.% Mn is indeed
incorporated into the FePt lattice. The coercivity values, which are equal in in-plane
and out-of-plane direction, are first increasing with annealing temperature up to 750 ◦C
and further remain almost unchanged (Fig. 3.4(b)).
Please note that the magnetic moments in the IP direction could not be fully saturated
even with an external magnetic field of 70 kOe. Thus certain assumptions had to be
made for extracting the magnetic anisotropy values (Fig. 3.5(a)). To calculate the effec-
tive anisotropy, the area confined between the averaged halves of the hysteresis loops
measured in the in-plane and out-of-plane directions has to be integrated. This requires
visibility of the anisotropy field, at which the magnetic moments can be saturated in
both directions. If it is not possible to saturate the moments in the in-plane direction
due to high PMA, a linear correction can be used (Fig. 3.5(a)). Such an estimation
results in large error bars (Fig. 3.5(b) and (c)). Calculated PMA shows a decay with
increasing Mn content(Fig. 3.5(b)) as well as a pronounced increase with rising RTA
process temperature (Fig. 3.5(c)), reaching values of up to 2.5MJ/m3.

Figure 3.5: (a) Example of the area integration (gray) between averaged halves of the hys-
teresis for determination of Keff . The average curves of the out-of-plane and in-plane loops
are shown in green and cyan, respectively. The in-plane average (cyan) had to be tilted (red)
to cross the out-of-plane average (green). Effective magnetic anisotropy, obtained at room
temperature, dependent on the (b) Mn content and (c) RTA process temperature. Lines in (b)
and (c) are guide to the eyes.

Morphology and magnetic domains

A film with 11 at.% Mn annealed at 750 ◦C exhibits small islands on the surface, resulting
in rms roughness of about 2.3 nm, as shown in the AFM image in Fig. 3.6(a). With
addition of 28 at.% Mn, the roughness significantly increases (Fig. 3.6(c)) with the
formation of worm-like holes in the film. The corresponding MFM images (Fig. 3.6(d)-
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Figure 3.6: AFM images with corresponding MFM images for selected samples of the
Fe52Pt48/Mnx/Fe52Pt48 sample series with different Mn content after RTA at 750 ◦C.

(f)) reveal magnetic domains in a similar size range of about 500 nm pointing up and
down were bright and dark contrast, respectively, which is consistent with strong PMA.
Additionally, to investigate changes of the film morphology in more details SEM images
were recorded (Fig. 3.7). It is shown that the addition of Mn leads to the formation of
voids of different sizes, which are increasing with rising Mn content. This alteration of
morphology explains the enhanced coercivity (Fig. 3.4(b)) with addition of Mn. Due to
increased roughness and formation of holes the domain walls are pinned on defect sites
during magnetic reversal process, requiring higher fields for switching.
Cross-section TEM images for the film with 16 at.% Mn RTA processed at 750 ◦C are
shown in Fig. 3.8. Most of the film reveals large and well-ordered L10 - FePt grains with
(001)-orientation (Fig. 3.8(a)). The inset in Fig. 3.8(a) shows a Fast Fourier transform of
the area with periodicity of 0.37 nm. The indicated bright reflections correspond to (001)
and (002) peaks of the L10 phase. However, there are also polycrystalline areas, where
the change in orientation across the clear grain boundaries can be seen (Fig. 3.8(b)).
Finally, the presence of a non-continuous Mn oxide layer, most likely Mn3O4, at the
free surface is observed. This finding suggests that most of the Mn diffuses during the
RTA process towards the free surface and thus is not or only partially incorporated into
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Figure 3.7: SEM images of the Fe52Pt48/Mnx/Fe52Pt48 samples with different Mn content
after RTA at 750 ◦C.
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Figure 3.8: TEM cross-section images of the (Fe84Mn16)56Pt44 sample processed by RTA at
750 ◦C for 30 s. (a) TEM image with corresponding Fast Fourier transform, which confirms
the formation of L10 - FePt phase by the presence of the superstructure (001)-reflection and
Mn3O4. (b) TEM image showing area with variously oriented grains.

the FePt lattice. This is in agreement with the observation of a reduction of saturation
magnetization, which is lower than expected. Furthermore, a gradient of Mn across
the film thickness was experimentally detected by layer sensitive magneto-optical Kerr
spectroscopy techniques and secondary ion mass spectrometry [XII].

Conclusions

The effect of Mn doping on texture, phase formation, and magnetic properties of RTA-
processed L10 - FePt thin films was investigated. FePt/Mn(x nm)/FePt trilayers with a
total thickness of 10 nm were deposited at room temperature on SiO2(100 nm)/ Si(001)
substrates and further processed by RTA in the temperature range of 650-800 ◦C for 30 s
in N2 atmosphere. The addition of up to 16 at.% Mn supports (001)-texture formation
of the L10 phase, resulting in large PMA. However, higher Mn contents of up to 28 at.%
lead to a degradation of the (001)-texture, indicated by the reappearance of the L10 -
(111) peak. It was found that Mn is only partially incorporated into the FePt lattice;
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it diffuses through the top FePt layer to the sample surface, promoting the chemical
ordering and forming a Mn oxide layer, as confirmed by TEM study. Additional studies
on RTA-processed stoichiometric (Fe100−xMnx)Pt alloy samples (not shown) did not
result in a strong (001) texture or PMA, which is in contrast to the results reported for
epitaxially grown films [98].



Chapter 4

Ion implantation

The topic of ion implantation is motivated by the necessity to control magnetization dy-
namics of thin films, which is relevant for spintronic device functionality. In particular,
it facilitates the tuning of the damping constant α and the magnetic anisotropy [99],
which are two of the main parameters involved in magnetic reversal processes [100].
It was demonstrated previously that Tb implantation in NiFe thin films increases the
damping significantly [101]. Moreover, substitutional defects in the alloys are predicted
to increase damping in different L10 - ordered magnetic materials [102]. In case of L10 -
FePt, the anisotropy is strongly dependent on the chemical order, and thus the order-
disorder transition has to be controlled. In this regard, disorder in L10 - FePt nanos-
tructures induced by Sb+ ion implantation was investigated, demonstrating enhanced
lateral diffusion of defects, which is critical for a patterning fabrication method [103].
However, another group reported successful patterning of magnetic Co/Pt multilayers
and FePt chemically-ordered films on the micrometer scale by implantation of He+,
N+, and Ar+ [104]. In all cases a reduction of PMA is observed, depending on the
implantation dose. This was also confirmed for FePt-C thin films after Ar+ and N+

implantation [105] and for L10 - FePt irradiated by B+, Cr+, Ga+, and Nb+ [106]. How-
ever, the utilization of RTA processing after B+ implantation restores an even larger
coercivity and smoother surface of the FePt film due to incorporation of B during an-
nealing [107]. Moreover, in He+ - irradiated Co/Pt multilayers gradual change of from
all-optical helicity-dependent switching to thermal demagnetization due to the decrease
of the magnetic anisotropy and domain size after irradiation was demonstrated [24].
This chapter is focused on Tb implantation in the RTA-processed FePt films in order to
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reduce the net magnetization and influence the dynamic magnetic properties.

4.1 Tb-implanted FePt thin films

During ion implantation, several types of effects can take place, such as sputtering,
ion reflection, chemical reactions, formation of defects, mostly vacancy-interstitial atom
pairs, amorphization effects. A schematic picture of the implantation process is shown in
Fig. 4.1. Depending on the ion energy, a different volume in the film is affected (modified
layer). Partially, defects can relax at room temperature, and thus the sample has to be
cooled during irradiation. Simulated Tb ion distribution after implantation at various
energies, performed by SRIM/TRIM software [108], are shown in Fig. 4.2. Depending
on the ion energy, the maximum of the Tb profile shifts deeper towards the substrate
and the FWHM increases. Thus, the surface will be stronger modified and sputtered at

Figure 4.1: Schematic image of low-energy Tb ion implantation into an L10 - FePt thin film
and concomitant processes.
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Figure 4.2: Tb distribution profile after implantation as a function of depth in 10 nm thick
FePt film at different ion energies. Depth values of the maximum Tb concentration for each
energy are noted in the graph.

energies of tens of keV compared to hundreds of keV. Moreover, due to cascade damage
effects and sputtering of material, it is not possible to implant material at the very exact
layer depth, as the distribution will always be spread out over the film depth, as shown
in Fig. 4.2. The most critical assumption of the model used in the software is that each
ion arrives at the original undisturbed surface. By contrast, in real experiments the
maximum of the ion distribution curve will be smeared out towards the substrate due
to a decrease of the film thickness during the implantation. In this regard, calculated
sputtering yields for Fe and Pt are 3.31 and 2.03 atoms/ion, respectively, which will
also lead to a change of the Fe to Pt ratio on the film surface. Taking the limits of
the numerical simulations into account, an ion energy of 10 keV was chosen, where the
maximum of the Tb distribution curve is at a reasonable depth of 3 nm below the surface
and the substrate-film interface remains intact. Regarding dopant concentration, the
implantation method has a big advantage, since it is possible to achieve concentrations
of less than 1 at.% with reasonable accuracy. It requires calculation of the ion fluence
fM at.%Tb (in atoms/cm2), which is the dose or amount of implanted atoms per area,
given by

fM at.%Tb = CM at.%Tb/Ω (4.1)

where Ω is the integrated area under the Tb distribution curve at a chosen energy in
(atoms/cm3)/(atoms/cm2), M is the final Tb concentration in at.%, and CM at.%Tb is
the final Tb concentration in atoms/cm3, calculated as percentage from the total number
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n of Fe and Pt atoms in the Fe55Pt45 alloy, given by

nFe55Pt45 =
NA

MFe55Pt45

· ρ Fe55Pt45 (4.2)

where NA is Avogadro’s number, MFe55Pt45 is the average molar mass according to the
concentration of the chemical elements in the alloy (in g/mol), and ρ Fe55Pt45 is the den-
sity of the alloy (in g/cm3). With nFe55Pt45 being determined as 0.762×1023 atoms/cm3,
the desired concentration of Tb is

Cm at.%Tb =
nFe55Pt45 ·M

100
. (4.3)

Finally, the calculated fluences for different Tb concentrations are summarized in ta-
ble 4.1.

Table 4.1: Overview of the ion implantation fluences.

Sample Atomic concentration Cm%Tb Dose
(×1020 atoms/cm3) (×1015 atoms/cm2)

0.2 at.%Tb 15.335 0.158
0.4 at.%Tb 30.669 0.315
2 at.%Tb 153.35 1.580
4 at.%Tb 306.69 3.150
6 at.%Tb 460.23 4.730

Experimental

A thin Fe55Pt45 film with 10 nm thickness was sputter-deposited at room temperature on
a SiO2(100 nm)/Si(100) substrate. In order to promote L10 - chemically ordered (001)-
textured growth, the film was processed by rapid thermal annealing (RTA). The heat
treatment was performed at 800 ◦C for 30 s in N2 atmosphere. The sample was then cut
into pieces of 4 × 4mm in size which were used for implantation of different Tb doses.
The implantation was performed using an NV-3204 medium current implanter at the
ion energy of 10 keV. The incidence angle of the ion flux was 7◦ in order to avoid chan-
neling effects. The sample was cooled down to 70K to suppress defects relaxation. The
vacuum base pressure of the chamber was 3 · 10−7 mbar. The structural and magnetic
properties were investigated before and after Tb implantation. The XRD measurements
were carried out in (θ−2θ) - scan mode using Cu-Kα radiation. The magnetic character-
ization was performed using SQUID-VSM with applied magnetic fields of up to 70 kOe.
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The elemental composition and thickness of the films were determined by Rutherford
backscattering spectrometry (RBS). Surface morphology images were recorded using an
AFM and SEM. TR-MOKE measurements were performed with the great support of M.
Jaris and Dr. C. Berk in the Applied Optics Group at UC Santa Cruz, USA. Analysis
was done by Dr. C. Berk.

Results and discussion

To exclude the influence of inhomogeneities after the RTA process, each FePt 4× 4mm
sample piece was measured before Tb implantation. As prepared films reveal pronounced
(001) and (002) peaks (Fig. 4.3(a)-(c) and 4.4(a)-(b)), which confirms the formation of
the L10 - chemichally ordered phase with a strong (001)-texture. Tb implantation leads
to a substantial reduction of the peak intensities with 0.2-2 at.% Tb (Fig. 4.3(d)-(f)),
which is due to the distortion of the L10 crystal structure and disordering processes.
The formation of the A1 - phase is evidenced by the appearance of the A1 - (200) reflec-
tion with addition of 2 at.% Tb. By further increase of the Tb content up to 4 at.%,
the L10 ordering completely vanishes (Fig. 4.3(c)-(d)). The intensity of the A1 - (200)
peak of the disordered fcc phase is significantly reduced with addition of 6 at.% Tb due
to the stronger amorphization effect at higher dose. Corresponding hysteresis loops in
out-of-plane and in-plane geometries before and after implantation are shown in Fig. 4.3
and 4.4. As-prepared films exhibit strong perpendicular magnetic anisotropy (PMA),

Figure 4.3: XRD (θ − 2θ) - scans of RTA-processed Fe55Pt45 films (a)-(c) before and (d)-(f)
after implantation of different Tb concentrations with corresponding M-H hysteresis loops,
measured in OOP and IP geometries at room temperature.
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Figure 4.4: XRD (θ − 2θ) - scans of RTA-processed Fe55Pt45 films (a)-(b) before and (c)-(d)
after implantation of high Tb doses with corresponding M-H hysteresis loops, measured in
OOP and IP geometries at room temperature.

Figure 4.5: (a) Gilbert damping parameter depending on Tb concentration, calculated for
different angles θH of the applied field to the surface normal. (b) Anisotropy values obtained
from fit to the TR-MOKE precession frequencies [66] for θH = 60◦.

whereas a strong reduction of the coercive field and PMA was observed with increase of
Tb content (Fig. 4.3). After high dose implantations, such as 4 and 6 at.% of Tb, the
easy axis of magnetization changes its direction to in-plane. The saturation magnetiza-
tion slowly decreases with addition of Tb due to the antiferromagnetic coupling between
Fe and Tb. Furthermore, the Gilbert damping parameter depending on the Tb content
was measured for different angles between applied field and surface normal (Fig. 4.5).
The effective damping is much higher after the addition of 0.4 at.% Tb compared to
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Figure 4.6: (a)-(c) AFM and (d)-(f) MFM images of Tb-implanted FePt films with 0.2, 0.4,
and 4 at.% Tb, respectively.

the previously reported value α = 0.05 for pure L10 - FePt [109], but it remains almost
unchanged with further Tb doping.
The sample morphology and magnetic domain structure of selected samples was investi-
gated by AFM and MFM imaging, respectively. As shown in Fig. 4.6(a)-(c), all samples
reveal significant roughness due to the island growth, and Tb implantation leads to a
lowering of the root-mean-square roughness value. However, SEM images do not show
any pronounced changes or damage of the film surface caused by implantation (Fig. 4.7).
The corresponding MFM images reveal significantly lower magnetic contrast with addi-
tion of 4 at.% Tb due to loss of L10 - ordering and PMA (Fig. 4.6(d)-(f)).
Essentially, all changes of static and dynamic magnetic properties are related to the
amorphization effect induced by Tb implantation.
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Figure 4.7: SEM images of Tb-implanted FePt films with 0.2, 0.4, and 4 at.% Tb.
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Conclusions

L10 - ordered RTA-processed Fe55Pt45 films with a thickness of 10 nm and strong PMA
were used for implantation of five different Tb concentrations at 10 keV. During Tb ion
implantation, the L10 crystal structure gets distorted, the chemical order degrades and
substantial amorphisation occurs. Compared to the Gd-implanted epitaxially grown
L10 - FePt films [VIII], the addition of 2 at.% Tb at 10 keV preserves a small fraction of
the L10 phase, causing less damage than Gd at 30 keV. Furthermore, controlled reduction
of coercivity and PMA by low-dose Tb implantation was demonstrated, which is in
agreement with previously reported results using different ions [103, 105, 106]. The
effective damping is increased after the addition of 0.2 at.% Tb compared to the value
for pure L10 - FePt [109], but remains almost unchanged with further Tb implantation.





Chapter 5

Epitaxially grown films

Epitaxial crystal growth is a type of the material deposition, where the new layer grows
with a single orientation relatively to the crystalline substrate (Subsection 2.1.1). Ad-
justment of the lattice mismatch between the film and the substrate allows to control
the strain, which, in case of FePt, can reduce the ordering temperature and promote
(001) - texture of the L10 - ordered phase [110–115]. This mechanism is based on the
tensile strain induced at the interface between FePt layer and substrate or underlayer,
which expands the a - lattice parameter and shrinks the c - axis and thus favors the or-
dering at the reduced temperatures compare to post annealing [110]. In contrast to the
RTA processing of FePt thin films, with epitaxy it is possible to achieve homogeneous
growth over a whole surface of the substrate.
In this study the FePt films with different dopants, such as Tb, Gd, Mn, Cr, and Cu,
were grown on the single crystal MgO(001) using a commercial deposition UHV Sputter
System from Bestec at the University of Augsburg. As described in Section 2.1, the
technical parameters can be adjusted in the Bestec sputtering machine, which allowed
to optimize the growth conditions for fabrication of epitaxial FePt films with various
dopants.

5.1 Tuning FePt properties by Tb doping

This study is focused on the impact of Tb on structural and magnetic properties of L10 -
ordered FePt thin films. The basic idea from a structural point of view is schematically
shown in Fig. 5.1. It is well known that FePt thin films (Fig. 5.1(a)), grown at high

71



72 5 Epitaxially grown films

Figure 5.1: Schematic picture of (a) L10 - ordered FePt with (001) orientation, (b) an amor-
phous TbFe film, (c) and (d) amorphization effect of Tb dopant on th FePt lattice depending
on Tb concentration.

temperature on MgO(001), have a large perpendicular magnetic anisotropy (PMA) due
to long range chemical order of the L10 crystal symmetry type. In contrast, the origin
of PMA in amorphous TbFe (Fig. 5.1(b)) is related to a special chemical short-range
order (SRO), where more Fe-Fe and Tb-Tb pairs are present in the in-plane direction,
whereas the number of Tb-Fe pairs is large out-of-plane [116]. This type of SRO is
caused by selective resputtering during deposition at room temperature and can be lost
after annealing due to crystallization or homogenization [117]. As an example, it was
shown that, depending on the film thickness, Tb25Fe75 has a uniaxial anisotropy constant
Ku = 0.1-0.6MJ/m3 along with a high coercivity of 4 - 35 kOe [26]. However, with Tb
concentrations lower than ≈16 at.% or higher than ≈33 at.%, both HC and Ku decrease
drastically [117,118]. Furthermore, antiparallel alignment is preferred in pure TbFe due
to magnetic exchange interactions between the Fe and Tb moments, which occurs via
3d and 5d − 4f orbitals. It is expected that the addition of Tb into FePt will lead to
antiferromagnetic coupling, resulting in a ferrimagnetic material with high PMA and
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reduced net magnetization. From a structural point of view, adding Tb induces strong
elastic stress in the FePt lattice, which might cause substantial amorphization of the
film and formation of the A1 - disordered FePt phase (Figs. 5.1(c) and (d)). Nevertheless,
PMA can still occur in amorphous areas if there is an anisotropic chemical short-range
order.
This section is focused on L10 - ordered FePt, where Tb is expected to exchange the Pt in
the L10 - lattice. Important questions are addressed, such as amorphization effect of Tb;
influence of the high temperatures on the chemical short-range order in the amorphous
areas around Tb; stability limit of the L10 - phase with Tb doping; influence of the
deposition conditions and measurement temperature on the PMA.

Experimental

In order to tune the magnetic properties of FePt, several series of samples were prepared
by magnetron sputtering on MgO(001) single crystal substrates. Different deposition
conditions as well as thicknesses and compositions, as determined by RBS, are summa-
rized in table 5.1. Series I and II of (FePt)100−xTbx thin films were prepared at two
different temperature regimes using co-deposition of Fe, Pt, and Tb individual targets.
The Tb content x was varied by altering the Tb deposition rate while keeping the Fe
and Pt rates constant to obtain equiatomic FePt. Additional samples for series II were
prepared at different Ar pressures to investigate its influence on the ordering process.
In the last series of samples III (table 5.3), the Pt content was varied while keeping
the Fe:Tb ratio constant. Furthermore, the surface of all samples was protected from
oxidation by a 3 nm thick capping layer (Al, Pt, Mo or Si3N4).
The structural properties, such as L10 - ordering or phase separation, were investigated
by XRD using Cu-Kα radiation. Transmission electron microscopy cross-section was
performed additionally for selected samples using a JEOL 2100 F microscope.
In order to investigate the local atomic environment, x-ray absorption spectroscopy
(XAS) was used. XAS data were collected at the LISA-CRG beamline at the Euro-
pean Synchrotron Radiation Facility (Grenoble, France) [119]. The monochromator,
equipped with a pair of Si[311] crystals, was used in dynamical focusing mode. For har-
monic rejection and vertical beam focusing, a pair of Pd-coated mirrors was used. Data
was collected at the Pt L3 - edge (at 11564 eV). The measurements were done at 80K
to reduce thermal atomic vibrations, thereby enhancing the extended x-ray absorption
fine structure (EXAFS) signal. The absorption coefficient was measured in fluorescence
mode by using an energy-resolving (12)-elements high-purity germanium detector with
an energy resolution of about 250 eV. Reduction and fitting of the XAS-spectra was car-
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ried out using an EXAFS software package (the ATHENA and ARTEMIS codes [120]),
while quantitative modeling was based on simulated EXAFS signals using the FEFF8.1
code [84]. EXAFS data analysis and interpretation was done by Dr. S. Laureti and F.
d’Acapito, based on the model described by Dr. S. Laureti et al. [121].
The surface morphology was analyzed by AFM and SEM. Measurements were performed
at the Focused Ion Beam/Scanning Electron Microscope FEI Helios NanoLab 660 (HE-
LIOS) at CEITEC Nano (Brno, Czech republic) and MERLIN Field Emission Scanning
Electron Microscope (FE-SEM) from Carl Zeiss enhanced with GEMINI II column. In
order to avoid electrostatic charge accumulation due to insulating substrates, the sam-
ple surface was contacted to the holder by conductive tape. Nevertheless, artifacts, like
displacement in the x direction, could not be always avoided, especially at high magni-
fication.
Characterization of static magnetic properties was performed using an MPMS SQUID-
VSM by Quantum Design in the temperature range of 25 – 800 K.
X-ray magnetic circular dichroism absorption experiments were performed at the high-
field end station VEKMAG [122] installed at the PM2 beamline of the Helmholtz-
Zentrum Berlin (HZB). XAS-spectra were collected at the Fe L2,3 and Tb M4,5 edges
using the total electron yield (TEY) detection mode. The XMCD signal was calculated
as the difference between two XAS-spectra measured with opposite directions of the
external magnetic field up to ±40 kOe. Additionally, element-specific hysteresis loops
were measured at 55 and 293 K for selected samples at the Fe L3 edge and Tb M5 edge
at the maximum of the XMCD signal.

5.1.1 Influence of the deposition parameters on phase formation
in FePtTb thin films

In the following subsection most of the results presented in Ref. [X]. The sample series
along with the relevant deposition parameters are summarized in table 5.1.

XRD structural analysis

Figure 5.2(a)-(e) shows XRD (θ − 2θ) - scans of sample series I, which was prepared at
530 ◦C. The reference FePt film exhibits a low intensity L10 - (001) peak, revealing the
formation of a small amount of the chemically ordered L10 - phase (Fig. 5.2(a)). Higher
intensity L10 - (002) and A1 - (200) peaks are overlapping, resulting in a strong shift
of the peaks. Furthermore, the pronounced main MgO-(200) substrate peak doesn’t
allow to separate them. With Tb doping up to 11 at.%, the L10 - (001), (002), and A1-
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(200) reflections lose intensity and shift towards lower angles (Figs. 5.2(b) and (c)). As
extracted from the L10 - (001) superstructure reflection position, the c - lattice parameter
increases drastically from 3.75Å to 3.93Å by adding up to 11 at.% of Tb (Fig. 5.3).Shift
and intensity loss of the (001) and (002) peaks can be explained by the incorporation
of Tb into the L10 lattice. Apparently, Tb as an interstitial atom causes elastic stress

Table 5.1: Overview of the FePt-Tb sample series.

Composition Thickness Capping Tsub Ar pressure
Sample name (at.%) (nm) (3 nm) ◦C (µbar)

Series I
FePt Fe51Pt49 9.0 Al 530 3.5
(FePt)95Tb5 (Fe51Pt49)95Tb5 10 Al 530 3.5
(FePt)89Tb11 (Fe47Pt53)89Tb11 10.9 Al 530 3.5
(FePt)86Tb14 (Fe48Pt52)86Tb14 11.2 Al 530 3.5
(FePt)85Tb15 (Fe48Pt52)85Tb15 11.6 Al 530 3.5
(FePt)82Tb18 (Fe51Pt49)82Tb18 12.1 Pt 530 3.5
(FePt)80Tb20 (Fe48Pt52)80Tb20 11.8 Al 530 3.5
(FePt)72Tb28 (Fe50Pt50)72Tb28 10.5 Al 530 3.5

Series II
FePt Fe50Pt50 9.0 Si3N4 700 3.5
(FePt)95Tb5 (Fe50Pt50)95Tb5 9.3 Si3N4 700 3.5
(FePt)94Tb6 (Fe48Pt52)94Tb6 9.5 Al 770 3.5
(FePt)90.5Tb9.5 (Fe51Pt49)90.5Tb9.5 11.0 Al 770 3.5
(FePt)89Tb11 (Fe48Pt52)89Tb11 12.1 Al 770 3.5
(FePt)87Tb13 (Fe53Pt47)87Tb13 12.1 Al 770 3.5
(FePt)86Tb14 (Fe51Pt49)86Tb14 12.7 Al 770 3.5
(FePt)81.5Tb18.5 (Fe50Pt50)81.5Tb18.5 13.9 Al 770 3.5

Additional samples for series II
7-FePt Fe52Pt48 10.0 Al 770 7
5-FePt Fe52Pt48 10.0 Al 770 5
5-(FePt)94Tb6 (Fe49Pt51)94Tb6 9.5 Al 770 5
5-(FePt)90Tb10 (Fe51Pt49)90Tb10 10.5 Si3N4 770 5
5-(FePt)88Tb12 (Fe49Pt51)88Tb12 11.6 Al 770 5
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Figure 5.2: XRD (θ− 2θ) - scans of (FePt)100−xTbx deposited (a)-(e) at 530 ◦C (series I) and
(f)-(j) at 770 ◦C (series II). The additional peak at 2θ = 29.2 ◦ is substrate related.

to act on the lattice, eventually leading to full amorphization of its local environment
(Figs. 5.2(d) and (e)). In order to promote the ordering process, series II of FePtTb thin
films was prepared at higher deposition temperatures of 700-770 ◦C (Table 5.1). The
reference sample of series II reveals much higher intensities of the L10 - (001) and (002)
reflections compared to series I due to enhanced chemical L10 ordering (Fig. 5.2(f)).
The intensities of the L10 - (001) superstructure and L10 - (002) fundamental reflections
drop substantially with increasing Tb content up to 11 at.%. The fraction of the A1 -
disordered phase increases, as can be seen from the shift of the (200) peak toward lower
angles in Figs. 5.2(g) and (h). Further addition of Tb up to 14 at.% leads to the Pt2Tb
phase formation, as noticed by the appearance of an additional Pt2Tb-(111) peak at
the 2θ position of 20.4 ◦. With further increase of the Tb concentration, the equiatomic
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Figure 5.3: c - lattice parameter extracted from the L10 - (001) superstructure reflection posi-
tion for series I and II. Dotted lines are a guide to the eye.

PtTb phase forms, as indicated by the presence of PtTb-(200) and PtTb-(020) peaks at
2θ = 20.41 ◦ and 30.18 ◦, respectively. Our additional studies on diffusion in Pt/Tb/Fe
trilayers upon annealing confirm the preferred Pt2Tb and subsequent PtTb phase forma-
tion [XIV]. By contrast to the low temperature series I, the c - lattice parameter does not
change with Tb content in series II (Fig. 5.3). Thus, it can be concluded that Tb rather
forms the crystalline Pt2Tb or PtTb phases and is not incorporated into the L10 lattice
(Figs. 5.2(i) and (j)). Subsequently, the more Pt is consumed in the Pt-Tb compounds,
the more Fe-rich the A1 - FePt phase becomes, with a small fraction of L10 - ordered
FePt remaining (Fig. 5.2(j)).

TEM investigation

The structural properties were further investigated by TEM. Cross-section images of the
(FePt)85Tb15 sample prepared at 530 ◦C and the (FePt)81.5Tb18.5 film prepared at 770 ◦C
are shown in Fig. 5.4. For the sample prepared at 530 ◦C, close to the interface between
the substrate and the (FePt)85Tb15 layer, small crystalline areas are observed, although
most of the remaining volume of the film is amorphous (Fig. 5.4(a)). By contrast, the
(FePt)81.5Tb18.5 layer is polycrystalline with different orientations of the A1 - disordered
FePt phase (Fig. 5.4(b)). In this regard, Hellman et al. [117] have investigated in detail
the amorphous-crystalline Tb-Fe phase diagram as a function of deposition temperature
and composition. It was shown that in FexTby alloys an amorphous phase forms for
y >15 at.% at a deposition temperature of 530 ◦C, while for a 770 ◦C it formed above
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Figure 5.4: TEM cross-section images for the samples (a) (FePt)85Tb15 prepared at 530 ◦C
and (b) (FePt)81.5Tb18.5 prepared at 770 ◦C.

30 at.% of Tb. These observations are in agreement with our findings, where for series I
(FePt)100−xTbx samples with higher Tb content are amorphous, while for series II mostly
crystalline phases are detected.

EXAFS characterization

For EXAFS characterization, several samples have been chosen from series II. To analyze
the data, a model based on Pt-Pt and Pt-Fe single scattering paths in the L10 tetragonal
structure was used [121]. Firstly, a Fourier transform (FT) was applied to the k2 -
weighted EXAFS data in the range of 4 - 12 Å−1. A Hanning window was used to
select k - values with an apodization parameter dk of 1 Å−1. Secondly, the FT-data was
simulated in the range R = 1.5 - 3.5 Å until it fits the experimental data with reasonable
error ranges of all parameters. In this R - range, only the nearest-neighbor contributions
are included. The free-fitting parameters used are:

• the RPt−Pt and RPt−Fe distances;
• the shift ∆E0 of the energy origin E0;
• the Debye-Waller factor, σ2;
• the number NPt of nearest-neighbor Pt atoms, which is expected to be NPt = 4 in

the fully ordered L10 phase and NPt = 6 for the A1 - disordered phase.
Fig. 5.5(a) shows the EXAFS signal of the FePt reference sample (series II) taken at
the Pt L3 edge and the corresponding amplitude of the FT (Fig. 5.5(b)). A summary
of all fitting parameters is shown in table 5.2.
The resulting fitting parameters for the FePt reference sample (table 5.2) confirm the
formation of a high quality L10 tetragonal structure with a significant difference be-
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Figure 5.5: EXAFS signals (left column) at the Pt L3 edge and (right column) the corre-
sponding amplitude of the Fourier transform of the reference FePt (a-b) and (FePt)100−xTbx
(c-h) samples with x = 5, 11, and 18.5 at.% of series II. Experimental (purple scatter) and
simulated (black line) data are shown.



80 5 Epitaxially grown films

Table 5.2: Free-fitting parameters of the FT-data for (FePt)100−xTbx samples of series II,
where x = 0, 5, 11, and 18.5 at.%, deposited at T = 700− 770◦C.

Sample NPt RPt−Pt RPt−Fe σ2

name (atoms) (Å) (Å) (Å2)

FePt 4± 2 2.735± 0.005 2.676± 0.005 0.0010± 0.0005

(FePt)95Tb5 5± 1 2.75± 0.02 2.66± 0.01 0.0050± 0.0010

(FePt)89Tb11 5± 2 2.71± 0.04 2.66± 0.02 0.0070± 0.0010

(FePt)81.5Tb18.5 7± 1 2.69± 0.03 2.62± 0.01 0.0040± 0.0010

tween Pt-Pt and Pt-Fe distances. The same model was also used to analyze the EXAFS
spectra collected from samples with different Tb content, but it considers the substitu-
tion of Fe or Pt with Tb at the respective lattice sites. Its aim was to verify whether
Tb atoms replace the Fe or Pt atoms in the FePt L10 - ordered phase. According to
the method established by Dr. S. Laureti et al. [121], the scattering paths were evalu-
ated after creating substitutional defects on Pt (TbPt) and Fe (TbFe) sites. Then the
data were fitted by a model based on linear combination of Pt-Fe, Pt-Pt, Pt-TbFe, and
Pt-TbPt paths on the Pt sites. The resulting fits excluded the presence of Tb in the
first-neighbors shell around Pt. Thus, for simplification, a pure FePt model has been
considered to fit the FT-data in Figs. 5.5(d), (f), and (h) in the R - range of 1.5-3.2 Å
and the corresponding k - range of 2-10 Å−1. The number of first-shell neighbors was
fixed at 12 for both the fcc and fct (face-centered tetragonal) structures. The fitting
parameters summarized in table 5.2 prove the contraction of all interatomic distances
and the increase of NPt value with addition of Tb, and hence the transition from the
L10 - ordered tetragonal structure towards the A1 - disordered cubic structure.

Static magnetic properties

Room-temperature M-H hysteresis loops of (FePt)100−xTbx samples prepared at 530◦C
are shown in Figs. 5.6(a)-(e). Samples with up to 18 at.% Tb in series I, including the
FePt reference sample, reveal an in-plane easy axis of magnetization and low coercivity
at Troom. From the areal difference between the averaged halves of M-H loops mea-
sured in out-of-plane and in-plane geometry the effective magnetic anisotropy Keff was
extracted (Fig. 5.7(a)). Positive values indicate PMA, while a negative Keff implies that
the anisotropy is basically given by the magnetic shape anisotropy. At 300K, Keff for
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Figure 5.6: M-H hysteresis loops measured in out-of-plane and in-plane geometry at 300K
for (FePt)100−xTbx samples of (a)-(e) series I and (f)-(j) series II.
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Figure 5.7: Dependence of the (a) effective magnetic anisotropy, (b) coercivity (easy axis),
and (c) saturation magnetization on the Tb content for both sample series obtained at room
temperature. Lines are guide to the eyes.

films in series I slightly changes with addition of Tb, but nevertheless stays negative up
to 18 at.% Tb, where the value gets somewhat above zero. This is probably due to a
higher degree of amorphization and the formation of an anisotropic chemical short-range
order (SRO). The absence of PMA for samples with low Tb content is expected since the
film mostly consists of the A1 - chemically disordered FePt phase (Figs. 5.2(b)-(e)). Fur-
thermore, the saturation magnetization gets strongly reduced by more than 60% down
to 400 emu/cm3 with the addition of 18 at.% Tb (Fig. 5.7(c)) due to antiferromagnetic
coupling between the Fe and Tb moments.
By contrast to series I, the reference FePt film from series II prepared at 700◦C has a
pronounced (001)-orientation of the L10 - ordered structure (Fig. 5.2(f)), resulting in
strong PMA (Fig. 5.6(f)) with Keff of about 1.3 MJ/m3 (Fig. 5.7(a)). However, Keff

and HC are strongly reduced already with the addition of 5 at.% Tb (Figs. 5.7(a) and
(b)) as a result of reduced chemical order of the L10 phase (Fig. 5.2(g)). Further doping
with Tb results in fast loss of PMA and coercivity at room temperature (Figs. 5.7(a)
and (b)). Similar to series I, a reduction in saturation magnetization is observed with
increasing Tb content (Fig. 5.7(c)), although less effective.
Anisotropy and the orientational distribution of the Tb moments may vary with tempera-
ture, which will affect the net magnetization. In this regard, the temperature-dependent
magnetic properties of sample series I were investigated. As an example, M-H hystere-
sis loops taken at different temperatures for one sample ((FePt)86Tb14) are shown in
Figs. 5.8(a)-(c). Interestingly, a change of the easy axis direction, a so-called spin-
reorientation transition (SRT), indicated by the appearance of strong PMA, is observed
at temperatures below 250K. The SRT temperature for sample series I was determined as
the temperature, at which Keff changes the sign for each Tb concentration (Fig. 5.8(d)).
As summarized in Fig. 5.8(e), the SRT temperature increases from 120K to above 300K
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Figure 5.8: Out-of-plane and in-plane M-H hysteresis loops of the (FePt)86Tb14 sample in
series I measured at (a) 300K, (b) 190K, and (c) 55K. Please note that the magnetic-field scale
in (a) and (b) is different from (c); (d) effective magnetic anisotropy and (e) spin reorientation
transition temperature of (FePt)100−xTbx films of series I, where x = 0-18 at.%.

by increasing the Tb content from 11 to 18 at.%, respectively. It is expected that the
origin of PMA is the presence of an anisotropic chemical SRO, similar to amorphous Tb-
Fe-based alloys [26,123]. Due to reduction of the saturation magnetization with lowering
the temperature (Figs. 5.8(a)-(c)), the contribution of the magnetic shape anisotropy
gets weaker and eventually is overcompensated by the PMA, caused by SRO.
The out-of-plane remanence MOOP

R and saturation magnetization MS as a function of
temperature are plotted in Figs. 5.9(b) and (d), respectively, in order to see the variation
of the magnetization, in particular in relation to the SRT. Above the SRT temperature,
theMOOP

R values are rather low and alsoMS barely changes, while the system exhibit an
in-plane easy-axis orientation. By crossing the SRT temperature, a pronounced increase
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Figure 5.9: Values of (a) effective magnetic anisotropy for samples with 20 and 28 at.%
Tb. Values of (b) remanent magnetization, (c) coercivity in out-of-plane direction, and (d)
saturation magnetization, obtained from hysteresis loops measured at different temperatures
for the complete series I.

in MOOP
R is observed, which is consistent with the already defined onset of PMA at the

sign change of Keff (Fig. 5.8(d)). Lowering the temperature results in decreasing both
MOOP

R and MS, which is associated with an increase of the Tb net moment. It can be
explained by the sperimagnetic nature of FeTb alloys [124]. The fanning cones of Fe,
Tb and induced Pt moments depending on the temperature are shown schematically
in Fig. 5.10. Due to the strong interatomic Fe-Fe exchange coupling, a more collinear
orientation of the Fe moments is expected. Nonetheless, it was previously shown by
T.Ruckert et al. [125] that the typical fanning cone angle of the Fe magnetic sublattice
lies between 20◦ to 30◦ and it does not vary strongly with film temperature. On the
other hand, Tb-Tb pairs exhibit weak exchange coupling and strong variation of the
local anisotropy, resulting in a broad fanning cone distribution of the Tb moments [126].
The angle of the Tb cone strongly depends on the temperature and the magnetic field.
Upon lowering the temperature, the cone gets more narrow due to less thermal fluctu-
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Figure 5.10: Schematic representations of the fanning cones of Fe, Tb and Pt in the samples
of series I depending on the temperature. The schematic considers the presence of only two
phases, FePt and FePtTb, for simplification.

ations, and thus the projection of the net Tb sublattice magnetization on the applied
field direction gets larger. Hence, the compensation point (Tcomp) can be observed at a
certain temperature, where the net moments of the Fe and Tb magnetic sublattices are
equal, and will shift towards higher T with addition of Tb. In the vicinity of Tcomp the
magnetization values tend to zero, whereas HC tends to infinity [124]. The dependency
of the coercive field HC on the temperature (Fig. 5.9(b)) for series I shows an exponential
rise at low temperature towards Tcomp, as expected.
The samples with 20 and 28 at.% of Tb show a particular behavior, where the SRT
temperature does not increase anymore with addition of Tb, but rather goes signifi-
cantly down to 220K and 190K, respectively. The minima of MOOP

R and MS, and the
maximum of HC values at around ∼80K (for 20 at.% Tb) and ∼120K (for 28 at.% Tb)
correspond to Tcomp of both alloys (Fig. 5.9).
More fine differences between the (FePt)80Tb20 and (FePt)72Tb28 samples can be recog-
nized from the shape of the low temperature hysteresis loops (Figs. 5.11 and 5.12). Both
films exhibit PMA at 190K and lower. The magnetic reversal behavior at 120K, which
is close to the compensation point for both samples, shows a step-like change of the
magnetization at high fields (Figs. 5.11(b) and 5.12(b)). For the (FePt)80Tb20 sample,
the MOOP at 120K decreases with increasing field up to ∼50 kOe, where it reaches satu-
ration (Fig. 5.11(b)). For the (FePt)72Tb28 sample it is vice versa, the MOOP increases
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Figure 5.11: Low temperature M-H hysteresis loops measured in out-of-plane and in-plane
geometry for the (FePt)80Tb20 sample of series I.

Figure 5.12: Low temperature M-H hysteresis loops measured in out-of-plane and in-plane
geometry for the (FePt)72Tb28 sample of series I.

at applied field of ∼40 kOe. There is the concept of a spin-flop transition (SFT) [127],
which is a type of field-induced spin-reorientation transition or spin canting. The SFT
is normally related to antiferromagnets, but also can be applied to sperimagnets close
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to their compensation point. When the field is strong enough it might be energetically
more favorable for Fe and Tb to align their magnetic moments perpendicular to the
external field or under an angle. Hence, both magnetic sublattices in (FePt)80Tb20 and
(FePt)72Tb28 are probably canted with respect to the applied field. Depending on the
canting angles for Fe and Tb sublattices as well as on the measurement temperature
below or above Tcomp, it results in a smaller (Fig. 5.11(b)) or larger (Fig. 5.12(b)) net
magnetization at high magnetic fields.
Furthermore, the change of the magnetic reversal behavior at low measurement temper-
atures in Fig. 5.12(d)-(e) for the sample with 28 at.% of Tb, might be due to presents
of a Curie temperature close to the SRT between 190 and 250K.
To investigate the low-temperature behavior of samples in series II, M versus T curves

Figure 5.13: Magnetization in the (a) out-of-plane and (b) in-plane easy-axis direction de-
pending on the Tb content for (FePt)100−xTbx film samples of series II. A guiding field of
1000Oe was applied.
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Figure 5.14: Low temperature M-H hysteresis loops measured at 25K in out-of-plane and
in-plane geometry for Tb doped samples from series II.

were measured. For this, the samples were separated into two groups, one with samples
exhibiting out-of-plane (Fig. 5.13(a)) and one with in-plane (Fig. 5.13(b)) easy-axis of
magnetization direction. After saturating the samples in a magnetic field of 70 kOe
along the easy-axis direction at room temperature, they were cooled down to 25 K in
zero field. The magnetization was measured versus T during heating up to 325 K in a
positive guiding field of 1000Oe.
A slight increase in magnetization with decreasing temperature was observed for sam-
ples with up to 11 at.% Tb. The doped films show a behavior similar to the FePt
reference sample, where the slow rise of M is due to reduced thermal fluctuations of the
Fe moments. By contrast, samples with higher Tb concentration (> 11 at.%) showed
a reduction of the magnetization at a low temperatures around 50K. This behavior is
similar to the samples of series I, originating from the sperimagnetic nature of Tb-Fe

Figure 5.15: Magnetization versus temperature in the out-of-plane direction for FePt refer-
ence and in in-plane direction for (FePt)86Tb14 samples. A guiding field of 100 Oe was applied.
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alloys [124]. Nevertheless, no SRT was noticed in the sample series II. At a measure-
ment temperature of 25K, no change in the easy axis of magnetization was observed
(Fig. 5.14), but samples with high Tb content show a rather isotropic magnetic reversal
behavior (Figs. 5.14(c)-(d)).
None of the samples in series II exhibited a Curie temperature (TC) below 300K, but
a strong reduction of magnetization towards room temperature was observed for films
with 14 at.% Tb or higher. Thus, additional measurements for the FePt reference sam-
ple and (FePt)86Tb14 were performed up to 800K in the appropriate easy-axis direction
(Fig. 5.15). M shows a strong reduction of TC from 707K down to ∼385K with addition
of 14 at.% Tb. Previously, it was also shown [118] that for amorphous TbxFe100−x al-
loys, where x = 10 − 50 at.%, TC for higher concentrations is in the range of 280 - 400K,
which is much higher than the TC of pure Tb (221 K) [128].

XMCD analysis

In order to make a conclusion about the influence of each element on the net magneti-
zation in FePtTb alloys and investigate the relative orientation of Fe and Tb magnetic
moments, XMCD measurements have been conducted in TEY mode. Spectra at the Fe
L2,3 and Tb M4,5 edges have been measured for the (FePt)86Tb14 sample in an applied
magnetic field of up to 20 kOe at 293K and 40 kOe at 55K. In order to obtain the
XMCD difference, the field has been reversed while keeping the polarization direction
of the x-rays (see Subsection 2.4.1).
The absorption spectrum of Fe (not shown) exhibits the typical metallic Fe configura-
tion [129] with no signs of oxidation [130]. The dichroism signals observed at the Fe
and Tb edges have opposite sign, indicating an antiferromagnetic alignment of their
magnetic moments. By measuring the change of the XMCD peak height depending on
the applied magnetic field at the Tb M5 and Fe L3 absorption edges, element-specific
hysteresis loops were obtained for the (FePt)86Tb14 film (series I) in out-of-plane geom-
etry at 293K, (Figs. 5.16(a) and (b)) and at 55K (Figs. 5.16(c) and (d)). The loops
of Tb and Fe show exactly the same shape of magnetic reversal behavior, but are in-
verted relatively to each other, indicating a strong antiferromagnetic exchange coupling
between the two elements. Moreover, the spin reorientation transition is observed at
55K, which is in agreement with the SQUID-VSM measurements (Figs. 5.8(a) and (c)).
In the samples of series II, the same correspondence of the element-specific hysteresis
loop shapes was observed, confirming the antiferromagnetic exchange interaction be-
tween Tb and Fe (Figs. 5.17(c)-(f)).
The evaluation of spin (ms) and orbital moment (ml) of Fe was done by Dr. F. Radu
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Figure 5.16: XMCD element-specific hysteresis loops measured at (a)-(b) 293 K and (c)-(d)
55 K for Fe and Tb in the (FePt)86Tb14 sample (series I). The dips in the hysteresis loops
at low magnetic fields are x-ray intensity artifacts which are typical for the TEY detection
method [131].

from the Helmholtz-Zentrum Berlin, Germany. The sum rules method gave a total mag-
netic moment per Fe atom of 1.92µB (ms = 2.00 ± 0.30 B,ml = −0.08 ± 0.30µB) at
293K and 2.13µB (ms = 2.13± 0.11 B,ml = 0.00± 0.05µB) at 55K.
Unfortunately, the sum rules cannot simply be used for rare-earth M4,5 edges due to
the magnetic dipole operator 〈TZ〉 and mixing phenomena between the M4 and M5

edges [132, 133]. Therefore atomic multiplet calculations based on the QUANTY code
from Haverkort et al. [133] were performed by Dr. E. Göring from the Max Planck
Institute for Intelligent Systems in Stuttgart, Germany. This method provides XAS
spectra for any given light polarization (here left (L), right (R), and linear (Z) polar-
ized). In Fig. 5.18(a), the simulated L and R-polarized XAS spectra are shown together
with the nonmagnetic average (L/2 + R/2) and the corresponding (L-R) XMCD dif-
ference. Fig. 5.18(b) presents the experimental nonmagnetic average and the XMCD
spectra at 55K and 293K of the (FePt)86Tb14 sample from series I. Moreover exper-
imental data at 55K and 293K are overlapped with fits calculated using QUANTY
code in Figs. 5.18(c) and (d), respectively. The nonmagnetic (L/2 + R/2) spectra have
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been simulated as a superposition of the L, R, and Z-polarized calculated spectra. The
QUANTY results are in almost perfect agreement with experimental XMCD and XAS
data. Especially the calculated (L-R) XMCD difference resembles every tiny feature
present in the experiment. Finally, the nice agreement between theoretical and exper-
imental data indicates that the Tb is in an almost pure Tb3+ state. Furthermore, the

Figure 5.17: XMCD element-specific hysteresis loops of selected samples from series II mea-
sured at room temperature for (a) the reference FePt sample; (c)-(d) and (e)-(f) for (FePt)95Tb5

and (FePt)89Tb11 films at the Fe and Tb edges, respectively. The dips in the hysteresis loops at
around zero magnetic field are x-ray intensity artifacts which are typical for the TEY detection
method [131]. In (b) experimental XMCD spectra at Fe and Tb edges are compared.
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spin and orbital momenta are exactly the same as given by simulations, just scaled
down to match the measured XMCD spectrum by a factor of α55 = 0.30 for 55K and
α293 = 0.12 for 293K. Most probably, the samples were not fully saturated and therefore
their moments are simply reduced by a single factor for each temperature. The values
expected from QUANTY simulations for the saturated Tb orbital and spin momentum
are L = 3.057 and S = 2.943, respectively, which is in agreement with the results pub-
lished earlier [134]. Using the reduction factors α55 and α293 from the fits, the total
magnetic moments mtot(55K) = (L + 2 × S)µB = (0.92 + 2 × 0.88)µB = 2.68µB and
mtot(293K) = (0.37 + 2 × 0.35)µB = 1.07µB were obtained. One of the main reasons
for the reduction in magnetic moment of Tb is the fact that this experimental method

Figure 5.18: (a) Simulated using the QUANTY multiplet theory, L and R-polarized XAS
spectra at Tb M4,5 edges, corresponding nonmagnetic average (L/2 + R/2), and XMCD differ-
ence (L - R); (b) the experimental nonmagnetic average and the XMCD spectra of (FePt)86Tb14

from series I measured at 55K and 293K; (c) and (d) experimental XAS spectra of (FePt)86Tb14

sample (series I) measured at 55 K and 293 K, respectively, together with corresponding simu-
lated spectra.



5.1 Tuning FePt properties by Tb doping 93

probes only the projection of the magnetic moment onto the photon beam direction.
Due to the already mentioned sperimagnetic nature of TbFe alloys, where magnetic mo-
ments are not collinear and reveal a large angular distribution, this projection will be
strongly reduced compared to the full moment even in a large external magnetic field.
The contribution of the Pt-induced moment was not measured here, but it has previ-
ously been reported that in Pt100−xTbx compounds the interaction between Tb-Tb is
ferromagnetic even at low Tb concentrations (x < 50 at.%) while the Pt-Tb interaction
is antiferromagnetic [135].

AFM and SEM imaging

The sample morphology of FePt and (FePt)100−xTbx films was investigated by AFM for
both series. As shown in Fig. 5.19, all samples revealed a strong island growth, and a
lowering of the root-mean-square roughness with addition of Tb is observed. Despite the
lower deposition temperature, samples of series I unexpectedly exhibit higher roughness
than those of series II, including the reference FePt film.
For a more detailed analysis, additional SEM investigation was performed. In Fig. 5.20,

Figure 5.19: AFM images of selected samples (a), (b), and (c) of series I and (d), (e), and
(g) of series II.
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Figure 5.20: SEM images of selected samples from series I in two magnifications (left and
right). Please note that samples I-(FePt)89Tb11, I-(FePt)86Tb14, and I-(FePt)72Tb28 are mea-
sure at a different setup, and thus the scales are different.
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Figure 5.21: SEM images of selected samples from series II.

SEM images of samples from series I are presented. The reference FePt film of series I
shows a surface filled with voids, which explains the high rms as seen in the AFM
results. With the addition of 5 at.% Tb, voids start to close and small islands of ∼20 nm
size start to form at relatively large distances from each other. Further increasing the
concentration of Tb leads to a significant rise of island density and a decrease in their
size down to ∼7 nm. The addition of 14 and 28 at.% Tb is accompanied by substantial
island growth up to an average size of 12-15 nm and 20-30 nm, respectively.
By contrast, the SEM image of the reference FePt sample from series II (Fig. 5.20),
prepared at 700 ◦C, shows the exact same topology as the corresponding AFM picture
(Fig. 5.19(a)). Characteristic details are the worm-like holes or voids, but but the sizes of
morphology features are smaller compared to FePt from series I. With addition of 14 at.%
Tb, the topology changes drastically, revealing growth of distant islands. Nevertheless,
II-(FePt)81.5Tb18.5 sample shows a relatively smooth surface with very dense islands
about 4-5 nm in size.

Conclusions

The FePt reference sample of series I deposited on a single crystalline MgO(001) sub-
strate at 530 ◦C shows weak L10 chemical ordering. With the addition of Tb, an increase
of the c - lattice parameter is observed, indicating that Tb adds elastic stress to the FePt
lattice most likely as an interstitial atom, which eventually results in full amorphiza-
tion of the films. Interestingly, a spin-reorientation transition from an in-plane to an
out-of-plane easy axis of magnetization was observed with reduction of the measure-
ment temperatures. The onset of SRT can be increased towards room temperature with
increasing Tb content up to 18 at.%. With further doping up to 28 at.% Tb, a compen-
sation point at ∼120K and a Curie temperature between 190 and 250K is observed.
Higher deposition temperatures of 700-770 ◦C promote chemical ordering and (001) ori-
entation growth of the L10 FePt phase with strong PMA in sample series II. With
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addition of Tb up to 11 at.%, the L10 ordering gets reduced, but nevertheless PMA is
still observed. At higher Tb concentrations, crystalline Tb-Pt phases are forming.
XMCD studies show that Tb and Fe moments are strongly antiferromagnetically cou-
pled for both sample series, but with a sperimagnetic type of alignment. These results
are in contrast to the behavior of FePt with Nd dopant reported in literature, where
XMCD studies revealed no magnetic correlation between Fe and Nd above 6 at.%, most
likely due to chemical phase separations occurring in these films [136].
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5.1.2 Influence of the working gas pressure on the L10 - ordering

Ar was used as working gas during the sputter deposition of the thin films. As dis-
cussed in subsection 2.1.1, the Ar pressure strongly influences the energy of adatoms

Figure 5.22: Comparison of XRD (θ − 2θ) - scans for two FePt samples deposited at 770 ◦C
using different Ar pressures of (a) 5·10−3 mbar and (b) 7·10−3 mbar, with (c) and (d) corre-
sponding M-H hysteresis loops measured in out-of-plane and in-plane geometry at 300K.

at the moment they arrive at the substrate surface. A low energy limits the mobility
of adatoms, however, when the energy is too high, the sputtered atoms will damage
the surface or already deposited layers. To demonstrate the influence of Ar pressure on
L10 - ordering, additional FePt samples were prepared at 770 ◦C using an Ar working
pressure of 7·10−3 mbar (7-FePt) and 5·10−3 mbar (5-FePt) as summarized in table 5.1.
Both films exhibit a pronounced (001)-orientation of the L10 - ordered FePt phase, but
the calculated order parameter is significantly higher for 5-FePt, reaching value of 0.93
(Figs. 5.22(a) and (b)). Corresponding magnetic hysteresis loop for 5-FePt (Fig. 5.22(c))
has a much higher coercivity of 43 kOe compared to the 7-FePt film with HC = 30 kOe
(Fig. 5.22(d)), which is due to the higher level of ordering and, accordingly, magnetic
anisotropy of the 5-FePt sample.
Furthermore, the 5-FePt has a much higher quality of L10 ordering compared to the
reference FePt sample from series II (Fig. 5.2(f)), prepared at 3.5·10−3 mbar. Thus, to
extend the investigation on the influence of Tb doping, additional 5-(FePt)100−xTbx
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samples with x = 6, 10, 12 at.% were prepared at 5·10−3 mbar in order to enhance the
ordering processes (Fig. 5.23). By analogy with series II, the addition of Tb leads to a
broadening as well as intensity loss of the L10 peaks, and the appearance of A1 reflec-
tions. Nevertheless, the formation of the intermetallic PtTb phase is observed already
at 12 at.% Tb in the series prepared at 5·10−3 mbar Ar pressure, whereas in series II it
is first detected in the sample with 18.5 at.% Tb. Hence, the change of the working gas
pressure not only improves the L10 ordering, but also the crystallinity of other

Figure 5.23: XRD (θ − 2θ) - scans of the 5-(FePt)100−xTbx series of samples deposited at
770 ◦C using an Ar pressure of 5·10−3 mbar.
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Figure 5.24: M-H hysteresis loops measured in out-of-plane and in-plane geometry at 300K
for (FePt)100−xTbx samples prepared at 770 ◦C using an Ar pressure of 5·10−3 mbar. Insets
show the enlarged central part of the corresponding loops.

Figure 5.25: (a)-(c) M-H hysteresis loops measured in out-of-plane geometry at low temper-
atures for (FePt)100−xTbx samples with x = 6, 10, 12 at.% (5·10−3 mbar); (d) dependencies of
saturation magnetization, remanence, and coercivity depending on the temperature extracted
from the hysteresis loops in (a)-(c).
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undesired phases.
The corresponding magnetic M-H hysteresis loops for samples prepared at 5·10−3 mbar
Ar pressure are shown in Fig. 5.24. Similar to series II, the magnetization is reduced
with the addition of Tb, but sample 5-(FePt)94Tb6 exhibits a much higher coercivity of
4.2 kOe compared to the similar sample II-(FePt)95Tb5 from series II with HC value of
1.7 kOe. With further addition of 10 at.% Tb or more, the easy axis of magnetization
changes from out-of-plane and in-plane direction. No spin reorientation was observed
at low temperatures in this additional series of samples (Fig. 5.25). Complementary
low temperature measurements (Fig. 5.25) show that the value of MS stays almost con-
stant with lowering the temperature for samples with 6 and 10 at.% Tb, whereas for
(FePt)88Tb12 film the decay of MS towards room temperature is due to the influence
of Tb on the Curie temperature. MR in out-of-plane direction for samples with 10 and
12 at.% Tb increases significantly with lowering T , which might indicate the onset of

Figure 5.26: XMCD element-specific hysteresis loops measured at 293K at the Fe and Tb
edges for the 5-(FePt)96Tb6 film prepared under 5·10−3 mbar Ar pressure. The dips in the
hysteresis loops at low magnetic fields are x-ray intensity artifacts which are typical for the
TEY detection method [131]. (c) and (d) show experimental XMCD spectra at the Fe and Tb
edges, respectively.
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SRT. The increase of the coercive field for all samples towards lower T is due to reduc-
tion of thermal fluctuations, which help the reversal process at room temperature.
Additionally, XMCD element-specific hysteresis loops were recorded in out-of-plane ge-
ometry at 293K (Fig. 5.25). Tb and Fe show exactly the same shape of magnetic
reversal behavior, but mirrored relatively to each other, as well as opposite signs of the
respective XMCD spectra, which indicates strong antiferromagnetic exchange coupling
between the two elements.
SEM images of the reference 5-FePt and doped 5-(FePt)88Tb12 samples are shown in

Figure 5.27: SEM images of reference 5-FePt and 5-(FePt)88Tb12 prepared at 770 ◦C under
an Ar pressure of 5·10−3 mbar.

Fig. 5.27. The microstructure of both films is significantly different from the films with
comparable composition in series II (Fig. 5.21). The reference sample 5-FePt exhibits
large asymmetric islands with size distribution in the range of 50-200 nm. The bound-
aries between them can serve as pinning centers during the magnetization reversal pro-
cess, contributing to the large coercivity (Fig. 5.22(c)). Interestingly, the 5-(FePt)88Tb12

sample exhibits a very similar morphology to the II-(FePt)81.5Tb18.5 film, with dense is-
lands, but with slightly larger size (5-7 nm).

Conclusions

Taking into account that L10 - ordering is a diffusion-induced process, the main con-
trolling factor would be the temperature. Thus, samples with the same dopant con-
centration prepared at the same temperature are expected to have the same level of
L10 - ordering. The only parameter that was varied in this part is the working gas pres-
sure, which influences the energy of adatoms. It was found that it has a strong effect on



102 5 Epitaxially grown films

the microstructure of the film, and thus on the structural and magnetic properties. It
is assumed that adatoms with too high kinetic energy, resulting from a lower pressure
of 3.5·10−3 mbar (series II), damage the growing film upon arrival reducing the chemical
order. Also, due to higher mobility on the surface, they tend to nucleate new crys-
tallites rather than join those already growing. As a result the film has slightly lower
L10 - ordering and magnetic anisotropy, a microstructure with worm-like voids because
of merged tiny crystallites. This assumption is supported by various studies on ion ir-
radiation of the L10 - FePt films with different ion energies [105–107,137]. On the other
hand, the samples 5-(FePt)100−xTbx, prepared at a moderate pressure of 5·10−3 mbar
exhibit higher anisotropy, due to the better quality of L10 - ordering, and also typical
for FePt island-like growth.
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5.1.3 Influence of the Pt dopant on the anisotropy of amorphous
FeTb

As was shown in previous sections, PMA in (FePt)100−xTbx samples with high Tb con-
tent of series I is defined by the short-range order in the amorphous areas around Tb
similar to pure FeTb. In order to investigate the influence of Pt on the spin-reorientation

Table 5.3: Overview of the FeTb+Pt samples in series III. Please note that the sample
(FeTb22)Pt47 is the (FePt)89Tb11 from series I, but in a different notation.

Composition Thickness Capping Ar pressure Tsub

Sample name (at.%) (nm) (3 nm) (µbar) ◦C

Series III
FeTb22 Fe78Tb22 8.5 Si3N4 3.5 530
(FeTb22)Pt9 (Fe78Tb22)91Pt9 8.2 Mo 5 530
(FeTb22)Pt23 (Fe78Tb22)77Pt23 8.1 Mo 5 530
(FeTb22)Pt36 (Fe78Tb22)64Pt36 8.0 Mo 5 530
(FeTb22)Pt47 (Fe78Tb22)53Pt47 11 Al 3.5 530
(FeTb22)Pt56 (Fe78Tb22)44Pt56 10.0 Al 3.5 530

transition in series I in more detail, a complementary set of (FeTb)100−xPtx samples was
prepared (table 5.3). Series III consists of samples with a constant Fe to Tb ratio of
78:22 at.% and different amounts of Pt. One sample is taken from series I with 11 at.%
Tb, which in terms of Fe to Tb ratio is written as (FeTb22)Pt47 to correlate the results
of both series.
XRD (θ− 2θ) - scans of (FeTb22)100−xPtx samples with up to 36 at.% Pt of series III do
not show any pronounced reflections, except a broad shoulder on the left-hand side of
the MgO main substrate peak (Fig. 5.28). It most probably arises from the amorphous
FeTbPt phase. With the addition of 47 at.% Pt, weak (001) reflection from L10 - FePt,
shifted towards lower angles is observed. With 56 at.% of Pt new peak from Pt-Tb based
phase is detected. Also a small amount of A1 - FePt is expected in the (FeTb22)Pt47 and
(FeTb22)Pt56 samples.
Temperature-dependent static magnetic properties for series III are summarized in Fig.
5.29. Comparing the remanence in out-of-plane and in-plane geometry gives information
about the change of the easy axis of magnetization. The reference FeTb sample shows
PMA over the whole range of temperatures. The addition of 9 at.% Pt immediately
leads to the loss of out-of-plane anisotropy, though further Pt doping of FeTb leads to
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the occurrence of a spin reorientation transition at low temperatures, where MOOP
R and

M IP
R cross. Interestingly, the SRT temperature shifts towards higher temperatures with

addition of 23 and 36 at.% Pt from ∼80K up to 220K. For higher Pt concentrations the
spin-reorientation transition decreases again down to ∼100K with addition of 47 at.%
Pt due to the formation of different crystalline phases (Fig. 5.28) until PMA vanishes
completely for (FeTb22)Pt56. Previously, it was reported by Y. Mimura et al. that the
PMA in Tb22−30 at.%Fe alloys is observed up to the Curie temperature of around 400K.

Figure 5.28: XRD (θ− 2θ) - scans of the (FeTb22)100−xPtx sample series deposited at 530 ◦C
(series III).
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Figure 5.29: Dependence of the remanent magnetization in the out-of-plane and in-plane
geometry and coercivity on T , obtained from the M-H hysteresis loops for series III.

This means that the addition of Pt influences the RE-TM intersublattice exchange (in-
direct d - f exchange), which is responsible for the stabilization of anisotropy against
thermal excitations [138].
For comparison, M-H hysteresis loops measured at different temperatures for two films
from series I ((FePt)86Tb14 and (FePt)82Tb18) and the reference Fe78Tb22 sample from
series III are shown in Fig. 5.30. Interestingly, a two-step reversal behavior is observed at
lower temperatures. This can be explained by the existence of two decoupled magnetic
subsystems when thermal fluctuations are minimized.
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Figure 5.30: Comparison of low temperature magnetic hysteresis loops for two films
from series I ((FePt)86Tb14 and (FePt)82Tb18) with reference Fe78Tb22 sample from series
III. The nomenclature of (FePt)86Tb14 and (FePt)82Tb18 from series I has been changed to
(Fe70Tb30)60Pt40 and (Fe75Tb25)55Pt45, respectively. The scales of magnetic field axis are
different for 80-160K and 215-300K for better visibility.

Conclusions

The Pt dopant substantially influences PMA in FeTb thin films. The spin reorienta-
tion transition temperature changes depending on the fraction of amorphous phase and
amount of Pt. The reference FeTb thin film prepared at 530◦C exhibits PMA. With
the addition of Pt, it first loses out-of-plane anisotropy, and then PMA is observed only
below the SRT temperature (∼80K for (FeTb22)Pt23 and 220K for (FeTb22)Pt36). The
formation of different crystalline phases results in a shift of the SRT towards lower T
until PMA is lost. Finally, it was found that the SRT observed in series I (Fig. 5.8e)
could also be tuned by adjusting the Pt content.
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5.2 Structural and magnetic properties of FePt-Gd al-
loy thin films

Partial all-optical switching with assistance of external magnetic fields was demonstrated
on FePtAgC granular media [16]. By contrast, single pulse switching for ferrimagnetic
materials or multilayers with Gd was observed in several studies [20, 22, 139, 140], ex-
plained by a transient ferromagnetic-like state between the Gd and transition metal
sublattices [28] as well as heating effects [141]. Furthermore, it has been demonstrated
that for TbFe films a low remanent magnetization is required for helicity-dependent all-
optical switching [29, 142], whereas for ultra thin Pt/Co/Pt layers the domain size [25]
could be the factor which limits the AOS capability.
In this study, the impact of Gd doping on the structural and magnetic properties of
L10 - chemically ordered FePt thin films was investigated. It is expected that Gd will
form a ferrimagnetic system and effectively reduce the net magnetization due to the
antiferromagnetic coupling with Fe, which might be relevant for all-optical switching.
Most of the results in this section were achieved in cooperation with Sukhrob Abdu-
lazhanov in the frame of his master thesis work, finished at the University of Augs-
burg [143].

Experimental

A series of (FePt)100−xGdx thin films was sputter-deposited on MgO(001) substrates
at 800 ◦C. Co-deposition of Fe, Pt, and Gd using individual targets was carried out at
an Ar pressure of 5·10−3 mbar. The concentration of Gd was varied in the range of 4-

Table 5.4: Overview of the (FePt)100−xGdx sample series.

Composition Thickness Capping Ar pressure Tsub

Sample name (at.%) (nm) (3 nm) (µbar) ◦C

Fe53Pt47 Fe53Pt47 10.0 Si3N4 5 800
(FePt)96Gd4 (Fe52Pt48)96Gd4 9.8 Si3N4 5 800
(FePt)92Gd8 (Fe53Pt47)92Gd8 9.3 Si3N4 5 800
(FePt)86Gd14 (Fe52Pt48)86Gd14 9.3 Si3N4 5 800
(FePt)83Gd17 (Fe53Pt47)83Gd17 9.3 Si3N4 5 800
(FePt)80Gd20 (Fe53Pt47)80Gd20 9.2 Si3N4 5 800
(FePt)75Gd25 (Fe53Pt47)75Gd25 9.0 Si3N4 5 800
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25 at.% by altering the Gd deposition rate while keeping an equiatomic Fe:Pt ratio. The
thickness and composition measured by Rutherford backscattering spectrometry (RBS)
are given in Table 5.4. The samples were protected from surface oxidation by a 3 nm
thick Si3N4 capping layer. The structural changes regarding the L10 ordering and the
formation of other phases were investigated by x-ray diffraction using Cu-Kα radiation.
Additionally, reciprocal space maps were measured at CEITEC Nano (Brno, Czech
Republic), using a Rigaku SmartLab 9kW (RIGAKU9) system. The characterization of
static magnetic properties was done using a SQUID-VSM in the temperature range of
60-800 K. For selected samples, cross-section transmission electron microscopy studies
were performed using the High Resolution (Scanning) Transmission Electron Microscope
FEI Titan Themis 60-300 cubed (TITAN) at CEITEC Nano (Brno, Czech Republic)
and lamella preparation by focused ion beam (FIB). Using AFM and SEM the surface
morphology was analyzed.

XRD structural analysis

XRD (θ− 2θ) - scans of the (FePt)100−xGdx samples are presented in Fig. 5.31. The ref-
erence FePt sample exhibits pronounced L10 - (001) and (002) peak intensities, revealing
the formation of a chemically ordered L10 - phase (Fig. 5.31(a)). With addition of Gd
up to 14 at.%, both (001) and (002) peaks significantly lose intensity. Also, the (002)
peak shifts towards lower angels and a new (200) reflection appears, which can be also
related to the A1 - disordered FePt phase (Figs. 5.31(c) and (d)). Apparently, Gd is an
interstitial atom, which amorphizes its local environment and prevents the ordering of
FePt similarly to Tb. As can be seen in Fig. 5.31(e), no (001)-superstructure reflection
from the L10 - phase is detected at concentrations of 17 at.% Gd and the intensity of
(200) reflection from the remaining A1 - disordered FePt phase further decreases. Ad-
dition of Gd up to 25 at.% leads to the formation of the hexagonal Fe5Gd phase, as
indicated by the clearly visible Fe5Gd-(100) and (001) reflections. Unfortunately, the
other peaks overlap with the high-intensity substrate reflection, which strongly hinders
a precise phase identification.
Reciprocal space maps (RSM) of two selected samples are shown in Fig. 5.32. Pro-
nounced L10 - (002) and L10 - (001) peaks for sample with 4 % Gd show significant
broadening in Qx direction (Fig. 5.32(a) and (c)), caused by mosaicity and small lateral
coherent scattering length (crystallite size in-plane), however, these two contributions
can not be separated in the symmetric (00l) reflections. With addition of 8 % Gd the
RSM for L10 - (001) and L10 - (002) peaks consist of two overlapping reflections. One
with higher intensity has significantly reduced broadening in Qx direction (Fig. 5.32(h)
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and (i)). In addition, a splitting of the L10 - (002) peak in Qz is observed for the
(FePt)92Gd8 sample (Fig. 5.32(g)), corresponding to c - lattice parameters of 3.867Å
and 3.727Å, which are characteristic for the A1 - disordered and L10 - ordered phases,
respectively.
To determine whether the films are strained or relaxed asymmetric scans around L10 -
(203) and MgO-(204) for both samples were performed (Fig. 5.32(e)-(f) and (k)-(l),
respectively). A fully strained (epitaxial) layer would adapt its a - constant to the pla-
nar lattice parameter of the MgO substrate, resulting in the same Qx position of the
peak maximum. As can be seen in Fig. 5.32(d) and (j), the L10 - (203) reflection has a
maximum at a rather higher Qx value compared to MgO-(204), in this case the film is
relaxed or partially strained. All peaks from RSM were fitted using a two-dimensional
Gaussian function to extract the center position, which allowed the determination of
the a and c lattice parameters. It can be seen that with addition of 8 % Gd, the a
lattice constant decreases from 3.89Å to 3.86Å, whereas c stays rather constant. The
low intensity of the asymmetric L10 - (203) peak (Fig. 5.32(f) and (l)) did not allow
quantitative evaluation of the mosaic spread.

TEM characterization

Moreover, the reference FePt and (FePt)86Gd14 samples were investigated by TEM. A
cross-section HRTEM image of the reference FePt film is shown in Fig. 5.33(a)-(c). It
exhibits high-quality epitaxial correlation to the MgO substrate (Figs. 5.33(FFT#1)
and (FFT#2)), only the first few atomic layers are distorted due to the induced stress,
which is relaxed by forming dislocations (Fig. 5.33(b)) [144, 145]. Furthermore, the
tensile strain is compensated by the growth of 40-80 nm large islands (Figs. 5.33(c)).
Nevertheless, one single orientation without the formation of crystallites is observed
over the whole thickness of each island. An HRTEM image of the (FePt)86Gd14 sample
(Figs. 5.33(d)) reveals several nanometers in size crystalline areas (Figs. 5.33(e) and
(FFT#4)), while most of the remaining part of the film appears amorphous (Figs. 5.33
(FFT#3)). By contrast to the reference FePt, the sample with 14 at.% Gd grows as a
continuous film with low roughness (Figs. 5.33(f)).
Additionally, element-specific maps on a cross-section STEM-HAADF image were mea-
sured for the (FePt)86Gd14 sample to investigate the elemental distribution over the
thickness. In Fig. 5.34(a), a general picture of the elemental distribution is presented.
As an example, an EDX spectrum from the highlighted area is shown in Fig. 5.34(b).
Due to the characteristic features of the preparation method, some other elements are
detected, such as Ga, Si, C, and Cu. To identify the ratio of individual chemical ele-
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Figure 5.31: XRD (θ − 2θ) - scans of the (FePt)100−xGdx sample series.
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ments, the integrated intensities of the corresponding peaks are compared, which means
that the overlap of the peaks is a major source of error. A chemical profile across the
film (middle line in Fig. 5.34(a)) is shown in Fig. 5.34(c). The segregation of Gd and
Pt at the surface and the substrate-film interface is observed with almost no Fe content.
At the same time, the middle part of the film is Fe-rich. From the individual Fe map
in Fig. 5.34(g), it can be seen that the Fe is not homogeneously distributed throughout
the volume. Based on the XRD and TEM results, an illustrative model of the the film
morphology of the (FePt)86Gd14 was constructed (Fig. 5.35).

AFM and SEM imaging

The sample morphology of the (FePt)100−xGdx series was investigated by AFM and
SEM. As shown in Fig. 5.36 and Fig. 5.37, the reference FePt sample reveals strong
dewetting into islands, which is in agreement with TEM results. With addition of Gd
from 4 up to 17 at.%, the root-mean-square roughness is significantly lowered. Due to
a higher degree of amorphization, islands and surface features consecutively decrease

Figure 5.36: AFM images of selected samples from the (FePt)100−xGdx series. Please note
that the scales of height in the first and second row have been chosen differently for better
visibility (6 nm and 1 nm, respectively).
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in size. The corresponding SEM images show that the films get more continuous with
the addition of Gd, as islands are merging and only small voids are observed at 17 at.%
Gd. With the addition of 25 at.% Gd, the topology changes drastically, where holes
with various sizes are forming in the film.

Static magnetic properties

M-H hysteresis loops measured at 60 and 300K for (FePt)100−xGdx samples are pre-
sented in Figs. 5.38(a)-(f). The reference Fe53Pt47 sample has strong PMA (Fig. 5.39),
ensured by an L10 - ordered structure with pronounced (001)-orientation (Fig. 5.31(a)).
With the addition of Gd, the shape of the magnetic hysteresis loops changes significantly.
A relatively sharp HC indicates that the magnetic reversal behavior is dominated by do-
main wall motion rather than by nucleation. Two times larger HC of 6.32 kOe for the
(FePt)92Gd8 sample compare to (FePt)96Gd4 might be due to an increased density of
the areas amorphized by Gd (Fig. 5.38(b) and (a)), which serve as pinning centers for
the domain wall. Interestingly, with addition of 4 at.% Gd the uniaxial anisotropy is
not changing significantly compare the reference FePt sample with 3MJ/m3 (Fig. 5.40).
However, further doping leads to a continues decay of Ku down to 0.9MJ/m3 with addi-
tion of 14 at.% Gd till PMA is lost for higher concentrations of 20-25 at.% Gd due to the
loss of L10 - order and the formation of crystalline Fe-Gd compounds (Fig. 5.31(f) and
(g)). Furthermore, the saturation magnetization gets strongly reduced by about 70%
due to antiferromagnetic coupling between the Fe and Gd moments (Fig. 5.40), similar
to the case of Tb doping [X].
The orientational distribution of the Gd moments may vary with temperature. Thus,
the magnetic reversal behavior at low T was investigated as well. As an example, the M-
H hysteresis loops taken at 60K (Fig. 5.38(a)-(f)) and remanent magnetization versus
T are shown in Fig. 5.38(g)-(l). Crossing of the remanence curves in the out-of-plane
and in-plane direction at certain temperature can indicate the change of the easy axis
of magnetization [X], which is related to the spin reorientation transition (SRT). How-
ever, due to low MR and absence of the pronounced easy axis direction in the film with
high Gd content (Fig. 5.38(j)-(l)), the crossing at 60K, 100K, and 140K can not be
identified as SRT. Additional measurements of the Curie temperature were performed.
Fig. 5.41 shows a strong reduction of TC from 707K down to about 560K with addi-
tion of 14 at.% Gd. The decay of the magnetization is very gradual for (FePt)86Gd14,
whereas for (FePt)75Gd25, the signal is so low that it was not possible to determine the
TC.
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Figure 5.38: (a)-(f) M-H hysteresis loops measured in out-of-plane and in-plane geometry at
60 and 300K for (FePt)100−xGdx samples. (g)-(l) Dependence of the remanent magnetization
on the temperature in the out-of-plane and in-plane direction, extracted from M-H hysteresis
loops.
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Figure 5.39: M-H hysteresis loops measured in out-of-plane and in-plane geometry at 300K
for FePt reference sample.

Figure 5.40: Dependence of the uniaxial magnetic anisotropy and the saturation magnetiza-
tion on the Gd content, obtained at room temperature.
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Figure 5.41: Magnetization versus temperature in the easy axis direction, which is out-of-
plane for the FePt reference and (FePt)100−xGdx samples with x = 8, 14 at.% and in-plane for
the (FePt)75Gd25 sample. A guiding field of 100 Oe was applied.

Conclusions

Compared to the FePt reference sample, which shows pronounced L10 chemical ordering,
a strong amorphization effect is observed with addition of Gd, indicating that Gd, similar
to Tb (Section 5.1), is most likely included as an interstitial atom. At more than 20 at.%
Gd, the crystalline Fe5Gd phase is forming, not excluding other Fe-Gd compounds.
With addition of 4 at.% Gd the uniaxial anisotropy stays high around 3MJ/m3, but it is
strongly reduced down to 0.9MJ/m3 with addition of 14 at.% Gd, afterwards the PMA
is lost for higher concentrations of 20-25 at.% Gd due to the loss of L10 - order and the
formation Fe-Gd compounds. Furthermore, the saturation magnetization gets strongly
reduced due to antiferromagnetic coupling between the Fe and Gd moments, similar to
the case of Tb doping [X]. The onset of a spin rotation was observed at low measurement
temperatures for samples with more than 17 at.% Gd. However, the anisotropy stays
very low and magnetic reversal behavior is rather paramagnetic. The Curie temperature
shows strong reduction and could not be defined exactly for samples with more than
14 at.% Gd due to a broad distribution of TC.
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5.3 L10 - ordered ferrimagnetic (Fe100−xCrx)Pt thin films

To fulfill the remanent magnetization criterion [29], which is a limiting factor for the
all-optical switching capability, doped ferrimagnetic L10 - FePt thin films are of high in-
terest. By means of first principle calculations it was demonstrated that via substitution
of Fe with Cr in a bulk alloy it is possible to tune the magnetocrystalline anisotropy and
the net magnetic moment via change of the effective number of valence electrons [146].
The antiferromagnetic exchange coupling is expected for Cr-Fe and Cr-Cr pairs [147,148]
and the competition with the ferromagnetic Fe-Fe will lead to the formation of a com-
plex spin structures due to frustration [147,149]. As a result, saturation magnetization
and effective Curie temperature will be lowered [149]. Experimentally it was shown by
P.C.Kuo et al. for non-stoichiometric (FePt)100−xCrx thin films, which were deposited at
room temperature on Si(111) and post-annealed at 750 ◦C, that the addition of 16 at.%
Cr leads to a reduction of magnetization from 700 to 400 emu/cm3. However, films ex-

Figure 5.42: Schematic picture of (a) L10 - ordered FePt film with (001) orientation and (b)
substitution of Fe by Cr in an L10 - ordered (Fe100−xCrx)50Pt50 phase with (001) orientation.
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hibit strong (111) texture as well as the formation of FeCr ad A1 - FePt compounds [150].
Moreover, it was found that Cr strongly limits the grain growth during post anneal-
ing [150].
This section is focused on the evolution of magnetic and structural properties, magnetic
order, and morphology of epitaxial (Fe100−xCrx)Pt thin films depending on Cr concen-
tration. By contrast to the previously published reports, samples with a broad range of
compositions were sputter-deposited on single crystalline MgO at elevated temperatures
instead of using post annealing [150]. As shown in Fig. 5.42(a)-(b), epitaxial growth is
expected to promote the L10 - order and ensure (001) orientation. In addition, various
spin configurations are schematically shown in Fig. 5.42(c), showing the transition from
initially ferromagnetic L10 - FePt to antiferrimagnetic L10 - CrPt magnetic order via in-
termediate canted ferrimagnetic state [151].
Part of the experimental results presented in this section were performed in the frame
of the master thesis of Anser Mahmood at the University of Augsburg [152].

Experimental

The (Fe100−xCrx)Pt series of samples was prepared by co-deposition from individual Fe,
Pt, and Cr targets on MgO(001) substrates at 770 ◦C and an Ar pressure of 5·10−3 mbar.
The Cr content x was varied in the range of 0 - 100 at.% by altering the deposition rates
while keeping the (Fe+Cr) to Pt ratio roughly equiatomic. An overview of the relevant
sample parameters, such as deposition conditions, thickness, and composition, measured
by Rutherford backscattering spectrometry, are given in Table 5.5. All samples in the
series are protected from surface oxidation by a 3 nm thick Si3N4 or Al capping layer.
The evolution of the L10 phase formation was investigated by XRD using Cu-Kα radia-
tion. Additionally reciprocal space maps were measured at CEITEC Nano (Brno, Czech
republic), using Rigaku SmartLab 9kW (RIGAKU9). Static magnetic properties were
characterized using a SQUID-VSM in the temperature range of 25-800K. Furthermore,
MFM was used to image magnetic domain structures of samples with low Cr content, as
they still reveal an out-of-plane magnetic easy axis. Using AFM and SEM, the evolution
of the surface morphology with addition of Cr was investigated. The measurements were
performed at the Focused Ion Beam/Scanning Electron Microscope FEI Helios NanoLab
660 (HELIOS) at CEITEC-Nano (Brno, Czech republic), the Nova 200 NanoSEM from
FEI at the University of Augsburg and the MERLIN Field Emission Scanning Elec-
tron Microscope (FE-SEM) from Carl Zeiss enhanced with GEMINI II column at the
University of Augsburg. Some of the images contain displacement artifacts due to elec-
trostatic charge accumulation. For selected samples, x-ray magnetic circular dichroism
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Table 5.5: Overview of the (Fe100−xCrx)Pt sample series.

Composition Fe Pt Cr t Capping
Sample name (at.%) (at.%) (at.%) (at.%) (nm) (3 nm)

Series I
Fe52Pt48 Fe52Pt48 52 48 – 10 Al
(Fe89Cr11)Pt (Fe89Cr11)53Pt47 47 47 6 9 Al
(Fe85Cr15)Pt (Fe85Cr15)53Pt47 45 47 8 9 Al
(Fe80Cr20)Pt (Fe80Cr20)54Pt46 43 46 11 10 Al
(Fe65Cr35)Pt (Fe65Cr35)51Pt49 33 49 18 10 Al
(Fe53Cr47)Pt (Fe53Cr47)51Pt49 27 49 24 10 Al
(Fe42Cr58)Pt (Fe42Cr58)52Pt48 22 48 30 10 Al
(Fe31Cr69)Pt (Fe31Cr69)51Pt49 16 49 35 10 Al
(Fe20Cr80)Pt (Fe20Cr80)51Pt49 10 49 41 10 Al
Cr52Pt48 Cr52Pt48 – 48 52 9 Al

absorption experiments were performed at the high-field end station VEKMAG [122]
installed at the PM2 beamline of the Helmholtz-Zentrum Berlin (HZB). XAS-spectra
were collected at the Fe and Cr L2,3 edges using total electron yield detection mode.
The XMCD signal was calculated as the difference between XAS spectra measured with
two opposite directions of the external magnetic field of up to ±40 kOe. Additionally,
element-specific hysteresis loops were measured at room temperature for both Fe and
Cr at the energy of maximum XMCD signal.

XRD analysis of structural properties

XRD results of the (Fe100−xCrx)Pt sample series are shown in Fig. 5.43. The (θ −
2θ) - scan of the reference FePt sample shows pronounced L10 - (001) and (002) peaks,
revealing the formation of highly chemically ordered L10 - FePt. With addition of Cr
samples maintain the L10 structure over the whole composition range. As shown in
Fig. 5.44(a) the c - lattice parameter, calculated from the (001) and (002) peak positions,
is continuously increasing due to incorporation of Cr into L10 lattice and, finally, for
high Cr concentrations it reaches the value of L10 - CrPt (bulk c = 0.381 nm) [153].
Below 20 at.% Cr the lattice parameter follows the Vegard’s law [154, 155], however
with addition of 35 at.% it strongly deviates for the linear dependency due to higher Pt
concentration in these alloys (Table 5.5).
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Figure 5.43: XRD (θ−2θ) - scans of (Fe100−xCrx)Pt samples with different Cr concentrations.

Figure 5.44: c - lattice parameter extracted from the L10 - (001) superstructure and (002)
fundamental reflection positions for (Fe100−xCrx)Pt samples. Solid lines mark the bulk values
of the c - lattice parameter for L10 - FePt and L10 - CrPt [153].
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The FePt reference film reveals a high degree of chemical ordering of 0.93, which is close
to the theoretical maximum Smax of 1 (Fig. 5.44(b)). With addition of up to 20 at.% Cr
the S remains high, but with further Cr doping it gets reduced down to 0.3-0.4, which
is in agreement with the earlier reported study on L10 CrPt phase formation [156]. R.
Zhang et al. have shown that annealing temperature higher than 800 ◦C is required to
promote high L10 - chemical order in CrPt.
In Fig. 5.45 the reciprocal space maps of the reference FePt and (Fe80Cr20)Pt samples
are presented. Pronounced L10 - (002) and L10 - (001) single point reflections for both
films are observed, which confirms preferred (001)-orientation and no phase separation
with addition of Cr (Fig. 5.45(a), (c) and (g), (i)). Broadening in the Qx direction,
caused by the mosaicity and lateral coherent scattering length, does not significantly
change with addition of Cr, however the two contributions can not be separated in the
symmetric (00l) reflections.
In addition, asymmetric scans around L10 - (203) and MgO-(204) for both samples were
performed in order to determine whether the films are strained or relaxed (Fig. 5.45(e)-
(f) and (k)-(l)). Splitting of the MgO-(204) peak is due the presence of two large slightly
misoriented crystallites (Fig. 5.45(e) and (k)). Qualitatively, the L10 - (203) reflection
has its maximum at rather higher Qx position than the MgO-(204), which is due to
partial or full relaxation of the growing layer (Fig. 5.45(d) and (j)). For quantitative
analysis all peaks in the RSM were fitted using two-dimensional Gaussian function to
extract the center position and determine the a and c lattice parameters. With addition
of 20 % Cr the a lattice constant slightly decreases from 3.86Å to 3.85Å, whereas c
increases from 3.72Å to 3.73Å. The low intensity of an asymmetric L10 - (203) peak
(Fig. 5.45(f) and (l)) didn’t allow quantitative evaluation of the mosaicity.

Static magnetic properties and XMCD analysis

Room temperature M-H hysteresis loops, measured in the in-plane (ip) and out-of-plane
(oop) geometries, of the (Fe100−xCrx)Pt series prepared at 770◦C are shown in Fig. 5.46.
Samples with up to 20 at.% Cr reveal strong PMA (Fig. 5.47(a) and (b)). The effective
magnetic anisotropy Keff was calculated as an integrated area enclosed by the averaged
in-plane and out-of-plane loops. The magnetic uniaxial anisotropy Ku was calculated
as the sum of the effective (Keff) and the shape terms (Ksh = 2π ·M2

S). Both values
of Keff and Ku, obtained at room temperature, are summarized in Fig. 5.47(a) and (b),
respectively. Thin films with up to 20 at.% Cr exhibit strong PMA, which gets contin-
uously reduced from 2.3 down to 1.3 MJ/m3 with increasing Cr content. With further
substitution of Fe by 35 at.% of Cr in the L10 lattice the uniaxial anisotropy drops
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Figure 5.46: M-H hysteresis loops measured in out-of-plane and in-plane geometry at 300K
for the (Fe100−xCrx)Pt sample series. Insets show the enlarged central part of the corresponding
loops.
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Table 5.6: Overview of the structural and magnetic properties of the (Fe100−xCrx)Pt sample
series at room temperature. Film composition (uncertainty±2 at.%) and thickness (uncertainty
10 %) was determined by Rutherford backscattering spectrometry.

Sample name S MS Ku HC TC

(emu/cm3) (MJ/m3) (kOe) (K)

Fe52Pt48 0.93 1092 2.28 42.9 707
(Fe89Cr11)Pt 0.91 1037 1.99 22.8 719
(Fe85Cr15)Pt 0.81 1016 2.03 16.7 692
(Fe80Cr20)Pt 0.91 890 1.29 10.8 653
(Fe65Cr35)Pt 0.54 680 0.16 0.2 504
(Fe53Cr47)Pt 0.51 226 – – 300
(Fe42Cr58)Pt 0.34 < 70 – – –
(Fe31Cr69)Pt 0.34 < 50 – – –
(Fe20Cr80)Pt 0.39 < 50 – – –
Cr52Pt48 0.41 < 50 – – –

Figure 5.47: Dependence of (a) effective and (b) uniaxial magnetic anisotropy, (c) the satu-
ration magnetization, (d) the coercive field on the Cr content, obtained at 300 K.
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almost to zero. Furthermore, the initially high coercivity strongly decreases from 43 to
11 kOe with addition of up to 20 at.% Cr and vanishes with 35 at.% Cr (Fig. 5.47(c)).
Due to antiferromagnetic coupling of Fe to Cr moments a ferrimagnetic state is expected
for samples with low Cr content. If Cr is heavily diluted in the FePt matrix then the
Cr moments may align parallel to each other, but as fast as near neighbor Cr-Cr pairs
appear it causes frustration. The canting arises from the competition between ferro-
magnetic Fe-Fe and antiferromagnetic Cr-Cr(Fe) exchange interactions. Thus, for all
concentration range the reduction of the net magnetization is expected. As shown in
Fig. 5.47(d) the saturation magnetization gets gradually reduced by almost 40% down
to 700 emu/cm3 with doping by 35 at.% Cr. The MS becomes negligibly small due to
the formation of an antiferromagnetic order [151] at an almost equiatomic Fe to Cr ratio.
All relevant parameters, extracted from the hysteresis loops, are sumarised in table 5.6.
Additional magnetization versus temperature measurements were performed to study
the influence of Fe substitution by Cr on the Curie temperature. In Fig. 5.48, the out-of-
plane magnetization measured in the range 25-330K for all samples in the (Fe100−xCrx)Pt
series is presented. For selected samples, the temperature range was extended up to
800K (Fig. 5.49(a)). Samples with low concentration of Cr below 20 at.% PMA reveal
a Curie temperature in the range of 650-720K. Nevertheless, a substitution of Fe with
35 and 47 at.% Cr shifts the magnetic ordering temperature towards lower values of 500
and 300 K, respectively, as summarized in Fig. 5.49(b).

Figure 5.48: Magnetization versus temperature in the out-of-plane direction for all samples
in (Fe100−xCrx)Pt series. A guiding field of 100 Oe was applied.
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Figure 5.49: (a) magnetization versus temperature, measured in the easy axis direction for
the FePt reference and (Fe100−xCrx)Pt samples with x = 11, 15, 20, 35, 47 at.%. A guiding field
of 100Oe was applied. Curie temperatures for different alloys are summarized in (b).

The XMCD measurements were performed in order to investigate the relative ori-
entation of the magnetic moments of Fe and Cr and to evaluate their spin and orbital
moments. The XMCD spectra collected at room temperature in an applied magnetic
field up to 50 kOe at 293K at the Fe and Cr L2,3 edges are shown in Fig. 5.50(b). The
resulting dichroism signals reveal opposite signs, indicating an antiferromagnetic align-
ment of the Fe and Cr magnetic moments. Furthermore, element-specific hysteresis
loops, recorded in out-of-plane geometry for samples with PMA (up to 20 at.% Cr),
show exactly the same shape of magnetic reversal behavior, but mirrored relatively to
each other, which is due to strong exchange coupling (Fig. 5.50(c)-(h)).

Table 5.7: Spin (ms), orbital moment (ml), and total magnetic moment (mtotal = ms+ml) of
Fe and Cr (per atom) of the (Fe100−xCrx)Pt sample series.

Sample Absorption ms ml mtotal

edge [µB] [µB] [µB]

Fe52Pt48 Fe 2.29±0.23 0.14±0.01 2.43±0.24

(Fe89Cr11)Pt Fe 2.54±0.25 0.05±0.01 2.59±0.26

Cr 2.43±0.35 0.30±0.05 2.73±0.40

(Fe85Cr15)Pt Fe 2.42±0.24 0.05±0.01 2.47±0.25

Cr 2.50±0.38 0.34±0.05 2.84±0.43

(Fe80Cr20)Pt Fe 2.11±0.21 0.12±0.01 2.23±0.22

Cr 2.36±0.47 0.50±0.10 2.86±0.57
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Figure 5.50: XMCD element-specific hysteresis loops for selected samples from the
(Fe100−xCrx)Pt series measured at room temperature for (a) the reference FePt sample. (c),
(e), and (g) were measured at the Fe and (d), (f), and (h) at the Cr edge. The dips in the
hysteresis loops at around zero magnetic field are x-ray intensity artifacts which are typical for
TEY detection method [131]. In (b), experimental XMCD spectra at the Fe and Cr edges are
compared.
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Using sum rules, the spin (ms) and orbital moment (ml) of Fe and Cr were calculated,
as summarized in Table 5.7. It was found that the Fe spin moment per atom is in the
range of 2.1 – 2.5 µB with a small orbital contribution of about 0.1 µB. The Cr spin
moment is in the similar range of 2.3-2.5 µB, which is comparable to the values reported
for bulk L10 - CrPt alloys of 2.24 ± 0.15 µB [151] and for epitaxial Fe1−xCrx films of up
to 1.0 ± 0.1 µB [147]. Interestingly, a rather high orbital moment of up to 0.3 µB is
observed for Cr.

Morphology and magnetic domain imaging

To investigate the microstructure, the SEM investigation was performed, as shown in
Fig. 5.51 and 5.52. Reference FePt sample reveal pronounced agglomeration with well
separated islands. Average area of the individual islands is about 1.5×10−2 µm2, but the
sizes have broad distribution. One of the reasons for island growth is the strain, induced
at the interface between MgO substrate and the FePt film by the lattice mismatch of
about 9 % (tensile stress) [157]. Also both materials have similar thermal expansion
coefficients [157], but due to larger surface energy of FePt [158], the formation of island-
like morphology at high fabrication temperatures is favored. Small amount of Cr up to
11 at.% results in more narrow distribution of areas compare to the reference FePt film
with a maximum around 2× 10−2 µm2, as shown in Fig. 5.53(a) and (b). However, with
substitution of Fe with up to 15 and 20 at.% Cr, the island-like structures are merg-
ing (Fig. 5.51), resulting in lager fraction of islands with size around 5− 9× 10−2 µm2

(Fig. 5.53(c) and (d)). In the (Fe65Cr35)Pt sample the topology changes drastically: in-
stead of island growth, the film appears more continuous and it is interrupted by voids -
large elongated ones extended over an area of up to 4.5× 10−2 µm2 and small ones with
a diameter of about 10 nm (Fig. 5.51). With further rising the Cr content, the elongated
holes shrink in size while the density of the small voids increases steadily (Fig. 5.52).
As mentioned before, agglomeration processes in thin films are determined mainly by
the surface and interface tension [159]. Strong tensile stress within a film enhances hole
formation and agglomeration, while compressive stress leads to hillock formation. Both
of these mechanisms provide stress relaxation in the film. It is speculated that with
addition of Cr the tensile stress is reduced. However, due to the lack of literature data,
it is hard to quantitatively or qualitatively relate the microstructure changes to all these
varying contributions.
For more detailed investigation of the morphology change and the evolution of mag-

netic domain structures depending on the Cr concentration, the AFM and MFM mea-
surements were performed. As shown in Fig. 5.54(a), the reference FePt sample reveals
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Figure 5.51: SEM images of the FePt reference sample and samples with Cr content x =

11, 15, 20, 35 at.%. Please note the different scales.
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Figure 5.52: SEM images of the samples with Cr content x = 47, 58, 69, 80 at.%.

pronounced island growth and maze-like magnetic domains (Fig. 5.54(e)). With the
addition of 11 and 20 at.% Cr (Fig. 5.54(b)-(d)) the rms roughness is about 1.9 ± 0.3

nm and slightly bigger in size islands and surface features can be seen, which is in line
with the SEM investigation. The corresponding MFM images (Fig. 5.54(f)-(h)) show a
minor increase in domain size with up to 15 at.% Cr, which is expected due to similar
anisotropy and lowered saturation magnetization, but due to the reduction of Ku with



5.3 L10 - ordered ferrimagnetic (Fe100−xCrx)Pt thin films 135

Figure 5.53: Distributions of the areas of 250 randomly chosen islands in SEM images of the
(a) reference FePt film and (b)-(d) samples with Cr content x = 11, 15, 20 at.%.

Figure 5.54: AFM images with corresponding MFM images for selected samples from the
(Fe100−xCrx)Pt series with Cr concentrations of x = 11, 15, 20 at.%, which exhibit PMA.
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the addition of 20 at.% Cr the domains decrease in size again.
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Additional series of (Fe100−xCrx)Pt samples deposited at 700 ◦C

Table 5.8: Overview of the (Fe100−xCrx)Pt sample series II.

Composition Thickness Capping Ar pressure Tsub

Sample name (at.%) (nm) (3 nm) (µbar) ◦C

II-FePt (Fe53Pt47 9 Si3N4 3.5 700
II-(Fe94Cr6)Pt (Fe94Cr6)52Pt48 9 Si3N4 3.5 700
II-(Fe87Cr13)Pt (Fe87Cr13)52Pt48 9 Si3N4 3.5 700
II-(Fe82Cr18)Pt (Fe82Cr18)51Pt49 9 Si3N4 3.5 700

Figure 5.55: (a)-(d) XRD (θ−2θ) - scans of the additional series of II-(Fe100−xCrx)Pt samples
with low Cr concentrations, prepared at 700 ◦C; (e)-(h) corresponding M-H magnetic hysteresis
loops measured in out-of-plane and in-plane geometry at 300K.
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Figure 5.56: Dependence of the uniaxial magnetic anisotropy (black) and out-of-plane coer-
civity (red) on the Cr content, obtained at 300 K for the II-(Fe100−xCrx)Pt sample series.

To study the influence of the substrate temperature during deposition on the mag-
netic and structural properties of Cr-doped FePt films, an additional series of samples
was prepared at 700 ◦C (Table 5.5). Low Cr-content compositions below 20 at.% Cr
were chosen because of the expected high PMA for these samples. The L10 - chemically
ordered phase with pronounced (001)-orientation is observed in the XRD (θ−2θ) - scans
(Figs. 5.55(a)-(d)). In contrast to the first series of samples (Figs.5.46 and 5.47), these

Figure 5.57: AFM images with corresponding MFM images for all samples from the additional
II-(Fe100−xCrx)Pt series.
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samples reveal a much lower coercivity and relatively low distribution of HC values,
retaining a similar anisotropy (Figs. 5.55(e)-(h)). This can be explained by the differ-
ences in the film morphology (Fig. 5.57). Lowering the deposition temperature reduces
mobility of the adatoms on the surface, and as a result, the islands merge and become
magnetically coupled, which simplifies the domain wall propagation during the magnetic
reversal process and reduces the coercivity [160].

Conclusions

A series of (Fe100−xCrx)Pt alloy thin films with a thickness of about 10 nm was prepared
by epitaxial growth on MgO(001) substrates at 770 ◦C. The Cr content x was varied in
the range of 0-100 at.%. All samples in the series reveal pronounced L10 chemical or-
dering, where the c - lattice parameter in the growth direction is steadily changing from
L10 - FePt (c = 0.371nm) to the bulk value of L10 - CrPt (c = 0.381nm). However, be-
yond 20 at.% Cr the chemical order parameter S decreases continuously down to 0.3-0.4,
as the deposition temperature of 770 ◦C appears not to be sufficient for development
of the fully ordered L10 - CrPt phase. With the substitution of Fe by Cr with up to
20 at.%, strong PMA is observed at 300 K, which vanishes with the addition of 35 at.%
Cr. Also, the coercivity in the out-of-plane direction decreases drastically with addition
of 35 at.% Cr, which is in fact attributed to a strong alteration of the film morphology
changing from island-like to a more continuous film structure. It was shown that a re-
duction of the substrate temperature during deposition from 770 ◦C to 700 ◦C allows to
alter the film morphology and thus the magnetic reversal behavior, but without losing
high magnetic anisotropy. Furthermore, x-ray magnetic circular dichroism studies at the
Fe and Cr L3,2 edges revealed a strong antiferromagnetic coupling between Fe and Cr,
which explains the reduction of net magnetization in the film. Extracted spin magnetic
moments are in the range between 2.1 - 2.5 µB for Cr and Fe were obtained. Moreover,
frustration and spin canting is expected for samples with high Cr concentration due to
competition of ferromagnetic Fe-Fe, and antiferromagnetic Cr-Cr(Fe) near neighbour ex-
change interactions. Such a magnetic disorder will also influence the Curie temperature
of the (Fe100−xCrx)Pt alloy films, which drops down substantially with addition of more
than 35 at.% Cr.
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5.4 L10 - ordered ferrimagnetic (Fe100−xMnx)Pt thin films

Couple of theoretical [97, 146, 161] and experimental studies [98, 162]investigated the
composition dependence of the structural and magnetic properties of FeMnPt, consid-
ering the potential of this material in ultrahigh density magnetic recording media [2].
The magnetic phase diagram of bulk (Fe1−xMnx)Pt alloys was investigated by neutron
diffraction and supported by numerical calculations [163]. According to this research,
the coupling between Fe and Mn below 20 at.% Mn is ferromagnetic at room tempera-
ture, whereas higher concentration stabilize collinear or even canted antiferromagnetic
order at > 50 at.% Mn. The transition from ferro- to antiferromagnetic state between
20 and 26 at.% Mn is described as canted ferromagnetic state [163]. By contrast, ex-
perimental results for thin films do not confirm this, but rather show antiferromagnetic
coupling for all concentrations below 68 at.%, indicated by the continuous decay of PMA
and saturation magnetization [98]. Furthermore, studies from different groups present
contradicting results of the c - lattice parameter in dependence on Mn concentration. In
one case it increases with addition of Mn [162], in another case, the c - lattice parameter
steadily drops for films prepared at the same temperature of 550 ◦C on MgO, but via
co-sputtering from two alloy targets [98].
The goal of the work presented in this section was to prepare a series of samples with sub-
stitution of Fe with Mn, gradually changing the composition from FePt to MnPt. The
deposition temperature was chosen higher than presented in the literature, to ensure the
formation of a homogeneous L10 phase. The change of the static magnetic properties is
related not only to structural changes, but also to the morphology alteration depending
on the degree of Mn substitution.

Experimental

A series of(Fe100−xMnx)Pt thin films was prepared by sputter deposition using individ-
ual Fe, Pt, and Mn targets on MgO(001) substrates at 770 ◦C in Ar atmosphere under
5·10−3 mbar pressure. The concentration of Mn x was varied from 0 to 100 at.% by
altering the deposition rates while keeping the (Fe+Mn) to Pt ratio nearly equiatomic.
A summary of the deposition parameters and thickness with composition measured by
RBS, is given in Table 5.9. To avoid surface oxidation, all samples in the series are
protected by a 3 nm thick Si3N4 or Al capping layer.
The evolution of the L10 - ordered phase formation depending on the dopant amount was
investigated by x-ray diffraction using Cu-Kα radiation. Additionally, reciprocal space
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Table 5.9: Overview of the (Fe100−xMnx)Pt sample series.

Thickness Capping Ar pressure Tsub

Sample name (nm) (3 nm) (µbar) ◦C

Fe52Pt48 10 Al 5 770
(Fe85Mn15)48Pt52 9 Al 5 770
(Fe78Mn22)51Pt49 9 Al 5 770
(Fe69Mn31)49Pt51 9 Al 5 770
(Fe61Mn39)49Pt51 8.5 Al 5 770
(Fe43Mn57)51Pt49 9 Si3N4 5 770
(Fe26Mn74)53Pt47 9 Si3N4 5 770
(Fe17Mn83)52Pt48 9 Si3N4 5 770
Mn52Pt48 9 Si3N4 5 770

maps were measured at CEITEC Nano (Brno, Czech Republic), using a RIGAKU9
diffractometer.
The magnetic properties were characterized using a SQUID-VSM in the temperature

range of 25-800K. Using MFM, images of the magnetic domains for samples with differ-
ent Mn content were obtained.
Using atomic force microscopy and scanning electron microscopy, the change of the
surface morphology with addition of Mn was investigated. The measurements were per-
formed at the Nova 200 NanoSEM from FEI and the MERLIN Field Emission Scanning
Electron Microscope from Carl Zeiss enhanced with GEMINI II column. Some of the
images contain displacement artifacts due to charge accumulation.
For the samples with Mn concentration of 15 and 39 at.%, X-ray magnetic circular dichro-
ism absorption experiments were conducted at the high-field end station VEKMAG [122]
installed at the PM2 beamline of the Helmholtz-Zentrum Berlin. Absorption spectra
were collected at the Fe and Mn L2,3 edges in TEY mode. The XMCD signal was
calculated as the difference between absorption spectra measured with two opposite di-
rections of the external magnetic field of up to ±40 kOe. Furthermore, element-specific
hysteresis loops were measured at room temperature at both, the Fe and Mn L2,3 edges.
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Structural analysis with XRD

XRD (θ − 2θ) - scans of the (Fe100−xMnx)Pt series are shown in Fig. 5.58. As expected,
the reference FePt sample, shown in gray over the (Fe85Mn15)Pt (θ − 2θ) - scan, reveals
pronounced L10 - (001) and (002) peaks, confirming the formation of L10 - chemically
ordered FePt. Although, both L10 - FePt and L10 -MnPt phases have the same bulk c -
lattice parameter of 3.72Å [153], with substitution of Fe with Mn the c - lattice constant
decreases slightly (Fig. 5.59). The deviation of the c - lattice parameter from the linear
behavior (Vegard’s law) is due to variation of the Pt content. Eventually, all samples in
the (Fe100−xMnx)Pt series maintain the L10 - chemical ordering and (001)-texture over
the whole composition range. The L10 order parameter of 0.93 for the FePt reference
sample confirms a high degree of ordering, almost reaching the theoretical maximum
Smax of 1. With addition of up to 85 at.% Mn the degree of order remains only slightly
lower compare to the reference FePt, in the range of 0.77-0.87, and becomes 0.9 for the
MnPt sample (Fig. 5.59).

Figure 5.58: XRD (θ−2θ) - scans of (Fe100−xMnx)Pt samples with different Mn concentration
from x = 0− 100 at.%.
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Figure 5.59: Average c - lattice parameter (black), extracted from the L10 - (001) superstruc-
ture and (002) fundamental reflection positions for (Fe100−xMnx)Pt series, in dependence of the
Mn content x. The dotted line follows Vegard’s law. The order parameter S (red), normalized
to the theoretical maximum value, SMax = 1−2∆, where ∆ is the deviation from the elemental
50:50 ratio of Fe:Pt.

Both dependencies of c - lattice constant and S order parameter on the Mn concentra-
tion are in the good agreement with the results reported previously by G. Meyer et
al. [98]. The reciprocal space maps (RMS) of the (Fe78Mn22)Pt film and MgO sub-
strate are shown in Fig. 5.60. Single point L10 - (002) and L10 - (001) reflections are
observed with addition of 22 at.% Mn, revealing (001)-orientation and no phase separa-
tion (Fig. 5.60(a) and (c)). Extracted c - lattice constant of 3.71-3.72Å is almost equal
to the c - lattice parameter of the reference FePt sample (Fig. 5.45). Additional asym-
metric scans around L10 - (203) and MgO-(204) were performed to evaluate the strain
state of the film (Fig. 5.60(e)-(f)). Qualitative analysis reveals that the L10 - (203) peak
is shifted towards higher Qx values compared to the MgO-(204) position (Fig. 5.60(d)),
which indicates that the film is only partially strained. Using a two-dimensional Gaus-
sian function to fit reflections in RSM, the center position was extracted and the cor-
responding a - lattice parameter was determined. The a - lattice constant increases with
addition of 22 at.% Mn compare to the reference FePt sample (Fig. 5.45(f)), reaching
a value of 3.91Å (Fig. 5.60(f)). This is probably due to tensile strain at the interface
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between substrate and film [110].

Figure 5.60: 2D representation of the reciprocal space maps of a (Fe78Mn22)Pt sample: (a)-
(b) symmetric (FeMn)Pt-(001), MgO-(200), and (FeMn)Pt-(002) peaks, (e)-(f) asymmetric
MgO-(204) and (FeMn)Pt-(203) peaks. Insets show 3D representation of the corresponding
reciprocal space maps. The scales are different for better visibility. In (d) positions of all maps
relatively to each other are shown.
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Static magnetic properties and XMCD analysis

Room-temperatureM-H hysteresis loops of the (Fe100−xMnx)Pt series prepared at 770◦C
are shown in Fig. 5.61. Samples with up to 57 at.% Mn reveal PMA. The correspond-

Figure 5.61: M-H hysteresis loops measured in out-of-plane and in-plane geometry at 300K
for the (Fe100−xMnx)Pt series. Insets show the enlarged central part of the corresponding
loops.
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ing magnetic uniaxial anisotropy values Ku were calculated as Ku = Keff + Ksh =

Keff + 2π · M2
S and presented in Fig. 5.62. In contrast to the results of G. Meyer et

al. [98], where Ku almost linearly decreases with addition of Mn, here Ku is slightly
higher for the sample with 15 at.% compared to the reference FePt film, however it
continuously decreases with further doping. The initially high coercivity of 43 kOe for
FePt is significantly reduced in the (Fe85Mn15)Pt sample down to HC = 8.3 kOe. With

Figure 5.62: Dependence of the coercive field (purple) and uniaxial magnetic anisotropy
(blue) on the Mn content, measured at 300 K. The results of C. Meyer et al. [98] are included
for comparison.

Figure 5.63: Dependence of the (a) saturation magnetization, (b) ratio of the remanent and
saturation magnetization on the Mn content, obtained at 300 K. The results of C. Meyer et
al. [98] are included for comparison.
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Figure 5.64: (a) Magnetization versus temperature, measured in the easy axis direction for
the FePt reference and (Fe100−xMnx)Pt samples with x = 22, 31, 39 at.%. A guiding field of
100 Oe was applied during measurement. (b) Dependence of the Curie temperature on the Mn
content. In addition, the results of A. Z. Menshikov et al. [163] and D. B. Xu et al. [162] are
included for comparison.

further substitution of Fe by 39 at.% and 57 at.% Mn, HC drops down to 2.5 kOe and
0.35 kOe, respectively (Fig. 5.62). Continuous decay of the saturation magnetization
with addition of Mn is a result of a transition from ferrimagnetic to antiferromagnetic
behavior, as it was demonstrated in [98]. However, here theMS slightly increases for low
concentration of Mn (Fig. 5.63(a)), in contrast to the previously reported results [98].
The shape of the M-H hysteresis loops in out-of-plane direction for samples with up to
39 at.% Mn is almost square, as can be seen from the MR:MS ratio, which is close to
unity in Fig. 5.63(b).
Complementary Curie temperature measurements were performed for the samples with
up to 39 at.% Mn, where pronounced PMA was observed. Fig. 5.64 shows the strong
influence of the Mn concentration on TC. With substituting Fe by 22, 31, and 39 at.%
of Mn, the Curie temperature drops from 707K (for the reference) to 662, 537, and
446K, respectively. However, the observed TC values are somewhat higher compared to
reported values for bulk (Fe100−xMnx)Pt alloys [163] and for epitaxial (Fe100−xMnx)Pt/
MgO(001) thin films [162].
XMCD measurements were performed in order to investigate the relative orientation of
the Fe and Mn magnetic moments. Spectra, collected in an external magnetic field of
30 kOe at 293K at the Fe and Mn L2,3 edges, are shown in Fig. 5.65(b). The opposite
sign of the dichroism signals indicates an antiferromagnetic alignment of the magnetic
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Figure 5.65: XMCD element-specific hysteresis loops for selected samples from the
(Fe100−xMnx)Pt series measured at room temperature for (a) reference FePt sample; (c) and
(e) were measured at the Fe and (d) and (f) at the Mn edge. The dips in the hysteresis loops
at around zero magnetic field are x-ray intensity artifacts which are typical for TEY detection
method [131]. In (b), experimental XMCD spectra at the Fe and Mn edges are compared.
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Figure 5.67: SEM images of the FePt and (Fe100−xMnx)Pt samples with Mn content x =

15, 22, 31, 39 at.%. Please note the different scales.



5.4 L10 - ordered ferrimagnetic (Fe100−xMnx)Pt thin films 151

Figure 5.68: SEM images of the FePt and (Fe100−xMnx)Pt samples with Mn content x =

57, 74, 83, 100 at.%.
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moments of Fe and Mn, similar to the Cr case (Section 5.3). Moreover, the element-
specific out-of-plane hysteresis loops for two selected samples also mirror the shape of
each other, confirming the strong antiferromagnetic exchange coupling in these samples
(Fig. 5.65(c)-(f)).

Film morphology and magnetic domain structure

The film morphology and evolution of magnetic domain structure depending on the
Mn concentration was investigated for selected samples by means of AFM and MFM,
respectively. Compared to the reference FePt sample (Fig. 5.66(a)), the rms roughness
is strongly affected with addition of Mn (Fig. 5.66(b)-(d)) even though there are still
island-like structures, the rms roughness is reduced by a factor of four. The magnetic
domains are significantly bigger after the addition of Mn. Larger magnetic anisotropy
Ku and lower saturation magnetization MS will result in a large domain size due to
D ∝ t · exp (D0/t) with D0 = (4π

√
A ·Ku)/µ0 ·M2

S , where A is the magnetic exchange
stiffness and t is the film thickness [164–166]. Since bothKu andMS are strongly reduced
by the substitution of Fe with Mn, the resulting balance of forces leads to an increase
in domain size.
To investigate the surface morphology depending on addition of Mn in more detail, SEM
imaging was performed. In Fig. 5.67 and 5.68, SEM pictures of all samples in the L10 -
(Fe100−xMnx)Pt series are presented. Interestingly, maze-like structures are observed at
an Fe substitution level of 15 at.%. These islands grow and merge with the addition of
more Mn until the thin film is interrupted only by voids. However, the density of voids
is not changing with rising the Mn content higher than 39 at.%.

Conclusions

A series of (Fe100−xMnx)Pt thin films was prepared by epitaxial growth on MgO(001)
substrates at 770 ◦C. The Mn content x was varied in the range of 0-100 at.% to tune
the magnetic properties of the film. All samples in the series reveal pronounced L10

chemical ordering, where the c - lattice constant is constantly decreasing. All films reveal
high order parameter in the range of 0.77-0.93 with highest values found for FePt and
MnPt films. For samples with Mn content of up to 57 at.%, strong PMA is observed
at 300 K. However, PMA vanishes after addition of 74 at.% Mn and the system turns
antiferromagnetic. The coercivity in out-of-plane direction decreases from 43 kOe to
8.3 kOe with the addition of only 15 at.% Mn, which is related to a strong alteration
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of the film morphology. SEM imaging shows that island-like structures merge after
Mn doping, which facilitates the domain wall propagation during the magnetic reversal
process and, as a result, reduces the coercivity. Moreover, x-ray magnetic circular
dichroism studies at the Fe and Mn L3,2 edges confirmed a strong antiferromagnetic
coupling between Fe and Mn, which is responsible for the reduction in net magnetization.
However, a slight increase of the saturation magnetization for the (Fe85Mn15)Pt film
compared to the pure FePt reference sample might be related to a canted ferromagnetic
state, as predicted by A. Z. Menshikov et al. [163].
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5.5 L10 - ordered (Fe100−xCux)Pt thin films

The effect of Cu doping on FePt properties was extensively investigated previously in
various studies regarding rapid thermal annealing [94,96,167], bit patterned media [168,
169], and exchange coupled systems [170]- [III, IV]. It was demonstrated that Cu doping
facilitates L10 phase formation with (001) texture, reduces the c - lattice parameter,
lowers the ordering temperature, smooths the surface morphology, and allows to adjust
PMA. Cu also strongly affects the saturation magnetization by replacing Fe in the
L10 - FePt structure, but at high concentrations, the non-magnetic Cu atoms reduce
the L10 - order and lead to a reduction of the magnetic anisotropy [167]. Furthermore,
different methods and processes were used to obtain L10 - FePt-Cu films, such as post-
annealing of Cu/FePt bilayers after deposition on a glass substrate, but this resulted
in a degradation of the (001) texture and the development of magnetically isotropic
behavior [171]. Moreover, a strong reduction of the Curie temperature with addition of
Cu in bulk FeCuPt alloys was reported by B.Wang et al. [170,172].
In this section, (Fe100−xCux)Pt samples with various Cu concentration and Fe to Pt
ratios, epitaxially grown on MgO(001) are investigated. The main focus was on the
influence of the composition on the Curie temperature.

Experimental

A series of (Fe100−xCux)Pt thin films was sputtered from individual Fe, Pt, and Cu
targets on MgO(001) substrates at 800 ◦C in an Ar pressure of 5·10−3 mbar. The con-

Table 5.10: Overview of the (Fe100−xCux)Pt sample series.

Thickness Ar pressure Tsub

Sample name (nm) (µbar) ◦C

Fe53Pt47 10 5 800

(Fe93Cu7)55Pt45 9.5 5 800
(Fe89Cu11)55Pt45 10 5 800
(Fe83Cu17)55Pt45 9.5 5 800

(Fe85Cu15)47Pt53 9 5 800
(Fe79Cu21)47Pt53 8.5 5 800
(Fe71Cu29)48Pt52 8.5 5 800
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centration of Cu as well as the ratio of (Fe+Cu) to Pt were varied. The deposition pa-
rameters and thicknesses with compositions measured by RBS, are given in Table 5.10.
The L10 - ordered phase formation depending on the dopant amount was investigated by
x-ray diffraction using Cu-Kα radiation. Static magnetic properties were characterized
using a superconducting quantum interference device-vibrating sample magnetometer
in the temperature range of 100-800K.

XRD structural analysis and static magnetic properties

XRD (θ − 2θ)-scans of the first set of (Fe100−xCux)Pt samples, with a (Fe+Cu) to Pt
ratio of 55 to 45, are shown in Fig. 5.69. All samples exhibit pronounced L10 - chemical
ordering after Fe substitution by Cu. With addition of 17 at.% Cu, the (001) superstruc-
ture and (002) fundamental peaks of the L10 phase slightly shift towards higher angles
due to the incorporation of Cu to the L10 structure. Although the intensities are re-
duced, the L10 chemical order is preserved. The corresponding M-H magnetic hysteresis
loops, measured at 300K, exhibit high PMA (Fig. 5.69). The reduced coercivity is most
probably related to the morphology change and the growth of a more continuous film.
Eventually, the Curie temperature is strongly reduced from 707K to 639K by simply
changing the Cu concentration from 7 to 11 at.%, and even further to 542K at 17 at.%
(Fig. 5.70).
Changing the ratio of FeCu:Pt to a more Pt rich composition 47(48):53(52) and in-
creasing the Cu concentration relative to Fe leads to a strong reduction of both the
L10 - (001) superstructure and (002) fundamental peak intensities (Fig. 5.71). For all
films in the second set of samples, the L10 - (001) and (002) peaks are shifted towards
lower angles due to higher Pt content compare to the series (Fe100−xCux)55Pt45. More-
over, higher intensity of the (002) peak compared to the (001) peak indicates a reduction
of the chemical order in the L10 - lattice. Nevertheless, the corresponding M-H hystere-
sis loops (Fig. 5.71), measured at 300K and 100K, show high PMA (Fig. 5.73(b)) as
well as reduced coercivity, which can also be influenced by the measurement tempera-
ture being in the vicinity of TC. However, morphology changes are not excluded as a
cause.
Additional low and high temperature measurements of M versus T curves reveal the
significant effect of the composition on the Curie temperature (Fig. 5.72(a)). Finally,
the lowest TC of 366K is obtained for the sample with composition (Fe71Cu29)48Pt52

(Fig. 5.72(b)).
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Figure 5.69: Left side: XRD (θ−2θ) - scans of (Fe100−xCux)55Pt45 samples with different Cu
concentrations x = 7, 11, 17 at.%. Additional peaks on the left side of each structural reflection
are due to W contamination of the x-ray source. Corresponding M-H hysteresis loops measured
in out-of-plane and in-plane geometry at 300K are shown on the right.

Figure 5.70: Magnetization versus temperature, measured in the out-of-plane direction for
(Fe100−xCux)55Pt45 samples with x = 7, 11, 17 at.%. A guiding field of 100 Oe was applied.
The Curie temperatures are marked with vertical lines.
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Figure 5.71: Left side: XRD (θ−2θ) - scans of (Fe100−xCux)47−48Pt53−52 samples with differ-
ent Cu concentration x = 15, 21, 29 at.%. Additional peaks on the left side of each structural
reflection are due to W contamination of the x-ray source. Corresponding M-H hysteresis loops
measured in out-of-plane and in-plane geometry at 300K are shown on the right.

Figure 5.72: Magnetization versus temperature, measured in the out-of-plane direction for
FePt reference and (Fe100−xCux)47−48Pt53−52 samples with x = 15, 21, 29 at.% (a) below and
(b) above room temperature. A guiding field of 100 Oe was applied. The Curie temperatures
are marked with vertical lines.
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Conclusions

The influence of (Fe+Cu):Pt and Cu:Fe ratio in (Fe100−xCux)100−yPty samples on the
magnetic properties is summarized in Fig. 5.73 and 5.74. As expected, the saturation
magnetization is effectively reduced due to substitution of the Fe with non-magnetic
Cu atoms in the L10 - lattice (Fig. 5.73(a)). All films exhibit high uniaxial magnetic
anisotropy, however it is strongly decreasing, affected by both, (Fe+Cu):Pt and Cu:Fe
ratio (Fig. 5.73(b)), because the small excess of Pt and/or high concentration of Cu lead
to the reduction of the L10 - order.

Figure 5.73: Dependence of the (a) saturation magnetization and (b) magnetic uniaxial
anisotropy on the Cu content for both sets of samples, obtained at 300 K.

Figure 5.74: Curie temperatures depending on the Cu concentration for both sets of samples.

The influence of the (Fe+Cu):Pt ratio on the Curie temperature is rather strong allowing
to effectively tune TC via changing the Fe:Cu ratio, while keeping strong PMA.



Summary

Due to an exponentially increasing need of data storage capacity and fundamental is-
sues limiting the current recording technology, new recording concepts and media designs
have to be developed. In this regard, ultrafast all-optical switching (AOS) of magneti-
zation is expected to bring the technology to the next level. This thesis is focused on
the controlled tuning of FePt magnetic properties, which is a medium for heat assisted
magnetic recording, to make it accessible for purely optical switching without the need
for an external magnetic field.

The first part of results is dedicated to rapid thermal annealing (RTA) of FePt/Mn (x
nm)/FePt films. Trilayers with a total thickness of 10 nm were deposited at room tem-
perature on SiO2(100 nm)/Si(001) substrates and further post-processed by RTA in the
temperature range of 650–800 ◦C for 30 s in N2 atmosphere. With the addition of up to
16 at.% Mn, a (001)-textured L10 - FePtMn phase with large PMA is formed. However,
increasing the Mn content to 28 at.% leads to a degradation of the texture, as indicated
by the appearance of the L10 - (111) reflection. By means of TEM, it was demonstrated
that Mn is only partially incorporated into the FePt lattice, mostly diffusing towards
the film surface and forming a MnnOm oxide layer. Thus, RTA is not a suitable method
for Mn-doped FePt films, in contrast to RTA-processed FeCuPt samples [96].

The second part of this thesis is focused on Tb ion implantation. Tb was implanted
at a ion energy of 10 keV into L10 - ordered RTA-processed Fe55Pt45 films with a thick-
ness of 10 nm and revealing strong PMA. A rare-earth dopant was chosen to reduce
the magnetization due to antiparallel coupling and influence on the damping parameter.
The L10 crystal structure gets distorted and partially amorphized by implantation. By
contrast to the previously reported results on Gd-implanted epitaxially grown L10 - FePt
films [VIII], the addition of 2 at.% Tb at 10 keV preserves a certain fraction of the L10

phase due to a lower ion energy. Moreover, a gradual reduction of coercivity and PMA
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by a Tb implantation was demonstrated, which is in line with previously reported re-
sults using different ions [103,105,106]. It was found that the effective damping is higher
after the addition of 0.2 at.% Tb compared to pure L10 - FePt [109], but remains almost
unchanged for higher Tb concentrations.

Results on epitaxially grown FePt thin films, doped with different 3d and 4f elements,
compose Chapter 5 of the experimental results, the main part of this work. Doping with
Tb and Gd, which couple antiferromagnetically to the Fe moments, results in the forma-
tion of speri- of ferrimagnetic systems. The extensive study on Tb addition into FePt is
divided into three parts, where the influence of the deposition temperature, working gas
pressure during sputtering, and Pt composition on the film properties is investigated.
In the first part, two series of (FePt)100−xTbx samples were deposited on single crys-
talline MgO(001) substrates at 530 ◦C (series I) and 700-770 ◦C (series II). The FePt
reference sample of series I initially shows weak L10 chemical ordering, whereas the
higher deposition temperature in sample series II promotes chemical ordering and (001)
texture growth of L10 - FePt with strong PMA. With the addition of Tb up to 11 at.%,
the L10 ordering gets reduced in series II, but PMA is nevertheless still observed. Fur-
ther increase of the Tb concentration leads to the formation of crystalline Tb-Pt phases.
For both series, Tb is most likely incorporated as an interstitial atom and adds elastic
stress to the FePt lattice, which eventually results in full amorphization of the films.
Interestingly, a spin-reorientation transition (SRT) from an in-plane to an out-of-plane
easy axis of magnetization was observed in series I at low temperatures. The onset of
SRT can be shifted towards room temperature with addition of Tb up to 18 at.%. A
compensation point at ∼120K, SRT, and Curie temperatures between 190 and 250K
can be observed with further doping of up to 28 at.% Tb.
Furthermore, XMCD studies show that the Tb and Fe moments are strongly antiferro-
magnetically coupled for both sample series.
In the next study, the working gas pressure was varied, keeping the same deposition tem-
perature and concentrations of Tb comparable to those of series II. It was demonstrated
that the change of the Ar pressure influences the microstructure of the film and, as a
result, its structural and magnetic properties. Ions with too high kinetic energy (lower
pressure of 3.5·10−3 mbar in series II) damage the growing film upon arrival, which leads
to the lowering of L10 - ordering and as a result the film exhibit lower magnetic anisotropy.
Furthermore, due to higher mobility of ions, they tend to nucleate new crystallites rather
than adhere to already existing ones on the surface, resulting in a morphology with worm-
like voids and islands. It was demonstrated, that the (FePt)100−xTbx samples, prepared
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at a moderate pressure of 5·10−3 mbar, reveal higher magnetic anisotropy due to a better
quality of the L10 ordering, and a significantly higher coercivity as a result of the island
growth.
The third part of this study is devoted to the influence of the (Fe+Tb):Pt ratio on the
PMA. It was observed that the onset of the spin reorientation transition is changing
in temperature depending on the fraction of amorphous TbFe phase. While the refer-
ence TbFe thin film exhibits PMA, the addition of Pt leads to a loss of out-of-plane
anisotropy. From then on PMA is only observed below the SRT temperature (∼80K for
(FeTb22)Pt23 and 220K for (FeTb22)Pt36). Due to the formation of crystalline Pt-Tb
phases with the addition of 47 at.% Pt, the SRT temperature shifts towards lower values,
until PMA is completely lost for the sample with 56 at.% Pt. Based on these findings, the
SRT temperature could also be tuned for samples in series I by adjusting the Pt content.

The results of Gd-doped FePt system are very similar to those with Tb doping. A
strong amorphization effect is observed, indicating that Gd is included as an interstitial
atom in the FePt lattice. However, PMA vanishes between 14 and 17 at.% Gd, which is
several percent higher than for Tb. Concentrations above 20 at.% Gd lead to the forma-
tion of crystalline Fe-Gd compounds. Low doping concentration of 4 at.% Gd does not
effect significantly the magnetic anisotropy, but the Ku is strongly reduced from 3 down
to 0.9MJ/m3 with addition of 14 at.% Gd till PMA is lost for higher concentrations Gd.
Moreover, a strong influence of Gd on the ferri- to paramagnetic transition was detected,
but TC has a broad distribution for samples with more than 17 at.% Gd.

The addition of 3d transition metals of Cr and Mn allows to substitute Fe in the L10

lattice to any extent. Eventually, all samples in both series maintain the L10 - chemical
ordering and (001)-texture over the whole composition range. In the (Fe100−xCrx)Pt
series, the c - lattice parameter steadily increases from L10 - FePt (c = 0.372nm) towards
the bulk value of L10 - CrPt (c = 0.381nm). In contrast, for the (Fe100−xMnx)Pt samples,
despite similar c - lattice parameters of L10 - FePt and L10 -MnPt phases, the c - constant
decreases with addition of Mn. The reference FePt sample reveals L10 order parameter
of 0.93, which is close to the theoretical maximum Smax of 1. With substitution of Fe
with Cr, the S - lattice parameter decreases drastically down to 0.3-0.4, as the deposition
temperature of 800 ◦C appears to be not sufficient to form fully ordered L10 - CrPt as
supported by a study on L10 CrPt phase formation [156]. In contrast, all films of the
(Fe100−xMnx)Pt series reveal high order parameter in the range of 0.77-0.9, which is in
agreement with previously reported results [98].
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With substitution of Fe by up to 20 at.% Cr in the L10 lattice, strong PMA is observed
at 300K, but with the addition of 35 at.% Cr, it vanishes. For samples with Mn,
the limit is higher: with up to 57 at.% Mn, strong PMA is still observed at room
temperature. A transition from ferro- to ferri- and antiferromagnetic order is observed
due to the presence of magnetic moments of Cr and Mn, which couple antiparallel to Fe.
Accordingly, a reduction of the net magnetization is observed, however fully compensated
state is reached with addition of 47 at.% Cr or 74 at.% Mn. Furthermore, the coercivity
is strongly reduced from 43 kOe (pure FePt) to 11 kOe for Cr concentrations of 20 at.%
and to 8.3 kOe with the addition of 15 at.% Mn. In both cases, this is due to a strong
alteration of the film morphology. Additionally, it was shown that a reduction of the
substrate temperature during deposition from 800 ◦C to 700 ◦C for the (Fe100−xCrx)Pt
series allows to control the morphology and thus the magnetic reversal behavior without
losing magnetic anisotropy.
Furthermore, x-ray magnetic circular dichroism studies at the Fe, Cr, and Mn L3,2

edges revealed a strong antiferromagnetic coupling between Fe and Cr or Mn, which
is in agreement with the reduction of net magnetization, as detected by SQUID-VSM
measurements.
For both elements, a similar influence on the Curie temperature was observed. To reduce
TC significantly, dopant concentrations of more than 30 at.% are needed, in contrast to
Cu doping. In this regard, an additional set of FeCuPt samples, grown on MgO(001) at
800 ◦C, was prepared to investigate the influence of (Fe+Cu):Pt and Cu:Fe ratios on the
Curie temperature. It was shown that even a small excess of Pt enhances disorder in
the L10 - lattice, but has only a weak effect on TC. However, one can effectively tune the
ferromagnetic-paramagnetic transition temperature with the Fe:Cu ratio, while keeping
strong PMA.



Appendix

General abbreviations

AFM Atomic force microscopy
AOS All-optical switching
a.u. Arbitrary units
BF Bright-field
BSEs Backscattered electrons
CCD Charged coupled devices
DC Direct current
DF Dark-field
EDX Energy-dispersive x-ray spectroscopy
EELS Electron energy loss spectroscopy
EXAFS Extended x-ray absorption fine structure
fcc Face-centered cubic
fct Face-centered tetragonal
FIB Focused ion beam
FT Fourier transform
FWHM Full width at the half maximum
HAADF High angle annular dark field
HCl Hydrochloric acid
HR-TEM High-resolution TEM
IP In-plane
IR Infrared
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LCP Left right circularly polarized light
LP List of Publicationas
LRO Long-range order
MCA Magneto-crystalline anisotropy
MFM Magnetic force microscopy
MOKE Magneto-optical Kerr effect
NEXAFS Near Edge X-ray Absorption Fine Structure
OOP Out-of-plane
PDF Powder Diffraction File
PMA Perpendicular magnetic anisotropy
RBS Rutherford backscattering spectroscopy
RMS Reciprocal space map
RCP Right circularly polarized light
RE Rare-earth
RF Radio frequency
rms Root mean square
RSM Reciprocal space mapping
RTA Rapid thermal annealing
SEM Scanning electron microscopy
SEs Secondary electrons
SFT Spin-flop transition
SF6 Sulfur hexafluoride
SQUID Superconducting quantum interference device-vibrating sample magnetometry
SRO Short-range order
SRT Spin-reorientation temperature
STEM Scanning transmission electron microscopy
TC Curie temperature
TC Thermocouple
TEM Transmission electron microscopy
TEY Total electron yield
TM Transition metal
UHV Ultra high vacuum
XAFS X-ray Absorption Fine-Structure
XANES X-ray Absorption Near Edge Structure
XAS X-ray Absorption Spectroscopy
XMCD X-ray magnetic circular dichroism
XRD X-ray diffraction
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