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1. Motivation

A binary FeRh alloy plays a significant role in the development of new technologies. For exam-
ple, FeRh has a huge magnetocaloric effect (MCE) due to its first-order phase transition from
antiferromagnetic to ferromagnetic phase at temperatures close to room temperature. Thus,
FeRh would be a suitable material to develop magnetic cooling devices [1]. A disorder of the
crystal lattice controlled by low energy ion irradiation allows to tune certain properties, such as
magnetic anisotropy or phase transition temperature. The property of varying the critical tem-
perature by structural disorder also could provide aplication in future storage media. Thus, the
so-called Heat Assisted Memory Recording (HAMR) can be implemented using a FeRh/FePt
bi-layer. Here, FePt with its high magneto-crystalline anisotropy serves as a memory for bits [2].
FeRh now makes it possible to lower the coercive field of FePt by a phase transition from anti-
ferromagnetic to ferromangetic state, using thermal excitation. The ferromagnetic state serves
here to increase the storage density, while the antiferromagnetic state ensures long-term storage.
The ability to modify certain magnetic properties of FeRh thin films films via ion-beam irradia-
tion and disorder opens new possibilities for further development of cooling devices as well as
magnetic memory recording based on this alloy. The goal of this bachelor thesis is to investi-
gate the magnetic anisotropy of differently disordered FeRh thin films with 40 nm thickness by
means of the ferromagnetic resonance.



2. Theoretical Background

2.1. Magnetic anisotropy

2.1.1. Free Energy Density

The magnetic anisotropy can best be described with the Helmholtz free energy A and its density
per volume Fy,; of a magnetic single domain system as a function of the direction of the mag-
netisation m = % The magnetisation prefers the direction of minimal energy. This direction is
called the easy axis, on the other hand the direction of maximal energy is called the hard axis.
In order to deflect the magnetisation, M, out of the easy direction, an external magnetic field is
used to spend the work £. ]§Ext .dM per volume, dM is the change of the magnetisation vector
and f is the system’s energy density [3].
The easy axis can now be used as the reference direction in order to define the Magnetic Anisotropy
Energy (MAE) as the difference of the free energy density F of the easiest and the hardest direc-
tion. The work to deflect the magnetisation is given by the grand potential of thermodynamics
Q

Q=A-G, (2.1)

here A is the Helmholtz free energy and G is the Gibbs free enthalpy [4].

For experiments it is easier to keep parameters such as temperature, pressure, tensions and oth-
ers on a constant state, than it is keeping a constant volume.

In this case, the energy density is best described as the Gibbs free enthalpy density Ga,. Assum-
ing a constant pressure and the Zeeman-energy as the potential {2 = M - By, the free enthalpy
density Gap; can be written as a function dependent of the free energy density Fap; [4, 3].

— —

GAni - 1:Ani -M- Bext (22)

There are two major contributions to the MAE, the dipole-dipole coupling and the spin-orbit in-
teraction. As shown in Eq.(2.3) and Eq.(2.4) both energies contain spin and spatial coordinates,
thus making the energy dependent of the relative orientation of the magnetic moment and the
lattice. The exchange interaction in its Heisenberg form is isotropic. Only when considering
different exchange constants along different crystallographic directions this energy can lead to
a strong anisotropy, for example in oxides.
The Hamiltonian of the dipole-dipole coupling Hygq is:
A 11 |z = 3 2 - = o

- Areq ’R?,j [ v’ SJ ‘Ri,jP (S% ’ Rm)(S] 'Rm)} (2.3)
where i and j are two different dipoles, ﬁi, ; the connecting vector of the dipoles, |§z ;| the distance
between dipole 7 and dipole j and S;; is the spin of particle i,j [5].
The Hamiltonian of the spin-orbit interaction is [5]:

. up [1dV
ks AL: - S hm,ec? (r dr) i+ Si @4
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here A = % is the spin-orbit coupling constant, Hj s is the spin—orbit potential in an external
m.ec

electrostatic potential V, with e as the elementary charge, m, is the mass of an electron, ¢ is the
speed of light, L is the angular momentum and S is the spin of an electron.

2.1.2. Shape Anisotropy

The macroscopic shape anisotropy is generated by the dipole-dipole coupling inside the sample
and contributes to a preferred direction depending on the geometric shape of the sample. The
shape anisotropy varies in different shapes, e.g. spheres, cubes, thin films, etc.

The dipole-dipole coupling is a long range effect, which spreads across the hole sample, includ-
ing the interfaces. With Maxwell‘s equation of magnetostatics V-B= 0, a surface polarisation
is induced. This means a so-called demagnetizing field describes the part of the magnetic field
which has the opposite polarisation as the macroscopic magnetisation. If the sample has a ho-
mogeneous magnetisation M, it applies,

Baem = NpuoM (2.5)

The demagnetising field is described by a demagnetizing tensor N. The energy contribution of
the dipole-dipole coupling can therefore be described as,

1
Faqg = SHo (N M + NyM? + N,M?) (2.6)

If the sample is formed as a spheroid with a rotation around its c-axis, one obtains the simplifi-
cation Ny = Ny = N, and N, = N, therefore Eq.(2.6) can be written as [6]

1 - .
Faa = §M0|MS|Q(NLCOSQ(«9) + N||s1n2(9))7 (2.7)

where N, and N are the demagnetizing factors in the appropriate direction. Since the studied
samples are thin films, whose thickness is small compared to the overall dimensions, an elec-
trostatic boundary problem has not been considered [6]. In this case the demagnetizing field
reduces to N; = 1 and N = 0, the shape anisotropy is given by

1 -
Fa = §MO|MS’2COSQ(9) (2.8)

In equation 2.8, there is a minimum energy at an angle of = g This is the preferred direction

of the magnetisation, so called easy axis. A sample in which only the shape anisotropy exists
would have an equilibrium magnetisation parallel to the surface. As one can see, this anisotropic
energy heavily depends on the magnetisation, therefore the shape anisotropy of thin films with
high saturation magnetisation Mj has a big contribution to the MAE.

2.1.3. Magnetocrystalline anisotropy

The crystalline anisotropy describes every anisotropic contribution, that depends on the crys-
talline symmetry. The main reason of the magnetocrystalline anisotropy is the spin—orbit (LS)
interaction of the electrons of the atoms in the lattice, this can be described by the crystal field.
The crystal field, which is an electric field generated by the lattice, has an influence on the or-
bital movement of the electrons. As a result, the LS-interaction couples the spin to the crystal
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field. This creates a small additional orbital magnetism that affects the direction of spontaneous
magnetisation [5].

To explain this phenomenon, it is advisable to look at the local surrounding of a single magnetic
moment. The mathematical approach is to create a power series with respect to the local crystal
symmetry, thus considering direction cosines relative to the crystal axes [6]. If the crystal has a
cubic symmetry, one obtains

Fc = Ky(afas + aja3 + aja3) + Keajazas (2.9)

Here the o; = ﬁl are the direction cosines of Mg with M; as the projection of the magnetisation

with respect to a crystal axis i and Ky and Kg are the first and the second order anisotropy
constants, representing the first and second order of the cubic magnetocrystalline anisotropy.
For crystals with uniaxial symmetry, only the even powers are used, to obtain a symmetry which
is present in the in-plane direction parallel to the outer magnetic field and to ensure that the
energy is time-reversal invariant [7].

FUni,H = _KQHQ)% = —K2||sin2(0)0052(¢ — ¢u) (210)

Here ¢, is the easy axis in respect to crystal direction [100]. The numbers are now representing
in how many directions the anisotropy is present. For example, the uniaxial symmetry takes
place along one axis. Therefore it has contributions in two direction, one in the positive and one
in the negative region. Furthermore they are divided into parallel || and perpendicular L, this
allows a differentiation of in-plane and out-of-plane anisotropy in respect to the sample normal.
A perpendicular uniaxial and cubic anisotropy is described by Ky, and K4, [8].

Funi,1 = —Koiai —Kyiaz = Ky, sin®(0) — Ky cos?(f) = Ky sin*(0) — Ky cos(h) (2.11)

If the sample is cubic but has a deformation, that one of the crystal lattice parameters in the unit
cell is bigger or smaller, a tetragonal symmetry arises. Therefore, a tetragonal contribution Fj.;
needs to be considered. This may result in a preferred direction along the z-axis [8].

1 1
Fia = Ka105 + 5Kip o + oKy (o] + a)

= Ky, sin®(6) — %Kucos‘l(@) - éK4||(3 4 cos(4¢))sin*(0) (2.12)
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Fig. 2.1.: Sphercial coordinates, used to describe the free enthalpy. 8y and ¢y are the angles correspond-
ing to H, while 0 and ¢ represent the magnetsiation M. The image was taken from [9].

Free enthalpy of the FeRh system

The total free enthalpy density of the studied FeRh system , Gay,;, is the total of every anisotropy,
discussed above [9].

Gani = Faa + Funi| + Fumi, 1 + Free — M - Begg
Gani = -B-M sin(@) sin(fp) cos(¢ — ¢g) + cos(f) cos(fp)]

— Ky sin®(0) cos?(¢ — ¢,) — sin”(0) <,u0;\/[2 — KQL)

_ %K4” sin(8) (cos(4g) + 3) — %KM cos’(0) 2.13)

The term j1oMegr can be derived by

9Ky,
Mg

poMegr = p1oMs — (2.14)
this is the effective magnetisation poM.g. It is formed by the difference between the shape
anisotropy field and the perpendicular uniaxial anisotropy field. It decides whether the mag-
netisation prefers a direction parallel or perpendicular to the plane. If joMeg is positive, the
magnetisation prefers an orientation parallel to the sample surface, where as with a negative
LoMegr the magnetisation prefers a direction perpendicular to the sample surface [9]. An illus-
tration of how the system behaves by means of each anisotropy constant is visible in Ch.(A.2).

2.2. Magnetisation Dynamics

In the previous section 2.1 only the preferred direction, the easy axis, of the magnetisation was
described. For that no external force was considered. Therefore, this direction is only valid
for the equilibrium, where no external force will deflect the magnetisation. A rotation out of
the equilibrium position is only possible in conjunction with an external force, since a potential
landscape is created by various interactions Ch.(2.1), the deflection of M at a constant force is
different for different directions.
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A ferromagnet consist of many magnetic moments, 5, generated by the electrons of their atoms.
Assuming a strong coupling to the nearest neighbour, a rotation of one moment, or spin, carries
the rotation of all other spins, it therefore gives rise to the macroscopic magnetisation M for
homogeneous magnetised samples, where the magnetisation M is written as the vectorial sum
of all spins M = 1V, where V is the volume of the sample [6]. The direction of M in the
equlhbrlum is parallel to an effective magnetic field Beff It takes every field which is affecting
M into account, such as a externally applied field By, the field that can be derived by the
anisotropic contributions Bam = —1 L V,.Gani and an exchange field Bexch of the interaction with
the nearest neighbour [3]. . B . .

Befr = Bext + Bani + Ba (215)

IftM gets deflected out of the easy axis, a torque T emerges.
T =M x Ber (2.16)

Ideally, B B¢+ should be perpendicular to M to avoid further contrlbutlons and therefore a more
difficult calculation. The torque forces the magnetisation M to precess around its equilibrium
position. In the process M has an orbital momentum L, which is related to the magnetic moment

15, by pip = VM [10].

L=—"=_"M (2.17)
’Y v
With the commonly used equation of motlon = T, one obtains the Landau Lifshitz Equation
(LL-Equation) [3, 10].
dM Lo L
E = —’}/M X Beff+ AM x (M X Beff) (218)

Equation (2.18) describes the motion of M inside an external field with respect to the magnetic
anisotropy and damping. It already has an additional phenomenological damping term added.
This damping has to be a part of this equation, in order to ensure physical correctness, without
it the magnetisation would never stop precessing around the easy axis. The damping can be
explained as an additional force which tries to counteract the precession. Therefore the term
Fy = M x (1\71 X geff) can be added.

In 1955, Gilbert discovered that the LL-Equation behaves non-physically for large damping
parameters A\. He then formulated the Gilbert equation named after him, which completes the
LL-equation to the Landau-Lifshitz-Gilbert-Equation (LLG) [11].

avi S L
—=—-——""—-MxB —X—Mx (M xB 2.19

dt 1+ a?M? et e < ) (2-19)
Here 7 is the gyromagnetic ratio, v = 22, where g is the Landé factor. In addition to A Gilbert
introduced a new damping parameter, a

2.3. Ferromagnetic Resonance / FMR

Ferromagnetic resonance describes the phenomenon that a ferromagnet absorbs electromagnetic
radiation, when exposed to an external magnetic field. A first successful ferromagnetic reso-
nance experiment was conducted by Griffith on various metallic thin films in 1946 [12].

As already described in Eq.2.2, an external field brings the magnetisation to precession. The
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greater the field strength, the greater the angle of the precession cone. The precession frequency
can be approximately described by the Larmor frequency [6, 10].

Wres = YBetr (2.20)

If the sample is irradiated with microwaves, resonant absorption occurs when the circularly po-
larised part of the electromagnetic wave oscillates at the same frequency as the precession of the
magnetisation. As previously stated, the anisotropy creates a potential landscape. In this land-
scape an oscillator can be described by means of a small angle approximation to the equilibrium
position. This shows the proportionality of the resonance frequency with its system’s Hessian
matrix [13].

2.21)

Wres =

+ Y 0?Gani 0°Gani _ 0%Gani




3. Methods

3.1. Measurement Setup

All FMR measurements were perfomed using a Bruker brand Elexsys-1I-500 system. The ex-
perimental system consists of a water-cooled magnet, which can produce up to 1.6 T or 2.1 T
depending on the configuration, as described in section 3.1.3. In addition, a spectrometer is
used, which includes a lock-in amplifier and a server to control the spectrometer from a Linux
computer. A schematic illustration of the system is given in Fig. 3.1.

D) Microwave Bridge

C) Waveguide

Fig. 3.1.: Schematic illustration of EPR system (Elexsys-1I-E500). A cylindrical cavity is mounted with-
out additional pole pieces

3.1.1. Electron Paramagnetic Resonance / FMR Spectrometer

The experimental system used in this thesis was developed for Electron Paramagnetic Reso-
nance (EPR). The external magnetic field causes a Zeeman splitting of the energy levels of a
paramagnet. If the sample is irradiated with microwaves, they cause a spin flip of electrons
when absorbed. This absorption is detected by the lock-in amplifier. This system is best suited
for the ferromagnetic resonance. Although no Zeeman splitting is produced with ferromagnets,
the microwaves are absorbed by the precession caused by the external field, which in turn can
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be measured analogously to the Electron Paramagnetic Resonance.

The experimental system used in this thesis consists of a microwave bridge, a microwave con-
ductor and a cavity resonator. To measure the ferromagnetic resonance, there are 2 approaches.
In the first approach, one uses a constant external magnetic field and does a sweep over a range
of microwave frequencies. In the second approach one keeps a microwave frequency constant
and varies the external magnetic field. In this work the latter method was used. This offers a
much higher sensitivity, since a resonator can be used. Due to the cavity to amplify only certain
wavelengths, this prevents the changing of the wavelength. As a result, only the field is var-
ied until the so-called resonance field has been detected, this field is frequency-dependent. The
resonator eliminates the variability of the frequency. The used resonators work in the so-called
X-Band. This offers a frequency range of 8-12 GHz. The microwave bridge operates in the
same frequency band. This serves as a microwave source and detector at the same time.

Diode E

Bias F —J

Attenuator B Circulator C

/

Source A

Cavity D

Fig. 3.2.: Schematic illustration of the microwave bridge

Fig. (3.2) shows the schematic illustration of the microwave bridge. Here A is the microwave
source, from there the waves go to an attenuator B. With this, one can adjust the microwave
power precisely. The damped radiation then reaches the sample in resonator D, where it is
absorbed. Absorption results in the breakage of the impedance matching of the resonator and
the microwave conductor. As a result, microwaves are now reflected from the resonator back to
the microwave bridge. Component C now ensures that only the reflected radiation is transmitted
to the detector E. The detector E consists of a diode, which converts the microwave power into a
current. The diode achieves the best results in a current range around 200 ptA. There, the diode
current is proportional to the square root of the microwave power. To ensure that the diode
works in the optimum range of 200 yA, the so-called reference arm F is present. It shunts part
of the radiation from the source, attenuates it and shifts its phase, so that the so-called bias has
the same phase as the reflected radiation [14].

3.1.2. FMR and EPR signal line shape

In order to measure an absorption signal, the phase-sensitive detection of a lock-in amplifier is
used. In addition to the external magnetic field, the cavity uses so-called modulation coils to
generate a magnetic field whose intensity oscillates sinusoidally with an applied modulation fre-
quency. The cavities used in this work are designed for frequencies of 100 kHz. If an absorption
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appears, the microwaves get reflected from the cavity to the lock-in amplifier. Meanwhile, the
magnetic field strength in the cavity is changed according to the modulation frequency. Thus,
the reflected waves have a mutually distinguishable modulated amplitude, depending on the
time of their reflection. The receiver now assumes,that on an interval as wide as the modulated
amplitude is large, the signal behaves linearly. The signal can therefore be transformed into a
sine wave whose amplitude is proportional to the slope of the signal. Thus, the first differential
of the signal becomes measurable [14].

A suitable description of resonance problems offers the Cauchy distribution, often called Lorentz
distribution. It describes the distribution of the y-intercept b of a line at random angle to the y-
axis intersecting the x-axis [15].

p_ A
TR (w}{# + 1)
dP A(2(B — AB))
= 1
1B (3.1

j 2
R (B 4 1)

A is the Amplitude, AB is the Linewidth, R is the resonance field and B is the external magnetic
field. Using the first derivative of the Cauchy distribution one can fit an ideal EPR or FMR
signal. In reality, however, other effects must be considered. Effects such as diffusion time of
charge carriers of the sample, skin depth and relaxation times, respectively effects of conductive
thin films, lead to an unequal distribution of the microwave fields in the sample. This inequality
causes an asymmetry of the line shape. In such samples the line is therefore shifted up or down
around its midpoint [16].

Dyson dealt with this problem in 1955 and modified the Cauchy distribution with an additional
asymmetry parameter 0 < o < 1.

4AAB’ (a(B — R) + v/3AB)
~ V3 (4(B—R)?+ 3AB?)
dD 4AAB’ (3¢AB? — 4a(B — R)* — 8V/3AB(B — R))
B V3 (4(B —R)? + 3AB?)°

(3.2)

Due to strong asymmetry the Dyson function is used in the further course of this work. The
distorted FeRh gains additional asymmetry through competing antiferromagnetic and ferromag-
netic phases [17].

3.1.3. Angular dependence setup for FMR measurements

As described in Eq.(2.21), the resonance frequency or the resonance field is angular dependent.
Changing the angle of the sample relative to the external field allows to determine the magnetic
anisotropy of the sample. To rotate the sample inside the resonator a goniometer is used. It
1s connected to a computer which controls a motor to rotate the sample to a certain angle. In
the course of this work, different setups were used to measure the temperature dependence or
measure at stronger fields in addition to the room temperature angle dependence.
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Temperature dependent FMR

Temperature dependent Measurements were carried out in a temperature range from 100K to
450K. For low temperature measurements, a glass cryostat is installed inside the resonator.
Additionally the cryostat has a heating coil attached to the bottom. Using the cryostat, liquid
nitrogen can be heated to fill the resonator with cold nitrogen gas. Using this method, a temper-
ature of 100 K can be achieved. The temperature is continuously monitored by a temperature
sensor. Subsequently, a temperature controller controls the flow of liquid nitrogen. In addition,
the heating coil power can be controlled, in order to regulate and stabilise temperatures.

In principle, the construction for low temperatures can also be used to do measurements for high
temperatures, by employing a nitrogen gas of room temperature which is then heated to desired
temperature range.

High Field Setup for FMR

In the case of this Bruker system the maximum field strength is 1.6 T. Here the power supply of
the magnet is reaching the limit of 150 A. By attaching pole shoes to the magnets, the maximum
field increases to 2.1 T, by reducing air gap between the pole shoes of the electromagnet. The
disadvantage of this construction is that the space for the resonator is reduced. The type used here
is arectangular Varian resonator, with a smaller cross section than the previously used cylindrical
Bruker resonator. Cylindrical resonators have a higher quality factor Q than rectangular ones
and thus are more sensitive.

D) Microwave Bridge

A) Magnet
C) Waveguide

B) Cavity E) Pole piece

Fig. 3.3.: Elexsys-1I-E500 Schematic with pole pieces E. The place for the cavity got narrower, therefore
the rectangular Varian cavity, which is smaller in diameter, needs to be mounted

3.2. FeRh thin films

The samples used in the work are FeRh thin films with a thickness of 40 nm. The FeRh alloy is
grown on MgO [001] substrates. All samples have a composition of about 50% iron and 50%
rhodium. They were irradiated with different fluences from 1- 10" Ions / cm? up to 4 - 10® Tons
/ cm? of low energy Neon ions.
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3.2.1. Preparation of FeRh thin films
Magnetron Sputtering

Magnetron sputtering was used to deposit the FeRh layers to the MgO substrate. Magnetron
sputtering is an advanced system of the basic sputtering process. During the sputtering process,
a cathode consisting of the material, in this case an FeRh alloy, is bombarded with a high energy
Argon ions. The ions form in a plasma which is localised in front of the cathode. The bombard-
ment with Ar ions separates atoms from the target. The sputtered atoms then condense on the
MgO (001) substrate and form a thin film. In addition, as a by-product of the process, so-called
secondary electrons are formed on the target, which contribute to the stability of the plasma.
This 1s where magnetron sputtering comes in effect. A magnetic field is now created parallel
to the target surface. This field limits the movement of the secondary electrons by the induced
Lorentz force. This increases the probability of electron collisions in the plasma and thereby the
ionisation rate. The ionisation rate, in turn, is decisive for the sputtering process. This results in
higher deposition rates on the substrate during magnetron sputtering than in conventional sput-
tering.

In the case of the FeRh thin films, the target consisted of an alloy made of 50/50 FeRh as a bulk.
The target then was brought to a temperature of 600°C for sputtering. After the magnetron sput-
tering, each sample was heated to 750°C to achieve the B2 structure. This post annealing process
was performed for 1 to 2 hours. Utilising Rutherford Back-Scattering, an atomic distribution of
50.4% iron and 49.4% rhodium was measured, the results are shown in Fig.(3.4) [18].

5000 . . T
@SE xperiment Rh
4000 - — S|mu|ated i
—0
2 3000- Fe |:e50.4Rh49.6 -
§ Rh
2000 - Fe .
1000 A \
0 .
400 600 800
Channel

Fig. 3.4.: Rutherford Back-Scattering of the FeRh samples after the magnetron sputtering [19]

Neon-lon Irradiation

The thin FeRh films produced by the magnetron sputtering are in an ordered crystal structure
especially after the post annealing process. In order to create a disorder, the FeRh thin films were
irradiated with Neon ions, which had an energy of 25 keV. For this purpose, a broad ion beam
was generated, which homogeneously covered the samples. Cervera et al. used this method
of irradiation on FeRh thin films with a thickness of 35 nm [20]. The energy of the Neon ions
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Fig. 3.5.: Temperature dependence of magnetisation of FeRh irradiated with different fluence [19]

is chosen so that the atomic elastic collision is the dominant process in the interaction with
the FeRh atoms. The difference to the samples investigated in this work is the angle and the
intensity of the irradiation. Cervera et al. used an angle of 60° between thin film normal and
ion beam. This is used to prevent channelling of the ions. Here, the ions can pass through the
samples without interchanging with the FeRh atoms. The samples used in this work therefore
were irradiated with an angle of 7° in respect to the film surface.

The intensity of the irradiation is described with the fluence ®. It is composed of the quotient
of the number of particles N and the target area A. The samples have a fluence of 1 - 10132‘1’][1—“2S
upto4- 1014£‘r’n—“§. Fig.(3.5) shows the magnetisation for different temperatures depending on the
fluence. For comparison, a reference sample without irradiation is shown. This shows the typical
2 magnetic phases of FeRh [21], depending on the existing phase the magnetisation changes,
which is why a temperature hysteresis curve is formed. As the fluence increases, so does the
magnetisation. The samples with the fluence of 103 f% show of 2 phases. The remaining
samples of the order of 1014i‘r’n—“§ only have one phase. This tuneable phase transition has already
been observed by Heidarian (2015) on similar irradiated samples produced with molecular beam
epitaxy [22]. Note that ion bombardment is not confined to Neon alone, so similar results were
obtained with bombardment of highly energetic ions in the MeV range [23, 24]. However, in
order to not damage the crystal lattice with high energy ions, lighter elements such as helium or

hydrogen were used.

3.2.2. Properties of FeRh thin films

The FeRh thin films are an alloy of about 50% Fe and 50% Rh. In the ordered and non-irradiated
state, layers of Fe and Rh atoms form a B2 (CsCl) structure, shown in Fig.(3.6). A unit cell
consists of a rhodium atom in the middle surrounded by 4 iron atoms located in the corners of
the cell. The peculiarity of FeRh resides in the presence of 3 different phases, antiferromagnetic
(AF), ferromagnetic (FM) and paramagnetic, first observed by Fallot and Hacort (1939) [25].
The FeRh alloy undergoes a first-order phase transition from AF to FM phase at a temperature of
370K. Further investigations by Lommel show a correlation of the phase transition temperature
of'the transition with the concentration of Rh atoms [26]. Lommel’s FeRh bulk samples had 51%
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AF-Phase FM-Phase

TMagnetic moment . Iron . Rhodium

Fig. 3.6.: Thermally induced phase transition from the antiferromagnetic phase to the ferromagnetic
phase. In the AF-Phase the rhodium atoms have no magnetic moment, whilst they contribute
to the magnetisation in the FM-phase

Rh content, which is enough to shift the phase transition temperature to 330K. In addition, he
observed a Curie temperature of 700K in the FM phase. The phase transition is also manifested
by an increase in volume [27], changes in electrical resistance [28] and specific heat [29]. The
contribution of the individual atoms to the magnetisation depends on the respective phase, so that
the Fe atoms have a magnetic moment of 3.3 in the AF state, the Rh atoms do not contribute.
Above the phase transition, the Rh atoms have a magnetic moment of 0.9 and the Fe atoms
have a moment of 3.2 [30]. In addition the thin films show a hysteresis in the M-T diagram
Fig.(3.5), which is indicative of the presence of both FM and AF phase [31].

Mancini et al. have already investigated the FMR linewidth AH and anisotropy of an ordered
50nm FeRh thin film in FM phase [30]. The results are shown in Table (3.1). Mancini also
describes the nucleation of FM domains in the AF phase, when the phase transition temperature
Tc is exceeded, the nucleation process begins, it is illustrated in Fig.(3.7). Furthermore, a M-T
hysteresis curve can be seen, since the phase transition temperatures of the respective phases
are different, i.e. Tar the phase transition Temperature from AF to FM state is smaller than Tgy,
from FM to AF. Mancini explains this by a net magnetic moment which stabilises the FM phase
and thus generates a magnetic inertia [30]. The same effect has also been described by Cervera
with respect to irradiated thin films [20].

Table 3.1.: Anisotropy constants for an ordered FeRh thin film with 50 nm thickness,according to
Mancini et al. [30]

Constant Ky Ky Ky Ky
Value [J/m?®] (5.2+0.1)x10° (7.3+1.6)x10*> (23+8) (6.4+0.8)x 103
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Fig. 3.7.: Nucleation of ferromagnetic or antiferromagnetic domains in FeRh while heating or cooling.
The phase transition temperature differs depending if one is cooling or heating the thin film.
The nucleation of domains of the corresponding phases begins after exceeding the current phase
transition temperature. The figure was taken from Mancini et al. [30]




4. Results and discussion

The following chapter presents the results of the FMR experiments on irradiated FeRh thin films.
The thin films were sorted and named according to the used fluence, i.e. the thin film with the
lowest fluence, here 1 - 10'3 ions / cm?, is called FeRh-1. In Table (4.1) the fluences and the
corresponding names are given.

The in-plane (azimuthal, ¢) and the out-of-plane (polar, §) angular dependences of the magneti-
sation of FeRh thin films have been measured. In-plane means that the external magnetic field
is applied parallel to the surface of the thin film, the polar angle  has a value of § = 7/2 = 90°,
the azimuthal angle ¢ is then changed by 360 ° in certain angular steps. During the measure-
ments, the MgO [001] is exactly perpendicular to the external magnetic field. Due to the manual
positioning of the sample, the start values of ¢ can slightly vary around the in-plane hard axis
of FeRh.

In the evaluation of the out-of-plane measurements, an azimuthal angle ¢ = 7 / 4 was assumed.
The FeRh grows at 45° offset to the [001] axis of the MgO. Hence the thin films were fixed in a
direction that MgO [001] is perpendicular to the magnetic field, a correction for the axes of the
FeRh thin film results in an offset by ¢ ~ 45°.

Temperature plays a major role in the measurement of FeRh thin films, because the transition
temperature changes depending on the fluence present. Thus, FeRh-1 and FeRh-2 can have two
phases between 100 K and 400 K, see Fig. (3.5). To study the effect of temperature on anisotropy
in the FeRh films, measurements were made between 100 K and 450 K. Due to the limited time
of the bachelor thesis not all thin films could be examined. All temperature measurements were
carried out in in-plane direction.

4.1. Measurements of FeRh thin films with low fluence

4.1.1. FeRh-1

FeRh-1 in-plane measurement

The FMR spectrum of FeRh-1 was measured at room temperature. The microwaves had a fre-
quency of 9.4567 4+ 10~° GHz and a power of 20 mw. The angular dependence was performed
for 360° in 3° steps, the external magnetic field was varied from O T to 0.8 T. The measurement is

Table 4.1.: FeRh thin films sorted by the used fluence, the corresponding saturation magnetisation Mg
and overall area, beginning with the unirradiated and ending at the most irradiated thin film.
Everything was measured at room temperature.

Thin film FeRh-0 FeRh-1 FeRh-2  FeRh-3 FeRh-4 FeRh-5 FeRh-6
Fluence [ions / cm?] 0 1-10%3 2-10%3 1-10 2-10% 3.10 4.10™
Magnetisation Mg [A/M] 0.285-10° 1.04-106 1.27-10° 1.213-105 1.282-10° 0.809-10° 0.644-10°

Size [mm2] 12.5 3.75 15 25 5 5.25 5

16
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Fig. 4.1.: In-plane angular dependent FMR of FeRh-1 displayed in a colour plot; measured at f =
9.4567 + 10~° GHz and microwave power of 20 mW

shown in a colour diagram in Fig. (4.1). In the colour diagram, a colour was assigned to a corre-
sponding amplitude value. The main signal A of FeRh can be seen in the magnetic field range of
0 - 0.2 T. The white line around 0.1 T is the fitted resonance position of the main signal superim-
posed with the colour diagram. The resonance position has a maximum at (0.1153 +1-10"4)T
at an angle 249° & 3°, the minimum resonance field is (0.1014 £ 1 - 10~4) T at 288° 4= 3°. The
maximum resonance field characterises the hard axis, the main signal A shows a repetition of
the maxima in total every 90°, one speaks therefore of a fourfold symmetry. The same ap-
plies to the easy axis, visible here as the minima of the resonance field. The observed fourfold
symmetry is related to the cubic crystal lattice of FeRh. Based on the small difference between
absolute minimum and absolute maximum, the cubic anisotropy is small, that the corresponding
anisotropy constant K4 will also be small. In addition, the uniaxial anisotropy Ky is given by
the difference between the maxima, with regards to FeRh-1-in-plane Ky will be small.

The extrema of the resonance field also differ and have about the same value every 180°. This
can be explained in addition to the fourfold symmetry by assigning another twofold symmetry.
The twofold symmetry rises from the uniaxial anisotropy, which is present in only two direc-
tions. Noticeable is the greater width of the hard axis in the range 45° - 90° and 270° - 225°,
these extrema are here named 1°¢ order, compared with 135° - 180° and 315° - 360°, here 2™¢
order. In addition, there is an weak 8-fold symmetry B in a magnetic field range around 0.14
T. The last two visible effects could be the cause of an overlapping or coupling of the main line
A with another smaller line. This second line has a much stronger hard axis, which must lie in
the areas of the 2" order, since the local maxima appear undistorted and the signals can not be
superimposed.

A superposition of the two signals can be seen in the 1°¢ order, since the broad maximum has
2 additional subordinate maxima. This second line has a twofold symmetry and therefore must
be a uniaxial contribution with minima in the ranges (45° - 90°)4 3° and (225° - 270°)4 3 °,
further effects with an external magnetic field of O T are excluded, since FeRh-1 has a coercive
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field of 88 Oe. This means that the 15 order maxima are in the area in which the hard axis of
the second line forms, thus the two signals overlap and the subordinate maxima arise. There-
fore, the additional twofold symmetry that produces the 1! and 2"? order maxima is an effect
of superposition of the main line with a weaker secondary line.

For field strengths in the range of 0.15T - 0.5 T, further angle-dependent signals and angle-
independent signals can be identified C. The angle-independent signals do not form from the
FMR, they are an EPR signal originating from the substrate. The angle-dependent components
are the signals of the associated crystal field of the MgO.

The origin of the secondary line can not be completely determined at present. One hypothesis
would be that the irradiation of the Ne™ ions at a certain angle has brought additional symmetry
caused by collision into the crystal structure.

FeRh-1 out-of-plane measurement

The measurement was carried out for a microwave frequency of 9.8230 4+ 10~° GHz at 2 mW.
The external magnetic field was varied from 0 T to 0.2 T. The angle dependence was determined
for 360° in 1° steps. In the colour diagram Fig. (4.2a) a uniaxial anisotropy A is observed. At
about 90° and 270° sample has a hard axis B which extends beyond the considered magnetic
field. The main signal also shows a vertical line C when the hard axis is reached, the amplitude
decreases and finally vanishes up to a magnetic field of 1.2 T. The easy axis is at values of
(0.1429 £1 - 1074 T at 175° £0.5° and (0.143 £1 - 107%) T at 354° £1°. In addition to the
uniaxial main signal A another signal D can be seen. This is in the range (0.3-0.4) T and shows
no angular dependence. Signal D is the signal of the impurities of the used substrate MgO.
These signals can be paramagnetic, or in the worst case ferromagnetic. An EPR signal does not
show any angular dependence and is therefore visible as a vertical line in the colour diagram. To
determine the resonance position of the hard axis, the thin film was measured in the high field
setup (HF-setup). This measurement is shown in Fig (4.2b). The microwaves had a frequency
0f 9.5047 + 10~° GHz with a power of 20 mW, measured from 1.2 T to 2.1 T in an angle of 82°
to 100° in 0.5° increments. The hard axis thus has a resonance position of (1.572 £1-10%) T at
an angle of 89° +£1°. Here, the angle of the HF measurement was adapted to the signal A. The
signal E was fitted. The resonance position is recognisable as a white curve. A line pointed with
F shows a angular dependence, but because of the general shape it is more likely just a noise,
like signal G.

Temperature dependent in-plane FMR measurements of FeRh-1 thin films

The thin film FeRh-1 was measured for temperatures of 100 K and 200 K, they are shown in
Fig.(4.3). The frequencies were in the range of 9.42 +1 - 10~3 £ 10~ GHz, both had a mi-
crowave power of 20 mW. The temperature changes were +0.2K for 100K and +0.5K for
200 K. An angular dependence was measured for 360° in 5° increments. Only the range of the
external magnetic field varied. FeRh-1-100 K had a sweep width from O T to 1.2 T, while 200 K
had only sweep width from 0T to 0.5 T.

The main signal A of both measurements shows a cubic anisotropy superimposed with a uniaxial
anisotropy. The maxima are in both measurements (60°, 150°, 235°, 325°) + 5°, the resonance
positions have values of (0.222 £1 - 1073) T and (0.212 &1 - 1073) T for 100 K. An additional
uniaxial anisotropy shows itself through the different minima B, which have a 180° symmetry.
Even the minima do not differ from each other in their angle values, so they are (10°, 105°, 195°,
280°) £+ 5°. The 100 K measurement has the resonance positions (0.181 T, 0.181 T, 0.18 1T,
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Fig. 4.2.: The high field measurement was done, in order to catch the hard axis. For this the setup was
changed, to reach a magnetic field of 2.1 T

0.182 T) &1 - 1073T, while 200K with (0.172 T, 0.174 T, 0.173 T, 0.174 T) &1 - 1073 T has
a small variation in the minima. This variation is much more apparent in the colour diagram
at point C. Signal C could represent the easy axis of an uniaxial signal, this would be in the
range 90°-135° and gave a resonance position of 0T - 0.15 T. It is visible in both temperature
measurements, but has a larger amplitude at 200 K than at 100 K.

In addition, one can see a bright stripe D at an angle of about 190° and 15°, this is not a mea-
surement error, as this is available in 100 K as well as in the 200 K measurement. This lighter
stripe causes a splitting of the minima in E.

Compared to FeRh-1 in-plane measurement, the secondary signal becomes more visible at lower
temperatures. As already assumed the secondary signal causes a variation of the minima, by
overlapping of two minima of the cubic with easy axis of the uniaxial anisotropy C. This sec-
ondary signal creates stripes D in the hard axis, these remind of the horizontal lines of uniaxial
anisotropy of out-of-plane measurements.
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(a) FeRh-1 measured at a temperature of 100 K (b) FeRh-1 measured at a temperature of 200 K

Fig. 4.3.: The measurements for 100 K and 200 K were done in one session, that is why their angles are
corresponding to the same axes. The white line is the fit for the resonance positions
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4.1.2. FeRh-2

FeRh-2-in-plane measurement
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Fig. 4.4.: In-plane measurement for FeRh-2 measured with a microwave frequency of
9.8530 4 10~° GHz and a Power of 2 mW

The in-plane angular dependent measurement of FeRh-2 was performed at room temperature,
with a microwave frequency of 9.5830 & 10~° GHz and a power of 2mW. The thin film was
rotated by 360° in 0.5° while the magnetic field at each angular step was swept from 0 T - 0.6 T.
The measurement is shown as a colour diagram in Fig. (4.4).

The resonance position of the main signal A was obtained by fitting the signal with a derived
Dyson function Eq.(3.2). It is visible in the colour diagram as a white line. The main signal
A of FeRh-2 is approximately in the range of 0.05 T - 0.09 T. A cubic anisotropy is present,
which produces the fourfold symmetry with 4 maxima and 4 minima. The absolute maximum
of the resonance field is (0.993 &1 - 10~%) T at an angle of 107° & 0.5°, another maximum has
the resonance field (0.092 41 - 10~#) T at 287.5° £ 0.5°, these maxima are here called 1° order
maxima. Similar to FeRh-1, there is an additional uniaxial anisotropy that reduces the value
of the maxima every 180°. These smaller 2" order maxima are in the ranges 19° 4 0.5° with
(0.0879 £1-10~*) T and (197° & 0.5 °) with (0.0878 41 -10~*) T. This suggests that there may
be a secondary signal, but unlike FeRh-1, there is no apparent 8-fold symmetry, which arises
from the superposition of the signals. There are only 2 minima between (90° - 135°) in the area
around 0 T, which may indicate a secondary signal.

The broadening of the 2"¢ order maxima are similar to FeRh-1, but in attenuated form and
without subordinate maxima. Within the minima C of a possible secondary signal there are also
strong jumps in amplitude, seen at the narrow change of green, blue, green in the angular range
of 15° - 22°. This behaviour is periodic with a repetition every 90°. In addition to the main
signal, one further signal B with fourfold symmetry can be seen, which lies in the range of 0.1
T - 0.2 T. It therefore relies on cubic anisotropy. Due to the shape and position of this signal,
this is referred to as the shoulder signal, shown in Fig.(A.2).
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Fig. 4.5.: FeRh-2 out-of-plane colour diagram, in combination with its hard axis in high fields

The resonance position of this signal can not be determined by an automatic fit due to a strong
asymmetry.

The image is distorted in the range 180° and 300°, this distortion has its origin in the exclusion
of erroneous measurements. In the case of 300°, a shift in the MgO signal at 0.36 T also appears.
This is the result of a jump in the frequency of the microwaves.

Due to a higher fluence and therefore bigger distortion in one direction, the secondary signal of
FeRh-1-in-plane could have been developed into the additional signal, which is the shoulder of
FeRh-2-in-plane, with a cubic anisotropy.

FeRh-2 out-of-plane measurement

The out-of-plane measurement is shown in the colour diagram Fig. (4.5a). The microwaves
had a frequency of 9.8737 + 1075 GHz, at a power of 2mW, a 360° angular dependence in 0.5°
steps was performed. An external magnetic field of 0T to 1.2 T was applied. The main signal
A shows a uniaxial anisotropy with a hard axis at 71.5° £0.5° and at 251° 4+0.5°, and an easy
axis at 172° £0.5° and 352° #0.5° with (0.096 1 - 107®) T and (0.093 £1 - 1073) T as the
resonance position. The resonance position of the hard axis must be determined by means of an
HF measurement. This can be seen in Fig. (4.5b). The microwaves here have a frequency of
9.5052 £ 10~° GHz at 2mW power. The angular dependence was performed from 85° to 95°
in 0.5° step. The resonance position of the hard axis is (1.9236 £1 - 10*) T. As with FeRh-1
out-of-plane measurement, the fitted resonance line B is superimposed in white with the colour
diagram. In addition to the main line B a weak signal C is recognisable below B. This is present
only in an angular range of 91° - 92° and has a maximum of (1.72 £1-1072) T at the same angle
as the hard axis of A. In addition, above the main signal A there is another signal D. This has
a different curvature and is visible over the full angle range from 85° to 95°. The maximum
resonance position of this signal is 71.5° &= 0.5° with (1.95 &1 - 10~2) T. Furthermore, the signal
D splits into a line E in the area of 94° in a different direction than the signal. Together with
point F this could be interpreted as noise. The weak signal C below the main signal can here
be interpreted as microwave absorption by a standing spin wave. The origin of signal D can be
magnetostatic surface spin wave.
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Temperature dependent in-plane FMR measurements of FeRh-2 thin films
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Fig. 4.6.: Low temperature measurements of FeRh-2. The white line is the fit for the resonance positions

The temperature dependence was studied at temperatures of 100 K and 200 K. The microwave
frequencies of both measurements are in the range 9.45 4= 10~2 GHz at 2 mW. The angle depen-
dence was determined for 360° in 5° steps. During the measurement, the temperature at 100 K
varied by £0.5K and at 200 K by +0.5 K. The colour diagrams are visible in Fig.(4.6).

Both measurements show small angular variation of the resonance field. Therefore only a very
weak cubic anisotropy A is visible. Each minima of the fourfold symmetry of the 100 K mea-
surement is divided into two more minima B. The maxima are at angles (90°, 180°, 270°, 360°
/ 0°) 45°, with one resonance position (0.125 T, 0.118 T, 0.125 T, 0.118 T) £1 - 10~*T. This is
also seen on a new pseudo 8-fold symmetry C when interpreted analogously to FeRh-1 at room
temperature. Also striking are the minima D at a magnetic field strength of 0 T at the angles (0°
/360°, 90°, 180°, 270°). These have a circular appearance and are therefore not a direct line. In
addition, they vary in amplitude, with a symmetry of 180°.

The measurement at 200 K also shows a splitting of the minima. However, a pseudo 8-fold
symmetry can not to be seen here. The minima D are still present, but the difference in the am-
plitudes has risen sharply. The signals at 90° and at 270° are visible within 20°, while at 180°
and 0° / 360° almost no signal is visible. The maxima of the signal are at (90°, 180°, 270°, 0° /
360°) & 5°. Their resonance positions are (0.117 T, 0.114 T, 0.116 T, 0.133 T) &1 - 103 T. A
uniaxial anisotropy which varies the values of the maxima is thus likewise present. The differ-
ence of the maxima, however, has become smaller compared to 100 K.

A secondary signal would explain the signals C and D. Either the effective magnetisation has
risen slightly from 200K to 100K, or the cubic anisotropy has changed. In view of the fact
that 200 K has a large region E which has a weak signal and changes into a narrower region at
100K, a change in cubic anisotropy is to be expected. The uniaxial anisotropy gains strength
with lower temperature.
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4.2. Measurements of FeRh thin films with moderate
fluence

4.2.1. FeRh-3

FeRh-3-in-plane measurement
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Fig. 4.7.: In-plane measurement for FeRh-3 measured with a microwave frequency of
9.8782 4 1075 GHz and a Power of 2 mW

The thin film FeRh-3 was measured in-plane at a frequency of 9.8782 & 10~° GHz and a power
of 2mW. The external magnetic field was swept from 0 T to 0.6 T. The angle ¢ was changed
from 0 to 360 ° in increments of 0.5 °. The measurement is shown in Fig.(4.7).

The main signal A of FeRh-3 has a in-plane cubic anisotropy.The absolute maximum is 0.0898 T
+1-107*T at an angle of 7° &= 0.5°. Analogous to the previous thin films, FeRh-3 has an addi-
tional uniaxial anisotropy, which produces two different values for the maxima. Thus, the 2™¢
order maximum is shifted by 90° and has a value of (0.0872 £ 1 - 10~%) T at 98.5° £ 0.5°. Un-
expectedly, this maxima is shifted by 1.5° from the expected position of 97°. The same happens
with the following maximum (0.089 &1 -10~%) T at 185.5° & 0.5°. This has a much larger shift
from 3°. The fourth maximum is shifted again with 0.0871 &= 1 - 10~* T at 277.5° & 0.5°. It is
noticeable that the shift is growing steadily with 1.5 °. Due to the monotonous slope, it can be
assumed that there is a systematic error that could have resulted from the deletion of unusable
data records. Like the maxima, the minima are affected by a superimposed uniaxial anisotropy.
The absolute minimum here is (0.0538 &= 1 - 10~*) T and 233° £0.5° with a further minimum
of the 1°* order 0.054 4+ 1 - 10~* at 52.5° + 0.5°. The minima of the 2" order are ( 0.0559 +
1-107%) T and (0.0559 = 1 - 10~%) T at 143.5° £ 0.5° and 321.5° £ 0.5°. Again, the angles
differ widely. A shift caused by an altered crystal symmetry may be ruled out, otherwise this
error would have the same values symmetrically to 90° or 180°.
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In addition to the main signal, a second signal B is visible again. This signal, here called shoul-
der, has a cubic anisotropy superimposed with uniaxial anisotropy. However, this superposition
is not as pronounced as it is the case with the main signal A. Due to the similar shape and
positioning between 0.1 T and 0.2 T, the same assumptions apply as with FeRh-2 in-plane mea-
surements. With an external magnetic field of 0.3 T, an additional signal C is recognisable in
this measurement, this has a large linewidth AH and shows no angular dependence. The as-
sumption is therefore obvious that it is an EPR signal from the sample holder or contamination
in the cavity.

FeRh-3 out-of-plane measurement

The out-of-plane angular dependence of FeRh-3 FMR signal is shown in Fig. (4.8a). Mi-
crowaves with a frequency 0f 9.8782 4 10~5 GHz and a power of 2 mw were used. The thin film
was rotated 360° in 0.5° steps. The external magnetic field was varied from O T to 1.2 T. The
main signal A shows a uniaxial anisotropy with a resonance field at hard axis exceeding 1.2 T.
The easy axis is 180° £0.5° and 359.5° £ 0.5° with resonance positions (0.0629 1 - 10~%) T
and (0.063 £1-107%) T. To determine the maxima it is necessary to use the HF setup, the results
can be seen in Fig.(4.8b). The HF measurement was carried out at microwave frequencies of
9.5059 + 10~° GHz with 2 mw power. The magnetic field was changed from 1.2 T to 2.1 T and
the angle from 75° to 85° in 0.5° increments. The white line is the fitted resonance position of
signal A/B. This signal has an hard axis with a resonance field of (1.918 £1 - 107) T. Another
signal C can be found below the main signal with a resonance field of ( 1.74 £1-1072) T. Similar
to FeRh-2 out-of-plane scan, this signal can be traced back to a standing spin wave within the
thin film. In addition, signals D and E are visible. Signal D is greater than 1.9 T and shows a
weak angle dependence, it can be assumed that this is just noise during the measurement.
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Fig. 4.8.: Complete out-of-plane measurements of FeRh-3
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Temperature dependent in-plane FMR measurements of FeRh-3 thin films
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Fig. 4.9.: Low temperature measurements of FeRh-3

The measurement for FeRh-3 was done from 100K to 450K in 100 K increments, except for
300 K. All colour diagrams are shown in Fig.(4.9) and Fig.(4.10). The frequencies of all mea-
surements are very close, so that a frequency of 9.542 + 107° GHz & 1073 GHz is assumed. In
addition, the microwaves had a power of 2 mw in each measurement. The angular increments
for 100 K and 200 K are 5°, while 450 K and 400 K have 4° steps for the 360° angle dependency.
For all measurements, the external magnetic field was varied from 0T to 1.2 T.

Measurements 100 K and 200 K were obtained in a different setup as 400 K and 450 K. There-
fore they vary in the positioning on the sample holder, thus the easy and the hard axis for 100 K
and 200 K stays the same, the same applies to 400 K and 450 K. The values of resonance field
can be seen in the Table (4.2) and Table (4.3).

The main signal A of each measurement shows a cubic anisotropy. The easy axis of 100 K and
200K are available at angle (60°, 145°, 235°, 325°). For 100K and 200 K, the hard axis is at
angles (10°, 105°, 190°, 285°).

Point B marks a maximum which has a smaller resonance field than the maxima above or below
B. It is noticeable that the reduced maxima appear brighter at (10°, 190°). This could be a sign
of a superposition with a secondary signal. Point C indicates minima for an external field from
0T to 0.5T. These minima appear at 100 K and increase when they are at the reduced maxima
B. The minima C, which lie with larger resonance fields have a smaller radius. This could be
another indication of a secondary signal. The 200 K measurement has also differences in the
minima C. In addition, the difference of the maxima is bigger than at 100 K.
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Table 4.2.: Maxima of the resonance field at the hard axis for 100 K, 200K, 400 K and 450K
Angle [+ 5°] 10 105 190 285 |  Angle[+4°] 28 120 212 300

100K [£1-107*T] 0.0953 0.0955 0.0951 0.0953 | 400K [+1-10"*T] 0.0854 0.0829 0.0850 0.0834
200K [+1-10"*T] 0.0889 0.0879 0.0890 0.0879 | 450K [+=1-10"*T] 0.0875 0.0845 0.0868 0.0854

Table 4.3.: Minima of the resonance field at the easy axis for 100 K, 200 K, 400 K and 450 K
Angle [+ 5°] 60 145 235 325 |  Angle[+4°] 76 164 256 344

100K [£1-10"*T] 0.0412 0.0427 0.0411 0.0424 | 400K [£1-107*T] 0.0639 0.0651 0.0638 0.0652
200K [£1-1074T] 0.0457 0.0469 0.0456 0.0471 | 450K [+1-10"%*T] 0.0714 0.0722 0.0722 0.0731
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(a) FeRh-3 measured at a temperature of 400 K (b) FeRh-3 measured at a temperature of 450 K

Fig. 4.10.: High temperature measurements of FeRh-3

The measurements at 400 K and 450 K have hard axis at (28°, 120°, 212°, 300°), the correspond-
ing resonance fields can be found in Table (4.2). These measurements also show different values
for the maxima. However, at 400 K, another signal B is formed for the first time at the angle
of reduced maxima (120°, 300°). At these angles, the already weak signal C almost vanishes
completely. For 450 K the signal B is more pronounced, it seems to have a resonance field at
hard axis greater than 1.2 T. With higher fields it gets an additional weak signal. The signals C
completely disappear at angles of signal B, while having a weak signal in the range of the normal
maxima. In addition, these maxima form another signal E. This resembles the horizontal line
from FeRh-1 or the horizontal line from the out-of-plane measurements.

As the temperature increases, the effective magnetisation increases. This is visible as a shift to
higher fields, increasing from 100 K to 450 K. This effect is very weak. Investigations at tem-
peratures higher than 450 K are not possible, because there is a risk of annealing the thin films,
so that their disordered crystal lattice gets ordered.
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4.2.2. FeRh-4

FeRh-4-in-plane measurement

The in-plane measurement of FeRh-4 is shown in Fig. (4.11). It was measured with a microwave
frequency 0f9.8767 & 10~°> GHz and a power of 2 mw in an angle range of 0° - 360° in 0.5° steps.
A magnetic field was swept from 0 T to 0.6 T.

The signal of FeRh-4 in-plane shows a superposition of the cubic anisotropy A with a uniaxial
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Fig. 4.11.: In-plane measurement for FeRh-4 performed with a microwave frequency of
9.8767 & 10~5 GHz and a power of 2 mw, with an angle increment of 0.5°

anisotropy B. This overlay causes the periodic differences in the maxima and minima. Again, a
distinction is made between 1! and 2" order. The 1! order maxima are the absolute maximum
(0.0973 £1-107*) T at 19° & 0.5° and (0.0972 + 1 - 107%) T at 198.5° & 0.5°. The 2"¢ order
maxima are at (0.092 £ 1-10~%) T with 109.5° 4 0.5° and (0.0918 & 1-10*) T at 286° &=1°. The
1% order minima are the absolute minimum (0.0716 £ 1 - 10~4) T at 62.3° £ 0.5° and (0.0717
+1-107*) T at 244.5° & 0.5°. The 2"¢ order minima are at (0.0721 £ 1 - 10~%) T with 154.5°
4+ 0.5° and (0.0738 = 1 - 107%) T with 329° +1°.

The deviations of the angles are in the range of the errors, only the 2" order minimum of 329°
+1° lays outside the error bar. However, this can be attributed to the strong noise D in the
angular range of 300°-360°. The noise could be caused by an excessive gas flow of the nitrogen
that interrupts the tuning of the cavity.

The assumption made for in-plane measurement of FeRh-1, that a superposition of a secondary
signal B with uniaxial anisotropy is present, can be confirmed by FeRh-4. This initially assumed
signal is now clearly visible in the range 0.1 T to 0.6 T and marked as B.

The easy axis is superimposed with the maxima of 2"¢ order, which could explain the low values.
The resonance at hard axis of this signal lies outside the considered range from 0T to 0.6 T.
FeRh-4 in-plane scan also shows the previously observed shoulder C. The assumption that the
shoulder C is the secondary signal has not been confirmed, otherwise one of the signals B or C
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should have vanished. Another approach to the origin of these signals is that they both originated
from ion irradiation but are based on different effects. Thus, the shoulder C could be the result of
the disorder of Ne™-ion irradiation and the consequent emergence of a sub-lattice of the crystal.
So far only FeRh-1-in-plane shows no shoulder, which can be attributed to the low fluence. The
additional secondary uniaxial signal, as already suspected, may be an effect of the direction of
irradiation, and would explain why this has only a uniaxial and no cubic anisotropy.

FeRh-4 out-of-plane measurement

The out-of-plane measurement for FeRh-4 is shown in Fig. (4.12a). The microwaves had a
frequency of 9.8777 £ 105 GHz with a power of 2 mw. The external magnetic field was swept
in a range of 0 T to 1.2 T. The angle has been changed by 360° in 0.5° step. The main signal A
shows a uniaxial symmetry with a hard axis at 86.5° + 0.5° and 267° 4 0.5° with a resonance
field higher than 1.2 T. The easy axis is at 176.5° 4+ 0.5° and 357.5° £0 , 5° with a resonance
field (0.098 £1 - 107®) T and (0.098 +1 - 1073) T. An HF measurement was made to deter-
mine the resonance positions at the hard axis. In this case, the microwaves had a frequency of
9.5134 £ 1075 GHz at a power of 20 mw. The angular dependence was measured from 99° to
112° in 0.25° increments. The HF signal B, in Fig.(4.12b), shows a resonance position at (1.795
+1-1073) T. In addition, again a signal C appears below the main signal B. This has a maximum
resonance field of (1.59 1 - 1073) T at 86.5° & 0.5°. This has the same shape as the previous
signals below the main line, so can be assumed as a standing spin wave. Another signal is D.
This is reminiscent of (4.5b point E) from FeRh-2 out-of-plane angular measurement. This also
goes from the maximum and approaches the value 1.8 T with increasing angle. The amplitude
of this signal decreases until the end of the measurement, at 112°.
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Fig. 4.12.: FeRh-4 complete out-of-plane angular dependence
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4.3. Measurements of FeRh thin film with high fluence

4.3.1. FeRh-5

FeRh-5 in-plane measurement
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Fig. 4.13.: In-plane measurement for FeRh-5 measured with a microwave frequency of
9.5077+£107°GHz and a Power of 2mw with an angle increment of 1°. This dia-
gram is a composition of two different measurements. The measurement for signal B took
place with a frequency of 9.5076 4 10~° GHz, a power of 20 mW and an increment of 1°.

The measurement was carried out with a frequency of 9.5077 4= 10~° GHz and a power of 2 mW.
Two different magnetic field strengths were chosen. One measurement was from 0T to 0.6 T,
the other could only be achieved with the HF setup and had a range of 0.5 T to 2.1 T. The com-
bined measurements are shown in Fig. (4.13).

Most notable, here is the prominent secondary signal with uniaxial anisotropy with a hard axis
B. The hard axis extends to a resonance field of (1.9483 4= 1 - 10~%) T at 162° 4 1°. The main
signal A with cubic anisotropy of FeRh is still visible, but here the secondary signal B is of equal
amplitude. An automatic, computer-implemented fit of the main signal A with its fourfold sym-
metry could not be performed because the superposition with the secondary signal in the ranges
of' 45° - 90° and 250° - 300° is too big.

It seems that the uniaxial signal B in FeRh-5 in-plane measurement is the main signal rather
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Fig. 4.14.: Quasi in-plane measurement for FeRh-5 measured with a microwave frequency of
9.3016 + 1075 GHz and a power of 20 mw with an angle increment of 10°, by means of the
two-axis goniometer

than the cubic signal A. In the ranges 45° - 100° and 225°-300° an additional very weak signal
C is visible which also has a high resonance field in the hard axis, which goes beyond 0.6 T.
This signal shows a uniaxial anisotropy shifted by 45° to the uniaxial main signal B. However,
cubic anisotropy can not be ruled out because B could cover the extra cubic parts. The shoulder
of the previous thin films is no longer visible.

This thin film was measured twice, the result was always the same and thus reproducible. In
addition, another measurement was taken on a larger piece of FeRh-5. This shows the same
angular dependence. Thus, the large signal B is not a specific effect of the thin film used and
also no due to the effect of alignment error inside the cavity.

For further investigations, a two-axis goniometer was used. This allowed the variation of both
6 and ¢ angle. The idea behind this measurement is to rotate ¢ in the direction of the hard axis
and then obtain an angular dependence by varying ¢. This measurement is shown in Fig. (4.14).
This shows an FeRh main signal with cubic anisotropy D, the secondary signal is completely
gone. The assumption is obvious that the thin film was not perfectly aligned parallel to the ex-
ternal magnetic field, since the positioning of the angle # was done by eye. By extracting the
resonance line of this measurement and superimposing it on the colour diagram, the superim-
posed FeRh main signal A becomes visible.

The extracted signal has a cubic anisotropy with no additional uniaxial anisotropy. The shift of
the maxima of the fourfold signal is due to the manual positioning of the thin film on the sample
holder and the associated error. This raises the question why the large uniaxial signal is visible
only in correct positioned in-plane direction. An explanation could be related to the direction
of oscillation of the magnetic part of the microwaves. The disorder due to irradiation is only
generated on the surface of the thin films and does not penetrate very deep into the crystal lattice.
Using the two-axis goniometer, the thin film is placed in the out-of-plane direction. However,
with an out-of-plane sample holder, it is also possible to position the thin film in an in-plane
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Fig. 4.15.: Complete out-of-plane measurements of FeRh-5

direction. This is when the external magnetic field is applied parallel to the thin film surface.
The two-axis goniometer can then perform a ¢ angular dependence in this in-plane position.
This special in-plane positioning increases the penetration depth of the magnetic component
of the microwaves. Now that the lower layers of the FeRh contribute to the FMR signal, the
disorder-induced uniaxial signal could be overlaid. The bigger contribution of the inner unir-
radiated layers of the FeRh thin film is also the reason why the signal of the out-of-plane mea-
surements is many times greater than the signal in in-plane measurements.

The origin of the large uniaxial signal and its sensitivity in the direction of  is currently un-
known and could not be further investigated within the framework of this bachelor thesis due to
the limited time.

FeRh-5 out-of-plane measurement

The out-of-plane measurement of FeRh-5 was taken at a frequency of 9.835410~* GHz at
2 mW. The magnetic field was varied from 0 T to 1.2 T for 360° in 1° increments. It is shown in
Fig.(4.15a).

The main signal A shows a uniaxial anisotropy with an hard axis at 91° +1° and 272° +1°.
The minima of the main signal are at 7° +1° and 18° £1° with resonance positions of (0.104
+1-107%)T and (0.104 &1 - 10~3) T. A HF measurement at a frequency of 9.5077 4= 107> GHz
and power of 20 mw was performed to determine the resonance position of the hard axis. It is
visible in Fig.(4.15b). The resonance for the hard axis is therefore at (1.737 &1 - 1073) T for an
angle of 91° £1°. The standing spin wave signal below the main signal has disappeared, which
might be due to different magnetisation of FeRh-5 thin film.

Another weak signal B can be seen slightly below the maximum at 1.72 T . This has also been
observed in previous measurements. Thus, it could be a resonance signal and not noise. How-
ever, the origin is unknown. Furthermore, in C a large noise signal can be seen, which extends
in a wide range from 1.6 T to 2.1 T.
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4.3.2. FeRh-6

FeRh-6-in-plane measurement
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Fig. 4.16.: In-plane measurement for FeRh-6 measured with a microwave frequency of
9.4264 + 1075 GHz and a power of 20 mw

The thin film FeRh-6 was measured at a frequency of 9.4264 £ 10~° GHz with a power of 20 mw
in in-plane direction. The angle ¢ was rotated in 2° steps by 360 °. A sweep of the external mag-
netic field from 0 T to 1.2 T was carried out per step. The colour diagram of FeRh-6-in-plane is
visible in Fig.(4.16)

The FeRh main signal A lies in the range of 0.05T - 0.15 T and has a cubic anisotropy super-
posed with a uniaxial anisotropy. The maxima can be subdivided into first and 2"¢ order. The
1% order maxima are (0.1 £ 1 - 1073) T at 258° £2° and (0.10 £ 1 - 1073) T at 78° 42°, the
second highest with (0.09 &= 1 - 107%) T at 166° £2° and (0.09 &= 1 - 1073) T at 348° £2°. The
absolute minimum is (0.053 £ 1-1073) T at 30° 4-2° the other (0.056 &= 1-1073) T at 159° 4-2°,
(0.064 =1 -1073) T at 235° 4-2° and (0.064 4= 1 - 1073) T at 338° 4-2°.

Starting from the large difference of the maxima, the in-plane uniaxial anisotropy Ky will be
bigger compared to other thin films. The reduced difference between minima and maxima will
also result in a smaller value Ky of the cubic anisotropy.

The maxima of 2"? order are broadened here analogously to FeRh-1. Unlike FeRh-1 the sec-
ondary signal B is visible. It has a uniaxial anisotropy with a resonance field at hard axis that
goes beyond 0.6 T. The linewidth AH of this signal becomes broad at higher fields starting at
0.4 T, so that the signal B almost disappears. This secondary signal B is not as dominant than
the uniaxial signal of FeRh-5-in-plane and is therefore reminiscent of the shoulder signal of
FeRh-2, FeRh-3 and FeRh-4. It would be conceivable that the irradiation in FeRh-6 combines
the separated effects, especially since FeRh-6 has the highest fluence. Meaning that, the direc-
tion of irradiation promotes the formation of a sub-lattice which has a uniaxial symmetry in the
direction of irradiation that is separate from the cubic symmetry of the FeRh lattice.
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FeRh-6 out-of-plane measurement
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Fig. 4.17.: Complete out-of-plane measurements of FeRh-6

The measurement was carried out for a microwave frequency of 9.8675 £ 10~° GHz at 2mW
power and is shown in Fig. (4.17a). The angular dependence was performed for magnetic field
strengths from 0T to 1.2 T in 360° for 1° steps. The main signal A obtained has a uniaxial
anisotropy.

The easy axis with its minima is at (0.122 £1 - 1073) T and (0.122 +1 - 1073) T for angles from
0° +1° and 185° +1°. In order to be able to completely determine the hard axis of the uniaxial
signal A, a HF measurement with a microwave frequency of 9.4476 4= 10> GHz and a power
of 20 mw was carried out. This measurement is shown in Fig. (4.17b) as a colour diagram. The
considered angular range included 83° to 93° in 0.5°, with the magnetic field varied from 1.2 T
to 2.1 T. The main signal has a resonance position at the hard axis at (1.572 1 - 1073) T for
angles 92° +1° and 274° +1°.

One notices the white lines at the maximum of signal A. These were caused by noise at the
lowest position of the signal. The noise starts at a field strength of 1.5 T at an angle of 85°
=+ 0.5° and stops at 92° + 0.5°. Compared to other high-field measurements, FeRh-6 out-of-
plane measurement has the strongest noise, with a large signal B between 1.9 T and 2 T. Signal
B is divided into two signals whose distance increases with increasing angle. In addition, the
previously observed signal C can be seen near the maxima. It can now finally be assumed that
this is a resonance signal and not noise. A standing spin wave is not visible. The general line
shape of this main signal is highly asymmetric to the highest, so that up to 70% of the amplitude
is below the signal without resonance.
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Table 4.4.: The left column shows the resonance field maxima of the hard axis. The right column shows
the resonance field minima of the easy axis. The values of the hard axis are values obtained
from a fit whose resonance position was constrained to about 1.2 T. As one can see all values
are near to 1.2 T, which means they are not representing the real hard axis.

Angle[+4°] | 176 356 | 88 268

350K [+1-107%T] | 0.1144 0.115 | 0.0763 0.0768
400K [£1-107%T] | 0.1171 0.1177 | 0.0782 0.0788
450K [+£1-107*T] | 0.1205 0.1205 | 0.0794 0.0787

Temperature dependent in-plane FMR measurements of FeRh-6 thin films

The temperature measurement of FeRh-6 was performed for 350K, 400K and 450K, it is
shown in Fig.(4.18). The temperature had a fluctuation of AT = £0.1 K. The frequencies are
9.4530 4+ 107° GHz for 350K, 9.4479 + 10~° GHz for 400 K and 9.4506 + 10~> GHz for 450 K.
All measurements were carried with one setup, thus the positioning of the thin film did not
change. Therefore the hard and easy axis stays at the same angle. The values can be found in
Table (4.4).

The measured signals show a strong uniaxial anisotropy A with a hard axis at angle 167° and

356°. The resonance positions are not known because the hard axis is above 1.2 T and the mea-
surement covers only the range 0T to 1.2 T. The signal B has an amplitude greater than the
background and also shows a two-fold symmetry. As the temperature rises, signals A and B
become sharpened. The minima with 0 T at 90° as well as 270° get bigger from 350K at 400 K,
while they get smaller at 450 K.
Beginning with 400 K, another minimum forms in the easy direction of signal A. This signal C
is recognisable at 450 K. It splits the easy axis in half. One presumption is that this is the missing
cubic anisotropy of the FeRh, which was initially superimposed but now becomes apparent as
the uniaxial signal weakens. The latter is recognisable by the distribution of the colour scale,
which shifts closer to the minimum at 450 K.
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(a) FeRh-6 measured at a temperature of 350 K (b) FeRh-6 measured at a temperature of 400 K

Fig. 4.18.: Moderately high temperature measurements of FeRh-6
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Fig. 4.19.: FeRh-6 measured at a temperature of 450 K

4.4. Analysis of the anisotropy of FeRh

At the beginning, a small overview of the anisotropy of the temperature measurements. These
could not be fully evaluated due to lack of time and are therefore only described.

Both FeRh-1 and FeRh-2 show similar behaviour. Their cubic anisotropy becomes smaller with
lower temperatures, this is well visible on FeRh-2 at 200K Fig.(4.6b). In addition, the uniaxial
signal becomes more recognisable. However, comparing this behaviour with FeRh-3 and FeRh-
6 reveals a completely different result.

Here the behaviour is exactly the other way round. The cubic anisotropy of FeRh-3 increases to
the maximum at 100K. This can be seen in the large difference between minima and maxima,
which becomes lower with increasing temperature. The uniaxial signal is only recognisable at
a temperature of 400K and becomes stronger with increasing temperature.

FeRh-6 shows analogies to FeRh-3, here already at 350K a very strong uniaxial signal is visible.
This shows a weak loss of intensity as the temperature rises. In addition, at a high temperature
of 450K, the cubic signal appears as an superimposition with the uniaxial signal. At this point, it
can be stated that at very low fluences, the temperature dependence of the anisotropy is exactly
mirrored to the behaviour at higher fluence.

FeRh-1 and FeRh-2 have the lowest fluences studied here, with 1 - 10™ Tons / cm? and 2 - 103
Tons / cm?. The thin film with superior fluence is FeRh-3. It has a fluence five times higher
than FeRh-2. In the area between these two fluences, therefore, a change in the anisotropy must
occur. In addition, the lowest fluences have a temperature hysteresis, which would allow them
to be in a different phase at lower temperatures.
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Fig. 4.20.: Anisotropy constants plotted versus the fluence

From the fitted resonance curves, the anisotropy constants can now be extracted. These constants
are shown in Table (4.5). For every thin film a g-factor of 2.05 was assumed, which was obtained
through frequency dependent measurements [19]. In addition, these values can be plotted over
the fluence, in order to reveal the course of the anisotropy with increasing fluence. The constant
K5 | 1s shown together with Ky in Fig. (4.20a). It is visible, that the value of K, | drops with
increasing fluence. Noticeable is the jump of FeRh-4. Looking at the graph as a whole, Ky |
falls with increasing fluence, with FeRh-4 as an exception. From FeRh-3 to FeRh-6, K, | is
negative. The minimum is -160.67 4= 15 kJ / m? for FeRh-5. The slope after FeRh-6 is smaller
than from FeRh-3 to FeRh-5. In combination with the large error of FeRh-5, a plateau forming
at FeRh-5 can also be assumed.

On the other hand, the minimum of Ky 1s 0.4 &= 0.12kJ /m? at FeRh-1. Nevertheless K, | shows
a big jump to the maximum of 1.5 4 0.15 kJ/m? at FeRh-2. The overall progression falls to 0.6
+ 0.2kJ/m? for FeRh-4, followed by a second maximum FeRh-6 at 1.335 & 0.15kJ/m3. A
large constant K, || means a bigger difference between the maxima. This is a first indicator of
superposition with a secondary uniaxial signal. It therefore makes sense that K, increases for
large fluences, as these thin films show a particular signal. More surprising is, that FeRh-4
represents the minimum. However, this could also be a result of the big K, ;. With a maximum
difference of 34%, K, | has the biggest error in this analysis.

Figure (4.20b) shows the constant K, and K, | of cubic and tetragonal anisotropy. The constant
K, decreases with increasing fluence. It has a maximum at 10.46 + 0.15kJ/m? for FeRh-2.
The absolute minimum is FeRh-1 with 3.5 & 0.27 kJ /m3. This behaviour can also be observed
in the in-plane measurements. There, the difference between minimum and maximum decreases
with increasing fluence. The cubic anisotropy would thus have to be lower. Furthermore, a low
cubic anisotropy for FeRh-1 was already assumed in Ch.(4.1.1) and could now be confirmed.
For K, | the absolute minimum is FeRh-4 with -93.32 4 0.3 kJ/m?®. The overall shape of this
graph shows a rising K, |, with a maximum at FeRh-6 with 60 4 0.35kJ /m?.

The origin of the jump for FeRh-4 K4 ; and K; | could lay in the formation of a more pronounced
tetragonal distortion. These would change K, |, K4 and K4 ;. A tetragonal distortion can
explain why FeRh-4 has a large K, | and a negative K4 ;. Looking at Fi;, K4 | and Ky are
subtracted from K, |, with negative K, |, F; is magnified. In the case of FeRh-4 this results in
a large tetragonal deformation. This also happens in the case of FeRh-3, FeRh-5 and FeRh-6,
when K | is negative, certainly Fy; gets negative due to a positive K, | .
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From K, ; the effective magnetic field M can be derived, which together with the saturation
magnetisation Mg is shown in Fig. (4.21). In the course of high fluences Mg drops, with a
negative slope to 1.28 T. A absolute minimum is FeRh-1 with 0.979 T. Due to a big jump to the
next point, a big error can be assumed.
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Fig. 4.21.: Saturation magnetisation and effective magnetisation plotted versus the fluence

Compared to the ordered FeRh thin films of Mancini et al. [30], visible in Table (4.5), con-
stants Ky || and K4, of the irradiated thin films differ in an acceptable range to the unirradiated.
Constant Ky | and K4 | show no relation to Mancini’s constants. Therefore one has to assume
an error in the determination of both. For Ky | every thin film shows a big difference of up to
+680kJ/m?, while K, stays in an acceptable range. K4 | also shows a big difference, com-
parable with the difference of K, ;. On the other hand, the constant K, shows a maximum
difference of about 45 kJ /m3.

One should also notice, that the saturation magnetisation of Mancinis unirradiated 50nm FeRh
thin film is higher than Mg of FeRh-1, FeRh-5 and FeRh-6.

Table 4.5.: Anisotropy constants of the FeRh thin films and the constants of Mancini et al. [30].

Thin film  Fluence [lons/ecm?]  g-factor Ko [kJ/m®] Ko [kJ/m?] Ky [kKI/m®] Ky [kI/m?®] oy M;s [A/ m] 11oMegr [T]
FeRh-1 1-101 2.05 170 £ 2 0.4+0.12 23.59+£32 3.5+£0.27 238+0.1 1.04E6 0.97
FeRh-2 2-10" 2.05 48 £8 1.5+0.15 6.58 £0.2 10.8 £0.2 24+£0.1 1.27E6 1.52
FeRh-3 1-10M 2.05 212 +3.1 0.64 +=0.22 35+05 1046 £0.15 3.57+£04 1.213E6 1.48
FeRh-4 2.10" 2.05 194 £ 5.5 0.6 +£0.2 -93.32 £0.3 8£0.15 2+0.1 1.282E6 1.31
FeRh-5 310" 2.05 -160.67 £15 0.67 =0.15 444 +04 7.59+0.17 0.74+£0.1 809000 1.41
FeRh-6 410" 2.05 -152.27 £3.5 1.335+0.15 60 £+ 0.35 535+03 251+0.11 644000 1.28

Mancini 0 2.05 £ 0.06 520 £ 10 0.73+£0.16  0.0023 £ 0.008 64+1 / 1.16E6 £+ 0,015E6  1.122 £ 0.001




5. Conclusions and outlook

The anisotropy of ion-disordered FeRh thin films changes significantly with increasing flu-
ence, although the disorder of the crystal lattice is merely superficial. Thus, with increasing
fluence, additional non-predicted signals were formed, which can show cubic as well as uni-
axial anisotropy. This extends the contemplation of the anisotropy from an original cubic sig-
nal to many different signals. Furthermore the temperature measurements indicate a change of
anisotropy with different magnetic phases, to be seen in the completely different behaviour at
low fluence and high fluence, for low and high temperatures.

Further investigations must now be carried out in order to be able to characterise the thin films
more accurately. Thus, the temperature dependence for all films has to be determined. These
include supplementary measurements such as the FeRh-6 low temperature measurement. Like-
wise, the in-plane hard axis of the uniaxial signals should be determined analogously to FeRh-5.
These values can then be used to reduce an error in the fit of the anisotropy constant. If necessary,
the thin films with very large deviations should be measured again. Alternatively, further thin
films can be made that have a fluence in the vicinity of these anomalies, like FeRh-4 or between
FeRh-2 and FeRh-3 to get a better understanding of this temperature dependent anisotropy.

In order to better evaluate and understand the influence of the disordered crystal lattice on the
thin films, it would be appropriate to characterise their surfaces. This can be done by AFM as
well as MFM.

Another influence on the results has the age of the thin films. Since these do not have a protec-
tive layer, oxidation, which has an effect on the saturation magnetisation, can not been ruled out.
The saturation magnetisation should therefore be checked by means of a SQUID measurement.
Alternatively, an in-situ FMR measurement would be suitable.

Furthermore, films with higher fluence than those considered here, can be made to follow the
resulting signals.

An interesting result is the measurement of FeRh-5 in-plane using the two-axis goniometer.
Further measurements, to rule out a positioning error inside the cavity, should be made. The
two-axis goniometer should also find its use in FeRh-4 and FeRh-6. These have, analogous to
FeRh-5, a strong uniaxial signal and would be predestined for this use.
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A.1l. Plots
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Fig. A.1.: Fit of the resonance position for FeRh-4 in-plane. One can see the different heights of the
maxima

Amplitude [Arb. U.]

101

Fig. A.2.: In-plane signal of FeRh-2 between 0 T and 0.3 T with the mentioned shoulder at 0.1 T. Black
is the data obtained from the measurements, the green dashed line is one Dyson derivative and
the blue dashed line is a linear function to correct a possible offset.
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Amplitude [Arb. U.]
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Fig. A.3.: In-plane fit for FeRh-5 between 0 T and 0.6 T. The signal below 0.1 T has a cubic anisotropy,
the signal at about 0.2 T shows a uniaxial anisotropy

A.2. Free energy density/ potential landscape

A short visual description of how each anisotropy constant is affecting the free energy density.

4
4

Fig. A.4.: No anisotropy means, the potential landscape is a sphere. The magnetisation can move in any
direction, without the need of spending work. It therefore has no easy- or hard axis.
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A.2.1. Uniaxial
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(a) Fani only for Ky : 1000
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Fig. A.5.: The uniaxial anisotropy only affects the energy density on one axis
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Fig. A.6.: Combination of the uniaxial contributions. The hard axis here is the direction of propagation.
Here only in one direction. The easy axis, here it would be an easy plane,is in the middle.
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A.2.2. Cubic

(a) Fap; only for Ky \

(b) Fap; only for Ky

Fig. A.7.: The cubic anisotropy only affects the energy density in two axes

Fig. A.8.: Combination of the cubic contributions. The cubic anisotropy affects Fay; in every cubic di-
rection, which means on two axes in in-plane (parallel) and one axis in perpendicular direction.

The hard axis is visible as the maxima of Fa,; in 6 directions. In the X-Y-plane the easy axis
is located between the maxima.
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A.2.3. Free energy density for FeRh-2

With the results obtained for FeRh-2 in Ch.(4.4) one can look at F4,; of an FeRh thin film.
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Fig. A.9.: F5pi for FeRh-2. The cubic anisotropy is visible in four directions. An additional uniaxial
anisotropy is visible as narrower wing, which is only present in an 180° symmetry. The pillar
in the middle could be the signal visible at OT. It has big jumps, thus needs to be very narrow,
as can be seen in the plot.

A.3. Open questions

This bachelor thesis has generated more questions than could be answered. Following is a list
of open questions.

In view of the appearance of an additional uniaxial anisotropy, the question of the origin arises.

Does this signal depend on the used irradiation angle and the irradiation direction? How far does
the secondary signal interfere with the performed fits?

The measurement with the two-axes goniometer shows a very sensitive ¢ dependence, why?
Why does only the uniaxial signal disappear?
Can these results of FeRh-5 in-plane be achieved with other thin films?

From FeRh-2 the additional signal appears, where is the origin of this and why does it disappear
with FeRh-1, as well as FeRh-5 and FeRh-6? What are the signals, that appear in a small to no
external magnetic field and why do they have large jumps in the amplitude within a few degrees?

Could an imperfectly smooth surface of MgO cause a change in anisotropy, that affects the com-
parison between the thin films?
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Can one reach the Curie temperature before annealing, if yes, where is this?

Why does the anisotropy change its behaviour in the temperature measurements from FeRh-2
to FeRh-3 and from FeRh-3 to FeRh-6?

What does the surface of the thin films look like, is it possible to recognise another crystal
structure?
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