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ABSTRACT

Theoretical and experimental research on magnetic materials and magnetic devices intend
to investigate novel materials and structures which can be used for the next generation spintronic
devices. Moreover, it is essential to conduct fundamental research on new phenomena aiming for
new generation of devices that can be faster, smaller, cheaper, and more reliable.

Magnetic anisotropies have been widely used in spintronic devices. From the
unidirectional exchange bias anisotropy that is used in magnetic read heads and giant magnetic
resonance (GMR) sensors, to the interfacial perpendicular magnetic anisotropy (PMA) that is
essential for magnetic tunnel junctions (MTJs). In the first chapter of this dissertation a short
introduction to magnetization dynamics including experimental techniques is given. In the
second chapter, the exchange bias anisotropy and the interfacial origin of relaxation in
Ru/lIrMn/CoFe/Ru exchange biased systems is discussed and investigated. The interfacial
perpendicular anisotropy is observed in these systems and can be quantified using FMR
technique. Such anisotropy can exist in a thin ferromagnetic film (such as NiFe) that is in
proximity to a metallic (e.g.Ru) or insulating (e.g. SiO2) non-magnetic layer, which is the topic
of the third chapter of this dissertation. In addition, experimental results confirm that spatial
fluctuations of the uniaxial perpendicular anisotropy can push the easy axis of the magnetization

in an orientation that is neither perpendicular to the film nor normal to it. The effect of the lateral



fluctuation of the uniaxial anisotropy on the magnetic energy landscape and the magnetization

dynamics of thin magnetic layers is reported in chapter four using micromagnetic simulations.
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FIG 1.1. Schematics of the applied quasi-static field H, microwave field h,,,,, and the
magnetization M for a ferromagnetic thin film in the xy plane. In general, the magnetization
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FIG 1.2. A typical raw FMR data at a fixed frequency. The black line shows the experimental
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FIG. 2.1. Sketch of the geometry, the exchange bias field Heb serves as a reference direction.
The static external magnetic field H is applied in the film plane at an angle ¢H with the
microwave field h,,,, also applied in the film plane, but perpendicular to H. Also shown is the
magnetization M with equilibrium orientation (6, , ¢) and the easy axis of the (in-plane)
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FIG. 2.2. Microwave frequency f versus resonance field H,.. (Kittel plot) for a 6 nm CoFe
exchange biased layer. Black (red) symbols show broadband FMR data with the external
magnetic field applied parallel (antiparallel) to the exchange bias direction. The

corresponding solid lines are the result of a simulataneous fit to the Kittel Eq. (2.6) for both
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FIG. 2.3. Effective magnetization Mef f, determined using broadband ferromagnetic
resonance data, as a function of the inverse CoFe film thickness t.,z.. The red line is a linear
fit of the experimental data. ...........ccooiiiiii i 20

FIG. 2.4. Dependence on the in-plane angle of the applied field ¢, of (a) the resonance field
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FIG. 4.2. Dependence of (a) the total energy density, (b) the demagnetizing energy density,
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dotted red lines represent contribution obtained by ignoring exchange interactions between

the regions and treating them each as a macrospin, the anisotropy and Zeeman contribution
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effective anisotropies determined from dynamical calculations, see section 4.11.D..................... 60
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1. INTRODUCTION

I.Magnetization dynamics
Magnetization dynamics in ferromagnetic systems is described by the Landau-Lifshitz-

Gilbert (LLG) equation [1,2] (Equation (1.1)). In this equation, two main contributions to the

time derivative of the magnetization vector are the precession term (—y1\7i x H eff) and the

damping term (%M X Z—If)as shown in Eq. (1.1). The precession term describes the magnetization

dynamics for a system with no magnetic energy loss during the precession. However, in real
systems magnetic energy is dissipated within the system. This implies the importance of the
damping term in describing the more realistic precessional motion of the magnetization. Eq. (1.1)
can be expanded [3] or written in different forms [4]. However, for the purpose of this
dissertation the current form is the most suitable form [5]:

a

LOM — = — oM
LLGE_ _VMXHeff+EMXE (11)
In the LLG equation, M is the magnetization vector, H eff 1 the effective magnetic field,
a is the dimensionless Gilbert damping parameter (or simply damping parameter), and y is the

gyromagnetic ratio. H err Is the effective internal field, including the external magnetic field, the

demagnetizing field, and contributions from exchange, anisotropy, and magnetoelastic effects

[1].



The LLG equation can be linearized and solved to find the dispersion relation, or the
Kittel equation, for the magnetic system [5]. When the applied quasi-static field is in the plane of

the film, the dispersion relation for a thin ferromagnetic (FM) film can be written as in Eq. (1.2):

f= y'\/Hres(Hres + ¢ Megy).
(1.2)

In Eq. (1.2), f is the frequency of preseccional motion of the magnetization, H,.; is the
resonance field, y' isy/2m, and M, is the effective magnetization. ¢ is a notation introduced
by Brown [6,7] to include different systems of units. In particular, ¢ = 1 for Sl units and ¢ = 4x
for the Gaussian or CGS units. f is in Hz (1/second or 1/s) in both unit systems, H,.. is in
Ampere/meter or A/m (Orsted or Oe) in SI (CGS) unit system. y' is in m/As (Hz/Oe), and
M,yf isin A/m (electromagnetic unit/centimiter® or emu/cm?) in SI (CGS).

If the quasi-static field is applied perpendicular to the film plane (out-of-plane
configuration), the dispersion relation is written as in Eq. (1.3).

f =V (Hres — §Megsp). (1.3)

M, is defined in Eq. (1.4).

2Ky,
EMeff - st - oMs (1-4)

In equations (1.4) K, is the perpendicular anisotropy constant, M is the saturation
magnetization of the ferromagnetic material, and ,uO:47z><10‘7 H (o = 1) is the vacuum

permeability in SI (CGS) units.
The effective magnetization is introduced in the dispersion relation due to the presence of
the demagnetizing field and the uniaxial perpendicular anisotropy field. From the magnetic

energy point of view, one can see that demagnetizing energy and uniaxial perpendicular



anisotropy energy have the same angular dependence. Therefore, separation between the two
terms is not possible even by performing angular dependent measurements. However, in certain
cases it is possible to separate the two terms because they have different thickness dependence as
discussed in detail in chapter three.

The form of the dispersion relation shown in equations (1.3) and (1.4) is the simplest
form for a thin film. For magnetic structures with magnetocrystalline anisotropy, exchange bias
effect [8,9], etc. the dispersion relation needs to include additional terms. In another common
approach, the dispersion relation for a desired system is derived by writing the energy functional
and minimizing it to find the equilibrium condition for the magnetization. In the next step, the
Smit-Beljers formula [10] is used to write the Kittel equation. However, in general it is not
possible to find the analytical solution to the energy minimization. A few assumptions are often
used to approximate the solution. The most common approximation is to assume that the
magnetization is always perfectly aligned with the applied quasi-static magnetic field. This
method is used in chapter two for a system with a strong exchange bias anisotropy and an
additional uniaxial anisotropy. In chapter two, the numerical solution is provided and compared

to the analytical solution with mentioned approximation.
I1.Experimental procedure

A. Ferromagnetic resonance technique
Experimentally, the magnetization dynamics of a system can be studied by utilizing
various techniques such as Brillouin Light Scattering (BLS) [11] and Ferromagnetic Resonance

(FMR) [12]. In this dissertation FMR is used as a powerful tool to investigate dynamic properties

of thin magnetic films. In a typical FMR experiment, a quasi-static magnetic field His applied to
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FIG 1.1. Schematics of the applied quasi-static field H, microwave field ﬁmw, and the

magnetization M fora ferromagnetic thin film in the xy plane. In general, the magnetization
vector is not aligned with the applied field. ¢, and 6, are the azimuthal angle of the
magnetization vector (measured from x axis) and the polar angle of the magnetization vector

(measured from z axis), respectively. ¢, and 8y represent the azimuthal and polar angle of H,
respectively.

the thin film. In addition, a small time-dependent microwave magnetic field ﬁmw (with

frequency f in the GHz range) is applied perpendicular to the quasi-static field (see Fig. 1.1).

The quasi-static field H is then swept through the resonance field H,., €.9. the applied
field at which the resonance condition is met, at a fixed microwave frequency f. In experiment
the derivative of the imaginary part of the susceptibility with respect to H is measured, as FMR
spectra, varying the applied field strength H at constant frequency. A least square fit method is
used to fit the FMR data to a first derivative of a Lorentzian line shape [13,14], as shown in Eqg.
(1.5):

o(Hres=H)., op—3p(Hres—H)®

Hyes—H

[3+(T)2]2

y = (1.5)

In this equation a is the absorption amplitude, and b is the dispersion term amplitude.
From this fit, one can obtain H,., and the peak-to-peak linewidth AH as shown in Fig. 1.2.
Performing FMR experiments over a broad frequency range and fitting the obtained f vs. H,

data to the dispersion relation (Kittel equation) allows one to obtain magnetic parameters such as



M.sf, v, anisotropy fields, etc. precisely [15]. Moreover, the AH vs. f analysis allows one to
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FIG 1.2. A typical raw FMR data at a fixed frequency. The black line shows the experimental
FMR data and the red line is the fit to Eq. (1.5).

the relaxation processes in magnetic structures. For systems for which Gilbert damping is the
main relaxation mechanism the FMR linewidth is strictly linearly dependent on the microwave

frequency and this allows us to obtain the Gilbert damping parameter using Eqg. (1.6) [16,17]:
2 a
AH = AHo + = f. (1.6)

In this equation « is the Gilbert damping parameter and AH,, represents the
inhomogeneous linewidth broadening that is caused by defects, imperfections, etc. and it is very
sensitive to the thermal history of the material [16]. It is worth mentioning that the frequency
dependence of AH is not always linear but can be more complicated when the relaxation
mechanism in the sample is not only Gilbert damping but includes other processes such as two-
magnon scattering (TMS). This is discussed more in detail in chapter two.

FMR results for this dissertation are performed using an in-house developed setup shown

in Fig. 1.3. A quasi-static magnetic field is provided by an electromagnet that can create



magnetic fields up to 1.8 T. The time dependent magnetic field is provided by a microwave
source with a frequency range of 2-70 GHz. Up to 20 dBm microwave power can be delivered to
the sample and the transmitted power is collected by a microwave diode. When the FMR
condition is met at a specific frequency, the drop in transmitted microwave power is measured as
FMR signal. A Lock-in technique [18] is used to measure the FMR signal with high sensitivity.
In this setup the absolute value of the amplitude and the phase can be measured simultaneously.
To use the lock-in technique, the signal is modulated with fields as high as 40 Oe using two coils
that are attached to the pole pieces. This setup is controlled by a computer and is fully
automated. Moreover, this system has the capability to perform precise angular dependent
measurements allowing to study in-plane anisotropy as well as to perform elevation angle

measurements.

FIG. 1.3. Broadband ferromagnetic resonance (FMR) setup. The setup is capable of performing
polar (8), and azimuthal (¢) angular dependent measurements.

B. Magnetron sputtering
Alternative current (AC) and radio frequency (RF) magnetron sputtering methods are
used to fabricate the samples for which the results are presented in chapter three. This technique

is widely used in industry and research centers due to the compatibility of the setup to deposit
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metallic as well as non-metallic thin films. Other than textured samples [19], post deposition
techniques, such as annealing, allows researchers to prepare single crystal thin films [20]. In this
technique, the target is hit by the ionized gas (argon) atoms. As a result, ions are sputtered from
the target and land on the substrate. To increase the sputtering efficiency in magnetron sputtering
a local magnetic field is used to define a spiral trajectory for ions.

The sputtering system, which is used to deposit samples for this research, is equipped
with four guns that can be connected to both AC and RF power supply. Twelve samples can be
deposited in one round, which is important to keep the deposition condition consistent for sample
series that are used in chapter three. These capabilities made it possible to deposit multilayers of
metallic and non-metallic materials without breaking the vacuum. The vacuum is monitored

during the pump down and baking, using a mass spectrometer. The pressure of the chamber can
reach down to 107" torr prior to baking, and a light bulb was used to bake the system for eight

hours to reach a base pressure of 10~ torr. The deposition rate is monitored using a quartz
crystal. In addition, calibration samples are made to find and optimize the deposition rate for
each target. Further optimizations are performed to assure depositing multilayers with very
smooth surfaces and interfaces.
C. X-Ray reflectivity experiment

X-Ray reflectivity (XRR) and X-Ray diffraction (XRD) experiments are performed for
thickness measurements as well as crystallography studies.

In the XRR experiment, the X-Rays are incident on the sample under a small angle ¢ and
the diffracted beam is measured by the detector after specular reflection. The angle o is varied to
obtain intensity (counts per second) vs. 8, shown in Fig. 1.4 ,and 6,,, angles that are 6 values at

which the intensity has a local maxima.
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FIG. 1.4. A typical XRR data. Intensity (counts) is plotted vs. angle 8 in range of 0.01 rad to
0.05 rad. Dashed lines correspond to local intensity maxima where 8 = 6,),.

The thickness of the thin films are calculated fitting 8,,, vs. N2using Eq. (1.7) as shown in

Fig. 1.5 [21]:
2
67 = (52) N?+62. (1.7)
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FIG. 1.5. Symbols represent 82 vs. N2. Red line is the linear fit to extract the thickness of the
sample.



In this equation, d is the film thickness, N is the number of the peak (N = 1 represent the
first peak, for the second peak N = 2, etc. ) and 6, is the critical angle. A is the wavelength of the

X-Ray source, which is 0.15406 nm for Cu-K; .

I11.Micromagnetic simulations

Micromagnetic simulations enable us to investigate the magnetization dynamics in
ferromagnetic thin films and multilayers on length scales larger than the atomic spacing. Using
this method, it is possible to study the magnetic energy landscape. This allows to obtain a
fundamental understanding of the interplay between various interactions and how these
interactions result in a specific measurable effect. The in-house developed MATLAB-based code
M3 [22] is used for all of the simulations that are presented in this dissertation. The magnetic
structure is comprised of right rectangular prisms of desired size. The code allows to use a
macrospin model as well as full micromagnetic simulations. It serves as a powerful tool to
investigate the accuracy of the macrospin model in describing the magnetic energy and magnetic
interactions within the system. For simulations that are presented in this dissertation, LLG
equation was solved considering the main interactions that are present in the particular system,
i.e. Zeeman, anisotropy, demagnetizing, and exchange interactions are included. For the
exchange anisotropy, the six-neighbor method is used with the Neuman boundary condition. The
periodic boundary condition can be applied to simulate an infinitely large thin film. Magnetic
parameters of individual cells can be set to study various interactions performing full
micromagnetic simulations. The time and spatial dependence of the magnetization is then studied
for a given system. In chapter four and appendix one, results of micromagnetic simulations for
two systems are discussed. In all of these simulations the length scale of the system is smaller

than that of magnetic domains.



IVV.Magnetic anisotropy and relaxation study

Various types of magnetic anisotropy are controlled and utilized in magnetic sensors [23]
as well as in devices to read and store data. The exchange bias effect [8,9] and interfacial
perpendicular anisotropy (PMA) [24,25] are frequently used in magnetic systems for a broad
range of applications. In this work, ferromagnetic resonance studies and micromagnetic
simulations are used to study the magnetic anisotropy and magnetic relaxation in multilayered
structures.

The exchange bias anisotropy can be present in an antiferromagnetic/ferromagnetic
(AF/FM) bilayer. In these systems the FM layer is pinned to the AF at the interface. As a result,
the magnetization dynamics and magnetic relaxation in the FM layer is affected by the FM-AF
coupling. In chapter two [26], exchange bias anisotropy and magnetic damping is discussed for a
system in which exchange bias and interfacial PMA coexist. Studying magnetic relaxation in a
system with exchange bias anisotropy using the broadband FMR technique confirms the
unidirectional nature of the magnetic damping [27,28], which is consistent with the previously
reported uniaxial relaxation mechanism [27]. The thickness dependence of the damping suggests
that Two-Magon Scattering (TMS) contributes significantly to the relaxation. However, our
precise angular dependent FMR measurements reveal that in addition to an inverse thickness-
square dependence of the magnetic damping there is another unidirectional relaxation
mechanism that scales with the inverse of the FM layer thickness. In addition to anisotropy and
relaxation analysis in exchange bias systems, fitting the angular dependence of the ferromagnetic
resonance field indicates a fairly large misalignment between the magnetization and the magnetic

field.
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Interfacial PMA is another form of anisotropy that is studied in this work. The increasing
need for PMA encourages, and urges, scientists to search for materials and structures in which
this form of anisotropy is enhanced. It is both intriguing and challenging to explore such systems
because of their applications in many spintronic devices such as Magnetic Tunnel Junctions
(MTJs). This is, in part, due to the fact that the origin of PMA is not well understood [29].
However, hybridization of atomic orbitals at the interface is known to play a significant role in
enhancing PMA. First principle calculations (see appendix two), and experimental methods are
two tools to achieve this goal. Theoretical investigations are needed to predict and optimize
PMA. Moreover, fabrication and characterization of thin films with a large PMA is possible
through many deposition methods such as sputtering, physical vapor deposition, chemical vapor
deposition, molecular beam epitaxy, etc. In chapter three [30], interfacial PMA is studied in
NiogFeo.2 thin films in proximity of Ru and SiO2 layers. FMR studies confirm the presence of
interfacial PMA that originate from Nio.sFeo2 /Ru and Nio.sFeo2 /SiOz interfaces.

However, magnetic anisotropy in multilayers with uniaxial PMA is not perfectly
homogeneous. Morphology at the interface or slight spatial variations in stoichiometry can lead
to spatial variations in the strength of interfacial PMA. The spatial variations lead to the presence
of a higher order anisotropy. This effect can be observed experimentally in systems with strong
uniaxial PMA [15]. Quasi-static methods such as torque magnetometry can give insights from
the magnetic energy point of view. In addition, this effect can be investigated through dynamic
methods such as FMR technique. However, inconsistencies between the static and dynamic
method results are expected due to the different nature of the two techniques. Higher order
anisotropy in systems with fluctuating uniaxial anisotropy is investigated in chapter four [31] by

micromagnetic simulations.
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Spatial fluctuations of the uniaxial PMA are simulated using a checkerboard pattern
which is comprised of regions A and B in which uniaxial PMA is K, and K, respectively. The
angular dependence of shape anisotropy, uniaxial PMA, Zeeman, and exchange anisotropy and
the total magnetic energy of these interactions are investigated to study the individual
contribution of each interaction to the overall higher order anisotropy. The dependence of these
contributions on the applied magnetic field and length scale of the fluctuations are also studied in
detail. In addition, dynamical response of the system approves the presence of higher order
anisotropy in this system.

In the next three chapters, exchange bias anisotropy, uniaxial PMA, and higher order
anisotropy in systems with inhomogeneous uniaxial PMA are discussed in detail. Relaxation
analyses in these systems are reported in detail. In chapter five, this research is summarized and

concluded, and suggestions for further studies are presented.
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2. BROADBAND FERROMAGNETIC RESONANCE CHARACTERIZATION OF
ANISOTROPIES AND RELAXATION IN EXCHANGE BIASED IrMn/CoFe BILAYERS

Jamileh Beik Mohammadi**2, Joshua Michael Jones?, Soumalya Paul*?, Behrouz Khodadadi'?,
Claudia K.A. Mewes'?, Tim Mewes!?, Christian Kaiser®
1: Center for Materials for Information Technology, University of Alabama, Tuscaloosa,
Alabama 35487
2: Department of Physics and Astronomy, University of Alabama, Tuscaloosa, Alabama
35487

3: Western Digital, Fremont, California, 94539

The magnetization dynamics of exchange-biased IrMn/CoFe bilayers have been
investigated using broadband and in-plane angle-dependent ferromagnetic resonance
spectroscopy. The interface energy of the exchange bias effect in these bilayers exceeds values
previously reported for metallic antiferromagnets. A strong perpendicular magnetic anisotropy
and a small in-plane uniaxial anisotropy are also observed in these films. The magnetization
relaxation of the bilayers has a strong unidirectional contribution, which is in part caused by two-
magnon scattering. However, a detailed analysis of in-plane angle— and thickness-dependent
linewidth data strongly suggests the presence of a previously undescribed unidirectional

relaxation mechanism.
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I.Introduction

Since the discovery of the exchange bias effect by Meiklejohn and Bean in 1956 [1,2],
this topic has remained a very active research area. This is due in part to the many practical
applications of this effect in data storage devices. In recent years, the exchange bias effect has
been of particular importance for pinning the reference layer in spin valve structures [3], which
are used, for example, in read heads and spin transfer torque magnetic random access memories
[4,5]. Another reason for the continued interest in this topic is the inherent complexity of the
competing interactions at the interface between a ferromagnet and an antiferromagnet [6], which
leads to very rich physics [7]. A particularly interesting feature, not only for future applications,
but also for obtaining new insights into the underlying physics, is the influence of the exchange
bias effect on the magnetization dynamics of the ferromagnet [8,9]. One of the most prominent
features of the exchange bias effect is that it leads to a preferred direction of the magnetization
(unidirectional anisotropy) of the bilayer system. This easy direction of the unidirectional
anisotropy is typically established during annealing and subsequent cooling in an applied
magnetic field. The unidirectional anisotropy manifests itself in a shift or “bias” of the
magnetization reversal curve on the magnetic field axis. However, magnetization reversal
measurements can be difficult to analyze quantitatively, in particular, due to the complex phase
diagrams [10,11] and the formation of complicated domain structures [12—15]. Here,
measurements of the magnetization dynamics, for example, using ferromagnetic resonance
[8,16-18] or Brillouin light scattering [17—19], offer the advantage that they can be carried out at
external magnetic fields sufficient to saturate the system. While most of the early work on
magnetization dynamics of exchange-biased systems focused on the determination of the

unidirectional anisotropy to provide input to model development, it was also noted early on that
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the exchange bias effect has a profound influence on the magnetization relaxation in these
systems [16,18]. Two-magnon scattering at the ferromagnet/antiferromagnet interface is one of
the major contributions to the relaxation in these systems [9,17,20]. However, it was only after
the development of broadband ferromagnetic resonance capabilities that a unidirectional
contribution to the relaxation in these systems was observed [21]. In the present paper, we utilize
broadband ferromagnetic resonance to investigate the magnetization dynamics in the IrMn/CoFe
exchange-biased system to precisely determine anisotropies. By investigating the CoFe thickness
and in-plane angle dependencies, we are able to show that this system has a strong interfacial
perpendicular anisotropy in addition to the very strong interfacial exchange coupling. We further
show that the magnetization relaxation in this system has a very strong unidirectional
contribution, which is in part caused by two-magnon scattering. However, we also present
evidence that the strong unidirectional relaxation in this system deviates from the expected
thickness dependence of a strictly interfacial two-magnon scattering contribution. Our analysis
therefore suggests the presence of a previously undescribed unidirectional relaxation mechanism
in this system. The chapter is organized as follows. In Sec. 2.1, we describe the experimental
procedures used to characterize the samples. In Sec. 2.111, we summarize the models commonly
used to describe ferromagnetic resonance in exchange-biased systems. Section 2.1V describes the
results regarding the magnetic anisotropies present in the IrMn/CoFe exchange biased system. In
Sec. 2.V, we describe in detail the results regarding the strong unidirectional magnetization

relaxation observed in this system. The paper concludes with a summary in Sec. 2.VI.

I1.Experimental procedures
The samples were prepared with an Anelva sputter deposition system onto SiO2

substrates with the following layer sequence: SiO2/Ta (2 nm)/Ru (3 nm)/ IrMn (6 nm)/CoFe

15



(t)/Ru (3 nm)/Ta (2 nm)/Ru (5 nm). CoFe layer thickness t ranged from 2 to 20 nm. In order to
set the exchange bias direction, the samples were annealed at 285°C for 5 hours in an applied
field of 5 T. The IrMn thickness of 6 nm is significantly larger than the critical thickness of this
antiferromagnet, thereby ensuring saturation of the exchange bias effect [22].

The quasistatic magnetic properties of the samples were determined using magneto-
optical Kerr effect(MOKE) measurements, whereas the dynamic properties were determined
using broadband ferromagnetic resonance spectroscopy (FMR)covering a frequency range from
2 to 64 GHz. In both cases, the samples were measured at room temperature. For broadband
FMR measurements, the external field was oriented parallel and antiparallel to the exchange bias
direction. In addition, we also carried out in-plane angle—dependent measurements at selected
frequencies to obtain additional information about the magnetic anisotropies and the relaxation
mechanisms of the samples. The raw spectroscopy data were analyzed by fitting a Lorentzian
peak profile including both dispersive and absorptive components in order to extract the

resonance field, H,.,, and the peak-to-peak linewidth, AH, at each frequency [23,24].

I11.Ferromagnetic resonance in exchange bias system
In FMR measurements the resonance condition can be derived using the Smit and Beljers

relation [25]:

(%)2 - M; s:n2 ] [ZZTZ:T: N (%)2] (2.1)

where w = 2xf is the angular frequency of the microwave field, M is the saturation

magnetization, y the gyromagnetic ratio, 6 the polar angle of the magnetization with respect to
the normal of the film, and ¢ the azimuthal angle of the magnetization, for which we choose the
exchange bias direction as a reference, i.e. ¢, = 0. The free energy F of the ferromagnet in the

exchange bias system includes Zeeman, demagnetizing, exchange bias, and uniaxial anisotropy
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terms. The last two contributions are characterized by the exchange bias field H,;, and the

uniaxial anisotropy field H,, = 2;“

N

FIG. 2.1. Sketch of the geometry, the exchange bias field ﬁeb serves as a reference direction. The
static external magnetic field His applied in the film plane at an angle ¢, with the microwave
field (}_{mw also applied in the film plane, but perpendicular to H. Also shown is the magnetization
M with equilibrium orientation (8,, ¢,) and the easy axis of the (in-plane) uniaxial anisotropy
field H,, which is shown at an angle ¢,, relative to the exchange bias direction.

Equation (2.1) is evaluated at the equilibrium (8,, ¢,) of the magnetization for which

oF oF
£90—0 ,andﬁ%—o (2.2)

In its most general form Eqg. (2.3) does not have an analytical solution, but can be readily solved
numerically. To obtain further insights, analytical solutions are frequently obtained by assuming
that the equilibrium direction of the magnetization coincides with the direction (6y, ¢y) of the
external magnetic field, i.e.
0o = Oy ,and ¢o = ¢y (2.3)
However, it is important to point out that while this assumption may be valid along high
symmetry directions it is generally not a good approximation even for large external fields when
the external magnetic field is applied at an arbitrary angle (see the discussion in section B.1). If
one further assumes that the external magnetic field is applied in the plane of the film (6, =
90°) and that the easy axis of the uniaxial anisotropy coincides with the easy direction of the
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exchange bias effect (¢, = ¢, = 0) one has for the dispersion relation (cp. for example

reference [26]):
(%)2 = [4nM,f; + Hy cos*(¢y) + Hyes + Hep cos(py)] - [Hy, cos(2py) + Hyes +
Heb COS(¢H)] (2.4)

In which 4mM,ff is the effective magnetization (the sum of demagnetizing field and the

perpendicular interfacial anisotropy field), H,.s is the resonance field, and ¢ is the azimuthal
angle of the applied static magnetic field with respect to the exchange bias direction.
When the external magnetic field is applied parallel (¢ = 0°) and antiparallel (¢ = 180°) to

the exchange bias direction Eq. (2.4) results in:

f= %T\/[AL”Meff +H, + Hyes + Heb] [Hy + Hyes £ Hepl (2.5)

where the positive (negative) sign corresponds to the parallel (antiparallel) orientation. For these
two configurations the external magnetic field is applied along high symmetry directions of the
system and thus for sufficiently large fields the magnetization will be aligned with the field
direction. Therefore, this equation can be used to fit broadband FMR data to extract the exchange
bias field, the uniaxial anisotropy field, the effective magnetization and the gyromagnetic ratio.
Similarly, one can obtain an approximation for the in-plane angular dependence, which
for exchange biased systems with a uniaxial anisotropy in the in-plane configuration is
commonly given as [8,27]:
Hyes = Hy + Hep cos(¢y) + Hy'cos(2¢y) (2.6)
where H, is the resonance field for the measurement microwave frequency in the absence of a
unidirectional and uniaxial anisotropy. The use of an analytic function to describe the angular

dependence of the resonance field can simplify the data analysis significantly. However, as will

18



be shown below, this approximation can cause systematic variations of the residuals of the fit to
experimental in-plane rotation data. In particular we will show that the underlying
approximations that were used to derive Eq. (2.6) will lead to the appearance of an unphysical
three-fold symmetry in the residuals of the fit to H,..;Vs. ¢ data. We further would like to point
out that the parameter H,," used in Eq. (2.6) to describe the uniaxial component of the resonance
field should not be confused with the uniaxial anisotropy field H,, [28,29].

IVV.Magnetic anisotropies

A Broadband FMR characterization

For the exchange biased thin films, broadband FMR measurements were performed with the
static external magnetic field applied parallel and antiparallel to the exchange bias direction. As
shown in Fig. 2.2 for a 6 nm CoFe layer the field dependence of the resonance frequency is well
described by Eq. (2.5). In this figure we have fitted both data sets simultaneously to obtain a

consistent set of fitting parameters that minimize the sum of the squared residuals.
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FIG. 2.2. Microwave frequency f versus resonance field H,.¢ (Kittel plot) for a 6 nm CoFe
exchange biased layer. Black (red) symbols show broadband FMR data with the external
magnetic field applied parallel (antiparallel) to the exchange bias direction. The corresponding
solid lines are the result of a simulataneous fit to the Kittel Eq. (2.6) for both orientations.
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By using this approach broadband ferromagnetic resonance data can provide precise
values for the effective magnetization, M, (¢, and the gyromagnetic ratio, y [30]. As shown in
Fig. 2.3 the effective magnetization for the samples in this series shows an inverse CoFe
thickness dependence with a negative slope, indicative of an interfacial perpendicular anisotropy.
Assuming that there is no bulk perpendicular anisotropy present in CoFe one can determine the
saturation magnetization from this graph as Mg = 1625 + 25 [emu/cm?], this value is
consistent with results obtained using vibrating sample magnetometry. The slope is proportional
to the interfacial perpendicular anisotropy, which in this sample series is K; = 1.94 +
0.14 [erg/cm?]. This interfacial perpendicular anisotropy is comparable to those reported for
CoFeB/MgO systems [31,32], for the samples investigated in this work we cannot distinguish
between the perpendicular anisotropy contribution from the IrMn interface and the Ru interface.
However, given the large interfacial anisotropy present in the films it is likely that both interfaces

contribute significantly.
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FIG. 2.3. Effective magnetization M., determined using broadband ferromagnetic resonance

data, as a function of the inverse CoFe film thickness t.,r.. The red line is a linear fit of the
experimental data.
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It is worth noting that carrying out broadband ferromagnetic resonance measurements only
for two in-plane orientations will limit the accuracy of extracting anisotropy field values. In
particular,
any misalignment of the exchange bias field direction of the sample relative to the applied field
during measurement will result in inaccurate values for the exchange bias field H,;, and the
uniaxial anisotropy field H,,. Furthermore, even if the external magnetic field is perfectly aligned
with the exchange bias field direction but the easy axis of the uniaxial anisotropy does not
coincide with the exchange bias direction, i.e. ¢, # 0, the uniaxial anisotropy field will be
systematically underestimated, as one is only sensitive to the component along the exchange bias
field direction. We also find that the fitting parameters are highly correlated and thus the fit is not
very sensitive to the value of the uniaxial anisotropy. With these limitations in mind, it is clear
that a more exhaustive method is needed to extract precise values of the involved anisotropies.
Ferromagnetic resonance measurements as a function of the in-plane angle of the applied
magnetic field not only provide a way to extract the magnitude of the anisotropies, but also
enable us to test the underlying assumption of our analysis, that the easy axis of the uniaxial
anisotropy is aligned along the exchange bias direction.

B. In-plane angle dependent characterization
B.1  Ferromagnetic resonance
We have carried out ferromagnetic resonance measurements as a function of the in-plane angle
of the applied field ¢ with respect to the exchange bias direction. As an example in Fig. 2.4 (a)
the in-plane dependence of the resonance field measured at a microwave frequency of 20 GHz
for a sample with a CoFe thickness of 6 nm is shown. In this figure a fit of the experimental data

using the analytic model of Eq. (2.6) is shown as a green line. The full model based on Eqg. (2.1),
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and minimizing the free energy to obtain the equilibrium orientation of the magnetization, is
shown as a red line. At first glance, both fits appear to reasonably describe the experimental data,
as on the scale of Fig. 2.4(a) both models are difficult to distinguish. However, closer inspection
of the residuals for both fits, as shown in Fig. 2.4(b), reveals that the use of Eq. (2.6) leads to
systematic deviations that show a threefold symmetry. While there have been prior reports of a
threefold anisotropy contribution in exchange bias systems [33], for the systems investigated in
the current study, the threefold symmetry of the residuals is a result of the assumptions made to
arrive at Eq.(2.6),in particular, the assumption that the magnetization is aligned with the
direction of the applied field. In Fig. 2.4(c), the difference between the magnetization angle ¢,
and the applied field angle ¢, calculated using the full model, is shown, revealing
misalignments as large as 15 degrees. As can be seen in Fig. 2.4(b), using the full model results
in residuals that do not show any clear angular dependence.

In order to verify that the threefold symmetry in the residuals is solely an artifact of the
analytical model we have simulated the in-plane angular dependence of the resonance field using
the full model and subsequently trying to fit this data using Eq. (2.6). These simulations also
reveal that it is the presence of both the exchange bias field and the uniaxial anisotropy that lead
to this apparent threefold symmetry. In the limiting case with no exchange bias field the residuals
show a fourfold symmetry. We would also like to point out that while the uniaxial contribution
to the resonance field H,," in Eq. (2.6) is close to the value of the uniaxial anisotropy field H,, the
two values are not identical. A more accurate determination of the latter value, for a system
without exchange bias field, can be obtained by measuring the resonance field along the easy and
hard direction and using Eq. (2.6) in reference [29]. In the limiting case with no uniaxial

anisotropy but with an exchange bias field one can use Eqg. (2.6) to fit the full model data with
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reasonable accuracy, in this case the residuals again show a fourfold symmetry. A simulation and
fit using Eq. (2.6) for the case of primary interest, where both an exchange bias field and a
uniaxial anisotropy are present in the sample, is shown in Fig. 2.5. Here the exchange bias field

was chosen
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FIG. 2.4. Dependence on the in-plane angle of the applied field ¢, of (a) the resonance field
H,., of a6 nm CoFe exchange biased layer. The figure includes the experimental data (blue
symbols), a fit using the analytic model (green line) and a fit using the full model (red line), (b)
the residuals of the fit using the analytical model (green line & symbols) and the full model (red
line & symbols) and (c) the misalignment of the in-plane angle of the magnetization ¢, from the
direction of the applied field ¢, calculated using the full model.

to be H,, = 500 [Oe] and the uniaxial anisotropy field was set to H,, = 200 [Oe]. By using
arelatively large uniaxial anisotropy field the limitations of the simplified model become more
obvious. This can be seen by comparing Fig. 2.5 (a) with Fig. 2.4 (a). Due to the strong uniaxial
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anisotropy in Fig. 2.5 (a) a clear minimum exists for the resonance around ¢, = 180° for the
full model whereas for a smaller uniaxial anisotropy the deviations of the resonance field from a
simple cos(¢y) dependence are more subtle, see Fig. 2.4 (a). As pointed out earlier the
simplified model does not take into account the deviation of the equilibrium direction of the
magnetization ¢, from the direction of the applied field ¢4, which is shown in Fig. 2.5(c) and

can reach 15 degrees,
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FIG. 2.5. Dependence on the in-plane angle of the applied field ¢, of (a) the resonance field
H,.s. The red line is the result of the full model for H,;, = 500 [Oe] and H,, = 200 [Oe], the
green line is a fit of this data using Eqg. (2.6), (b) the residuals of the fit and (c) the misalignment
of the equilibrium direction of the magnetization ¢, from the direction of the applied field ¢ .

similar to the experimental case depicted in Fig. 2.4. A fit of the analytical model of Eq. (2.6) to

the simulated data of the full model can therefore not capture the observed angular dependence.
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Because the fit attempts to minimize the sum of squares of the deviations this leads to an
underestimation of the resonance field parallel to the exchange bias direction and an
overestimation of the resonance field antiparallel to the exchange bias direction. As can be seen
in Fig 2.5 (a) and 2.5 (b) over a full 360-degree rotation there will be six points for which the fit
and the full simulation intersect (dashed lines), which explains that to first order the symmetry of
the residual is threefold. However, as the full model did not contain a threefold contribution to
the free energy this apparent threefold symmetry is an artifact of the assumptions made to derive
Eqg. (2.6), most notably the assumption that the magnetization is aligned with the external
magnetic field. Thus while at first glance it may be tempting to add a threefold term to Eq. (2.6)
similar to a Fourier series, our analysis shows that there is no physical significance to such a term
and one should instead use the full model to arrive at meaningful parameters.

By fitting the full model to the in-plane angle dependence of the resonance field for all
samples, we were able to extract the exchange bias field H,;, (see Fig 2.7) and the uniaxial
anisotropy field H,,. Furthermore, the angle ¢, of the easy axis of the uniaxial anisotropy was
treated as a free fitting parameter. However, within the error margins the easy axis of the uniaxial
anisotropy is indeed parallel to the easy direction of the unidirectional anisotropy, which justifies

our analysis of the broadband FMR data for which this was the assumption.

B2. Quasistatic magnetometry
We have also carried out in-plane angle dependent magnetization reversal measurements using
the magneto-optical Kerr effect (MOKE) in longitudinal geometry. Measurements were carried
out over a full 360-degree rotation and the linear and quadratic Kerr-effect contributions were
separated using a procedure described in detail in reference [34]. The linear Kerr-effect signal

was subsequently analyzed to determine the two coercive fields for the increasing and decreasing
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field branch of the magnetization reversal. From this the shift of the reversal curves was
determined as a function of the in-plane angle ¢ of the applied field. As can be seen in Fig 2.6
for a 6 nm thick CoFe film the angular dependence of the shift of the magnetization reversal
curves is well described by a cosine dependence, i.e. H,,cos(¢y), which is consistent with the
unidirectional anisotropy in the films due to the exchange bias effect. While additional in-plane
anisotropies in exchange bias films can lead to complex phase diagrams [10,11,34] and thereby
to deviations from such a simple behavior, we find for the samples of this study that the
additional in-plane uniaxial anisotropy is too small to have a significant influence on the angular
dependence of the shift of the hysteresis curves. This is consistent with the results from the in-
plane angle dependent ferromagnetic resonance measurements that also indicated that the

uniaxial anisotropy field is small compared to the exchange bias field for all samples of this

series.
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FIG. 2.6. Field shift Hgy; ¢, Of the magnetization reversal curves as a function of the in-plane

angle ¢y of the applied field. Experimental data determined using the magneto-optic Kerr effect
is shown as blue symbols, whereas the red line is a fit using Hgp; ¢ (¢py) = Hepcos(Pp).

In summary the exchange bias field that is extracted from the magnetization reversal
curves agrees well with the value determined from ferromagnetic resonance data, see Fig. 2.7.

Due to the interfacial nature of the exchange bias effect the exchange bias field is expected to
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scale with the inverse of the thickness of the ferromagnetic layer [7,18,35], which is confirmed in
Fig. 2.7. From the slope of this figure and the saturation magnetization determined earlier, one
can determine the interface energy per unit area [7,36,37], also called interfacial exchange
coupling, A = My * teore - Hep, Which enables a comparison with other exchange bias systems.
For the interfacial exchange coupling we obtain a value of Ac = 0.53 + 0.02 [erg/cm?], which
exceeds the values for all metallic antiferromagnets listed in Table 3 of reference [7] and is
almost five times as big as the value reported in reference [38] for perpendicular CoFe/lIrMn
bilayers, which confirms the strong interfacial exchange coupling in our film series.
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FIG. 2.7. Exchange bias field H,,;, as a function of the inverse of the CoFe thickness t;,pe as
determined from ferromagnetic resonance data (black solid symbols) and MOKE data (blue open
symbols). The red line shows a linear fit of the data. The inset shows the in-plane uniaxial
anisotropy field as determined from ferromagnetic resonance data as a function of the CoFe
thickness.

V.Magnetization relaxation
The linewidth of the ferromagnetic resonance contains information about the
magnetization relaxation and inhomogeneities in the samples. Using Suhl’s approach [39] one
can obtain an approximate expression for the peak-to-peak linewidth contribution due to Gilbert-

type damping [25,40-42]:

_ ~ 2 Peff @
AHGllbeTt ~ V3 Y cos(¢po—PH) (27)
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where a, is the effective Gilbert-type damping parameter and ¢, — ¢ is the misalignment
between the magnetization and the external magnetic field. Under the assumption that the
magnetization is perfectly aligned with the magnetic field and by including a zero frequency
offset AH,, that takes into account sample inhomogeneities one has for the peak-to-peak

linewidth [40,41,43] :

_ 2 Qefr
AH = Ao + =~ w (2.8)

However, in thin films two-magnon scattering can contribute significantly to the
ferromagnetic resonance linewidth measured with the magnetic field applied in the film plane.
While the calculation of the two-magnon contribution AH,_,,,, to the linewidth requires a
quantitative model of the interfacial roughness, which is difficult to determine experimentally,
under the assumptions for the roughness made by Arias and Mills one can obtain the following

expression [44-46]:

AH,_pngg = T'(w) arcsin

(2.9)
with wo = y4mM, s, and I'(w) is the strength of the two-magnon scattering, which depends on
the details of the interfacial roughness. If the two-magnon is strictly interfacial the scattering
strength should scale like the inverse ferromagnetic film thickness squared [9,17]. Furthermore,
the scattering strength depends only weakly on the microwave frequency [44].

Thus one expects the ferromagnetic linewidth to be the sum of the contributions due to
sample inhomogeneities, Gilbert-type damping and two-magnon scattering:

AH = AHO + AHGilbert + AHz_mag (210)
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In Fig. 2.8(a) the ferromagnetic resonance linewidth for a 4 nm thick exchange biased CoFe film
is shown. For the measurements that were carried out with the external magnetic field applied
antiparallel to the exchange bias direction (red symbols) the frequency dependence of the
linewidth is clearly nonlinear. The experimental data in this case can be fitted using the model
for two-magnon scattering described by Eq. (2.9) with a frequency independent scattering
strength (dashed red line in Fig. 2.8(a)). However, we note that the nonlinearity of the two-
magnon scattering is weak and according to Eq. (2.9) for w « w, the two-magnon contribution

is to a good approximation linear in frequency.
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FIG. 2.8. Ferromagnetic resonance linewidth AH as a function of the microwave frequency f for
a CoFe sample with a thickness of (a) tcope = 4 [nm] and (b) tcope = 6 [nm]. The black (red)
symbols represent broadband FMR data measured with the field parallel (antiparallel) to the
exchange bias direction. The solid lines show a fit of the data assuming Gilbert-type damping,
Eq. (2.8), and the dashed line in (a) shows a fit of the data assuming two-magnon scattering as
described by Eqg. (2.9).
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This property of the two-magnon scattering prevents fitting of the experimental data including all
three contributions of the linewidth, as the fitting parameters in this case are highly correlated
and not unique. Because the two-magnon scattering scales with t; 2, its relative contribution to
the overall ferromagnetic resonance linewidth decreases quickly with increasing film thickness,
as can be seen in Fig. 2.8(b). In this figure the ferromagnetic resonance linewidth for a 6 nm
thick exchange biased CoFe film is shown as a function of the microwave frequency. In this case
the nonlinearity of the frequency dependence of the linewidth caused by the two-magnon
scattering, while still noticeable, is not very pronounced. Because of the difficulties to separate
the Gilbert-type damping contribution and the two-magnon scattering contribution to the
linewidth we therefore analyze the data by neglecting the nonlinearity of the two-magnon
contribution to the linewidth and instead fitting the data using only the zero frequency offset AH,
due to inhomogeneities and an effective Gilbert-type damping a. ¢, which in this approach also

includes the two-magnon contribution.
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FIG. 2.9. Effective Gilbert-type damping parameter a.¢ as a function of the square of the inverse
CoFe thickness tcope. The black (red) symbols represent damping parameters determined from
broadband FMR data measured with the field parallel (antiparallel) to the exchange bias
direction. The solid lines show linear fits of the data.

Accordingly, as shown in Fig. 2.9, the effective damping parameter scales approximately
with the inverse ferromagnetic film thickness squared, indicating that two-magnon scattering is
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the dominant relaxation mechanism for the thinnest films of the series. This figure also shows
clearly that the relaxation in these exchange biased films is anisotropic and in particular is
significantly larger when the magnetic field is applied antiparallel to the exchange bias direction
compared to the parallel case. This suggests that the relaxation is unidirectional in nature as had
been reported previously for NiFe/FeMn exchange bias structures [21].

To further investigate the unidirectional nature of the relaxation we have carried out in-
plane angle dependent measurements of the ferromagnetic resonance linewidth at a fixed
frequency, as shown in Fig. 2.10. Because the scattering strength of two-magnon scattering in
thin films is determined by the perturbations at the interface it will reflect the in-plane angular
dependence of these perturbations [42,44,47-51]. In the case of exchange bias systems one
therefore expects the linewidth to show a unidirectional anisotropy as a function of the

magnetization direction ¢y, i.e.:

AH
2

AH(¢y) = AH iy + —22 (1 — cos ¢g) (2.11)
Here AH,,;,, represents the minimal linewidth, measured parallel to the exchange bias direction.
This term includes the Gilbert-type damping and isotropic contributions to the linewidth at the
measurement frequency. The magnitude of the unidirectional contribution to the linewidth is
characterized by the parameter AH,;,. Through the magnetization direction ¢, the linewidth
depends on the direction of the external magnetic field ¢, which is varied in the experiment. If
one assumes that the magnetization is aligned with the external magnetic field Eq. (2.11) results
in a simple cosine dependence of the linewidth with respect to the applied field direction.
However, as discussed earlier, for the samples of the current study this assumption is not a good

approximation, given the large misalignments we observe (compare Fig. 2.4 (c)).

Correspondingly an attempt to fit the experimental data with a simple cosine dependence results
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in a systematic two-fold symmetry of the residuals (Fig. 2.10 (b)), which could lead to the
erroneous introduction of an additional relaxation mechanism with this symmetry. In contrast
using the full model discussed earlier, which minimized the free energy of the system to obtain
the magnetization direction, results in an excellent description of the experimental data using

only two fitting parameters.
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FIG. 2.10. (a) Peak-to-peak ferromagnetic resonance linewidth AH as a function of the in-plane
angle ¢y of the applied field measured for a 6 nm thick exchange biased CoFe film at a
microwave frequency of f = 20 [GHz]. Experimental data is shown as blue symbols, the red and
green lines represent fits using a unidirectional relaxation described by Eq. (2.11) using the full
model and assuming ¢, = ¢y respectively. (b) Residuals of the two different fits.

In Fig. 2.11 a) the magnitude of the unidirectional contribution to the linewidth AH,,,
determined for all samples by fitting the experimental data using Eq. (2.11) is shown as a
function of the inverse square of the CoFe thickness t.,r.. If the unidirectional linewidth

contribution was solely caused by a strictly interfacial two-magnon scattering one would expect
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it to be proportional to 1/t2,z,. This is because in this case the two-magnon scattering scales
with the square of the scattering potential, which is proportional to the inverse of the
ferromagnetic film thickness [9,17,18,21]. However, the blue fit curve in Fig. 2.11 (a), which
uses this relationship, results in a poor description of the data. In Fig. 2.11 (b) we have therefore
included an additional unidirectional contribution to the linewidth that scales with the inverse
film thickness to fit the data. As can be seen in the figure this results in a better description of the
data. The fit also indicates that for films thinner than approximately 5 nm the two magnon
contribution is stronger than the contribution that scales with the inverse CoFe film thickness,
whereas for thicker films the situation is reversed. Besides its scaling with the inverse square of
the CoFe film thickness, the two-magnon scattering contribution is also expected to lead to a
non-linear frequency dependence of the linewidth which as previously discussed was observed to
be significantly stronger for thinner films (Fig. 2.8). We therefore conclude that the samples
investigated in this study show strong evidence for the presence of a unidirectional contribution
to the relaxation in exchange biased films that is not caused by strictly interfacial two-magnon
scattering.

While the possibility of unidirectional relaxation mechanisms involving conduction electrons at
the interface with the antiferromagnet has been discussed in reference [21], more theoretical

work is needed to obtain a quantitative description.

VI.Summary
We have carried out broadband ferromagnetic resonance characterization of a series of
IrMn/CoFe exchange biased bilayers. In addition to a strong exchange bias effect our results
show a significant reduction of the effective magnetization of the CoFe films with decreasing

film thickness, caused by the presence of a strong interfacial perpendicular anisotropy. For in-
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plane angle dependent ferromagnetic resonance measurements we have shown that an analytical
model that is commonly used to describe this kind of data has limitations regarding the
extraction of anisotropies and introduces artifacts that could be misinterpreted as an additional

threefold anisotropy. However, using the full model, which properly minimizes the free energy
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FIG. 2.11. Unidirectional linewidth contribution AH,;, determined from in-plane angle dependent
FMR measurements. In (a) this contribution is plotted as a function of 1/t2 g, the blue line is a
linear fit of the data with a vanishing unidirectional linewidth contribution for the bulk. In part
(b) the same data is shown as a function of the inverse CoFe thickness tcyge. The red line is a fit
including a contribution linear (dashed green line) and quadratic (dashed blue line) in the inverse
film thickness. The red shaded area indicates the 95% confidence bands of the fit.

of the system, enables a precise determination of the exchange bias field and a small in-plane
uniaxial anisotropy that is also present in these bilayers. The results of our ferromagnetic

resonance characterization are in good agreement with results obtained using quasistatic
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magnetization reversal curves. The interface energy of the exchange bias effect in our sample
series exceeds values previously reported for metallic antiferromagnets.

Our frequency and in-plane angle dependent measurements of the ferromagnetic
resonance linewidth indicate a strong unidirectional contribution to the relaxation in the films.
Part of this unidirectional relaxation can be attributed to two-magnon scattering at the CoFe
interface to the antiferromagnet. However, the thickness dependence of the unidirectional
linewidth contribution extracted from in-plane angle dependent measurements strongly suggests
the presence of an additional unidirectional relaxation mechanism, i.e. a unidirectional relaxation
not caused by strictly interfacial two-magnon scattering.
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We report on a strong perpendicular magnetic anisotropy in Nio.gFeo.2 thin films that
originates from the interfaces with adjacent Ru and SiO layers. Moreover, magnetic relaxation
analyses confirm that the Gilbert damping in these films are comparatively smaller than the

SiO2/NiggFeo2/Ru films and Ru/ NiggFeo2/Ru films.

I.Introduction
Investigating perpendicular anisotropy in different structures and materials is of
significant importance as it is a key parameter in many applications such as magnetic tunnel

junctions (MTJs), spin transfer torque magnetic random access memory (STT-MRAM), and read
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heads for magnetic recording [1]. Proximity effects from capping or buffer layers can
create a strong perpendicular anisotropy in the adjacent ferromagnetic layer [2]. This interfacial
anisotropy has been a point of interest for many researchers [1,3-5]. One reason for this is that
the origin of the interfacial perpendicular anisotropy remains ambiguous [1] and can be affected
by electronic effects, morphology, or the strain effects at the interface. However, it is known that
the hybridization of atomic orbitals plays an important role in creating a strong interfacial
perpendicular anisotropy [6]. Normal metals such as Ru [7] are known for creating perpendicular
anisotropy in the adjacent ferromagnetic layers [1]. Some oxides such as Al>O3[8] and MgO are
also known to create perpendicular anisotropy in thin ferromagnetic layers like CoFeB [1,9-11],
CoFeAl [12], Cobalt [5,13], Fe [14], and NiosFeo2 [15,16] to our knowledge the effect of SiO, on
creating interfacial anisotropy in adjacent ferromagnetic layer such as Nio.gFeo.2 has not been
reported.
Here we have deposited three different sets of samples and have studied the interfacial
perpendicular anisotropy in Nio.gFeo2/Ru and Nio.gFeo 2/SiO> interfaces using broadband
ferromagnetic resonance (FMR) measurements.

I1.Experimental procedure

In order to examine the effect of SiO. and Ru on the interfacial perpendicular anisotropy
and the magnetization dynamics of Nio.sFeo.2 thin films, we have deposited three sets of samples
using DC and RF magnetron sputtering at room temperature. The substrates are Si <100> wafers
with a thin layer of native oxide on them (ts;o, & 20 nm). The base pressure before deposition
was 2 X 10~8Torr . Argon pressure during deposition is maintained at 4 mTorr using a closed-
loop feedback system with an adjustable conductance valve and constant argon flow of 20 sccm.

The same deposition conditions were maintained for the fabrication of
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Si/SiO2/Nig.gFeo2(x)/Ru(4nm), Si/SiO2/NiogFeo 2(x)/SiO2, and
Si/Si02/Ru(4nm)/Nio.gFeo.2(X)/Ru(4nm). The thickness of the Nio.gFeo2 layer, X, was varied
between 2nm and 12nm by changing the deposition time. X-Ray reflectivity measurements were
used to calibrate the deposition rate of the NiosFeo.» layer which was 0.7 A/s.

I11.Results and discussion

Ferromagnetic resonance (FMR) is a powerful tool to investigate the interfacial anisotropy in
thin ferromagnetic films. In this work, broadband FMR is utilized to study magnetic properties of
samples described in section 1l a frequency ranges of 4GHz-60GHz. By fitting the raw FMR data
to the derivative of a Lorentzian, the precise value of the resonance field (H,..s ) and linewidth
(AH) is determined at each frequency. The field dependence of the resonance frequency is then

fitted to the Kittel equation (Equation (3.1)):

f= V’\/Hres(Hres + 47T1V[eff) (3.1)

H,.. [KA/m]
0O 200 400 600 800 1000 1200

R

55

50
45
40
—35 -

N

T 301
— 251
20
151
10 -
5

FIG. 3.1. Kittel plot for Si/SiO2/Nio.sFeo.2/SiO2 samples. Different colors represent different

Nio.gFeo.2 layer thicknesses.
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For each sample, the effective magnetization (M, sf) and the gyromagnetic ratio (y') is

determined from the fit.

u

The effective magnetization 4wM,;r = 4mMs — 21;(

N

includes both shape anisotropy and

the perpendicular anisotropy. K,, > 0 indicates that axis of this anisotropy contribution is normal
to the film plane. In the general case that the perpendicular anisotropy K,, has both a volume

contribution K, and an interfacial contribution K; ;¢4 it can be written as [17]:

Ki, ota

tNiFe
3.2)
If both of the interfaces contribute to the interfacial anisotropy K; ¢,:q; Would be sum of
the bottom interface contribution, K; potrom/nire, @nd top interface contribution, K; yire /top
contribution.

One can re-write Eq. (3.2) as:

47TMeff = (47'[MS — ﬂ) _ 2Kitotal (33)

Mg MstniFe

Therefore, by fitting a straight line to 4wM, ¢ vs. 1/ty;r. the value 4TM; — ZMﬁ can be
N

extracted from the intercept and the effective interfacial anisotropy constant K; ;,¢4; can be
extracted from the slope. 4mM,sf Vvs. 1/ty;r, data is shown in Fig. 3.2. The linearity of the data
indicate that an interfacial perpendicular anisotropy is present in all of the samples. Assuming no
bulk contribution to the perpendicular anisotropy (K,, = 0) for NiogFeo2 [18], one can determine
the saturation magnetization for NiosFeo to be My = 78642 emu/cm? . This value is consistent
with the previously reported values that are within the range of 740 — 780 emu/cm?3 [16] for

films with the same nominal stoichiometry.
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However, more importantly, the data in Fig. 3.2 indicates that there is a strong interfacial
perpendicular anisotropy in all samples. K; ;o¢q; Value is then 0.25 + 0.01 erg/cm?, 0.54 +

0.01 erg/cmz, and 0.75 + 0.01 erg/cmz for Si/SiO2/Ru/NiggFeo.2/Ru, Si/SiO2/Nig.sFeo2/Ru,

800 T T T T
1 = Ru/Ni Fe  /Ru

= SiO,/Ni,Fe, /Ru
= SiO/Ni Fe,,/SiO, ]|

2 08 0.2

T T -

0 T ¥ T T e T T e
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NiFe

FIG. 3.2: Mfs Vs. 1/ty;re Tor Si/SiO2/NiosFeo2/SiOz (blue symbols), Si/SiO2/NiosFeo2 /Ru (red
symbols), and Si/SiO2/Ru/ NigsFeo.2 /Ru (green symbols). The lines are the fit to each data set.

and Si/SiO2/NiogFeo2/SiOo, respectively. Since K; rota1 = Kipottom/nire T Kinire/top @Nd
assuming that K; ry,/nire = Kinire/ru = Kinire—ru » @A K si0, /nire = KiniFe/sio, =
K; nire-sio, »ONne obtains for the samples with the same top and bottom layers K; yire—gy =
0.13 £ 0.01 erg/cm? and K; yire-sio, = 0.37 + 0.01 erg/cm?. This results suggest a strong
perpendicular interfacial anisotropy of the SiO>-NiogFeo.2 interface. The results of the
SiO2/Nio.gFeo2/Ru samples are consistent with these interfacial anisotropy contributions, the
experimental value of K; ;,:4;=0.54 £0.01 erg/cm? with what one expects based on the results
of the samples with the same top and bottom layers agree within the error margins.

In addition to the high interfacial anisotropy that originates from the SiO2/NiogFeo.2
interface, using SiO> has an advantage over normal metals. Because of the short spin diffusion

length in normal metals such as Ru the intrinsic damping parameter (effective Gilbert damping)
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is enhanced as a result of angular momentum loss through spin pumping phenomena to the
normal metal layer [19]. This is extremely important since fast dynamic response is essential in
perpendicular media where lower damping material is advantageous [20]. Our results confirm

that the effective Gilbert damping, a., is enhanced for samples in which Nio.gFeo. has Ru

buffer layers or Ru capping layers. a.¢s vs. 1/ty;r. data is presented in Fig. 3.3.
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FIG. 3.3. Effective Gilbert damping vs. 1/ty;z.for Si/SiO2/ NiogFeo2 /SiO2(blue symbols),
Si/SiO2/ NigsFeo2 /Ru (red symbols), and Si/SiO2/Ru/ NigsFeo2 /Ru (green symbols).

From Fig. 3.3 one can extract the damping parameter for bulk Nio.gFeo> from the
intercept of effective Gilbert damping parameter vs. 1/tyir. [19]. This value is calculated as
0.006 which is very close to the previously reported values for single crystal NiogFeo2 [21]. To
compare the spin-dependent transmission probabilities at interface, one can calculate the spin-

mixing conductance using Eq. (3.4) [19]:

2MgtniFe
Irerr = (@ —ap) # (3.4)

In which «, is the intrinsic damping of the ferromagnet, # is Planck’s reduced constant
and y' is the effective gyromagnetic ratio. gy es¢is 2.57 X 103 cm™2, 1.97 x 103 cm~2 for

Si/SiO2/Ru/ Nio.sFeo.2 /Ru and Si/SiO2/ Nio.sFeo.2 /Ru respectively. Assuming the same
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mechanism in Si/SiO2/ Nio.sFeo2 /SiO2 samples one would get 1.56 x 103 cm™2. However, Eq.
(3.4) is based on spin-injection into the adjacent layer and thus should not take place in the case
where the adjacent layer is insulating. However, the 1/ty;r. dependence of the effective Gilbert
damping parameter clearly indicates an interfacial nature of the physical origin of the
enhancement of the Gilbert damping parameter at the SiO2/ NiogFeo.» interface.

Elevation angle dependent FMR measurements performed at a microwave frequency of
20GHz also reveal that the linewidth value is slightly higher when the applied magnetic field is
perpendicular to the plane of the sample. Looking at the data presented in Fig. 3.4, one can see
that the difference in the FMR linewidth for the in-plane and out-of-plane configurations is
minimal when Ru is used as both underlayer and overlayer. Our data also suggests that the
maximum difference for in-plane and out-of-plane configuration is when SiO: is used as both

underlayer and overlayer.

220
= Si0,/NiFe(6nm)/SiO, =
200 | = sio/NiFe(6nm)/Ru " 4116
= Ru/NiFe(6nm)/Ru =
180 1 114 __
©' 160 - "om S
9' | = | B | = [ ] a 12 5
T 1401 oo M gt - T
< = = . <
120— n = L - : : 10
1004 o« = " : o 18
80

0 10 20 30 40 50 60 70 80 90
0, []
FIG. 3.4. Linewidth vs. elevation angle for Si/SiO2/ NiggFeo.2 (6nm)/SiO2(blue symbols),

Si/SiO2/ Nig.gFeo2(6nm) /Ru (red symbols), and Si/SiO2/Ru/ Nio.gFeo.2(6nm) /Ru (green
symbols). The microwave frequency was 20 GHz.

The increase of the linewidth in the out-of-plane configuration can be explained by

inhomogeneous linewidth broadening that can be caused by variations of the perpendicular

47



interfacial anisotropy [23]. Variation of perpendicular anisotropy due to interface morphology

leads to higher FMR linewidth for the out-of-plane configuration.

IV.Conclusion

We have investigated interfacial perpendicular anisotropy in sputter deposited Nio.gFeo.2
films in three configurations that are Si/SiO2/Nio.gFeo.2/SiO2, Si/SiO2/NiosFeo.2/Ru, and
Si/SiO2/Ru/Nio.gFeo2/Ru. Our results reveal a strong perpendicular interfacial anisotropy at the
Nio.gFeo.2/SiO> interface. In addition, the FMR linewidth analysis confirms higher FMR
linewidth for out-of-plane configuration when Nio.gFeo2/SiO- interface contributes to the
interfacial anisotropy. This is explained by inhomogeneous linewidth broadening which can be a
result of variations in the interfacial perpendicular anisotropy. Our FMR results also confirm that
the Gilbert damping parameter is smaller when NiosFeo.2 is in proximity of SiO2 other than the
Ru layer. Achieving a smaller Gilbert damping parameter is of particular importance in device

applications such as STT-MRAM.
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4. INHOMOGENEOUS PERPENDICULAR MAGNETIC ANISOTROPY AS A
SOURCE OF HIGHER-ORDER QUASI-STATIC AND DYNAMIC ANISOTROPIES

J. B. Mohammadi?, K. Cole!, T. Mewes?, C. K. A. Mewes!
!Department of Physics and Astronomy, MINT Center,

The University of Alabama, Tuscaloosa, Alabama 35487, USA

We investigate the influence of lateral variations of the second-order perpendicular
anisotropy in thin films on the effective anisotropies required to represent this structure using a
macrospin approximation. Second-order and fourth-order effective anisotropies are required for
the macrospin approximation. In the case of quasi-static calculations, the fourth-order effective
anisotropy is closely linked to deviations of the average magnetization angle from the field
direction and lateral variations of the magnetization direction in the structure leading to
dependence on the field strength and the lateral length scale of anisotropy variations of the
effective anisotropies. We find that the field and lateral length scale dependence of the effective
anisotropies extracted from simulations of the magnetization dynamics are profoundly different
from those of the quasi-static simulations. This is caused by resonance localization that depends

on the orientation of the external magnetic field.
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I.Introduction
The presence of a strong perpendicular anisotropy is of significant importance for materials

intended for use in spintronic devices. For example, a significant reduction of the switching
current density while maintaining the thermal stability for spin transfer torque magnetic random-
access memories (STT-MRAM) can be achieved by utilizing a perpendicular anisotropy [1,2].
One common observation in these materials is that in order to accurately describe their quasi-
static or dynamic properties one has to include both second-order (K,) and fourth-order uniaxial
anisotropy (K,) contributions to the anisotropy energy density E,iso [3-7]:
Eqniso = K5 * c0s%6,, + % - cos*0y 4.1)
where 6, is the angle of the magnetization with respect to the film normal. We note that the
nomenclature for the anisotropy constants is inconsistent in the literature, as they are also
referred to as first-order and second-order anisotropy constants. With the above definition, the
film normal is an easy axis of the corresponding anisotropy contribution for K; < 0, but the
opposite sign convention is also commonly used in the literature.

By using a second order perturbation of the tight binding model, Bruno was able to show
the connection of the asymmetry in the orbital moment and the second-order anisotropy K, [8].
However, currently a clear theoretical picture for the origin of the fourth-order anisotropy K, is
lacking. While recent fully-relativistic ab initio calculations have shown the presence of such a
term, its magnitude was only 3% of the second-order anisotropy [9].
However, using analytical models it has been shown that lateral fluctuations of the second-order
perpendicular anisotropy can lead to the emergence of higher order anisotropy terms [10,11].

Here we report on detailed micromagnetic investigations of lateral variations of the second-order
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perpendicular anisotropy and its influence on the effective anisotropies and the magnetization
dynamics of thin films.

The manuscript is structured as follows. First we start with a description of the theoretical
background and explanation of the methodology relevant for the micromagnetic calculations and
their analysis in the framework of a macrospin model. In the next section, we discuss the quasi-
static properties of the system, starting with a detailed discussion of the angular dependence of
the different contributions to the energy of the system and how they contribute to the effective
anisotropies that are required when representing the system with a macrospin model. We also
investigate the field dependence of the effective anisotropies [12]. In the subsequent section, we
discuss the influence of the length scale of the lateral variations of the second-order anisotropy
on the effective anisotropies. After this we analyze the dynamic properties of the system and
compare their dependence on the length scale of the lateral variations of the second-order
uniaxial anisotropy with those of the quasi-static properties. We conclude with a summary and

discussion of our results.

I1.Results and discussion
A. Theoretical background (Methodology)

For the micromagnetic modeling we use our finite differences code M3 [13] written in the
MATLARB scripting language. M2 uses a fast Fourier transform (FFT) method to calculate the
magnetostatic interactions. M? utilizes Newell’s formulation to calculate the demagnetizing
tensor at short distances [14] and a dipole approximation for the far field. For the current work,
we used the 6-neighbor method for the exchange interaction and Neuman boundary conditions

[15].
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0.99-Mg

0.98:Mg

FIG. 4.1. (a) Periodic checkerboard pattern used for the simulations, regions A have a second-
order perpendicular anisotropy K, , = —1.5 x 10° J/m? whereas for regions B K, z = 0. (b)
Relaxed magnetization with an external magnetic field of u,H = 1T applied at an angle of
0y = 5° with respect to the film normal.

For the simulations, the perpendicular magnetic anisotropy is assumed to be constant
across the film thickness, i.e. in our model we use the thickness-averaged perpendicular
anisotropy. However, the model takes into account lateral variations of this thickness-averaged
perpendicular anisotropy, which could for example be caused by lateral variations of the strength
of the interfacial perpendicular anisotropy or by lateral variations of the film thickness. Instead
of attempting to model a specific system, for which one would have to make assumptions about
the details of the interfacial roughness and its influence on the length scale and amplitude of the
lateral variations of the perpendicular anisotropy, our aim is to capture the basic physics by using
a simplified model.

Our model incorporates lateral variations of the second-order uniaxial anisotropy in the

form of a periodic checkerboard structure, as pictured in Fig. 4.1. For all simulations regions A
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have a second-order perpendicular anisotropy, K, , = —1.5 x 10° J/m3, which is sufficient to
overcome the demagnetizing field and thus results in an easy axis of these regions along the film
normal. While the strength of the second-order perpendicular anisotropy K, = 0 of regions B
was varied for different simulations, the film normal for these regions is always a hard axis. In
the micromagnetic simulations both regions have no intrinsic fourth-order uniaxial anisotropy,
i.e. K, » = K4 p = 0. However, as will be shown below, the frustration between these two
regions caused by their different second-order uniaxial anisotropies leads to the emergence of a
fourth-order anisotropy contribution of the system when analyzed in the macrospin
approximation. For the saturation magnetization of the system we chose Mg = 1000 kA/m,
while the exchange constant was setto A = 1 x 10~*' J/m. The wavelength L, ,, of the pattern
was chosen to be the same along both in-plane directions and for the following discussion was
setto L, = L, = 30 nm. The influence of the length scale of the lateral anisotropy variations is
investigated in detail in section C.
B. Quiasi-static properties

To determine the quasi-static properties of the system, an external magnetic field His
applied at different angles 6, with respect to the film normal. After relaxing the system, the
magnetization is generally aligned along the applied field direction. However, a close inspection
shows that the degree of alignment differs in the two regions, as shown in Fig. 4.1 (b). To

quantitatively analyze these simulations, we calculate the average angle of the magnetization

Oy = %Zi 8, With respect to the film normal and the different contributions to the total energy

density of the relaxed structure averaged over all N cells in the simulation volume. The total
energy density of the system is the sum of the demagnetizing energy (dipole-dipole interaction),
the anisotropy, the Zeeman energy, and the exchange energy:
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Etotal = Edemag + Eanisotropy + EZeeman + Eexchange (4-2)
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FIG. 4.2. Dependence of (a) the total energy density, (b) the demagnetizing energy density, (c)
the anisotropy energy, (d) the exchange energy density and (e) the Zeeman energy density on the
average magnetization angle 6,, obtained after relaxing the magnetization with the indicated
external magnetic field applied at different angles. The solid lines are a fit using the macrospin
model, see Eq. (4.3). The dashed lines in (b) and (c) represent the expected angular dependence
for the demagnetizing energy density of an infinite thin film and the volume averaged anisotropy
energy density respectively.

In Fig. 4.2, the total energy density and the individual contributions are shown as a

function of the average angle of the magnetization for a perpendicular second-order anisotropy in
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regions A of K, , = —1.5 x 10° J/m? and a second-order anisotropy in regions B of K, =

0 J/m3. For these simulations, the applied magnetic field was varied from u,H = 1T t050T.
As can be seen in Fig. 4.2 (a) for applied fields less than 2 T the total energy density of the
system has maxima along the out-of-plane (8,, = 0°) and the in-plane (68,, = 90°) orientations of
the magnetization and a minimum at an intermediate angle. This is a clear indication that a
higher-order anisotropy term will be required to describe this system using a macrospin
approximation, although the microscopic model did not include such a term. The solid lines in
Fig. 4.2 (a) show a fit to the simulation results using both a second-order and fourth-order

anisotropy contribution:

%4 2 Kaerr 4
E =Ey+ Ky epf - cos“0y + —, " cos Oy (4.3)
where we use effective quantities to indicate a macrospin representation of the system. The
effective anisotropy K, . £r In Eq. (4.3) contains both shape anisotropy and the uniaxial

anisotropy contributions. In particular, for an infinite, homogenously magnetized thin film one

~ 2 .
could separate these two contributions as follows: K, ¢ = % + K, .. However, in the case

of lateral variations of the microscopic second-order perpendicular anisotropy K, the film is not
homogeneously magnetized (see Fig. 4.3 (b)) and thus the shape anisotropy contribution to
szeff is expected to be reduced from the value for an infinite film. This can be seen in Fig. 4.2
(b) where Egemqg, the energy contribution due to dipole-dipole interaction in the structure is
shown separately as a function of the average magnetization angle. For comparison, we also
show the expectation for the angular dependence of this contribution for a homogeneously

toMZ

u cos?6,,, dashed line). The main difference between the

magnetized thin film (

micromagnetic and the analytical result for a homogenously magnetized thin film is indeed a
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FIG. 4.3. (a) Deviation of the average angle of the magnetization 8,, from the angle of the
applied field 8, shown as a function of the average angle of the magnetization 6,,. The
symbols represent the results from micromagnetic simulations with different strengths of the
applied field. The red dash dotted line is the result obtained by ignoring exchange interaction
and treating each region as a separate macrospin for an applied field uoH = 5T. (b) Standard
deviation gy,, of the magnetization angle from its average orientation 6, as a function of the
same. The symbols represent the results from micromagnetic simulations with different
strengths of the applied field. The red dash dotted line is the result obtained by ignoring
exchange interaction and treating each region as a separate macrospin for an applied field
UoH = 5T, here the difference between the angle of the magnetization in region A and B is
shown.

small reduction of the amplitude of the second-order uniaxial anisotropy. However, we also
observe that a fourth-order contribution is required to fit the angular dependence of the energy
contribution of the dipole-dipole interaction using Eqg. (4.3). With increasing external magnetic
field, the magnetization in the structures becomes more homogenous (Fig. 4.3 (b)) and thus the
effective second-order uniaxial anisotropy approaches the thin film limit (see Fig. 4.4(a)) and the
fourth-order anisotropy contribution diminishes (see Fig. 4.4 (b)).

In Fig. 4.2 (c), we show the anisotropy contribution to the total energy density of the system as a
function of the magnetization angle. For comparison, the angular dependence of the anisotropy

contribution of a homogeneously magnetized thin film with a second-order uniaxial anisotropy
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FIG. 4.4. (a) Field dependence of the effective second-order uniaxial anisotropy determined by
fitting Eq. (4.3) to the angular dependence of the different contributions to the total energy, cp.
Fig. 4.2. The dashed red line is the volume averaged second-order uniaxial anisotropy. The pink
dashed line represents the demagnetization energy density for a homogenously magnetized
infinite film. The dash dotted red line is the anisotropy contribution to the effective second-order
uniaxial anisotropy obtained by ignoring exchange interactions between the regions and treating
them each as a macrospin. The dark red dash dotted line is the Zeeman contribution to the
effective second-order anisotropy using the same simplified model. (b) Field dependence of the
effective fourth-order uniaxial anisotropy. The dash dotted red lines represent contribution
obtained by ignoring exchange interactions between the regions and treating them each as a
macrospin, the anisotropy and Zeeman contribution are shown in red and dark red respectively.
The blue symbols in both graphs are the effective anisotropies determined from dynamical
calculations, see section D.
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equal to the volume averaged anisotropy of the two regions I?z,eff = = —0.75 x

10° J/m3 is also shown (dashed line). One notes that the energy difference between the out-of-
plane easy axis and the in-plane hard axis is well approximated by the volume average I?Z,eff.

However, a significant fourth-order anisotropy K, . is required to fit this energy
contribution using Eq. (4.3). Because the fourth-order contribution has the opposite sign
compared to the second-order contribution, this causes the second-order anisotropy Ez,eff
extracted from the fit to be smaller than the volume averaged anisotropy, i.e. K, orr < Ky efy-
With increasing external applied field, the effective second-order anisotropy of this contribution
approaches the volume average Kz,eff (see Fig. 4.4 (a)), whereas the fourth-order contribution
K, . approaches zero (see Fig. 4.4 (b)). Again, this is caused by the reduction of the

inhomogeneity of the magnetization with increasing magnetic field (see Fig. 4.3 (b)).

In Fig. 4.2 (d) we show the exchange contribution to the total energy density of the
system as a function of the magnetization angle. At high fields this contribution closely follows
the angular dependence of the inhomogeneity of the magnetization as shown in Fig. 4.3 (b).
However, at low fields the average magnetization of the structure is not well aligned with the
direction of the external magnetic field (see Fig. 4.3 (a)) leading to a more complicated
magnetization distribution and thus a more complex angular dependence of the exchange
contribution. As shown in Fig. 4.2 (d), this energy contribution can again be reasonably fitted
using Eqg. (4.3). The second-order uniaxial anisotropy contribution due to exchange interaction is
positive, while the fourth-order contribution is negative but comparable in magnitude. Both

contributions diminish with increasing external magnetic field (see Fig. 4.4 (a) and (b))).
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Finally, in Fig. 4.2 (e) the angular dependence of the Zeeman contribution to the total
energy of the system is shown. The angular dependence of this energy contribution is mainly
caused by the angular dependence of the deviation of the magnetization from the field direction
(see Fig. 4.3 (a)) while the inhomogeneity of the magnetization only plays a minor role. We
would like to point out that even for a system with no lateral variations of the second-order
uniaxial anisotropy, i.e. K, 4, = K; g, the system will show a similar angular dependence as the
one in Fig. 4.2 (e) for the Zeeman contribution to the total energy. This is because for finite
external fields applied other than along the film normal (65 = 0°) or in the film plane
(64 = 90°) the magnetization is never fully aligned with the field direction. The description of
the angular dependence shown in Fig. 4.2 (e) using Eq. (4.3) does not capture some of the more
complex behavior at low fields caused by large changes and variations of the magnetization
direction. However, the agreement of the fit using Eq. (4.3) significantly improves with
increasing field. Like the exchange contribution, the Zeeman contribution leads to a positive
second-order and a negative fourth-order uniaxial anisotropy contribution (see Fig. 4.4 (a) and
(b)). The magnitude of both contributions is comparable to the exchange contributions. However,
the Zeeman contribution to the fourth-order uniaxial anisotropy drops off slower with the applied
field than the exchange contribution, see Fig. 4.4 (b).

Fig. 4.4 (a) and (b) provide a visual summary of the results discussed in this section.
Lateral variations of the second-order uniaxial anisotropy lead to the presence of a fourth-order
uniaxial anisotropy, if one attempts to describe the system using a macrospin approximation. The
main contributions to the total effective anisotropies are caused by the anisotropy contribution to
the total energy. The total effective fourth-order anisotropy has the opposite sign as the total

effective second-order anisotropy, which is a requirement for easy cone [16-18], that are often
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observed experimentally. The effective anisotropies show a complex field dependence that can

be understood by considering all contributions to the energy of the system, as discussed in detail
in this section. Also shown in Fig. 4.4 (a) & 4.4 (b) as dash-dotted lines (K;’;{'Zisompy &

K3 Zeeman 1N (8) and Ky anisorropy & Ki4n, an (0)) is the asymptotic behavior one expects by
treating both regions separately as macrospins and ignoring exchange interaction. As can be seen

in these figures, the micromagnetic results approach this asymptotic behavior for very large

magnetic fields, well beyond what can typically be achieved experimentally.

C. Influence of length scale of lateral anisotropy variations

So far, we have discussed the case of variations of the second-order uniaxial anisotropy
for a fixed wavelength L, = L,,. However, in physical samples one expects, for example
interfacial roughness to lead to variations of the second-order uniaxial anisotropy over a
continuum of length scales. For the following discussion, we use the same simulation parameters
as in the previous section, but now change the length scale of the lateral variations of the second-
order uniaxial anisotropy.

In Fig. 4.5 (a) and 4.5 (b) we show the results of quasi-static simulations carried out in an
external magnetic field uyoH = 5 T. As discussed previously the angular dependence of the
individual energy contributions was fitted using the macrospin model description of Eq. (4.3). As
expected for anisotropy fluctuations on short length scales the energy contribution due to dipole-
dipole interaction leads to a significantly lower effective second-order uniaxial anisotropy I?Z,eff
contribution than one expects for a homogenously magnetized film (dashed magenta line in Fig.
4.5 (a)). However, as the length scale of the anisotropy fluctuations increases the effective

second-order uniaxial anisotropy contribution due to dipole-dipole interaction approaches this
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value. As mentioned previously, the fourth-order uniaxial anisotropy contribution due to dipole-
dipole interaction is small, given that the applied field is sufficiently large.

The anisotropy contribution to the effective second-order uniaxial anisotropy approaches

K3 41Ky B

the volume average Ko ofr = >

(red dashed line in Fig. 4.5 (a)) for anisotropy fluctuations

over very short length scales. This is expected, because in this case the exchange interaction
dominates and forces the moments in neighboring regions to be parallel, thereby effectively
averaging over them. The decrease of the effective second-order uniaxial anisotropy K, . with
increasing length-scale of the anisotropy fluctuations is correlated with the increase of the fourth-
order uniaxial anisotropy contribution. As discussed in the previous section this fourth-order
contribution is driven by the inhomogeneity of the magnetization, which vanishes along the in-
plane and out-of-plane orientation of the applied field. However, for any other angle of the
applied field, the magnetization varies spatially. With increasing length scale of the lateral
anisotropy fluctuations this inhomogeneity increases, as neighboring regions are less rigidly
coupled, therefore leading to an increase of the effective fourth-order uniaxial anisotropy
contribution. Furthermore, the energy difference between these in-plane and out-of-plane field
orientations is always given by the volume average K, .f, because in these two orientations the
magnetization is homogenous and aligned along the magnetic field direction (see Fig. 4.3 () &
4.3 (b)). Therefore, with increasing length scale of the anisotropy fluctuations the effective
second-order uniaxial anisotropy decreases as the fourth-order uniaxial anisotropy increases.
Both effective anisotropies extracted from the full micromagnetic model approach the values
expected based on treating the individual regions as macrospins and ignoring the exchange
interaction. See the dash-dotted lines for Kzrf‘j;‘l-sotmpy in Fig. 4.5 (a) and for K} ynisotropy iN Fig.

4.5 (h).
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Due to the large applied magnetic field, the contribution of the exchange interaction to
both the effective second-order and fourth-order uniaxial anisotropy remain relatively small over
the entire range of the length scales investigated. For very short length scales of the lateral
anisotropy fluctuations the contributions are small because neighboring regions are rigidly
coupled to each other. For very large length scales on the other hand the contributions due to the
exchange interaction diminish because the individual regions are homogeneously magnetized
and only the boundaries between them lead to an angle dependent exchange interaction
contribution to the total energy of the system. At intermediate length scales, this leads to a
maximum for the effective second-order uniaxial anisotropy (Fig. 4.5 (a)) and to a minimum for
the effective fourth-order uniaxial anisotropy (Fig. 4.5 (b)).

On the other hand, the large applied magnetic field combined with the deviation of the
magnetization direction from the applied field direction, as discussed in the previous section,
also leads to an angular dependence of the Zeeman contribution to the energy of the system.
With increasing length scale of the lateral anisotropy variations, the effective second and fourth-
order anisotropies of the full micromagnetic model approach the values expected based on
treating the individual regions as macrospins and ignoring the exchange interaction, see the dash-
dotted lines for K245 nan in Fig. 4.5 (a) and for K42, ., in Fig. 4.5 (b).

In summary, the total effective fourth-order anisotropy caused by large scale lateral
variations of the second-order anisotropy has two main contributions: from the Zeeman and the
anisotropy contribution to the total energy of the system. As can be seen in Fig. 4.5 (b) these two
contributions have opposite signs. For lateral variations, over shorter length scales the exchange

interaction also contributes significantly to the total effective fourth-order anisotropy of the
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FIG. 4.5. (a) Dependence of the effective second-order uniaxial anisotropy on the lateral length
scale of the second-order anisotropy variations. The dashed red line is the volume averaged
second-order uniaxial anisotropy. The pink dashed line represents the demagnetization energy
density for a homogenously magnetized infinite film. The dash dotted red line is the anisotropy
contribution to the effective second-order uniaxial anisotropy obtained by ignoring exchange
interactions between the regions and treating them each as a macrospin. The dark red dash dotted
line is the Zeeman contribution to the effective second-order anisotropy using the same
simplified model. The black dash dotted line is the sum of demagnetization energy, the
anisotropy and Zeeman contribution in the macrospin approximation. (b) Dependence of the
effective fourth-order uniaxial anisotropy on the lateral length scale of the second-order
anisotropy variations. The dash dotted red lines represent contribution obtained by ignoring
exchange interactions between the regions and treating them each as a macrospin, the anisotropy
and Zeeman contribution are shown in red and dark red respectively. The black dash dotted line
is the sum of these contributions. The gray vertical dashed lined is the length scale A.¢f, see text
for details.

system. Furthermore, in this case the contribution of the dipole-dipole interaction to the

effective second-order anisotropy deviates significantly from the thin film limit and thus needs to
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be taken into account. Finally, we can compare the variations seen in Fig. 4.5 with characteristic

length scales of the system. For the system discussed here, the demagnetizing energy results in a

characteristic length of 1, = /2A4/(uoMZ) = 4 nm while the characteristic length associated

with the uniaxial anisotropy in regions A with a second-order uniaxial anisotropy K, 4 = —1.5 X

10° J/m3 is A, = \/A/|K5 4| = 3 nm [19]. However, for a system comprised of regions A and

B with different second-order uniaxial anisotropies one can expect the length scale A, =

7

anisotropy to play a more important role [19]. This length scale is shown as a gray vertical

2 T - - -
£ °;"5 + Kz,eff| ~ 9 nm , associated with the sum of shape anisotropy and volume averaged

dashed line in Fig. 4.5 and can indeed be considered a characteristic length scale of the system.
D. Dynamic properties

To probe the dynamical response of the system a static magnetic field His applied either along

the film normal (ﬁ = H - Z) or in the film plane (ﬁ = H - ). Initially the system is relaxed in

the presence of an additional small field ﬁp perpendicular to the static magnetic field, i.e.

ﬁtotal =H+ Hp (see Fig. 4.6). At t = 0 the small perpendicular field is removed and the time

evolution of the relaxation of the magnetization is recorded. The time evolution of the
magnetization in each cell of the micromagnetic model is described by the Landau-Lifshitz-
Gilbert equation of motion [20-23]:

—

aM

— - 1 = am
E__]/MXHeff-I_M_San_

= (4.4)

where M is the magnetization vector, My is the saturation magnetization, y is the gyromagnetic
ratio and «a is the damping parameter. The effective field ﬁeff entering the Landau-Lifshitz-

Gilbert equation of motion includes the external magnetic field, dipole field, anisotropy field and

67



exchange field. In Fig. 4.7 (a) an example of the resulting time evolution of the average
magnetization is shown when the external magnetic field is applied along the film normal. To
enable a quantitative analysis of the time dependence of all cells in the simulation volume, we
calculate the power spectral density for each cell and calculate the average power spectral
density, as shown in Fig. 4.7 (b). The resulting spectrum reveals a number of resonant features
that correspond to the fundamental resonance mode and higher order lateral standing spin wave
modes in the structure. By plotting the contribution of each cell to the average power spectral
density at the different resonant frequencies, one can visualize the mode profiles (see power
spectral density maps shown as insets of Fig. 4.7 (b)).

For the fundamental mode in the out-of-plane configuration one notes that regions B with K, 5 =
0 J/m?3 contribute significantly more to the power spectral density. In other words, the resonance
is preferably localized in region B. In Fig. 4.8 the dependence of this localization on the lateral
length scale of the anisotropy variations is quantified by plotting the ratio of the power spectral
density contribution P, of region A to the total power spectral density P;,;q;. AS expected in the
limit of vanishing small length scales both regions contribute equally to the resonance, due to the
strong exchange coupling between neighboring regions effectively averaging out the variations.
As discussed above, when the static magnetic field is applied perpendicular to the film plane
with increasing length scale of the lateral anisotropy variation the resonance becomes
increasingly localized in region B, as expected [24]. However, in the in-plane case the situation
is reversed, i.e. here with increasing length scale the resonance becomes increasingly localized in
region A. In both cases the resonance is localized in the region of the structure with the lower
excitation energy, as can be expected. Correspondingly this increased localization with

increasing length scale of the lateral anisotropy variations causes the resonance frequency to
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h,

FIG. 4.6. Sketch of the configuration for determining the dynamic properties of the system. In (a)
the out-of-plane configuration and in (b) the in-plane configuration is shown. The small

additional field fzp is only present during relaxation of the initial state and is removed at t=0.
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FIG. 4.7. (a) Time evolution of the average magnetization components (M,,) and (My) for a
20nm x 20nm structure with K, , = —1.5x107¢//m3 and Kz = 0 J/m? with an external
magnetic field of uoH = 2T applied along the film normal 6, = 0°. The inset shows the time
evolution during the first tenth of a nanosecond. (b) Shows (P(My ) i.e. the power spectral
density of the y-component of the magnetization averaged over all cells in the simulation volume
for the same parameters as in (a). The insets of this figure show the power spectral density maps
for the first three resonances at frequencies f,; = 54.9 GHz (fundamental resonance mode),

f,, =184 GHz and f,; = 288 GHz. Here the color indicates the contribution of each cell to the
power spectral density, with dark red indicating the largest and dark blue zero contribution.

approach the resonance frequency f5 of a film with an anisotropy K, 5 in the out-of-plane case,
whereas in the same limit the resonance frequency in the in-plane case approaches the resonance
frequency f, of a film with an anisotropy K, 4. This has important consequences for the effective
anisotropies that one extracts from the dynamical data. The Kittel equations for systems with a

second- and fourth-order perpendicular anisotropy are given by [16,25]:
fJ_ = y,(H - Meff,J.) (45-6.)
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fy =v'VH(H + M) (4.5-b)

with y’ = y/2m and the effective out-of-plane and in-plane magnetizations given by:

sdyn dyn

2R0rr  2Kyufr
Meff,J_ " MoMs + uoMs (4.6-2)
and

~dyn

2Ky 0 fr
Merrn = (4.6-b)

respectively.

0 0 100 120
]
ipmax
Ol
FIG. 4.8. (a) Dependence of the contribution of region A to the total power spectral density of
the fundamental mode on the lateral length scale L, ,, of the variations of the anisotropy. (b)-(d)
show spectral maps with the static field applied in-plane whereas (e)-(g) show spectral maps with

the static field applied out-of-plane. For (b) & (e) L, = L, = 10 nm, for (¢) & (f) L, = L, =
20 nm and for (d) & (9) L, = L, = 60 nm.

From the numerical simulations one can therefore extract the dynamic effective second-order

uniaxial anisotropy szy}‘f and effective fourth-order uniaxial anisotropy K. fzj’?f that describe the
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dynamical data in a macrospin approximation (see blue data points in Fig. 4.9). The definitions
of i(;fg;lf and Kfz’}lf are the same as those of K, ¢ and K, . ¢, the additional superscript
indicating that these quantities are determined from the magnetization dynamics of the system.
For comparison, the results from the quasi-static calculations (cp. Fig. 4.5 (a) and 4.5(b)) are also
included in Fig. 4.9 (black data points). The limiting cases for the quantities determined from
dynamical simulations can be understood as follows. For lateral anisotropy variations at
vanishingly small length scales, i.e. L, ,, — 0 the exchange coupling will effectively average out
these variations and thus the effective second-order uniaxial anisotropy will approach the volume
average of the two anisotropies K, .¢¢. In this limit the resonance has equal contributions from

regions A and B for both the in-plane and out-of-plane configurations. Therefore, the effective

magnetizations for both configurations will be equal and thus K ;{g}‘f vanishes for L, ,, — 0 (see

Fig. 4.9 (b)). For lateral anisotropy variations, over very large length scales, i.e. L, , — oo, the
resonance in the out-of-plane configuration will become localized in region B whereas the

resonance in the in-plane configuration will become localized in region A. Therefore

fJ_ L——m)o fB (47-3.)
X,y

and

fy —2fa (4.7-b)
X,y

and consequently:

Sdyn toMZ

Kyerr Loy ==+ Ky (4.8-a)
and

K& —— Ky 5 — Ky 4 (4.8-b)

4’;eff Lx’y—)oo
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As can be seen in Fig. 4.9 (a) and 4.9 (b) our simulation results for the dynamic higher order
anisotropies approach these predicted values (blue dashed lines) for large length scales.
However, the length scale dependence of the effective anisotropies obtained from the dynamic
response of the system is significantly different from those obtained from quasi-static
calculations for the same applied field. As these differences persist over the entire range of
length scales of the anisotropy variations, including the asymptotic behavior at short and large
length scales, we also expect a difference between the anisotropies obtained from quasi-static
and dynamic measurements for physical samples. For those, interface roughness will lead to a
continuous distribution of the second-order uniaxial anisotropy and the relevant length scales
will be determined by the type of interface morphology present in the samples and its
characteristic parameters [26].

The dynamic response of the system also shows a markedly different field dependence of
the effective anisotropies when compared to the quasi-static results (see Fig. 4.4). While the
effective anisotropies are weakly dependent on the external applied field through its influence on
the equilibrium configuration of the magnetization the amount of localization has a much
stronger influence. This is particularly evident for the dynamic fourth-order effective anisotropy
which remains at a finite positive value even for the largest fields used in Fig. 4.4 (b), whereas
the quasi-static results approach zero in this limit. We would like to point out that recent
experimental observations of a field dependent of the second-order effective anisotropy [12]
appear to be consistent with the predicted sensitivity of the effective anisotropies to the
equilibrium configuration at low fields. Clearly more systematic experimental work is needed to
verify whether spatial variations of the second-order anisotropy are indeed responsible for these

observations.
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FIG. 4.9. Effective second-order uniaxial anisotropy as a function of the lateral length scale L, ,,
of the variations of the anisotropy. The anisotropy 1?;{5;; for the dynamic simulations is shown
as blue symbols whereas the anisotropy K, ., determined from quasi-static simulations is shown
as black symbols. The dashed black line shows the thin film limit with an average anisotropy, i.e.

2
£ 02/15 + KZ'A;LKZ'B. The dashed blue line represents the large length scale limit for the dynamical

simulations

£ 02"52 + K, 4. (b) Effective fourth-order uniaxial anisotropy as a function of the lateral
length scale L, ,, of the variations of the anisotropy. The anisotropy K fg’?ffor the dynamic
simulations is shown as blue symbols whereas the anisotropy K, ., determined from quasi-static
simulations is shown as black symbols. The dashed blue line represents the large length scale
limit for the dynamical simulations K,  — K 4. In both figures the dash dotted black lines are
the limiting values expected for the quasi-static effective anisotropies, obtained by treating each
region as a macrospin and ignoring exchange interaction, see section C.

I11.Summary and discussion
In summary, we have analyzed how lateral variations of a second-order uniaxial

anisotropy affect the effective anisotropies required to describe the system in the framework of a
macrospin model. For both quasi-static and dynamic calculations, we find that second-order and
fourth-order effective anisotropies are sufficient to capture the properties of the system in the
macrospin model. For the quasi-static properties, we find that the effective fourth-order uniaxial
anisotropy is closely linked to deviations of the average magnetization angle from the field
direction and the lateral variation of the magnetization direction in the structure. This results in a
strong field dependence of the effective anisotropies. The dependence of the effective
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anisotropies on the lateral length scale of the variations of the second-order uniaxial anisotropy
are profoundly different for the quasi-static and dynamic calculations. The underlying reason for
this difference is that the quasi-static properties are averaged over the entire sample volume
whereas the observable dynamic properties depend sensitively on the degree of localization of
the resonance. This localization depends not only on the lateral length scale of the anisotropy
variations, but also on the field orientation. While there have also been some reports on the
differences between anisotropies determined using quasi-static and dynamic methods [27-29],
more experimental work is needed to clarify this aspect, particularly for systems with
perpendicular anisotropy. Interpretation of experimental results for systems where lateral
variations of the second-order anisotropy are caused by interfacial roughness will be complicated
by the continuous distribution of anisotropies in the system. Thus, in order to make a quantitative
comparison, a careful characterization of the interfacial roughness will be required [26,30].
However, we would like to point out that a continuous distribution of the second-order
anisotropy is expected to result in a significant inhomogeneous broadening of the resonance that
increases with the distribution of the anisotropy fields [24], very much in line with what has
recently been reported for CoFe/Ni multilayers [31].
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5. CONCLUSION

In this dissertation, magnetic anisotropies and magnetization dynamics in multilayered
thin films have been investigated. In the second chapter, magnetization dynamics in a system
with exchange bias effect, and a uniaxial Perpendicular Magnetic Anisotropy (PMA) are
discussed. Broadband ferromagnetic resonance results are analyzed to study the unidirectional
anisotropy in these films. In addition, a unidirectional relaxation mechanism is observed in a
CoFe/IrMn bilayer. To understand the origin of the unidirectional relaxation, a thickness series is
analyzed using an experimental approach and numerical analysis. Our results confirm that the
unidirectional mechanism includes two contributions: (1) an inverse thickness-squared
contribution, and (2) a second term that scales with the inverse thickness. The inverse thickness-
squared dependence of the Gilbert damping parameter in these multilayers indicates that the two-
magnon scattering contributes to the relaxation. The contribution that scales with the inverse
thickness on the other hand has not been previously identified and more theoretical and
experimental work will be required to obtain a better understanding of this origin. In addition, it
has been shown that the interface energy of the exchange bias effect exceeds the values that are
previously reported for metallic antiferromagnetic materials in exchange biased systems.
Moreover, we observed a significant misalignment between the magnetization and the applied
magnetic field for specific applied field orientations. Our numerical analysis suggests that if one

does not consider this misalignment, this will result in a non-physical threefold symmetry in the

78



residuals of the fit to the angular dependence of the resonance field. As a future project, this
misalignment can be observed with methods such as the X-Ray Magnetic Circular Dichroism
(XMCD) and the Polarized Neutron Reflectivity (PNR) experiments. In addition, one can look at
bilayers where the unidirectional anisotropy is perpendicular to the film instead of being in the
plane of the film. This becomes very important because most proposed spintronic devices depend
on a strong perpendicular magnetic anisotropy.

In chapter three, we have presented the magnetization dynamic analyses in
SiO2/NiogFeo2/SiOz, SiO2/NiogFeo2/Ru, and Ru/ NiggFeo.2/Ru multilayers. Using broadband
FMR, we have investigated the thickness dependence of the effective magnetization and the
Gilbert damping parameter in these multilayers. The thickness dependence of the effective
magnetization confirms the presence of PMA that originates from both the SiO2- NiogFeo.2 and
the Ru- Nio.gFeo . interfaces. Our results confirm the presence of a strong PMA in SiO2- NigsFeo.
interfaces.

For a fundamental understanding of the interfacial PMA in these systems, we have
initiated theoretical research to study the interfacial PMA at the Nig.75sFeo.25-normal metal
interface. This normal metal can be Cu, Ta, Ru, Pt, etc. The initial results are very promising and
call for extensive research in this field for fundamental and commercial interest. More work
needs to be done to search for materials with a strong interfacial PMA.

In chapter four, we have performed micromagnetic simulations to model the spatial
fluctuations in systems with uniaxial PMA. We have investigated the angular dependence of the
magnetic energy and the magnetization dynamics in such systems. Our studies confirm the
presence of a fourth-order uniaxial PMA, with an opposite sign than the sign of the second-order

uniaxial PMA, that is a result of the lateral inhomogeneity in the second-order uniaxial PMA. In
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addition, the effect of the length scale of the fluctuations on the magnetic energy and the
dynamical response of the system is discussed in detail in chapter four.

Quasi-static higher-order anisotropy is related to the misalignment of the magnetization
and the applied magnetic field and shows a field dependence. In addition, quasi-static higher-
order anisotropy has a strong dependence on the length scale of the inhomogeneities comparing
to the higher order anisotropy that is obtained from the dynamical response. We conclude that in
the quasi-static method, the resulting properties are averaged over the structure while the

dynamical response of the system reflects the local resonances that are present in the system.
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