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Abstract

Ferromagnetic resonance is a technique which uses coherent spin precession, or standing

spin wave modes, to infer the local magnetic conditions in a ferromagnet. This dissertation

demonstrates how observation of multiple standing spin wave modes can be used to probe

the properties of magnetic interfaces.

Ferromagnetic resonance experiments using a broadband vector network analyser are

described in the study of (1) exchange biased interfaces, (2) multiferroic interfaces and (3)

patterned films (periodic ferromagnet/air interfaces). Calculations are also presented that

relate the experimentally measured resonance frequencies to properties of the material

interfaces.

Using coplanar waveguide ferromagnetic resonance, pinning of the lowest energy spin

wave thickness mode in Ni80Fe20/Ir25Mn75 exchange biased bilayers was studied for a range

of Ir25Mn75 thicknesses. It is shown that pinning of the standing mode can be used to

amplify, relative to the fundamental resonance, frequency shifts associated with exchange

bias. The shifts provide a unique ‘fingerprint’ of the exchange bias and can be interpreted

in terms of an effective ferromagnetic film thickness and ferromagnet/antiferromagnet

interface anisotropy. Thermal effects are studied for ultra-thin antiferromagnetic Ir25Mn75

thicknesses, and the onset of bias is correlated with changes in the pinning fields. The

pinning strength magnitude is found to grow with cooling of the sample, while the effective

ferromagnetic film thickness simultaneously decreases. These results suggest that exchange

bias involves some deformation of magnetic order in the interface region.

To further explore the exchange bias mechanism in the Ni80Fe20/Ir25Mn75 system using

standing spin wave modes, a series of samples containing a gold dusting at the interface

were measured. Combining the experimental data with a discretised model, parame-

ters relating to interface exchange coupling and modification of interface magnetisation

are calculated. Ferromagnet/antiferromagnet coupling is found to slowly weaken as gold

thickness is increased, and undergoes a sudden drop at 1.5Å of gold. When the ferromag-

net and antiferromagnet are anti-aligned, the interface magnetisation is suppressed. These

findings imply that magnetisation states of the interface region depend on the ferromagnet

orientation with respect to the bias direction.

Multiferroic materials possess both charge and magnetic ordering, and so may provide

electric control over magnetic interface effects when coupled to a ferromagnet.



La0.7Sr0.3MnO3/BiFeO3 and La0.7Sr0.3MnO3/PbZr20Ti80O3 epitaxial heterostructures

were grown on SrTiO3 substrates. Spin wave resonances are used to study interface prop-

erties of the ferromagnetic La0.7Sr0.3MnO3. It is found that the addition of the BiFeO3 or

PbZr20Ti80O3 causes out-of-plane surface pinning of the La0.7Sr0.3MnO3. New limits are

placed on the exchange constant D of La0.7Sr0.3MnO3 grown on these substrates and we

confirm the presence of uniaxial and biaxial anisotropies caused by the SrTiO3 substrate.

Patterning with antidots is known to create a four fold anisotropy in the magnetic

resonance frequencies and a mode structure localised along channels between dots. It is

shown that magnetic resonant modes in an antidot patterned array are also sensitive to

small changes in the magnetic configuration near dots induced by an external applied field.

Frequencies measured using ferromagnetic resonance from an antidot array patterned from

a NiFe/IrMn bilayer, are interpreted using micromagnetic calculations, and it is shown

that the observed field dependence of the resonance response can be attributed to strong

interdot localisation of spin waves. Stray fields, from the magnetic ordering, exist in the

antidot array as a result of dot patterning. These stray fields are controlled by an applied

magnetic field and are responsible for tunable spin wave localisation.
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Preface - On Units and Terminology

CGS units are used to display the applied field measurements (in Oersteds).

SI units are used in all formulas and to describe all other physical quantities.

In this dissertation, field quantities H, enter formulas as a flux quantities µ0H. The

following simple transformation is used to convert a field in CGS HCGS (Oersteds), into

a flux in SI µ0HSI (Tesla):

HCGS

×10−4

⇒
µ0HSI

The gyromagnetic ratio is referenced to in this thesis as γ. It is meant to be understood

that this is a positive quantity defined such that:

γ =
g |e|

2mec

Where g is the Landé factor, e is electron charge, me is electron rest mass and c is the

speed of light.
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Chapter 1

Introduction

Thin films have received significant scientific attention since their growth became possible

at the end of the 19th century [1]. This is because it was found that thin films can

have very different properties from their counterpart bulk materials, in part due to the

presence of interfaces. At a film interface, there is a lowered symmetry compared to the

bulk film, and the atoms there can experience quite a different local environment. When

the films are made sufficiently thin, the unique properties of the interface layer begins

to dominate. From a technological perspective this is extremely important, as it allows

customised thin film multilayers to be created which have tailored material properties that

may not exist in nature [2]. Scientifically, thin film interfaces are a fascinating system that

allow systematic studies of frustration, lowered symmetry and competing interactions to

be carried out [3–5].

Ferromagnetic resonance is a technique which uses coherent spin precession across a

ferromagnet in order to infer the local magnetic conditions. Exchange and dipolar coupling

between spins allows wavelike excitations to be supported. As spin waves are essentially co-

herent Larmor precession with some spatial phase profile, local micromagnetic conditions

play a large role determining in the spin precession frequency [6]. In addition, the wave-

length of a spin wave will affect the precession frequency through exchange coupling. For a

bulk ferromagnetic material the relationship between spin wave frequency and wavevector

is quadratic for low wavevectors [7, 8].

A film of finite thickness imposes boundary conditions which discretise the allowed spin

wave modes in the thickness direction. This results in a spectrum of standing spin wave

modes with given wavevectors that, for a continuous film, are uniform in the lateral direc-

tion, but have some profile in the thickness direction. Shown in Fig.(1.1) is the thickness

amplitude profiles for the first 3 standing spin wave modes. Hereafter the fundamental

1



2 1. Introduction

Figure 1.1: Schematics of the spin precession amplitude across the film thickness direction is
shown for the first 3 spin wave resonances. These profiles assume that the magnetisation is not
pinned at the boundaries. The fundamental resonance mode (FMR mode) has uniform precession
in phase across the thickness direction, while the for first exchange mode (FEX mode) the spins
at the top and bottom precess in anti-phase with each other.

mode is referred to as the FMR mode and the first exchange mode is referred to as the

FEX mode.

Kittel [8] predicted that surface pinning would directly affect the spin wave frequencies

of a thin film, which was confirmed experimentally by Seavey et al. [9]. As a result of

surface pinning, the allowed wavevectors for standing spin wave modes changes, which in

turn alters the excitation frequencies of the spin wave modes. This is shown schematically

in Fig.(1.2) where pinning is seen to distort the FEX mode profile.

The frequencies for the higher order modes are more strongly shifted than the lower or-

der modes because of the quadratic spin wave dispersion relationship. Example frequency

shifts of the thickness modes are shown in Fig.(1.3), each thickness mode has experienced

the same shift in wavevector. Note that for a given set of conditions, only some specific

wavevector modes, denoted by the straight lines, may exist in the thickness direction, the

full dispersion relationship is shown for clarity only.

The effects of interface pinning on standing spin waves have the obvious implication

that spin wave resonances can be used to characterise magnetic interfaces. Indeed, stud-
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Figure 1.2: (a) The unpinned first exchange mode (FEX) spin wave profile across the film
thickness direction. Arrows in the film (grey area) show spin precession about ground state frozen
at a moment in time. Blue line indicates precession amplitude from top to bottom of film. Label
Hf denotes applied field direction. (b) When pinning is introduced at one interface, shown by the
green area on top, mode amplitude is altered at this interface. As a result the FEX mode has a
net dynamic magnetic moment, which may couple to an external rf field.

Figure 1.3: Complete low wavevector dispersion relationship for spin waves in iron is shown in
black. Allowed standing spin wave wavevectors in the thickness direction are shown by vertical
lines. Spin wave frequency is plotted as a function of reduced wavevector (wavevector k, multiplied
by sample thickness L). The solid blue line shows the wavevector of the unpinned fundamental
mode (FMR) and the solid red line shows the wavevector of the first exchange mode (FEX).
The dotted lines are shifts (of the same amount) in wavevector for both modes. The horizontal
coloured lines illustrate the corresponding shifts in frequency. The frequency shift due to change
in wavevector is significantly greater for the exchange mode.
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ies and theoretical developments by Rado et al. [10, 11] demonstrated the large role that

exchange effects could have on standing spin wave modes. Measurement of multiple stand-

ing spin wave modes provides a more detailed description of the interface, because of the

strong effects that surface pinning has on the higher order exchange modes.

These ideas were first applied to ferromagnetic/antiferromagnetic (FM/AFM) thin

films in a systematic way by Waksmann et al. [12], who were primarily concerned with

relating changes in spin wave mode intensity to surface pinning. Other early studies

measured magnetic anisotropy using ferromagnetic resonance [13] and found evidence that

there is a region close to the magnetic interface which has an altered magnetisation for

exchange biased systems [14]. Later studies used the fundamental spin wave mode to

explore time-dependent effects and the dynamics of antiferromagnetic domains [4,15–17].

Most of this work was performed using observations of the fundamental (FMR) spin wave

mode.

Early FMR experiments used a microwave cavity setup which, while sensitive, pro-

duced a uniform rf-field to drive resonance in ferromagnetic samples [18]. This meant that

interface pinning was required to observe higher order spin wave modes, because without

a pinning field the symmetric FEX spin wave modes have no net dynamic magnetic dipole

to couple with a uniform external driving field as shown in Fig.(1.2). Modern stripline

based ferromagnetic resonance techniques create highly inhomogeneous driving rf-fields,

due to eddy current screening, throughout electrically conductive samples [19, 20]. These

inhomogeneous driving fields couple well to even weakly pinned standing spin wave modes.

Furthermore, the broadband technique allows the excitation frequency to be selected, so

that resonance conditions and therefore interface pinning conditions may be more fully

explored.

Using multiple spin wave modes to examine exchange coupled ferromagnetic bi-layer

interfaces was theoretically investigated with a discrete layer calculation by Puszkarski et

al. [21], and was explored experimentally with a broadband setup in detail for Permal-

loy/Co multilayers by Kennewell [22]. This thesis builds on this basis to explore how

changes in the spin wave resonance conditions can be used to make detailed measure-

ments, with suitable interpretations, of several types of magnetic system where the inter-

faces are important. Namely, model exchange biased systems are investigated from a new

perspective using multiple standing spin wave modes, and a study is conducted into multi-

ferroic oxide multilayer films. Finally, some consequences of periodic patterned structures

called antidots, shown in Fig.(1.4), are explored. These structures support lateral standing
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Figure 1.4: The antidot array geometry is shown, as a ferromagnetic film (light grey) grown on a
substrate (dark grey) with holes in the ferromagnetic film at regular intervals. The array continues
in the in-plane directions and has many hundreds of antidots. Standing spin wave modes which
are homogeneous across the film thickness direction are typically not uniform across the antidot
lattice array directions, due to stray dipolar fields.

modes pinned at the antidots.

Exchange biased materials are an important class of systems where interface effects

play a key role in affecting bulk magnetic properties. Exchange biased films are usually

composed of a ferromagnet joined to an antiferromagnet. The exchange biasing refers to

an offset of the ferromagnetic hysteresis loop. The exchange bias effect is mediated by

interactions across the magnetic interface.

Despite the early discovery of exchange bias in 1956 [23], technological advances in

spintronics have maintained research interest in these systems [24,25]. New developments

in exchange biased films that use a multiferroic layer instead of an antiferromagnet offer

an exciting means of controlling exchange bias with electric fields [26].

These advances have motivated many studies, both experimental and theoretical, into

the specific nature and role of the interface region in layered magnetic systems. It is

understood that the antiferromagnet plays a key role in stabilising exchange bias and

there exists a net magnetic moment at the interface [13, 27]. Disorder and frustration at

the interface has been found to play a key role in many exchange biased systems [3,28–30]

and there are different theories to describe how exchange bias coupling occurs [31–34].

However, due to the many types of exchange biased systems and difficulties in extracting

interface specific information from magnetisation measurements, there are still many open

questions about the interface region. What is the coupling of this region to the rest of the

ferromagnet? Does this coupling change with ferromagnet/antiferromagnet orientation?

What, if any, magnetisation changes are there at the interface? These are questions that

multiple spin wave mode resonance studies can contribute to.

Lateral nanoscale patterning of thin films has allowed the creation of novel, periodic

series of interfaces in the film plane. A particular category of these systems are called

antidot arrays. Antidot arrays consist of a periodic sequence of holes in the magnetic

film which form a series of magnetic/non-magnetic interfaces as shown in Fig.(1.4). This

patterning has implications for in-plane spin wave mode structures which are determined
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by the unique dipolar field profile. These laterally inhomogeneous dipolar fields exist as

a result of the patterning. Such structures have interesting standing spin wave mode

confinement properties and band gaps in their spin wave dispersion relationships which

are reminiscent of the band gaps present in photonic crystals [35]. In addition, the spin

wave mode structures are highly affected by the magnetisation ground state, which is

certainly not uniform over a field range which would saturate the corresponding continuous

sample [36]. It is of interest to understand the relationship between the tunability of the

spin wave spectrum and the magnetisation ground state of these structures. The outline

of this dissertation is as follows:

• Chapter 2 describes the main experimental techniques used in this thesis, with par-

ticular attention to how spin wave resonances are experimentally measured.

• Chapter 3 presents an initial study on an exchange bias system; a Permalloy/IrMn

multilayered structure. The Permalloy layers are thick enough to support multiple

standing wave modes, and interfacial coupling is investigated as the thickness of the

IrMn antiferromagnet is varied. Variations in interfacial pinning are explored as a

function of temperature and angular measurements. A surface pinning theory is

applied to interpret the experimental results. Two parameters are extracted, one

which describes the surface anisotropy experienced by the ferromagnet and another

which is interpreted as describing variations in the interface magnetisation.

• Chapter 4 extends the previous study by directly modifying the interface between

the Permalloy and the IrMn. This modification is done by directly inserting dis-

continuous gold layers at the FM/AFM interface. A more complex, discrete calcu-

lation is carried out to determine how changes in interface magnetisation lead to

the observed resonances. Changes to interface magnetisation are found for different

FM/AFM orientations.

• Chapter 5 describes a study of multiferroic/ferrimagnetic layers using spin wave

resonances. The exchange coupling constant is determined for the ferrimagnetic

material and competition between two-fold and four-fold anisotropies as a function

of ferrimagnetic thickness is explored. These anisotropies are determined to have

origins in the substrate.

• Chapter 6 is a study of lateral spin wave modes in an antidot structure. One mode

with the largest excitation amplitude, which is known to have a uniform precession

amplitude along an antidot lattice direction, is shown to become highly localised
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between the antidots at large applied fields. This transition is brought about by

changes in the magnetisation ground state around the antidots, which create inho-

mogeneous static dipolar fields across the array.



Chapter 2

Experimental Methods

2.1 Magneto-Optical Kerr Effect

The Kerr effect is a description of the change in intensity and polarisation of light that is

reflected by the surface of a magnetic material, and was discovered by John Kerr in 1877

[37]. Using reflected laser light to probe changes in the magnetism of a sample is referred

to as the Magneto-Optical Kerr Effect (or MOKE for short). This technique is applied to

metallic magnetic samples which have highly reflective surfaces. Linearly polarised light

interacts with a magnetised sample and acquires a rotation of polarisation upon reflection

which is dependent on the magnetisation direction with respect to the initial polarisation

axis. To obtain a hysteresis loop, changes in polarisation are measured as a function of

applied magnetic field. The effects are highly dependent on initial polarisation direction of

the light and the sample magnetisation direction, a full description may be found in [38],

but here we restrict the discussion to the case shown in Fig.(2.1). This is the MOKE

geometry used to probe the samples presented in this dissertation, and is referred to as

longitudinal MOKE. A longitudinal MOKE geometry was chosen as the unidirectional

anisotropy direction for all the samples presented in this thesis were in-plane.

P-polarised light refers to the incident polarisation direction, which is parallel to the

saturation magnetisation direction if the light is incident to the sample normal direction.

It was chosen as the most sensitive MOKE geometry and initial light polarisation direction

for this experimental setup.

A simple classical description of the physical situation may be described in terms of

the Lorentz force acting on electrons in the magnetic material. Shown in Fig.(2.1), linearly

polarised light incident at an angle θ is absorbed by the sample and causes linear harmonic

motion of the free electrons, parallel to the plane of polarisation. These electrons acquire

8
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a shift in their motion from the Lorentz force Flor, as they experience fields from the local

magnetic moments M , causing an additional oscillation perpendicular to both the original

oscillation direction and magnetisation direction. Motion from the original oscillation

direction and Lorentz induced oscillation need not be in phase with each other. When the

laser light is re-emitted, its new polarisation state is a linear combination of the original

polarisation state and the perturbation due to the Lorentz force, so therefore acquires a

Kerr rotation φK , and becomes elliptically polarised.

The largest Kerr rotation from interaction with the sample in the longitudinal geometry

using p-polarised incident light can be obtained by making θ as close to 90◦ as possible,

as this will result in the largest Lorentz force. Explicit forms for the reflection coefficients

may be found in Zak [39].

The rotated polarisation component φK , detected by passing the reflected beam through

a polariser, will be proportional to the in-plane magnetisation component φK αMlon as

shown in [38,40].

It can also be shown that the relative MOKE signal intensity due to the difference

between magnetisation directions, after the reflected beam is passed through a polariser

will be a linear function of φK [38,40]. For a setup where the reflected beam of intensity I0

is passed through a beam-splitting polariser set at an angle φ to the original polarisation

direction of the beam, the two outgoing beam intensities I1and I2 will be:

I1 = I0cos
2 (φ+ φK) (2.1)

I2 = I0sin
2 (φ+ φK) (2.2)

If the polariser angle is set to φ = π/4 then Eq.(2.1) can be expanded to second order

in φK to give:

I1 = I0

(
1
2
− φK

)
I2 = I0

(
1
2

+ φK

)

All second order terms are zero, and so do not appear in the above equations. Subtrac-

tion of the two signals results in a final signal which is sensitive to polarisation rotations

and therefore to the magnetisation:
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Figure 2.1: The longitudinal geometry with incident p-polarised light is shown. Descriptively, if
the incident light angle θ is set to zero, the incident linear polarisation direction will be parallel to
the magnetisation directionM . The longitudinal MOKE geometry is sensitive to this magnetisation
direction. In order to maximise Kerr rotation φK of the reflected light, θ must be as close to 90◦ as
possible. Ellipticity obtained by reflected light due to the magnetisation originates from Lorentz
forces Flor, experienced by electrons in the material.

I2 − I1 = 2I0φK

2.1.1 Equipment Setup

In order to measure changes in polarisation between incident and reflected light, a pair of

polarisers (one to set the polarisation and one to detect the outgoing polarisation) is used.

The MOKE apparatus used in these studies is a differential detection technique where

both polarisation components of the reflected beam are used. This setup is sensitive to

changes in polarisation of the outgoing light beam. A schematic of the apparatus is shown

in Fig.(2.2). Firstly a p-polarisation direction is chosen for the incident laser light, this

direction is parallel to the field applied by the electromagnet, in order to conform to a

longitudinal MOKE geometry as described above. The beam splitter polarisation direction

is the same as the initial polariser, to prevent one of the emitted beams from leaving the

plane of the optics table. A half-wave plate is used in order to balance the beam splitter

outputs. It was experimentally found that this setup produced optimal contrast for the

detection of Kerr rotation.

A Coherent Diode laser emits a 635 nm red beam with a maximum intensity of 5 mW,

and is left to stabilise before measurements are taken. After passing though the initial

polariser, the laser beam reflects off the mirror mounts as shown in Fig.(2.3) to strike the
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Figure 2.2: The entire experimental setup for longitudinal MOKE is shown. Outlined in red is the
laser beam path starting at the laser and ending at the detector. The sample is mounted in between
the electromagnets and the in-plane field is measured as a voltage drop across a resistor by the
oscilloscope and converted into a current. The reflected laser signal is split into two orthogonally
polarised laser beam components by the beamsplitter and converted into an electronic signal by
the photodetector. These signals are amplified, subtracted from one another and recorded by the
oscilloscope. The function generator provides a field sweep by modulating the output of the power
supply.

Figure 2.3: A close up of the sample holder is shown. The dual mirror mounts project the
laser beam direction as parallel to the sample as possible. The entire holder and components were
constructed from brass and plastic to avoid spurious magnetic influences.
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sample at a narrow incidence angle. The mirror mounts are at ∼20◦ to the sample normal

in order to project laser wavevector into the plane of the sample. Roughly 1 mm2 of the

sample is illuminated by the laser beam, which measures the average magnetisation over

the laser spot.

After reflecting off the sample, the beam is passed through a wave plate in order to

balance the polarisation components of the beam when the sample experiences no applied

field. Finally it enters a beamsplitter to divide the beam into two orthogonally polarised

components.

Light is focused by two lenses onto a ν 1607-AC differential photoreciever and both

signals are passed into a Stanford SR560 pre-amplifier for amplification and subtraction

before being displayed and recorded by an Infiniium 1.5 GHz digital oscilloscope. Signal

subtraction is used to effectively double the useful signal.

Filtering is not used in the pre-amplifier, as it was found to distort the signal. Usually

magnetic field sweep rates away from 50 Hz were chosen to avoid power line noise, but

still fast enough that useful data could be collected in a reasonable time. 10 Hz was found

to be the optimal field sweep rate.

The original polariser is swept linearly to check that the output of the differential de-

tector also responds in a linear way. This ensures that linear variations to the polarisation

from the Kerr effect will also have a linear variation at the detector output.

Electromagnets are calibrated using an FH-54 Magnet Physik hall probe and driven

using a Kepko BOP 36-5M power source, experimental runs are kept to less then 15

minutes to stop overheating of the field coils. Field sweeps with a frequency above 200 Hz

lead to significant degradation of the magnetic field strength due to inductive losses. An

Agilent 33120A function generator is responsible for driving the power supply to provide

rapid field sweeps. Both the electromagnet current and MOKE output are recorded by

the Infiniium digital oscilloscope and saved in CSV format to form hysteresis loop data.

A repetitive sweep technique is used in which the data is averaged over hundreds of cycles

in order to eliminate noise. Constant monitoring is required to stop laser amplitude drift

effects.

When required, cold temperature measurements were possible via the Janis Research

“Cold-finger” cryogenic system which houses the sample in a vacuum sealed chamber that

has windows to allow laser beam access. A direct liquid N2 feed was pumped into the

chamber and a Lakeshore Model 331 temperature controller provided both measurement

and thermal control via a PID feedback system.
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There are several manual calibrations which are performed prior to MOKE measure-

ments which then assist in data interpretation:

• DC current to applied magnetic field calibration

• AC current to magnetic field calibration to correct for phase shifts between current

and field at different sweep frequencies

All experiments were carried out in low light conditions with the detector under a light

cover to ensure that changes in the ambient light level did not influence the measurement

results.

Maximum penetration depth of 600 nm laser light into permalloy is roughly 30 nm [41]

using the penetration depth formula tpen=λ/4πk, where k is the imaginary part of the

refractive index and λ is the light wavelength. So the MOKE laser is expected to probe

well into the bulk of the films studied in this dissertation, as most are 60nm thick.

2.1.2 Data interpretation

The procedure for interpreting measurement data is as follows:

• Collect the current and polarisation data, which are saved as comma seperated

variable files

• Apply the ac-calibration to correctly phase shift the current data

• Apply the dc-calibration to convert the current data into applied field

• Find coercive field points by identifying regions of maximum slope in the hysteresis

loop

The code to perform the above procedures was written in Mathematica to standardise

data interpretation. The final step in the above procedure is carried out by fitting Gaus-

sian functions to differentiated hysteresis data as shown in Fig.(2.4). From this, coercive

fields and exchange bias (at a given sweep frequency) may be measured. This method of

maximum slopes were used because the MOKE signal was found to drift in time and so

offsets to the y-axis are arbitrary.

2.2 Ferromagnetic Resonance

Magnetic moments in a field may undergo Larmor precession about their ground state,

and when many spins across a magnetic material undergo coordinated Larmor precession

standing spin waves may form.
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Figure 2.4: Part (a) is one arm of a hysteresis loop gathered for a NiFe(23 nm)/IrMn(6 nm)
sample after calibrations have been applied and (b) shows the same data (blue dots) after it has
been discretely differentiated and fitted to a Gaussian curve (red line) to extract the coercive field
point for this arm of the loop.

The key idea of this thesis is to study magnetic interfaces using standing spin wave

modes using appropriate ferromagnetic resonance techniques. As discussed in [42] ferro-

magnetic resonance occurs at microwave frequencies and is described by the Kittel formula

for simple geometries where sample is magnetised in or out-of-plane. This high-frequency

magnetic response allows the material to inductively couple with a microwave circuit. Typ-

ically this causes a difference in the transmitted rf current power, which can be measured as

a function of an applied magnetic field. By fixing the microwave excitation frequency and

sweeping the applied magnetic field, the resonance conditions may be determined. This

measurement method ensures that only magnetic resonances are probed and not electrical

resonances. Two different setups were used to measure this inductive coupling. The first

was a Vector Network Analyser (VNA) based setup and the second was a Field-Modulated

(FM) technique.

2.2.1 Vector Network Analyser FMR

Data interpretation and analysis techniques

In all cases for VNA-FMR, the measured parameters are the so-called S-parameters. The

relationship of the S-parameters to resonance in the sample (via susceptibility of the

sample) should be determined. S-parameters are the ratio of the complex pre and post

transmission (and reflection) standing power waves as discussed in detail by Kurosawa [43].

The S-parameters may be defined in terms the voltages and currents measured at VNA

ports. Assuming that the ports are correctly impedance terminated with resistance Z0

(typically 50 Ω), then the complex power standing waves at a port i may be characterised

using a and b parameters defined as follows:
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Figure 2.5: The equivalent circuit used to explain the meaning of power wave parameters ai
and bi with a microwave circuit. Microwave current is produced by the generator, which may
then be linked to either port through switches. Each port is modelled as a circulator, allowing
power to travel the indicated direction only. There is interaction of the microwave power with the
sample, represented by ZS , after which it is dissipated into port sink 1 and port sink 2. All circuit
elements except the sample, are impedance matched at resistance Z0. The a parameters may be
characterised by voltage and current measurements after the microwave generator, as this is the
outgoing power. The b parameters in this scheme may be characterised by voltage and current
measurements over the sink as this is the incoming (transmitted or reflected) power.

ai =
Vi + Z0Ii

2
√
|Re [Z0]|

(2.3)

bi =
Vi − Z0Ii

2
√
|Re [Z0]|

(2.4)

Where Vi is the voltage and Ii is the current across port i. The a parameter may

be considered to be power wave “outgoing” at a given port and b to be considered the

“incoming” standing power wave.

An alternative way of understanding these equations is by considering the circuit shown

in Fig.(2.5). It describes a microwave generator which may be linked to one of the ports,

which in this diagram are described as circulators (ie. only allowing microwave power

to flow in one direction). In this scheme, a parameters are measured from the voltages

and currents as they enter the corresponding circulator from the microwave generator.

Similarly b parameters are measured via the voltage drop and the current flow through

the port sinks.

Regardless of scheme, |ai|2 will give the scalar power outgoing from port i and |bi|2

will give the scalar power incoming at port i.

The incident and reflected power waves as shown in Eq.(2.3) are related by the scat-

tering S-parameters as follows:
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 b1

b2

 =

 S11 S12

S21 S22

  a1

a2



S21 is defined as the complex power standing wave transmission coefficient b2
a1

, the

square amplitude of which describes the (relative) signal power transmitted though the

circuit ZS from port 1 to port 2. Any elements connected to the circuit path between

ports acts to change the complex resistance ZS of the electrical circuit and will be re-

flected by changes in S21. Confining any applied magnetic field changes to the microwave

transmission line minimises spurious magnetic influences to signal changes.

Any alterations in the magnetic susceptibility of the sample will result in modifications

to the impedance of the electrical circuit it forms (see Section 2.2.4). We are able to

exploit this when considering how to link an effective susceptibility χeff to the measured

S21 parameters.

We may try to use a lumped element approach to treating the change in impedance of

the sample. However, for this to be valid the sample length should be less than a quarter

wavelength of the microwaves in the stripline. An approximation to the microwave phase

wavelength may by obtained from transmission line theory using [44]:

vφ =
c
√
εr

where c is the speed of light and εr is the dielectric constant of the microwave trans-

mission line. For an unloaded transmission line εr ∼ 3.5 (corresponding to a Rogers 4000

series board) and the relationship λ = vφ/f can be used to extract wavelength. Comparing

the quarter wavelength at various frequencies in Tab.(2.1), and given that most sample

sizes are 1 cm2, it is obvious that wave propagation effects should be considered and may

play a role in measurements.

In order to understand how the sample affects microwave propagation, we model the full

circuit as shown in Fig.(2.6). The sample sits on top of a waveguide, which is impedance

matched to the transmission lines at either end as shown in Fig.(2.6).

For the purposes of calculating the relationships between the power waves, it is more

convenient to initially use T-parameters, which relate power waves as follows:
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λ
4 (cm) ω(GHz)

2.5 1
0.83 3
0.5 5
0.35 7

Table 2.1: The quarter microwave phase wavelength across the transmission line is shown as a
function of different frequencies. For higher frequencies the sample sizes are greater than a quarter
wavelength, and so wave propagation must be considered instead of a simple lumped element
approach to modelling microwave interaction with the sample.

Figure 2.6: The microwave circuit when connected to the VNA is modelled as comprising of
three regions, those which connect to the VNA and have impedance Z0, the region of the stripline
which border the sample with impedance Za and have length la, and the sample region itself with
impedance Zs and length ls. The approximation is made that Za ≈ Z0.

 b1

a1

 =

 T11 T12

T21 T22

  a2

b2


The advantage of a T-parameter formalism is that it allows the transfer matrices of

several microwave elements in series to be cascaded - similar to the transfer matrices

used in optics. Then once the total T matrix is calculated, it can be related back to the

S-parameters in a simple way:

 T11 T12

T21 T22

 =

 1/S21 −S22/S12

S11/S12
(
S122 − S11S21

)
/S12



For the system shown in Fig.(2.6), in which the waveguide impedances Za are closely

matched to the connector impedance Z0 and following the steps of Barry [45], the total

T-matrix may be written as follows:
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T =

 eγala 0

0 eγala

 ·
 (1− Γ)−1 Γ (1− Γ)−1

Γ (1− Γ)−1 (1− Γ)−1

 ·
 eγsls 0

0 eγsls


·

 (1 + Γ)−1 −Γ (1 + Γ)−1

−Γ (1 + Γ)−1 (1 + Γ)−1

 ·
 eγala 0

0 eγala


Where γn is the propagation constant over region n, and γn = α+ i ωvφ where α is the

loss, ω is the electrical frequency, vφ is the phase velocity, ln is the length of region n,

and Γ = Zs−Za
Zs+Za

is the complex reflection coefficient at the sample edges due to impedance

mismatch. It is worth noting that loss terms will only affect the signal amplitude, while

the additional propagation terms will result in a phase shift of the signal.

If sample reflections Γ are small, they may be ignored and the equation for S21 is

greatly simplified:

S21 = e−2γalae−γsls = e
−2la(αa+i

ω
vφ,a

)
e
−ls(αs+i ω

vφ,s
)

Because the transmission line dielectric is much thinner than the rf wavelength, waves

propagating in the stripline will have a quasi-TEM character. This fact allows use of the

telegraphers equations to link wave propagation to electrical parameters in the circuit.

Use of the telegraphers equations applied to a low loss line allow the phase velocity to be

written as [44] vφ = 1/
√
LC, where L is inductance and C is capacitance.

Modifying the applied magnetic field H will affect the phase velocity (and therefore

propagation constant) of signals travelling through the magnetic sample via changes to

sample inductance (assuming small losses) in the following way via a Taylor expansion:

1
vφ(H + dH)

− 1
vφ(H)

=
√

(L+ ∆L)C −
√
LC ' ∆L

2Zs

where Zs =
√

L
C .

This change in inductance can be related to a change in susceptibility χeff through

the reciprocity of the waveguide (See Section 2.2.4, Eq.(2.14)), and so the full equation

relating S21 to χeff is:
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S21(H) = S210 e
−iωηχeff (H)

where S210 is a complex factor due to wave propagation and attenuation along the

entire waveguide/stripline and η is a collection of constants which do not vary with ap-

plied field. As mentioned before, the broad magnetic background χback sometimes needed

subtraction for larger field sweeps. Using the effective susceptibility formalism:

χsample(H) = χtotal(H)− χback(H)

χsample(H) α ln
(
S21total(H)
S21back(H)

e−iπθ
)

Determination of the resonance peak position amounts to finding the peak in the

following:

Signal(H) =
S21total(H)
S21back(H)

e−iπθ (2.5)

where the phase shift θ is chosen to optimise the peak shape of the Real part of

Signal(H) to be as close to Lorentzian as possible. As the peak positions were of primary

interest, these may be read off S21 magnitude data |S21| at an absorption minimum for the

fundamental resonance (FMR) mode without significant loss in accuracy as noted in [46].

The background originating from the waveguide components for many measurements was

nearly constant over the field ranges studied and so was not a significant issue unless

otherwise noted.

Once the raw data has been obtained and if necessary, suitably background corrected,

it is imported into Mathematica and a differentiated Lorentzian peak was fitted to the

differentiated data. Suitable terms for linear and quadratic backgrounds were included

into the fitting routines in order to eliminate spurious slopes originating from possible

magnetoresistive effects, or experimental drift.

It was often the case with the multilayered samples that the first exchange (FEX)

mode required a different phase shift to the FMR mode in order to recover a Lorentzian
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Figure 2.7: Field sweeps of a Py(60.5 nm)/Au(1.5 Å)/IrMn(6 nm) sample that compare magni-
tude S21 (|S21|) data (scale on left) to phase corrected real S21 (Re(S21)) data (scale on right).
Part (a) shows the |S21| data (blue) and phase corrected Re(S21) data (red) for the FMR mode
at 3 GHz, (b) shows the |S21| data (blue) and phase corrected Re(S21) data (red) for the FEX
mode at 7 GHz. Although there is no significant change to the peak position of the FMR mode
before and after correction, the FEX mode shape displays a large difference.

lineshape. Also from observations of the |S21| parameter, the FEX mode appears quite

different to the FMR mode, as shown in Fig.(2.7).

Possible explanations include the weakness of the FEX signal compared to the back-

ground, although background subtraction did not substantially help. The alternative

approach of using S11 data [47] was tried, but was not successful in recovering a good

lineshape. Other contributing factors could be field varying phase shifts originating from

the possible magnetoresistive effect or something intrinsic to how the mode interacts with

the waveguide. Interestingly some thicker Permalloy samples grown by different labs dis-

played the same phase shifts for both modes as seen in Fig.(2.14).

The rf signal phase in this experiment was quite sensitive to vibrations and changes

in temperature. For some low temperature experiments, optimisation of a Lorentzian

lineshape was inadequate to find the resonance minimum of the FEX mode due to the

fluctuations in phase. For these cases the |S21| magnitude was a much more stable signal,

being a direct measure of scalar losses in the transmitted signal and insensitive to phase

variations. A consistent feature found was the maximum slope of the FEX signal, shown

in Fig.(2.8).

Where relevant, this was confirmed at room temperature to be close to the minimum in

the phase corrected Lorentzian FEX signal and used in some low temperature experiments

as a measure of the FEX mode resonance conditions. Uncertainties due to this procedure

were taken into account when processing data.

Measurements of the FEX mode may be used to determine exchange coupling in a

ferromagnet. One measure of exchange coupling in a ferromagnet is the exchange constant

D = 2A
MS

, where A is exchange stiffness and MS is saturation magnetisation. Many of the

Permalloy samples used in this study were grown at the University of Leeds and observed
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Figure 2.8: When low temperature experiments were run on Permalloy, it was sometimes nec-
essary to utilise the |S21| data due to phase instabilities. Shown above is a sketch of how the
region of maximum slope of the |S21| data (in red) experimentally corresponded to the minimum
in the phase corrected Re(S21) data (in purple) for the FEX mode. Whenever this relationship
was utilised, it was confirmed at room temperature.

Leeds Film Singapore Film
Thickness (nm) 60.5 100
µ04H (T) 0.0380 0.0323
µ0MS(T) 0.8 0.92

Calculated D (T m2) 1.41×10−17 3.27×10−17

Table 2.2: Table showing all experimental results on different single layer Permalloy films. Film
thickness t, field gap between FMR and FEX modes4H and µ0MS are experimentally determined.
The values of D calculated here are determined by the approximation µ04H ∼ Dπ/t, assuming
minimal surface pinning.

to have a low exchange constant D, half of what is usually found or assumed in the

literature. To determine if this was due to sample properties, follow up resonance studies

were performed on permalloy samples grown at the University of Singapore. They show an

exchange constant much closer to what is expected from other literature sources, which is

approximately D∼ 3× 10−17T m2 [48–50]. See Tab.(2.2) for a comparison between Leeds

and Singapore permalloy film parameters.

The low exchange constant is attributed as being intrinsic to the Leeds samples and

not arising from the experimental methods used to gain a measure of this constant.

Equipment Setup

The VNA-FMR technique uses an Agilent N5230A PNA-L network analyser as both the

microwave excitation source and return signal analyser. As shown in Fig.(2.9) it is con-

nected to the stripline antenna on which the sample sits, via high frequency coaxial waveg-

uides.

The waveguides seen in Fig.(2.12) and end-launch connectors seen in Fig.(2.10) were

constructed by Southwest Microwave to be 50 Ω impedance matched to the microwave

cables. The end launch connectors were custom made to be non-magnetic, with alballoy
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Figure 2.9: The vector network analyser FMR setup displayed schematically, with the waveguide
and sample geometry in the bottom right. Shown is the applied field direction H, relative to the
rf microwave field hrf .

Figure 2.10: Close up of the microwave end-launch connector illustrating how the central pin
contacts the waveguide. Picture courtesy of Southwest Microwave.

coated brass end blocks and BeCu launch pins. The striplines were provided by South-

west to be impedance matched with the end-launch connectors. The predominantly used

striplines included a microstrip waveguide geometry with a 0.3 mm wide central strip, and

a coplanar waveguide geometry with a 1.6 mm wide central strip. The microwave cables

were high-frequency Sucoflex 104 flexible lines which have good transmission character-

istics up to 26 GHz. Unfortunately their SMA connectors contained small amounts of

ferromagnetic Nickel, giving a broad background signal in measurements. As most sweeps

however were only over a field range of several hundred Oersteds, and the background sig-

nal was almost constant over this range, it did not significantly detriment measurements.

The measurement parameter of interest is the S21 ratio. To measure this, a continuous

wave frequency is output from port 1 of the network analyser, and the S21 scattering
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Figure 2.11: The two magnets used for the FMR experiments are shown. Electromagnet on
the left is the small water-cooled Kepko driven magnet and on the right is the large water-cooled
Danphysik driven magnet with pole pieces.

parameter is recorded while the static magnetic field is swept. If the VNA has been

properly calibrated the S21 parameter measures S21 = b2/a1, where a1 is the (complex)

outgoing microwave power wave at port 1 and b2 is the (complex) transmitted microwave

power wave incoming at port 2 after interaction of the original signal with the sample.

The squared magnitude |S21|2 measures the power transmission coefficient, assuming that

the port is correctly terminated internally [43]. The VNA receives the return signal, and

converts the microwave signal into a lower intermediate frequency which can then be noise

filtered and compared to the original outgoing signal. In this way both the magnitude and

phase information is recorded. Magnetic field sweeps in this case also minimise systematic

frequency dependent errors from the measurement which would otherwise originate from

the VNA. Magnetic field sweeps also reduce unwanted sensitivity to frequency dependent

effects in samples, such as electrical resonances which are not relevant to ferromagnetic

resonance. Typically runs use 4-point averaging and a 40 Hz internal bandwidth filter of

the VNA in order to eliminate frequency noise. Microwave signal strength is set at the

largest possible for the device, 10 dBm, in order to maximise signal to noise ratio. Network

analyser control and data collection is done using in-house written Visual Basic code, and

mediated via a GBIP to USB cable.

The two electromagnets primarily used in experiments were a GMW electromagnet

driven by a Danfysik power supply and controlled via RS-232, capable of reaching over 1 T

and a small Kepko BOP driven electromagnet controlled with a NI-DAQ card (Fig.(2.11)).

Both magnets are calibrated using an FH-54 Magnet-Physik hall-probe. The Kepko

BOP driven magnet uses a set of parallel capacitors at the power output in order to

smooth out high frequency current fluctuations. Both power supplies were operated in

current controlled mode in order to compensate for heating of the electromagnet coils over

time.

As the small Kepko based electromagnet has no pole-pieces, it can be operated quickly
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Figure 2.12: Gear used for various FMR experiments is shown, (a) is the chamber used to house
the striplines for use in the Kepko driven magnet, (b) is a coplanar waveguide, (c) is a microstrip
waveguide and (d) is an angular disk for probing angular anisotropies, it has grooves that fit into
the central stripline area.

and provides a consistent magnetic field for a given driving current. This makes it the ideal

setup for studying magnetic systems which display small anisotropies, permalloy based sys-

tems in particular, and angular anisotropy studies. Its main limitations are the low field

range accessible (less than 800 Oe) and the stripline housing shown in Fig.(2.12), which

requires disconnection and reconnection of the waveguides for every change of sample po-

sition. To facilitate anisotropy measurements an angular mounting disk was constructed,

shown in Fig.(2.12), which fits into the waveguide structure via grooves spaced 5◦ apart.

Cold temperature measurements were carried out in this setup via pumping cooled

nitrogen gas with the “cold-finger” shown in Fig.(2.13), into the stripline housing via an

electrically controlled heating chamber.

Temperature control is achieved to within 1K via active PID feedback from a Lakeshore

thermocouple device. Microwave transmission was found to be extremely sensitive to tem-

perature fluctuations and the signal displayed extreme attenuation at low temperatures,

likely due to thermal distortion of end-launch pins or waveguide geometry.

Measurement Procedure

The measurement procedure for VNA-FMR is as follows:

• Initially a microwave frequency is chosen for the duration of the entire experiment

• An applied magnetic field is selected
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Figure 2.13: Basic schematic of the cold temperature FMR setup which is used with the Kepko
driven small electromagnet.

Figure 2.14: Normalised |S21| parameter as a function of applied field is shown for a 100 nm
Permalloy sample grown in Singapore, a 6.5 GHz excitation frequency is used to drive resonance.
The fundamental resonance is the dip at 440 Oe and the first exchange resonance is the smaller
dip at 100 Oe.

• Both real and imaginary (or equivalently magnitude and phase) components of S21

are measured

• Repeat previous two steps until measurement is complete

An example data set gathered in this way for a 100 nm Permalloy sample is shown in

Fig.(2.14). The magnitude |S21| is plotted against field, and two resonance dips are seen,

corresponding to standing spin wave modes.

Often for field sweeps over a large range, a data set which measures the stripline

response without the sample is gathered and subtracted from the main data set via a

division procedure (see Eq.(2.5)). These background signals come from magnetic elements

in the waveguides (specifically Nickel) and any other magnetic material in the cables and

stripline that is exposed to the magnetic field. It was found experimentally that the

most uniform background was produced by the narrowest microstrip waveguide. It is

possible that different waveguide types are less well impedance matched with the end-
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Figure 2.15: Normalised |S21| parameter as a function of applied field is shown for a narrow
0.3 mm microstrip line with no sample on top. Panel (a) has the outcome of a field sweep at 4
GHz and (b) shows a field sweep at 7 GHz. For larger frequencies over this field range, a weak
background effect is seen which possibly originates from the magnetoresistive effect of the Nickel
in the SMA connectors and waveguides.

launch connectors. This would exacerbate effects which further alter the impedance of the

combined waveguide/cable system, such as any magnetic response of the connectors.

In all cases for low applied field values far from resonance, when using high microwave

frequencies, a spike is seen in the |S21| parameters even with no sample on top of the

waveguide as shown in Fig.(2.15).

Similar features have been seen by previous authors [51] studying perovskite magnetic

compounds in cavity FMR and was attributed to magnetoresistance. It is possible that

the Nickel in the SMA connectors produces an anisotropic magnetoresistive effect.

To gauge the impact of waveguide selection on measurement of this effect, the La0.7Sr0.3MnO3(30

nm)/BiFeO3(2.5 nm) sample (from studies presented in chapter 5) was probed using dif-

ferent waveguides in Fig.(2.16). The ferromagnetic resonance dips seen at ±400 Oe do

not change in their absorption amplitude (measured from base to tip of the resonance),

however the supposed magnetoresistive effect is amplified enormously by the coplanar ge-

ometry. This was found to be the case regardless of which sample type was placed on top

of the waveguide.

In order to establish that this was a magnetic switching effect, experiments were per-

formed with both positive to negative field sweeps and negative to positive field sweeps. A

typical result is shown in Fig.(2.17). Note that the position of the spikes depends on the

field sweep direction and occurs consistently at ±30 Oe. This would be consistent with a

magnetic switching which then changes the electrical resistance of the stripline.

In order to minimise these effects, a narrow microstrip line was used in FMR experi-

ments for chapters 4, 5 and 6.
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Figure 2.16: Normalised |S21| parameter as a function of applied field is shown for a
La0.7Sr0.3MnO3(30 nm)/BiFeO3(2.5 nm) sample on different stripline types, while a 6.5 GHz
excitation frequency is used to drive resonance. (a) Uses a coplanar waveguide with a 0.3 mm
central stripe width, (b) uses a microstrip waveguide with a 1.6 mm central stripe width and (c)
uses a microstrip waveguide with a 0.3 mm central stripe width. In all cases the resonance dips
at ±400 Oe have the same absorption depth, but the strength of the background varies depending
on waveguide used.

Figure 2.17: Field sweeps from negative fields to positive fields (blue crosses) and positive fields
to negative fields (red circles) are shown for a coplanar waveguide at a 10 GHz driving field. For
the negative to positive field sweep, the spike in |S21| is seen at positive fields. This is evidence of
a magnetic switching effect. Similarly the spike is seen at negative fields for positive to negative
field sweeps.
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Figure 2.18: A schematic of the FM-FMR setup. For this type of spectrometry, additional
electromagnet coils are needed to modulate the microwave signal and be detected by the lock-in
amplifier after being passed through the microwave diode.

2.2.2 Field-Modulated FMR

Equipment Setup

The field-modulated FMR (or FM-FMR setup) relies on modulation of the applied mag-

netic field while measuring the transmitted microwave power, which is converted to a dc

signal via a microwave diode and recorded with a lock-in amplifier. The modulation field

does not act to drive resonance, as its frequency is much slower compared to spin preces-

sion frequency, but merely alters resonance conditions via a perturbation to the applied

field and in this way the power absorption derivative is measured. Despite the lack of

microwave phase information, advantages to this setup include a lower noise floor by ap-

propriate selection of the modulating frequency and a low setup cost in comparison to a

VNA-FMR type setup. A schematic of the experimental setup is shown in Fig.(2.18).

The spectrometer consists of an HP 8672A microwave generator to provide a continuous

wave rf source, which is then connected to the broadband microstrip line containing the

sample. A Herotek DT2018 diode which is linear over a 200 mV range, converts the

transmitted rf signal into a dc signal which may then be detected by the HP SR850 lock-

in amplifier. The sample sits inside the electromagnet assembly, which also contains the

field modulation coils. Detection of the signal with minimal noise required a modulation

frequency of 120 Hz, and the coils produced a modulation field strength of 10 Oe. The

modulation signal was provided by an Agilent 33120A function generator, which also sends

a synchronisation signal to the lock-in amplifier.

The output dc-voltage level is kept at 150 mV, such that the microwave diode responds

linearly to changes in microwave power. A representative FM-FMR spectra is shown in

Fig.(2.19). In addition several measurements made use of a microwave frequency doubler

device, which also incorporates an adjustable microwave signal amplifier. Its use required
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Figure 2.19: A representative FM-FMR of the fundamental resonance mode from a
La0.7Sr0.3MnO3(38.8 nm) thin film. The driving frequency was 13GHz, and the differential ab-
sorption is measured by a lock-in amplifier and a microwave diode.

careful checking of the output signal for spurious harmonics which would excite unwanted

resonances.

Electric Field Biased Measurements

To probe the multiferroic potential of BiFeO3 structures with FM-FMR experiments, it

was of important to have a microstrip allowing the application of different bias electric

fields across the sample. The BiFeO3 samples used were found to be electrically polarised

using an electric field strength of 4×108 V/m using atomic force microscopy. Two different

methods of producing a electrical bias field were tried:

a) Creation of a conducting graphite line on a microstrip line as shown in Fig.(2.20).

Insulating kepton across the ground plate allowed attachment of leads to the graphite

lines.

b) Applying a dc-voltage across the coplanar microstrip structure as shown in Fig.(2.21).

A dc-isolator was used to stop the dc-voltage from overloading the microwave generator.

With this setup, the BiFeO3 provided an insulating layer between the conductive fer-

romagnet and the waveguide. Assuming that the electric fields are concentrated directly

through the BiFeO3 layer, then the appropriate electric field strengths could be easily

reached using a bias voltage as small as 3 V.

The bias voltage was supplied by a Mastech HY3003F-3 power supply, with a 60V

upper limit. In order to measure electric bias induced changes the following procedure

was carried out:

• Apply large positive voltage - do FMR sweep

• Zero voltage - do FMR sweep
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Figure 2.20: A microstrip line designed to be operated in reflection mode, with additional con-
ducting graphite lines drawn on the surface to allow a biasing electric voltage across the sample.
Large graphite squares provide contact regions for the dc-voltage terminals.

Figure 2.21: Schematic displaying how applying a dc-voltage across a coplanar waveguide would
electrically bias the multiferroic insulating BiFeO3 (BFO). Charge accumulation on the stripline
induces the opposing charge in the La0.7Sr0.3MnO3 (LSMO) and this provides the electric biasing
across the BFO.
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• Apply large negative voltage - do FMR sweep

• Zero voltage - do FMR sweep

Due to the nature of the electric field biasing in these experiments, with two kinds of

polarised regions developing, any change to the resonance curve was sought, including any

changes to the resonance curve width.

Measurement Procedure and data interpretation

The measurement procedure for an FM-FMR experiment was as follows

• Set lock-in parameters

• Set microwave frequency and power

• Set modulation parameters

• Sweep field and measure lock-in signal

Once the data was collected, it was imported into Mathematica and features were fitted

to differentiated Lorentzians in order to extract peak positions. The signal extracted from

this procedure is essentially a differentiated |S21| signal.

2.2.3 Comparison of methods

A short comparison between the VNA-FMR and FM-FMR methods is presented here.

Both methods have roughly the same capability to actually detect signals, however the

FM-FMR method has a lower noise floor than the VNA-FMR. This is most likely due to

the FM-FMR lock-in detection method, the more direct route to signal measurement (for

example there is no intermediate frequency conversion as in VNA-FMR) and possibly the

more stable microwave frequency generation used. The VNA-FMR can detect the same

features as the FM-FMR method [52], but requires signal filtering to eliminate noise, and

if the filtering bandwidth is below 10 Hz the data collection time can become excessively

long - leaving the measurement susceptible to drift noise. The FM-FMR method is only

sensitive to amplitude changes at the lock-in modulation frequency, whereas the VNA-

FMR detects any mechanical and thermal fluctuations which cause fluctuations in the

electrical properties of the waveguides. On the other hand the VNA-FMR method pro-

vides access to both (absolute) magnitude and phase information about the transmitted

microwave signal. This is invaluable for data interpretation where complex phase shifted
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signals are involved, as is the case for the first exchange mode in many Permalloy samples

probed.

2.2.4 Waveguide excitation

Two waveguides types were used for experiments:

1. Coplanar stripline

2. Microstrip stripline

The coplanar stripline has a central conductor strip with ground planes on either side

separated by a gap. Microstrip geometries have a central conductor with no neighbouring

ground planes. In both geometries, one side is backed by a dielectric and a ground plane.

This is to confine microwave fields and stop radiative losses, as striplines are primarily

used as test components for microwave systems. Our microstrip lines were constructed

with a glass refined hydrocarbon/ceramic laminate and use copper ground plane backing.

Their dimensions are 25 mm×12.2 mm and are 50 Ω impedance matched to the end-launch

connectors. As mentioned previously, several central stripline widths were used in FMR

experiments. While microstrip lines have a much simpler geometry and are consequently

simpler to model, the impedance of the coplanar lines depends only upon geometric ratios

and so they provide more flexibility in choosing central strip dimensions which are matched

to end-launch connectors.

Coplanar waveguides have smaller radiation losses than microstrip waveguides [53],

but larger dispersion and unloaded Q.

Insight about the comparative field distribution may be gained by approximating the

current distribution as line currents in the magnetostatic limit, where the surface currents

are primarily confined to the edges of the conducting material [54]. This may be explained

simply as mutual repulsion of same-charged current to the edges of the conducting strip.

The microstrip field geometry may be approximated by two line currents (of the same

direction) separated by a width W to the edges of the central conductor. The coplanar field

geometry approximation includes the two central line currents as the microstrip geometry,

but with the addition of two further induced line currents (of opposite polarity) in the

neighbouring ground plane, with a gap g between the inner and outer line currents (shown

in Fig.(2.22)).

These approximations neglect the true current distribution, which need not be con-

fined to line currents, and are only valid for an unloaded stripline in the magnetostatic
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Figure 2.22: Two stripline geometries are shown and the respective approximations to their
current distributions. (a) Shows a microstrip line of width W with two line currents of the same
polarity at the edges of the stripline. (b) Shows a coplanar line with central strip width W and
gap between the centre strip and outer ground planes g. The ground planes have current lines of
opposite polarity to the central stripline.

Figure 2.23: The magnetic field strength is shown as a function of height above the central
stripline for different waveguide geometries. The coplanar line has a central stripline to outer
ground plane gap of g=0.2×W . The vertical axis displays, in arbitrary units, the normalised field
strength which has a different decay length for the two geometries. The blue line shows the field
strength for the coplanar waveguide and the red line shows the field strength for a microstrip line.

limit. The permittivity of the surrounding medium is assumed to be uniform, with no

underlying ground plane for each geometry. Nevertheless, as the approximations apply to

both geometries, a qualitative comparison of the magnetic field profiles may be drawn.

In both cases the central conductor possesses the same width (W = 1) and total current,

and the coplanar line gap g is 0.2×W , which is comparable to the relative gap-to-width

size for our coplanar lines. Results are shown as a function of distance from the centre of

the stripline h in Fig.(2.23) The coplanar line field strength drops off much quicker than

the microstrip field. From inspection of the line currents involved, it is also apparent that

the fields in the coplanar line will be confined in the gap region, whereas fields for the

microstrip line will be concentrated above the central conductor. It is therefore best to

place the sample in direct contact to the coplanar stripline (where possible) in order to

maximise spin wave excitation, whereas there is some more leeway in using the microstrip

line for studies where the sample is at some distance from the stripline. Possible reasons for

wanting to place the sample further from the stripline would be to protect the microwave

generator devices from shorting out (in the case of the coplanar waveguide) due to sample

conductivity, and to probe sample resonances through a substrate as in [19].
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Figure 2.24: Simulation results of normalised magnetic field strength magnitude vs distance
h above the central trace of a microstrip line with trace width W = 0.41mm, trace thickness of
0.035mm, with a dielectric substrate of permittivity of εeff = 3.55 and a thickness of t = 0.2mm
and a bottom ground plane was included.

In order to gain a feel for the physical length scales involved in field decay from waveg-

uides, simulations were run in the microwave simulation program HFSS. The simulations

were run using a dielectric substrate with permittivity of εeff = 3.55 and a thickness of t =

0.2mm. The simulated microstrip had a central trace width of W = 0.41mm, conducting

line thickness of 0.035mm and had a ground plane on the base of the substrate. These

parameters were chosen to represent a 50 ohm impedance matched stripline. A short

section of microstrip line, several mm long, was simulated such that its total length was

much less then a quarter microwave wavelength at 1GHz. Results presented in Fig.(2.24)

show that for a microstrip line operating at 1GHz the magnetic field decays to 90% of its

maximum strength over a distance equal to roughly twice the waveguide width.

Excitation strength

It is useful to know the maximum driving magnetic field strength of the waveguide and

also the largest induced voltage change across the waveguide due to resonance excitation

given a particular waveguide dimensions. Answers to these questions provide a link be-

tween susceptibility and the measured S21 parameters, as well as being able to optimise

waveguide geometry for spin wave excitation. In particular, will a stronger signal be ob-

tained with a larger central stripline region with which to cover the sample? Or would it

be more beneficial to have the larger excitation field produced by a narrower stripline and

more confined current?

Starting with the magnetostatic approximation allows estimation of magnetic field

strength above the waveguide, by using the total root-mean-squared (microwave) current
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flowing through the waveguide and integrating over the central conductor with:

I =
∮
A
H · dl

where I is the conductor root mean square current, H is the field strength just above

the stripline and under the assumption that the central waveguide width W is much greater

than its thickness then the approximate field experienced by the sample is

Hx ' I

2W
(2.6)

With microstrip and VNA parameters of R=50 Ω, W = 1 mm and maximum power

P = 10 mW which corresponds to the maximum VNA output of 10 dBm the root mean

square magnetic field is Hx = 0.09 Oe. Such a driving field is small enough that non-linear

spin wave processes will not be driven.

To then estimate the induced signal in the waveguide due to magnetisation precession

we can utilise the reciprocity between the waveguide and sample to write the flux dφ

created at the waveguide, from an oscillating magnetic moment dMx in the sample as [55]:

dφ =
µ0Hx

I
dMx

Then we use Eq.(2.6) and integrate over the sample dimensions for both thickness t,

length l, and assume the sample covers the entire central stripline width to get:

φ ∼ µ0t l

2
Mx (2.7)

In this approximation, it is assumed that the driving field will be constant across the

stripline width and at some distance from the stripline. In reality magnetic moments

across the film will experience different driving field strengths.

Eq.(2.7) can be used to determine voltage changes across the waveguide element due

to the driven magnetic precession in the sample. This voltage change may be calculated

from Faraday’s law of induction:
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4V = −dφ
dt

=
µ0t l

2
dMx

dt
(2.8)

Provided that the driving field strength remains small and does not significantly per-

turb the magnetic ground state, the time dependence of Mx may be written in the linear

approximation as:

dMx

dt
= iωMx

where ω is the spin precession frequency. Using this, Eq.(2.8) may now be expanded

to give:

4V =
−iωµ0t l

2
Mx (2.9)

We follow the approximation above that spins all experience the same driving field and

the assumption that spin precession is uniform precession across the entire sample (ie. an

unpinned FMR mode) in order to make a quantitative estimate of the voltage difference.

Using the extrinsic susceptibility for an in-plane magnetised thin film (details found in

Appendix B), the maximum amplitude of spin precession due to a driving field Hx across

the sample due to a driving field Hx then becomes [56]:

|Mx| = | Hx
γµ0Ms [(γµ0H + iωα) + γµ0Ms]

ω2
r − ω2 + 2iωαγ

(
µ0H − µ0Ms

2

) | (2.10)

where MS is the saturation magnetisation, Hx is the driving field, H is the static

applied field, α is the Gilbert damping parameter, ω is the driving frequency and ωr is the

resonance frequency. Equations (2.6),(2.8) and (2.10) can be combined to give an upper

limit of the induced voltage magnitude:

|4V | =
ωµ0t l

2
· |γµ0Ms [(γµ0H + iωα) + γµ0Ms]

ω2
r − ω2 + 2iωαγ

(
µ0H − µ0Ms

2

) | · I

2W
(2.11)

Using experimental parameters typical for the VNA driving fields and stripline width
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as mentioned above (I = 0.014 A and W = 1 mm), with on-resonance Permalloy mi-

cromagnetic parameters of µ0Ms ∼ 1 T, ω = ωr = 10 GHz, γ = 2.8 × 1010 Hz T−1,

α = 0.008 [57] and an in-plane resonant applied field 1 H = Hf = −Ms
2 +

√
(γµ0Ms)

2+4ω2
r

2γµ0

gives an induced voltage of up to 45 mV. Furthermore, Eq.(2.11) shows that a thinner

central stripline width will result in a larger induced voltage, so for a stronger signal, a

narrower waveguide should be used. In using narrower central conductors, care should be

taken that the driving fields do not lead to non-linear spin wave excitation.

Returning to the link between susceptibility χ and the induced voltage change in

the waveguide covered by sample, we must use Eq.(2.9) and consider the dynamics of

magnetisation instead of the maximum precession amplitude. To do this we take Eq.(2.9)

and use the susceptibility relationship:

Mx = χxxHx

4V =
−iωµ0t l

2
Hxχxx (2.12)

The quasi-TEM nature of wave propagation in the stripline allows use of the teleg-

raphers equation to write the link between voltage change and inductance change 4L

as:

4V = −iωI4L (2.13)

Eq.(2.12) may now be rewritten by making use of the field produced by the stripline

in Eq.(2.6) and Eq.(2.13) to give:

4L =
µ0tl

4W
χxx (2.14)

1The full form of the FMR resonant field conditions for an in-plane magnetised film with damping is
given by:

µ0Hf =
−γµ0Ms +

√
(1 + α2)

(
[γµ0Ms]

2 + 4(1 + α2)ωr
)

2γ
≈
−γµ0Ms +

√
(γµ0Ms)

2 + 4ωr

2γ

which is valid for α small.
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This relationship between the inductance and susceptibility allows the S21 parameters

to be linked back to change in susceptibility. It should be noted that striplines will not

necessarily generate homogeneous fields in the x-direction over their whole width, with the

result that the measured susceptibility will be an effective susceptibility χeff . The effects

non-uniform driving fields have on shifting the observed resonance minimum is discussed

in the next section.

Travelling spin wave excitations

As the striplines used have a finite width and the sample extends perpendicular to the

strip direction it has been shown [58, 59] that travelling spin waves may propagate in

this direction due to the non-uniformity of the driving field. These travelling spin waves

have the effect of distorting the susceptibility and shifting the resonance associated with

standing wave modes. There are two arguments which are presented that show these

shifting effects are small in the case of samples studied in this thesis.

Firstly the decay length of travelling spin waves may be quantified by:

ldecay ∼ 3τ vsw

where τ is the decay time and and vswis spin wave velocity. For Permalloy, given that

τ ∼ 5× 10−9 s and vsw ∼ 5× 103 m s−1 the decay length turns out to be roughly 75 µm.

This is four times greater than the smallest microstrip width, so it is expected that most

spin waves will experience a homogeneous driving field over their lifetimes.

For a coplanar waveguide, the travelling spin wave mode with the largest possible

wavevector will be given by kmax = 2π
W , where W is the central stripline width. The

average travelling spin wave has a wavevector which will be about half this value. A

modification to the Kittel equation that describes how travelling spin wave modes will

affect resonance for in-plane magnetised samples is given by:

(
ωmax
γ

)2

= µ0H (µ0H + µ0M) +
πt

W
(µ0MS)2

Where the first term µ0H (µ0H + µ0M) is identical to that in the original Kittel equa-

tion and the modification due to travelling spin wave modes is given by πt
W (µ0MS)2. In this

term, t is the sample thickness and W is the central stripline thickness. Show in Tab.(2.3)
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4Hav(Oe) t(nm) W (mm)
0.5 60.5 1.6
2 60.5 0.3
1 35 0.3

Table 2.3: The resonance field shift 4Hav of the FMR mode (in a Permalloy sample) due to
travelling spin wave modes is shown as a function of several sample thicknesses t, and central
stripline widths W . The parameters used in the calculation are µ0MS = 0.8 T, ω = 2 GHz and
γ = 2.8× 1010 Hz T−1.

are some predictions which relate the size of resonance field shifts 4Hav=
(
πt
W

) 1
2 MS of

a Permalloy sample, to different stripline widths and sample thicknesses. Such shifts are

small and are factored into experimental uncertainties where appropriate. Also worth not-

ing is that for the other kind of ferromagnetic film studied in this thesis, La0.7Sr0.3MnO3,

has a lower µ0MS than Permalloy and so the introduced uncertainties will be even less.



Chapter 3

Influence of exchange anisotropy

on standing spin wave modes

Using the experimental methods presented in chapter 2, this chapter describes a standing

spin wave study to probe an exchange biased magnetic interface1.

One of the most challenging and enduring topics of thin-film magnetism is exchange

biasing of a ferromagnet by an antiferromagnet. The variety of systems and ways that

exchange bias occurs has produced many explanations of this phenomenon. The difficulty

of gaining information on the coupling at a buried exchange biased interface has made it

a worthwhile problem to study using standing spin wave modes, which provide an easy

way of probing this region.

The samples used here are a typical exchange biased multilayer component used in spin

valves. These samples used a 60.5 nm thick Permalloy film, thick enough that multiple

spin wave mode could be observed, with varying thickness IrMn antiferromagnet films

grown on top. Using these samples, we could see how exchange bias would affect standing

spin wave modes and better understand how to use these modes to characterise interesting

magnetic interfaces.

Most interestingly, it was found that the exchange bias magnitude differs depending

on the spin wave mode used to measure the effect.

1Work in this chapter was published in Physical Review B [60]. Rhet Magaraggia was responsible for
all MOKE, SQuID and FMR magnetometry measurements and all pinning calculations carried out. Rhet
Magaraggia was responsible for interpreting the results in discussion with co-authors. He did not grow the
samples.

40
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3.1 Introduction

Exchange bias is an effect which has consequences for the bulk of a ferromagnet as exhib-

ited by hysteresis loop offset. However its bulk effects arise from coupling processes across

a ferromagnetic/antiferromagnetic interface [13,31]. Directly probing these types of buried

interfaces to gain information on coupling is quite challenging. Ferromagnetic resonance

(FMR) is a powerful tool for studying magnetic parameters in ferromagnetic structures

through frequency shifts of the fundamental resonance mode. It is possible to also use

FMR to detect standing spin waves which provide, at least in principle, information about

surfaces and buried interfaces [14, 15, 61]. In this chapter standing spin waves (also re-

ferred to as “thickness modes”) are used to probe interface properties due to exchange

anisotropies in exchange biased bilayers. We show that a useful measure for characterising

exchange bias can be obtained from these modes, and this measure can provide unique

information about magnetic ordering in the interface region.

Nearly all studies of ferromagnetic resonance and spin waves in exchange biased struc-

tures have, to date, made use exclusively of the fundamental resonance or zone centre

spin waves [15,62,63]. The frequencies of these excitations are governed primarily by local

magnetocrystalline and shape anisotropies, magnetisation, and applied field. A cross-

sectional diagram of the thin-film, with related coordinate system is given in Fig.(3.1).

The resonance conditions for a ferromagnetic thin film with no intrinsic anisotropies, and

Figure 3.1: Cross-sectional representation of a thin Permalloy/IrMn film undergoing non-uniform
resonance. Hf is the applied field and M represent spins undergoing precession.
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magnetised in plane, is given by [42]:

(
ω

γ
)2 = (µ0Hf (θ) +Dk2

y(θ))(µ0Hf (θ) + µ0Ms +Dk2
y(θ)) (3.1)

The spin wave frequency is ω, γ is the gyromagnetic ratio, Ms is the saturation magneti-

sation, Hf is the field applied to cause resonance, and θ is the direction of the applied

field relative to the cooling field direction. A fixed spin wave frequency is assumed and

θ is varied, so that Hf becomes the experimentally measured quantity. The wavevector

component in the direction normal to the film plane is ky. The µ0Ms term originates

from dynamic demagnetisation fields in thin film geometry, and D = 2A
Ms

is the exchange

coupling strength. In traditional treatments of FMR as applied to exchange-bias the fun-

damental FMR mode corresponds to k = 0. Effective fields originating at the interface

with the antiferromagnet are then, as far as the FMR response is concerned, averaged

over the ferromagnetic film thickness and are seen as an effective anisotropy field. In a

resonance experiment using a fixed frequency, these effective fields appear in the measured

value of Hf , the applied field for which resonant absorption is observed. It is important to

note that the frequency shifts of the FMR associated with exchange bias do not contain

direct information about the interface region per se. Questions concerning the penetration

depth of the interface fields, or asymmetries associated with different boundaries, can only

be addressed indirectly by varying film thicknesses within a series of samples. A disadvan-

tage of this approach is that samples can vary substantially, even within the same series

due to details of growth processes [13,27].

The FMR mode averages local interface fields laterally because it is a long wavelength

excitation, though in reality it does experience deformation due to the interfacial pinning.

In some cases, short wavelength spin waves can be observed with conventional resonance

techniques as standing wave thickness modes confined by film geometry. It is access

to these modes which allows a measure of interface pinning. Recently we have shown

theoretically and experimentally that broadband FMR driving techniques that make use

of stripline or coplanar waveguides can couple effectively to thickness modes in metallic

multilayers [19, 64]. These thickness modes have some discrete wavevector ky(θ), and

therefore involve contributions from exchange. Hereafter these modes are referred to

as “FEX modes”. These will each have different allowed wavevectors confined in the y

direction, as determined by surface pinning. As such, the frequencies of the FEX modes

include contributions from exchange, and are sensitive to surfaces and interfaces. The
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lower symmetry at film boundaries can give rise to local anisotropy fields, and interfaces

between different magnetic layers can support exchange coupling. In these cases, spin wave

oscillations may be pinned at one or more boundaries of a ferromagnetic film. Pinning of

this type is accompanied by contributions through exchange energies, and can result in

substantial frequency shifts [7].

A simple means of analysing frequencies obtained for thickness modes was suggested

long ago by Rado and Weertman [11, 61, 65, 66]. In this approach, surface anisotropies

are assumed, which then dictate the boundary conditions for FEX modes in thin film

geometries. It should be noted that the FMR mode will also be affected and given a

non-zero wavevector resulting from surface pinning. If we associate a surface energy [67]

of the following form with the exchange biased interface:

ESA = p · Ms (3.2)

We can then calculate allowed spin wave wavevectors as a result of pinning. In this equation

Ms is the saturation magnetisation and p is the pinning parameter which acts parallel to

the applied field. These quantities are both assumed to lie parallel to the applied field

and have magnitudes p and Ms respectively. As demonstrated in [11], if one starts with

the Landau-Lifshitz equation and integrates over an infinitesimal volume region across the

interface, the following is obtained:

(
2A
Ms

)M × ∂M

∂n
+ Tsurf = 0 (3.3)

Here M represents the total magnetisation, n is the direction normal to the interface and

Tsurf is the interface torque. Using Eq.(3.2), we have:

Tsurf = −M ×∇MESA = −M × p (3.4)

We approximate the exchange biased interface by supposing the pinning to come entirely

from one of the boundaries, hence introducing an asymmetry into the model. After solving

Eq.(3.3) in combination with Eq.(3.4), the relationship between these surface anisotropies

and ky for Hf applied at an angle θ to the easy axis is:
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p(θ) = ( 2A
Ms

)( −ky(θ)
cot(ky(θ)teff )) (3.5)

It is important to note that teff is the magnetic thickness of the ferromagnet, as opposed to

the structural thickness (which may be different) [68,69]. This difference may be caused by

deviations away from uniform ferromagnetic order near the interface due to local pinning

fields.

The remainder of the chapter is organized as follows. First, preparation of, and mag-

netisation measurements from, exchange biased Ni80Fi20/Ir25Mn75 are discussed. Next we

present results from coplanar FMR studies of the fundamental and first thickness modes

for these structures, and discuss their interpretation in terms of the pinning parameter p

and effective thickness teff .

3.2 Sample Preparation and Characterisation

Magnetic bi-layer specimens consisting of Ta(50 Å)/ Ni80Fe20 (605 Å)/ Ir25Mn75 ( tAF Å)/ Ta(50 Å)

were sequentially deposited onto Si(001) substrates by dc-magnetron sputtering at an ar-

gon working pressure of 2.5 mTorr to minimize growth variations. A nanometer layer of

native oxide on the silicon surface created conditions for polycrystalline growth. Typical

deposition rates were 2−2.5 Å s−1, which were determined by measuring the thickness

of calibration films by low-angle x-ray reflectometry. The base pressure prior to the de-

position was of the order of 1 × 10−8 Torr and the samples were deposited at ambient

temperature. An in-plane forming field of 200 Oe was applied during the growth to in-

duce a macroscopic uniaxial anisotropy in the NiFe (Py) layer in a defined direction. The

thickness of the IrMn layer, tAF , for this study was varied from 0 to 60 Å which is also

the region where the onset of biasing appears at room temperature for such systems [70].

The samples were cut into 10mm× 10mm squares.

Film thickness was accurately characterized with a Siemens two-circle diffractometer,

to within ±6 Å. Additional measurements on bare permalloy samples show that the surface

roughness is approximately 3 Å. In-plane and out-of-plane FMR magnetometry was used

to extract µ0Ms, which could consistently be used in further FMR data analysis2. In-

2The µ0Ms term also contains any contributions from bulk out-of-plane anisotropies in permalloy,
which are inseparable from the actual saturation magnetisation using out-of-plane and in-plane resonance
measurements. This will not affect later results as these anisotropies will affect all modes by the same
magnitude, and their effects are included by using the experimentally found µ0Ms. Bulk anisotropies in
permalloy are typically quite low, on the order of 0.0005 T [71].
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plane FMR magnetometry along the easy axis of a Py sample with no IrMn revealed a

saturation magnetisation µ0Ms of 0.80±0.05 T, a gyromagnetic ratio γ of 2.8×1010 Hz

T−1 and in plane bulk anisotropy fields of less than 0.0007T. Further magnetometry was

performed using the magneto-optical Kerr effect (MOKE). A 635 nm diode laser, rated

at 5 mW, was used to illuminate the sample. A differential amplifier was used to analyse

polarisation rotation. Example results are shown in Fig.(3.2).

Figure 3.2: A sample of data taken with a MOKE magnetometry setup focused onto the
NiFe(60.5 nm)/IrMn(6 nm) sample. The vertical axis uses arbitrary units and represents the
average magnetisation over the laser spot focused onto the sample. The horizontal axis displays
field applied across the sample in units of Oersteds. The MOKE data was gathered via a repetitive
field sweeping technique with averaging over thousands of cycles. For data shown in this picture,
averaging was done over two field sweeps which resulted in a double hysteresis loop, with the
difference between the two loops determined by the level of noise in the system. Also the exchange
bias shifting of the loop is shown by the dotted line and denoted by HEB .

As demonstrated in Fig.(3.2), the samples saturate magnetically below -20 Oe. The

loops are non-symmetric about a non-zero field with a small coercivity, and compare well

with what has been found in similar studies [63,72]. The bias field as measured with FMR

is defined as HEB =
Hf+−Hf−

2 , shown in Fig.(3.3), where Hf+ corresponds to Hf (0) in

Eq. (3.1), and Hf− corresponds to Hf (π).

3.3 Resonance Measurements and Interpretation

A 20GHz vector network analyser was used to excite and detect FMR and FEX modes of

the samples. The coplanar stripline (1.6 mm wide) which is coupled to 50 Ω co-axial cables,

excites the sample with microwaves in the 2-9 GHz regime. Excitation of travelling spin

wave modes due to finite stripline width is estimated to have a minimal effect on measured

resonance fields compared to other experimental uncertainties [58,59]. Example results are

shown in Fig.(3.3). We choose a particular excitation frequency ω and sweep the applied
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Figure 3.3: (a) The experimental geometry, with the sample placed on top of the coplanar
stripline. H refers to the applied field direction at some angle θ, M refers to the magnetisation
direction and HRF demonstrates the microwave rf field generated by the waveguide. The sample
is rotated in place in order to change the direction of H with respect to the sample’s easy axis.
(b) Microwave transmission as a function of static applied field for the 0 nm IrMn sample. The
values Hf± correspond to applied resonant fields in antiparallel directions for + and - respectively.
Microwave absorptions are seen which correspond to the fundamental mode (FMR) and the first
exchange mode (FEX). The microwave excitation frequency ω used was 7 GHz.

magnetic field H (usually between 0 and 600 Oe), in a particular direction until microwave

power is absorbed strongly by the sample, indicating a standing spin wave is on resonance.

This procedure is repeated for the samples’ easy axis aligned along different directions with

respect to the applied field, denoted by θ. A field sweep was chosen rather than a frequency

sweep, as a field sweep avoids the problems of variable microwave frequency attenuation in

the waveguides with varying ω and shows the magnetic response of the sample as opposed

to both magnetic and electric response.

An example of FMR and FEX resonances, at a driving frequency of 7 GHz, is shown

in Fig.(3.3)(b). A number of factors determine the observed amplitudes of FMR and FEX

modes in coplanar geometries [10, 19, 20, 73, 74], in particular a combination of surface

pinning and eddy current induced inhomogeneity in the driving microwave field. The
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FEX absorption amplitude is approximately 23 times less than that of the FMR mode

as measured at 7 GHz. The linewidths of the modes at 7 GHz are ∆HFMR=49 Oe and

∆HFEX=25 Oe respectively. It should be noted that the FMR mode has a Lorentzian

like absorption shape, but the FEX mode does not, so the linewidths may not be directly

comparable. The difference between absorption shapes seems to lie in an electrical phase

shifting between the rf-signal from the FMR mode and the rf-signal from the FEX mode.

This difference is seen for VNA microwave scattering parameters both in the transmission

|S21| data in Fig.(3.3)(b) and in the Re(S21) data. Possible causes include an additional

phase shift due to the broad magnetic background of the coplanar waveguide, or something

intrinsic in how the two modes behave when excited by the coplanar setup. The actual

reason for this phase shift is unknown to the author.

The bias determined from FMR and FEX are shown in comparison to the bias de-

termined from MOKE data in Fig.(3.4). Unidirectional exchange anisotropies are present

at room temperature only for a certain critical thickness > 2.5 nm of IrMn as shown in

Fig.(3.4).

Figure 3.4: The exchange bias as measured from the FMR mode (empty circles, solid line),
MOKE (empty diamonds, solid line) and FEX mode (empty squares, solid line), as a function of
IrMn film thickness. The NiFe layer thickness is always 60.5 nm. For comparison the coercivity as
measured with MOKE is shown (hollow triangles, dashed line)

For thicknesses above this value, the MOKE and FEX results indicate a nearly mono-

tonic behaviour of the bias with respect to IrMn thickness beginning at 4 nm. Most sig-

nificantly, the pinning field is unidirectional, as shown in Fig.(3.5). This is fully consistent

with exchange bias as an interface effect. The bias acts as an effective volume unidirec-

tional anisotropy when averaged by the FMR mode, and appears as a superposition with

other volume anisotropies. This superposition can be seen most clearly by measuring bias

at different orientations of the applied field relative to the bias field direction. Example
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results for the 2.5 and 6 nm thick IrMn samples are shown in Fig.(3.5). Results for FMR

and FEX peaks are shown as function of angle, demonstrating that both modes contain

equal contributions from a uniaxial anisotropy, whereas the modes are affected differently

by the exchange bias.

The results shown in Fig.(3.5) illustrate the magnitude of exchange bias as measured

by the FMR and FEX modes. The difference in magnitude can be understood through

pinning effects on the frequency of the FEX modes. The FEX modes contain greater

exchange energy than the FMR because of their shorter wavelengths, and pinning acts

to effectively change the wavelength of an FEX mode. In this way, pinning by exchange

bias is an amplification of exchange anisotropy by affecting directly the exchange energy

contribution to an FEX mode. This is demonstrated explicitly in Eq.(3.1), where the

exchange-related effective anisotropy field Dk2
y scales as the square of the wavenumber ky.

Therefore one should expect different strengths of effective anisotropy from the FMR and

FEX modes. Indeed, such differences are seen in Fig.(3.5) for these two modes, confirming

the interface origins of the anisotropy fields in this exchange biased system.

Pinning factors p, are calculated by using Eq. (3.1) to find the spin wave wavenumber

ky from experimental data, then Eq. (3.5) is used to extract the corresponding p. Vari-

ation in p as a function of IrMn thicknesses is shown in Fig.(3.6) for data taken at room

temperature. Interface anisotropy calculated for the applied field along θ = 0 is denoted

p(θ = 0), and represents the situation there the applied field is antiparallel to the bias

field direction. Conversely, p(θ = 180) is the pinning calculated for the field applied along

the bias direction θ = 180. In these calculations, we have used material parameters deter-

mined experimentally as above. The exchange coupling strength D=1.3693× 10−17 T m2

was chosen such that an effective thickness of 60.5nm was extracted from the monolayer

Permalloy film. Error bars in Fig.(3.6) were estimated by incorporating experimental field

uncertainties. We consider p as the more fundamental quantity than exchange bias field.

Pinning will act with the same strength on both modes, but the wavelength of each mode

will be distorted to a different degree. Importantly, in our fittings we have the condition

that p should have the same value for all observed modes. We find this condition cannot

be satisfied unless one of the physical parameters in Eq. (3.5) is allowed to vary as the

applied field direction is varied and the sample itself is changed. The derivation of Eq.

(3.5) and previous works [68,69] suggest that the suitable parameter is the thickness of the

ferromagnetic layer, over which the magnetisation is fully aligned with the field direction

and has a uniform Ms value. Film thickness may be subject to sample-to-sample varia-
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Figure 3.5: Resonant fields Hf for the FMR (empty circles) mode at a 2GHz driving frequency
and FEX (empty squares) mode at a 6.5GHz driving frequency, for different applied field angles
with respect to the easy axis (θ). The solid lines show fits to the data using cos(θ) and cos(2θ)
components. Presented is the resonance data for different IrMn thickness capping layers a) IrMn=0
nm, b) IrMn=2.5 nm, c)IrMn=6 nm.

tion, whereas the interfacial magnetisation structure may vary with applied field direction.

Therefore the second parameter extracted from the fits is the effective thickness of the fer-

romagnetic layer. As previously mentioned, the difference between teff and the structural

thickness of the ferromagnet might be related to deviation from uniform ferromagnetic

order close to the interface.

The dependence of p on IrMn thickness shows a curious peak for the 4 nm thick film,

but otherwise is a nearly linear function of tAF above 2.5 nm. In addition to an interface
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pinning, we also simultaneously extract an effective magnetic thickness teff from the data.

The greatest change of teff with in-plane field direction appears for tAF between 5 and

5.5 nm, a range in which the largest degree of exchange bias is observed with MOKE but

not FMR, although it should also be noted that the uncertainties are fairly large.

Figure 3.6: (a) The calculated strengths of pinning p(θ = 180) along the bias direction (empty
circles, solid line) and p(θ = 0) against the bias direction (empty squares, dashed line). (b) The
corresponding effective magnetic thickness teff of the NiFe along the bias direction (empty circles,
solid line) and against the bias direction (empty squares, dashed line).

Like p, the effective thickness varies as a function of applied field direction. The IrMn

free permalloy layer (Fig.(3.7)(a)) does not show any significant variation of teff with

θ with the implication that no significant micromagnetic configurational changes take

place when aligning the magnetisation along different anisotropy directions. This is in

sharp contrast to the 6 nm IrMn film (Fig.(3.7)(b)), which does display a roughly 1 nm

thickness variation of teff over the angular range 0 to 180o3.

An interpretation of effective magnetic film thickness is difficult as it does not allow

identification of specific micromagnetic structures across the interface region. Neverthe-

less, it does not seem unreasonable that teff provides some measure of the size over which

3The µ0Ms values do not display variation with direction that is greater than the level of uncertainty
in the measurement of µ0Ms (∼0.05T) . This is unsurprising, as a region of altered magnetisation approx-
imately 1nm thick will produce a change in the average value µ0Ms of at most ∼0.007 T.
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Figure 3.7: The effective magnetic thickness of NiFe as a function of θ with respect to the easy
axis for a) 0 nm IrMn film, b) 6 nm IrMn film.

magnetisation in the interface region contributes to pinning, perhaps through local mod-

ification of the magnetic order [69, 75]. In particular, polarised neutron scattering and

x-ray techniques which have probed similar exchange biased systems find that there do

exist deviations of magnetic order around the interfaces of up to a few nanometers [76].

Although without a detailed comparative study it is difficult to directly compare findings

between the two.

Lastly, we discuss measured dependence of bias and pinning on temperature for the 2.5

nm thick IrMn bilayer. This layer was most interesting because it does not show significant

bias at room temperature, but does develop bias at lower temperatures. A summary of

results is shown in Fig.(3.8). A linear increase in exchange bias below 240 K was found

from the FMR mode data, and has been reported previously in literature [77–79]. A linear

increase in the magnitude of the pinning parameters was found over the same temperature

region, with different slopes for p measured parallel and antiparallel to the bias direction.

The behaviour of teff however reveals that it remains almost unaffected for most of the

temperature range, and for the lowest temperatures has a splitting between the two applied

field directions. The interfacial region involved in pinning is determined by the difference
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between values obtained from parallel and antiparallel orientations. This difference is

about 2 nm, with large uncertainties.

Figure 3.8: (a) The calculated strengths of pinning p(θ = 180) along the bias direction (empty
circles, dashed) and p(θ = 0) against the bias direction (empty squares, dashed line) for the IrMn
2.5 nm film cooled to the temperature indicated on the horizontal axis, in a 40 Oe field. Also the
complementary information on the exchange bias shift for the FMR mode (solid triangle solid line)
and FEX mode (solid diamond solid line) is shown here. (b) The corresponding effective magnetic
thickness teff of the NiFe along the bias direction (empty circles, solid line) and against the bias
direction (empty squares, dashed line) for the same range of field cooled temperatures.

3.4 Discussion and Conclusions

In this chapter we have presented results for resonant field shifts due to exchange bias in

NiFe/IrMn bilayers. The unidirectional exchange anisotropy was determined from angular

resolved resonance experiments. We observed field differences for the lowest order standing

spin wave mode that are twice the magnitude of the corresponding difference for the

fundamental resonance. We show that interpretation of these results can be made in terms

of pinning effects due to an effective surface exchange anisotropy. The distortion each spin

wave mode experiences due to this pinning is not the same for every mode. Experimentally

this results in different exchange anisotropies observed for FMR and FEX resonances. The

assumption of an effective surface anisotropy is possible because resonances of the IrMn are
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at much higher frequencies than those probed with our coplanar resonance technique, so

that the NiFe spin waves are driving the IrMn far off resonance. Because of this mismatch

in frequencies, the effective fields acting on the NiFe spins near the interface are governed

by anisotropies induced through exchange coupling to the IrMn, and other dynamics in

the antiferromagnet can be safely neglected [7,80]. One can understand the pinning simply

as a unidirectional anisotropy whose magnitude varies as cos(θ), where θ is the angle of

the static field relative to the bias direction.

When calculating the wavevectors of the FMR and FEX modes, deviations from val-

ues expected assuming no pinning are found. Analysing the data this way returns a

pinning parameter that characterises the strength of interface coupling and gives an effec-

tive magnetic thickness over which the NiFe film acts as a saturated ferromagnet. As the

structural thickness of the NiFe films are well known, deviations from this value in teff

may arise from the magnetisation close to the interface. Thus one can also interpret the

observed effective thickness as an exchange bias effect that involves a deformation of the

magnetisation near the interface that reduces the magnetic thickness of the ferromagnet

participating in the spin wave resonance. Such a deformation might be possible through

either pinning of ferromagnetic spins near the interface, or formation of a twist on the

ferromagnet side of the interface. We note that this interpretation is analogous to the

effective boundary conditions derived by Guslienko and Slavin for dipolar contributions

to resonance in stripes [67].

The spin wave probe technique is not the only magnetically sensitive interfacial probe

technique. Other magnetic interface probing techniques, such as polarised neutron reflec-

tivity and x-ray reflectivity, can be tuned to provide information about magnetisation as a

function of depth into an exchange biased sample. X-ray reflectivity may also be tuned to

be element specific, as in the case of [76]. While scattering techniques provide information

about the spin configuration throughout the entire film, the spin wave technique gives in-

formation about coupling strength across the ferromagnet to antiferromagnet along with

a crude parameter to describe magnetisation deformation effects.

We close with two final remarks. First, there exists a difference between exchange bias

measurements between FMR and MOKE of at most 30%. This is a well known effect [81]

and is due primarily to FMR being a perturbative measurement of local fields whereas

MOKE measurements of hysteresis necessarily involve magnetisation processes. Though

there has not previously been an FEX to MOKE comparison, we note that FEX follows

the same trend as the FMR data, but with different magnitude as both are perturbative
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measures of the exchange anisotropy. Secondly, possible effects associated with field cool-

ing were also sought. As shown above, the 2.5 nm IrMn sample has a blocking temperature

below room temperature and that it does not experience significant exchange biasing until

below 240 K.



Chapter 4

Interfacial coupling across a

modified interface studied with

spin wave resonance

In chapter 3 the multiple spin wave resonance technique was established to successfully

probe an exchange biased interface and a simple interpretation of the results were made

in terms of an interface pinning force. An explanation of the “enhanced” exchange biasing

of the FEX mode was presented within the framework of this model1.

The approach taken for that model was very general, and that generality is a strength

which allows its application to many cases of interfacial spin wave pinning. However, a

more direct link to interfacial micromagnetic parameters was sought for exchange biased

systems, especially for systems modified directly at the interface. To this end, a series of

samples, with a NiFe/Au/IrMn structure were grown with a gold dusting layer of varying

thicknesses to disrupt interfacial order and exchange coupling. As shown from the pinning

arguments in chapter 3 and analysis in appendix A, apart from sample to sample thickness

fluctuations, any interfacial magnetisation changes happen over at most several unit cells.

This suggests that a direct micromagnetic calculation is suitable for interpreting the spin

wave resonance results.

The NiFe/Au/IrMn samples were probed with spin wave resonances and detailed cal-

culations of spin wave resonance modes were carried out using a computational model

1Work in this chapter forms a paper to be submitted to Physical Review B. Rhet Magaraggia was
responsible for all MOKE, SQuID and FMR magnetometry measurements and computer calculations run
in Fortran. Rhet Magaraggia was responsible for interpreting the results in discussion with co-authors.
He did not grow the samples or create the underlying computer code. Rhet Magaraggia bug-tested the
computer code and ran calculations using this code.

55
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which allowed a layer-by-layer adjustment of micromagnetic parameters. These parame-

ters included the interface region and also the antiferromagnet as a full magnetic object

with its own spin wave dynamics.

4.1 Introduction

Fine scale control over growth of magnetic interfaces has made the tailoring of bulk mag-

netic properties though exchange bias possible [82–84]. In most cases it is not at all

clear what occurs at the interface region and the role played by various factors such

as roughness [30], intermixing [85], coupling direction [86–88] and defects [28, 89]. Re-

cently, many groups have begun to make detailed observations of this region with tech-

niques able to probe buried interfaces such as neutron scattering [69, 88, 90], XMCD

[68, 69, 75, 76, 91] and conversion electron Mössbauer spectroscopy [92]. Ferromagnetic

resonance [14,15,19,42,60,62,63,93] can also be used to study magnetic interfaces because

multiple standing spin wave modes in the ferromagnet can be observed for sufficiently

thick films. Their standing wave profiles are distorted by magnetic interactions at the

FM/AFM interface. It has been shown that by interpreting these standing wave modes

with a suitable model, information about interface coupling and interface magnetisation

may be obtained [4, 7, 8, 11, 60, 65, 67]. This is possible because the higher order mode

frequencies are more strongly affected by interface pinning due to the quadratic spin wave

dispersion relationship [42].

In order to uniquely identify the role of the interface in exchange bias, many ex-

periments have been performed which directly modify the interface region either through

ion-bombardment [94–98] or direct doping using an impurity layer [99–101]. Here we study

Permalloy/IrMn bi-layers that have a partial Au layer between the ferromagnetic and an-

tiferromagnetic layers. This partial gold layer is not thick enough to form a continuous

layer, and is characterised though an root mean square thickness.

This partial or “dusting” layer at the interface allows a detailed examination of how

the FM/AFM interaction changes [99] as a result of interface disruption.

Ferromagnetic resonance experiments carried out at microwave frequencies to probe the

magnetic ground state of the system. These resonances are calculated with a atomistic

model which incorporates dipolar and exchange coupling as well as allowing a detailed

adjustment of the layer by layer parameters. Measures of effective interface coupling are

extracted which replicate the observed resonance frequencies. The simplest fit, with the

fewest parameters, is to assume that the interface magnetisation must take on different
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values depending on the ferromagnet orientation with respect to the antiferromagnet. The

gold dusting layer is found to disrupt the interface magnetisation, and interface coupling

is dramatically reduced for root mean square thicknesses less than a continuous layer.

4.2 Experiment and Characterisation

Magnetic multilayer specimens consisting of Ta(50 Å)/ Ni80Fe20 (605 Å)/Au dusting (t

Å)/Ir25Mn75 ( 60 Å)/ Ta(50 Å) and Ta(50 Å)/ Ni80Fe20 (t Å)/Ir25Mn75 ( 60 Å)/ Ta(50

Å) were sequentially deposited onto Si(001) substrates by dc-magnetron sputtering at

an argon working pressure of 2.5 mTorr. Typical deposition rates were 2–2.5 Å s−1,

which were determined by measuring the thickness of calibration films by low-angle x-ray

reflectometry. Film roughness was in the order of 3-4 Å, also determined by low-angle

x-ray reflectometry. An in-plane field of 200 Oe was applied during the growth to induce

a macroscopic uniaxial anisotropy in the Ni80Fe20 layer in a defined direction. The base

pressure prior to the deposition was of the order of 1×10−8 Torr and the samples were

deposited at ambient temperature.

The IrMn layers were deposited from an alloy target. To facilitate the growth of face-

centred-cubic (fcc) 111 orientation of IrMn, a buffer underlayer of Ta was employed. X-ray

diffraction revealed that such samples were predominantly fcc with a 111 texture. We did

not detect any changes in texture in a representative selection of doped samples measured

by this technique, presumably since the Au dusting layer was so thin. No post annealing

steps were required, since the pinning direction was set by a 200 Oe in-plane forming

field applied to the sample during the deposition of all the layers in this top spin-valve

configuration.

The IrMn layer thickness of 60 Å was chosen such that any slight changes in IrMn

layer thickness itself did not alter the exchange field. Disorder at the interface at the

atomic level was achieved by depositing a δ layer dusting of Au [99]. The Au dusting layer

was varied from 0 – 1.5 Å, and we surmise that it will be discontinuous for layer thickness

below 8 Å, bearing in mind that the lattice spacing for Au is 4.08 Å. The lattice mismatch

between the Au and Permalloy will be approximately 0.5 Å, and the mismatch between

Au and IrMn will be approximately 0.3 Å.

In-plane and out-of-plane FMR magnetometry was used to extract µ0MS from reso-

nance frequency data [42]. In-plane FMR magnetometry along the easy axis of a Ni80Fe20

sample with no IrMn gave a saturation magnetization µ0MS of 0.80±0.05 T, a gyromag-

netic ratio of 2.8×1010 Hz T−1 and in plane bulk anisotropy fields µ0HA of 0.0002±0.0005
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T. Further magnetometry was performed using the magneto-optical Kerr effect (MOKE).

A 635 nm diode laser, rated at 5 mW, was used to illuminate the sample. A differential

amplifier was used to analyse polarisation rotation.

MOKE measurements were carried out along the sample easy axis by sweeping the field

at 10 Hz, in order to reduce noise. Exchange bias is determined from MOKE measurements

by taking half the difference between the positive and negative coercive field points on the

corresponding hysteresis loop.

Broadband FMR measurements were carried out using a 20 GHz vector network anal-

yser to excite and detect resonance measurements. A 0.3 mm wide microstrip line, which

was connected to 50 Ω high frequency co-axial cables, acts as a microwave antenna and

drives resonance in the sample, which is placed on top and is in direct contact with the

microstrip. A Kepko powered electromagnet is used to supply the in-plane magnetic

field. This magnetic field is swept and the S21(H) parameters are measured at a fixed

microwave frequency as in [19, 60]. The applied magnetic field H, was varied between

0 and 650 Oe, resonance was measured for H with and against the bias direction. The

determined resonance field is referred to as Hf . Microwave frequencies were chosen such

that the fundamental resonance mode (FMR) and the first exchange mode (FEX) were

excited at applied fields larger than the saturation field of 20 Oe. An example of resonance

spectra is shown in Fig(4.1).

As in previous studies [60], the bias was characterised using spin wave modes as half

the difference between Hf along and against the easy axis direction. The exchange bias

determined by the two spin wave modes and MOKE are shown in Fig.(4.2). As expected

[81] the FMR and MOKE data are in good agreement, and the FEX mode shows a

much larger exchange bias field. The large FEX bias shift is expected since this mode is

particularly sensitive to interface pinning [60]. Addition of gold decreases the exchange

bias to zero at an root mean square dusting of 1.5 Å. Similar findings have been reported

for other types of dusting materials [99]. We note that coercivity undergoes a very slow

decrease with increasing Au dusting thickness.

The characteristic inverse thickness effect for exchange bias HEα1/tNiFe [27] is seen

in experiments, shown in Fig.(4.3). Different magnitudes of exchange biasing are seen for

different resonance modes. Again, coercivity decreases slightly with decreasing permalloy

thickness.
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Figure 4.1: Resonance spectra are shown as a function of applied field for a NiFe(60.5 nm)/Au(0.6
nm)/IrMn(6 nm) film as measured from the FMR mode (blue squares) at a 3GHz driving frequency,
FEX mode (red circles) at 7GHz driving frequency. The scale for the FMR data is on the left axis
and the scale for the FEX data is on the right axis.

Figure 4.2: Exchange bias vs gold dusting thickness for a NiFe(60.5 nm)/Au(x nm)/IrMn(6 nm)
film as measured from the FMR mode (solid squares), FEX mode (solid triangles) and MOKE
(solid circles). Also shown is the coercivity as measured by the MOKE technique with a 10Hz
repetition rate (crosses).

Figure 4.3: Exchange bias vs NiFe thickness, with a 6nm IrMn layer as measured from the FMR
mode (solid squares), FEX mode (solid triangles) and MOKE (solid circles). Also shown is the
coercivity as measured by the MOKE technique with a 10 Hz repetition rate (crosses).
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4.3 Model

Standing spin wave resonance conditions for in-plane magnetised thin films can be esti-

mated using Kittel’s formula [42]:

ω = γ
√

(µ0Hf + µ0Ms +Dk2) (µ0Hf +Dk2) (4.1)

where ω is the frequency of the spin wave with wavenumber k, Hf is an externally applied

field in the plane of the thin film, Ms is the saturation magnetisation and D is the exchange

constant. In the simplest approximation, perturbations to spin wave frequency due to

interface pinning and surface effects can be associated with a modified k. The precision

with which FMR can be performed requires a more realistic model however, capable of

describing inhomogeneous magnetic parameters near the interface. We base our model on

the theory of Benson and Mills [102]. This also describes additional weak surface pinning

due to dipole field effects which are not present in continuous models2.

The geometry is shown in Fig.(4.4) where there is a discreet number of layers in the

y-direction, and an infinite number of lattice sites in the x and z directions.

Figure 4.4: Geometry for the atomistic model. The lattice is repeated uniformly in the out of
plane x-direction and is infinite in the x and z directions. Its structure is simple cubic with lattice
constant a.

The spin direction Sz, saturation magnetisation MS , exchange interaction J , in plane

Kip and out of plane Koop anisotropy are defined individually for each layer. The spins in

the ferromagnetic layers are all aligned along the direction of the externally applied field

and antiferromagnetic layers are aligned antiparallel to neighbouring antiferromagnetic

2Example frequency shifts are 8.04×10−3 GHz for the FMR mode and 24.3×10−3 GHz for the FEX mode
for a 60.5 nm permalloy film using calculation parameters µ0Hf=0.02 T, µ0Ms=0.8 T and D=1.37×10−17

T m2.
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layers as shown in Fig.(4.4). At the interface the first antiferromagnetic layer can be set

either parallel or antiparallel relative to the applied field and ferromagnetic layers.

Following Ref. [102], there are four contributions to the Hamiltonian:

H = Hzeeman +Hex +Hdip +Hani

The first contribution is due to the static applied field, H, in the z-direction;

Hzeeman = −gµBHf

∑
l

Sz (l) (4.2)

with g the Landé factor and µB the Bohr magneton. The second contribution is due the

exchange interaction;

Hex = −1
2

∑
l

∑
l′ 6=l

J (r) S (l) · S
(
l′
)

(4.3)

with J
(
l− l′

)
giving the exchange between two spins at l and l′, this is only non zero for

nearest neighbours. The third contribution is from dipolar interactions;

Hdip = g2µ2
B

∑
l

∑
l′ 6=l

{
S (l) · S

(
l′
)

|r|3
− 3

[r · S (l)]
[
r · S

(
l′
)]

|r|5

}
(4.4)

where r = l − l′. This is a long range interaction and the resulting dipole sums are very

slow to converge. Following the treatment detailed by Ref. [102] using Ewald’s method

these are converted to a rapidly convergent form.

The anisotropy contribution comprises both in plane uniaxial anisotropy [103, 104] in

the z direction and out of plane anisotropy [105] in the y direction;

Hani = −
∑

l

Kip (l)Sz (l)2 −
∑

l

Koop (l)Sy (l)2 (4.5)

where Kip (l) is the static in plane anisotropy constant and Koop (l) is the out of plane

anisotropy constant for a spin at l.

Equations of motion are formed from the Hamiltonian by assuming a translationally

invariant plane wave solution and linearising by assuming time invariant terms Sz. The

equations of motion are solved by expressing them in matrix form and numerically solving
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Figure 4.5: Experimental and calculated resonances for the FMR and FEX modes for the 60.5
nm thick NiFe film. The experiment was performed on the film with a 1.5 Å gold layer, as it displays
no exchange biasing. Filled squares show the experimental FMR resonances, empty squares show
the calculated FMR resonances, filled triangles show the experimental FEX resonances and empty
triangles show the calculated FEX resonances.

the eigenvalue problem to find the spin wave frequencies and mode profiles. The saturation

magnetisation is defined as Ms = gµBSz
a3 , but in the code Sz is used as a factor to alter

Ms.

Matching excitation frequency ω vs Hf simulation results for both the FMR and FEX

mode to experimental data, as shown in the example of Fig.(4.5), allows a consistent

extraction of bulk in-plane anisotropy and exchange constant parameters. The sample

with the thickest gold dusting of 1.5 Å is used to fit γ, MS , Kip,FM , Koop,FM and D

because this sample shows no bias(see Fig.(4.2)). Best fits give in-plane anisotropy of

the ferromagnet in field units is 2Kip,FM

MS
= 2.5 × 10−4±0.5 × 10−4 T and the spin wave

stiffness is D= 1.48 × 10−17±0.015 × 10−17 T m2, which corresponds to an exchange

constant JFM = 5.447 × 10−22 J. Data obtained by FMR magnetometry is used to set

γ = 2.8× 1010 Hz T−1 and MS = 6.3662× 105 A m−1. The lattice constant of permalloy

was set as a=0.355 nm [106] and 170 discrete layers were used to simulate a 60.5 nm thick

permalloy film.

Interactions between the antiferromagnet and ferromagnet are mediated via direct

exchange interaction at the FM/AFM interface Jint, and long range dipole forces. The

above values were held constant and interface parameters varied to fit FMR data from

the thinner Au samples. Micromagnetic quantities used for the antiferromagnet were

obtained from [107] and are in-plane anisotropy 2Kip,AFM

MS
= 2.417 T , magnetisation

MS,AF = 4.5493 × 105 A m−1, exchange coupling JAF = 7.67 × 10−22 J and the lattice

constant a=0.3785 nm. 16 layers were used in order to simulate a 6 nm thick IrMn film.
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4.4 Fit Results for Interface Parameters

We compare the calculated resonance field Hf of the FMR mode (at 3 GHz) and the

FEX mode (at 7 GHz) by altering only the strength of Jint in Fig.(4.6). Experimental

data for Au thicknesses of 0, 0.9 and 1.5 Å are shown for comparison. The two different

theoretical lines represent the resonance fields for the ferromagnet aligned parallel and

antiparallel to the first antiferromagnet layer (or with and against the bias direction re-

spectively). It is these two configurations which produces the observed exchange bias as

seen in ferromagnetic resonance experiment.

There are several features of note. Firstly there is a small difference in Hf for the two

orientations (referred to as a “field gap”), even when Jint = 0. This is caused by the differ-

ent forces felt by spins at the interface when the ferromagnet is aligned with or against the

antiferromagnet due to dipolar pinning from the antiferromagnet interface. Such a feature

should not be seen experimentally as the interface is not atomically flat, and the polycrys-

talline nature of the thin film introduces a mixture of interface conditions. Furthermore,

this means that any matching of Jint and all other parameters to the experimental data

should be interpreted as an average across the entire film interface undergoing resonance.

The field gap in Fig.(4.6) for the two directions at nonzero Jint can reproduce the

exchange bias seen in the experimental data, but only if Jint is different for each field

direction. This is difficult to understand and we interpret it as meaning the model is

too simple. In order to reproduce the experimental data, we introduce a quantity Mint
MS

which describes changes in the magnetisation of the ferromagnetic layer directly exchange

coupled to the antiferromagnet, compared to magnetisation of the ferromagnet bulk. This

is not unreasonable as the interface should be directly modified by the gold dusting layer.

In fact, changes in interface magnetisation have been observed experimentally [68, 69,

75, 76, 108], and have also been used in attempts to theoretically describe exchange bias

[32, 34]. In this way there are effectively magnetic “clusters” coupled to the ferromagnet

and antiferromagnet across the interface.

An exploration of how resonances vary as a function of Mint
MS

for a fixed interface

coupling to the AFM, set to 2 Jint
µB

= 0.3249 T, is shown in Fig.(4.7). This level of interface

coupling was chosen to correspond to the coupling found for the 0 Å gold dusting film, as

in Fig.(4.8)(a).

Both orientations of the FM with respect to the AFM are shown. When the two are

parallel, we note that the resonance field is always decreased as expected from arguments

presented in [60]. The resonance field for the antiparallel case is always bigger, and has a
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Figure 4.6: (a) FMR resonance field for a 60.5 nm NiFe film with a resonance frequency of
3 GHz shown as a function of exchange coupling Jint to a 6 nm thick IrMn antiferromanget.
Empty squares show calculated resonances when the FM is aligned with bias (represented by the
lower branch) and when the FM is aligned against bias (represented by the upper branch). For
comparison, experimental data is shown for three dusting thicknesses of gold, 1.5 Å is the blue
(filled squares) line, 0.9 Å are the purple (filled circles) lines, 0 Å are the red (filled triangles) lines.
Dashed and solid lines represent against and with bias, respectively There is only a single solid
line for the 1.5 Å data as there is no bias for this sample. (b) The FEX resonance field for a 60.5
nm NiFe film with a resonance frequency of 7 GHz is shown as a function of exchange coupling
Jint to an IrMn antiferromanget. All symbols otherwise are equivalent to those shown in part (a).
Uncertainties in the experimental data are displayed by shaded areas.
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Figure 4.7: (a) Calculated FMR resonance fields Hf (at a 3 GHz excitation frequency) shown
as a function of interface magnetisation when the ferromagnet is aligned parallel to the AFM
(dashed line) and antiparallel to the AFM (solid line). Likewise (b) shows how the calculated FEX
resonance field Hf (at a 7 GHz excitation frequency) varies as a function of interface magnetisation
when the ferromagnet is parallel to the AFM (dashed line) and antiparallel to the AFM (solid line).
Parameters used here are the same as described in the Model section, with interface coupling set
to 2 Jint

µB
= 0.3249 T.

maximum before it starts to converge towards the parallel case at low Mint
MS

. This represents

the FM and AFM becoming decoupled as the interface magnetisation decreases to zero.

In other words there are two solutions of a suitable Mint
MS

value for a given resonance field

for the antiparallel case. In fitting to the data, the lower Mint
MS

solution was chosen because
Mint
MS

should decrease as more Au is introduced to the interface.

In order to match calculated resonances to experimental resonances, Mint
MS

is allowed to

vary depending on FM direction with respect to the AFM. Jint is also required to be the

same regardless of FM orientation. Due to the smaller experimental uncertainties related

to the FMR mode data, the parameters represent a best fit to optimise agreement with

the FMR mode resonance conditions.

Fits to Jint were done by matching to experimental data for the 0 Å gold film and
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Figure 4.8: (a) FMR resonance fields (at a 3GHz excitation frequency) shown as a function of
NiFe thickness when the ferromagnet is along the bias direction (triangles) and against the bias
direction (squares). Experimental results are the solid symbols and theoretical results are the empty
symbols. The relevant simulation parameters for all results here are 2 Jint

µB
= 0.3249 T, Mint

MS
=1

(FM along bias direction) and Mint

MS
=0.383 (FM against bias direction) . (b) FMR resonance fields

(at a 7, 8.3, 10.6 GHz excitation frequency respectively for the different thicknesses) shown as a
function of NiFe thickness when the ferromagnet is along the bias direction (triangles) and against
the bias direction (squares). Experimental results are the solid symbols and theoretical results are
the empty symbols. The relevant simulation parameters for all results here are the same as in part
(a) .

that Mint
MS
≤ 1. Fig.(4.8) shows the experimental results for the FMR resonances (at an

excitation frequency of 3 GHz) of the FMR mode, along with simulation results which

use Jint and Mint
MS

values found for the Ta(50 Å)/ Ni80Fe20 (t Å)/Ir25Mn75 ( 60 Å)/ Ta(50

Å) films. Although there is not complete agreement, using the parameters found for the

thickest of the permalloy films seems to at least qualitatively reproduce the experimental

resonance results quite well. Fig.(4.8) also shows a comparison of experimental to the-

oretical results for the FEX mode in thinner NiFe films, although one should note the

experimental excitation frequencies are varied from film to film in order to keep the modes

in a Hf range observable by our setup due to thickness effects.

Results for Mint
MS

with 2Jint
µB

= 0.3249 T, and comparisons to the experimental Hf data
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for both modes are shown in Fig.(4.9).

The calculations are in excellent agreement with the experimental data for the FMR

mode. In contrast, the match to the FEX mode is less good, with some large fluctuations

which are possibly due to sample-to-sample thickness variation, as exchange modes are

extremely sensitive to film thickness [42]. This appears to be the case, as these thickness

fluctuations can be modelled quite well, as shown in Appendix A. Nevertheless, several

points do closely follow the calculated trend for resonance field shifts. Interface magnetisa-

tion Mint
MS

is suppressed when the FM is antiparallel to the AFM, but approaches the bulk

value for the opposite alignment. This enhancement grows roughly linearly as a function

of decreasing gold dusting thickness and results from increased average exchange across

the interface. At a root mean square gold thickness of 1.5 Å interface magnetisation drops

sharply for both orientations as coupling through the interface layer becomes negligible.

4.5 Discussion and Summary

We have used measurements of standing spin wave modes in a modified interface exchange

biased system to propose a model of effective exchange coupling in an FM/AFM system

with diluted interface. Interface coupling mediated via the interface magnetisation is found

to slowly attenuate as the gold dusting thickness was increased, and then drops to zero

at 1.5 Å. When the FM and AFM are aligned, the interface magnetisation is found to be

close to the bulk Ms value for the FM. More importantly, the interface magnetisation is

substantially suppressed when the FM is antiparallel aligned to the AFM. This interface

magnetisation will couple to and pin the ferromagnet, and it is this difference in pinning

which produces the bias effect observed with spin wave resonance. We have shown that

a modified interface magnetisation model accurately reproduces the measured resonance

fields.

Although modification of antiferromagnetic anisotropy in the model was tried, it was

not sufficient to realistically change the calculated resonances. Resonances in the ferro-

magnet are found to be insensitive to changes in AFM anisotropy for a large range about

the standard value of 2Kip,AFM

MS
= 2.417 T. Restricting any changes in anisotropy to the

interface layers of the FM or AFM to reproduce these experimental field shifts leads to

physically unrealistic values. The conclusion is that Mint
MS

is the most sensible parameter

to change in order to describe the experimental results.

Experimentally it has been found that exchange biased multilayers have pinned or un-

compensated spins [68,69,75,76,108] and fanning of magnetisation in the ferromagnet [92].
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Figure 4.9: Shown are the outcomes of fitting the calculated data to the FMR modes observed
in experiment by allowing the interfacial magnetisation Mint

MS
to be different for the two alignment

directions while fixing 2Jint

µB
= 0.3249 T for both directions. (a) Mint

MS
is shown for parallel alignment

(triangles) and antiparallel alignment (squares), (b) Experimental (solid symbols) and calculated
(empty symbols) FMR mode resonance at 3 GHz excitation frequency. (c) Experimental (solid
symbols) and calculated (empty symbols) FEX resonance fits at a 7 GHz excitation frequency.
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Our findings show that the interface magnetisation might vary as the bulk ferromagnetic

spin direction is altered with respect to the antiferromagnet. The maximum difference of

interface magnetisation between the two FM orientations is 0.6 times the value for bulk

MS and is confined close to the interface. It is unlikely that this can be explained as a

simple domain wall twist in a ferromagnet with uniform micromagnetic parameters, as

shown by arguments presented in Appendix A. Furthermore, exchange coupling strength

across the ferromagnet/antiferromagnet interface needs only be very small compared to

exchange coupling strength in the bulk of each material respectively, although we note

that this is an effective coupling as mediated via the layer of altered magnetisation at

the interface. This seems to be true even for samples where the permalloy layer is made

thinner.



Chapter 5

Studying multiferroic interfaces

with standing spin wave modes

After the exploration of what may be considered traditional exchange biased materials

with spin wave resonances in chapters 3 and 4, the spin wave resonance technique was

used to study other types of magnetic interfaces1.

Multiferroic materials exist which possess both magnetic and electric ordering [109].

There is often some coupling between these types of order. It is possible to create exchange

biased multilayers using multiferroics, and there is excitement at the possibility offered by

electrically tunable exchange bias [26].

One goal of the work presented in this chapter was to explore exchange biasing with spin

wave resonances in ferromagnetic/multiferroic thin films. Using the techniques described

in chapter 2, the effects of electric poling were studied. Unfortunately, no exchange biasing

or effects arising from electrical poling were seen. When exchange bias was not observed,

an attempt to induce it was made using a heat gun and permanent magnet setup to heat

the sample in field. In any case, no exchange bias effects were seen, possibly due to the large

thickness of the ferromagnet compared to the multiferroic thickness. Another possibility

was that the multiferroic growth rate chosen was insufficient to give rise to exchange

biasing [110]. The ferromagnet was chosen based on lattice matching considerations (to

the multiferroic) and was made thick enough, in theory, that exchange modes would be

observed.

Spin wave resonances were seen for the out-of-plane configuration, and angular anisotropy

1Work in this chapter forms a manuscript which is under review by Physical Review B. Rhet Magaraggia
was responsible for all MOKE, SQuID and FMR magnetometry measurements and spin wave calculations.
Rhet Magaraggia was responsible for interpreting the results in discussion with co-authors. He did not
grow the samples.
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measurements of the FMR mode provided useful information. In particular, a frequency

doubler device was used to make standing spin wave mode observations to high rf frequen-

cies.

What follows is the information that was determined about the LSMO ferromagnet

and how it was affected by interfacial influences arising from both the multiferroic interface

and the substrate.

5.1 Introduction

The promise of electrically and magnetically tunable tunnel junctions for use in both spin

valves and four state memory devices [111–113], is an exciting prospect. La1−xSrxMnO3/BiFeO3

(LSMO/BFO) multilayers are proposed for spin valve devices, as LSMO has demonstrated

good spin filtering properties [114] and BFO is a room temperature multiferroic which

could, in principle, provide an electrically tunable exchange biased film [26,109,110]. Both

of these materials are perovskite based structures and have small lattice mismatch when

grown on a suitable substrate. Practically, it is important to understand how the magneti-

sation of LSMO films is affected when epitaxially joined to a ferroelectric. Enhancement

of uniaxial anisotropies, development of unidirectional anisotropies, surface pinning from

the interface and changes to other micromagnetic parameters are all important character-

istics with respect to tunnel junction performance. Though most of these properties have

been explored in single layer LSMO [115–123], the effects of ferroelectric overlayers can be

important and have begun to be studied [124,125]. In this chapter we examine pinning of

dynamic magnetisation using spin wave measurements. A new result is our measure for

the spin wave exchange constant D. To the best of the authors knowledge, only four other

measurements of D have been carried out so far [118,126–128], and only one study which

utilises standing spin wave modes for determination of D [118]. We also use standing spin

wave resonances to measure anisotropies caused by both the ferroelectric overlayer and

growth of LSMO on a single crystal substrate.

5.2 Standing Spin Wave Modes

A powerful technique to probe magnetic conditions at buried interfaces is through spin

wave resonances [7–9,14,15,42,62].

The structure of standing spin wave modes contains detailed information about bulk

magnetic properties, such as gyromagnetic ratio γ and exchange constant D, and also
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provides information about interfacial pinning of the magnetisation vector.

The ferromagnetic resonance frequency for out-of-plane magnetized thin films is

ω

γ
= Heff + µ0HR (5.1)

where Heff = −µ0MS + µ0Hoop + Dk2
oop, ω is the precession frequency, γ is the

gyromagnetic ratio, HR is the externally applied field , µ0MS is the demagnetising field

due to the out-of-plane alignment of spins, Hoop is any bulk out-of-plane anisotropy field

and Dk2
oop is the exchange energy of the standing spin wave mode. Measurement of

multiple modes allows determination of γ and Heff . Separation of −µ0MS + µ0Hoop and

Dk2
oop, is possible when the fundamental resonance mode frequency (FMR mode) and the

first exchange mode (FEX mode) are measured. Due to the shorter wavelength and much

higher energy density of the FEX mode, any changes in wavelength due to surface pinning

strongly affect the frequency gap between the FEX and FMR modes. Subtraction of the

effective field data of the FEX mode Heff (FEX), from the FMR mode Heff (FMR) gives

us a measure of the strength of pinning and the exchange constant.

Angular dependence of spin wave frequencies for in plane magnetisation can be used

to measure magnetocrystalline anisotropies. The Kittel formula describing resonance con-

ditions for the magnetisation oriented in-plane is [42]

(
ω

γ

)2

= (µ0HR(θ) + µ0MS − µ0Hoop + µ0Hip(θ) +Dk2
ip(θ))

×(µ0HR(θ) + µ0Hip(θ) +Dk2
ip(θ)) (5.2)

Here Hip is the in-plane bulk anisotropy and k2
iprefers to the wave vector of standing

wave modes with magnetisation aligned in plane. We make distinct k2
ip and k2

oop which

need not in general be the same depending upon pinning conditions at the film interface.

Also included is an angular dependence θ which denotes the magnetisation direction with

respect to some arbitrary in-plane film direction. By rotating the film in-plane with respect

to the applied field and taking angular measurements, the angular variation of pinning

and bulk anisotropies may be determined.

The chapter is structured as follows. We first describe sample growth and characterisa-

tion, and the ferromagnetic resonance experiment. FMR results are presented along with

a discussion of bulk and surface anisotropies. We conclude with results for the exchange
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constant D of La1−xSrxMnO3 films.

5.3 Sample Growth and Characterisation

A series of films comprising epitaxial La0.7Sr0.3MnO3 (LSMO) were grown on single crys-

tal (100) orientated SrTiO3 (STO) substrates, with the addition of either an epitaxial

BiFeO3 (BFO) or PbZr20Ti80O3 (PZT) capping layer. All films were grown via Pulsed

Laser Deposition (PLD) with a KrF excimer laser at 248 nm with laser fluency of ∼2 J

cm−2. The STO substrates were sourced from Shinkosa Co. LTD Japan with a manufac-

turers claim of less than 0.3o miscut, and arrived pre-etched to provide a TiO2 terminated

surface. All substrates were sonicated in isopropyl alcohol to remove organic contaminates

before use. The deposition chamber base pressure was better than 5.0×10−7 Torr before

the sample was heated to deposition temperature and a partial oxygen pressure was intro-

duced. LSMO films were deposited at 700 degrees Celsius with an oxygen partial pressure

of 100 mT, repetition rate of 10Hz, laser fluence of 1.8 J cm−2 and were cooled under 300

Torr O2 at 5 degrees per minute. BFO films were deposited at 700 degrees Celsius with

an oxygen partial pressure of 5 mT, repetition rate of 20 Hz, laser fluence of 1.6 J cm−2

and were cooled under 220 Torr O2 at 5 degrees per minute. PZT films were deposited

at 550 degrees Celsius with an oxygen partial pressure of 100 mT, repetition rate of 3 Hz,

laser fluence of 1.6 J cm−2 and were cooled under 700 Torr O2 at 5 degrees per minute.

The growth rate of LSMO, BFO and PZT were ∼0.002 nm/pulse, ∼0.004 nm/pulse and

∼0.002 nm/pulse respectively. LSMO and BFO phase purity was confirmed via standard

X-Ray diffraction on a Philips Xpert Pro MRD system. An example is shown in Fig.

(5.1).

The LSMO thickness was calibrated via X-Ray reflectivity measurements on a Philips

Xpert Pro MRD system. The BFO thickness was calibrated via TEM analysis, as pub-

lished in [129]. Our samples exhibit low surface roughness, less than 2.6 Å root mean

square, indicating smooth growth as shown in Fig.(5.1).

A step pattern is seen which exists in the underlying STO substrates and is preserved

throughout the LSMO epitaxial growth. In-plane and out-of-plane SQUID magnetometry

was performed, and from this data (seen in Fig.(5.2)) µ0MS − µ0Hoop was determined to

be ∼0.5±0.05 T.
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Figure 5.1: A characteristic XRD image of the LSMO(55 nm)/BFO(18 nm) film showing excellent
phase purity. The inset demonstrates the step structure imaged with AFM which originates on
the surface of the of the LSMO(38.9 nm) sample due to epitaxial growth in on top of the stepped
substrate.

5.4 Ferromagnetic Resonance

The FMR characterisation was done using a Vector Network Analyser (VNA) and Field-

Modulated (FM) FMR setups. The VNA-FMR is used to obtain S21 parameters from field

swept measurements as discussed in [19]. It consists of a Danphysik power supply to drive

the electromagnets, and an Agilent N5230 PNA-L vector network analyser operating in a

1-20 GHz frequency range. The FM-FMR setup uses the VNA as the microwave source,

and an SRS SR850 lock-in amplifier and HP 33120A function generator to drive the field

modulated measurements. In both cases a 0.3 mm microstrip waveguide was used as the

microwave antenna source as shown in Fig.(5.3). The sample is placed with the film in

direct contact with the microstrip.

The in-plane FMR procedure for extracting resonance conditions is as follows. The

frequency is constant, and an external magnetic field is swept while the S21 transmission

coefficients are measured. This procedure is repeated for several different frequencies. An

example result is shown in Fig.(5.3).

5.5 FMR Results and Discussion

Only the FMR resonance was observed for the in-plane configuration. Lack of FEX mode

absorption may correspond to weak surface pinning in the plane of the film. If surface

pinning is weak, then the FEX mode has a symmetric magnetisation profile across the
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Figure 5.2: SQUID data taken at room temperature with the field applied out of the film plane,
inset displays the SQUID hysteresis at for the field applied in the plane of the film

film thickness, producing no net dipole moment to couple to [8]. In this case, only a

non-uniform driving field, caused for example by eddy currents in a conducting sample,

can drive resonance [10, 20, 64, 74]. Due to the low conductivity of LSMO compared to

Permalloy, we do not expect significant non-uniformity of driving field across the sample

thicknesses studied. Hence the FEX mode visibility should originate primarily from intrin-

sic surface pinning. Magnetic contributions from BFO to the LSMO FMR signals could

cause the following effects. Firstly, the BFO may create out-of-plane uniaxial pinning,

which would result in a down-shifting of the FMR resonances. These are best detected by

out-of-plane FMR by imaging multiple standing spin wave resonances. Secondly, the BFO

may cause different in-plane anisotropies which vary with angle, such as unidirectional or

uniaxial anisotropy. No unidirectional anisotropy is observed in these samples as shown in

Fig.(5.4), and the (in-plane) uniaxial anisotropies observed do not vary consistently with

BFO thickness so therefore are more likely to have origins in the LSMO layer alone.

Magnetocrystalline anisotropies can be determined for angular measurements in-plane,

as noted above. The results for an angular study of just the FMR mode is displayed in

Fig.(5.4).

The type of anisotropy seems to be dependent on the film thickness. Biaxial and

uniaxial anisotropies can be identified, the films with the thinnest LSMO layer have a

biaxial character and the films with the thickest LSMO layer have a uniaxial character.

There is also the case of the intermediate 45 nm LSMO film which displays an unequal

mixing of both uniaxial and biaxial character. Quantitative information on the form of

the angular anisotropies can be obtained by fitting to:
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Figure 5.3: Raw data from VNA-FMR sweep for the LSMO(38.86 nm) film in the 0◦ with a 3
GHz driving microwave field. As the applied field is swept, the real part of the S21 parameter
is measured (shown on y-axis as Re(S21)) and when resonance occurs at Hf there is a marked
change in the Re(S21) coefficient. Inset displays a close picture of the in-plane experimental setup
with the sample sitting on top of a stripline, M is the magnetisation precessing in response to the
driving microwave field HRF and the entire sample has its orientation varied by θ with respect to
the external field Hf

HR = a0 + a2sin (2θ + φ1) + a4sin (4θ + φ2) (5.3)

where HR is the resonant applied field, θ is the film angle with respect to the applied field,

a2 is a uniaxial anisotropy term, a4 is a biaxial anisotropy term. The φ are phase shifts of

the anisotropies with respect to the 0o measurement direction. Examining the ratio a4
a2

as

a function of LSMO thickness reveals a 1
t trend as shown in Fig.(5.4). Performing a fit to

a function of the form, c1
t−c2 + c3, where t is LSMO thickness, gives free parameter values

c1=12.7, c2=34 and c3=-0.27. These indicate that for a LSMO thickness at 34nm, biaxial

anisotropies dominate over uniaxial anisotropies. Over a LSMO thickness range of 12nm,

or approximately 30 LSMO unit cells [115], uniaxial anisotropy comes to dominate over

the biaxial anisotropy. Furthermore, this effect is related to the LSMO and substrate, as

it does not appear to be correlated with the capping layer.

Previous studies have noted both uniaxial and biaxial anisotropies present in STO/LSMO

films, with the biaxial anisotropy originating from the cubic symmetries of epitaxial LSMO

grown on (001) STO and the uniaxial anisotropies originating from physical steps on the

STO surface [120, 130–132]. It was reported that the in-plane four-fold and two-fold

anisotropies are bulk in origin and not strongly related to interface pinning.

It should be noted however that both anisotropies are established during the growth

process. In particular, because we measure a strong uniaxial anisotropy for quite thick
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Figure 5.4: (a) Displayed is a plot showing the resonant field Hf as a function of film angle
θ, all experiments used a 3 GHz driving microwave field: LSMO(38.89 nm) (solid diamond line),
LSMO(45 nm)/PZT(20 nm) (empty sideways triangle line), LSMO(54.8 nm)/BFO(23 nm) (solid
triangles line). (b) LSMO(61.9 nm) (crosses line), LSMO(55 nm)/BFO(18 nm) (empty upright
triangles line). The thinnest LSMO film clearly displays anisotropy of a biaxial character, whereas
the thickest LSMO films have a uniaxial character. Interestingly the 45 nm LSMO film displays
a mixing of both anisotropy types. (c) shows how the ratio of biaxial (a4) to uniaxial (a2) con-
tributions from Eq.(5.3) vary as a function of c1

t−c2 + c3, where t is LSMO thickness and c1=12.7,
c2=34.3 and c3=-0.3 are fitting parameters.

(60nm) single layer LSMO films, it would seem unlikely that step defects [133–135], could

explain these observations. The fact that this uniaxial anisotropy is dominant in thick

LSMO films and that it increases over a LSMO thickness of many unit cells suggest that

some kind of bulk structure established firstly at the step boundary, and then propagates

as the LSMO layer is grown [131].

Each of the FMR angular resonance field plots in Fig.(5.4) has a different mean value

constant offset, which does not depend on LSMO thickness in a systematic way. The most

likely explanation for this is either differences in saturation magnetisation or pinning and

out of plane anisotropy originating at the interface with the ferroelectric. Without the

additional FEX modes for the in-plane data it is difficult to assess the contribution made

by the ferroelectric layer to in-plane surface anisotropies.

FMR and FEX modes were seen for out-of-plane configuration measurements for some

films. Representative FMR and FEX spectra from out-of-plane FM-FMR measurements

are displayed in Fig.(5.5) for the LSMO(54.8 nm)/BFO(24 nm) film as a function of applied

field strength. The signal to noise ratio at 14GHz for the FMR and FEX mode are 83 and
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3 respectively. At higher frequencies the signal to noise ratio of the FEX signal improves

to 6, as shown in Fig.(5.5)(b).

Figure 5.5: Out-of-plane configuration FMR and FEX FM-FMR spectra displayed for the
LSMO(54.8 nm)/BFO(24 nm) film as a function of applied field. (a) Resonances at a 14GHz
driving frequency, in which both the FMR and FEX modes are seen. The signal to noise ratio of
the FMR and FEX modes are 83 and 3 respectively. (b) The FEX mode at a driving frequency of
20GHz, the signal to noise ratio improves to 6 at this frequency.

The results of experimentally determined resonant field vs frequency excitation spectra

for different samples in the out-of-plane configuration are shown in Fig.(5.6), some films

displayed both an FMR and FEX mode. In particular, the films that do not have a

number for Heff (FEX) listed in Tab.(5.1) did not show the FEX mode. As mentioned

previously, lack of an FEX mode in these films is attributed to weak surface pinning. The

lack of an FEX mode for all in-plane measurements, and its presence in some out-of-plane

resonance measurements, indicate that surface pinning is most effective in the out-of-plane

direction. When the surface pinning originates from an easy axis out-of-plane anisotropy,

it has been shown that both dynamic components of magnetisation are pinned for the out-

of-plane configuration, but that only one component is pinned when the magnetisation is

in-plane [136]. This may explain why these FEX modes are seen in out-of-plane resonance

experiments and not for in-plane resonance experiments. As shown in Fig.(5.6) there is a

strong FMR mode which is present in all films and a FEX mode is observed in some films.

By fitting straight lines to the data in Fig.(5.6) we may extract γ and Heff from

Eq.(5.1). A comparison of these parameters for the different films is shown in Tab.(5.1).

The gyromagnetic ratio γ is extracted from the slope of the ω (HR) data given in

Fig.(5.6). All measured resonance fields were above the out-of-plane saturating field of

0.5 T, and so Eq.(5.1) is valid to model the resonance conditions. Heff is measured

by the intercept with ω = 0 for out-of-plane measurements. While the monolayer LSMO

shows a net decrease in Heff (FMR) with thickness, indicating a reduction in out-of-plane
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Figure 5.6: Out-of-plane configuration resonant field Hf vs driving frequency ω is shown for
a variety of different films. LSMO(30 nm) (solid circles), LSMO(38.9 nm) (solid squares and
empty diamonds), LSMO(61.9 nm) (solid sideways triangles), LSMO(55 nm)/BFO(17 nm) (solid
down triangles), LSMO(54.8 nm)/BFO(24 nm) (plus symbols), LSMO(45 nm)/PZT(20 nm) (cross
symbols).One collection of data originates from the FMR mode (as shown) and the other collection
of points are from the FEX mode. By fitting a linear function to these data, gyromagnetic ratio γ
and effective internal field Heff may be extracted.

anisotropies, the addition of a ferroelectric layer significantly changes Heff . It should be

noted that the PZT seems to much more strongly affect the magnetic parameters than

BFO.

5.6 Spin Wave Stiffness

We now discuss determination of D using the out-of-plane data. We define the gap between

effective fields for the two modes ∆Heff as:

∆Heff = µ0Heff (FEX)− µ0Heff (FMR) (5.4)

= D
(
k2
oop(FEX)− k2

oop(FMR)
)

Eq.(5.4) does not contain contributions from µ0MS − µ0Hoop , as this contributes

equally to both Heff (FMR) and Heff (FEX).

Tab.(5.2) lists the results of this gap for films in which the FEX mode was observed,

and also for estimates of what these values should be assuming no interface pinning and

the literature value of Dlit= 1.7965×10−17 T m2(or in the units for exchange stiffness

Dlit = 104 meV Å). We note that the spin wave constant D used in the Kittel equation

has units T m2 and spin wave stiffness Dstiffness possesses units J m2 [118]. Assuming



80 5. Studying multiferroic interfaces with standing spin wave modes

Sample γ(FMR)× 1010 γ(FEX)× 1010 Heff (FMR) Heff (FEX)
Hz
T

Hz
T Oe Oe

STO/LSMO(30 nm) 2.79 2.79 -4425 -956
STO/LSMO(38.9 nm) 2.67 2.67 -4624 -973
STO/LSMO(61.9 nm) 2.83 - -4891 -

STO/LSMO(55 nm)/BFO(18 nm) 2.63 - -4442 -
STO/LSMO(54.8 nm)/BFO(24 nm) 2.64 2.64 -4423 -437
STO/LSMO(45 nm)/PZT(20 nm) 2.63 2.63 -4089 176

Table 5.1: Displayed are the extracted gyromagnetic ratio γ and effective internal field Heff

from data shown in Fig.(5.6). We attribute the distribution of γ to scatter in weak ferromagnetic
resonance signals. Uncertainty in Heff is ±50 Oe, and originates from the remnant magnetic field
in our electromagnet pole pieces, uncertainties in hall probe calibration accuracy and the imperfect
lineshapes of the FMR signal. Also there exists large differences between the effective fields in the
single layer LSMO and capped LSMO films. In particular, films with a more positive Heff must
possess stronger out-of-plane bulk anisotropies or pinning. Differences in Heff for the FMR and
FEX modes demonstrate that interface pinning must be playing a role in these films. For empty
entries, no FEX mode was observed.

4Heff (experimental) Oe 4Heff (no pinning, Dlit) Oe
LSMO(30 nm) 3469 1970

LSMO(38.9 nm) 3651 1171
LSMO(45 nm)/PZT(20 nm) 4265 875

LSMO(54.8 nm)/BFO(24 nm) 3986 590

Table 5.2: Experimentally found 4Heff are shown in the left column, in units of Oe and with an
error of ±50. The right hand column displays calculated 4Heff for the thicknesses of LSMO using
the literature value of Dlit= 1.7965×10−17 T m2 and no interface pinning. Note that experimental
4Heff pinning from different capping layers appears significant.

the average spin S=1, converting between the two uses the following:

D =
Dstiffness

µB

It has been noted that S may have a range of values for Mn [137], however deter-

mining S exactly is outside the scope of this study. We see immediately that there is a

large discrepancy between the observed and predicted ∆Heff . As surface pinning may be

equally likely from both the substrate and the ferroelectric, we thus consider two extreme

situations to account for the observed ∆Heff : complete pinning at the ferroelectric in-

no pinning (Oe) max single sided pinning (Oe) max double sided pinning (Oe)
Dlit 1171 2343 3515

1.56 Dlit 1828 3656 5484
3.12 Dlit 3656 7311 10967

Table 5.3: Theoretically calculated 4Heff (in Oe) for a 38.9nm LSMO film given various ex-
treme interface pinning conditions (top row), and different values of D (with respect to Dlit=
1.7965×10−17 T m2). It is important to note the actual 4Heff= 3651 Oe. Assuming that the
entirety of pinning originates from one interface, D=1.56 Dlit as indicated in the table.
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terface only (single sided pinning) and complete pinning at both interfaces (double sided

pinning)2. Theoretically calculated values for ∆Heff gaps in 38.9 nm LSMO films for

extreme pinning conditions are given in Tab.(5.3). The case where D=Dlit accounts for

the ∆Heff as seen in experiment, can only occur for double sided pinning. In the case

where extreme single sided magnetisation pinning exists, an exchange constant value of

at least D=1.56× Dlit is needed. Finally the case where ∆Heff can be explained without

any interface pinning is only possible for D=3.12× Dlit. Unless extreme double sided pin-

ning exists for the STO/LSMO, then the exchange constant D is larger than commonly

found in literature. It is already known that exchange coupling in a LSMO material can

already vary for films grown on different substrates [118]. Spin wave stiffness has only

been measured several times previously for LSMO, so there is currently relatively little

data on this value for LSMO films grown under various conditions. In addition, there is

clearly a much greater ∆Heff gap for the films with a capping ferroelectric, especially

for the PZT capped film. This indicates a significant out-of-plane interface pinning which

originates from the ferroelectric layer, in addition to an increased exchange constant D.

5.7 Summary

Ferromagnetic resonance was used as a sensitive probe of both in-plane and out-of-plane

anisotropies in multilayer LSMO/BFO and LSMO/PZT films. We have shown that some

interface pinning must be playing a role in magnetisation dynamics. Interestingly, BFO

seems to have little influence on the magnetisation of LSMO. We see no evidence of

exchange bias [109, 110], though this may be because of the relatively thick LSMO layer

dominating the magnetisation dynamics. The slow growth rate of our BFO in comparison

to the BFO growth rate used by Martin et al. [110] to produce exchange biasing effects,

may also be an important factor in growing suitable BFO to couple to the ferromagnet.

Electric fields were applied across the BFO layer and resonance experiments were carried

out, but no shifts in FMR resonances were observed. From our data, it is quite difficult

to extract separate pinning effects at each interface. However, a lower bound for D can

be set given various assumptions about pinning at the interface. We find that complete

pinning at both interfaces gives D for our films the same as literature Dlit.

Uniaxial and biaxial in-plane anisotropies which appear to be unrelated to the capping

2We note that if complete pinning does occur at both interfaces, then the first exchange mode becomes
symmetric and will not be excited by a uniform driving field. In our experiment, only the conductivity
would cause a non-uniform driving field, and this effect is estimated to be quite weak for LSMO. Hence a
first exchange mode which experiences double sided pinning would be extremely difficult to detect. In our
estimation of the theoretical range of D we neglect this fact.
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ferroelectric layer are observed, and there may exist a thickness of LSMO about which

a transition between anisotropies might take place. Our data indicates that the uniaxial

contribution to anisotropy relative to the biaxial component increases as the ferromagnet

thickness increases, for LSMO films grown on STO(100), unlike that found for LSMO

grown on other substrates [115].



Chapter 6

Field tunable mode confinement in

antidot lattices

After applying the FMR technique to simple interfaces, a study was carried out to probe an

artificially patterned material1. Ultra small-scale patterning masks enable the creation of

miniature periodic magnetic structures. In these structures, termed “magnonic crystals”,

the patterning causes long range dipolar fields to play a key role in the spin wave modes

which can exist. These spin wave modes can experience significant confinement effects

from both static and dynamic dipolar effects.

This chapter presents work on spin wave resonances in an antidot structure. This type

of magnonic crystal is a patterned Permalloy thin film with a periodic array of holes. The

two initial goals were to explore confinement effects on spin wave mode due to periodic

gaps, and to see if any exchange biasing effects (from a capping IrMn layer) affected these

bulk modes. We were primarily concerned with looking at spin wave resonances in a high

field regime. We found at high applied fields there was a change in the magnetisation

ground state of the antidot array. This change causes highly inhomogeneous dipolar

demagnetising fields throughout the so-called “effective stripe” [138] which leads to spin

wave mode localisation.

6.1 Introduction

Patterning of thin magnetic films and multilayers is used to create materials with unique

electronic, magnetic and electromagnetic properties that can be very different from those
1Work in this chapter forms a manuscript which is under review by Applied Physics Letters. Rhet

Magaraggia directed magnetometry measurements which were carried out by a visiting student. Rhet
Magaraggia gave advice for running simulations and collaboratively interpreted the simulations and ex-
perimental data. He did not grow the samples or run the simulations.
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displayed without patterning. Applications are diverse and include magnetic and spin

wave logic [139, 140], and non-volatile memory [141–144]. Most notably, patterning of

microwave frequency magnetic materials on suitable length scales offer exciting possibilities

for controlling spin wave dynamics. In the rapidly growing area of magnonics, structures

patterned on sub-micron scales are of interest for application as waveguides [145–147],

spin wave emitters [148], magnonic crystals [138] and filters [149]. These and other devices

represent an emerging technology for creating, modifying and controlling microwave spin

wave properties in analogy to what has been achieved through optical photonics. In

particular, we present here a tunable analogy to a gradient index optical material [150].

As demonstrated through a series of elegant experiments [151–154], antidot patterning

of magnetic films creates structures that can behave somewhat like crossed wire arrays

in regards to spin wave propagation. The antidot array defines channels for localisation

of spin waves, and instils a four fold anisotropy into the spin wave band structure. The

band structure is particularly complicated by the existence of modes with negative group

velocity that are strongly affected by the orientation of an applied field relative to the array

geometry. Ferromagnetic resonance (FMR) is a useful technique for probing microwave

absorption in ferromagnetic metals [151, 152]. This technique has been used to examine

spin waves at low fields in antidot patterned films. In this work we study resonances at

large applied fields. We find that the spin wave channels are largely destroyed and that

channel modes become localised between antidots. As will be explained below, the cause

of this localisation is the stray demagnetisation fields associated with the antidots.

6.2 FMR Experiment

The antidot arrays were constructed from bilayers of Cu(5 nm)/NiFe(30 nm)/IrMn(15

nm)/Cu(5 nm). The antidot pitch is 415 nm and the antidot diameter is 220 nm. Details of

the antidot array growth and lithographic patterning appear in Tripathy et. al. [36], along

with structural characterisation and magnetometry results, which indicate that antidot

films are largely magnetically saturated by fields greater than 0.02T. Broadband FMR

measurements were carried out using a 20 GHz vector network analyser to excite and

detect resonance measurements. A 0.3 mm wide microstrip line, connected to 50 Ω high

frequency co-axial cables, acts as a microwave antenna and drives resonance in the antidot

sample placed on top in direct contact with the microstrip. A Danphysik electromagnet

is used to supply the in-plane magnetic field. This magnetic field is swept and the S21(H)

parameters are measured at a fixed microwave frequency. In order to separate out the
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Figure 6.1: The background corrected |S21| data as a function of the in-plane applied field for
an excitation frequency of 12 GHz. The field is applied along an antidot lattice edge.

broad magnetic contribution arising from nickel in the end-launch pins of the waveguide,

background sweeps without the sample are also measured, (denoted in what follows as

S210(H)).

Example raw data are shown in Fig.(6.1) where the background corrected S21 data is

shown as a function of the applied field for an in-plane aligned static field at an excitation

frequency of 12 GHz. Three characteristic FMR peaks can be clearly seen. These are

tracked in experiments as a function of applied field and orientation with respect to the

antidot array axis. The samples studied here do exhibit exchange bias shifts in magneti-

sation loop measurements, and effects of antidot patterning on exchange bias have been

explored previously [36]. However, the effects of exchange bias were not observed in our

resonance experiments as FMR peaks overlap strongly for different modes as shown in

Fig.(6.1). We estimate experimental uncertainty in field measurements, which originates

from hall probe accuracy and FMR linewidth overlap, to be approximately 40 Oe. This

roughly twice exchange biasing found from magnetometry of this system.

6.3 Simulation

Analysis of the experimental results was made using micromagnetic simulations with the

software package NMAG [155]. As noted above, experimental uncertainty did not allow

any effects from the IrMn to be observed, and so coupling to the IrMn was not included in

the simulations. The simulation method employs finite elements, and a maximum mesh

size of 12 nm was used. A fixed step numerical integration scheme was used with time

steps of 1×10−12 s. A square with dimensions 400×400 nm2 and periodic 3×3 antidot

geometry, having a height of three layers of elements, each 10 nm thick, was used for the

simulation. An unpatterned continuous film was modelled similarly. Comparison with

larger systems and use of different mesh sizes showed that edge effects were negligible for
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Figure 6.2: (a) The resonant frequency dependence on magnetic field for an unpatterned film.
The experimental resonances are denoted by open circles, and the simulation fits are denoted by
solid squares. Analytic Kittel formula result using simulation best fit parameters is shown by the
dashed line. (b) Simulated and experimental frequency dependence of the resonant magnetic field
H, in the antidot array with the field applied along a lattice edge. A1, A2 and C denote different
spin wave modes. The experimental data are denoted by open squares, open circles and open
triangles respectively. Uncertainties in resonant field for experimental are included as horizontal
bars through the data points. Simulations are denoted by solid symbols. The analytic result for
the resonance mode is shown by the dashed line on a continuous film.

the region bounded by the centre four antidots in the three by three arrays. Frequencies

were obtained by first relaxing to a static ground state configuration in field using a large

damping, and then reducing the damping to 0.005. The simulation was run until transients

died out, and the average precession amplitude fell below 10−3 A/m. At this point, data

was collected for 1 ns and a Fast Fourier Transform was used to extract frequencies.

Reference measurements made on an unpatterned bilayer were compared to frequencies

obtained from simulations for the continuous film, and magnetic parameters were adjusted

to provide best fits. Results of the FMR experiments and the fits to calculated frequencies

on the continuous film are shown in the inset of Fig.(6.2) where the resonant frequency is

plotted against field. The experimental data appears as open symbols. The simulations

are shown as filled squares, and lines are guide to the eyes. The adjusted fit parameters

were magnetisation and gyromagnetic ratio. The parameters used for these fits are γ =

2.938 × 1010 Hz T−1, MS = 0.639 × 105 A m−1 and exchange stiffness A= 13.0 × 10−12

J m−1 . These parameters were used in the simulations to predict frequencies for the

patterned array. We note that these frequencies agree well with those predicted by the

simple Kittel relation as shown by the dashed line using ω = γ
√
µ0H (µ0H + µ0MS),

where ω, γ, H, MS and denote the frequency, electron gyromagnetic ratio, the applied

field to cause resonance, and saturation magnetisation, respectively. The discrepancies at

high field are most likely due to finite size effects in the simulation used to extract these

parameters.

We now discuss the mode profiles and features observed for the antidot array. The

dashed line in Fig.(6.2) is the Kittel formula result, shown again for comparison. This
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Figure 6.3: The three modes profiles (a) Type C, (b) Type A1, (c) Type A2, calculated from
simulation, for the antidot arrays under a large applied magnetic field of 5026 Oe. The evolution
of spin wave mode profile A2 is shown for applied magnetic field strengths (d) 1256 Oe, (e) 1884
Oe, (f) 5026 Oe. The high (low) spin precession amplitude is denoted by dark (light) shading. The
applied magnetic field is always along the horizontal lattice direction.

antidot patterning creates a band of excitations. It was possible to resolve three members

of this band in the simulations. The three predicted modes are labelled A1, A2 and C. Only

two of these overlap with the three peaks observed experimentally. The mid-frequency

experimental mode, lying between A1 and A2 appears very similar to the satellite mode

noted in [156].

In order to understand the nature of the modes predicted by the simulation, mode

profiles were defined as the absolute value for the difference between the magnetisation

at the peak of the precession and the magnetisation of the ground state. Examples are

shown in Fig.(6.3) (a), (b), and (c) at a magnetic field strength of 5026 Oe with the applied

field in the lattice direction. Dark (light) shading denotes large (small) spin precession

amplitude. The amplitudes of maxima for the two higher frequency modes A1 and A2

are located between antidots perpendicular and along the magnetic field direction. Mode

C is strongly localised at the boundary of the antidot perpendicular to the magnetic field

direction as in an edge mode [151, 157]. Finite array size effects are apparent around the

edges of the array, and appear as modifications of the mode amplitudes. Comparison with

results from larger arrays allowed us to conclude that the mode amplitudes for the centre

four antidots are a very good approximation to that expected in a periodic array.

The A2 mode profile at small fields is also similar to that found earlier [151, 156].

However, we observe a distinctive change in the profile at higher applied fields. The
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Figure 6.4: (a) The direction of static demagnetising fields at different locations, indicated by 1, 2
and 3, for the antidot array with the field applied along a the horizontal lattice direction. Directions
of the static demagnetising fields are indicated by arrows at the corresponding locations. (b) The
strength of the static demagnetising fields as a function of applied field strength is shown. Position
1 is represented by triangles, position 2 is represented by circles and position 3 is represented by
squares.

evolution of the A2 mode profile from low to high magnetic field in the lattice direction is

shown in Fig.(6.3) (d), (e) and (f) for different applied field strengths. The magnetic field

in Fig.(6.3) (d), (e) and (f) are 1256 Oe, 1884 Oe and 5026 Oe, respectively. Large (Small)

amplitude is denoted by dark (light) shading. The A2 mode extends perpendicular to the

field direction for the lowest field shown in Fig.(6.3) (d). Increasing the field localises the

A2 mode between antidots along the field direction.

6.4 Stripe Mode Dipolar Localisation Effects

The reason for mode A2 localisation at high fields is the tendency of larger fields to saturate

the magnetisation. This leads to an increased pole density at the antidot boundaries, and

changes the distribution of dipolar fields between the antidots. The change in dipolar field

distribution is depicted in Fig.(6.4), where the magnitude of the dipolar field between

antidots is sketched.

In Fig.(6.4) (a) we show the direction of demagnetising fields at different locations in

the antidot array for the field applied along the lattice direction. We show in Fig.(6.4)

(b) the static demagnetising field strengths in these regions as a function of the applied

field over the range 1256 Oe∼5026 Oe. The effect of increasing the field is to change

dramatically the strength of the dipolar field at position 2 relative to positions 1 and 3.

The uniformity in mode profile at low field is possible because the magnetisation deforms

near the antidots in order to reduce the magnetostatic energy by lowering magnitude of

the uncompensated magnetic poles at the antidot surfaces. This appears as a sort of

’screening’ of the antidot effects on regions away from the antidots. At high fields, the

magnetisation is less deformed around the antidots, changing the pole density along the

surfaces, and reducing the screening effect away from the antidots. As a result, at high
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applied fields mode A2 experiences very different demagnetising fields at positions 2 and

3, thus preventing uniform precession along this entire region. The demagnetising field

strength at position 2 is approximately 477 Oe opposite to the applied field direction. This

increases the resonance field of mode A2, with respect to the continuous film FMR mode

resonant field (as shown in the Fig.(6.2) (b)). At low applied fields (less than 1250 Oe), the

magnetisations at position 2 and 3 experience roughly the same strength demagnetisation

fields. As a result the mode is no longer strongly confined. This is responsible for the

uniform mode which extends across the antidot array in large stripes as shown Fig.(6.3)

(d).

For large applied fields, mode A1 experiences a demagnetising field at position 1 along

the applied field direction, with magnitude of approximately 150 Oe, decreasing the res-

onance field (as shown in Fig.6.2 (b)). This mode is strongly confined to region 1 at all

applied fields due to the oppositely directed static demagnetising fields at position 3.

6.5 Summary

In summary, we have shown that applied magnetic fields can strongly modify spin wave

mode localisation in an antidot array. Large applied fields affect the internal distribution

of dipolar fields, leading to a strong localisation of stripe modes. By way of optical analogy,

the ability to modify the distribution of internal fields makes this system behave like a

gradient index material for which the index gradient can be modified using an external

field.



Chapter 7

Conclusions

This dissertation has demonstrated how the measurement of multiple spin wave mode res-

onances can be used to probe buried magnetic interfaces in thin film structures. Chapter 2

describes the theory and experimental setup of broadband microwave excitation techniques

used to drive and observe spin wave resonance in a variety of multilayer systems.

In chapter 3, it was demonstrated that standing spin wave modes are very sensitive

to exchange bias in Permalloy/IrMn structures, and that exchange spin wave modes have

their resonances frequencies more strongly shifted than the fundamental uniform mode.

A simple theory was sufficient to consistently interpret the spin wave resonance shifts

as arising from an interface pinning force due to exchange coupling across the ferromag-

net/antiferromagnet.

This work was expanded in chapter 4 by performing a series of experiments on Permal-

loy/Au/IrMn structure with interfaces modified by a dusting layer of gold. By combining

this data with a micromagnetic calculation it was found that the frequency shifts could

be most simply modelled by changing a parameter representing the interfacial magneti-

sation. The layer then has different magnetisation values depending on the ferromagnet

and antiferromagnet orientation. In particular, when the ferromagnet and antiferromag-

net were anti-parallel aligned (at the interface), the magnetisation was suppressed. The

values found from this model must be treated as averages over the entire interface probed

with spin wave resonance.

Having explored the interface of the Permalloy/IrMn with standing spin wave modes,

the work in chapter 5 was an exploration of multiferroic/ferromagnetic systems. Similar

systems have been observed to display exchange bias but exchange bias or electric field

biasing of the La0.7Sr0.3MnO3/BiFeO3 (LSMO/BFO) system was not observed for these

samples. It appears the BFO was only weakly influencing the LSMO film over the interface.
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Limits were placed on the fundamental exchange coupling constant in LSMO and the STO

substrate was surprisingly found to strongly influence two-fold anisotropies, even for quite

thick LSMO films.

Finally, the inhomogeneous static dipolar fields caused by lateral periodic patterning in

ferromagnetic films were probed in chapter 6 using standing spin wave resonances. Several

modes were found to exist in the antidot array due to confinement from strong dipolar

fields. It was found that at high applied fields, subtle changes to the magnetisation ground

state near the antidots altered the static dipolar field distribution, which in turn localised

one of the lateral standing spin wave modes.

Observations of multiple spin wave modes enable the identification of thin-film inter-

face features such as directional pinning, change in interfacial magnetisation and inhomo-

geneous dipolar fields. Suitable models of varying complexity allow appropriate interpre-

tation of spin wave data. This technique can be applied to any ferromagnetic thin film

system capable of supporting standing spin wave modes. The use of spin wave resonance

techniques therefore requires careful tuning of grown sample thicknesses and materials.

With appropriately grown samples, spin wave resonances have been shown to provide a

sensitive probe of magnetic interfaces and allow detailed information about the interface

region to be extracted.

These experimental and analytical techniques may be applied to understand a variety

of systems where the nature of coupling at the interface is unknown, such as; spin glasses,

magnetic/non-magnetic multilayers, patterned magnetic systems and any other exchange

biased systems.

One avenue of further work is the use of spin wave resonances to study ordering of a

spin glass state. A spin glass grown on top of an appropriate ferromagnetic system (which

will act as a spin wave probe into ordering within the spin glass) may be cooled through

the spin glass ordering temperature under controlled conditions. The changes in spin glass

state may then be studied via shifts in the resonance conditions. Magnetic correlations

between different interface regions may result in linewidth changes to both modes. The

slow glassy relaxation may then be studied by changes to the spin wave mode states.

Similarly, multiple spin wave mode resonance studies could extend the work done by

Yang et al. [16] and provide further insights into the slow time dynamics of magnetic

interfaces. In such a work, the relaxation of exchange biased interfaces as a function of

time at different temperatures could be accurately characterised. A measure of grain sizes

and interaction strengths between domains/grains may be gauged by performing resonance
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frequency sweeps at a fixed field.

As a direct extension of the current work future spin wave resonance studies in combi-

nation with suitable x-ray circular dichroism or neutron scattering experiments should, in

principle, allow detailed information about interfacial coupling and magnetisation ordering

to be determined. For such studies, particularly neutron work, the sample areas should be

made much larger (greater then 4-9mm2). Furthermore, studies may be conducted that

modify the magnetic interface in non-trivial ways, such as magnetic dusting layers or a

patterned interface geometry.
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Appendix A

Comparison of layer calculation to

simple pinning model for

NiFe/Au/IrMn films

A.1 Introduction

In chapter 3, a simple pinning model was introduced that could calculate changes to the

standing spin wave spectrum assuming there were coupling effects highly localised at the

interface region. This treatment was extended by a more complex model in chapter 4

which allowed changes to the spin wave spectrum, in response to different micromagnetic

conditions such as anisotropy and magnetisation, to be more deeply explored. Some key

insights were that exchange coupling to the antiferromagnet may remain the same, but

interfacial magnetisation changes in response to the interface magnetic configuration. It is

of interest to compare the findings in chapter 4 , to an analysis of the same experimental

results using the simple pinning model.

A.2 Pinning model for NiFe(60.5 nm)/Au(t Å)/IrMn(6 nm)

structures

NiFe(60.5 nm)/Au(t Å)/IrMn(6 nm) films with a dusting gold layer of thickness t, undergo

a dramatic change in exchange biasing for a sub-monolayer of gold. Shown in Fig.(A.1)

are results for full angular anisotropy data, as measured via FMR (at 3 GHz) and FEX

(at 7 GHz) resonance.

Here it is apparent that the films undergo a very rapid change at 1.5 Å thickness of gold
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Figure A.1: The angular dependence of the spin wave modes of NiFe(60.5 nm)/Au(t Å)/IrMn(6
nm) films, with the different gold thicknesses given by the colour legend on the right. Plot (a)
shows the FMR mode resonances taken at a 3 GHz excitation frequency as a function of easy axis
angle (with respect to the applied field), and (b) shows the FEX mode resonances taken at a 7
GHz excitation frequency.

Figure A.2: (a) The pinning parameter p shown on the left and (b) effective thickness teff shown
on the right as a function of root mean square gold thickness for NiFe(60.5 nm)/Au(t Å)/IrMn(6
nm), extracted from the resonance data using the simple pinning theory from chapter 3. Blue
squares are for the the field along the θ = 0◦ direction (against bias), red triangles are for the the
field along the θ = 180◦ direction (with bias). In fitting with the pinning parameter theory a 8.8
Oe bulk anisotropy has been assumed to exist within the Permalloy film.

from a unidirectional to uniaxial anisotropy type. The thickest gold dusting film must be

experiencing minimal coupling to the antiferromagnet, and the uniaxial anisotropy with a

field variation of about 5 Oe is expected from permalloy films grown in magnetic fields [22].

Analysing the resonance data in Fig.(A.1) using the same pinning parameter technique

from chapter 3, a pinning parameter p and effective thickness teff are obtained, shown in

Fig.(A.2).

Firstly from Fig.(A.2) the pinning against and along the bias directions change at

different rates respectively as the gold thickness is increased. This is in contrast to interface

exchange Jint in chapter 4, which was the same for both directions. However, the pinning

parameter is a composite of both exchange interaction and spin moment at the interface.

Furthermore, the net vertical shift of the pinning data for both directions in Fig.(A.2) is

somewhat arbitrary, as any bulk anisotropies in the material (or changes in bulk material

parameters) will shift the calculated pinning parameters. The pinning parameter gap is

defined as the difference in pinning parameter with and against bias for a given sample.
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Figure A.3: The difference in effective thickness teff between the θ = 0◦ and θ = 180◦ directions is
shown as δt as a function of root mean square gold thickness for NiFe(60.5nm)/Au(t Å)/IrMn(6nm)
films.

The increase in pinning parameter gap with increasing gold thickness also mirrors the

increases in exchange biasing.

It was noted in chapter 4 that there were jumps in the FEX mode data that were

attributed to thickness fluctuations in the films. From Fig.(A.2) where the teff is displayed,

it is apparent there are fluctuations in the values of permalloy thickness.

The difference between the teff for both FM orientations, denoted δteff , is displayed

in Fig.(A.3). The monotonic increase in δteff with reduction of gold dusting implies

that magnetisation differences in the interfacial region become more pronounced for more

strongly biased samples, as was found in chapter 4. However due to the size of the

uncertainties (largely due to the FEX mode) this is difficult to ascertain from Fig.(A.3)

alone. The size of δteff in all cases is at most 4 permalloy unit cells (a=0.355 nm for a

single unit cell). So therefore changes in interface conditions are worth modelling using a

micromagnetic approach as in chapter 4.

A.3 Pinning model for NiFe(t nm)/IrMn(6nm) structures

A series of NiFe(t nm)/IrMn(6 nm) structures were studied, as outlined in chapter 4.

The evidence there suggested that interface micromagnetic conditions do not dramatically

change over the thickness range of the permalloy from 23 nm - 60.5 nm. Shown in Fig.(A.4)

is the frequency vs field resonance conditions of these films along the easy axis direction.

The FEX mode frequencies is significantly up-shifted for the thinner films due to the
1

teff
dependence of the standing wavevector. The FMR mode also undergoes a much

smaller, but non-zero, up-shifting in frequency which occurs because interface pinning

effects give the mode a non-zero wavevector. Similarly, the unidirectional anisotropy

becomes substantially more pronounced for both modes. No FEX mode was imaged for
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Figure A.4: Standing spin wave mode spectra are shown for a series of NiFe(t nm)/IrMn(6 nm)
samples. The Permalloy thickness t is given by the legend on the right. FMR modes are shown as
squares and FEX modes are shown as triangles.

Figure A.5: (a) The pinning parameter p shown on the left and (b) difference in pinning
parameter, δp, shown on the right as a function of Permalloy thickness in the NiFe(t nm)/IrMn(6
nm) samples, extracted from the resonance data using a simple pinning theory. For (a) blue squares
are for the the field along the θ = 0◦ direction (against bias), red triangles are for the the field
along the θ = 180◦ direction (with bias). Whereas (b) shows the difference in p between these
two directions. In fitting with the pinning parameter theory a 8.8 Oe bulk anisotropy has been
assumed to exist within the Permalloy film.

the thinnest permalloy film, as the signal was too weak to resolve.

Applying a pinning parameter analysis to the resonance data for these samples, the

pinning parameter in Fig.(A.5)(a) is seen to undergo a small net up-shifting (for both

directions) as the Permalloy thickness is decreased.

As discussed previously, given two standing spin wave modes it is difficult to separate

bulk and interface anisotropy, except that a bulk anisotropy will shift both modes uni-

formly by a given amount. It is possible that the bulk in-plane anisotropy is becoming

larger in magnitude as the permalloy thickness is decreased. Another possibility is that the

difference of interface magnetisation with different applied field directions becomes more

pronounced as the ferromagnet thickness is decreased. In this case, the pinning parameter

would be influenced by the interface magnetisation.

It is interesting to note that the difference in the pinning parameter δp for the two

FM orientations shown in Fig.(A.5)(b), remains nearly the same within uncertainty, at all

values of permalloy thickness. This is consistent with the idea that the pinning parameter

gap is characterising an interfacial energy which remains the same even when the permalloy
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Figure A.6: (a) Effective thickness teff as a function of Permalloy thickness in the NiFe(t
nm)/IrMn(6 nm) samples is shown. Blue squares are for the the field along the θ = 0◦ direction
(against bias), red triangles are for the the field along the θ = 180◦ direction (with bias). (b) The
difference in teff between these two directions, denoted δteff , as a function of NiFi thickness is
shown. In fitting with the pinning parameter theory a 8.8 Oe bulk anisotropy has been assumed
to exist within the Permalloy film.

Figure A.7: The difference between permalloy structural film thickness tfilm of the NiFe(t
nm)/IrMn(6nm) films and the average effective thickness |teff | as determined from pinning calcu-
lations is shown. The average effective thickness is calculated by averaging teff for the θ = 0◦ and
θ = 180◦ directions.

thickness changes. Even the thinnest permalloy thickness is still 5 times that of the IrMn

overlayer, and so large changes to magnetic order at the interface are not expected.

Comparing the effective thickness teff to the permalloy structural thickness in Fig.(A.6)(a),

teff decreases as NiFe thickness decreases. This is expected as the calculated teff is close

to the actual permalloy thickness, and should be reflected in the spin wave resonances.

The δteff gap in Fig.(A.6)(b) shows a decrease with FM thickness, and the difference

between average teff and FM structural thickness tfilm in Fig.(A.7) converges to 1.5 nm.

This possibly indicates that the interface magnetisation is becoming fixed by the AFM and

losing its ability to rotate into the applied field direction. However the uncertainties on

the data become quite large and care should be taken when applying this interpretation.

Even if there is no change in ferromagnet thickness, the model presented in chapter

4 provides an adequate explanation for shifts in resonance with even small changes in

interface magnetisation. Using model from chapter 4, the predicted resonance shifts for

different thicknesses of the FM when aligned in different directions with respect to the easy
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Figure A.8: Calculated resonance fields using the model in chapter 4 are shown for spin wave
modes as a function of interface ferromagnet magnetisation Mint/MS in NiFe(t nm)/IrMn(6 nm)
films for several different permalloy thicknesses, shown by the legend on the right. Dashed lines
show the resonance fields when the FM is parallel to the interface AFM spins, and solid lines show
the resonance fields when the FM is antiparallel to the interface AFM. The FMR mode resonances
are shown in (a) and are all at excitation frequency of 3 GHz, the FEX mode resonances are shown
in (b) and are at resonance frequencies 7 GHz for the 60.5 nm NiFe film, 8.3 GHz for the 47 nm
NiFe film, 10.6 GHz for the 35 nm NiFe film and 16 GHz for the 23 nm NiFe film.

axis as a function of interface magnetisation can be calculated, as shown in Fig.(A.8). If

Mint/MS for the antiparallel alignment (FM against AFM) undergoes a small decrease

with decreasing Permalloy thickness, then the average Mint/MS (taken for over both

alignments) will likewise decrease. This is analogous to |teff | − tfilm becoming smaller as

the Permalloy thickness tfilm decreases.

Modifications to Mint for different Permalloy thicknesses would be justified when the

ferromagnet and antiferromagnet are antiparallel. This modifications should only be a

small, because as chapter 4 demonstrates, fixing Mint to the same value as found for the

thickest Permalloy film replicates the experimental resonances for thinner films reasonably

well.

A.4 Ferromagnet Domain Wall

One simple idea to explain the changes that occur at the FM/AFM interface that could

account for shift in teff from the pinning theory and Mint
MS

from the simulation is that a

domain wall forms in the FM in which the interfacial magnetisation direction is moved

away from the bulk magnetisation direction.

The width δB for a full 180◦ domain wall in a ferromagnet with a uniaxial anisotropy

K and exchange stiffness A is given by [56,158]:

δB = π

√
A

K
(A.1)
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Using parameters A = 0.45× 10−11 J m−1 (for the NiFe films in this dissertation) and

K = 0.005 × 106 J m−3 [158], then δB ∼ 100 nm. Two effects of a partial domain wall

structure which should be observable in experiments are; a partial domain wall should

reduce the ferromagnet effective thickness teff , and the partial domain wall reduces the

projection of magnetisation along the bulk ground state direction at the interface.

For the partial domain wall to create a reduction in ferromagnetic effective thickness

of δteff=2 nm, a linear approximation can be used to determine the twist angle:

θ = δteff ×
180
δB

The initial angle of the domain wall away from the uniaxial direction is approximately

3.6◦ using this approach. This twisting angle at the interface should also account for a

reduction in the interface magnetisation roughly proportional to:

Cos (θ) =
Mint

MS
= 0.998

This is far too small to be consistent with the change in magnetisation at the interface

as found by the chapter 4 to be Mint
MS

(against bias) ∼ 0.4.

A similar argument may also begin by considering how much the initial twist θ must

be in order to reduce Mint
MS

by 60%. This gives θ = 66◦, which by the arguments presented

above leads to a partial domain wall length of ∼36 nm. As this is half the length of the

permalloy film itself, it is unlikely this could be what actually occurs at the interface, as

a much greater change to the spin wave spectrum would be seen.

In summary, whatever changes occur at the interface are unlikely to be explained by

a simple domain wall twist in a ferromagnet with uniform material properties near the

interface.

A.5 Summary

The pinning model was applied to experimental data for NiFe(60.5 nm)/Au(t Å)/IrMn(6

nm) and NiFe(t nm)/IrMn(6 nm) systems, which was already analysed using the model

in chapter 4. In some situations the pinning model gives some insight into the data

and is computationally simpler at incorporating bulk ferromagnet thickness fluctuations.

It implies that interfacial pinning remains roughly the same for different thicknesses of
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permalloy. However the large uncertainties make interpretation difficult in some cases.

The model in chapter 4 provides a more clear-cut separation of changes in microscopic

variables at the cost of some loss in generality. This does have the advantage of allowing

a more specific description of the situation at the interface. It was shown that the data

from both the pinning model and the simulation model may be combined, to demonstrate

that any changes taking place at the FM/AFM interface are probably not described by

an argument based on a simple ferromagnetic partial domain wall model.



Appendix B

Magnetic Susceptibility

The derivation for high frequency magnetic susceptibility in an ellipsoidal thin film is well

known and so the basic formulas and assumptions used are presented here for completeness.

Considering magnetisation as a continuum throughout space, magnetisation precession

at some place due to torques applied by some external magnetic field can be classically

described by the Landau-Lifshitz-Gilbert (LLG) equation:

dM
dt

= γ (M×HT )− α

Ms

(
M× dM

dt

)
(B.1)

where M is the vector magnetisation, HT is the total magnetic field acting at a point in

space and the term with the Gilbert damping constant α describes the effects of damping.

For the purposes of the susceptibility presented below, all field terms HT are assumed to

be homogeneous throughout the regions of magnetisation. This means that magnetisation

terms M will also have no spatial dependence and that any results derived from this

approach apply to an unpinned FMR mode only.

Assuming that the magnetisation is aligned along a ground state direction (the z-

direction) and the rf magnetic field causes only a small perturbation to the magnetisation,

the M and HT terms may be written as:

M = Ms + m(t)

HT = H + h(t)− d ·M + HA

where Ms is the magnetisation, H is the applied static external magnetic field, HA

are anisotropy fields intrinsic to the magnetic material, d is the demagnetising tensor and
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demagnetising fields are represented by d ·M. The small perturbative rf driving field is

represented by h(t) and the magnetisation response is represented by m(t). The following

assumptions allow the LLG equation to be solved:

• H� |h(t)| so that the dynamic field acts only as a perturbative effect

• H is sufficiently large to align the magnetisation such that Ms and H are parallel

• h(t) is sufficiently small such that Ms � |m(t)|

• The sample is ellipsoidal and the principal axes that define the ellipsoidal sample

coincide with the reference axes so that d is a diagonal tensor. ie:

d =


Dx 0 0

0 Dy 0

0 0 Dz


• The form for the applied rf field across the sample is h(t) = h eiωt

• The dynamic magnetisation follows the rf field and so takes the form m(t) = m eiωt

The z-direction is chosen as the ground state magnetisation M direction and static applied

field H direction. Upon substitution of the dynamic terms into Eq.(B.1), m and h may

be related to each other. This is formally written as the extrinsic susceptibility tensor:

m = χe · h

where

χe =


χxx χxy 0

χyx χyy 0

0 0 0


Each of the components of the susceptibility tensor are:

χxx =
γµ0Ms [(γµ0H + iωα) + γµ0Ms (Dy −Dz)]

ω2
r − ω2 + 2iωαγ

(
µ0H − µ0Ms(Dx−Dy)

2

)
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χyy =
γµ0Ms [(γµ0H + iωα) + γµ0Ms (Dx −Dz)]

ω2
r − ω2 + 2iωαγ

(
µ0H − µ0Ms(Dx−Dy)

2

)

χyx = −χxy =
iωγµ0Ms

ω2
r − ω2 + 2iωαγ

(
µ0H − µ0Ms(Dx−Dy)

2

)
and the resonance frequency ωr is:

(ωr)
2 =

1
(1 + α2)2

(
γ2 [µ0H + (Dx −Dz)µ0Ms] [µ0H + (Dy −Dz)µ0Ms]

)
− 1

(1 + α2)2

(
α2µ0Ms

[
1
4

(Dx +Dy)
2

])
)

In particular, for a thin film with magnetisation aligned in the film plane along the

z-axis, the demagnetising tensor becomes:

d =


0 0 0

0 1 0

0 0 0
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film thickness direction. Arrows in the film (grey area) show spin precession
about ground state frozen at a moment in time. Blue line indicates preces-
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ness L). The solid blue line shows the wavevector of the unpinned funda-
mental mode (FMR) and the solid red line shows the wavevector of the first
exchange mode (FEX). The dotted lines are shifts (of the same amount)
in wavevector for both modes. The horizontal coloured lines illustrate the
corresponding shifts in frequency. The frequency shift due to change in
wavevector is significantly greater for the exchange mode. . . . . . . . . . . 3
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neous across the film thickness direction are typically not uniform across
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2.1 The longitudinal geometry with incident p-polarised light is shown. De-
scriptively, if the incident light angle θ is set to zero, the incident linear
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The longitudinal MOKE geometry is sensitive to this magnetisation direc-
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2.2 The entire experimental setup for longitudinal MOKE is shown. Outlined
in red is the laser beam path starting at the laser and ending at the detec-
tor. The sample is mounted in between the electromagnets and the in-plane
field is measured as a voltage drop across a resistor by the oscilloscope and
converted into a current. The reflected laser signal is split into two orthog-
onally polarised laser beam components by the beamsplitter and converted
into an electronic signal by the photodetector. These signals are amplified,
subtracted from one another and recorded by the oscilloscope. The func-
tion generator provides a field sweep by modulating the output of the power
supply. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 A close up of the sample holder is shown. The dual mirror mounts project
the laser beam direction as parallel to the sample as possible. The entire
holder and components were constructed from brass and plastic to avoid
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2.4 Part (a) is one arm of a hysteresis loop gathered for a NiFe(23 nm)/IrMn(6
nm) sample after calibrations have been applied and (b) shows the same
data (blue dots) after it has been discretely differentiated and fitted to a
Gaussian curve (red line) to extract the coercive field point for this arm of
the loop. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.5 The equivalent circuit used to explain the meaning of power wave parame-
ters ai and bi with a microwave circuit. Microwave current is produced by
the generator, which may then be linked to either port through switches.
Each port is modelled as a circulator, allowing power to travel the indi-
cated direction only. There is interaction of the microwave power with the
sample, represented by ZS , after which it is dissipated into port sink 1 and
port sink 2. All circuit elements except the sample, are impedance matched
at resistance Z0. The a parameters may be characterised by voltage and
current measurements after the microwave generator, as this is the outgoing
power. The b parameters in this scheme may be characterised by voltage
and current measurements over the sink as this is the incoming (transmitted
or reflected) power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.6 The microwave circuit when connected to the VNA is modelled as compris-
ing of three regions, those which connect to the VNA and have impedance
Z0, the region of the stripline which border the sample with impedance Za
and have length la, and the sample region itself with impedance Zs and
length ls. The approximation is made that Za ≈ Z0. . . . . . . . . . . . . . 17

2.7 Field sweeps of a Py(60.5 nm)/Au(1.5 Å)/IrMn(6 nm) sample that com-
pare magnitude S21 (|S21|) data (scale on left) to phase corrected real S21
(Re(S21)) data (scale on right). Part (a) shows the |S21| data (blue) and
phase corrected Re(S21) data (red) for the FMR mode at 3 GHz, (b) shows
the |S21| data (blue) and phase corrected Re(S21) data (red) for the FEX
mode at 7 GHz. Although there is no significant change to the peak posi-
tion of the FMR mode before and after correction, the FEX mode shape
displays a large difference. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.8 When low temperature experiments were run on Permalloy, it was some-
times necessary to utilise the |S21| data due to phase instabilities. Shown
above is a sketch of how the region of maximum slope of the |S21| data (in
red) experimentally corresponded to the minimum in the phase corrected
Re(S21) data (in purple) for the FEX mode. Whenever this relationship
was utilised, it was confirmed at room temperature. . . . . . . . . . . . . . 21
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2.9 The vector network analyser FMR setup displayed schematically, with the
waveguide and sample geometry in the bottom right. Shown is the applied
field direction H, relative to the rf microwave field hrf . . . . . . . . . . . . . 22

2.10 Close up of the microwave end-launch connector illustrating how the central
pin contacts the waveguide. Picture courtesy of Southwest Microwave. . . . 22
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on the left is the small water-cooled Kepko driven magnet and on the right
is the large water-cooled Danphysik driven magnet with pole pieces. . . . . 23
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waveguide with a 0.3 mm central stripe width. In all cases the resonance
dips at ±400 Oe have the same absorption depth, but the strength of the
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field sweeps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.18 A schematic of the FM-FMR setup. For this type of spectrometry, ad-
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and be detected by the lock-in amplifier after being passed through the
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2.19 A representative FM-FMR of the fundamental resonance mode from a
La0.7Sr0.3MnO3(38.8 nm) thin film. The driving frequency was 13GHz,
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2.20 A microstrip line designed to be operated in reflection mode, with additional
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2.21 Schematic displaying how applying a dc-voltage across a coplanar waveguide
would electrically bias the multiferroic insulating BiFeO3 (BFO). Charge ac-
cumulation on the stripline induces the opposing charge in the La0.7Sr0.3MnO3

(LSMO) and this provides the electric biasing across the BFO. . . . . . . . 30
2.22 Two stripline geometries are shown and the respective approximations to

their current distributions. (a) Shows a microstrip line of width W with two
line currents of the same polarity at the edges of the stripline. (b) Shows a
coplanar line with central strip width W and gap between the centre strip
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2.23 The magnetic field strength is shown as a function of height above the
central stripline for different waveguide geometries. The coplanar line has
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a different decay length for the two geometries. The blue line shows the
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2.24 Simulation results of normalised magnetic field strength magnitude vs dis-
tance h above the central trace of a microstrip line with trace width W =
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tivity of εeff = 3.55 and a thickness of t = 0.2mm and a bottom ground
plane was included. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.1 Cross-sectional representation of a thin Permalloy/IrMn film undergoing
non-uniform resonance. Hf is the applied field and M represent spins un-
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3.2 A sample of data taken with a MOKE magnetometry setup focused onto the
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