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Abstract 

Rebekah Brandt 

Tuning the magnetization dynamics of nanomagnetic elements 

 through irradiation, composition, and shape 

 

The areal density of current magnetic storage technologies is approaching the 

superparamagnetic limit. In order to reach densities of 1 Tb/in
2
 and beyond, new 

recording techniques are needed, such as the use of patterned media or energy-

assisted recording. Studying the small angle ultrafast dynamics sheds light on the 

intrinsic magnetic properties that determine the device speed. In this Thesis, I will 

discuss several material systems related to the next generation technologies, and how 

their dynamics can be tuned through ion irradiation, changes in composition, and 

three-dimensional shaping. The ability to not only characterize a material’s dynamics, 

but to tune its resonance frequencies, adds an extra dimension of design optimization 

and flexibility.   

First, we measured how the magnetization dynamics of CoCrPt:SiO2 granular 

media is affected by irradiation with Co
+
 ions. We observe a steep decrease in the 

resonance frequency as the ion fluence is increased. Moreover, we quantified how the 

intergranular exchange can affect the dynamics, causing an increase in frequency 

beyond what is predicted through macrospin calculations.  

 Next, we used the composition of the FePt alloy to tune the dynamic response. 

We showed that the magnetic oscillation frequency of disordered FexPt100-x alloys can 

be tuned by up to 50 % by varying the iron content from 42 at. % to 100 at. %. The 

increasing amount of Pt causes a decrease in the saturation magnetization, and this 



xv 

 

causes a change in resonance frequency. Furthermore, the damping is enhanced as the 

Pt is increased due to the additional mosaicity and spin scattering in the alloy. 

The main focus of this work was the first investigation of the switching 

behavior and magnetization dynamics of curved nanomagnets (“caps”) and their 

comparison to flat dots of the same diameter and thickness. We find that the spherical 

caps reverse via coherent rotation at a larger diameter than the flat dots, and that the 

caps become saturated at lower applied field strengths. The spin wave spectra of the 

spheres also proved to be dramatically different than the flat dots, exhibiting a 

complex mode spectrum with atypical field dependence. The additional modes were 

due to the interplay of the field direction and curvature of the sphere, which caused 

multiple distinct regions of demagnetizing field value that were able to support 

localized spin waves. 
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Chapter 1   

Introduction 

 

 The potential applications of nanomagnets include magnetic storage 

technologies [1-5], magnetoresistive random access memory (MRAM) [6-8], and 

biosensors [9-11]. As the nanostructures for these applications are scaled down into 

the 100s and 10s of nanometers, it becomes important to characterize their behavior, 

which as expected, will deviate significantly from the bulk material. For example, the 

limiting feature in magnetic memory is the superparamagnetic effect which describes 

a magnetic grain that becomes so small its magnetization can be flipped due to 

thermal fluctuations [12]. The thermal stability of a magnetic material or nanomagnet 

is related to its anisotropy, K, and its volume, V: 

     
  

                                                          (1.1) 

where τ is the amount of time between random flips of the magnetization, τ0 is a 

material specific constant (typical values 10
-9

-10
-10

 s), kB is the Boltzmann constant 
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(= 1.38×10
-23

 J/K), and T is the temperature of the material. The anisotropy of a 

magnetic material refers to its preference to align in certain directions, and this can be 

a result of crystalline order or shape, for example. (Sources of anisotropy will be 

discussed in detail in Chapter 2.) The volume term can either refer to the size of 

individual grains, like in a film, or to the size of the entire multi-granular structure for 

a nanomagnet.  Regardless, Equation (1.1) tells us that the thermal stability (length of 

time between random flips) of a magnetic material increases if the anisotropy or 

volume is increased, and the temperature is decreased. In magnetic recording, it is 

required that KV/kBT > 50-80, which corresponds to about 10 years or more [13]. As 

an example, at room temperature (kBT ≈ 4×10
-21

 J), hexagonal Cobalt has a crystal 

anisotropy value of 3.9×10
5
 J/m

3
.  If we assume a τ0 value of 10

-9
 s, then for a 

spherical particle of 5 nm radius, it should be stable for ~270,000 years.  If we reduce 

the radius to 4.5 nm, then τ falls to 10
7
 s, or about 1/3 of a year.  Thus, the thermal 

stability of a material can change dramatically over just a small change in volume, 

anisotropy or temperature. The magnetic recording industry is constantly improving 

its materials and methods to increase areal density (Gb/in
2
) while avoiding the 

superparamagnetic limit. 

 In conventional recording media, the magnetic bits are written into a 

continuous, featureless magnetic film, and are composed of at least 100 grains. In 

longitudinal recording, the magnetic bits are written in the plane of the film using the 

stray field from a pole head (Fig. 1.1a). Therefore, the material has to have a low 

enough coercivity (related to the anisotropy) to be switched by these stray fields. 
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Shrinking the grain size allows for higher bit density, but this is limited to about 130 

Gb/in
2
 in longitudinal recording due to limitations on the anisotropy of the material 

and the field strength from the pole head [14]. In perpendicular recording (Fig. 1.1b), 

the bits are magnetized out-of-plane, and are composed of materials with much higher 

anisotropies. In this method, the write head is composed of a single pole head, and the 

perpendicular media is fabricated atop a soft under layer (SUL). The SUL acts as the 

other pole, essentially putting the recording medium in between the two poles of the 

magnet. This allows for higher write fields and thus higher anisotropy films; therefore, 

the volume of the bits can be decreased further, and areal density can be increased. 

There are hard drives commercially available that are based on perpendicular media 

with areal densities greater than 700 Gb/in
2
 (Samsung EcoGreen™ F4), and it has 

been demonstrated that 800-900 Gb/in
2
 is possible [15]. 

 

Figure 1.1.  Longitudinal and perpendicular recording schemes. 
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 Unfortunately, perpendicular recording is expected to reach the 

superparamagnetic limit around 1 Tb/in
2
 [16]. It is still unclear what the next 

generation of magnetic storage will look like, but several candidates are being 

developed. Referring back to the thermal stability of the magnetic media which is 

expressed in Equ. (1.1), the proposed technologies either increase the anisotropy or 

the volume.  These techniques are called energy assisted recording and patterned 

media, respectively, and will be discussed in the following sections. 

 

1.1 Energy assisted Recording 

 

In energy-assisted recording, the anisotropy of the magnetic material is 

maximized. This provides a mechanism to decrease the grain size further, while 

maintaining thermal stability.  However, the increase in anisotropy corresponds to an 

increase in the required switching field strength, which generally exceeds what is 

available in the write heads. To overcome this difficulty, another source of energy, 

such as heat, is added to the system in order to reduce the switching field locally, and 

allow the magnetization to be written into the medium [17]. When the source of 

energy is removed, the bit is again thermally stable, as illustrated in Figure 1.2.  

Developing this type of recording scheme is an engineering challenge, and has 

required advances in magnetic materials, as well as read and write technology.  For 

instance, an obvious obstacle is how to deliver heat to the magnetic material in a very 

confined (50×50 nm
2
) area.  The use of lasers is clear choice, but 50 nm is below the 

diffraction limit of far-field optics. To this end, many near-field transducers have 
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been developed which concentrate optical energy by the use of surface plasmons, and 

have reached spot sizes on the order of 20-25 nm [18-20]. On the materials side, high 

anisotropy magnetic films with small grain size need to be developed that have 

optimal thermal properties, such as a feasible Curie temperature and a rapid cooling 

time [17].  Seagate has been working on heat-assisted recording for over 10 years, 

and has recently announced that they have demonstrated 1 Tb/in
2
 recording using this 

technology [21].  The projected limit for this technology is ~50-300 Tb/in
2
 [13]. 

 

Figure 1.2.  Heat assisted magnetic recording scheme (from [17]). 

 

 Another energy assisted method is microwave-assisted magnetic recording 

(MAMR) [22]. This method works by applying a microwave at the magnetic 

resonance frequency of a material, which aids in switching the magnetization at 

reduced field strengths. This technique will be discussed in detail in Chapter 5. 
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1.2 Patterned media 

 

Figure 1.3 illustrates the differences between conventional granular media and 

bit patterned media. In bit patterned media, each bit is written into individual, single-

domain magnetic islands. Here, the entire multi-granular island is considered the 

volume unit, and therefore, the bits can be pushed even smaller than in a film where 

the volume corresponds to an individual grain (6-8 nm) [2].  Of course, the use of 

patterned features complicates the technology considerably, from fabrication issues to 

synchronizing the read/write head to the individual island positions.   

 

 

Figure 1.3. Bit patterned media compared to conventional recording (from Hitachi 

Global Storage Technologies). 
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 In conventional thin film media, the fabrication process is relatively simple 

and cost effective.  Moving to dense arrays of patterned elements that are on the order 

of 10-100 nm in diameter is costly and time-intensive. Many techniques are being 

developed to pattern nanostructures across large areas without the use of electron 

beam lithography, such as nanoimprinting [23] and self-assembly [24] (discussed 

further in Chapter 6).  The ideal array would be composed of identical structures in 

shape, size and composition, but in reality, the resulting arrays will inevitably have 

defects and a distribution of material properties. This distribution within the array will 

affect the magnetic properties, such as the switching field [3].  Furthermore, the 

lithography and etch processes can damage the individual elements, and this has been 

shown to affect the switching field [25].  If the switching field varies greatly among 

the elements, then it can be possible to switch bits with the stray field of the write 

head, and this causes errors across the disk. Finally, the magnetic fields produced by 

the neighboring elements in an array will also become significant as the density of the 

bits is increased. 

Commercially implementing any of these next generation techniques will 

require considerable efforts in every aspect, including development in materials, 

nanofabrication, and read and write head technology, to name a few. Much research is 

needed in order to optimize the materials and fabrication techniques, and to quantify 

how they affect the magnetic properties.  
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1.3  Magnetization Dynamics 

 

Thus far, we have discussed future magnetic recording technologies, and what 

static magnetic properties are needed such that they are stable over long periods of 

time, and can operate with little error. Another important property to consider is the 

magnetization dynamics of thin films and patterned media. Much research has been 

performed to quantify how material parameters (thickness, composition) in thin films 

and the two dimensional patterning of these thin films affects the magnetization 

dynamics. All the parameters which characterize a magnetic material - such as its 

anisotropy, saturation magnetization, defects or impurities, magnetic structure, 

exchange coupling and dipolar interactions – help determine the frequency of 

magnetic oscillations or spin waves [26]. Therefore, studying the dynamics is a 

sensitive probe of magnetic properties. Furthermore, the magnetization dynamics of a 

material is related to the switching speed.  

When the magnetization of a bit or grain changes direction, it does not relax to 

its final state instantaneously, but oscillates around its new equilibrium position with 

some characteristic frequency [27]. In general, the resonance frequencies are in the 

GHz range, and now that computing is reaching those speeds, the magnetic resonance 

is becoming an important characteristic to quantify.  

Full characterization of magnetic materials and nanostructures will be 

required in implementing any of the next generation magnetic storage technologies.  

Studying the small-angle ultrafast dynamics will shed light on the intrinsic magnetic 

properties, as well as being an indicator of the device speed.  The ability to not only 
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characterize a material’s dynamics, but to tune its resonance frequencies, adds an 

extra dimension of design optimization and flexibility.  In this Thesis, I will discuss 

several material systems, and how their dynamics can be tuned through ion irradiation, 

changes in composition and three-dimensional shaping. 

 In Chapter 2, the magnetic properties that affect the dynamics, as well as the 

physical principles of the magnetization and its equation of motion, will be discussed.  

The spin waves that arise in thin films and patterned structures will be reviewed.   

 In Chapter 3, the various experimental techniques to measure the ultrafast 

dynamics is described, and example data on films and nanostructures is presented.   

Chapter 4 will illustrate the tuning of the dynamics through ion irradiation, 

specifically looking at CoCrPt thin film media, which is widely used in perpendicular 

recording media today. 

Chapter 5 discusses tuning through composition.  In this study, we look at 

how the resonance frequency in film and nanostructures changes as a function of 

composition in FePt alloys.  These materials are candidates for microwave assisted 

magnetic recording.  

Finally, Chapter 6 will describe how three-dimensional shaping can affect the 

dynamics.  We look at FePt films that have been deposited onto self-assembled SiO2 

spheres, and, for the first time, compare their dynamics to flat dots of the same size 

and thickness. Self-assembled spheres represent an inexpensive and fast way of 

patterning close-packed arrays of nanoelements. 
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Chapter 2   

Magnetization dynamics 

 

 In this chapter, the purpose of measuring the ultrafast magnetization dynamics 

will be discussed.  Furthermore, the physical principles of magnetization, such as the 

relevant energy terms and equation of motion, will be presented.  Finally, the possible 

spin waves that can be excited in magnetic films and nanostructures will be reviewed, 

as well as sources of relaxation. 

 

2.1 Switching mechanisms of nanomagnets 

 

 In the field of magnetic devices, the switching of the magnetization from one 

state to another is of utmost importance. In magnetic recording technologies, for 

example, data is stored in the material as either “magnetization up” or “magnetization 

down,” and the path it takes, as well as the time, determines the speed and stability of 

writing data. In continuous films and larger patterned magnets that can support 

domains, the transition from one saturated magnetic state to another starts with a 

nucleation of a domain followed by domain wall motion [28]. As the size of magnet 
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becomes smaller and smaller, there is a point where it can no longer support a domain 

wall, and it is more energetically favorable for the entire element to have one single 

domain.  In this case, two modes of reversal can occur (Fig. 2.4):  coherent rotation 

and curling [12]. 

 

2.1.1 Energy Terms 

 

 In order to calculate the direction of magnetization and the subsequent field 

needed to change the direction of the magnetization, several energy terms need to be 

taken into account. 

 

a. Exchange Energy 

 

The basis of ferromagnetism is the exchange interaction, which describes the 

interplay between the Pauli Exclusion Principle and the electrostatic energy of the 

spins of an atom [29]. The electrons in an atom will arrange themselves within the 

orbitals in such a way to reduce the overall electrostatic energy. Generally, this 

translates to the electrons having the same spin direction but occupying different 

orbitals, if possible. In a bulk material, such as nickel or iron, this interaction causes 

the spins to align spontaneously, and thus magnetize the material in the absence of a 

magnetic field. If we assume that a material is continuous, and that the angles 

between neighboring spins are small, the exchange energy can be written as [12]: 

    ∫ [     
       

       
 ]                            (2.1) 
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where  ⃗⃗  is a unit vector parallel to the magnetization vector, A is the exchange 

stiffness constant of the material, and is on the order of 10
-11

 J/m for iron and nickel, 

and the integral ranges over the entire dimensions of the magnetic material. 

 

b. Zeeman Energy 

 

When a magnetized object or magnetic dipole is placed in an external 

magnetic field, it will experience a torque, and will align itself to the field, if possible. 

The energy associated in turning a magnetized object through an angle, θ, against an 

applied magnetic field is [30]: 

    ∫  ⃗⃗   ⃗⃗                                               (2.2) 

 

c. Self-Energy or Shape Anisotropy 

 

This energy term refers to the magnetostatic self-energy of a magnetized 

object. It represents the interaction of each dipole with the magnetic fields created by 

every other magnetic dipole in the material,  ⃗⃗  [31]: 

    
 

 
∫  ⃗⃗   ⃗⃗                                                    (2.3) 

The factor of 1/2 is included to avoid double counting each interaction. For example, 

in Figure 2.1a, the lines of the  ⃗⃗  field of a bar magnet are shown at zero applied field.  

Lines of  ⃗⃗  always point from the north to south pole, and within the magnet, those 

lines point in the opposite direction of the magnetization.  For the  ⃗  field (Fig. 1b), 

the lines are an addition of  ⃗⃗  and  ⃗⃗ ; therefore, in the interior of the magnet, the total 
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field is reduced. Therefore, the field created by the magnetized object internally 

points in the opposite direction to the magnetization that produced it, and hence, it is 

commonly called the demagnetizing field. 

 

 

Figure 2.1.  Fields of a bar magnet.  (a)  ⃗⃗  field and (b)  ⃗  field.  (c) The  ⃗  field of a 

uniformly magnetized ellipsoidal magnet. (from [31]). 

 

 

The demagnetizing field,  ⃗⃗  , is proportional to the magnetization that 

produced it [31]: 

 ⃗⃗     ⃡  ⃗⃗                                                       (2.4) 

Nd is the demagnetizing tensor, and is a function of the shape of the material.  

Demagnetizing factors can only be calculated analytically for ellipsoids or ellipsoids 
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of revolution (Fig. 2.2). Ellipsoids are special since they are the only shape that can 

be uniformly magnetized (Fig. 2.1c), and this is a result of the homogeneous 

demagnetizing field.  All other shapes, such as the bar magnet in Figure 2.1, have 

inhomogeneous internal fields, and as a result, non-uniform magnetization 

distributions. Consequently, the demagnetizing factors cannot be calculated 

analytically. 

 

Figure 2.2  Ellipsoids of Revolution. (From [31]). 

 

Equations for the demagnetizing factors of the ellipsoids have been calculated 

by Stoner [32]. For ellipsoids, the demagnetizing tensor is diagonal, and only has 

three terms - Na, Nb, and Nc - which correspond to the three major axes of the 

ellipsoid [33] (Fig. 2.2).  For any shape, the demagnetizing factors along the three 

coordinate axes must add up to unity:  Na + Nb + Nc = 1.  Table 2.1 gives equations 
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for calculating the demagnetizing factors for the ellipsoids of revolution and their 

limiting cases (r = c/a). 

 

Table 2.1.  Demagnetizing factors for the ellipsoids of revolution, plus limiting cases 

(adapted from [31]). 

 

 

The magnetostatic energy (Equ. (2.3)) can be re-written using the 

demagnetizing field (Equ. (2.4)): 

   
 

 
∫  ⃡

 
  ⃗⃗                                                  (2.5) 

Using Eq. (2.5), we can calculate the demagnetizing energy of a spheroid. If 

we assume the shape of a prolate spheroid (Fig. 2.2), and θ is the angle between the 

semi-major axis (c axis) and  ⃗⃗ , then the shape anisotropy energy can be written as: 

   
 

 
[                     ]                               (2.6) 

where the first and second terms correspond to the projection of  ⃗⃗  onto the c- and a- 

axes, respectively.  This equation shows that for a prolate spheroid, where Na<Nc, the 

energy is minimized when the magnetization is aligned with the long axis.  This holds 
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true in general, and for most elongated magnetic particles, the shape anisotropy 

energy tends to align the magnetization along the long axis. 

 

d. Crystal Anisotropy  

 

This energy term arises from the fact that there are preferred directions of 

magnetization in a crystalline structure. In nickel, for example, the “easy” directions 

of magnetization are the <111> directions, and in zero applied field, it will 

spontaneously align its domains to these crystal directions. Crystal anisotropy is due 

to spin-orbit coupling within the crystal [31]. The orientations of the orbitals in a 

crystal are strongly coupled to the lattice, and weakly coupled to the spin of the 

electron. When a magnetic field tries to re-orient the spin of an electron in the orbital, 

it also tries to re-orient the orbital. The energy that it takes to overcome this resistance 

is the crystal anisotropy. 

The energy associated with crystalline anisotropy is written differently 

depending on the crystal structure of the material.  For cubic crystals, such as Nickel, 

the energy can be written as [33]: 

            
   

    
   

    
   

       
   

   
                (2.7) 

where K1 and K2 are constants particular to a material, and the αi’s are the cosines of 

the angles made by the magnetization vector,  ⃗⃗ , and the crystal axes (Fig. 2.3a).  

 For hexagonal crystals, like Co, there is only one “easy” direction, and this is 

known as a uniaxial crystal (Fig. 2.3b).  Therefore, the energy can be written with 

respect to only one angle, the angle between  ⃗⃗  and the easy axis [33]: 
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                              (2.8) 

Again, Ki refers to the crystalline anisotropy constants specific to a material. 

 

Figure 2.3. Magnetization curves for single crystals of (a) Ni (cubic anisotropy) and 

(b) Co (uniaxial anisotropy) (from [31]). 

 

 

e. Magneto-elastic or strain anisotropy 

 

 Magneto-elastic, or strain, anisotropy arises from a stress of the lattice of a 

material.  The strain changes the magnetocrystalline anisotropy, which can change the 

preferred direction of the magnetization [34]. This can happen at interfaces between 

two materials with different lattice parameters, where they “stretch” to match each 

other.  It can also occur when the thermal coefficient of two layers does not coincide, 

or if there are deposition defects and imperfections. The energy associated with this 

anisotropy is [35]: 

    
 

 
                                                        (2.9) 
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where κ is the magneto-restriction constant, which is material dependent, σ is the 

induced stress, and θ is the angle between the magnetization and the strain direction. 

As an example, at the interface between a magnetic and nonmagnetic material, if the 

magnetic material stretches to match the lattice of the nonmagnetic material (strain 

direction is in-plane), then Equ. (2.9) says that the energy will be minimized if the 

magnetization is perpendicular to the strain direction.  That is, the magnetization will 

tend to point out-of-plane.  

 

f. Interface or surface anisotropy 

 

 At the boundary of a magnetic material, there can be air or another material.  

The lowered symmetry at this interface can strongly modify the magnetocrystalline 

anisotropy compared to the bulk [35].  Néel first predicted surface anisotropy in 1954 

[36], and it was first measured in the lab in 1986 [37].  Some argue that this 

anisotropy is a subset of the previously described term, strain anisotropy, and is 

therefore described by Equ. (2.9). Others lump it into crystalline anisotropy, with 

energy [35]: 

           
                                                (2.10) 

where KS is a material constant that depends on the crystal orientation of the surface.  

As a magnetic material becomes thinner, the interfaces play a more significant 

role, and interface or surface anisotropy can dominate the anisotropy of system.  The 

combination of strain and surface anisotropies is responsible for the perpendicular 
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anisotropy in metallic multilayer magnets (Section 3.6.1), which causes an out-of-

plane magnetization, even in very thin films [34]. 

 

2.1.2 Micromagnetic Equations 

 

The micromagnetic equations are derived from the energy terms discussed 

above. This was first accomplished by Brown [38] and it ignores the atomic structure 

of the sample and assumes the magnetization vector is a continuous function of the 

material.  

Starting with the total energy equation, the goal is to determine the 

magnetization such that the energy is a minimum, which represents the equilibrium 

state of the system. Brown used a method that involves looking at small variations of 

the magnetization vector to find a set of differential equations that can be solved to 

determine the energy minimum. These differential equations are called the 

micromagnetic equations. Following the discussion in [12], in the case of a 

homogeneous applied field in the direction of both an easy crystal axis and a major 

axis of an ellipsoid (here expressed in Cartesian coordinates, z is direction of the 

applied field), the micromagnetic equations are: 

[                  ]    
    

  
                      (2.11a) 

[                  ]    
    

  
                      (2.11b) 

The first term on the left side represents the exchange energy, the second term is the 

crystal anisotropy, the third term is the Zeeman energy, and the last term arises from 
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the shape anisotropy. The right hand side of the equation includes the internal energy, 

Uin, present in the sample since M is assumed to be saturated at the start (M = MS). 

Note that these equations only contain linear terms, and are a specific set of Brown’s 

equations meant to calculate switching modes.  

This set of equations can be used to calculate the nucleation field, which is the 

field applied to a previously saturated magnet that just starts to deflect the 

magnetization from saturation. The micromagnetic equations can be simultaneously 

solved with the appropriate boundary conditions to find all the possible eigenvalues 

of the applied field that minimize the energy. However, only the largest possible 

eigenvalue represents the nucleation field.  This is because once the reversal starts, it 

will continue on that path, and all other nucleation fields have no meaning. 

Upon solving these differential equations, Brown found that there were two 

switching modes that satisfied the conditions stated above. The two modes are 

coherent rotation and curling. In coherent rotation, the magnetization vectors remain 

parallel during the rotation, while in curling, the magnetization vectors tend to “curl” 

around the radius (Figure 2.4). Both modes are valid solutions to the micromagnetic 

equations, and the size of the magnet determines which mode occurs. There is a 

critical radius, Rc, such that magnets larger than the Rc switch by curling and magnets 

smaller than Rc switch by coherent rotation [12]: 

   
 

 
√

 

  
                                                   (2.12) 
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where q is a geometrical factor that depends on the aspect ratio and Nx is the 

demagnetizing factor for the axis perpendicular to the applied field. Note that this 

equation only applies to a prolate spheroid; other shapes have different critical radii. 

 

Figure 2.4. Switching Modes in a Single-Domain Magnet. The left branch depicts the 

coherent rotation mode, and the right branch depicts the curling mode. 

 

 

In terms of energy, coherent rotation minimizes the exchange energy since the 

spins stay parallel, but the magnetostatic energy increases since poles are created on 

the surface during rotation. In curling, the exchange energy is high because the spins 

are not parallel, but the magnetostatic energy is low because the spins form 

continuous loops around the axis (only exactly for an infinite cylinder). The 

magnetostatic energy increases rapidly with particle size since it is directly 

proportional to volume; therefore curling is preferred by larger magnets. 

2.1.3 Stoner-Wohlfarth switching 

 

The Stoner and Wohlfarth model is an in-depth look at the coherent rotation 

mode of the previous section. The main assumption of this model is that the magnetic 
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structure is composed of single-domain ellipsoids that are spaced far enough apart so 

that their interactions can be neglected. In coherent rotation, the exchange energy 

term can be neglected since all the spins remain parallel, and this can only occur for 

an ellipsoid because of its ability to achieve a uniform magnetization in its interior. 

The energy terms that contribute to coherent rotation are the Zeeman energy, 

crystal anisotropy, and shape anisotropy. In their paper, Stoner and Wohlfarth [39] 

just considered shape anisotropy in detail: 

     
 

 
        

  
 

 
        

                       (2.13) 

The angles are those specified in Figure 2.5: θ is the angle between the applied field 

and the shape anisotropy easy axis, and φ is the angle between the applied field and 

the magnetization vector. 

 
 

Figure 2.5. (a) Coordinates for Stoner-Wohlfarth model. (b) Magnetization curves for 

prolate spheroids as a function of the angle between the easy axis and Happ, θ. (c) 

Switching field plotted as a function of θ. 
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Stoner and Wohlfarth’s method was to find the magnetization direction, φ, 

that minimizes the total energy for H and θ constant. This entails solving both the first 

and second derivatives of the total energy: 

  

  
 

 

 
        

                                (2.14a) 

  

            
                               (2.14b) 

To find the switching field, this set of equations needs to be solved for various values 

of the applied field, and the magnetization can be plotted as a function of the applied 

field, as seen in Fig. 2.5b.  This set of magnetization curves varies the angle between 

the easy axis and the applied field, θ, and it is seen that the switching behavior is very 

sensitive to it.  When the easy axis and Happ are aligned, the ellipsoids are stable and 

saturated until they all flip magnetization states at a particular switching field value, 

HS (defined as the field when all spheroids reverse direction).  As the angle is 

increased to 45º, the magnetization increasingly experiences reversible motion, 

followed by an abrupt switch. At the highest angles, there is no abrupt switch, but 

continuous reversible motion of the magnetization. If HS is plotted against θ, there is 

a minimum at 45º (Fig. 2.5c). This behavior is typical Stoner-Wohlfarth switching 

behavior of a collection of non-interacting, single-domain particles.   

 

2.1.4 Hysteresis characterization of switching modes 

 

 Experimentally, determining the switching mode of nanomagnets is 

performed through hysteresis measurements. The characteristic shape of the 
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hysteresis loop changes for the two modes. Whereas the curling mode is characterized 

by a pinching of the loop at zero field, coherent reversal loops are typically 

rectangular (Figure 2.6).   

 In curling, the spins all align head to tail, creating a vortex shape within the 

element (inset Fig. 2.6a). This switching mode is also commonly called “vortex 

creation and annihilation.” This creates a magnetization state where mx = my = 0, and 

a very small component in the z-direction (called the vortex core).  In a hysteresis 

measurement, the pinching of the loop comes from this zero magnetization state near 

zero applied field. 

 In coherent reversal, all the spins stay aligned and switch together.  Therefore, 

in a single particle measurement, the loop will be a square or rectangular shape, 

representing the coherent switch from one state to another (Fig. 4b). 

Figure 2.6.  (a) Simulated hysteresis loop showing a curling switching event. (b) 

Simulated hysteresis loop showing a coherent reversal event in a single element. The 

inset images show the magnetization configuration at the indicated points in the loop 

(color bar on left, and coordinate axes center). 
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2.2 Ultrafast switching 

 

As the speed of magnetic devices reaches the GHz regime, the precessional 

motion of the magnetization becomes important.  This is due to the fact that the speed 

of switching a magnet is determined by how fast the magnetization is able to become 

stable at its new configuration.  Typically, this is limited by the precessional motion 

of the magnetization, which is characterized by the frequency of its oscillation and its 

damping. 

When one thinks of switching the magnetization of a magnetic film or element, 

it is usually assumed that a magnetic field is applied in the direction of the desired 

final magnetization state.  For example, in a small single-domain nanomagnet that is 

magnetized “up,” a field is applied opposite to that direction, and at the switching 

field strength, the magnetization switches to “down.”  Since the applied field is anti-

parallel to the initial magnetization state, there is no torque on the magnetization, and 

therefore, the magnetic element needs some thermal fluctuation in order to 

switch. Therefore, the limiting time is on the order of the thermal fluctuations, or 

several nanoseconds [40]. 

In precessional switching, a short field pulse applied perpendicular to the 

magnetization imparts a torque which pushes the magnetization out of equilibrium 

[27].  Let us consider a thin film where the only source of anisotropy is shape.  At 

zero applied field, the magnetization will be in the plane of the film, say the +x 

direction (Figure 2.7a). If a field pulse in the y-direction is applied to the sample, the 

magnetization will be pushed towards the out of plane direction by   ⃗⃗   ⃗   (Fig. 
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2.7b). This deflection into the out-of-plane direction causes a large demagnetizing 

field pointing in the +z direction. Now, the torque on  ⃗⃗  is dictated by   ⃗⃗   ⃗⃗  , and 

this causes a forward motion, swinging  ⃗⃗  towards  ⃗   in an arc (Fig. 2.7c). The pulse 

duration dictates how far  ⃗⃗  will swing around the z-axis, and if the pulse is stopped 

while  ⃗⃗  is pointing in the –x direction, it will be switched (Fig. 2.7c).  

 

 

Figure 2.7.  Precessional switching mechanism (light gray is film plane). (a) 

Application of pulse in y-direction causes torque in –z direction. (b) Deflection of M 

into z-direction produces a demagnetizing field, causing torque in forward trajectory. 

(c) Dashed line shows path travelled by M to switch directions, if field pulse is turned 

off right when it reaches –x direction. 

 

In precession switching, different pulse conditions lead to different switching 

outcomes.  If the pulse is too short, the magnetization is merely pushed out of 

equilibrium, causing a precession that decays back to the original direction; this is a 

nonreversal situation (Figure 2.8a).  Fig. 2.8b-d shows three different reversal 

scenarios for pulses that are long enough to swing the magnetization into the –x 

direction.  If the magnetization is reversed, but has a slight undershoot, it will precess 

around its new equilibrium condition (Fig. 2.8b). Alternatively, it can overshoot (Fig. 

2.8d).  Ideally, if the pulse duration is exactly tuned to the magnetic system, the 
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magnetization can switch ballistically (Fig. 2.8c), that is, without any “ringing.”  This 

is the ideal situation, and represents the fastest switching mechanism possible. In the 

other cases, the time it takes the system to reach equilibrium is strongly dependent on 

the damping, which describes the dissipation of energy in the system.  

 

Figure 2.8.  Trajectories of the magnetization.  (a) Nonreversal.  (b) Reversal with 

undershoot. (c) Ballistic reversal. (d) Reversal with overshoot. (From [27].) 

 

Given that the precessional switching time is so closely linked to the small 

angle precession, it makes sense that the dynamics of magnetic systems are of great 

importance.  In order to design a device with the fastest response possible, the 

intrinsic precessional frequency needs to be known.  This is because ballistic 

switching occurs when the pulse length equals exactly half the precession period [41].  

In cases where there might be a spread of oscillation frequencies due to slight 

variations in the film properties, then the switching will most likely not be ballistic, 
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but will be dictated by the time it takes for the magnetization to oscillate down to a 

stable state.  Here, both the frequency and damping are important.   

2.3 Landau-Lifshitz-Gilbert equation of motion 

 

 The Landau-Lifshitz-Gilbert (LLG) equation describes the motion of the 

magnetization in an effective field which represents all the energy terms in the system. 

It is the fundamental equation in the field of magnetization dynamics, so it will be 

discussed in detail. 

 

2.3.1 Derivation 

 

 The derivation of the LLG equation is not strictly a derivation, but a relation 

of the dynamics of a dipole (or spin) in an applied field to the magnetization (which is 

the sum of many aligned spins).  It was first proposed by Landau and Lifshitz in 1935 

[42], and it describes uniform oscillations of the magnetization in an isotropic 

ferromagnet.  To that end, we will first consider the energy of a magnetic dipole,   , in 

a magnetic field,  ⃗  [30]: 

       ⃗                                                      (2.16) 

The magnetic dipole of an electron is        , where γ is the gyromagnetic ratio 

(=gμB/ħ) and    is the spin of the electron.  Plugging     into Eq. (2.16) gives the 

Hamiltonian for a magnetic dipole in a  ⃗  field:  

         ⃗                                                    (2.17) 
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To get the time dependence of    in the magnetic field, we can use the Heisenberg 

equation for time-dependent operators: 

  
     

  
 [         ]                                       (2.18) 

where Ô(t) is the time-dependent operator, in this case, the spin, and Ĥ(t) is the 

Hamiltonian in Eq. (2.17). Just looking at the x-component, Eq. (2.18) becomes: 

  
      

  
   ([       ]  [       ]  [       ])                  (2.19) 

This can be easily simplified using the spin commutators like [Sx, Sy] = iħSz to get  

  
       

  
   (         )                                         (2.20) 

which is just the x-component of the cross product between    and  ⃗ .  Plugging in the 

relation between B and H (B=μ0H in SI units), and equating the spin to the 

magnetization in a material leads to: 

  ⃗⃗ 

  
     ⃗⃗   ⃗⃗                                                   (2.21) 

In general, γμ0 is set to equal –γ0, and this gives the classic Landau-Lifshitz equation: 

  ⃗⃗ 

  
     ⃗⃗   ⃗⃗                                                    (2.22) 

This equation represents a precession of  ⃗⃗  around  ⃗⃗ , which can be seen by scalar 

multiplying both sides with  ⃗⃗  and  ⃗⃗ .  First, scalar multiplying by  ⃗⃗  gives: 

 

  
| ⃗⃗ |

 
                                                        (2.23) 

This tells us that the length, or magnitude, of  ⃗⃗  is conserved over time.  Scalar 

multiplying by  ⃗⃗  gives 
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                                                             (2.24) 

which tells us that the angle between  ⃗⃗  and  ⃗⃗  is time-independent.  This scenario is 

pictured in Figure 2.9a. 

 

Figure 2.9.  (a) Precession of  ⃗⃗  around  ⃗⃗ . (b) Precession with damping included. 

(From [27]). 

 

 

2.3.2 Damping Term 

 

 The Landau-Lifshitz equation describes the motion of the magnetization in a 

magnetic field as a constant precession around  ⃗⃗ .  However, in real materials, this 

precession will not continue forever, but will experience damping that brings  ⃗⃗  

parallel to  ⃗⃗ .  In order to reflect this dissipation (sources described in Section 2.5), a 

term is added to the equation of motion that represents an effective friction field that 

is proportional to the rate of change of  ⃗⃗ , or d ⃗⃗ /dt [33].  Landau and Lifshitz added 

a term to the right side of the equation with a dissipation parameter, λ (units of 

magnetic field): 

  ⃗⃗ 

  
     ⃗⃗   ⃗⃗  

   

  
  ⃗⃗    ⃗⃗   ⃗⃗                                    (2.25) 
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The double cross product points perpendicular to the direction of motion of the 

magnetization and towards  ⃗⃗  (Fig. 2.9b).  Gilbert proposed a damping term with 

d ⃗⃗ /dt substituted for the second  ⃗⃗   ⃗⃗ , and a dimensionless damping parameter, α = 

λ/MS. 

  ⃗⃗ 

  
     ⃗⃗   ⃗⃗  

 

  
 ⃗⃗  

  ⃗⃗ 

  
                                      (2.26) 

This is the Landau-Lifshitz-Gilbert equation, and will be used extensively in this 

thesis. 

 

2.3.3 Effective Field 

 

 The preceding sections derived the equation of motion for the magnetization 

around a simple field  ⃗⃗ , assumed to be an externally applied magnetic field.  In a real 

material, there are several contributions to the overall field, and the combination of 

them is called the effective field,  ⃗⃗    .  This includes contributions from all of the 

energy terms discussed in section 2.1.1.   ⃗⃗     is related to the energy terms by [33]: 

 ⃗⃗      
     

  ⃗⃗ 
                                                 (2.27) 

where Etot =  Eex + EZ + EM + Ecrys + Eme + Esurf.  All further incidences of the LLG 

equation will have  ⃗⃗  set equal to  ⃗⃗    . 

 

2.3.4 Solving the LLG equation with shape anisotropy 
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 Although the LLG equation is very difficult to solve analytically for most 

cases, there are some limiting cases that can be solved in the small angle 

approximation. Here, we will solve the LLG equation for a general ellipsoid whose 

axes are aligned with the x, y, z coordinate system, and the corresponding 

demagnetization factors are Nx, Ny, and Nz.  A static magnetic field is applied in the 

z-direction, Hz, and an oscillating magnetic field is applied in the x-direction, hx (Fig. 

2.10a). This situation corresponds to a ferromagnetic resonance (FMR) experiment, 

where an oscillating magnetic field drives the sample through resonance (either by 

varying the frequency of the oscillating field or by varying the applied field strength).  

Although this is not the experimental conditions used for this Thesis (Chapter 3), the 

result is valid for any case where the magnetization is precessing, no matter whether 

the precession is started by a magnetic field pulse or some other mechanism. 

 

Figure 2.10. (a) Sample geometry for solving the LLG equation with shape anisotropy. 

(b)  Coordinate axes for a sphere of a uniaxial ferromagnet (from [33]). 
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To add the effects of shape anisotropy to the LLG equation, the effective field 

must be modified.   Plugging Eq. (2.4) into  ⃗⃗     gives: 

 ⃗⃗      ⃗⃗      ⃡  ⃗⃗                                             (2.28a) 

                                                          (2.28b) 

                                                          (2.28c) 

                                                           (2.28d) 

Eq. (2.28) is substituted into the LLG equation, Eq. (2.26), and ignoring damping, the 

cross product results in the component equations: 

   

  
              (     )                            (2.29a) 

   

  
         (     )                                  (2.29b) 

   

  
                                                          (2.29c) 

Eq. (2.29c) is set to zero since the small angle oscillation is around the z-axis, and this 

results in very little change in the z-direction.  The oscillating field in the x-direction 

causes an oscillation in the magnetization of the form: 

 ⃗⃗   ⃗⃗    ⃗⃗                                                      (2.30) 

where  ⃗⃗   is the static part of the magnetization, and  ⃗⃗  is the oscillating part with a 

time dependence of e
iωt

.  Eq. (2.29), upon substitution of Eq. (2.30) becomes: 

     
      [     

                
   ]                     (2.31a) 

     
      [          

                
   ]          (2.31b) 

Combining terms, Eq. (2.31) can be written like: 

                                                       (2.32a) 
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                                                       (2.32b) 

The solution to this set of equations is found by taking the determinant of the 

coefficients, setting it to zero, and solving for ω, which is the angular frequency of the 

oscillation.  Doing this leads to the famous Kittel equation [43]: 

    √    (     )                                       (2.33) 

With the proper demagnetizing factors, the Kittel equation gives the resonance 

frequency of the magnetization, which is listed in Table 2.2 for the limiting cases of 

an ellipsoid. 

 

Table 2.2.  Oscillation frequencies for the limiting cases of an ellipsoid calculated 

with Kittel’s equation (recreated from [33]). 
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 The Kittel equation gives a good example of how shape affects the 

magnetization dynamics, and the LLG equation can similarly be solved for other 

anisotropy contributions, like crystalline anisotropy, as will be seen in the next 

section. Although more complicated, the LLG equation can also be solved taking 

several anisotropies into account.  This method is limited, though, to cases where the 

anisotropies are well defined like for ellipsoids, uniaxial crystals, and so forth.  For 

most real samples, micromagnetic simulations based upon the LLG equation are used.  

In these types of calculations, a computer is used to numerically solve the LLG 

equation as a function of the various energy parameters that are specified by the user.  

For any arbitrary shape, the sample is divided into cells (the cell size dimensions 

should be less than the exchange length), and the LLG equation is solved for each cell, 

taking into account all the various anisotropies and the exchange between the cells.  

The simulation can output the average magnetization over the entire sample, or in 

more sophisticated cases, of each cell. Micromagnetic simulations are ideal for 

predicting the resonance frequencies in samples with shapes that are unlike ellipsoids 

(cylinders, disks, etc.), but there are computational limitations when the size of 

sample becomes large (> 1 µm). 

 

2.3.5 Sphere with uniaxial anisotropy 

 

 To solve the LLG equation for a sphere with uniaxial anisotropy, we can use 

the method of effective demagnetizing factors [33].  This method is valid if we can 

express the anisotropy in the same form that the shape anisotropy takes:  
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 ⃗⃗      ⃡   ⃗⃗                                             (2.34) 

Then we can directly use Kittel’s equation (Equ. (2.33)) with a simple substitution of 

Ni = Ni + Ni
eff

 (i = x, y, z).  For the case of uniaxial anisotropy, it is useful to switch to 

spherical coordinates, which is pictured in Fig. 2.10b.  The crystal axes are primed, 

and the easy axis is set as z’.  If Happ is parallel to the easy axis of the crystal, then the 

magnetization will also be aligned in that direction.  However to keep this general, we 

will assume the applied field can take any angle with respect to z’, and the resulting 

magnetization will also not necessarily be aligned with z’.  To calculate the direction 

of the magnetization at equilibrium, the total energy needs to be minimized (Etot = EZ 

+ Euni), where we will only consider the first term in Equ. (2.8)). From dEtot/dθ, we 

get the equilibrium condition: 

       (
     

  
)                                          (2.35) 

where    
   

  
, θM is the magnetization equilibrium angle, and θH is the angle of the 

applied field. 

To find the resonance condition, we must express Han in the form of Equ. 

(2.34) using  ⃗⃗    
    

  ⃗⃗ 
 (Equ. (2.27)), again only taking the first anisotropy constant 

into account. We want the final coordinates in the local frame of the magnetization, 

which is set as the z-axis.  The magnetization and applied field are contained to the z-

y plane, so that x = x’.  Taking the projection of  ⃗⃗  in the crystal axes, and taking 

d/d ⃗⃗  of          
   gives: 

                                                                        (2.36a) 
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(               )                    (2.36b) 

      
  

  
(               )                    (2.36c) 

This can be written in the form of Equ. (2.34), with  ⃡  : 

[
 
 
 
   

  
  

  
      

  

  
          

 
  

  
           

  

  
      ]

 
 
 
                      (2.37) 

Now that we have the effective demagnetizing factors for uniaxial anisotropy, we can 

insert them into Kittel’s equation.  Normally, we would add the uniaxial terms to the 

shape demagnetizing factors, but since we have a sphere (where Nx = Ny = Nz), those 

terms cancel out. Therefore, Equ. (2.33) turns into: 

    √         
                                       (2.38) 

where Hz is the projection of the applied field onto the z-axis:  

                                                     (2.39) 

 

2.4 Spin Waves 

 

 The preceding section, and the results of Kittel’s equation, indicate that only 

one oscillation frequency is present in the sample. This resonance frequency is a very 

specific spin wave case, the uniform (or Kittel) mode, which represents all the spins 

precessing in unison. However, it is possible to have spin waves where the spins do 

not remain perfectly aligned.  Morrish [29] describes the propagation of a spin wave 

as follows:  Imagine a magnetic material where all the spins are aligned.  If one spin 
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reverses direction (due to a thermal excitation, for example), the exchange forces will 

tend to invert it back to the aligned state. However, since every atom has an equal 

probability of being the one with the reversed spin, the reversed spin will not remain 

localized, but will travel from one neighbor to another.  In actuality, a spin wave is 

not the propagation of a reversed spin, but of a spin perturbation, as is seen in Fig. 

2.11, and can be described by a wave vector with a given frequency (the uniform 

mode corresponding to k = 0). 

 

Figure 2.11.  Illustration of a spin wave propagating through a material with a lattice 

spacing of a.  (a) Side view and (b) top view (from [29]). 

 

 In this section, we will discuss the spin waves that can develop in thin films 

and patterned media (assumed to be homogeneously magnetized).  In the 

magnetostatic approximation, we will no longer assume that all the spins are aligned, 

like in the previous macrospin calculations, and the exchange field will be ignored 

(which is only valid for low enough k values) [33].  For confined media (with very 

small dimensions) or for high k values, exchange will have to be considered.  Finally, 

we will discuss the implications of the non-uniform internal field on the spin wave 

dynamics.  
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2.4.1 Magnetostatic waves in bounded media 

 

 In the magnetostatic approximation (and no external current), Maxwell’s 

equations reduce to 

    ⃗⃗                 ⃗                                   (2.40) 

for the steady components and  

   ⃗                ⃗                                    (2.41) 

for the AC components ( ⃗   ⃡  ⃗ ).  Therefore, we can introduce the magnetostatic 

potential  ⃗    , and by substitution into Equ. (2.41), we get 

    ⃡                                                (2.42) 

which is called the generalized Walker’s equation [44].  For the appropriate ψ and 

boundary conditions, Equ. (2.42) can be solved to give the dispersion relation of the 

spin waves.   

 As an example, let us calculate the spin waves for a metallized magnetic plate 

or film of thickness d (film must be large enough and k small enough to ignore 

exchange) that is saturated in the out-of-plane direction (z-direction) (Fig. 2.12).  We 

will assume k lies in the y-z plane, and the magnetostatic potential can be written as 

[33]: 

                    
                                     (2.43) 

The boundary condition at the surfaces is 
  

  
  , which leads to B = 0 and    

  

 
           Substitution of Equ. (2.43) into (2.42) results in   

      . We can 

determine the dispersion relation from the frequency dependence of µ: 
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      (   
  

  
     

     

)                                         (2.44) 

where             and          .  Therefore, in this bounded media, the 

frequency of the wave depends on its wave vector.  In particular, as k is increased, the 

frequency increases (positive group velocity) (Fig. 2.12), and these are referred to as 

“magnetostatic forward volume waves.” 

 In a similar way, we can solve for the case where the magnetization lies in the 

plane of the film or plate. This results in a dispersion relation where the group 

velocity is negative, and therefore, they are called magnetostatic backward volume 

waves [33]. 

 

Figure 2.12.  Dispersion curves for magnetostatic forward volume waves in a 

metallized plate where the magnetization is saturated in the out-of-plane direction 

(from [33]). 
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 Thus far, we have considered spin waves propagating in the volume of a 

magnetic material that have trigonometric magnetostatic potentials.  There are also 

solutions to Equ. (2.42) such that ψ is represented by hyperbolic functions, and these 

modes are called “surface waves” [33].  Damon and Eshbach solved this case for 

surface waves in magnetic plates for the important case of the wave vector 

perpendicular to the magnetization direction (which lies in-plane) [45].  They found 

the following dispersion relation: 

   (   
  

 
)
 
 (

  

 
)
 
                                 (2.45) 

Later, we will see that these Damon-Eshbach surface modes will become significant 

when we look at confined media. 

 Finally, the use of Equ. (2.42) was developed by Walker for the specific case 

of solving the magnetostatic spin waves in a sphere [44].  Early experiments on 

confined magnetic materials observed additional peaks superimposed on the uniform 

mode excitation. White and Solt [46] observed additional peaks that changed 

according to where they placed their sample (ferrite spheres) in the microwave cavity.  

They found that the inhomogeneity in the different parts of the cavity (AC field) 

combined with the applied field direction could excite various oscillation modes.  A 

similar situation will appear for a sample that is not homogeneously magnetized.  

Walker developed the rigorous mathematical explanation of these nonuniform modes, 

and hence, they are called “Walker’s modes.”  
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2.4.2 Exchange dominated spin waves 

 

 The boundary conditions of bound media dictate what spin waves can exist.  

As an example, it is possible to excite standing spin waves in a film or structure, and 

they will take on the waveforms seen in Fig. 2.13 depending on whether the 

boundaries are pinned [29]. Now, as the dimensions of the magnetic material become 

small or the wave number becomes large, neighboring spins may point in directions 

such that the exchange energy can no longer be ignored. To incorporate the exchange 

interaction, the exchange field is added to Heff; furthermore, additional boundary 

conditions come into play since the surfaces now dictate the amount of pinning [33].  

 

Figure 2.13.  Standing spin wave modes for a thin film with varying boundary 

conditions: (a) nodes at both boundaries, (b) node at one boundary and an antinode at 

the other, and (c) antinodes at both boundaries (from [29]).  

 

 

 To see what kind of spin wave frequencies arise in this case, let us solve the 

LLG equation for a thin film where the magnetization and applied field are directed 

out-of-plane. The effective field will have terms for the applied field, the shape 
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anisotropy and the exchange ( ⃗⃗    
  

  
  

  ⃗⃗ ). Following a similar derivation as in 

Section 2.3.4, the dispersion relation is found to be [29]: 

     (        
    

  
)                                (2.46) 

and the boundary conditions require that   
  

 
, where p is the number of half 

wavelengths (not necessarily an integer if edge is not pinned) and d is the thickness of 

the film. Exchange dominated standing spin waves were first observed in thin films 

by Seavey and Tannenwald [47], and are generally referred to as perpendicular 

standing spin waves (PSSW).  If the magnetization is directed in the plane of the 

films, PSSW waves can still be excited, and the dispersion relation in this case is: 

     [(     
    

  
) (        

    

  
)]

 

 
                       (2.47) 

 

2.4.3 Spin waves in structures with non-uniform internal fields 

 

 In this thesis, we are mostly concerned with thin films and patterned structures.  

Especially in the case of nanomagnetic elements, we will have non-uniform internal 

or demagnetizing field distributions, and therefore, we will discuss this case in detail.  

To get an idea of how the confinement in the transverse directions affects the spin 

wave spectra, we will first consider a very long wire, with length l, width w, and 

thickness d.   

 First, the applied field and magnetization will lie along the wire, in the easy 

axis direction (defined as z).  In this case, the internal field can be assumed to be 
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uniform, especially if we are not near the ends of the wire [48]. We will only 

determine the allowed spin waves for wave vectors that lie perpendicular to the 

magnetization (defined as y). For exchange dominated waves, we have the previously 

discussed PSSW modes (Equ. (2.47)). In the long wavelength (non-exchange) limit, 

the modes take the form of the Damon-Eshbach (DE) surface modes (Equ. (2.45)), 

except now with a boundary condition on    
  

 
  that is similar to that seen for the 

PSSW [49]. Jorzick et al. [50] observed this behavior in patterned permalloy wires 

using the Brillouin light scattering (BLS) technique, and the results are shown in Fig. 

2.14. In BLS, the incident light is inelastically scattered from thermally-excited spin 

waves in the sample [51].  A typical BLS spectrum shows multiple peaks whose shift 

from the origin (= frequency of incident light) represents the spin wave frequency. 

For an array of permalloy wires with d = 40 nm, w = 1.8 µm (and a 0.7 µm wire 

spacing), a BLS spectrum is shown in Fig. 2.14b, and it displays several spin waves 

of varying frequency.  By changing the angle of the incident light (which varies the 

magnitude of the transferred wave vector, kt = 2kincsinθ), the spin wave dispersion 

can be recorded, and this helps to identify the nature of the modes.  Fig. 2.14c shows 

the measured spin wave dispersion, where the open symbols correspond to the sample 

in Fig. 2.14b.  The modes are identified as being the lowest lying PSSW mode 

(highest frequency mode), plus several DE surface modes, the lowest corresponding 

to the uniform mode [49].  Therefore, for a magnetic element that has an 

approximately uniform internal field, but is still highly confined in one direction, 

distinct standing spin wave eigenoscillations are observed. 
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Figure 2.14.  (a) Coordinate system for the permalloy wires (M, Happ || z). (b) Typical 

BLS spectrum taken on the wires for d = 40 nm and w = 1.8µm.  (c) Spin wave 

dispersion for the same system in (b) (open symbols). 

  

 Now we must consider the more complicated case of the applied field and 

magnetization lying along the short axis of the wire.  Here, the internal field is 

strongly inhomogeneous, even if the applied field is large enough to fully saturate the 

magnetization.  The poles created on the surface of the wire serve to decrease the 

internal magnetic field near the edges [48], and it can be assumed to be zero near the 

edges (Fig. 2.15).  In the simplest case, we know from Kittel’s equation that the 

resonance frequency is a function of the effective field; therefore, if there are regions 

in the sample where the effective field varies, then the resonance should also vary.  

Typically, near the center of the element, the internal field is constant, and the usual 

spin wave modes can exist, but near the edges, there is a sharp decrease in the 
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effective field, and these regions are usually called “spin wave wells” [51-52].  We 

will see that these spin wave wells can support their own local oscillation modes. 

 

 

Figure 2.15.  The top part of the graph shows the change in magnetization from the 

center of the wire to the edge (simulated), and the bottom shows Heff (only includes 

the internal field and exchange field here).  The inset shows the sample geometry 

(from [48]).   

  

 To see how the inhomogeneous internal field affects the spin wave spectra, 

Fig. 2.16 shows the BLS spectra from permalloy wires (d = 30 nm, w = 1 µm) for the 

two magnetic configurations.  The top spectrum shows what was discussed above, a 

couple DE surface modes plus one PSSW mode.  The bottom spectra, however, 

shows multiple PSSW modes, an unresolved band of DE modes, and one lower lying 

mode, which is identified as a mode that is highly localized to the edge regions. The 

band of DE modes arises from the fact that now Happ || k (whereas it was   before), 

and the gaps due to quantization are much narrower [48].  The additional PSSW 

mode represents the lowest lying mode in the spin wave well, where the change in the 
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internal field leads to a different resonance frequency in Equ. (2.47). Finally, the 

lowest frequency mode corresponds to a mode that is localized to the spin wave well 

near the edges. Just like the DE surface modes (or PSSW modes) depend on the 

pinning at the edges of the magnetic material, the edge region serves as its own local 

potential that can support standing spin waves. 

 

Figure 2.16. BLS spectra taken for permalloy wires with d = 30 nm, w = 1 µm for the 

two field geometries: Happ, M || (a) the long axis and (b) the short axis (from [52]). 

 

 

 Thinking of the edge regions as an independent potential well that can support 

localized spin waves gives some interesting properties. First, the number of spin 

waves that can be supported is dependent on the depth of the well, just like in 

quantum mechanics (Fig. 2.17).  If we always assume that the bottom of the well is at 

zero, then the top of the well will be at Heff = Happ + Hd,center, in the simplified case of 
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a step function.  Therefore, as the applied field is increased, the well becomes deeper, 

and more localized modes can appear, and this is seen experimentally [53].  Second, 

the lateral size of the well can affect the dynamics since the wavelength, and hence, 

frequency are a function of its width. 

 
Figure 2.17.  Illustration of a spin wave well that can support local oscillations.  In (a) 

the depth of the well only allows two spin waves, while in (b), up to five can exist. 

 

 

 Finally, it is instructive to look at a numerical solution to the case of the wire 

magnetized along the short axis.  The linearized LLG equation can be solved for the 

case where the internal field is highly dependent on the z-coordinate.  The results are 

shown in Fig. 2.18, and the left column represents the solution of the exchange 

dominated modes in the wire, and the right column is the nonexchange magnetostatic 

modes present.  It is seen that the lowest lying modes in both cases are generally 

localized to the edge and center regions, respectively.  These center and edge modes 

are widely seen in the spectra of nanodots and nanowires [54-58], and we will 

observe them in our experiments as well. 
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Figure 2.18. Mode profiles and corresponding frequencies of a d = 33 nm, w = 1 µm 

wire with the magnetization along the short axis.  The left column shows the 

exchange dominated modes of the edge regions, and the right column shows the non-

exchange magnetostatic modes of the center (from [48]). 

 

2.4.4 Experimental observations on confined media 

 

Two-dimensional patterning of magnetic films and its effect on magnetization 

dynamics has been widely studied over the past few years due to the relevance for a 

fundamental understanding of magnetism as well as applications such as MRAM and 
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patterned media. A number of shapes, including ellipses, squares, wires, and highly 

asymmetric “eggs,” have been studied, with varying parameters such as size or aspect 

ratio [54, 56, 59-60], as well as applied field direction [61-63].  

 The first measurements on highly localized modes in confined media were 

performed on permalloy wires and patterned square nanostructures by Jorzick, 

Demokritov, Hillebrands, and Slavin [51-52, 64].  They measured oscillations that 

were highly localized to the center and edge regions of the patterned elements (as 

seen in the previous section.)  Since these first measurements, many groups have 

studied how these localized modes and their respective oscillations depend on various 

parameters, such as aspect ratio and field direction. 

 Kruglyak et al. [54] found that the center mode was the dominant resonance at 

larger sizes, but as the diameter was decreased, the edge mode became the main 

oscillation mode.  The crossover between the two is due to the increased relative area 

that the edge mode takes as the diameter is decreased.  Further work on similar 

samples showed that the relative localization of the modes is dependent on the 

applied field strength and the stray dipolar fields from neighboring elements, which 

affects the relative depth and width of the spin wave wells [56]. 

 Barman et al. [59] showed a large change in precessional frequency as a 

function of aspect ratio in individual Ni nanomagnets.  They focused on the behavior 

of the uniform center mode, and observed a four-fold increase in the frequency as the 

shape of the elements went from disk-like to cylinder-like. Thus, the shape of a 

nanomagnetic element can be used to tailor a dynamic response. 
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 Shaw et al. [60] looked at how the dynamics and damping behavior varied as 

a function of size and film thickness.  They found a similar trend as in [54], where the 

edge mode dominates as the diameter is decreased.  Furthermore, they found that the 

edge mode became dominant at a larger diameter when the film thickness was 

decreased.  Finally, they quantified the intrinsic and extrinsic damping, and were 

surprised to find that the intrinsic damping was not affected by the patterning, even in 

the smallest structures.  However, the extrinsic damping was much higher in the 

patterned elements than in continuous films.  This affected the precession of the edge 

modes more greatly than the center modes due to damage incurred on the edges by 

the patterning process. 

 In all the discussed studies, the magnetic elements were assumed to be 

symmetric in the transverse direction.  And, in general, the dynamic response was 

characterized by symmetric mode profiles in the center and edge regions.  Keatley et 

al. [56] noticed that the simulated edge mode behavior was sensitive to the shape of 

the element, and observed that the edge modes could split into two different modes if 

edge roughness was introduced into the simulations.  Nembach et al. [65] took this 

idea further and fabricated egg-shaped elements, producing asymmetry in the edge 

regions. Measurements on these samples showed that the edge mode, and even the 

center mode, experienced splitting of the mode structure due to the asymmetry. This 

is due to the fact that the demagnetizing field at the edge region is a function of its 

shape, so different amounts of curvature produce different magnitudes of the effective 
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field.  When the mode splits, it means that independent oscillations are occurring in 

the respective edge regions.    

 These studies have convincingly illustrated that controlling the shape of the 

magnetic element elicits a well-defined dynamic response. However, so far structural 

control has been limited to two-dimensional patterning, that is, only controlling the 

shape of the footprint of an element while keeping a uniform profile in the vertical, 

third dimension. In Chapter 6, we will investigate how the three-dimensional 

curvature can affect the dynamics compared with flat elements of the same diameter 

and thickness. 

 

2.5 Damping Mechanisms 

 

 We briefly mentioned the role of damping on the magnetization dynamics.  

The damping parameter (α in the LLG equation) is a very important parameter in 

device physics, as it determines the time it takes for a magnetic system to relax to 

equilibrium. For the purpose of this section, we will assume the sample is excited into 

the uniform mode, where all the spins are precessing in unison (k = 0). For this 

uniform mode, there are two main paths for the dissipation of energy:  1) a direct 

transfer of energy from the magnetic system to the lattice and 2) a transfer of energy 

into the spin system (Fig. 2.19) [66]. 
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Figure 2.19.  Sources of magnetic dissipation: 1) direct energy transfer to the lattice 

and 2) energy transfer to the spin system (which ultimately is transferred to the 

lattice). 

 

In case #1, the dissipation of energy to the lattice is an irreversible and 

isotropic process that conserves the magnitude of the magnetization [67].  The 

interaction of the spins with the lattice is governed by the spin-orbit coupling [68], 

and the transfer of energy in this case is intrinsic to the material. The Gilbert damping 

parameter, α, describes this intrinsic damping.  

In case #2, the energy of the uniform mode is transferred to other spin waves 

(k ≠ 0) that are degenerate in energy with the uniform mode [29].  Eventually, these 

spin waves will dissipate their energy to the lattice as well. The coupling of the 

uniform mode with other spin waves is dominated by a process called “2-magnon 

scattering.” In a magnetic film or nanostructure, there are defects, or scattering 

centers, that allow for an excitation of a spin wave on the length scale of the defects 

[69]. This effect was first seen in YIG spheres, whose linewidth was observed to 
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depend on the size of the grit used to polish the surface [70]. Many types of defects 

can cause scattering, such as grain boundaries, non-uniform stress due to dislocations, 

surface roughness, interfaces between two materials, or heterogeneity of composition.  

The distribution of magnetic parameters (thickness, demagnetizing field, crystal 

orientation, etc.) across the sample can also cause broadening, but it is not agreed 

upon whether this is contained in 2-magnon scattering.  This distribution of magnetic 

parameters is often referred to as mosaicity, and it causes a change in the resonance 

frequency across the sample, which serves to broaden the linewidth.  In this sense, it 

is not classified as a spin scattering mechanism [69].  However, some argue that the 

changes in the magnetic parameters do effectively act as scatterers, and therefore 

belong to path #2 [33].  There are also spin-spin dissipation processes that are 

inherent in the system, that is, they do not require defects [33].  For most real samples, 

especially when confined structures are considered, these mechanisms are minor, and 

most of the extrinsic broadening is due to 2-magnon scattering. 
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Chapter 3   

Measuring magnetization dynamics 

 

 This section will describe the experimental set-up utilized in this thesis.  First, 

the magneto-optical Kerr effect will be discussed, followed by a pertinent review of 

polarization detection methods.  Then, the lab set-up and analysis method will be 

explained.  Finally, we will look at sample data taken on magnetic films and 

nanostructures. 

 

3.1 Magneto-optical Kerr effect 

 

 The magneto-optical Kerr effect (MOKE) describes the change in polarization 

of light reflecting off a magnetized surface.  This effect occurs because a magnetized 

material has a modified dielectric permeability tensor,  ⃡    [71]. 

 ⃗⃗     ⃡     ⃗                                                 (3.1) 
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 ⃗⃗  is the electric displacement vector, ε0 is the dielectric permeability in vacuum, and 

 ⃗  is the electric vector of light.  In a nonmagnetic material,  ⃡    is a diagonal tensor, 

but when a material is magnetized,  ⃡    has off-diagonal components.  For example, 

in a cubic crystal with a magnetization  ⃗⃗  pointing in the z-direction, the dielectric 

permeability tensor becomes: 

 ⃡( ⃗⃗   )  [

       

        

     

]                                   (3.2) 

 

To see how this modified dielectric permeability affects incident light, we will solve 

Maxwell’s equations for a plane wave incident on a magnetized material. 

   ⃗     
  ⃗⃗ 

  
                                              (3.3a) 

   ⃗⃗     ⃡   
  ⃗ 

  
                                          (3.3b) 

 ⃗   ⃗   
       ⃗                                               (3.3c) 

 ⃗⃗   ⃗⃗   
       ⃗                                               (3.3d) 

where ω is the frequency and  ⃗  (k0 = ω/c) is the wave vector of the incident plane 

waves. Inserting Eq. (3.3c) and (3.3d) into (3.3a) and (3.3b) leads to: 

 ⃗   ⃗      ⃗⃗                                                (3.4a) 

 ⃗   ⃗⃗       ⃡    ⃗                                           (3.4b) 

Plugging in  ⃗⃗  from Eq. (3.4a) into Eq. (3.4b), and using the vector formula  ⃗  

( ⃗   ⃗ )   ⃗ ( ⃗   ⃗ )     ⃗ , we get: 

 ⃗ ( ⃗   ⃗ )     ⃗       
  ⃡     ⃗                               (3.5) 
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The first term can be ignored in the absence of charges, and we can substitute 

  
       

  (   
 

 
   

 

√    
) and the index of refraction,   

 ⃗ 

  
. 

   ⃗   ⃡     ⃗                                                  (3.6) 

Plugging in the components of  ⃗  and  ⃡   : 

[

           

          

        

] [
  

  

 

]                        (3.7) 

Ez = 0 since light is propagating in the z-direction, so Eq. (3.7) turns into:  

                                                      (3.8a) 

                                                     (3.8b) 

Using the condition for nonzero solutions (determinant of coefficients in Equ. (3.8) is 

equal to 0), and solving for n: 

  
                                                         (3.9) 

Plugging Eq. (3.9) back into Eq. (3.8), we can solve for Ex and Ey: 

                                                        (3.10) 

Knowing that         means that Ex and Ey are π/2 out of phase with each other, 

which describes circularly polarized light with complex indices of refraction of n±. 

That is, if linearly polarized (LP) light is incident on the sample, it can be broken 

down into equal parts right and left circularly polarized light (RCP, LCP), and upon 

reflection at normal incidence, the two modes have different reflection coefficients: 

   
    

    
                                                     (3.11) 
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Due to the differing reflection coefficients, RCP and LCP will have different 

absorptions and changes in phase, which will cause a change in ellipticity and rotation 

of the LP light, respectively. It is this change in ellipticity and rotation that is detected, 

and is a direct probe of the magnetization of the sample. 

 There are three different magneto-optical Kerr effect modes:  polar, 

longitudinal and transverse (Figure 3.1). The three modes describe how the 

magnetization is aligned with respect to the surface of the sample and to the plane of 

incidence (POI, plane that contains the incoming and outgoing beams).  For polar 

MOKE,  ⃗⃗  points out of the plane of the sample, and is parallel to the POI.  Polar 

MOKE is the most sensitive method, and can be run at normal incidence and with any 

incoming linear polarization. 

 

 

Figure 3.1.  Three types of magneto-optical Kerr effect (from [72]). 

 

 In longitudinal MOKE,  ⃗⃗  lies in the plane of the sample, and is parallel to the 

POI. In transverse MOKE,  ⃗⃗  lies in the plane of the sample, but is perpendicular to 
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the POI.  In both longitudinal and transverse MOKE, the incident light cannot be 

normal to the sample surface, but must be at some angle, usually 45° or more [73]. 

 

3.2 Polarization detection methods 

 

 In order to measure MOKE, we must detect a change in ellipticity or angle of 

linearly polarized light.  There are several polarization detection methods that can be 

used to achieve sensitive detection to small changes in the polarization, and they are 

described below. The methods will be described for a static, non time-resolved, 

experimental set-up just to introduce them.  The time-resolved techniques will be 

discussed in the experimental set-up section, when applicable.  

 

3.2.1 Crossed Polarizers 

 

In this method, a continuous wave (CW) laser is collimated and passes 

through a vertical polarizer to clean up the polarization of the laser.  The laser is 

normally incident on the sample, and upon reflection, it travels through a polarizer at 

45º with respect to the first polarizer before reaching the detector (Figure 3.2).  The 

lock-in amplifier drives the laser current at 1 kHz, and the signal is detected at this 

frequency.  If the magnetic field is varied, the change in magnetization can be tracked 

as a function of the applied field, and hysteresis loops can be measured. 
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Figure 3.2.  Crossed polarizer detection. 

 

If the two polarizers are set at 45 degrees to each other, then the intensity 

response is approximately linear to the change in polarization angle.  Taking the 

Taylor series expansion of Malus’s law (           ) around θ0=45º, 

                             
 

 
      

                    (3.12) 

If            and          , then solving for     leads to: 

    
              

      
                                                (3.13) 

So the change in the Kerr rotation angle is just the difference between the intensity 

readings with a normalizing factor.  This equation can be used to calculate the Kerr 

angle corresponding to a flip in magnetization or to track the magnetization as a 

function of applied field.   

 

3.2.2 Balanced Photodiodes 
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The balanced photodiode detection scheme is similar to the crossed polarizer 

set-up, but is more sophisticated.  The use of balanced photodiodes allows you to 

detect small polarization changes while monitoring the laser output simultaneously.  

The configuration is as follows:  the laser beam is vertically polarized when incident 

upon the sample, at which point, it picks up a small polarization angle, Δθ0. The beam 

is then incident upon a polarizing beam splitter (PBS), which separates the x and y 

polarization components (Figure 3.3).  The PBS is on a stage so that it can be rotated 

such that each detector receives the same signal; this will be at 45º + Δθ0.  The output 

of the two detectors is fed to a circuit that calculates the sum and difference signal.  

One lock-in monitors the difference signal and the other monitors the sum signal. The 

difference signal, if perfectly balanced, will equal zero. Upon any change in 

polarization, the difference signal will deviate from zero, and this deviation is 

proportional to the Kerr angle.   

 

 

Figure 3.3.  Balanced Photodiode Detection. 
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The output of the two paths of the polarizing beam splitter are IA and IB, 

where IA represents the straight through path.  The intensity falling on the detectors, 

when the configuration is just balanced, can be expressed by: 

        
             (

         

 
)                          (3.14a) 

        
              (

         

 
)                        (3.14b) 

The difference and sum signals are: 

                                                            (3.15a) 

                                                           (3.15b) 

Solving for Δθ0: 

    
 

 
     (

     

     
)                                             (3.16) 

If there is a change in magnetization, then the polarization angle will rotate by Δθk.  

Using the same analysis as above, it is possible to solve for Δθ0 + Δθk: 

        
 

 
     (

     

     
)                                        (3.17) 

To isolate Δθk, we just subtract the two quantities: 

    
 

 
(     (

     

     
)
 
      (

     

     
)
 
)                           (3.18) 

where +/- refers to the change in magnetization. Therefore, we track the change in the 

difference signal to calculate the Kerr rotation, while normalizing by the sum signal. 

3.2.3  Polarization Modulation 

 

This set-up uses a polarization modulation to track both the changes in 

polarization angle and ellipticity simultaneously (Fig. 3.4). A photoelastic modulator 
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(PEM) uses stress birefringence to modulate the polarization of the incoming light. 

The initial polarizer is aligned with one of the axes of the PEM, say the horizontal or 

x-direction.  After reflection from the magnetized sample, there will be a small y-

component of the polarization, which will be modulated by the PEM.  The 45 degree 

polarizer after the PEM acts as an analyzer, pulling out the polarization information.  

Two lock-in amplifiers are needed:  one tracks the laser intensity at 1 kHz and the 

other is set to the PEM resonant frequency (typically 50 kHz), f or 2f (ω = 2πf).  The f 

signal corresponds to the ellipticity information, while the 2f signal corresponds to 

the angle information. 

 

Figure 3.4.  Polarization modulation detection. 

 

 The derivation of the intensity on the detector requires use of Stokes vectors, 

which describe the polarization of the light.  Stokes vectors are an intensity based 

system (as opposed to the Jones formalism, which considers phase as well), and the 

general Stokes vector is defined as [74]: 
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  [

    
     

         
     

]                                                (3.19) 

where Ii represents intensity measurements taken for various polarization states, such 

as linear horizontally polarized or right circularly polarized.  The first term is a total 

intensity measurement, and this is what is measured in an experiment.  In our 

experiment, we start with horizontally polarized light, so IH is the only term: 

     [

 
 
 
 

]                                                         (3.20) 

After reflection from the sample, the polarization picks up a small angle (θk) and 

ellipticity (εk), and we can represent this by: 

      [

 
 

   

   

]                                                         (3.21) 

Now the light passes through the PEM, and that is represented by a 4x4 Mueller 

matrix: 

[

    
    
          
           

] [

 
 

   

   

]  [

 
 

               
                

]           (3.22) 

where              is the time dependent retardation of the PEM (ω = angular 

frequency and A0 = retardation amplitude).  The resulting Stokes vector shows that 

the bottom two elements contain the information about the ellipticity and angle of the 

polarized light, but this information will not be detected unless it is contained in the 
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first element, which is the detected intensity of light. Using a second polarizer 

(“analyzer”) at 45°, we can extract the information from the third element into the 

first element of the Stokes vector: 

 

 
[

    
    
    
    

] [

 
 

               
                

]  
 

 
[

                 
 

                 
 

]     (3.23) 

So the detected intensity is        [
 

 
                               ].  If 

we expand this in a Fourier series, we get: 

       [                                          ]        (3.24) 

The first two terms are the DC terms, and we will ignore them since we are interested 

in the terms that will be detected at the angular frequencies of the PEM.  The third 

term shows that the lock-in detector at the PEM frequency, f, will be proportional to 

εk.  The fourth term shows that θk is detected at 2f.  The Ji’s are Bessel functions. 

 

3.3 Laser induced magnetization dynamics 

 

 In the study of magnetization dynamics, the magnetic system must be 

perturbed in some way, and the resulting motion of the magnetization is investigated.  

Applying magnetic field pulses or oscillating fields via waveguides or striplines is 

one method, and with the advent of ultrafast lasers, applying optical pulses to perturb 

the magnetization is possible. In 1996, Beaurepaire et al. [75] used 60 fs pulses to 

show that demagnetization occurred within 1 ps of the laser pulse. This 

demagnetization causes a canting of the angle of the magnetization, which starts a 
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precession around the effective field (described by the LLG equation) [76]. The 

mechanisms of how the laser pulse causes an ultrafast demagnetization are not 

entirely understood. However, a phenomenological explanation was proposed by 

Beaurepaire et al., and it serves as a good description of what occurs in the 

experimental data. 

 The three temperature model [75] assumes there are three thermalized 

reservoirs in the metal: electron system at temperature Te, the lattice system at Tl, and 

the spin system at Ts.  Upon incidence of the laser pulse, the sample absorbs energy 

which creates highly energetic “hot” electrons.  This electron energy is equilibrated 

through dissipation with the lattice and spin systems. The change in the temperature 

of the spin system is what causes a demagnetization, and therefore, the time scale of 

this demagnetization is related to the transfer of energy from the electrons to the spin 

and lattice systems.  This model fails to account for the angular momentum in the 

system, which should obviously play a role when talking about spin.  Later work by 

Koopmans et al. [77] furthered the three temperature model by including a spin-flip 

probability term for electron-phonon momentum scattering events. 

 

3.1.1 Dynamic crossed polarizer detection  

 

 Crossed polarizer detection was discussed earlier for a non time-resolved 

experiment.  In that regime, the “crossed” polarizers were actually set at 45° in order 

to maximize the change in intensity with change in polarization.  For a time-resolved 

experiment, however, the change in polarization is accompanied with a change in 
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reflectivity that we want to extinguish as much as possible [78].  To see the signal 

produced by transient MOKE, we will once again use the Stokes formalism.  If the 

input polarization is horizontal, then Eq. (3.20) can be used.  The Mueller matrix for 

light reflecting from a magnetized sample is: 

        

[
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                         (3.25) 

where rs and rp are the complex reflection coefficients for s- and p- polarizations and 

 ̃         is the complex Kerr rotation.  After reflection from the sample, the light 

is analyzed by another polarizer set at an angle αA.  To get an expression for the 

intensity at the detector, the Stokes vectors and Mueller Matrices of the various 

elements must be multiplied together: 

                                                             (3.26) 

The top row of Sout represents the intensity on the detector (with rs = rp at normal 

incidence): 

      
          

    
                                     (3.27) 

where R = |rs|
2
.  The second term is odd with respect to a reversal of  ⃗⃗ , and is the 

Kerr signal of interest (MOKE being characterized by its asymmetry in time reversal).  

Taking the partial derivatives of Eq. (3.27) leads to the dynamic intensity (to first 

order in θ): 

                   
                                      (3.28) 
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The first term represents the change in polarization angle due to MOKE, and is the 

signal of interest. However, there is another term, and it represents a change in 

reflectivity due to the pump beam. Since this nonmagnetic background scales as αA
2
, 

the analyzer angle should be set as close as possible to a “crossed” position with 

respect to the polarizer.  We find that setting αA ≈ 10° is a good compromise between 

the two terms. 

 

3.4 Experimental Set-up 

 

In order to measure the ultrafast magnetization dynamics, we use an all-

optical time-resolved magneto-optical Kerr effect (TR-MOKE) microscope [78-79].  

The TR-MOKE experimental set-up utilizes the ultrafast pulses from a Coherent 

MIRA Ti:Sapphire laser at an output wavelength of 800 nm. The pulses are of 100 

femtosecond duration with a 76 GHz repetition rate.  The pulses are split into two 

beams:  a pump beam and a probe beam (Figure 3.5).  The pump beam (blue in figure) 

travels through a second harmonic generator (SHG) which produces pulses at a 

wavelength of 400 nm.  It is optically chopped at a frequency of 1 kHz, and is 

focused onto the sample through a 60× microscope objective (N.A. = 0.85).  The 

intensity of the pump beam is usually set ~10.6 mW/μm
2
 (fluence at the sample), and 

this is about five times larger than the probe beam intensity. The relatively intense 

pump beam causes an ultrafast demagnetization in the sample, which causes the 

magnetization to change in magnitude and angle (discussed in Section 3.3). Then, the 

magnetization begins to precess around the effective field. This oscillation of the 
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magnetization is detected using the probe beam (red in figure).  The probe beam goes 

through an optical delay line (PI M-531, 1 ns total travel, <1 ps resolution) and a 

linear polarizer before being focused through the same objective into the pumped area 

(~2.65 mW/μm
2 

at the sample).  The reflected probe beam is analyzed using the 

crossed polarizer configuration, and the change in magnetization (i.e. polarization) is 

recorded as a function of the delay between the pump and probe pulses (controlled by 

moving the optical delay stage). The applied field is provided by small permanent 

magnets, which produce magnetic fields with both in-plane and out-of-plane 

components. The resultant angle of the applied field is 28º to 32º from horizontal, and 

its strength is varied from μ0Happ = 0.25 T to 0.55 T. 

 

Figure 3.5.  All-optical time-resolved magneto-optical Kerr effect (TR-MOKE) 

microscope. 

 

3.5 Analysis Method 
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 In order to extract the frequencies of oscillation from the experimental time 

traces, the thermally-induced background must be subtracted, and a Fourier transform 

is taken.  As an example, Figure 3.6a shows the time trace taken on a FePt film.  At 

the zero point, there is a large jump in the Kerr signal and this is due to heating of the 

substrate by the pump pulse (there is also a demagnetization occurring).  Then, there 

is an oscillation that represents the precession of the magnetization around the 

effective field. This is on top of the thermally-induced background, which decays 

slowly.  To analyze the data, the spike at the zero point is taken out (Fig. 3.6b), then 

we manually fit the exponentially decaying background (Fig. 3.6c). After the 

background is subtracted from the raw data (Fig. 3.6d), Matlab is used to take a 

Fourier transform, which gives the frequency spectrum of the dynamic response (Fig. 

3.6e).  If we just use the couple hundred points of data that are taken, we do not get 

very good resolution in the Fourier spectrum; therefore, we use zero padding to give 

better resolution.  Furthermore, to reduce the side lobes, we use a Blackman window 

function. The result of the FFT with the zero padding and windowing are shown in 

Fig. 3.6f.  Although these methods give a nicer picture in the frequency domain, the 

raw data is used to determine the error bars on the peaks. 
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Figure 3.6. (a) Raw data taken on an Fe55Pt45 film at an applied field of Hx = .454 T 

and Hz = 0.3 T. (b) Raw data after first spike in data is taken away.  (c) Manual 

background fit to the data (blue line). (d) Data after background has been subtracted 

(blue lines show decay envelope). (e) Fourier transform taken on background 

subtracted time trace.  (f) Same Fourier transform after applying zero padding and a 

Blackman window. 

 

 To extract the damping, or decay, of the time signal, we can fit the 

background-subtracted time trace with a decaying sinusoid: 

                  
                                    (3.29) 
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where A0 is the amplitude, λ is the decay rate (Hz), f is frequency of the oscillation, 

and   is the phase. Alternatively, the envelope (seen in Fig. 3.6d) can be fit with an 

exponential function. If no extrinsic broadening is present, then the decay rate is 

related to the Gilbert damping parameter as        . Generally, this is not the 

case, and only an effective damping parameter can be extracted, which represents 

both the intrinsic and extrinsic damping [80]. 

 

3.6 Results on thin films 

 

 To give an example of the type of data extracted from this experimental set-up, 

this section will present the results of Co/Pd multilayer films where the Co layer 

thickness is varied [81].  First, metallic multilayer magnets will be briefly discussed, 

and then the tuning capability of these magnetic systems will be shown. 

3.6.1 Metallic Multilayer Magnets 

 

 Metallic multilayer magnets are composed of stacks of very thin films of 

varying composition. Usually there are two materials that are alternated, and the 

number of layers as well as the thickness of the layers can be varied.  Sometimes both 

layers are magnetic materials, but often one is nonmagnetic. These magnetic 

multilayers are of interest due to the fact that they exhibit perpendicular magnetic 

anisotropy (PMA), that is, the magnetization points out of the plane of the film, even 

in very thin layers.   

 As discussed in Section 2.1.1c, shape anisotropy causes the magnetization to 

point in the plane of a thin film. However, when stacking very thin layers of two 
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different materials, there is a large contribution to the anisotropy from strain and 

surface effects.  At a certain thickness of the constituent layers, the surface anisotropy 

effects become stronger than the bulk anisotropy effects (shape, crystal), and the 

magnetization points out of plane [35].  For example, in a Co/Pd multilayer system 

(Fig. 3.7) which is composed of 8 repeats of Co(t)/Pd(9 Å), for tCo ≥ 10 Å, the 

magnetization points in-plane.  When tCo is less than 10 Å, the magnetization points 

out of plane.  This fine tuning ability, plus large anisotropy, in these magnets make 

them attractive candidates for future hard drive storage technologies.   

 

 

Figure 3.7.  Structure of a metallic multilayer magnet.   

 

3.6.2 Tuning the magnetization dynamics through Co thickness 

 

 The magnetization dynamics for the Co/Pd films discussed in the previous 

section with varying thickness of tCo = 2.8, 5, and 7.5 Å are shown in Figure 3.8 [81].  

Fig. 3.8a shows the time traces and FFT (inset) of the three Co thicknesses, and it is 

seen that the films exhibit a single dominant resonance. Furthermore, it is clear that 

the dynamics are very sensitive to the Co thickness. Fig. 3.8b shows the extracted 
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frequencies at an applied field of Hz = 0.3 T, and the frequency changes by 40 GHz 

for just a 4.7 Å change in thickness!  

 

Figure 3.8.  Experimental results on [Co(t)/Pd(9Å)]8 films.  (a) Time traces for the 

three Co thicknesses with corresponding Fourier transforms (inset).  (b)  Extracted 

peak frequencies plotted as a function of Co thickness at an applied field of Hz = 0.3 

T (from [81]). 

 

 The single resonance behavior of the films represents a coherent oscillation of 

all the spins together, and is considered the fundamental mode.  With the confinement 

of a magnetic film, in a patterned nanostructure, for example, the resonance spectrum 

exhibits multiple oscillation modes, and this will be discussed in the following section. 

 

3.7 Results on nanostructures 

 

 For any magnetized object, the internal or demagnetizing field will not be 

homogeneous near the edges, with the special exception of ellipsoids (Section 2.1.1). 

In Section 2.4.3, we discussed at length what types of spin waves result from the 

inhomogeneous demagnetizing field in confined structures. It was seen that both 

exchange-dominated spin waves and non-exchange magnetostatic modes can exist in 
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the confined element, generally being localized to the edge and center regions, 

respectively. The lowest lying spin waves in each region represent the uniform mode, 

but they have differing resonant frequencies due to the change in the effective field.  

As an example, Figure 3.9a shows the simulated demagnetizing field in a 300 

nm diameter dot (d = 20 nm, µ0MS = 1.27 T, Fe55Pt45 alloy). The field is quite 

homogeneous in the center of the dot, but changes in magnitude near the edges that 

are perpendicular to the applied field direction.  The simulated frequency spectrum of 

this dot is shown in Fig. 3.9c, and it has two clear oscillation modes (simulated time 

matches experimental conditions, 800 ps).  In order to identify the spatial localization 

of these modes, mode amplitude distributions can be generated, as seen in Fig. 3.9b.  

Here, an AC magnetic field is applied to the dot (at the identified frequencies), and 

the amplitude of oscillation is plotted for each cell of the simulated dot (mesh size of 

5nm, needs to be around the exchange length or less). In this case, the higher 

frequency mode is concentrated in the center region of the dot, whereas the lower 

frequency mode is spatially confined to the edges.   
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Figure 3.9.  (a)  Simulated demagnetizing field distribution of a 300 nm diameter dot.  

(b) Simulated mode amplitude distributions. (c) Simulated frequency response of the 

dot. 

 

 

Considering the discussion of Section 2.4, we might expect multiple modes to 

appear in the center and edge. Simulations can and do show that multiple modes can 

oscillate (depending on conditions like size and applied field), but in our experiment, 

which is limited to a scan time of 800 ps, those additional modes cannot always be 

resolved. Furthermore, the MOKE signal is most sensitive to the uniform mode, 

which represents all the spins precessing in unison. We may not be sensitive to any 

higher order modes since, in certain pinning situations, the Kerr signal from the up 

and down spins will always cancel out (Fig. 2.13c).  The creation of spin wave wells, 

or regions of varying internal field, will play an important role when we look at how 

three-dimensional shape affects the dynamics (Chapter 6). 
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Chapter 4   

Tuning through ion irradiation 

 

 This chapter addresses the effect of Co
+
 irradiation on the magnetization 

dynamics of CoCrPt:SiO2 granular media for fluence levels of (0.6 – 3.0) × 10
15

 cm
-2

. 

Increasing irradiation levels reduce both the saturation magnetization and effective 

anisotropy, resulting in a decrease of the intrinsic magnetization precession frequency. 

In addition, increasing intergranular exchange coupling results in a qualitative change 

in the behavior of the magnetic material from a collection of individual grains to a 

homogeneous thin film, as evidenced in both the switching behavior and the ultrafast 

dynamics. The observed frequency difference of a factor of two cannot be explained 

by conventional macrospin modeling, and can only be reproduced by the inclusion of 

intergranular exchange coupling in dynamic micromagnetic modeling.   
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4.1 Ion irradiation 

  

 Ion irradiation affects the structure of the material through the transfer of 

energy and momentum to the atoms of the target material. The ions can change or 

destroy the atomic structure by displacing atoms along their path. When lighter ions 

are used, they tend to pass through the material and into the substrate.  When heavier 

ions are used, they can implant into the target material, and this can change the 

composition of the material in addition to the structure. 

 Irradiating a magnetic material with ions can modify the anisotropy, saturation 

magnetization, coercivity, domain structure, Curie temperature, or reversal 

mechanism [82].  By varying the type of ion, the energy of the ion, or the fluence, 

different magnetic parameters can be tuned in a material. For example, in 1998, 

Chappert et al. showed that the irradiation of CoPt multilayers with He
+
 ions could 

reduce the PMA, which rotated the magnetization direction from out-of-plane to in-

plane [83].  This was caused by ion-induced mixing at the interfaces, which 

weakened the surface anisotropy and allowed shape anisotropy to dominate the 

system. After these results were published, many other groups investigated the effects 

of ion irradiation on PMA materials, using various ions such as Ga
+
 [84], Ar

+
 [84], 

and H
+
 [85].  They found that the ions essentially reduced the coercivity in the same 

way, but different ions require different dose levels to achieve the same effect.  For 

example, C.T. Rettner et al. [84] directly compared the change in coercivity of Co/Pt 

multilayers irradiated with 20 keV He
+
 ions to those irradiated with 20 keV Ar

+
 ions.  

For the same drop in coercivity, it was found that the dose needed to be almost two 
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orders of magnitude higher for the He
+
 ions. Heavier ions are capable of more 

damage, and therefore, the dose does not need to be as high.  

Ion irradiation can also be used to increase chemical ordering.  Chemically 

ordered alloys, such as FePt, can exhibit very high anisotropy [86].  It is not trivial to 

fabricate an alloy with high chemical ordering, and therefore, methods are being 

developed to access the ordered state more easily.  During the ion irradiation, the 

vacancies created through ion collisions can have mobility if the temperature is high 

enough.  The diffusion of these vacancies favors a change in the ordering towards a 

thermodynamically stable state, which corresponds to a chemically ordered alloy [82]. 

Ravelosona et al. [87] observed an increase in the in chemical ordering of FePt 

disordered alloys during irradiation at a temperature of 550K. 

Ion irradiation can also be used to magnetically pattern a film for storage 

technologies.  Instead of physically patterning islands, which introduces topology into 

the magnetic disk and needs new read/write technology, selective ion irradiation 

through masks can effectively pattern the same structure.  The non- irradiated areas 

keep their original magnetic parameters, while the areas exposed to the ions are 

changed.  In the case of a magnetic multilayer system, the islands can be kept 

strongly perpendicularly magnetized, while the surrounding film is paramagnetic. 

Chappert  et al. [83] was the first to demonstrate ion patterning in 1 µm wide lines, 

Devolder  et al. [88] reported the results on 30 nm wide lines, and Terris et al. [89] 

produce in-plane magnetized dots within a PMA film.  
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Ion irradiation can be used in many ways to modify the magnetic properties of 

films, especially in multilayers where the layer mixing greatly affects the anisotropy. 

In this study, we will see how the dynamics are affected by intermixing along grain 

boundaries in CoCrPt:SiO2 media. 

 

4.2 CoCrPt:SiO2 granular media 

 

 In perpendicular recording, Co alloys have traditionally been used as the 

magnetic thin film. In an ideal granular media, all the grains should be small, 

thermally stable, and exchange decoupled.  The exchange decoupling allows for clear 

bit boundaries in the continuous film. In order to achieve the exchange decoupling in 

Co alloys, Cr is used as an additive [14]. Unfortunately, the addition of Cr leads to a 

lower anisotropy in the alloy [90], and this reduces the thermal stability of the media. 

Many other Co alloys have been studied in order to produce an ideal perpendicular 

media, such as CoCrPt [91], CoCrTa [92], and CoCrPtB [93], but it is CoCrPt that is 

codeposited with an oxide such as SiO2 that has been most successful. 

 When CoCrPt is sputtered together with an oxide like SiO2, the Co and oxide 

do not mix well, and this leads to Co rich grains with oxide based boundaries.  

Furthermore, with the addition of oxide, the amount of Cr can be reduced, and this 

leads to higher anisotropy grains [94]. Using SiO2 gives equally good results, and is 

very effective in isolating the grains [95]. CoCrPt-oxide based media is widely used 

in perpendicular media as the recording layer, and control over the performance 

depends on the intergranular exchange coupling. In this study, the magnetic 
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properties, including the exchange coupling, are shown to sensitively depend on Co
+
 

irradiation. 

4.3 Sample preparation and static magnetic properties 

 

 The sample description and investigation of the static magnetic properties are 

described in detail in Tibus et al. [96].  The following discussion and figures are 

derived from this source. 15 nm thick granular [(Co90Cr10)80Pt20]92:(SiO2)8 layers 

were magnetron sputter deposited onto glass substrates with a Ta adhesion layer and 

Ru seed layer at room temperature using an Ar
+
 sputter pressure of 7×10

-2
 mbar. 

Before ion irradiation, hysteresis loops were taken on the samples using 

superconducting quantum interference device (SQUID) magnetometry. The hysteresis 

loops for the as-grown samples are shown in Fig. 4.1a as the gray area which 

represents the spread of hysteresis loops taken on all the films.  The loops were taken 

with the field directed along the easy axis, or out of the plane of the film, and it is 

seen that they exhibit perpendicular anisotropy as indicated by the open loop. 

Furthermore, the films exhibit high remanence and a large switching field distribution 

(SFD), signifying a strong exchange decoupling of the grains. 
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Figure 4.1.  (a) Hysteresis loops taken on CoCrPt:SiO2 granular films with varying 

Co
+
 irradiation. The gray area represents the spread of loops taken on the as-grown 

films. Extracted (b) coercive field, (c) saturation magnetization, and (d) effective 

anisotropy as a function of ion fluence (from [96]). 

 

 The samples were then irradiated with Co
+
 ions at an energy of 40 keV for 

fluences up to 3×10
15

 cm
-2

. The energy was chosen to ensure maximum damage 

distribution in the magnetic layer, and according to simulations, the Co
+
 ions do not 

dramatically change the composition of the magnetic layer, but do deposit additional 

Co into the grains and grain boundaries. The hysteresis loops taken on the irradiated 

samples are pictured in Fig. 4.1a.  As the ion fluence is increased, the switching field 

distribution of the films is decreased, as is evident in the change in dM/dH 

(steepening of the sides of the loop).  Furthermore, there is a clear change in 

coercivity as the fluence is increased, and this is plotted in Fig. 4.1b. These changes 

indicate an increase in the intergranular exchange from the damage to the SiO2 grain 
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boundaries, as well as Co implantation. At the highest fluences, there is a degradation 

of the magnetic layers due to intermixing at the top and bottom boundaries. This 

results in the lowering of the coercive field, as well as a reduction in the saturation 

magnetization (Fig. 4.1c) and the effective anisotropy (Fig. 4.1d). 

 In order to investigate the exchange coupling of the films in greater detail, the 

angular dependence of the switching field was recorded as a function of fluence 

(Figure 4.2).  The as-grown sample exhibits a clear minimum at 45 degrees, which is 

an indication of the classic Stoner-Wohlfarth switching behavior of a collection of 

exchange decoupled, single-domain particles. As the ion fluence is increased, 

however, the behavior increasingly deviates from S-W switching, and starts to 

resemble Kondorsky type switching, which describes switching through domain wall 

motion for exchange coupled media [97].  

 

 

Figure 4.2.  Angular dependence of the switching field as a function of Co
+
 fluence 

(from [96]). 
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 The static magnetic properties of the CoCrPt:SiO2 films are clearly modified 

by the irradiation by Co
+
 ions. The change in these static properties, such as the 

saturation magnetization and effective anisotropy, will affect the magnetization 

dynamics of the films. The ferromagnetic resonance and damping of irradiated 

magnetic materials has been investigated previously
 
[98-100], but the influence of the 

modified intergranular exchange has not been addressed. In the next section, we will 

quantify how the Co
+
 implantation affects the precession frequency of the films. 

 

4.4 Dynamic Measurements 

 

 Using the TR-MOKE set-up described in Section 3.4, the CoCrPt:SiO2 films 

were measured for a range of applied field strengths and fluence levels. As an 

example, Figure 4.3 shows experimental data taken at one applied field strength for a 

range of fluence values (µ0Happ = 0.41 T at an angle of 60º from normal). It is evident 

that as the ion fluence is increased, there is a decrease in the precessional frequency 

of the films. Reliable data was not obtained for any films with fluences less than 

0.6×10
15

 cm
-2

.  This is due to the limited applied field values in our set-up. In order to 

see any oscillations in a film that is magnetized perpendicular to the film plane (z-

direction), we must tilt the magnetization, so we have a z-component to the 

oscillation (polar MOKE). For samples with very strong out-of-plane anisotropy, our 

field strengths are not strong enough to tilt the magnetization, and we cannot measure 

them (Keff > 200 J/m
3
). The hysteresis loops in Fig. 4.1a show that we should be able 
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to saturate all the irradiated samples with the applied fields available by our set-up, 

but not the as-grown sample.   

Although the films are characterized by several peaks in the frequency 

spectrum, especially for the lower fluences, we were able to identify one dominant 

oscillation mode (uniform mode) that changed with the applied field strength (dashed 

lines in Fig. 4.3). The additional peaks present in the lower fluence samples are a 

result of two factors: First, at lower fluences, the effective anisotropy is higher, and 

we cannot tilt the magnetization as much, leading to a lower signal to noise for the 

polar MOKE signal. Second, the lower fluences are characterized by increasingly 

decoupled grains, which have a more complicated mode spectrum due to spin wave 

confinement [52, 58].  

 

Figure 4.3. Experimental TR-MOKE data taken on CoCrPt:SiO2 films of varying 

fluence levels at an applied field of 0.41 T.  The left column displays the background 

subtracted time traces, and the right column shows the corresponding Fourier 

transform.  The identified precessional frequencies are indicated by dashed lines. 
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The extracted uniform mode frequencies as a function of applied field and 

fluence are shown in Fig. 4.4. The error bars represent the error in fitting the peak 

with a Gaussian function.  As the ion fluence is decreased, there is a clear increase in 

the oscillation frequency. We observe an almost 100 % increase in the oscillation 

frequency in the range of samples we were able to measure (F ≥ 0.6 x 10
15

 cm
-2

), as 

seen in Figure 4.4b, which plots the peak frequencies as a function of ion fluence at 

an applied field strength of 0.41 T. The observed change in frequency can be 

attributed to the modification of the magnetic properties in the films, such as the 

saturation magnetization and effective anisotropy.    

 

Figure 4.4.  (a) Measured peak frequencies for CoCrPt:SiO2 films as a function of 

applied field and fluence level (listed within graph). The lines are guides to the eye.  

(b) Peak frequencies plotted as a function of fluence at an applied field of 0.41 T. 

 

 To see how MS and Keff affect the dynamics, we will use the results from 

Section 2.3.5, where we solved the LLG equation for a sphere with uniaxial 

anisotropy. Keff takes all the anisotropy terms into account, and it effectively acts as a 



87 

 

uniaxial anisotropy. We will assume that the magnetization is saturated, and since our 

applied field is tilted ~60º from the out-of-plane direction, we must take the field 

angle, θH, into account (geometry pictured in Fig. 4.4a). Therefore, we will use Equ. 

(2.38) and (2.39) with           
     

  
: 

  

    

  
√(                        

   )(                           )  

(4.1) 

The magnetization angle, θM, is found using: 

       (
     

      
)                                           (4.2) 

This transcendental equation can be graphed to find the angle of magnetization for a 

given applied field strength and anisotropy, and that angle can then be inserted into 

Equ. (4.1) to calculate the oscillation frequency of the film. For Happ, we use the total 

field strength, which ranges from 0.32 to 0.48 T.  For Keff and MS, we will use the 

extracted values from Figure 4.1, and tabulated in Table 4.1. As an example, for a 

fluence of 3×10
15

 cm
-2

 and an applied field strength of 0.41 T at θH = 60.5º, the 

magnetization takes an angle of θM = 35.4º, which is shown in Fig. 4.5b.  If θM is then 

used in Equ. (4.1), we can calculate a precession frequency of 16.9 GHz. 
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Figure 4.5.  (a) Geometry of the system.  The tilted applied field, θH, pulls the 

magnetization, θM, out of alignment with its anisotropy axis (z).  (b) Using Equ. (4.2), 

θM can be found by the intersection of the two functions.  The simulation parameters 

are listed in the inset of the graph. 

 

 

Table 4.1. Saturation magnetization and effective anisotropy values for CoCrPt:SiO2 

samples as a function of fluence. 

 

 

The results of the macrospin calculations (Equ. (4.1) and (4.2)) are plotted 

alongside the experimental data as dashed lines in Figure 4.6.  The agreement is very 

good for fluences of 1.5×10
15

 cm
-2

 and higher, but for the two lower fluence values, 

the deviation becomes increasingly larger (8% at F = 0.9 and 16% at F = 0.6 at µ0Happ 
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= 0.41 T), and the calculated precession frequencies underestimate the observed 

values significantly. To see if the deviation is within the uncertainty in Keff and MS 

(listed in Table 4.1), the frequency was calculated for the maximum uncertainty 

(maximum Keff and minimum MS). In this unrealistic situation, the F = 0.9×10
15

 cm
-2

 

sample has better agreement, but the deviation from experiment is still 5% for F = 

0.6×10
15

 cm
-2

. The macrospin analysis ignores the grain structure of the CoCrPt:SiO2 

medium, and therefore, it does not accurately describe a material with highly 

decoupled grains. However, as discussed earlier, there is a known change in the 

intergranular exchange coupling as the fluence is increased, and we will show that 

taking the granular structure of the medium into account can improve the macrospin 

analysis. 

 

Figure 4.6. Measured peak frequencies (symbols with error bars) plotted with single 

crystal macrospin calculations (dashed lines) that take the applied field angle, 

effective anisotropy and saturation magnetization into account (from [183]).  

 

For very small values of intergranular exchange, the grains are decoupled and 

are characterized by individual grain reversal events (coherent rotation/Stoner-
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Wohlfarth). For high values of intergranular exchange, the magnetization reverses by 

domain wall nucleation and propagation (Kondorsky). The actual exchange coupling 

in our samples cannot be quantified, but we know from the observed switching 

behavior (Fig. 4.2) that the highest fluences are characterized by Kondorsky reversal, 

while the lowest fluences are characterized by Stoner-Wolhfarth-like switching. Our 

samples correspond to moderate to high fluence levels, therefore, we can expect that 

the lower fluence samples behave more like individual grains, while the higher 

fluence samples behave like a film. Indeed, for the highest fluence samples, our 

simple macrospin approximation that ignores the effect of the grain structure gives 

good agreement with the measured frequencies. As the intergranular exchange 

decreases, though, the effect of the decoupled grains on the precession frequency 

must be taken into account.   

The polycrystalline structure of a magnetic material will affect the dynamics 

since each grain will have a distribution of its static magnetic properties. For example, 

the crystalline anisotropy direction will vary from grain to grain, and this will cause a 

different resonance condition in each grain, leading to line broadening [33,179].  

Furthermore, the dipolar fields created by the neighboring grains will affect the 

resonance, and this problem was studied in detail by Schlömann
 

[180]. He 

approximates the line shift of the resonance frequency in a granular material taking 

both the dipolar interactions and distribution of crystalline anisotropy direction into 

account (a spherical shape is assumed, and the applied field is aligned with the main 
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anisotropy axis). For the uniform mode (k = 0), the frequency shift can be written as 

[180]: 

  
        

 

     
                                                    (4.3) 

where I(k) represents an integration over the spectral distribution of the random 

anisotropy field. It is a complicated, but analytically solvable, expression that depends 

on Happ, MS, and the resonance frequency (which we will assume is the one predicted 

by Equ. (4.1)). For our parameters, I(k) is on the order of 1-2, and Equ. (4.3) predicts 

frequency shifts of 3-5 GHz for F = (0.6 and 0.9) × 10
15

 cm
-2

, which is shown in Fig. 

3. The frequency shift depends on the applied field strength, so the resulting 

calculations change both the resonance frequency and the slope.  For the lowest 

fluence sample (F = 0.6×10
15

 cm
-2

), which has the highest grain decoupling of the 

measured samples, the new calculations show very good agreement with 

experimental data.  In the same way, the shifted calculation for F = 0.9×10
15

 cm
-2

 

gives much better agreement than when the grain structure was ignored. Therefore, 

we have shown that the effect of the granular structure on the magnetization 

dynamics cannot be ignored for films composed of decoupled grains.  
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Figure 4.7. Experimental data (symbols with error bars) and macrospin calculations 

(dashed lines) for CoCrPt:SiO2 medium with varying fluence levels.  The calculations 

for the two lowest fluence levels include a frequency shift due to the granular 

structure of the medium, while the three higher fluence levels ignore the granular 

structure (from [183]). 

 

 

4.5 Damping 

 

To see if the damping is affected by the Co
+
 irradiation, we can fit the 

oscillation data with a decaying sinusoid: 

                  
                                        (4.4) 

where A0 is the amplitude, λ is the decay rate (s
-1

), f is the measured frequency of the 

oscillation, and φ is the phase. Since the data is characterized by several peaks in the 

frequency domain, it can be difficult to get a reliable fit of the raw data.  Ideally, we 

just want to fit the oscillation that corresponds to the uniform mode.  We can use a 

filtering technique to isolate the frequency peak of interest: After a Fourier transform 

of the background subtracted time trace into the frequency domain, we can filter a 

specific frequency with a rectangular window function, then take an inverse Fourier 
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transform of the filtered frequency spectrum to get back to the time domain. This 

single frequency oscillation can then be fit using Equ. (4.4). Figure 4.8a shows a fit of 

a filtered oscillation at an applied field of 0.41 T and F = 3×10
15

 cm
-2

.  The extracted 

decay rate from the fit is 5.81×10
9
 s

-1
, and can be related to an effective Gilbert 

damping parameter in the following way: 

                                                       
 

   
                                                      (4.5) 

We can only extract an effective Gilbert damping parameter since we cannot separate 

out the intrinsic damping from the extrinsic contributions (discussed in Section 2.5) 

[80]. If the inhomogeneous broadening effects are negligible, then αeff ≈ α. Using the 

method of fitting the damped oscillation to extract λ, we can calculate the effective 

damping parameter as a function of fluence, and this is shown in Figure 4.8b.  The 

damping parameter is approximately 0.05 for most samples, except at a fluence of 

1.5×10
15

 cm
-2

, where it goes up to 0.08.  This is most likely due to bad fit; the data in 

Fig. 4.3 shows a very noisy frequency spectrum, and low amplitude of oscillation.  

Our values are not far off from previously reported value of            for a bulk 

CoCrPt film [103]. 
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Figure 4.8.  (a) Fit of a filtered oscillation using Equ. (4.4) for a fluence of  3×10
15

 

cm
-2

 and µ0Happ = 0.41 T. (b) Effective Gilbert damping parameters extracted at 0.41 

T as a function of fluence. 

 

 

 Simulations on the damping for this CoCrPt:SiO2 system were performed by P. 

Krone et al. [104], and they predict that the Gilbert damping will increase with 

fluence, that is, intergranular exchange coupling. The increase in damping is due to 

several effects: 1) the spatial distribution of magnetic properties across the granular 

structure (mosaicity) and 2) transfer of energy from the uniform mode into additional 

oscillation modes (spin scattering). Figure 4.9 shows the results of the FEMME 

simulations [104] (granular media with a mesh size of 3 nm, where intergranular 

exchange coupling is taken into account) as compared to macrospin calculations 

(same granular media, but each grain is considered a macrospin, no Agb).  The 

intrinsic Gilbert damping parameter is set to 0.004 in the simulation, based upon 

experimental measurements that varied the applied field angle, and were able to 

separate the Gilbert damping from the extrinsic contributions [105].  For the 
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macrospin results (Fig. 4.9 circles), the damping stays constant at 0.004, which 

represents the fact that only the uniform mode can be excited, and the model does not 

have any defects.  For the FEMME model (Fig. 4.9 squares), which discretizes the 

individual grains (mesh) and allows for grain coupling, the damping is an order of 

magnitude higher, meaning that extrinsic contributions dominate the damping in this 

granular media. Even with no intergranular coupling, the use of the mesh allows for a 

transfer of energy from the uniform mode into non-uniform modes (allows spin 

waves with k ≠ 0). As the intergranular exchange is increased, effectively changing 

the spin wave boundary conditions, there are additional modes excited, and 

furthermore, as the coupling increases, the grain mosaicity becomes increasingly 

important.   

As discussed before, the value of the intergranular exchange is hard to 

quantify in the measured samples, so it is difficult to determine which samples this 

simulation represents. However, from our earlier analysis, we will assume that the 

highest fluences (F ≥ 1.5×10
15

 cm
-2

) are in the strongly coupled regime near 10
-11

 J/m, 

and the lower fluences (F ≤ 0.9×10
15

 cm
-2

) are near 10
-12

 J/m. The micromagnetic 

simulations from [104] calculate a damping parameter of 0.045 for 10
-11

 J/m, and this 

agrees with our measured αeff near 0.05 for F = 2.2 and 3.0 (×10
15

 cm
-2

). The 

simulations predict α ~ 0.03 at 10
-12

 J/m, and we extract α
eff

 ~ 0.04 in our lowest 

fluence sample. The endpoints of our experimental data (highest and lowest fluence) 

seem to support the trend of increasing damping with intergranular exchange, but we 

do not see a consistent trend when we look at all our samples. Therefore, for the 
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limited range of fluences observed, our damping analysis is not reliable enough to 

confirm or deny the trend seen in the simulations.  However, we can conclude from 

both the simulation and the experiment that the sources of relaxation are dominated 

by extrinsic contributions. 

 

Figure 4.9. Simulated Gilbert damping parameter as a function of intergranular 

exchange (from [104]). 

 

 In conclusion, we have measured how the magnetization dynamics of 

CoCrPt:SiO2 granular media is affected by irradiation with Co
+
 ions.  As the ion 

fluence is increased, the precession frequency decreases, and this is due to the 

changing magnetic properties, as well as the increasing intergranular exchange. 

Increasing the Co
+
 irradiation fluence causes the granular media to change from an 

assembly of independent grains into a homogeneous medium that is well described by 

a single crystal macrospin analysis. For weaker intergranular exchange, the macrospin 

approximation must be modified to include the effects of the granular structure, and 

this is seen to correctly predict the increase in frequency that arises due to grain 
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decoupling.  Since the stability of the bit boundaries in recording media depend on 

the amount of decoupling at the grain boundaries, and this coupling is seen to affect 

the dynamics, it is an important quantity to consider. 
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Chapter 5  

Tuning through composition 

 

 In this chapter, we will discuss the tuning of the dynamic response of FePt 

alloys and their possible applications in microwave assisted magnetic recording 

(MAMR) and 3D recording. We show that the magnetic oscillation frequency of 

disordered FexPt100-x alloys can be tuned by varying the iron content, both in planar 

films and individual patterned nano-sized dots. We observe a change of ~8 GHz (up 

to 50%) as the iron content is varied from 42 at. % to 100 at. %. Macrospin 

calculations and micromagnetic simulations confirm that the increase in the saturation 

magnetization causes the change in precession frequency.  

5.1 Microwave assisted magnetic recording 

 

 Increasing the areal density in magnetic data storage technologies requires a 

decrease in the bit size. To maintain the thermal stability in ever-decreasing bits, 

however, there must be a concomitant increase in the anisotropy of the magnetic 

medium. An increase in anisotropy corresponds to an increase in coercivity, so at the 



99 

 

same time, consideration should be given to developing methods of switching the 

magnetization using field strengths typically available in the write head.  

To switch a bit of data, a reversal field must be applied that overcomes the 

anisotropy, or preference, for a particular magnetization state.  As an example, Figure 

5.1 shows the energy diagram for a nanomagnet whose stable states lie along the 

cylinder axis. The x-axis of the graph corresponds to the magnetization angle, and the 

lowest energy states (y-axis) correspond to angles of 90º and 270º (up and down, 

respectively). When there is no external applied field (Fig. 5.1a), the magnetization is 

stable in one of two states.  As a reversal field is applied, the energy diagram changes 

to a metastable state (Fig. 5.1b).  When the applied field is equal to the reversal field, 

the energy barrier disappears, and the magnetization is able to switch its direction 

(Fig 5.1c).  

 

Figure 5.1 (a) Energy diagram of a nanomagnet at Happ = 0.  The stable states are 

indicated above, along with the applied field direction.  (b) Energy diagram for Happ < 

Hsw.  (c) Energy diagram for Happ = Hsw. 

 

In high anisotropy materials, such as metallic multilayers [106] and the L10 

phase of FePt [86], the coercivity is too high to switch the magnetization using the 
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fields available in write heads. One proposed solution is microwave-assisted magnetic 

recording (MAMR) [22,107-108]. This method works by applying a microwave at the 

magnetic resonance frequency of a material, which aids in switching the 

magnetization at reduced field strengths.  Figure 5.2a illustrates the energy diagram 

associated with this process.  At the metastable state (Happ < Hsw), the magnetization 

cannot switch.  If a microwave frequency is applied to the sample at resonance, then 

energy can be pumped into the system, which allows the magnetization to overcome 

the energy barrier between the states [22].  Computation has shown that the switching 

field can be reduced by up to 70% for moderate AC fields [109]. 

 

Figure 5.2. (a) Microwave assisted magnetic recording.  A microwave frequency is 

applied in a metastable state in order to switch the magnetization at a lower field 

strength. (b) Schematic of the microbridge-SQUID experiment (from [22]). 

 

 The feasibility of this method was first shown by Thirion et al. [22] in 20 nm 

Co nanoparticles. In this experiment, a planar Nb microbridge-SQUID device was 
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used both as a sensitive probe of the magnetization of an individual Co particle, and 

also as a stripline for an AC current (Figure 5.2b).  Using this set-up, they could 

monitor the magnetization of the particle while applying various reversal fields and 

microwave field pulses. The results for several microwave frequencies are presented 

in Figure 5.3a which shows the top part of a Stoner-Wohlfarth astroid for the Co 

particle with and without a microwave frequency applied. For all fields inside the 

curves, switching does not occur. The black curve represents the situation with no 

microwave field applied, and the colored curves show the switching behavior with 

various microwave frequencies.  The application of a microwave frequency is seen to 

reduce the switching field in particular field regions (fingers reaching in towards the 

middle).  A close-up of one of these regions is shown in Fig. 5.3b for a frequency of 

3.2 GHz.  This detailed picture shows the amount of field reduction as a function of 

pulse length.  In general, a longer field pulse corresponds to a greater reduction in the 

switching field, as more energy is pumped into the system. 

 

Figure 5.3 (a) Stoner-Wohlfarth astroids for the Co particle with and without a 

microwave frequency applied. (b) Close up of a field region for an applied microwave 

frequency of 3.2 GHz as a function of pulse length (from [22]). 
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More recently, microwave assisted switching has been demonstrated in 

permalloy elements [107-108], with Nembach et al. [110] demonstrating it for 65×71 

nm
2
 elliptical nanodots, a size that is closer to what is needed for bit patterned media. 

Furthermore, work has been done in demonstrating MAMR in perpendicular 

materials such as Co/Pd multilayers [111]  and CoCrPt granular media [112]. 

In order to implement MAMR, a full characterization of the magnetization 

dynamics of the material system is important in determining the microwave 

frequencies needed to switch the bit. Furthermore, having the ability to tune the 

resonance frequency in the material allows for additional optimization and design 

flexibility. In this study, we show the tuning of the resonance frequency as a function 

of iron content in FexPt100-x alloys. 

 

5.2 FePt 

 

 The FePt alloy is a material of interest in magnetic data storage due to its L10 

chemical ordering phase, which is characterized by very strong out-of-plane 

anisotropy, usually 5-10×10
6
 J/m

3
 [113]. This high anisotropy allows for thermally 

stable grain sizes down to 3 nm, assuming a 10 nm thickness. Unfortunately, most 

deposition techniques produce an fcc-disordered phase (in-plane magnetization and 

low anisotropy), and further processing is needed to bring it to the ordered L10 phase 

(Fig. 5.4).  Post-annealing (~550 ºC) or heating the substrate during deposition (~400 

ºC) are the most common methods to access the ordered phase, but heating is 

detrimental to small grain formation [113].  A way to improve that is to dope the 
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alloy with Cu [114], Ag or Au [115-116], which allows for chemical ordering at a 

lower processing temperature.  It has also been found that inducing strain or stress 

with lattice mismatch, for example, during the deposition process can favor the 

ordered phase [117], and as mentioned in the previous chapter, ion irradiation can 

produce chemically ordered phases [87]. 

 

Figure 5.4.  (a) The as-deposited fcc-disordered phase has a random distribution of Fe 

and Pt at each lattice site.  (b)  The L10 phase has layer by layer ordering of Fe and Pt, 

and this results in high out-of-plane anisotropy. 

 

 The use of FePt is also attractive due to the ability to tune its magnetic 

properties by varying the relative amounts of Fe and Pt.  This allows for design 

optimization and flexibility, and as we will see in Section 5.6, the creation of tunable 

independent layers for three-dimensional recording. 

 

5.3 Sample Preparation  

 

FexPt100-x alloy films of varying composition and 20 nm thickness were sputter 

deposited at room temperature onto thermally-oxidized planar Si substrates with a 
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thin Pt capping layer to prevent oxidation. These alloys were deposited 

simultaneously onto antireflection (AR) coated Si substrates carrying a polymer film 

patterned by electron-beam lithography. Lift-off of the polymer mask created 

isolated, individual dots for comparing with the planar films. The AR-coating 

(optimized for the probe beam wavelength) aids in reducing reflections from the 

substrate, which increases the signal-to-noise ratio [118]. The iron content ranged 

from 42 at. % to 100 at. %, as measured by Rutherford backscattering spectroscopy 

(RBS) (with an uncertainty of ~1 at. %). The total magnetic moment of small 

unpatterned samples (~10 mm
2
) was determined by superconducting quantum 

interference device vibrating sample magnetometry (SQUID-VSM), and was divided 

by the volume of the sample to calculate the saturation magnetization (MS). Figure 

5.5a shows the measured MS values as a function of iron content. The uncertainties in 

determining the precise sample dimensions (in area and thickness) are represented by 

error bars in the figure. SQUID-VSM was also used to measure the in-plane 

hysteresis loops of the planar films (Figure 5.5c). The normalized loops show that all 

the FexPt100-x compositions have low coercive fields that vary with composition. Fig. 

5.5b shows the relevant sample geometry. 
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Figure 5.5. (a) Measured saturation magnetization as a function of Fe content. (b) 

Experimental geometry. (c) Hysteresis loops taken on planar films (Fe content listed 

in legend) with an in-plane applied field (from [181]).  

 

5.4 Film and dot results 

 

 Figure 5.6a shows the background-subtracted time traces and corresponding 

Fourier spectra for planar films with varying composition and in-plane applied field 

strength of 0.35 T. All the measured films displayed one dominant oscillation mode 

for all compositions and applied field values. The peak frequencies as a function of 

applied field for the planar film series are plotted in Figure 5.7a, where the symbols 

(with error bars) represent the experimental data. As the iron content is increased, 

there is a clear increase in the precessional frequency. In changing the Fe content 

from 42 at. % to 100 at. %, we are able to achieve an increase in the frequency by ~8 

GHz or up to 50%.  
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Figure 5.6.  Time trace data and corresponding Fourier spectra for FexPt100-x (a) 

planar films and (b) individual Fe60Pt40 300 nm diameter dot at an applied field of 

0.35 T.  An SEM image of the individual d = 300 nm dot is shown in (b). 

 

In a second set of experiments, the response of individual patterned 

nanomagnets (300 nm diameter) of the same material composition was investigated. 

Single, isolated dots were chosen in order to measure the intrinsic magnetization 

dynamics and avoid any dipolar effects of an array on the magnetization precession 

modes, damping, or amplitude [119]. Further, single magnet measurements do not 
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contain any non-magnetic signals due to surface acoustic waves [120-121] that can be 

launched in arrays due to the heating of the periodic elements. The frequency spectra 

of the individual dots showed both bulk and edge modes (Fig. 5.6b) [54]. Since the 

bulk modes were the dominant signal and were consistently detected, we focus on 

them here. As seen in Figure 5.7b, the same qualitative trend of increasing precession 

frequency with Fe content was observed in the patterned elements. The scalability of 

this effect (that is, the same change in frequency for both continuous films and 

patterned elements) is promising for MAMR technologies based on patterned media. 

 

Figure 5.7. Bias field dependence (in-plane component listed) of resonance 

frequencies of (a) planar films and (b) d = 300 nm dots with varying Fe content.  The 

symbols with error bars represent the experimental data, while the dashed lines 

represent simulation results. The Fe content (at. %) is listed along the right hand side. 

(from [181]) 

 

5.5 Simulation results and discussion 
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 The dashed lines in Figure 5.7 represent micromagnetic simulation results 

based upon the Landau-Lifshitz-Gilbert (LLG) equation (Eq. 2.23). The electron’s 

gyrotropic ratio, γ0, is equal to gμB/ħ, and we set g = 2 for all calculations and 

simulations. Since disordered FexPt100-x has no magnetocrystalline anisotropy, the 

only significant source of anisotropy is due to the shape. Therefore, the LLG equation 

can be solved for the simple case of a film with in-plane magnetization (Fig. 5.5b) 

[43]: 

  
    

  
√                                                      (5.1) 

where Happ represents the in-plane applied field and M0 the magnetization of the 

sample, which we assume is saturated (M0 = MS). Micromagnetic simulation shows 

that the small out-of-plane component of our applied field only lowers the frequency 

by a small amount (<1 GHz), so we neglect it in this calculation. The dashed lines in 

Figure 5.7a are the calculated values using Equation (5.1) and the MS values 

displayed in Figure 5.5a, and they agree with the experimental data, showing that the 

modification of MS is responsible for tuning the oscillation frequency.  The deviation 

at lower field strengths is likely due to the uncertainty in our measured field values, as 

field calibration is not done for every scan; furthermore, the calculations have no 

adjustable parameters and are not fits to the experimental data. 

 In order to simulate the magnetic behavior of the 300 nm diameter dots, we 

used the Magpar Finite Element Micromagnetics Package [122]. The dashed lines in 

Figure 5.7b represent the simulated bulk mode, and again, they agree with the 

measured data. Like the planar films, there is an ~8 GHz increase in the frequency as 
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the Fe content varies from 42 at. % to 100 at. %. However, the frequencies are all 

lower than their film counterparts since the demagnetizing field increases in 

magnitude with the confinement of the magnetic element (i.e. the change in shape 

anisotropy).   

 Figure 5.8 plots the simulation results and experimental data as a function of 

both the applied field strength and the iron content. When plotted this way, it is clear 

to see the range of frequencies within our tuning abilities (~15-32 GHz), taking into 

consideration both the composition of the material and the applied field. Moreover, 

the aspect ratio of the magnetic element can be used to tune the frequency further 

[59]. 

 

Figure 5.8. Comparison of (a) simulated and (b) measured peak oscillation 

frequencies plotted as a function of both the in-plane applied field and iron content.  

The dashed lines correspond to the d = 300 nm dot results and the solid lines are the 

film results (from [181]). 

 

5.6 Damping 
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 To see if the damping is affected by the change in composition, αeff was 

extracted for the film samples at an in-plane applied field of 0.45 T.  Since the films 

were characterized by one main oscillation, no frequency domain filtering was 

required, and it was possible to fit the raw time signal with a decaying sinusoid (Equ. 

(4.4)).  As an example, Fig. 5.9a shows the background subtracted time trace (red) for 

the Fe60Pt40 film sample, with the fit shown in blue.  The extracted decay rate, λ, for 

this sample is 5.236×10
9
 s

-1
, and this corresponds to a αeff = 0.033 (Equ. (4.5)). The 

same procedure was repeated for all four compositions, and the results are plotted in 

Fig. 5.9b.  There does not seem to be a consistent trend with Fe content, but if we 

focus on the samples where Fe < 100 at. %, then we observe a dependence on 

composition. The pure Fe sample would be expected to give a very strong signal, with 

large Kerr amplitude, but we actually observe an oscillation amplitude that is a factor 

of 2 – 10 less than the other FePt alloys.  Bad magneto-optical signal quality is often 

due to film roughness, and film roughness can increase magnetic damping (2-magnon 

scattering).  Reported damping values (αeff = intrinsic + extrinsic) of 20 nm Fe (grown 

on GaAs, not Si) range from 0.02-0.03 [123], so our bad signal quality is probably an 

indicator of poor film quality, which has caused a higher than normal damping value. 
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Figure 5.9.  (a) Background subtracted time trace for Fe60Pt40 film (red) and decaying 

sinusoid fit (blue).  (b)  Effective damping extracted for all film compositions. 

 

 Despite the high damping seen in the 100 at. % Fe sample, there does seem to 

be a consistent variation in the damping parameter with composition. As the Fe 

content is decreased, the damping increases. This increase in damping is a reflection 

of the additional spin scattering mechanisms in the alloy. Just as the non-magnetic 

grain boundaries in CoCrPt:SiO2 media were responsible for spin wave scattering, the 

increasing presence of nonmagnetic material acts as a spin scattering center.  

Furthermore, it has been previously shown that the damping can be increased in 

alloys due to the magnetic inhomogeneity across the alloy (or mosaicity), which 

increases as the percentage of magnetic material decreases [124].   

Therefore, the change in precession frequency with composition is 

accompanied by a change in the overall damping.  In some cases, high damping is 
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desired so that equilibrium is reached in less time, and these alloys allow for that to 

be specified (with a commensurate change in resonance frequency, of course). 

 

5.7 3D recording 

 

 We have demonstrated the feasibility of tuning the ultrafast magnetization 

dynamics of FexPt100-x alloy films and dots by varying the Fe content. The large 

tuning range of the dynamic response, combined with the fact that FePt and FePt:Cu 

alloys can form the high anisotropy L10 phase [125], makes these materials attractive 

for microwave-assisted switching systems, as well as 3D recording technologies. In 

this type of system, each nanomagnetic element would be composed of several 

magnetically decoupled layers that can be individually written by tuning the 

microwave frequency to the resonance of that particular layer.  Using multiple layers 

as independent data storage allows an increase in the areal density without decreasing 

the element size.  For example, in bit patterned media, a pitch size of 25 nm is needed 

to achieve 1 Tb/in
2
; however, in a two layer system, the same density can be achieved 

at a more feasible 40 nm pitch [126].  

Earlier work by Albrecht et al. [126] studied multiple layers of Co/Pd 

multilayers with varying coercivities.  Hysteresis loops taken on arrays of nanodots 

with a 300 nm pitch showed that the layers could be switched independently (Fig. 

5.10).  However, in this system, the layer with a lower coercivity was always 

switched when the higher coercivity layer was switched, so that an additional field 
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pulse had to be applied to re-write the low coercivity layer. Further, they found that 

the layer stack was not very stable in the antiparallel configuration.   

 

Figure 5.10.  Hysteresis behavior of a 3D recording stack composed of Co/Pd 

multilayers with varying coercivities (from [126]). 

 

 

 In a more recent study, the same idea was proposed but with one in-plane 

magnetized layer and one out-of-plane magnetized layer. Moritz et al. [127] showed 

that this scheme produces stable states for all magnetization configurations. They also 

found that they could read the top and bottom layers depending on where the read 

head is located:  the stray field from the in-plane layer is detected in-between the dots, 

while the stray field from the out-of-plane layer is detected above the dots. This 

technique increased the areal density while maintaining readout signal to noise. 

 In a 3D recording system based on microwave assisted switching, several 

problems can be addressed.  First, the double application of a reversal field (and the 

time associated with it) can be avoided by applying the correct microwave frequency.  

In this way, the layer of interest is the only one that “sees” the reversal field. Second, 

higher anisotropy materials can be used, thus increasing the stability of the bits in any 
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layer configuration.  The combination of MAMR and 3D recording was suggested by 

both S. Li et al. [128] and G. Winkler et al. [129] in 2009, but to date, no 

experimental results have been reported. 

The tunable FePt alloys we investigated are applicable to this type of 3D 

recording technology. An example 3D recording stack is shown in Fig. 5.11a. It is 

composed of two ferromagnetic layers separated with a nonmagnetic spacer.  If the 

two ferromagnetic layers have very different resonance frequencies and are 

magnetically decoupled, then one layer’s magnetization can be changed without 

disturbing the other layer by applying the corresponding oscillation frequency of that 

layer. To test whether we could fabricate trilayer samples that produce independent 

oscillations in the two ferromagnetic layers, we sputter deposited the following 

structure onto a thermally oxidized Si substrate (Fig. 5.11a): Fe100(10 nm)/Pt(5 

nm)/Fe50Pt50(10 nm).  The compositions of the ferromagnetic layers were chosen to 

give good separation (at least 5 GHz) in the frequency domain.  

MOKE is a surface effect, and the probing depth is limited by the skin depth 

of the material under investigation. The films we investigated in the previous section 

had a thickness of 20 nm, but to better ensure that we could probe the bottom layer, 

we reduced the thicknesses to 10 nm. The skin depth (δ) of a metal can be calculated 

from the bulk resistivity, ρ, and relative permeability, µr: 

  √
 

         
                                                     (5.2) 

where f is the frequency of the incoming light.  The skin depth defines the distance 

into the material at which the current density has fallen to 1/e or 0.37 [30]. For Fe, ρFe 
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= 10.1 µΩ cm and µr,Fe = 500 (values cited range from 200 to 6000), which leads to a 

very small skin depth of 0.4 nm [130].  Platinum has a relative permeability of 1 (ρPt 

= 10.58 µΩ cm) [130], and has a larger skin depth of 8.5 nm.  Therefore, we can 

probe through about ~15 nm of Pt at a wavelength of 800 nm.  Calculating the skin 

depth of the FePt alloy is tricky since we do not know the resistivity or relative 

permeability.  In any case, our layer stack of Fe50Pt50(10 nm) and Pt(5 nm) is pushing 

the skin depth limit of our probe beam.  In general, magnetic materials are 

characterized by large relative permeability, and are therefore not the best candidates 

for optical probing through several layers.  To increase the probing depth, materials 

with less magnetic material could be used.  Metallic multilayer magnets are a 

promising candidate for this application, as they are very thin (for [Co(0.5 nm)/Pd(0.9 

nm)]8 the overall thickness is 11.2 nm, but the Co is only 4 nm thick) and are also 

highly tunable, as seen in Section 3.6.1. 
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Figure 5.11. (a) Measured 3D recording stack with the following structure:  

substrate/Fe100(10 nm)/Pt(5 nm)/Fe50Pt50(10 nm).  (b) Example TR-MOKE data taken 

at an applied field of 0.41 T.  The resonance of the two layers is clearly observed. (c) 

Measured peak frequencies (symbols) as a function of applied field with simulation 

results (dashed lines). 

 

 Initial testing on the trilayer stack exhibits two clear oscillation peaks (Fig. 

5.11b).  The two extracted peaks are plotted as a function of applied field in Fig. 

5.11c as symbols, and it shows a peak separation of 8-9 GHz for all applied fields.  

Therefore, we have successfully demonstrated well-spaced and independent magnetic 

oscillations in this three layer system. A 5 nm spacer is apparently sufficient to 

decouple the magnetic layers, and future investigations will test the lower limit of the 

spacer thickness.   
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Simulations were run on the stack, and the results of those are plotted as 

dashed lines in Fig. 5.11c. The overall agreement with simulation is very good using 

the MS values from the previous films. Theoretically, the MS values should stay about 

the same if the composition is the same, but there can be some modification if the 

layers become thin enough (deviation from bulk values). The top layer (Fe50Pt50) 

shows very good agreement with the simulation, while the bottom layer (Fe100) 

deviates 5-10 % from the simulation.  This could be due to inaccurate MS values, as 

mentioned before, or perhaps due to strain inherent in the layer stack, which was not 

taken into account in the simulations. 

 These initial measurements show that creating a thin stack of independently 

oscillating ferromagnetic layers is possible.  This lays the groundwork for creating a 

3D recording technology that is based on MAMR.  Future dynamic testing could 

attempt to address only one layer by mounting the sample atop a microwave stripline, 

and then probing the stack with the time resolved set-up (minus the pump).  If we are 

able to fully separate the layers, then we would only observe one oscillation mode 

depending on the input microwave frequency. If the oscillations are found to be 

independently controlled, then further testing could switch the layers individually by 

applying a reversal field and monitoring the far-field response.  Although our set-up 

would have trouble probing additional layers, it is not hard to imagine that the 3D 

recording unit could be scaled up to three or four ferromagnetic layers by tuning the 

composition further or using different materials in each stack.   
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Chapter 6   

Tuning through three-dimensional 

shape 
 

 In this chapter, we will review fabrication methods that are used to produce 

arrays of nanostructures for patterned media (Section 1.2), and how self-assembled 

spheres are a promising technique to create closely packed arrays of nanomagnets.  

The switching characteristics and magnetization dynamics are affected by the three-

dimensional shape of the nanomagnets, and we directly compare the spherically 

shaped nanomagnets to flat dots of the same size and thickness for a range of 

diameters. 

 

6.1 Fabrication techniques for bit patterned media 

 

 In fabricating bit patterned media (BPM), the goal is to produce thermally 

stable, single domain islands with a well-defined easy axis direction and a small 

switching field distribution. Furthermore, if the spinning disk convention is 

maintained, the ordering of the magnetic islands must be concentric circles (not x-y 
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Cartesian coordinates) with long-term order over the entire disk. The continuous and 

featureless magnetic films that traditionally serve as the recording layer in hard drives 

are very advantageous in terms of expense, only costing a few dollars per disk to 

manufacture [131].  The switch to patterned media requires more complicated, time-

consuming and expensive fabrication techniques, and it still remains to be seen if 

patterned media will ever be cost-effective enough for mass production. In this 

section, several lithography and self-assembly fabrication techniques will be reviewed, 

and the pros and cons of each in terms of patterned media will be discussed. 

 

6.1.1  Optical Lithography 

 

 The general process for lithography is to create a pattern in a layer of resist 

which is transferred to a magnetic film (Fig. 6a).  In optical lithography, a mask is 

created by putting an optically opaque material, like chromium, on a transparent 

substrate, such as glass.  The mask is then placed on top of a resist-coated sample, 

and light is shone through the mask, exposing the resist where the mask is transparent 

(Fig 6b/c).  After exposure, the resist is developed:  for a negative resist, the exposed 

areas remain, while for a positive resist, the exposed areas are removed (Fig. 6d).  

Finally, the pattern is transferred to the metal or oxide (Fig. 6e), and the remaining 

resist is removed (Fig. 6f).  Alternatively, the metal can be deposited after the 

patterning, as will be seen when discussing electron beam lithography.  
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Figure 6.1 Optical Lithography flow chart (positive resist). 

 

This technique is widely used in the industry for integrated circuits, and it 

requires many layers that must be precisely aligned. For bit patterned media, however, 

it would be a one mask process, which is less complicated. The limiting factor, then, 

for BPM is the minimum feature size, which is related to the optical wavelength, λ, 

and the numerical aperture of the system (~λ/2N.A.) [132]. Current semiconductor 

processes use 193 nm illumination, and they are able to achieve 90 nm resolution, 

which is too large for patterned media that requires sub-50 nm resolution [131].  

However, using 193 nm illumination, there have been several novel techniques 

developed to produce 15-30 nm features including immersion lithography [133] and 

double or triple patterning [134-135]. 

Going to extreme UV (EUV) or x-ray light sources is another option, but this 

is a costly adventure.  Of the several EUV systems in existence, they have achieved 
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resolutions into the 20-30 nm range, but have met with unexpected complications, not 

to mention extreme costs [136-137]. To this day, EUV lithography is still not 

commercially available, and thus has not emerged as a promising or cost-effective 

technology. 

One other optical lithography technique is called interference lithography. 

This technique is based on the interference of two laser beams, and is a mask-less 

process.  It produces large area, regularly spaced features, which is ideal for patterned 

media, but the wavelength of the laser excitation is still a limiting feature (pitch ~ 

λ/2sinθ, where θ is the half angle between the two beams). 100 nm pitch has been 

achieved through achromatic interference lithography [138], but this still falls short of 

sub-50 nm resolution. 

 

6.1.2 Electron Beam Lithography 

 

 The most widely used technique to produce sub-100 nm features is electron 

beam lithography (EBL), which uses a tightly focused beam of electrons to expose 

the resist (Fig. 6.2b).  The exposure to electrons breaks down the chemical structure 

of the resist (usually PMMA), and the exposed areas wash away during development 

(Fig. 6.2c).  Then the patterned resist can be transferred to the magnetic film either by 

depositing onto the resist (Fig. 6.2d), followed by a lift-off of the resist and extra film 

(Fig. 6.2e), or by etching through the patterned resist into a pre-existing film (as seen 

in the previous section).   
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Figure 6.2. Electron Beam Lithography flow chart (positive resist). 

 

 The resolution of EBL is determined by the electron beam diameter, as well as 

the exposure time and characteristics of the resist. Other limits to the resolution 

include spherical and chromatic aberrations, diffraction, the wavelength of the 

electron, and scattering of the electrons in the resist [139].  For dedicated electron 

beam writers, the smallest feature size is ~10 nm, while for a converted scanning 

electron microscope (SEM), 20 nm features are possible.  There are several 

drawbacks to using EBL for pattering small features over large areas.  First, writing 

with the electron beam is a serial process, and exposure of large areas is time-

consuming.  Furthermore, it can take days to pattern an entire disk, and there is a risk 

of beam drift and defocus over long time periods.  Second, electron beam writing 

equipment is expensive:  commercial e-beam writers are several million dollars, and 

it can cost $100,000 to convert an SEM.  However, the resolution of electron beam 
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lithography is highly desirable; therefore, it is often used to create masks for 

master/replication schemes, such as nanoimprinting. 

 Figure 6.3 shows a nanoimprinting scheme that is used by IBM.  In this 

technique, a liquid resist is deposited on the surface to be patterned.  Then a master 

template is pushed into the resist, which oozes into the patterned mask.  The resist is 

cured with UV light, and the mask is removed, leaving the patterned resist which can 

be transferred to the underlayer.  This method is attractive for several reasons:  First, 

the resolution of the pattern is determined by the master mask, which can be patterned 

with EBL.  Second, the actual nanoimprinting process is fast, so you get the 

resolution of the EBL without the wait.  Chou et al. [140] pioneered this technique 

using heated PMMA resist, reactive ion etching and subsequent deposition of Ni to 

create 10 nm features with a 40 nm pitch; Further work has developed nanoimprinting 

over large 4 cm × 4 cm areas [141]. 

 

Figure 6.3  Nanoimprinting flow chart (from [142]). 
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6.1.3 Self Assembly 

 

 The previous fabrication methods discussed were all cost intensive, and 

required sophisticated equipment. One way of reducing costs is to use natural 

methods to do the patterning.  Not only does this reduce the equipment necessary, but 

also generally saves time and money.  For example, anodized alumina can be used as 

a mask for nanodot patterning [143-144].  The pore size and spacing can be easily 

controlled by adjusting the anodization parameters such as voltage, current density 

and solution pH [131]. Figure 6.4b shows an alumina mask created by anodizing the 

alumina, then removing the alumina to just leave the porous oxide; the porous oxide 

is then used as a mask to create nanodots (Fig. 6.4c) [145]. The pores created through 

the anodization process can be as small as 9 nm [146], and the long range ordering 

can be manipulated by pre-texturing the surface through ion beam exposure [147] or 

interference lithography [148]. 

 

Figure 6.4. (a) Schematic of the alumina mask technique.  SEM images of (b) a 

porous alumni membrane and (c) arrays of Fe nanodots after liftoff (from [145]). 
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 Another common self-assembly technique utilizes block copolymers, which 

are molecules that contain two or more polymer chains.  Depending on the various 

parameters of the block copolymer – polymer size, molecular weight, and interaction 

energy between the blocks – the copolymers will arrange themselves periodically 

with a spacing that is usually in the 10 – 200 nm range [149].  Once the thin film of 

block copolymers is fabricated, usually through spin or dip coating, the structure can 

be transferred to an underlayer and used for patterning (Fig. 6.5).  Park et al. [150] 

were one of the first to demonstrate the technique, and they were able to transfer 

patterns of dots and stripes into semiconductors. Further work has been done to create 

ultrahigh density metal nanocolumn arrays [151], nanodot arrays [152-153], 

nanopores [154], and nanowires [155].  While this method is low cost, it still has 

issues with long-range order.  In order to improve the ordering, several techniques 

can be used, such as controlling the solvent evaporation rate, pretreating the substrate, 

apply an electric field during self-assembly, or even pre-patterning the substrate to 

encourage ordering [149].  Thus far, ordering over 5 mm × 5 mm has been 

demonstrated [156], but this still falls short from the much larger dimensions needed 

for patterned media. 
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Figure 6.5.  Patterning by block copolymer.  (a) After spin or dip coating, the block 

copolymer self-assembles into a periodic array.  (b) Etching is used to selectively 

keep part of the copolymer for patterning.  (c) Various etching and milling steps can 

be used to transfer the pattern into the layer of interest. 

 

 Like block copolymers, spherical particles will form close packed arrays when 

evaporated onto certain surfaces.  These hexagonally arranged particles can then be 

used as a mask for patterning in two ways:  1) Metal is deposited on the spherical 

particles, followed by a removal of the particles, which leaves the small areas 

between the spheres exposed (Fig. 6.6a) or 2) metal is deposited on the spheres, and 

the caps created on top of them are the patterned features (Fig. 6.6b).  In the first case, 

the resultant nanostructures are similar to what is produced with EBL - periodic 

arrays of flat nanostructures – the biggest differences being the shape (triangular) and 

the layout.  In the second approach, the magnetic structures are very different in 

three-dimensional shape.  Magnetically speaking, the curvature of these structures is a 

very interesting feature, and has been studied extensively, especially regarding the 

domain structure and switching behavior [157-161], which will be discussed in detail 

in the next section. The biggest obstacle to using self-assembled spheres as a 

lithography tool is the long range ordering, similar to the other self-assembly methods.  
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In order to increase the long range ordering, chemically treating the substrate [162] or 

lithographically patterning it [163] are the most common methods. 

 

Figure 6.6. Self-assembled spheres can be used to pattern in two ways:  (a) After 

deposition of a metal, the spheres are removed, leaving a rose pattern. (b) Metal 

deposited on top of the spheres creates caps that are the patterned features. 

 

 Lastly, magnetic particles themselves can be self-assembled in ways similar to 

spheres or block copolymers.  For example, Sun et al. [164] created arrays of FePt 

particles, where the sizes of the nanoparticles were controlled by the thickness of the 

seed layer.  For high anisotropy L10 FePt, the particles can be very small (< 10 nm) 

and still be thermally stable [165].  Although this is a promising technique to make 

dense arrays of magnetic particles, the biggest challenge in this method is aligning the 

anisotropy axes.  When the nanoparticles arrange themselves, they do not have a 
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preferential alignment of their easy axes, and it hard to direct them all the same way.  

Furthermore, long term ordering is an issue as well. 

 

6.2 Magnetic characterization of films deposited on self-assembled spheres 

 

Albrecht et al. [166] deposited Co/Pd magnetic multilayers onto self-

assembled nanospheres to produce close packed arrays of curved, magnetically 

isolated, single-domain nanomagnets (Fig. 6.7a). The magnetic force microscope 

(MFM) image shows good black and white contrast, indicating out-of-plane 

magnetization, and the individual caps are seen to be single domain. The random 

distribution of up/down magnetization is indicative of magnetic isolation. These 

magnetic “caps” exhibit distinct and unique magnetostatic properties. First, the 

anisotropy axis of the multilayer points in the out-of-plane direction, but due to the 

curvature of the sphere, the easy axis direction points radially out along the sphere 

(inset Fig. 6.7a).  Second, there is a change in the radial film thickness from center to 

edge (which corresponds to a constant thickness in the out-of-plane direction). The 

change in thickness affects the anisotropy as well:  towards the edge, the multilayers 

become thinner, and the resultant anisotropy is increased.  The quasi-static switching 

behavior was recorded (Fig. 6.7b), and although the magnetic caps are single domain 

and magnetically isolated, they deviated from simple Stoner-Wohlfarth switching as a 

result of the relative geometry of the applied field angle and the varying easy axis 

direction and strength across the cap.   
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Figure 6.7. (a) MFM image of Co/Pd multilayers deposited onto 200 nm spheres 

(from [166]).   

 

 Many other studies have been performed on magnetic films deposited onto 

self-assembled spheres. E. Amaladass et al. [167] looked at the size dependent 

reversal behaviour of Fe/Gd for nanosphere diameters between 160-800 nm.  They 

found that the anisotropy axis distribution changed from radial to fully out of plane 

for the smaller diameter particles. D. Makarov et al. [168] found that the 

interconnecting magnetic material between the spheres did not magnetically couple 

the caps, but served as domain wall pinning sites, creating a percolated media.  C.M. 

Günther et al. [169] studied how the dipolar interactions of the closely packed spheres 

affected the switching characteristics (very much).  Perpendicular media has been 

almost exclusively studied, and furthermore, the ultrafast dynamics has yet to be 

reported. 
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6.3 Sample Preparation 

 

Close packed arrays of SiO2 nanospheres were created by the method 

proposed by Micheletto et al. [170] on thermally oxidized silicon substrates. This 

approach involves a self-assembly process which is mainly driven by capillary forces 

in an aqueous colloid, where the water is evaporating under controlled conditions 

(temperature and humidity). A 20 nm thick Fe55Pt45 film and 2 nm thick Pt capping 

layer were deposited at room temperature on the nanosphere array by DC magnetron 

co-sputtering from pure element targets at an Ar pressure of 3.5×10
-3

 mbar. The iron 

content of (55±1) at. % in the alloy film was determined by Rutherford backscattering 

spectroscopy (RBS). The total magnetic moment of an unpatterned film sample (~10 

mm
2
) was determined by superconducting quantum interference device vibrating 

sample magnetometry (SQUID-VSM), and was divided by the volume of the alloy to 

calculate a saturation magnetization of μ0MS = 1.27 T. The film has a uniform 

thickness in the direction perpendicular to the substrate, but the curvature of the 

sphere’s surface causes a radial change in the actual thickness from center to edge 

(Fig. 6.8a cartoon cross-section).  

For preparation of the flat dot samples, a plane silicon substrate with an 

antireflective (AR) coating was spin-coated with PMMA film and was patterned by 

electron beam lithography, creating a negative mask for the magnetic thin film. After 

deposition of an identical layer stack described in the previous paragraph, the PMMA 

mask was removed by a wet chemical lift-off process, revealing the substrate surface 

next to the FePt coated areas. The AR-coated substrate (designed for a wavelength of 
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800 nm) improves the signal-to-noise ratio of magneto-optical measurements by 

reducing probe beam reflections from the area surrounding the investigated dots 

[118]. 

In order to measure how the three dimensional shape of the magnetic caps 

affects the magnetic characteristics, the flat dot samples were fabricated to have the 

same nominal diameter and thickness as the spherical caps (d = 100, 160 and 300 

nm).  Furthermore, we fabricated single, flat magnetic elements, as well as arrays 

with center-to-center distance of 2×diameter.  For switching measurements, we used 

arrays of nanoelements (discussed in the next section), and for the dynamic 

measurements, we used single nanostructures. 

 

 

Figure 6.8. SEM images of (a) a self-assembled sphere monolayer and (b) a patterned 

array of 300 nm diameter flat dots.  The cartoon cross-sections above show the 

geometry of the magnetic film. 

 



132 

 

To isolate a spherical cap, sample areas that were sparsely populated with 

spheres were identified. Then, focused ion-beam milling was used to remove the 

surrounding magnetic film to an outer diameter of 6-8 μm, which is larger than our 

probe beam spot size. As an example, Fig. 6.9 shows a scanning electron microscope 

(SEM) image of a nanosphere before and after ion beam isolation.  

 

Figure 6.9.  SEM images of a 300 nm diameter sphere before (top) and after (bottom) 

ion beam isolation. 

 

 

 The geometry of the spherical cap, that is, how the thickness of the film varies 

across the cap, is an important aspect to consider. The thickness of the film is 

constant in the z-direction, which gives a cosine dependence of the thickness in the 

radial direction, t = t0cosθ, where t0 is the nominal thickness and θ is the angle from 

the z-axis (Fig. 6.10a).  To verify this distribution, 300 nm spheres were cross-

sectioned using focused ion beam milling. The SEM of the cross-sectioned sphere is 

shown in Fig. 6.10b, and a false colored version of the image is shown in Fig. 6.10c.  

The false coloring highlights the different materials: the spherical particle is red, the 

FePt film is green, and the protective W overcoat is blue (deposited before cross-
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sectioning to protect the sample).  Although the sphere has an odd shape (flat top), we 

can clearly see that the film thickness remains constant in the z-direction (black lines 

are all the same length).  We will simulate the caps using this assumption of constant 

thickness in the z-direction, and this will be used in all further simulations. 

 

 

Figure 6.10. (a) Cross-sectional diagram of the film on top of a sphere. (b) SEM 

image of a FIB cross-section taken on a 300 nm diameter sphere.  (c) False colored 

image of (b) which clearly shows the FePt film in green. 

 

6.4 Quasi-static reversal behavior 

  

 In this section, we will compare the switching behavior of the close packed 

spheres to arrays of flat dots (spacing = 2 × diameter) as a function of diameter.  The 
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first order reversal curve (FORC) method will be explained, and we find that the 

curved nanomagnets exhibit qualitatively different magnetization reversal behavior 

compared to patterned flat elements of the same size. This attribute could be 

advantageous for bit patterned media applications where it is desirable to have stable, 

saturated magnetic elements for data storage at zero applied field. 

 

6.4.1 First-order Reversal Curves  

 

 The first-order reversal curve (FORC) method is a technique used to study the 

switching behavior that involves probing the entire minor hysteresis loop spectrum 

instead of just the major loop.  This analysis has the ability to shed more light on the 

switching process, and is especially helpful when looking at large collections of 

magnetic elements [171-173].  The FORC process is as follows (Fig. 6.11a): First, the 

sample is saturated in a positive field, HS.  Then, the field is tuned to some reversal 

field, HR, which is less than HS, and the magnetization is recorded as the field is 

swept back to positive saturation.  This is repeated for different reversal field values 

with equal field spacing until the entire major loop is filled in with minor loops, 

creating what is called a “family of FORCs” (Fig. 6.11b). 
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Figure 6.11 (a) FORC method: Starting at positive saturation, HS, the field is tuned to 

some reversal field, HR (<HS), and the magnetization is recorded as the field is swept 

back to positive saturation.  (b)  Repetition of this process for equally spaced HR 

values creates a family of FORCs. 

 

 In order to put some meaning in this collection of minor hysteresis loops, a 

FORC distribution is calculated with a second order mixed derivative: 

         
 

 

         

       
                                          (6.1) 

This second order derivative corresponds to calculating dM/dH for each reversal 

curve, then differentiating across that distribution (Fig. 6.12). The resulting 

distribution is only nonzero for irreversible switching processes [174]. 
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Figure 6.12.  Representation of the second-order derivative taken for the FORC 

distribution. For each HR, dM/dH is calculated (black lines).  Then, another derivative 

is taken with respect to HR (red line). 

 

 The distribution can be plotted in (HR, H) coordinates, and an example is shown 

in Figure 6.13 which shows a family of FORCs measured for a sample of 67 nm Fe 

nanodots by Dumas et al. [175]. The major loop pinches in slightly in the middle, 

which is indicative of switching by vortex creation and annihilation. The creation and 

annihilation of vortices is a highly irreversible process, and therefore, these events 

clearly show up in the FORC distribution. By looking horizontally across the FORC 

distribution (Fig. 6.13b), the degree of irreversibility (value of ρ) for every HR minor 

loop can be traced.  For example, in loop #1, it can be seen that it the magnetization 

experiences one irreversible event on its way to saturation, and that corresponds to the 

annihilation of the vortex, which means that at that particular HR, the nanodots have 

already created vortices.  At earlier HR’s, where ρ = 0 in the FORC distribution, it 
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means the vortex has not yet been created, and therefore, the magnetization motion is 

reversible in that region.  For loop #2, most of the nanodots have been negatively 

saturated, so the magnetization traverses through two maxima corresponding to 

vortex creation and annihilation.  The ρ = 0 area in between those events corresponds 

to the movement of the vortex core across the dot, which is a reversible process. The 

use of a FORC distribution not only indicates the reversal mechanism, but gives the 

nucleation and annihilation fields.  Furthermore, the broadness of the peaks in the 

distribution show the variation in those fields across the 10
9
 nanodots measured. 

 

Figure 6.13.  (a) Family of FORCs for 67 nm diameter Fe nanodots. (b) 

Corresponding FORC distribution.  The numbers correspond to the highlighted loops 

in (a) (from [175]). 

 

 Another way of plotting the FORC distribution is on the (Hc, Hb) axes, where 

Hc represent the local coercive field and HB is the local bias field.  The change in axes 

is a simple coordinate rotation: 

   
      

 
                                                     (6.2a) 
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                                                     (6.2b) 

Each FORC can be thought of as a hysteresis loop with a local coercivity (half width 

of the loop) and local bias (offset from zero), as seen in Figure 6.14a.  The FORC 

distribution is then representative of the distribution of minor loops in HC and HB.  As 

an example, the FORC loops for a 300 nm diameter array of flat FePt dots are 

pictured in Figure 6.14b.  One minor loop has been highlighted in red, and it has its 

own coercivity (half width) and bias (offset).  That loop would correspond to a point 

in the FORC distribution near Hc = 0.02 T and HB = 0.035 T, and in fact, that entire 

right hand side lobe of the FORC loops creates the upper maximum seen in the FORC 

distribution (Fig. 6.14c).  Therefore, loops that are characterized with a pinch in the 

middle (vortex creation and annihilation) create FORC distributions with two maxima 

along the HB axis.  For coherent reversal behavior, the minor loops are generally 

centered around zero (HB = 0) with some variation in coercivity.  In that case, the 

FORC distribution is characterized by a long ridge down the HB = 0 axis.  For 

collections of particles that are at a transition size, where some switch via vortex and 

some coherent reversal, the FORC distribution will reveal that by having both 

features present (two lobes plus the ridge).  We will observe all these cases in our set 

of samples. 
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Figure 6.14. (a) Definition of local coercivity, HC, and local bias, HB, fields.  The 

local coercivity describes the half width of the loop, while the local bias is the offset 

from the origin.  (b)  Family of FORCs on 300 nm diameter flat dots with one FORC 

loop highlighted to show its HC and HB.  (c)  Corresponding FORC distribution 

showing the two maxima along the HB axis that represent the two side lobes of the 

hysteresis loop (indicating vortex reversal). 

 

 To measure the FORC loops on the spheres, sample pieces (~3 × 3 mm
2
) were 

cut that only contained spheres (the sparse areas with full film were avoided).  The 

signal from these 10
8
 – 10

9
 spheres was sufficient to detect their response using a 

vibrating sample magnetometer (Princeton Measurement Corp. 2900 VSM).  The 



140 

 

field was applied parallel to the substrate, and FORC loops were recorded with equal 

HR spacing (~1 mT) for a field range of +/- 60 mT. 

 For the arrays of flat dots, which were 20 × 20 µm
2
, the signal was not 

sufficient for VSM characterization; therefore, longitudinal MOKE magnetometry 

was used (Durham NanoMOKE-2).  A HeNe laser (λ = 632 nm), with a spot size of ~ 

20 µm, was incident at 45º on the array.  Again, the field was applied parallel to the 

substrate, and FORC loops were recorded every 1-2 mT for a field range of +/- 60 

mT. 

 

6.4.2 Results 

 

 Figure 6.15 shows the major hysteresis loop for both the flat dots (Fig. 6.15(a-

c)) and spherical caps (Fig. 6.15(d-f)) for all three diameters - 100, 160 and 300 nm.  

All the flat dots are characterized by a pinched loop, which is evidence of switching 

via vortex creation and annihilation.  The larger spheres, 160 and 300 nm diameter, 

also have pinched loops, but with lower saturation fields, meaning it is easier to 

annihilate a vortex in the sphere. The 100 nm diameter sphere loop has a very 

different shape from the others (no pinching at zero field), and is indicative of 

switching via coherent reversal.  From these major loops, we can see a qualitative 

difference in the switching characteristics between the flat and curved elements, 

especially at 100 nm diameter, where the switching mechanism is different. 
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Figure 6.15.  Major hysteresis loops for the (a-c) flat dots and (d-f) spherical caps.  

All loops are characteristic of switching via vortex creation and annihilation except 

for the 100 nm diameter spheres (diameters listed above columns). 

 

 

 The FORC loops taken on these samples give us even more information, and 

are shown in Figure 6.16. All the flat dot FORC distributions show the two lobe 

features that indicate vortex reversal (Fig. 6.16(a-c)).  Both the 160 nm and 300 nm 

flat dots have HB values close to 30 mT, and the HC value of the 160 nm dots is 

slightly higher than the 300 nm size (20 mT vs. 18 mT).  There is a much larger 

difference when going down to the 100 nm diameter flat dots, with HB = 18 mT and 

HC = 15 mT.  In the same way, the larger spheres (Fig. 6.16(d-f)) have very similar 

HB and HC values (15 mT and 4-6 mT, respectively), with the 160 nm spheres having 
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a slightly higher HC value, indicating a slightly higher saturation field. The 100 nm 

spheres drop down to HB = 5 mT (HC = 6 mT).  More interesting is that the FORC 

loop for the 100 nm spheres has the characteristic features for both vortex and 

coherent reversal switching.  There are two lobes around HB = 5 mT, which are so 

close to the origin that the major loop does not show any pinching, as well a ridge 

along the HB = 0 axis.  This mixture of reversal events means that some of the spheres 

are switching via vortex, and some are switching via coherent reversal.  Thus, 100 nm 

is close to the critical radius between the two reversal mechanisms. Without the 

FORC analysis, and just looking at the major loop, there would have been no 

indication of the mixture. If we compare the attributes of the dots and the sphere, we 

find that HB and HC are always larger in the dots, meaning that for any type of 

reversal event, it is harder to saturate the dots. 
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Figure 6.16. FORC curves and distributions for (a-c) flat dots and (d-f) spherical caps.  

Every size is characterized by the double lobe feature indicating vortex reversal, but 

the 100 nm spheres also indicate coherent reversal.  The diameters are listed above 

each column, and the color bar for the FORC distributions is shown in (a). 

 

 To see if all traces of vortex switching are eliminated for smaller diameter 

spheres, we also tested the 50 nm diameter sample, which is shown in Fig. 6.17.  The 
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FORC distribution only has one feature along the HB = 0 axis, indicating that all the 

spheres are rotating by coherent reversal.  Simulations indicate that the 50 nm flat 

dots will also switch via coherent reversal, but we did not have arrays of 50 nm 

diameter flat dots to measure. 

 

Figure 6.17. (a) FORC curves and (b) FORC distribution for 50 nm spherical caps. 

 

6.4.3 Simulations 

 

 To interpret these results, and to figure out how the curvature induces coherent 

reversal at a larger diameter, we ran micromagnetic simulation using the Magpar 

Micromagnetics package.  To simulate a loop from positive to negative saturation, the 

magnetization is first relaxed at the highest strength field using the LLG equation 

solver and the damping parameter set equal to one.  This magnetization state is then 

the starting point for the next applied field strength.  The magnetization reaches 
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equilibrium at each step over the field range, and we plot the x-component of the 

magnetization at equilibrium.  Although it would speed up the simulation to specify a 

field sweep rate, letting the magnetization fully relax at each step ensures that we are 

not recording some intermediate state.  It can take 100s of nanoseconds at each step, 

but since our measurement integrates over seconds for each field strength, this 

method is the most accurate. 

 

Figure 6.18. Hysteresis simulation results for individual (a-c) flat disks and (d-f) 

spherical caps. The sizes on the top correspond to the diameters of the elements, and 

the insets show the magnetization equilibrium at zero applied field (color corresponds 

to x-component, color bar in (b)). The insets in (d) show the equilibrium 

magnetization just before and after the coherent reversal. 

 

 



146 

 

 The simulation results for single magnetic elements are shown in Fig. 6.18, and 

the switching mechanism for each case matches the experiment exactly. It should be 

noted that the x-axis scale for the applied field is twice that of the experiment (100 

mT vs. 200 mT). The simulations assume a temperature of zero degrees, therefore, 

the applied field needs to be higher for switching since there are no thermal 

fluctuations which aid in switching.  Nevertheless, the qualitative comparison of the 

hysteresis loop shape and relative saturation fields is valid. For the flat disks, 

switching occurs via vortex creation and annihilation, while for the spheres, only the 

two larger sizes switch via vortex and the 100 nm caps exhibit coherent rotation 

reversal. As we know from the FORC distribution, the 100 nm caps exhibit both types 

of switching, and this is due to the size distribution of the sphere samples.  For 100 

nm diameter, the sphere sizes range from 90 – 130 nm diameter (as verified by SEM 

analysis), and simulations show that for diameters > 110 nm, vortex switching occurs. 

More importantly, the simulation correctly predicts that the saturation fields are lower 

in the spherical caps. Since we are looking at single elements (and ignoring dipolar 

effects of the array), this means that the smaller annihilation fields in the caps are 

purely a result of the three-dimensional shape.    

 One of the significant features of the spherical caps is that the thickness tapers 

from center to edge.  This change in thickness can explain the lower saturation fields 

in the caps, as well as why the 100 nm diameter switches to coherent reversal before 

the flat disk. This behavior is related to the critical radius between the switching 

mechanisms, which was discussed in Section 2.1.2. The critical radius is related to the 
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balance between the exchange energy, which favors alignment of the spins, and the 

demagnetizing energy, which favors the reduction of poles on the surfaces. Equ. 

(2.12) indicates that the key parameters in determining the critical radius are the 

demagnetizing factor, the magnetization, the exchange parameter, and a geometrical 

factor that is related to the aspect ratio. Both the geometrical factor and 

demagnetizing factor are related to the thickness of the element, and therefore, it is 

clear to see that in the same way that there is a critical radius, there is a critical 

thickness that separates the two switching mechanisms. This has been discussed 

before [176-177], and it has been shown that for a decreasing thickness (dependent on 

the material parameters), a vortex can no longer be supported, even if the radius is 

quite large.  

 To understand why the tapering at the edges changes the saturation fields, we 

must review the vortex creation and annihilation process (Fig. 2.6a).  After saturation, 

the field is reduced towards zero, and a vortex can be created when the applied field 

can no longer keep the magnetization saturated. At zero field, the vortex core is 

centered in the element, and as the reversal field is applied, the vortex starts to travel 

towards the top or bottom edge. To fully saturate the magnet, the vortex must be 

annihilated from the edge region, and this takes some amount of energy (or 

annihilation field).  Both experiment and simulation show that the annihilation field is 

less in the spherical cap, and this makes sense if we consider that the radial film 

thickness at the edge is tapering down to zero.  The thinness of the spherical cap edge 
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makes the vortex unstable, and therefore, it is energetically favorable to align the 

spins and saturate.   

 The instability of the vortex due to the changing thickness can also explain why 

the 100 nm cap reverses by coherent rotation. The radial thickness distribution of the 

film can be described by a cosine dependence, where the center is the full film 

thickness, and the edge tapers off to zero. As the diameter is reduced, the tapering 

from full thickness to zero must occur in a smaller distance, and this gives it a 

reduced effective thickness as compared to a flat dot. This, combined with the fact 

that the diameter is already approaching the critical radius, causes a change to 

coherent reversal at a larger diameter than in the flat dots.  

 

6.5 Effect of three-dimensional shape on magnetization dynamics 

 

Nanomagnets formed by the deposition of chemically disordered Fe55Pt45 

films onto 100 nm diameter SiO2 spheres show vastly different dynamic mode spectra 

compared to flat disks of the same thickness and diameter. It will be shown that the 

large discrepancy in the magnetization dynamics results from the relative orientation 

of the applied field direction and the curvature of the magnetic element, which creates 

regions of varying demagnetizing field across the spherical cap. 

 

6.5.1 Dynamic Results for 100 nm diameter 
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 The intrinsic magnetization dynamics of single spherical caps and flat disks 

were measured using the previously described all-optical time-resolved magneto-

optical Kerr microscope (Chapter 3).  Figure 6.19a and b show example time trace 

data (left column) and corresponding FFT spectra (right column) for a spherical cap 

and flat disk of 100 nm diameter at an applied field of μ0Happ = 0.26 T and 0.41 T.  

Our 1 µm spot size is probing a 100 nm element, and we see that the signal to noise 

ratio (SNR) in these measurements is very low.  The amplitude of oscillation is only a 

few microvolts, but despite this, we are still able to identify the magnetic oscillation 

modes by fitting a sum of Gaussians to the FFT trace (seen as gray lines in Fig. 6.19). 

 

 

Figure 6.19. Experimental TR-MOKE data for a d = 100 nm (a) flat disk and (b) 

spherical dot at two applied field strengths (μ0Happ = 0.26 T and 0.41 T). The left 

columns shows the background-subtracted time traces, and the right column displays 

the corresponding FFT spectra with the Gaussian peak fits included (gray lines). 

 

The peak oscillation frequencies extracted for single 100 nm diameter flat 

disks and spherical caps as a function of applied field are presented as symbols with 

error bars in Fig. 6.20. It is clearly seen that the frequency spectra of the dot and 
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sphere differ considerably. The flat disk (Fig. 6.20a) shows two main modes that 

increase in frequency with applied field. For the spherical cap, however, there are up 

to four oscillation modes for a given field strength (Fig. 6.20b). In addition to two 

modes that show an increase in resonance frequency with applied field (similar to the 

flat disk), the lowest frequency modes remarkably show very little field dependence. 

This represents a clear, qualitative difference in the magnetization dynamics that is 

induced by the difference in three-dimensional shape.  

 

Figure 6.20. Peak frequencies as a function of bias field for a d = 100 nm (a) flat disk 

and (b) spherical cap. The symbols with error bars represent the experimental data, 

while the dashed lines correspond to dynamic micromagnetic simulation (from 

[182]). 

 

6.5.2 Dynamic Micromagnetic Simulation 

 

In order to predict the oscillation frequencies in these structures and to better 

understand how the shape causes a dramatically different dynamic response, 

micromagnetic simulations were performed. The numerical simulations are based 
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upon the LLG equation, and were run using FEMME [101], assuming no crystalline 

anisotropy, an exchange constant of 10
-11

 J/m, and using the measured saturation 

magnetization (μ0MS = 1.27 T) and applied field values. After relaxation of the 

magnetization in a constant external field, a perpendicular pulse field of 1 mT with a 

duration of 100 ps was applied to excite magnetization oscillation in the linear regime 

for a simulation time of 4.0 ns and α = 0.01. The resulting oscillation is analyzed for 

its peak frequencies. To visualize the spatial mode distribution, one spin wave was 

excited with its precession frequency by an alternating field, which was applied 

perpendicular to the constant external field. This step produces the mode image, 

which was extracted by comparing minima and maxima of the magnetization value of 

every finite-element mesh-node during a simulation time of 10.0 ns (chosen to ensure 

at least 10 oscillations).  

 The simulated peak frequencies are plotted in Fig. 6.20 as dashed lines, and 

the agreement with the experimental data (symbols with error bars) is rather good. 

The simulations reproduce the two measured frequency modes of the flat disk, and 

furthermore, the spherical cap simulations exhibit three modes for the lower field 

strengths (μ0Happ < 0.41 T) and four at the higher field strengths (μ0Happ ≥ 0.41 T). 

Importantly, the existence of a qualitatively different, “pinned” low frequency mode 

in the caps is also correctly predicted.  
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Figure 6.21. Demagnetizing field (a/c) and mode images (b/d) for a 100 nm diameter 

(a/b) flat disk and (c/d) spherical cap (μ0Happ = 0.41 T). The x-component of the 

simulated Hd is shown in (a) and (c) for both side and top-down views with the 

applied field direction and color scale indicated in the center. The graph in (c) plots 

the average magnitude of Hd for the four spherical cap regions. The mode images in 

(b) and (d) (numbers correspond to the frequency branches in Fig. 6.20) are shown 

with the applied AC field frequencies listed, and are normalized from blue (minimum 

oscillation amplitude) to red (maximum) (from [182]). 

 

 To understand the measured and simulated frequency spectra, we must 

consider the effect that shape has on the magnetization dynamics, and therefore, we 

look to the demagnetizing field distributions within the magnetic elements. In Fig. 

6.21a and 6.21c, we show the simulated x-component of Hd for both a flat dot and 

spherical cap at an applied field of 0.41 T. Both side view and top view are pictured 

and the applied field direction and scale bar are indicated in the middle. The top view 

of the sphere is a composite image of several slices taken at different heights along 
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the z-direction so that the edge regions can be viewed from above. The demagnetizing 

field distribution for the flat dot shows two regions that form in the center and edge 

(Fig. 6.21a). These areas give rise to the well-known center and edge modes, which 

are shown in Fig. 6.21b [54]. The mode images show the oscillation amplitude of the 

z-component of the magnetization, corresponding to the observed polar MOKE 

signal. Specifically, the lower frequency branch of the flat disk represents the edge 

mode, where a larger magnitude of Hd results in lower oscillation frequencies since 

the overall effective field is reduced. The demagnetizing field distribution of the 

spherical cap (Fig. 6.21c) shows several distinct regions: On the left side, which is 

aligned with the applied field, Hd is much smaller than on the right side, where the 

applied field is pushing the magnetization out of its easy axis direction. In the same 

way that the demagnetizing field of the flat dot creates center and edge modes, we 

expect the varying demagnetizing field in the sphere to produce several spatially 

confined modes. The mode distributions for the spherical cap follow the 

demagnetizing regions quite closely (Fig. 6.21d). It is seen that the left side produces 

one high-frequency mode, while the right side supports three separate modes that 

spatially correspond to the indicated regions in the demagnetizing field distribution. 

However, we find that the three high frequency modes are somewhat delocalized 

across the sphere, while the fourth mode is very strongly confined to the right side of 

the element.   

All the oscillation modes have similar field dependences except the edge 

mode on the far-right side of the spherical cap. In this case, the frequency varies very 
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little as a function of applied field (lowest frequency, Fig. 6.20b). To explain this 

unusual field dependence, the graph in Fig. 6.21c shows the average magnitude of the 

demagnetizing field (Hd = √(Hdx
2
 + Hdy

2
 + Hdz

2
)) of the four regions. The field 

dependence of each mode is a function of both Happ and Hd (resulting in Heff), and in 

general, Hd tends to reduce the overall Heff. The value of Hd in regions 1-3 is 

relatively stable as a function of applied field, therefore, the field dependence tracks 

the slope of Happ. On the other hand, the value of Hd in region 4 increases in absolute 

magnitude as a function of applied field, and offsets the increase in frequency due to 

Happ, which results in the flat, “pinned” field dependence observed in the experiment. 

This steep increase in the demagnetizing field strength is due to the relative geometry 

of the sphere and applied field (pushing the magnetization out of its easy axis) in 

combination with the tapering of the edge which causes the magnetization to prefer 

the in-plane direction more strongly. 

 

6.5.3 Analytical Calculation 

 

In order to complement the micromagnetic simulations with a more intuitive, 

physical picture, we apply a simplified analytical model to two regions of the sphere 

whose shape can, to first order, be approximated as a nanodisk with well-defined, 

tabulated demagnetization factors [178]. The two regions are chosen based on the 

geometry of the applied field and relative curvature of the sphere and are shown in 

the inset to Figure 6.22. It can be seen that they correspond to regions 1 and 3 

identified in the micromagnetic simulations. As a first example, the left side of the 
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cap, where the applied field is aligned with the curvature (solid box in Fig. 6.22 inset, 

region 1), can be approximated as a nanodisk with a diameter of 50 nm, a height of 20 

nm, and applied field perpendicular to the axial direction. Eq. (2.30) (LLG equation 

solved with shape anisotropy, Section 2.3.4) can be used to calculate the oscillation 

frequency, using the ballistic demagnetizing factors for the nanodisk. For the left side, 

whose aspect ratio (height divided by diameter) is 0.4, the ballistic demagnetizing 

factors are Nx = 0.4842 and Ny,z = 0.2579 [178]. The results of the left-side nanodisk 

calculation are plotted as a solid line in Fig. 6.22. Since the demagnetizing field in 

this region is the smallest (Happ parallel to local curvature), we expect it to be 

responsible for the highest frequency mode (least reduction of Heff), so the 

experimental data of the highest frequency mode is plotted with symbols. Although 

our nanodisk dimensions are a rough approximation of the actual, curved hemisphere, 

the calculated values are within ~20% of the experimental data, and the field 

dependence is reproduced well.  

As a second example, we approximate the region close to the right edge of the 

cap (boxed with dashed lines, region 3), where the applied field is almost 

perpendicular to the local curvature, as a nanodisk with aspect ratio 0.67 (d = 30nm, h 

= 20nm, Nx,y = 0.3364, Nz = 0.3274) and applied field parallel to the axial direction. 

The analytical result from Eq. (2.30) for this region is plotted in Fig. 6.22 as a dashed 

line, and shows agreement with the lower mode branch (region 3) of the data 

(symbols). These analytical calculations cannot be expected to reproduce the 

experimental data exactly, and this model would be too coarse for the oddly shaped 
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and oriented regions 2 and 4. However, the simplified analysis correctly predicts that 

regions of the cap parallel to and perpendicular to the applied field direction lead to 

different oscillation frequencies, and it also correctly predicts the relative frequency 

values of these regions. This lends strong support to the validity and physical 

interpretation of the micromagnetic simulations. 

 

Figure 6.22. Plot of calculated oscillation frequencies for the left (solid line) and right 

(dashed line) sides of the cap compared to the experimental values (symbols with 

error bars). The upper inset shows the cross section of the cap with the modeled 

regions of interest boxed. The lower insets show the geometries of the nanodisk 

approximations. 

 

6.5.4 Field angle dependence of oscillation modes 

 

 As evident from the previous section, the interplay between the applied field 

direction and the local curvature of the sphere produces a more complex frequency 
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spectrum. The application of a field that is tilted from horizontal is a by-product of 

our measurement apparatus. The external field is applied with two permanent 

magnets, and our sample is placed in the fringing fields between the poles of those 

two magnets. If the field were applied parallel to the substrate, then the left and right 

sides of the sphere would then be symmetric with respect to the field geometry.  

Figure 6.23 shows the simulated demagnetizing field distribution (top) and frequency 

spectrum (bottom) for a 100 nm diameter spherical cap at a field strength of 0.54 T at 

two different field angles. The first corresponds to the experimental conditions, and 

the second is aligned with the horizontal direction. There is a clear difference in the 

demagnetizing field distributions in the two cases, and for the untilted field, we can 

see that the resulting demagnetizing field distribution is symmetric (Fig. 6.23b). The 

frequency spectrum changes dramatically for this case, and is seen to contain two 

oscillation modes, which correspond to the edge and center regions.  Therefore, when 

the field is symmetric with respect to the curvature of the spherical cap, its mode 

distribution behaves much like a flat disk (indicated by blue arrows).  The frequencies 

are not the same as the flat disk, however, since the demagnetizing field is still 

different due to the curvature of the sphere. 
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Figure 6.23. Simulated demagnetizing field distribution (top) and frequency spectrum 

(bottom) for (a) tilted field and (b) untilted field (µ0Happ = 0.54 T). The blue arrows in 

(b) show the flat dot frequencies. 

 

 

 It is interesting to note that the external field does not need to be tilted very far 

from horizontal to see additional oscillation modes. For example, Figure 6.24 

compares the untilted field configuration to a field tilted just 5º from horizontal. The 

demagnetizing distributions have been plotted with their local maxima and minima to 

show the difference between the two cases, which is quite subtle.  In the case where 

the field is tilted 5º (Fig. 6.24b), the demagnetizing distribution is asymmetric, which 

is most visible on the edges.  Furthermore, the frequency spectrum clearly shows an 

additional mode.  The fact that additional oscillation modes appear for such small 

misalignments in the external field explains why observing just the two modes in a 

horizontal field configuration proved so difficult. 
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 If we look at the other extreme, the field pointing out-of-plane, we observe 

that the demagnetizing field is more uniform than in the other cases (Fig. 6.24c).  In 

this case, there is no asymmetry in the demagnetizing field. However, the 

demagnetizing field magnitude is quite large over the entire cap, which leads to much 

lower oscillation frequencies, and like the horizontal field case, there are only two 

main frequencies (again, center and edge). Interestingly, there is a region near the 

center that has very high Hd, where the field is almost exactly perpendicular to the 

local geometry, and only near the edge.  This may be a spin wave well, but in a very 

different location that is expected. The simulations do not show a significant 

frequency peak that corresponds to this high demagnetizing region, most likely due to 

the fact that it only occupies a small fraction of the volume. 

 If we look at the flat dot under the same circumstances, we see very different 

behavior. According to simulations, the flat disk does not saturate out-of-plane, but 

forms a vortex (although the overall Mz is large compared to zero field). The 

dynamics in this situation is characterized by slow oscillation of the vortex core (on 

the order of nanoseconds).  So even in this case where the field direction is symmetric 

with respect to the two halves of the sphere or dot, the curvature of the spherical cap 

causes very different dynamics. 
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Figure 6.24.  Comparison of the simulated demagnetizing field (top) and oscillation 

frequencies (bottom) for three different external field conditions:  (a) Field aligned 

horizontally, (b) field tilted 5º from the horizontal, and (c) field pointing in the 

vertical direction. 

 

 

6.5 Size dependence of dynamics 
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 In the previous section, the dynamics of 100 nm diameter spherical caps and 

flat disks were presented in detail.  The dynamic response was measured for 

additional sizes of spheres and disks (160 nm and 300 nm diameter), and will be 

discussed.  We will see that as the diameter is increased, the spherical caps can 

support additional modes, while the flat disks only have two oscillation modes for 

each size. 

 

6.6.1 Dynamic Results for three diameters 

 

Figure 6.25 shows example data taken for one field strength (µ0Happ = 0.41 T) 

for all diameters of flat dots and spherical caps. The left columns show the 

background subtracted time traces, and the right columns are the corresponding 

Fourier spectra from which the mode frequencies were identified using a peak fit 

routine. This allowed for reliable extraction of the individual modes even in the case 

of overlapping peaks. 

 The flat dot spectra (Fig. 6.25a) exhibit two dominant modes, but as the 

signal to noise decreases with smaller diameter, additional small peaks appear in the 

spectra. We focus on the dominant peaks that are reproducible with multiple scans.  

The spherical cap spectra (Fig. 6.25b) are considerably different, showing more than 

two peak frequencies for every size.   
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Figure 6.25. Experimental data taken at µ0Happ = 0.41 T for (a) flat dots and (b) 

spherical caps at three diameters. The left columns are the background subtracted 

time traces, and the right columns are the corresponding Fourier spectra.   

 

Figure 6.26 displays the measured oscillation frequencies (symbols with error 

bars) for three sizes of flat disks (a-c) and spherical caps (d-f).  As before, the flat 

disks were patterned to be the same nominal thickness (20 nm) and diameter as the 

spheres (100, 160 and 300 nm), and are composed of Fe55Pt45.  For the flat disks, two 

main oscillation modes are detected:  The bulk mode (red) changes only slightly as a 

function of diameter, but the edge mode (blue) noticeably decreases in frequency as 

the diameter is increased.  The micromagnetic simulations are plotted as dashed lines, 

and the agreement with the experimental data is good.  The bulk mode frequency is 

reproduced well, and the drop seen between the 100 and 300 nm diameter edge mode 

is replicated.  The deviation of the measured edge mode for 160 nm diameter is most 

likely due to fabrication defects near the edge. The fact that the 160 nm edge mode 

has a very consistent offset from the simulation indicates that there was something 

intrinsic to the magnet which changed the internal field, and is not due to noise or 
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some other random effect.  So as a function of increasing diameter, we observe that 

the bulk mode frequency increases and the edge mode frequency decreases.  The bulk 

mode frequency increases because the magnitude of the demagnetizing field 

decreases (Hd lowers Heff) as the dot becomes less confined (approaches limit of thin 

film).  The edge mode, on the other hand, decreases in frequency due to the changing 

curvature at the edges. The demagnetizing field in the spin wave wells is sensitive to 

the shape of the edge region, so as the radius of curvature changes, so does Hd, and as 

a result, the resonance frequency.  This has been observed before [54, 56], but with 

no explanation provided, other than it was reproduced by simulation.  In the study 

involving the asymmetric egg shapes [65], however, it is seen that the varying radius 

of curvature on the two ends of the eggs causes a splitting of the edge mode.  Similar 

to our results, they observe that the larger radius of curvature produces a lower 

resonance frequency (Fig. 6.27 red box), and this is a direct result of the different 

shape anisotropy at the two edges. 
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Figure 6.26. Experimental data (symbols with error bars) and micromagnetic 

simulation (dashed lines) for three diameters of (a-c) flat disks and (d-f) spherical 

caps. 

 

 

 
 

Figure 6.27. The differing amount of curvature on the two edges of the egg shaped 

element produces different dynamic responses.  The larger radius of curvature has a 

lower resonance frequency (from [65]). 

 

 

 While the spin wave dynamics of the flat disks were similar for all three sizes, 

the frequency spectra of the spheres become increasingly complex as the diameter is 
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increased.  From the previous section, we know that the 100 nm diameter sphere 

exhibits four oscillation modes corresponding to regions of demagnetizing field 

magnitude. The highest frequency mode corresponds to the left side, where the 

applied field direction is parallel to the easy axis, and the other three lower frequency 

modes correspond to the right side, where the field points in the hard axis direction.  

Depending on the local curvature and the applied field direction, different 

demagnetizing fields are created.  This trend is continued in the 160 nm sphere (Fig. 

6.26e), which has a very similar frequency spectrum to the 100 nm spheres since they 

are very close in diameter.  For the 300 nm sphere, however, we see the development 

of an additional low frequency “pinned” mode (Fig. 6.26f) in addition to the higher 

frequency modes that increase with applied field. The dynamic micromagnetic 

simulations (dashed lines) confirm this trend, and show up to three “pinned” modes 

existing in the 300 nm spherical cap (Fig. 6.26f lowest frequencies). The modes 

labelled 3 and 4 in Fig. 6.26f are very close in frequency, and we only observe one or 

the other experimentally, most likely due to the limited time resolution of our 

measurement. 

 

6.6.2 Simulated mode images 

 

 To see how these additional modes are supported in the larger sphere, Figure 

6.28 shows the demagnetizing field distribution and mode images for the 300 nm 

diameter flat disk and spherical cap.  As discussed above, the mode image for the flat 

dot (Fig. 6.28b) shows that the edge mode is more confined than in the 100 nm 
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diameter (Fig. 6.21b).  Besides the relative confinement, the 300 nm flat disk mode 

distribution is virtually identical to the 100 nm diameter case.   

 

 

Figure 6.28.  Demagnetizing field (a,c) and mode images (b,d) for 300 nm diameter 

flat disk and spherical cap at an applied field of 0.54 T.  The inset in (c) is a close-up 

of the edge. 

 

 For the 300 nm spheres, the mode distribution is similar to the 100 nm case, 

except with additional edge modes.  The demagnetizing field distribution (Fig. 6.28c) 

shows the sphere breaking into two distinct halves, where the left side is mostly one 

Hd value and the right side is composed of several Hd regions. The corresponding 

mode images (Fig. 6.28d) show that all modes have an asymmetric spatial 

distribution. There is again one oscillation mode on the left side, and several on the 

right side.  Mode 2 is generally confined to the right half of the sphere, but modes 3-5 

are increasingly confined to the far right side.  Furthermore, those modes correspond 



167 

 

well with the varying regions of Hd:  mode 3 being confined to green, mode 4 to light 

blue, and mode 5 to dark blue (close up of edge inset in Fig. 6.28c to show light blue 

region).  These highly confined modes are the “pinned” modes seen in Fig. 6.26f.  

The reason there are multiple pinned modes in the larger spheres is due to the 

geometry of the system.  If we compare the side-view cross-sections of the 100 and 

300 nm spheres (Fig. 6.29), the curvature of the 300 nm sphere is more pronounced 

and the magnetic material has a larger footprint in all three directions.  This additional 

space allows the formation of additional regions, especially near the edge.  For 

example, a light blue region forms in the 100 nm sphere, but it does not create an 

additional mode, while the light blue region in the 300 nm sphere is physically larger 

and can apparently support its own oscillation mode.  Essentially, the larger size of 

the sphere physically allows for the creation of additional modes.  Furthermore, the 

larger taper region causes these additional modes to be “pinned.”  As seen in the 100 

nm spheres, the combination of the tapering thickness and the field pointing in the 

hard axis direction causes the demagnetizing field to increase greatly in these regions 

and causes the flattening out of the field dependence. 
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Figure 6.29.  Comparison of 100 nm and 300 nm spherical caps (to scale).  The 

applied field direction is indicated by the dashed arrows. 

 

 

 If the extra space in larger elements allows additional modes to develop, then 

we might expect that the flat dots would have more than two modes. In fact, 

simulations predict that additional modes will develop in the larger elements, similar 

to the spheres. However, the mechanism is slightly different, and is related to the 

depth of the spin wave wells, which was discussed in Section 2.4.3.  In the flat dot, 

the geometry is such that there are only the spin wave wells at the edges.  But if the 

well is deep enough, it can support multiple modes (Fig. 6.30, also Fig. 2.17 and 

2.18).  The depth of the well is determined by the difference between Heff near the 

center and Heff in the well (can be manipulated by changing Happ or the diameter).  

However, to resolve these extra modes, the time delay needs to be on the order of 

nanoseconds, and hence, we cannot observe them with our experiment (they also tend 

to have a much lower oscillation amplitude, and are harder to detect).  In the same 



169 

 

way, the spin wave wells that develop in the sphere can also support multiple 

standing waves, but again, we are not able to resolve these with our set-up. 

   

 

Figure 6.30.  Edge modes for a 300 nm diameter FePt flat dot at an applied field of 

0.54 T.  The index numbers correspond to those in Fig. 2.18. 

 

6.7 Summary 

 

 In this chapter, the use of self-assembled spheres for data storage was 

investigated.  The deposition of magnetic films onto arrays of spheres is a fast and 

inexpensive technique to fabricate close packed arrays of nanomagnetic elements.  In 

addition, the resulting curvature and change of thickness across the nanomagnet 

produce unique magnetic properties as compared to flat disks with the same diameter 

and thickness. 

 The quasi-static switching behavior was measured, and analysis of the 

hysteresis loops showed that the decreased thickness at the edges of the spherical caps 

makes it easier to annihilate a vortex.  This resulted in hysteresis loops with lower 

saturation fields.  Furthermore, this instability of the vortex state translated into a 
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larger critical radius for the transition to coherent reversal switching.  This attribute is 

desirable for data storage applications where stable, saturated magnetic elements are 

needed at zero applied field. 

 The dynamics of the spheres also proved to be dramatically different, exhibiting 

a complex mode spectrum as compared to flat disks of the same size. The additional 

modes were due to the interplay of the field direction and curvature of the sphere, 

which caused multiple distinct regions of demagnetizing field value. Furthermore, a 

low frequency “pinned” mode was observed, which was very different from the 

expected field dependence.  As the diameter of the spheres increases, additional 

modes appear due to the increased area of the element, and additional pinned modes 

are observed. We find that the dynamic response of the spherical caps is very 

sensitive to the field direction, and that the modes exhibited in the sphere (both in 

number and distribution) can be manipulated by changing the field direction. This 

offers the possibility of exploiting the three-dimensional shape and field direction to 

control and design the magnetization dynamics on the nanoscale. 
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Chapter 7 

Summary  
 

 

 In this Thesis, various ways of tuning the resonance frequencies and damping 

behavior of industry-relevant magnetic material systems were reviewed. First, we 

measured how the magnetization dynamics of CoCrPt:SiO2 granular media is affected 

by irradiation with Co
+
 ions.  The magnetic ions change the static magnetic properties 

of the granular media, such as the saturation magnetization and anisotropy.  The 

change in the static properties causes a change in the dynamic properties of the 

medium, and this is seen as a steep decrease in the precession frequency as the ion 

fluence is increased.  Furthermore, we quantified how the change in intergranular 

exchange can affect the dynamics, causing an increase in precessional frequency 

beyond what is predicted through macrospin calculations. The tuning of the 

intergranular exchange can change the behavior of the granular media from 

independently oscillating grains to that of a homogeneous film. Since the thermal 

stability and relaxation dynamics (that is, its writing speed) of recording media 
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depend sensitively upon the intergranular exchange, it is an important quantity to 

control. 

 The second type of tuning discussed was the dependence of the magnetization 

dynamics on the composition of FePt alloys. We showed that the magnetic oscillation 

frequency of disordered FexPt100-x alloys can be tuned by varying the iron content, 

both in planar films and individual patterned nano-sized dots. We observed a change 

of ~8 GHz (up to 50%) as the iron content is varied from 42 at. % to 100 at. %. 

Macrospin calculations and micromagnetic simulations confirmed that the increase in 

the saturation magnetization causes the change in precession frequency. Furthermore, 

the damping was extracted as a function of Fe content, and for the films with 42-75 

at. %, there was a clear increase in damping as the Fe content was decreased.  Since 

the interface between a magnetic and nonmagnetic material can increase the 2-

magnon scattering, the increase of Pt in the alloys corresponds to additional spin 

scattering and heightened damping.  These tunable alloys have exciting applications 

in the field of 3D recording based on microwave-assisted magnetic recording. We 

showed that it is possible to fabricate a layer stack of two magnetic films with very 

different dynamic response, and have them oscillate independently.   

 The bulk of this Thesis focused on the first measurements of magnetization 

dynamics in curved nanomagnets. We found that the curvature and change of radial 

thickness across a nanomagnet formed by the deposition of magnetic material on self-

assembled spheres produces unique magnetic properties as compared to flat disks 

with the same diameter and thickness. The quasi-static switching behavior was 
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measured, and analysis of the hysteresis loops showed that the decreased thickness at 

the edges of the spherical caps makes it easier to annihilate a vortex.  This resulted in 

hysteresis loops with lower saturation fields. Furthermore, the instability of the vortex 

state translated into a larger critical radius for the transition to coherent reversal 

switching.   

 The dynamics of the spheres also proved to be dramatically different, exhibiting 

a complex mode spectrum as compared to flat disks of the same size. The additional 

modes were due to the interplay of the field direction and curvature of the sphere, 

which caused multiple distinct regions of demagnetizing field value. Furthermore, a 

low frequency “pinned” mode was observed, which was very different from the 

expected field dependence.  As the diameter of the spheres was increased, additional 

modes appeared due to the increased area of the element, and additional pinned 

modes are observed. We found that the dynamic response of the spherical caps was 

very sensitive to the field direction, and that the modes exhibited in the sphere (both 

in number and distribution) can be manipulated by changing the field direction.  

 The curved nanocaps showed unique magnetic properties, and it would be 

valuable to continue to characterize them. With a different bias field set-up, the 

applied field angle dependence could be observed and compared to the flat dots.  It 

would be interesting to show that the response is very similar for a horizontal field 

direction, but deviates otherwise, even if the field is completely vertical. Another 

interesting study would be to look at how magnetic films with perpendicular 

anisotropy, such as metallic multilayers, respond dynamically.  In this case, the easy 
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axis direction points radially across the sphere, and the strength increases near the 

edges due to the thinning of the individual layers.  This combination has been shown 

to change the switching behavior of the caps, and I believe that the dynamics will also 

be interesting, both in comparison to flat dots and to the FePt nanocaps already 

measured (that have in-plane easy axis).   

 Overall, it is shown that there are several methods for controlling and designing 

the dynamic response of thin films and nanostructures. From a purely theoretical 

point of view, understanding the behavior of magnetic materials as their dimensions 

reach the nanoscale is an important and interesting field. However, the implications 

for magnetic recording technologies are greater. As magnetic recording technology 

evolves towards energy assisted recording and patterned media, finely controlling the 

static and dynamic magnetic properties is essential for maximizing device 

performance. Each tuning method has its pros and cons, and can be used individually 

or in tandem to create the desired dynamic response.   

  

 

 

 

 

 



175 

 

Bibliography 

[1] T. Thomson, G. Hu and B.D. Terris, Phys. Rev. Lett. 96, 257204 (2006). 

 

[2] B.D. Terris, T. Thomson, and G. Hu, Microsyst. Techn. 13, 189 (2007). 

 

[3] T. Thomson and B.D. Terris, Data Storage: Materials Perspective, Ed. by S. N. 

Piramanayagam and T. C. Chong, John Wiley & Sons, Inc.: Hoboken, NJ, pg. 256-

276, 2011. 

 

[4] T. R. Albrecht, O. Hellwig, R. Ruiz, M. Schabes, B.D. Terris, and X.Z. Wu,  

Nanoscale Magnetic Materials and Applications, Ed. by J.P. Liu, E. Fullerton, O. 

Gutfleisch, and D.J. Sellmyer, Springer: New York, pg. 237-274, 2009. 

 

[5] M.K. Grobis, O. Hellwig, T. Hauet, E. Dobisz, and T. Albrecht, IEEE Trans. 

Magn. 47, 6 (2011). 

 

[6] J. Åkerman, Science 308, 508 (2005). 

 

[7] D. C. Worledge, G. Hu, D. W. Abraham, J. Z. Sun, P. L. Trouilloud, J. Nowak, S. 

Brown, M. C. Gaidis, E. J. O’Sullivan, and R. P. Robertazzi, Appl. Phys. Lett. 98, 

022501 (2011). 

 

[8] S.H. Kang, Jour. Min. Met. Mat. Society 60, 28 (2008). 

 

[9] J. Llandro, J.J. Palfreyman, A. Ionescu, C.H. Barnes, Med. Bio. Eng. Comp. 48, 

977 (2010). 

 

[10] Q.A. Pankhurst, N.T.K. Thanh, S. K. Jones, and J. Dobson, Jour. Phys. D 42, 

224001 (2009). 

 

[11] S.C. McBain, U. Griesenbach, S. Xenariou, A. Keramane, C.D. Batich, E.W.F.W. 

Alton, and J. Dobson, Nanotechnology 19, 405102 (2008). 

 

[12] A. Aharoni, Introduction to the Theory of Ferromagnetism, Oxford University 

Press: Oxford, 1996. 

 

[13] T.W. McDaniel, J. Phys: Cond. Matt. 17, R315 (2005). 

 

[14] S.N. Piramanayagam, Jour. Appl. Phys. 102, 011301 (2007). 

 

[15] W. Gruener, “Hard drives get new record density – Where is the limit?” 

Conceivably Tech, Web August 3, 2010. 



176 

 

 

[16] M. Plumer, J. van Ek, and D. Weller, eds. The Physics of Ultra-High Density 

Magnetic Recording, Springer: Berlin, Germany, 2001. 

 

[17] G. Ju, W. Challener, Y. Peng, M. Seigler, and E. Gage, Developments in Data 

Storage: Materials Perspective, Ed. by S.N. Piramanayagam and T.C. Chong, John 

Wiley & Sons, Inc., Piscataway, New Jersey, pg. 193-222, 2012. 

 

[18] W. Srituravanich, L. Pan, Y. Wang, C. Sun, D.B. Bogy, and X. Zhang, Nat. 

Nanotech. 3, 733 (2008). 

 

[19] T. Matsumoto, T. Shimano, H. Saga, H. Sukeda, and M. Kiguchi, Jour. Appl. 

Phys. 95, 3901 (2004). 

 

[20] K. Sendur, C. Peng, and W. Challener, Phys. Rev. Lett. 94, 043901 (2005). 

[21] S. Gallagher, “HAMR time: Seagate demos terabit-per-inch hard disk 

technology,” Ars Technica, Web March 21, 2012. 

 

[22] C. Thirion, W. Wernsdorfer, and D. Mailly, Nat. Materials 2, 524 (2003). 

 

[23] G. Hu, T. Thomson, M. Albrecht, M.E. Best, B.D. Terris, C.T. Rettner, S. Raoux, 

G.M. McClelland, and M.W. Hart, Jour. Appl. Phys. 95, 7013 (2004). 

 

[24] Q. Dai, D. Berman, K. Virwani, J. Frommer, P.-O. Jubert, M. Lam, T. Topuria, 

W. Imaino, and A. Nelson, Nano Lett. 10, 3216 (2010). 

 

[25] J.M. Shaw, S.E. Russek, T. Thomson, M.J. Donahue, B.D. Terris, O. Hellwig, E. 

Dobisz, and M.L. Schneider,  Phys. Rev. B 78, 024414 (2008). 

 

[26] R.E. Camley, Jour. Magn. Magn. Mat. 200, 583 (1999). 

 

[27] J. Miltat, G. Albuquerque, and A. Thiaville, Spin Dynamics in Confined 

Magnetic Structures III, Ed. by B. Hillebrands and K. Ounadjela, Topics Appl. Phys. 

83, 1-34 (2002). 

 

[28] J. Ferré, Spin Dynamics in Confined Magnetic Structures I, Ed. by B. 

Hillebrands and K. Ounadjela, Topics Appl. Phys. 83, 127-168 (2002). 

 

[29] A.H. Morrish, The Physical Principles of Magnetism, IEEE Press: New York, 

2001. 

 

[30] D.J. Griffiths, Introduction to Electrodynamics, 3
rd

 Edition, Prentice-Hall, Inc.: 

Englewood Cliffs, 1999. 

 



177 

 

[31] B.D. Cullity, Introduction to Magnetic Materials, Addison-Wesley: London, 

1972. 

 

[32] E.C. Stoner, Phil. Mag. 36, 803 (1945). 

 

[33] A.G. Gurevich and G.A. Melkov, Magnetization Oscillations and Waves, CRC 

Press: Boca Raton, 1996. 

 

[34] F. J. A. den Broeder, W. Hoving, and P.J.H Bloemen, Jour. Magn. Magn. Mat. 

93, 562 (1991). 

 

[35] M.T. Johnson, P.J.H Bloemen, F.J.A den Broeder, and J.J. de Vries, Rep. Prog. 

Phys. 59, 1409 (1996). 

 

[36] L. Néel, J. Phys. Radium 15, 255 (1954). 

 

[37]  U. Gradmann, J. Magn. Magn. Mat. 54-57, 733 (1986). 

 

[38] W.F. Brown Jr., Micromagnetics, Interscience: New York, 1963. 

 

[39] E.C. Stoner and E.P. Wohlfarth, Phil. Trans. Roy. Soc. Lon. Series A, Math. Phys. 

Sci. 240, 599 (1948). 

 

[40] T. Devolder, H. W. Schumacher, and C. Chappert, Spin Dynamics in Confined 

Magnetic Structures III, Ed. by B. Hillebrands and A. Thiaville, Topics Appl. Physics 

101, 1-55 (2006). 

 

[41] T. Rasing, H. van den Berg, T. Gerrits, and J. Hohlfeld, Spin Dynamics in 

Confined Magnetic Structures II, Ed. by B. Hillebrands and K. Ounadjela, Topics 

Appl. Phys. 87, 213-252 (2003). 

 

[42] L. D. Landau, E.M. Lifshitz, Phys. Z. Sowietunion 8, 153 (1935). 

 

[43] C. Kittel, Phys. Rev. 73, 155 (1948). 

 

[44] L.R. Walker, Phys Rev. 105, 390 (1957). 

 

[45] R.W. Damon and J.R. Eshbach, Jour. Phys. Chem. Solids 19, 308 (1961). 

 

[46] R.L. White and I.H. Solt, Jr., Phys. Rev. 104, 56 (1956). 

 

[47] M.H. Seavey and P.E. Tannenwald, Phys. Rev. Lett. 1, 168 (1958). 

 



178 

 

[48] C. Bayer, J. Jorzick, S.O. Demokritov, A.N. Slavin, K.Y. Guslienko, D.V. 

Berkov, N.L. Gorn, M. P. Kostylev, and B. Hillebrands, Spin Dynamics in Confined 

Magnetic Structures III, Ed. by B. Hillebrands and A. Thiaville, Topics Appl. Phys. 

101, 57103 (2006). 

 

[49] S.O. Demokritov and B. Hillebrands, Spin Dynamics in Confined Magnetic 

Structures I, Ed. by B. Hillebrands and K. Ounadjela, Topics Appl. Phys. 83, 65-93 

(2002). 

 

[50] J. Jorzick, S.O. Demokritov, C. Mathieu, B. Hillebrands, B. Bartenlian, C. 

Chappert, F. Rousseaux, A.N. Slavin, Phys. Rev. B 60, 15194 (1999).  

 

[51] S.O. Demokritov, B. Hillebrands, and A.N. Slavin, IEEE Trans. Magn. 38, 2502 

(2002). 

 

[52] J. Jorzick, S.O. Demokritov, B. Hillebrands, M. Bailleul, C. Fermon, K.Y. 

Guslienko, A.N. Slavin, D.V. Berkov, and N.L. Gorn, Phys. Rev. Lett. 88, 047204 

(2002). 

 

[53] C. Bayer, S.O. Demokritov, B. Hillebrands, and A.N. Slavin, Appl. Phys. Lett. 82, 

607 (2003). 

 

[54] V.V. Kruglyak, A. Barman, R.J. Hicken, J.R. Childress, and J.A. Katine, Phys. 

Rev. B 71, 220409R (2005). 

 

[55] V.V. Kruglyak, A. Barman, R.J. Hicken, J.R. Childress, and J.A. Katine, Jour. 

Appl. Phys. 97, 10A706 (2005). 

 

[56] P.S. Keatley, V. V. Kruglyak, A. Neudert, E.A. Galaktionov, R. J. Hicken, J.R. 

Childress, and J.A. Katine, Phys. Rev. B 78, 214412 (2008). 

 

[57] G. Gubbiotti, M. Madami, S. Tacchi, G. Carlotti, A.O. Adeyeye, S. Goolaup, N. 

Singh, and A.N. Slavin, Jour. Magn. Magn. Mat. 316, e338 (2007). 

 

[58] G. Gubbiotti, M. Conti, G. Carlotti, P. Candeloro, E. Di Fabrizio, K.Y. 

Guslienko, A. Andre, C. Bayer, and A.N. Slavin, J. Phys.: Condens. Matt. 16, 7709 

(2004). 

 

[59] A. Barman, S. Wang, J.D. Maas, A.R. Hawkins, S. Kwon, A. Liddle, J. Bokor, 

and H. Schmidt, Nano Lett. 6, 2939 (2006). 

 

[60] J.M. Shaw, T.J. Silva, M.L. Schneider, and R.D. McMichael, Phys. Rev. B 79, 

184404 (2009). 

 



179 

 

[61] S. Jung, B. Watkins, L. DeLong, J.B. Ketterson, and V. Chandrasekhar, Phys. 

Rev. B 66 132401 (2002). 

 

[62] A. Barman, V. V. Kruglyak, R. J. Hicken, J.M. Rowe, A. Kundrotaite, J. Scott, 

and M. Rahman, Phys. Rev. B 69 174426 (2004). 

 

[63] V. V. Kruglyak, P.S. Keatley, R.J. Hicken, J.R. Childress, and J.A. Katine, Phys. 

Rev. B 75 024407 (2007). 

 

[64] J.P. Park, P. Eames, D.M. Engebretson, J. Berezovsky, and P.A. Crowell, Phys. 

Rev. Lett. 89, 277201 (2002). 

 

[65] H.T. Nembach, J.M. Shaw, T.J. Silva, W.L. Johnson, S.A. Kim, R.D. 

McMichael, and P. Kabos, Phys. Rev. B 83, 094427 (2011). 

 

[66] H. Suhl, IEEE Trans. Magn. 34, 1834 (1998). 

 

[67] K. Lenz, H. Wende, W. Kuch, K. Baberschke, K. Nagy, and A. Janossy, Phys. 

Rev. B. 73, 144424 (2006). 

 

[68] M.C. Hickey and J.S. Moodera, Phys. Rev. Lett. 102, 137601 (2009). 

 

[69] Kh. Zakeri, J. Lindner, I. Barsukov, R. Meckenstock, M. Farle, U. von Horsten, 

H. Wende, W. Keune, J. Rocker, S.S. Kalarickal, K. Lenz, W. Kuch, K. Baberschke, 

Phys. Rev. B 76, 104416 (2007). 

 

[70] D.L. Mills and S.M. Rezende, Spin Dynamics in Confined Magnetic Structures II, 

Ed. by B. Hillebrands and K. Ounadjela, Topics Appl. Phys. 87, 27-59 (2003). 

 

[71] K. Shinagawa, Magneto-Optics, Ed. by S. Sugano and N. Kojima, Springer: 

Berlin, 2000. 

 

[72] Wikipedia contributors. "Magneto-optic Kerr effect." Wikipedia, The Free 

Encyclopedia. Wikipedia, The Free Encyclopedia, 20 Jan. 2012. Web. 30 Jan. 2012. 

 

[73] A.V. Sokolov, Optical Properties of Metals, Blackie and Son Limited: London, 

1967. 

 

[74] D. Goldstein, Polarized Light, Marcel Dekker, Inc.: New York, 2003. 

 

[75] E. Beaurepaire, J.-C. Merle, A. Daunois, and J.-Y. Bigot, Phys. Rev. Lett. 76, 

4250 (1996). 

 



180 

 

[76] B. Koopmans, M. van Kampen, J.T. Kohlhepp, and W.J.M de Jonge, Phys. Rev. 

Lett. 85, 844 (2000). 

 

[77] B. Koopmans, G. Malinowski, F. Dalla Longa, D. Steiauf, M. Fahnle, T. Roth, 

M Cinchetti, and M. Aeschlimann,  Nat. Mat. 9, 259 (2009). 

 

[78] B. Koopmans, Spin Dynamics in Confined Magnetic Structures II, Ed. by B. 

Hillebrands and K. Ounadjela, Topics Appl. Phys. 87, 253-320 (2003). 

 

[79] A. Barman, S. Wang, O. Hellwig, A. Berger, E. E. Fullerton, and H. Schmidt, 

Jour. Appl. Phys. 101, 09D102 (2007). 

 

[80] S. Mizukami, D. Watanabe, T. Kubota, X. Zhang, H. Naganuma, M. Oogane, Y. 

Ando, and T. Miyazaki, Appl. Phys. Exp. 3, 123001 (2010). 

 

[81] Z. Liu, R. Brandt, O. Hellwig, S. Florez, T. Thompson, B. Terris, and H. 

Schmidt, Jour. Magn. Magn. Mat. 323, 1623 (2011). 

 

[82] J. Fassbender, D. Ravelosona, and Y. Samson, Jour. Phys. D 37, R197 (2004). 

 

[83] C. Chappert, H. Bernas, J. Ferré, V. Kottler, J.-P. Jamet, Y. Chen, E. Cambril, T. 

Devolder, F. Rousseaux, V. Mathet, and H. Launois, Science 280, 1919 (1998). 

 

[84] C.T. Rettner, S. Anders, J.E.E. Baglin, T. Thomson, and B.D. Terris, Appl. Phys. 

Lett. 80, 279 (2002). 

 

[85] G. J. Kusinski, G. Thomas, G. Denbeaux, K.M. Krishnan, and B.D. Terris, Jour. 

Appl. Phys. 91 7541 (2002). 

 

[86]
 
S. Okamoto, N. Kikuchi, O. Kitakami, T. Miyazaki, Y. Shimada, and K. 

Fukamichi, Phys. Rev. B 66, 024413 (2002). 

 

[87] D. Ravelosona, C. Chappert, V. Mathet, and H. Bernas, Appl. Phys. Lett. 76, 236 

(2000). 

 

[88] T. Devolder, C. Chappert, Y. Chen, E. Cambril, H. Bernas, J.P. Jamet, J. Ferré, 

Appl. Phys. Lett. 74, 3383 (1999). 

 

[89] B.D. Terris, D. Weller, L. Folks, J.E.E. Baglin, A.J. Kellock, H. Rothuizen, and 

P. Vettiger, Jour. Appl. Phys. 87, 7004 (2000). 

 

[90] T. Shimatsu, H. Uwazumi, Y. Sakai, A. Otsuki, I. Watanabe, H. Muraoka, and Y. 

Nakamura, IEEE Trans. Magn. 37, 1567 (2001). 

 



181 

 

[91] Y. Hirayama, M. Futamoto, K. Ito, Y. Honda, and Y. Maruyama, IEEE Trans. 

Magn. 33, 996 (1997). 

 

[92] Y. Hirayama, M. Futamoto, K. Kimoto, and K. Usami, IEEE Trans. Magn. 32, 

3807 (1996). 

 

[93] H. Uwazumi, T. Shimatsu, Y. Sakai, A. Otsuki, I. Watanabe, H. Muraoka, and Y. 

Nakamura, IEEE Trans. Magn. 37, 1595 (2001). 

 

[94] S. Oikawa, A. Takeo, T. Hikosaka, and Y. Tanaka, IEEE Trans. Magn. 36, 2393 

(2000). 

 

[95] Y. Inaba, T. shimatsu, T. Oikawa, H. Sato, H. Aoi, H. Muraoka, and Y. 

Nakamura, IEEE Trans. Magn. 40, 2486 (2004). 

 

[96] S. Tibus, T. Strache, F. Springer, D. Makarov, H. Rohrmann, T. Schrefl, J. 

Fassbender, and M. Albrecht, Jour. Appl. Phys. 107, 093915 (2010). 

 

[97] E. Kondorsky, J. Phys. (Moscow) 2, 161 (1940). 

 

[98] J. Fassbender and J. McCord, Appl. Phys. Lett. 88, 252501 (2006). 

 

[99] V. Dasgupta, N. Litombe, W.E. Bailey, and H. Bakhru, Jour. App. Phys. 99, 

08G312 (2006). 

 

[100] J.-M.L. Beaujour, A.D. Kent, D. Ravelosona, I. Tudosa, and E.E. Fullerton, 

Jour. Appl. Phys. 109, 033917 (2011). 

 

[101] T. Schrefl, M.E. Schabes, D. Suess, O. Ertl, M. Kirschner, F. Dorfbauer, G. 

Hrkac, and J. Fidler, IEEE Trans. Magn. 41, 3064 (2005). 

 

[102] A. Barman, S. Wang, J.D. Maas, A.R. Hawkins, S. Kwon, A. Liddle, J. Bokor, 

and H. Schmidt, Appl. Phys. Lett. 90, 202504 (2007). 

 

[103] N. Inaba, Y. Uesaka, A. Nakamura, M. Futamoto, and Y. Sugita, IEEE Trans. 

Magn. 33, 2989 (1997). 

 

[104] P. Krone, M. Albrecht, and T. Schrefl, Jour. Magn. Magn. Mat 323, 432 (2011). 

 

[105] N. Mo, J. Hohlfeld, M. ul Islam, C.S. Brown, E. Girt, P. Krivosik, W. Tong, A 

Rebei, and C.E. Patton, Appl. Phys. Lett. 92, 022506 (2008). 

 

[106] P.F. Carcia, A.D. Meinhaldt, and A. Suna, Appl. Phys. Lett. 47, 178 (1985). 

 



182 

 

[107] G. Woltersdorf and C. H. Back, Phys. Rev. Lett. 99, 227207 (2007). 

 

[108] Y. Nozaki, M. Ohta, S. Taharazako, K. Tateishi, S. Yoshimura, and K. 

Matsuyama, Appl. Phys. Lett. 91, 082510 (2007). 

 

[109] J. Zhu, X. Zhu, and Y. Tang, IEEE Trans. Magn. 44, 125 (2008). 

 

[110] H.T. Nembach, H. Bauer, J.M. Shaw, M.L. Schneider, and T.J. Silva, Appl. 

Phys. Lett. 95, 062506 (2009). 

 

[111] Y. Nozaki, N. Narita, T. Tanaka, and K. Matsuyama, Appl. Phys. Lett. 95, 

082505 (2009). 

 

[112] C.T. Boone, J.A. Katine, E.E. Marinero, S. Pisana, and B.D. Terris, IEEE Magn. 

Lett. 3, 3500104 (2012). 

 

[113] J. Hu, J. Chen, and G. Ju, Developments in Data Storage: Materials 

Perspective, Ed. by S.N. Piramanayagam and T.C. Chong, John Wiley & Sons, Inc., 

Piscataway, New Jersey, pg. 223-255, 2012. 

 

[114] T. Maeda, T. Kai, A. Kikitsu, T. Nagase, and J.I. Akiyama, Appl. Phys. Lett. 80, 

2147 (2002). 

 

[115] C.L. Platt, K.W. Wierman, E.B. Svedberg, R. van de Veerdonk, J.K. Howard, 

A.G. Roy, and D.E. Laughlin, Jour. Appl. Phys. 92, 6104 (2002). 

 

[116] C.Y. You, Y.K. Takahashi, and K. Hono, Jour. Appl. Phys. 100, 056105 (2006). 

 

[117] Y.F. Ding, J.S. Chen, E. Liu, C.J. Sun, and G.M. Chow, Jour. Appl. Phys. 97, 

10H303 (2005). 

 

[118] N. Qureshi, S. Wang, M.A. Lowther, A.R. Hawkins, S. Kwon, A. Liddle, J. 

Bokor, and H. Schmidt, Nano Lett. 5, 1413 (2005). 

 

[119] A. Barman and S. Barman, Phys. Rev. B 79, 144415 (2009). 

 

[120] R. F. C. Farrow, D. Weller, R. F. Marks, M. F. Toney, A. Cebollada, and G. R. 

Harp, J. Appl. Phys. 79, 5967 (1996). 

 

[121] A. Comin, C. Giannetti, G. Samoggia, P. Vavassori, D. Grando, P. Colombi, E. 

Bontempi, L.E. Depero, V. Metlushko, B. Ilic, and F. Parmigiani, Phys. Rev. Lett.  97, 

217201 (2006). 

 



183 

 

[122] W. Scholz, J. Fidler, T. Schrefl, D. Suess, R. Dittrich, H. Forster, V. Tsiantos,  

"Scalable Parallel Micromagnetic Solvers for Magnetic Nanostructures",  

Comp. Mat. Sci. 28 366 (2003). 

 

[123] B.K. Kuanr, A.V. Kuanr, R.E. Camley, and Z. Celinski, IEEE Trans. Magn. 42, 

2930 (2006). 

 

[124] M.L. Spano and S.M. Bhagat, Jour. Magn. Magn. Mat. 24, 143 (1981). 

 

[125] K.W. Wierman, C.L. Platt, and J.K. Howard, J. Magn. Magn. Mater. 278, 214 

(2004). 

 

[126] M. Albrecht, G. Hu, A. Moser, O. Hellwig, and B.D. Terris, J. Appl. Phys. 97, 

103910 (2005). 

 

[127] J. Moritz, C. Arm, G. Vinai, E. Gautier, S. Auffret, A. Marty, P. Bayle-

Guillemaud, and B. Dieny, IEEE Magn. Lett. 2, 4500104 (2011). 

 

[128] S. Li, B. Livshitz, H.N. Bertram, E.E. Fullerton, and V. Lomakin, Jour. Appl. 

Phys. 105, 07B909 (2009). 

 

[129] G. Winkler, D. Suess, J. Lee, J. Fidler, M.A. Bashir, J. Dean, A. Goncharov, G. 

Hrkac, S. Bance, and T. Schrefl, Appl. Phys. Lett. 94, 232501 (2009). 

 

[130] W. M. Haynes, ed., CRC Handbook of Chemistry and Physics, 92nd Edition 

(Internet Version 2012), CRC Press/Taylor and Francis: Boca Raton, FL, 2012. 

 

[131] B.D. Terris and T. Thomson, J. Phys D:  Appl. Phys. 38, R199 (2005). 

 

[132] E. Hecht, Optics, 4th Edition, Addison Wesley: San Francisco, 2002. 

 

[133] Y. Wei and R.L. Brainard, Advanced Processes for 193-nm Immersion 

Lithography, SPIE: Bellingham, 2009. 

 

[134] T. Honda, Y. Kishikawa, Y. Iwasaki, A. Ohkubo, M. Kawashima, and M. 

Yoshii, Jour. Micro/Nanolith. MEMS MOEMS 5, 043004 (2006). 

 

[135] C. Fonseca, M. Somervell, S.Scheer, W. Printz, K. Nafus, S. Hatakeyama, Y. 

Kuwahara, T. Niwa, S. Bernard, and R. Gronheid, Proc. SPIE 7274, 72740I (2009). 

 

[136] P.P. Naulleau, S.A. George, B.M. McClinton, Proc. SPIE 7636, 76362H (2010). 

 

[137] B. Wu and A. Kumar, Extreme Ultraviolet Lithography, McGraw-Hill:  New 

York, 2009. 



184 

 

[138] T.A. Savas, M. Farhoud, H.I. Smith, M. Hwang, and C.A. Ross, Jour. Appl. 

Phys. 85 6160 (1999). 

 

[139] H.J. Levinson and M.A. McCord, SPIE Handbook of Microlithography, 

Micromachining, and Microfabrication, Vol. I, SPIE Press : Bellingham, 1997. 

 

[140] S.Y. Chou, P.R. Krauss, W. Zhang, L.J. Guo, and L. Zhuang, Jour. Vac. Sci. 

Tech. B 15, 2897 (1997). 

 

[141] W. Wu, B. Cui, X.Y. Sun, W. Zhang, L. Zhuang, L.S. Kong, and S.Y. Chou, 

Jour. Vac. Sci. Tech. B 16, 3825 (1998). 

 

[142] http://www.almaden.ibm.com/st/past_projects/nanoimprint/ 14 May 2012. 

 

[143] R.M. Metzger, V.V. Konovalov, M. Sun, T. Xu, G. Zangari, B. Xu, M. Benakli, 

and W. D. Doyle, IEEE Trans. Mag. 36, 30 (2000). 

 

[144] P. Aranda, and J.M. Garcia, Jour. Magn. Magn. Mat. 249, 214 (2002). 

 

[145] K. Liu, J. Nogues, C. Leighton, H. Masuda, K. Nishio, I.V. Roshchin, and I.K. 

Schuller, Appl. Phys. Lett. 81, 4434 (2002). 

 

[146] Z. B. Zhang, D. Gekhtman, M.S. Dresselhaus, and J.Y. Ying, Chem. Mat. 11, 

1659 (1999). 

 

[147] N.W. Liu, A. Datta, C.Y. Liu, and Y.L. Wang, Appl. Phys. Lett. 82, 1281 

(2003). 

 

[148] Z.J. Sun and H.K. Kim, Appl. Phys. Lett. 81, 3458 (2002). 

 

[149] I.W. Hamley, Nanotech. 14, R39 (2003). 

 

[150] M. Park, C. Harrison, P.M Chaikin, R.A. Register, and D.H. Adamson, Science 

276, 1401 (1997). 

 

[151] T. Thurn-Albrecht, J. Schotter, G.A. Kastle, N. Emley, T. Shibauchi, L. Krusin-

Elbaum, K. Guarini, C.T. Black, M.T. Tuominen, and T.P. Russell, Science 290, 2126 

(2000). 

 

[152] K. Shin, K.A. Leach, J.T. Goldbach, D.H. Kim, J.Y. Jho, M.T. Tuominen, C.J. 

Hawker, and T.P Russell, Nano Lett. 2, 933 (2002). 

 

[153] R. Ruiz, H. Kang, F.A. Detcheverry, E. Dobisz, D.S. Kercher, T.R. Albrecht, 

J.J. de Pablo, and P.F. Nealey, Science 321, 936 (2008). 



185 

 

[154] K.W. Guarini, C.T. Black, Y. Zhang, H. Kim, E.M. Sikorski, and I.V. Babich, 

Jour. Vac. Sci. Tech. 20, 2788 (2002). 

 

[155] W.A. Lopes, Phys. Rev. E 65, 031606 (2002). 

 

[156] S.-Y.Jeong, H.-S. Moon, B.H. Kim, J.Y. Kim, J. Yu, S. Lee, M.G. Lee, H.Y. 

Choi, and S.O. Kim, ACS Nano 4, 5181 (2010). 

 

[157] I.L Guhr, O. Hellwig, C. Brombachr, and M. Albrecht, Phys. Rev. B 76, 064434 

(2007). 

 

[158] M.M. Soares, E. de Baisi, L.N. Coelho, M.C. dos Santos, F.S. de Menezes, M. 

Knobel, L.C. Sampaio, and F. Garcia, Phys. Rev. B 77, 224405 (2008). 

 

[159] Y.J. Zhang, L.X. Sun, Y.X. Wang, X. Ding, Y. Cheng, and J.H. Yang, Solid 

State Comm. 147, 262 (2008). 

 

[160] J.H. Yang, N.N. Yang, Y.X. Wang, Y.J. Zhang, Y.M. Zhang, Y. Liu, M.B. Wei, 

Y.T. Yang, R. Wang, and S.Y. Yang, Solid State Comm. 151, 1428 (2011). 

 

[161] Y.J. Zhang, W. Li. J. Li, Y.M. Zhang, Y.X. Wang, S.Y. Yang, S.S. Liu, L.C. 

Wu, G.S.D. Beach, and J.H. Yang, Jour. Appl. Phys. 111, 053925 (2012). 

 

[162] S. Palacin, P.C. Hidber, J.P. Bourgoin, C. Miramond, C. Fermon, and G.M. 

Whitesides, Chem. Mat. 8, 1316 (1996). 

 

[163] X.M. Yang, C. Liu, J. Ahner, J. Yu, T. Klemmer, E. Johns, and D. Weller, Jour. 

Vac. Sci. Tech.B 22, 31 (2004). 

 

[164] S.H. Sun, C.B. Murray, D. Weller, L. Folks, A. Moser, Science 287, 1989 

(2000). 

 

[165] G.J. Li, C. W. Leung, Z.Q. Lei, K.W. Lin, P.T. Lai, P.W.T. Pong, Thin Solid 

Films 519, 8307 (2011). 

 

[166] M. Albrecht, G. Hu, I.L. Guhr, T.C. Ulbrich, J. Boneberg, P. Leiderer, and G. 

Schatz, Nat. Mat. 4, 203 (2005). 

 

[167] E. Amaladass, B. Ludescher, G. Schutz, T. Tyliszczak, and T. Eimuller, Appl. 

Phys. Lett. 91, 172514 (2007). 

 

[168] D. Makarov, E. Bermudez-Urena, O.G. Schmidt, F. Liscio, M. Maret, C. 

Brombacher, S. Schulze, M. Hietschold, and M. Albrecht, Appl. Phys. Lett. 93, 

153112 (2008). 



186 

 

[169] C. M. Günther, O. Hellwig, A. Menzel, B. Pfau, F. Radu, D. Makarov, M. 

Albrecht, A. Goncharov, T. Schrefl, W.F. Schlotter, R. Rick, J. Lüning, and S. 

Eisebitt, Phys. Rev. B 81, 064411 (2010). 

 

[170] R. Micheletto, H. Fukuda, and M. Ohtsu, Langmuir 11, 3333 (1995). 

 

[171] R.K. Dumas, C.-P. Li, I.V. Roshchin, I.K. Schuller, and K. Liu, Phys. Rev. B 75, 

134405 (2007). 

 

[172] C.R. Pike, A.P. Roberts, and K.L Verosub, Jour. Appl. Phys. 85, 6660 (1999). 

 

[173] C.R. Pike, C.A. Ross, R.T. Scaletter, and G. Zimanyi, Phys. Rev. B 71, 134407 

(2005). 

 

[174] C.R. Pike, Phys. Rev. B 68, 104424 (2003). 

 

[175] R.K. Dumas, K. Liu, C.-P. Li, I.V. Roshchin, and I.K. Schuller, Appl. Phys. Lett. 

91, 202501 (2007). 

 

[176] H. Hoffmann and F. Steinbauer, Jour. Appl. Phys. 92, 5463 (2002). 

 

[177] J.G. Deak, IEEE Trans. Magn. 39, 2510 (2003). 

 

[178] R.I. Joseph, Jour. Appl. Phys. 37, 4639 (1966). 

 

[179]
 
E. Schlömann, Jour. Phys. Chem. Solids 6, 257 (1958). 

 

[180] E. Schlömann, Jour. Phys. Chem. Solids 6, 242 (1958). 

 

[181] R. Brandt, F. Ganss, T. Senn, M. Daniel, M. Albrecht, and H. Schmidt, Jour. 

Appl. Phys. 111, 053918 (2012).  

 

[182] R. Brandt, C. Brombacher, P. Krone, Y. Yahagi, D. Makarov, M. Albrecht, and 

H. Schmidt, “Magnetization dynamics of FePt alloy caps on isolated spherical 

particles”, 55th Annual Conference on Magnetism and Magnetic Materials, Atlanta, 

GA, November 14-18, (2010). 

 

[183] R. Brandt, P. Krone, D. Makarov, Z. Liu, Y. Yahagi, T. Strache, D. Ball, K. 

Lenz, J. Fassbender, M. Albrecht, and H. Schmidt, "Effect of Co+ Irradiation on the 

Magnetization Dynamics of CoCrPt Granular Media", IEEE 7th International 

Symposium on Metallic Multilayers, Berkeley, CA, September 19-24, (2010). 

 

 




