
 

 

 

 
 

INTERPLAY OF MAGNETIC ANISOTROPY AND MAGNETIZATION REVERSAL IN 

FERROMAGNETIC THIN FILMS FOR SPINTRONICS APPLICATIONS 

 

by 

SOUMALYA PAUL 

 

TIM MEWES, COMMITTEE CHAIR 

ARUNAVA GUPTA 
WILLIAM BUTLER 

GARY MANKEY 
PATRICK LECLAIR 

NOBUCHIKA OKADA 

  

 

A DISSERTATION 

 

Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy 

in the Department of Physics & Astronomy of 
The University of Alabama 

 

 

 

TUSCALOOSA, ALABAMA 

2016 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Soumalya Paul 2016 

ALL RIGHTS RESERVED 



 

 
 



 

ii 
 

 
 
 
 
 

ABSTRACT 
 
 

High spin-polarization in a magnetic material is essential for excellent performance of 

future spintronic devices and in that regard, half-metallic materials are promising candidates 

when incorporated into magnetoresistive devices such as magnetic tunnel junctions (MTJs) for 

spin transfer torque magnetic random access memory (STT-MRAM). As there is an increasing 

thrust toward device miniaturization and achieving faster switching times, it is likely that 

magnetic recording materials will be operating at higher frequencies and hence understanding the 

interplay between the magnetic anisotropy and the magnetization reversal process is of crucial 

importance both from technological and fundamental perspectives. Broadband ferromagnetic 

resonance (FMR) spectroscopy is an excellent tool to probe the dynamic magnetic properties of 

these half-metallic materials. Our investigation suggests that these low damping materials exhibit 

‘anisotropic magnetization relaxation’ due to misfit dislocation (in case of Heusler CoxFe3-xSi 

thin films) as well as the presence of ‘magnetostatic spin waves’ due to the long-range dipolar 

interaction (in case of rutile CrO2 thin films). Furthermore, vector magneto-optic Kerr effect 

(MOKE) magnetometry reveals that single crystal CrO2 thin films are magneto-optically 

anisotropic with two different refractive indices. The structural anisotropy of the tetragonal CrO2 

induces the magneto-optical anisotropy. On the other hand, changing the stoichiometry in 

epitaxial CoxFe3-xSi thin films results in the co-existence of the uniaxial magnetic anisotropy and 

the cubic magnetic anisotropy. The magnetization reversal processes are associated with the one-
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jump and two-jump reversal steps that depend critically on the competition between the uniaxial 

and cubic anisotropies present in these samples. 
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CHAPTER 1 

INTRODUCTION 

1.1 Magnetism in thin films 

Fundamental magnetic properties such as magnetic moment, magnetic anisotropy, Curie 

temperature of a magnetic material depend significantly on the local environment like symmetry, 

number, type and distance of an atom’s neighbors. In thin films a large number of atoms are 

situated either at or near the surface and hence these atoms have different surrounding atoms and 

local order in the crystal structure than they would have in the bulk material. These differences in 

geometrical surroundings and mechanical strain alter the magnetic properties of individual atoms 

and due to the long-range order, the magnetic properties of the thin film as a whole. 

1.2 Magnetization reversal 

Magnetization reversal is typically interpreted by measuring the hysteresis loop which plays a 

very crucial role in elucidating the magnetic behavior of ultrathin film structures by providing 

useful information on properties like coercivity (Hc), remanence (MR), saturation field (Hsat). If a 

system is magnetized to the saturation magnetization Ms by an external applied field, then by 

reducing the field to zero, the magnetization reduces to the remanent magnetization MR. An 

applied field equal to the coercive field Hc is required to flip the magnetization into the opposite 

direction and to bring the magnetization to zero from remanence, whereas the saturation field 

Hsat is equal to the applied field at which the magnetization reaches its saturation value Ms. The 
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magnetization reversal process in thin films can occur either via coherent rotation and/or via 

domain wall motion.  

 
Fig. 1.1 A typical hysteresis loop of a ferromagnetic material 

If a ferromagnet is magnetized, with the increase of applied field from zero, domain wall motion 

starts to take place. In this process, domains that are aligned favorably with the magnetic field 

will grow at the expense of ones that are unfavorably aligned. When the applied field is small, 

the domain walls move through small distances and return to their original positions on removal 

of the field - which are termed reversible displacements and correspond to the initial curved part 

of the magnetization curve. As soon as the field is removed the wall returns to its original 

position and this reversible process is called ‘domain-wall relaxation’. The irreversible process 

starts when the domain wall is sufficiently deformed and the expansion continues without further 

increase of field. The domain wall bending that begins as reversible can also become irreversible 
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if during this process the wall encounters further pinning sites which prevent it relaxing once the 

field is removed. At intermediate to high applied field ranges, an irreversible mechanism can 

occur, namely, ‘domain rotation’ in which the magnetization can suddenly rotate away from the 

original direction of magnetization to the crystallographic easy axis which is nearest to the field 

direction. The final step at highest applied fields is coherent rotation of the domains to a 

direction aligned with the magnetic field, irrespective of the easy and hard axis. The 

magnetization of a ferromagnet also changes by a series of discontinuous steps due to domain 

boundary motion, so that very small steps are sometimes seen on the magnetization curves. This 

is known as the ‘Barkhausen effect’. Because of a finite average activation energy, the wall 

proceeds in so-called Barkhausen jumps from local minimum to local minimum of the domain-

wall potential1. 

1.3 Magnetic anisotropy 

Magnetic anisotropy is the dependence of the internal energy on the direction of the 

magnetization. It plays a critical role in controlling many of the useful properties of 

ferromagnetic thin films. The process of magnetization reversal is sensitive to the overall 

anisotropy and orientation of the applied field with respect to the crystallographic axes2,3,4. Two 

major microscopic interactions that govern the energetic difference between the easy and hard 

axes are – (a) spin-orbit interaction and (b) long-range dipolar coupling. While spin-orbit 

coupling is the reason for magnetocrystalline anisotropy, surface anisotropy and magnetoelastic 

anisotropy; shape anisotropy originates from the dipolar interaction that forces the magnetization 

of a homogeneously magnetized and magnetically isotropic film to lie in plane. In bulk samples, 

magneto-crystalline and magneto-static energies are the main sources of anisotropy whereas in 
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thin films shape and surface anisotropies play significant role in addition to the usual 

anisotropies. 

1.3.1 Magnetocrystalline anisotropy 

The origin of magnetocrystalline anisotropy in 3d transition metals is the spin-orbit coupling. 

Magnetization in these materials arises from itinerant electrons and therefore, the magneto-

crystalline anisotropy can only be treated efficiently by using band structure calculations5. 

Phenomenologically, the magnetocrystalline anisotropy contribution to the free energy density 

can be expressed as a power series expansion of the direction cosines 𝛼𝛼𝑖𝑖 =  𝑀𝑀𝑖𝑖
|𝑴𝑴|  of the 

magnetization along the three co-ordinate axes6,7. So for crystals with cubic symmetry, the free 

energy density can be expressed as 

𝐸𝐸𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐 =  𝐾𝐾𝑐𝑐1�𝛼𝛼𝑥𝑥2𝛼𝛼𝑦𝑦2 +  𝛼𝛼𝑦𝑦2𝛼𝛼𝑧𝑧2 +  𝛼𝛼𝑧𝑧2𝛼𝛼𝑥𝑥2� + 𝐾𝐾𝑐𝑐2𝛼𝛼𝑥𝑥2𝛼𝛼𝑦𝑦2𝛼𝛼𝑧𝑧 
2 + ⋯                                                   (1.1)                       

where  𝐾𝐾𝑐𝑐1 and 𝐾𝐾𝑐𝑐2 are cubic anisotropy constants; 𝛼𝛼𝑥𝑥 = 𝑠𝑠𝑖𝑖𝑛𝑛 𝜃𝜃 𝑐𝑐𝑐𝑐𝑠𝑠 𝜑𝜑 , 𝛼𝛼𝑥𝑥 = 𝑠𝑠𝑖𝑖𝑛𝑛 𝜃𝜃 𝑠𝑠𝑖𝑖𝑛𝑛 𝜑𝜑  and 

𝛼𝛼𝑥𝑥 = 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃, θ is the angle between the magnetization and the Z-axis and φ is the azimuthal angle 

with respect to the X-axis. 

Another common form of magnetocrystalline anisotropy is uniaxial anisotropy which is the case 

for a crystal with hexagonal symmetry where the energy density can be expressed as 

𝐸𝐸𝑎𝑎𝑐𝑐𝑛𝑛𝑖𝑖𝑎𝑎𝑥𝑥𝑖𝑖𝑎𝑎𝑢𝑢 =  𝐾𝐾𝑐𝑐1 𝑠𝑠𝑖𝑖𝑛𝑛2𝜃𝜃 +  𝐾𝐾𝑐𝑐2 𝑠𝑠𝑖𝑖𝑛𝑛4𝜃𝜃 + ⋯                                                                                (1.2) 

where 𝐾𝐾𝑐𝑐1 and 𝐾𝐾𝑐𝑐2 are the first order and second order uniaxial anisotropy constants 

respectively; θ is the angle between the magnetization and the Z-axis. 
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1.3.2 Shape anisotropy 

Shape anisotropy originates from the long-ranged dipole-dipole interaction, that results in a 

demagnetizing field (Hd) which can be described (neglecting the discrete nature of the matter) 

as8,  

𝑯𝑯𝑑𝑑 =  −𝑁𝑁𝑴𝑴                                                                                                                               (1.3) 

where M is the magnetization vector and 𝑁𝑁 is the shape-dependent demagnetizing tensor, 

𝑁𝑁 = �
𝑁𝑁𝑥𝑥𝑥𝑥 0 0

0 𝑁𝑁𝑦𝑦𝑦𝑦 0
0 0 𝑁𝑁𝑧𝑧𝑧𝑧

�                                                                                                            (1.4)    

In case of an isotropic sample (spherical shape where, Nxx = Nyy = Nzz = 4π/3) there is no shape 

anisotropy as the sample is uniformly magnetized but for a thin film, there will always be a 

preferential direction of magnetization along a long axis than along a short axis. As the induced 

poles are farther apart along the long direction, the demagnetization field is weaker along the 

long axis than along the short axis. The energy density due to shape anisotropy for a uniform 

magnetized ellipsoid can be written as9 

𝐸𝐸𝑎𝑎
𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎 =  2𝜋𝜋𝑀𝑀𝑠𝑠

2(𝑁𝑁𝑥𝑥𝑥𝑥𝛼𝛼𝑥𝑥2 + 𝑁𝑁𝑦𝑦𝑦𝑦 𝛼𝛼𝑦𝑦2 + 𝑁𝑁𝑧𝑧𝑧𝑧𝛼𝛼𝑧𝑧2)                                                                            (1.5) 

where Ms is the saturation magnetization, αi s are direction cosines of the magnetization and Nxx, 

Nyy and Nzz are the demagnetization factors with respect to the X, Y and Z axes respectively and 

they abide by the relation Nxx + Nyy + Nzz = 4π. Typically, for a thin film Nxx = Nyy = 0 and Nzz = 

4π. However, in the ultrathin regime (when the layer thickness is reduced to only a few 

monolayers) the film should not be considered as a magnetic continuum, rather has to be treated 

as a collection of discrete magnetic dipoles on a regular lattice10,11. Consequently, the average 
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dipolar anisotropy can be phenomenologically expressed by a volume and an interface 

contribution, however, this interface contribution of dipolar origin is of minor importance as 

compared to the spin-orbit induced effects12. Roughness of the surface or interface also has 

significant contribution to the effective dipolar anisotropy13. 

1.3.3 Surface anisotropy 

As the thickness of ferromagnetic films is reduced to several atomic layers, the magnetic 

anisotropy differs significantly from its bulk counterpart14. The symmetry environment of atoms 

is different at the surface of a magnetic material than that at the bulk, and this breaking of 

symmetry and the reduction in nearest neighbor co-ordination is the source of surface anisotropy. 

In thin films, this change in symmetry has a significant impact on the overall magnetic 

anisotropy because with decreasing thickness the magnetic contribution from the surface will 

become more crucial than those from the bulk of the sample and hence, surface anisotropy 

energy will dominate over magneto-crystalline anisotropy and magneto-static energies. In 

ferromagnetic thin film, this results in a uniaxial perpendicular anisotropy that can be written 

as15,16  

𝐸𝐸𝑎𝑎
𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑎𝑎𝑐𝑐𝑎𝑎 =  𝐾𝐾𝑎𝑎𝑠𝑠𝑠𝑠 𝑠𝑠𝑖𝑖𝑛𝑛2𝜃𝜃                                                                                                              (1.6) 

where θ is the angle between the magnetization and the Z axis and Keff is the effective anisotropy 

constant. As the magnitude of Keff going from ultrathin films to thick films has inverse 

dependence on thickness t, it is attributed to the two film surfaces. Hence Keff can be expressed 

as8,13,14,17  

𝐾𝐾𝑎𝑎𝑠𝑠𝑠𝑠 =  2𝐾𝐾𝑠𝑠
𝑡𝑡

+ 𝐾𝐾𝑣𝑣                                                                                                                        (1.7) 
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where Ks is the surface or interface anisotropy constant and has the dimension of energy per area, 

Kv is responsible for the bulk anisotropy and includes the shape and crystalline contributions. 

The influence of the surfaces or interfaces has been found significant enough to change the 

preferential orientation of the magnetization from in the plane of the film to perpendicular to the 

film18. Several factors could be held responsible for the physical origin of this surface magnetic 

anisotropy in thin films. While some studies claimed the lack of neighboring atoms in the 

surface19,20,21, some argued lattice mismatch22 or the roughness of the film13,23 are the possible 

reasons for this surface or interface anisotropy.  

1.3.4 Magnetoelastic anisotropy 

Strain in ferromagnetic thin films can change the magnetocrystalline anisotropy and hence alters 

the direction of magnetization. The energy per unit volume associated with the strain anisotropy, 

for an elastically isotropic medium with isotropic magnetostriction can be written as8 

𝐸𝐸𝑎𝑎𝑠𝑠𝑡𝑡𝑠𝑠𝑎𝑎𝑖𝑖𝑛𝑛 =  − 3
2

 𝜉𝜉𝜉𝜉 𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃                                                                                                            (1.8) 

where σ is the stress that is related to strain, ξ is the magnetostriction constant and θ is the angle 

between the direction of magnetization and the direction of uniform stress (say Z axis). 

There are various sources that can induce strain in thin films. For example, thermal strain which 

is a result of the differences in thermal expansion coefficients, intrinsic strain that depends on the 

type of the deposition process and finally, the strain due to mismatch of lattice parameters 

between two adjacent layers or between the substrate and the magnetic layers. 
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1.4 Magneto-optic Kerr effect 

Since its discovery by John Kerr24
 in 1877 the magneto-optic Kerr effect (MOKE) magnetometry 

has proven to be a powerful technique for the characterization of ferromagnetic samples. 

Because of its ease in implementation, high sensitivity, high signal to noise ratio and its 

capability to probe the magnetization in small regions25
 of the sample MOKE is used widely for 

surface and ultrathin film analysis. This technique not only allows one to quantify magnetic 

properties such as coercivity, remanence, saturation field or anisotropy field but also gives the 

advantage to obtain information about the optical and magneto-optical properties of the material. 

Often times, a precise knowledge of the material’s refractive index and the magneto-optic 

coupling parameters is desirable for the comparison of samples that are different with respect to 

substrates, ferromagnetic layer thickness or capping layers26,27. The effect is based on the 

observation that, when incident linearly polarized light is reflected off the surface of a 

magnetized sample it becomes elliptically polarized with its major axis rotated with respect to 

the incident polarization. Certain factors on which MOKE is dependent are the angle of 

incidence of light, the state of polarization (s or p polarized), magnetization direction with 

respect to both the sample surface and the plane of incidence. The angle of Kerr rotation (θk) and 

the amount of Kerr ellipticity (εk) depend on the type of the material and the wavelength of the 

light. Thus, by analyzing the reflected light as a function of the applied field the magnetization 

reversal process can be investigated. 

Based on the geometry being employed, MOKE can be classified into three categories: 

(a) In longitudinal MOKE (LMOKE) configuration, the magnetization lies in the plane of the 

sample surface and is parallel to the plane of incident light (Fig. 1.2 (a)) 



 

9 
 

(b) In transverse MOKE (TMOKE) configuration, the magnetization lies in the plane of the 

sample surface but is oriented perpendicular to the plane of incident light (Fig. 1.2 (b)) 

(c) In polar MOKE (PMOKE) configuration, the magnetization is oriented perpendicular to 

the sample surface but is parallel to the plane of incident light (Fig. 1.2 (c)) 

 

Fig. 1.2 Different types of geometries used for MOKE measurements. 

In principle, the Kerr effect could occur for any arbitrary direction of magnetization within the 

sample and classification of these three geometries helps to simplify the understanding of the 

phenomena. The longitudinal and transverse Kerr effects are generally used to study the samples 

with in-plane anisotropy whereas polar geometry is used to investigate sample with out-of-plane 

anisotropy. 

One aspect that complicates the analysis of MOKE data is the so called quadratic MOKE 

(QMOKE) which can cause asymmetry in hysteresis loops28,29. Magneto-optic effects originate 

from the spin-orbit interaction28
 and are frequently treated by considering only the first order 

contribution of MOKE, i.e., the contributions linearly proportional to the sample magnetization 

and hence the hysteresis loops are symmetric. However, as first observed by Postava et al.29; 

Osgood et al.28, there is often an asymmetric contribution to the hysteresis loops exhibiting an 

even dependence on the applied magnetic field. In MOKE magnetometry, one cannot measure 
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magnetization directly, rather it is the Kerr rotation that depends on the magnetization30,31 and 

can be expressed as 

𝜃𝜃𝑘𝑘 = 𝐾𝐾𝑚𝑚𝑢𝑢 + 𝐺𝐺𝑚𝑚𝑢𝑢𝑚𝑚𝑡𝑡                                                                                                                   (1.9) 

where K is the linear and G is the quadratic magneto-optic coupling parameters and  𝑚𝑚𝑢𝑢 =  𝑀𝑀𝑥𝑥
|𝑴𝑴|   

and  𝑚𝑚𝑡𝑡 =  𝑀𝑀𝑦𝑦

|𝑴𝑴|  are dimensionless components of the in plane magnetization along the 

longitudinal and transverse axes respectively28,32. Osgood et al.28 originally argued that the 

QMOKE signal is related only to the second order term 𝑚𝑚𝑢𝑢𝑚𝑚𝑡𝑡  and hence concluded that 

QMOKE loops may only be visible for systems where the magnetization reversal takes place via 

coherent rotation of magnetization. But later on, it was shown that the QMOKE signal is 

proportional to two mixed terms 𝑚𝑚𝑢𝑢𝑚𝑚𝑡𝑡  and (𝑚𝑚𝑢𝑢
2 −𝑚𝑚𝑡𝑡

2)32F

33,34 and therefore, it may also appear in 

systems where magnetization reversal occurs by nucleation and growth of magnetic domains. 

The phenomenological approach to describe magneto-optic effects is to use the dielectric tensor 

theory35,36,37. Plane-polarized light can be thought of as a superposition of two circular 

components, left and right circularly polarized light that travel with different velocities (and 

hence different refractive indices) in the magnetic medium. Upon reflecting off a magnetic 

surface, the reflected light consists of a regular plane-polarized component and a small 

component polarized perpendicular to the regular component. These two components together 

make the reflected light elliptically polarized. In the dielectric tensor theory the electric 

displacement vector, 𝑫𝑫 =  𝜖𝜖𝑬𝑬, where 𝜖𝜖  is the complex permittivity tensor, 𝑬𝑬  is the electric field 

and considering linear magneto-optical effects with the magnetization in the plane of the film 𝜖𝜖 

can be expressed as38,39: 
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𝜖𝜖 =  𝜖𝜖0 �
1 0 −𝑖𝑖𝑄𝑄𝑦𝑦
0 1 𝑖𝑖𝑄𝑄𝑥𝑥
𝑖𝑖𝑄𝑄𝑦𝑦 −𝑖𝑖𝑄𝑄𝑥𝑥 1

�                                                                                                (1.10) 

where Q is the magneto-optical constant, also known as Voigt constant35. For non-magnetic 

medium Q = 0 40. The regular dielectric constant 𝜖𝜖0 is a complex number and the imaginary part 

corresponds to the absorption coefficient. Using the above dielectric tensor if one solves the 

Maxwell equations41 the amplitude reflection coefficients can be represented in the magneto-

optical Fresnel scattering matrix, 

𝕽𝕽 =  �
𝑠𝑠𝑎𝑎𝑎𝑎 𝑠𝑠𝑎𝑎𝑠𝑠
𝑠𝑠𝑠𝑠𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠 �                                                                                                                       (1.11) 

The above matrix relates the p- and s-polarized components of the incoming light to the 

corresponding components of the reflected light. The coefficients rij are the ratio of the incident j 

polarized and reflected i polarized electric fields.  

  

Fig. 1.3 Schematic diagram of the Fresnel reflection phenomenon in an ultrathin film of thickness t. Here, 
medium 0 and medium 2 are nonmagnetic and medium 1 is magnetic layer with arbitrary magnetization 
direction. 
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For the ultrathin magnetic film, multiple reflections have to be taken into consideration. As 

shown in Fig. 1.3 a light beam (E0) travels from medium 0 to medium 2 through a magnetic 

medium 1 of thickness t, and in the ultrathin film limit assuming the magnetic layer satisfies the 

following condition: 2𝜋𝜋|𝜂𝜂1|𝑡𝑡 ≪ 𝜆𝜆 , one can write the expression for rij as follows:  

𝑠𝑠𝑎𝑎𝑎𝑎 =  𝜂𝜂2 cos 𝜗𝜗0− 𝜂𝜂0 cos 𝜗𝜗2
𝜂𝜂2 cos 𝜗𝜗0+𝜂𝜂0 cos 𝜗𝜗2

+ 4𝜋𝜋𝑖𝑖𝜂𝜂0𝑡𝑡 cos 𝜗𝜗0(𝜂𝜂2
2cos 2𝜗𝜗1− 𝜂𝜂1

2cos 2𝜗𝜗2) 
𝜆𝜆(𝜂𝜂0 cos 𝜗𝜗2+𝜂𝜂2 cos 𝜗𝜗0)2                                                        (1.12) 

𝑠𝑠𝑎𝑎𝑠𝑠 =  4𝜋𝜋𝜂𝜂0𝜂𝜂1𝑄𝑄𝑡𝑡 cos 𝜗𝜗0(𝑚𝑚𝑧𝑧𝜂𝜂1 cos 𝜗𝜗2−𝑚𝑚𝑦𝑦𝜂𝜂2 sin 𝜗𝜗1) 
𝜆𝜆(𝜂𝜂0 cos 𝜗𝜗0+𝜂𝜂2 cos 𝜗𝜗2)(𝜂𝜂0 cos 𝜗𝜗2+𝜂𝜂2 cos 𝜗𝜗0)

                                                                            (1.13) 

𝑠𝑠𝑠𝑠𝑎𝑎 =  4𝜋𝜋𝜂𝜂0𝜂𝜂1𝑄𝑄𝑡𝑡 cos 𝜗𝜗0(𝑚𝑚𝑧𝑧𝜂𝜂1 cos 𝜗𝜗2+𝑚𝑚𝑦𝑦𝜂𝜂2 sin 𝜗𝜗1) 
𝜆𝜆(𝜂𝜂0 cos 𝜗𝜗0+𝜂𝜂2 cos 𝜗𝜗2)(𝜂𝜂0 cos 𝜗𝜗2+𝜂𝜂2 cos 𝜗𝜗0)

                                                                            (1.14) 

𝑠𝑠𝑠𝑠𝑠𝑠 =  𝜂𝜂0 cos 𝜗𝜗0− 𝜂𝜂2 cos 𝜗𝜗2
𝜂𝜂0 cos 𝜗𝜗0+𝜂𝜂2 cos 𝜗𝜗2

+ 4𝜋𝜋𝑖𝑖𝜂𝜂0𝑡𝑡 cos 𝜗𝜗0(𝜂𝜂1
2cos 2𝜗𝜗1− 𝜂𝜂2

2cos 2𝜗𝜗2) 
𝜆𝜆(𝜂𝜂0 cos 𝜗𝜗2+𝜂𝜂2 cos 𝜗𝜗0)2                                                         (1.15) 

Here, 𝜂𝜂0, 𝜂𝜂1, 𝜂𝜂2 are refractive indices and 𝜗𝜗0, 𝜗𝜗1, 𝜗𝜗2 are incident and refraction angles of the 

medium 0, medium 1 and medium 2 respectively. mi are the dimensionless components of M and 

λ is the wavelength of incident light beam.  

The complex Kerr angle (Θk) that contains information about both θk and εk can be defined as 

follows: 

Θ𝑘𝑘
𝑎𝑎 =  𝜃𝜃𝑘𝑘

𝑎𝑎 +  𝑖𝑖𝜀𝜀𝑘𝑘
𝑎𝑎 =  𝑠𝑠𝑠𝑠𝑎𝑎

𝑠𝑠𝑎𝑎𝑎𝑎
                                                                                                             (1.16) 

Θ𝑘𝑘𝑠𝑠 =  𝜃𝜃𝑘𝑘𝑠𝑠 +  𝑖𝑖𝜀𝜀𝑘𝑘𝑠𝑠 =  𝑠𝑠𝑎𝑎𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠

                                                                                                              (1.17) 

where the superscripts denote the state (p or s) of polarization of the incoming light. In general, 

up to certain critical thickness (skin depth of the material) the magnitude of complex Kerr angle 
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is a linear function of the thickness of the ferromagnetic layer, but if the film layer is thicker than 

the critical thickness then the Kerr signal is independent of the film thickness26,34,42,43,44. 

In a generalized way, the complex permittivity tensor can be expressed as45,46: 

𝜖𝜖𝑖𝑖𝑖𝑖 =  𝜖𝜖𝑖𝑖𝑖𝑖
(0) + 𝜖𝜖𝑖𝑖𝑖𝑖

(1) + 𝜖𝜖𝑖𝑖𝑖𝑖
(2) + ⋯                                                                                                   (1.18) 

with 𝜖𝜖𝑖𝑖𝑖𝑖
(0): non-magnetic term; 𝜖𝜖𝑖𝑖𝑖𝑖

(1): term linear in magnetization and 𝜖𝜖𝑖𝑖𝑖𝑖
(2): term quadratic in 

magnetization which can be re-written as,  

𝜖𝜖𝑖𝑖𝑖𝑖 =  𝜖𝜖𝑖𝑖𝑖𝑖
(0) +  𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘 𝑚𝑚𝑘𝑘 +  𝐺𝐺𝑖𝑖𝑖𝑖𝑘𝑘𝑢𝑢 𝑚𝑚𝑘𝑘𝑚𝑚𝑢𝑢 + ⋯                                                                                (1.19) 

where mi are the dimensionless components of M. Here the non-magnetic part 𝜖𝜖𝑖𝑖𝑖𝑖
(0) =  𝜂𝜂2, where 

η is the complex refractive index of the magnetic medium. In the second term 𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘  are the 

components of the linear magneto-optic tensor and in the third term 𝐺𝐺𝑖𝑖𝑖𝑖𝑘𝑘𝑢𝑢  are the components of 

the quadratic magneto-optic tensor47. One can reduce the number of independent components of 

these tensors by using Onsager relation: 

𝜖𝜖𝑖𝑖𝑖𝑖 (𝑴𝑴) =  𝜖𝜖𝑖𝑖𝑖𝑖 (− 𝑴𝑴)                                                                                                                 (1.20) 

which can also be expressed in the form of general symmetry arguments45: 

𝜖𝜖𝑖𝑖𝑖𝑖
(0) =  𝜖𝜖𝑖𝑖𝑖𝑖

(0)                                                                                                                               (1.21) 

For the permittivity tensor components linear in mk 

𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘 𝑚𝑚𝑘𝑘 =  − 𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘 𝑚𝑚𝑘𝑘                                                                                                                 (1.22) 
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or 

𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘 =  0 and 𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘 =  −𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘                                                                                                      (1.23) 

And for the permittivity tensor components proportional to mkml  

𝐺𝐺𝑖𝑖𝑖𝑖𝑘𝑘𝑢𝑢 𝑚𝑚𝑘𝑘𝑚𝑚𝑢𝑢 =  𝐺𝐺𝑖𝑖𝑖𝑖𝑘𝑘𝑢𝑢 (−𝑚𝑚𝑘𝑘)(−𝑚𝑚𝑢𝑢)                                                                                            (1.24) 

from which it follows 

𝐺𝐺𝑖𝑖𝑖𝑖𝑘𝑘𝑢𝑢 =  𝐺𝐺𝑖𝑖𝑖𝑖𝑘𝑘𝑢𝑢 =  𝐺𝐺𝑖𝑖𝑖𝑖𝑢𝑢𝑘𝑘 =  𝐺𝐺𝑖𝑖𝑖𝑖𝑢𝑢𝑘𝑘                                                                                                  (1.25) 

Typically, ferromagnetic materials studied so far are treated as magneto-optically ‘isotropic’, but 

there are certain materials that are magneto-optically ‘anisotropic’48,49,50,51. Anisotropy in Kerr 

effect arises from the spin-orbit coupling and is generally expected in systems with low 

symmetry48. If the ferromagnetic layer has cubic symmetry26,29,33,34, the linear magneto-optic 

coupling parameter 𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘  is independent of the sample orientation with only one refractive index 

η 46 and hence magneto-optically isotropic. On the other hand, a ferromagnetic layer with 

tetragonal or hexagonal crystal symmetry should, in principle, depict birefringence and the linear 

magneto-optic coupling parameter 𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘  is anisotropic46,52.  

1.5 Ferromagnetic resonance 

The first discovery of resonant absorption of high frequency radiation by ferromagnetic materials 

was done by Arkad’yev53 in 1912. Later on in 1923 Dorfmann54 came up with a qualitative 

explanation of the results obtained by Arkad’yev suggesting that the optical transition due to 

Zeeman splitting could shed light on the study of ferromagnetic structure. But the first 

experimental observation of so called ferromagnetic resonance (FMR) was made by Griffiths. He 
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applied a variable magnetic field across a microwave cavity which had ferromagnetic material 

electroplated on the one end wall and measured variation of the quality factor of the cavity55. A 

year later, Kittel proposed a solid theoretical interpretation of this resonance phenomenon56. In 

FMR, a DC magnetic field and an AC microwave field is applied orthogonal to each other and 

the magnetic moment of a sample precesses around the direction of the effective magnetic field 

Heff at the Larmor frequency. The energy of the small microwave field is absorbed by the sample 

when the resonance condition is satisfied i.e., when the microwave frequency coincides with the 

precession frequency. 

The dynamics of the magnetization around its equilibrium position can be described by the 

Landau-Lifshitz-Gilbert (LLG) equation of motion57,58,59,60: 

𝜕𝜕𝑀𝑀��⃗

𝜕𝜕𝑡𝑡
=  −𝛾𝛾�𝑀𝑀��⃗  ×  𝐻𝐻��⃗ 𝑎𝑎𝑠𝑠𝑠𝑠 � +  𝛼𝛼

𝑀𝑀𝑠𝑠
 (𝑀𝑀��⃗  ×  𝜕𝜕𝑀𝑀

��⃗

𝜕𝜕𝑡𝑡
)                                                                                (1.26) 

where γ is the gyromagnetic ratio; Heff is the effective field that includes externally applied DC 

field, radiofrequency microwave field, anisotropy fields, demagnetizing fields and the fields due 

to exchange interaction; α is the effective damping parameter. The first term is responsible for 

the precessional motion of the magnetization whereas the second term, which was first 

introduced by Gilbert58, leads to relaxation of the magnetization. 

The uniform FMR mode frequency (ω) for an ellipsoid of revolution magnetized along one of its 

axis (say Z direction) is given by the Kittel equation61: 

�𝜔𝜔
𝛾𝛾
�

2
=  [𝐻𝐻𝑠𝑠𝑎𝑎𝑠𝑠 +  (𝑁𝑁𝑥𝑥𝑥𝑥 −  𝑁𝑁𝑧𝑧𝑧𝑧)𝑀𝑀𝑠𝑠] �𝐻𝐻𝑠𝑠𝑎𝑎𝑠𝑠 + �𝑁𝑁𝑦𝑦𝑦𝑦 −  𝑁𝑁𝑧𝑧𝑧𝑧 �𝑀𝑀𝑠𝑠�                                               (1.27) 

where Nxx, Nyy and Nzz are the demagnetizing factors along the axes of the ellipsoid, Hres is the 

resonance field and Ms is the saturation magnetization of the sample. 
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In case of a thin film magnetized in its plane, Nyy = Nzz = 0 and Nxx = 4π and the above formula 

reduces to62 

�𝜔𝜔
𝛾𝛾
�

2
=   𝐻𝐻𝑠𝑠𝑎𝑎𝑠𝑠 [𝐻𝐻𝑠𝑠𝑎𝑎𝑠𝑠 +  4𝜋𝜋𝑀𝑀𝑠𝑠]                                                                                                  (1.28) 

and for the case of a film magnetized perpendicular to its plane, Nzz = 4π one gets 

�𝜔𝜔
𝛾𝛾
� =   [𝐻𝐻𝑠𝑠𝑎𝑎𝑠𝑠 −  4𝜋𝜋𝑀𝑀𝑠𝑠]                                                                                                           (1.29) 

In a typical FMR measurement, the microwave frequency is kept constant while the magnetic 

field is swept through resonance11. The damping term in LLG equation of motion leads to a finite 

width of the resonance absorption which is characterized by the FMR peak-to-peak linewidth 

(ΔH), i.e. the field width between the two inflection points of the resonance curve. Using Suhl’s 

formula63 that assumes a Lorentzian-like linewidth (as shown later in Fig. 2.10) between the 

points of half-maximum absorption on either side of resonance, one can obtain an approximate 

expression for the FMR linewidth which is proportional to the resonance frequency64,65,66,67,68 

∆𝐻𝐻 ≈  2
√3

 𝛼𝛼
𝛾𝛾

 𝜔𝜔
cos 𝛽𝛽

                                                                                                                       (1.30) 

where β is the angle between the magnetization and the external magnetic field. Hence, for a 

non-zero cos β value i.e., when external magnetic field is not applied along the symmetry axes 

(easy or hard direction) of magnetization, ΔH is enhanced – an effect also known as field 

dragging67. On the other hand, if the magnetization vector is aligned along one of the symmetry 

axes, then the angle β = 0 for sufficiently large external fields69 and the dragging effect vanishes, 

resulting in 
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∆𝐻𝐻 ≈  2
√3

 𝛼𝛼
𝛾𝛾
𝜔𝜔                                                                                                                            (1.31) 

Often times this relationship is misinterpreted and one tends to extract damping constant just by 

measuring linewidth at one particular frequency. A wiser way to tackle that would be to first 

verify that the linewidth is indeed a linear function of the microwave frequency. A useful 

modification to the above expression is to add a frequency independent offset ΔH0
64,65 

∆𝐻𝐻 =  ∆𝐻𝐻0 +  2
√3

𝛼𝛼
𝛾𝛾
𝜔𝜔                                                                                                                (1.32) 

where the zero frequency offset indicates the contribution to the resonance linewidth due to 

sample inhomogeneities. In ferromagnetic materials, intrinsic damping is caused by spin-orbit 

interaction and a phenomenological description of relaxation of the magnetization is given by the 

Gilbert damping torque59,70. Even though this phenomenological explanation has been quite 

satisfactory in describing the magnetization dynamics, its physical origin is still a subject of 

active investigation. There are variety of possibilities (both intrinsic and extrinsic) that could 

give rise to a term proportional to the vector product of the magnetization and its time derivative. 

Intrinsic contributions are inherent material properties and cannot be tailored externally, but 

extrinsic contributions can be artificially induced, e.g., by defects or misfit dislocations71, control 

of film thickness72,73, addition of non-magnetic elements74 and doping with rare earth 

elements75,76. Damping phenomena resulting from contributions like magnon-electron scattering, 

magnon-phonon scattering, eddy current and spin pumping effects are relatively weak77,78,79. 

Amidst all extrinsic relaxation mechanisms, two-magnon scattering is the most prominent 

contribution which was known for bulk materials80 and was later observed in thin films81. The 

two-magnon scattering manifests itself in a broadening of the FMR linewidth and therefore gives 

rise to a non-linear characteristic in the linewidth vs. frequency plot. At high enough frequencies, 
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the two-magnon scattering reaches to saturation value71 while the intrinsic linewidth maintains a 

linear trend described by the Gilbert model59. In FMR, the two-magnon scattering process 

introduces non-linearities by scattering energy from the exited uniform precession mode with 

wave vector k = 0 into degenerate spin wave states with non-zero wave vectors parallel to the 

film surface k|| ≠ 0. Hence, for two-magnon scattering to be evident, higher order degenerate spin 

waves with finite wave vector are needed as well as inhomogeneities that act as scattering 

centers. It is suggestive to consider the spin wave dispersion for a thin film with (a) the field 

applied parallel to the film plane and (b) the field applied perpendicular to the film plane82. 

One of the interesting aspects of magnetization dynamics is to understand the notion of spin 

waves which are eigen-excitations in ferromagnetic media and represent collective precessional 

motion of spins coupled by either short-range exchange interaction and/or long-range dipolar 

(demagnetization) interaction in a magnetic medium. These eigen modes depend on the shape of 

the sample, external magnetic field and material parameters. The fundamental mode of uniform 

precession can be considered as a spin wave with an infinite wavelength, often times confined 

geometries support excitation of higher order spin wave modes across the direction of 

confinement83. When the exchange interaction is much larger than the demagnetization energy 

the modes are called ‘exchange spin waves’. On the other hand, the long-wavelength modes (i.e., 

k <104 cm-1) with negligible exchange energy originate due to the demagnetization energy are 

called ‘magnetostatic spin waves’ (MSW)84,85,86.  
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Fig. 1.4 Schematic diagram of the typology of magnetostatic spin waves in a ferromagnetic film depending on 
the relative orientation between the saturation magnetization Ms and the in-plane wave vector k. 

For higher values of wave vectors (i.e., k <106 cm-1), where the exchange and demagnetization 

energies are comparable, one considers dipole-exchange spin waves87. Due to the anisotropic 

properties of dipolar interaction, the frequency of an MSW depends on the relative orientations 

of its wave vector k and the static magnetization vector Ms
88. These magnetostatic modes depend 

on the shape of the sample, but not its size89. Depending on the different orientations between the 

in-plane wave vector k and Ms, there are three different types of MSW topology can be observed 

9as shown in Fig. 1.4. If both k and Ms are in the plane of the film, and if k is perpendicular to 

Ms, the ‘surface magnetostatic spin wave’ (SMSW) mode exists (Fig. 1.4 (a)). On the other hand, 

if k and Ms is parallel to each other in the film plane, ‘backward volume magnetosatic spin wave’ 

(BVMSW) mode is observed (Fig. 1.4 (b)). Lastly, if Ms is normal to the film plane (Fig. 1.4 

(c)), the existing mode is called ‘forward volume magnetostatic spin wave’ (FVMSW)86.   
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

 
2.1 Chemical vapor deposition 

Chemical vapor deposition (CVD) is a process of thin film preparation in which a volatile 

compound reacts with one or more gases to produce a non-volatile compound that is deposited 

on a substrate. Unlike other deposition techniques such as physical vapor deposition (PVD) or 

Magnetron sputtering, there is no target involved and hence no directional dependence of 

deposition. There is no necessity of ultra-high vacuum or of the application of high electric 

potential in CVD. The chemical reaction in CVD can be activated thermally, by plasma or by 

photons of particular wavelength. In CVD film growth is conformal and that is why this 

technique is very efficient and popular in semiconductor industries for growing high quality 

films. 

 

Fig. 2.1 Schematic diagram of CVD system at the MINT Center in UA 

The CVD system that is used to grow CrO2 films at the MINT Center in the University of 

Alabama (UA), consists of two chambers maintained at two different temperatures. In this 

system the chemical reaction is thermally activated according to the method by Ishibashi et al90. 

Here, a precursor (CrO3 powder) is kept in the source zone at 260°C and TiO2 substrate is kept in 
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the growth zone at 400°C. A reacting gas such as oxygen flowing at 50 sccm (standard cubic 

centimeter per minute) at atmospheric pressure carries the precursor and it thermally decomposes 

on the TiO2 substrate to give CrO2 films. In this process, the precursor temperature, substrate 

temperature, deposition time and oxygen flow rate are the control parameters for the preparation 

of good quality CrO2 thin films. 

2.2 X-ray diffraction and reflection 

X-rays are electromagnetic radiation with photon energy range 100 eV-100 keV (wavelength 1 

nm – 100 nm). Because the X-ray wavelengths are comparable to atomic length scales, they are 

used widely to study structural properties of matter. X-ray penetration depth is reasonably high 

and hence the structural properties of both thin films and bulk materials can be probed with X-

rays. 

X-rays are generated when a solid target (typically, a Cu block) is bombarded with a high energy 

focused electron beam which is accelerated by applying a high voltage (45 kV) to the cathode. 

After the collision with the target, electrons are decelerated and a continuous spectrum of energy 

is radiated. Accelerated electrons eject K inner shell electrons and thus there arises empty states 

in the K-shell. Electrons from the next higher energy level L jump to level K by releasing the 

energy in the form of X-rays. This X-ray radiation is called Kα and is the most intense among the 

X-rays generated from the atom. This Kα line is split into two lines as Kα1 and Kα2 because of 

hyper fine splitting (spin degenerate K levels). 

When the X-rays coming out of the source interact with its atoms, part of the incident beam gets 

deflected away from its original direction. The scattered beam can undergo either inelastic 

scattering (loss of energy and change in wavelength) or elastic scattering (no change in energy 

and wavelength) upon interaction with these atoms. When there is a periodic arrangement of 
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atoms in the material, the elastically scattered X-rays from each atomic layer produce 

constructive interference with sharp intensities collected by the detector. 

 

Fig. 2.2 Schematic drawing for the principle of XRD 

The X-ray diffraction (XRD) pattern has the same symmetry as the distribution of atoms and the 

intensity maxima (peak positions) are related to the atomic distances by the Bragg’s law of 

diffraction: 

2𝑑𝑑 𝑠𝑠𝑖𝑖𝑛𝑛 𝜃𝜃 = 𝑎𝑎𝜆𝜆                                                                                                                            (2.1) 

where d is the inter-atomic spacing, p is an integer and λ is the X-ray wavelength (= 1.542 Å for 

Cu Kα source installed in Philips X’Pert machine at UA). Useful structural properties can be 

obtained from the XRD peaks. For example, the peak position in the θ-2θ scan gives the 

information about the lattice parameter from which the lattice mismatch between the film and the 

substrate can be determined whereas a shift in the peak position is an indication of the presence 

of strain in the film. The omega scan (rocking curve) is primarily used to study defects such as 

dislocation density, mis-orientation, etc. A rocking curve gives observed intensity from crystal 

planes that are not perfectly parallel. A perfect crystal will produce a very sharp peak with 
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intrinsic width (measured as full width at half maximum or FWHM) of the material. The smaller 

the FWHM, the better is the crystalline quality of the film. 

 

Fig. 2.3 Schematic drawing for the principle of XRR 

If X-rays are incident at small angles on the sample surface, one can observe X-ray reflection 

(XRR) and when the incident angle is greater than some critical angle (θc), X-rays can penetrate 

inside the material. The intensity of reflected X-rays depends on angle of incidence, thickness, 

roughness and density of material. Hence, XRR is a very well-known technique to determine thin 

film thickness, surface roughness amplitude and density of the material. If a single layer film 

deposited on a substrate, one can observe oscillations in the X-ray intensities because of the 

interference of X-rays reflected from air/film interface and film/substrate interface.  

The interference between X-rays reflected from the surface of the film and the substrate-film 

interface causes an oscillatory reflectivity profile. These oscillations are called Kiessig fringes91 

which depend on the film thickness, the thinner is the film, the larger is the period of oscillations. 

In order to determine film thickness, in this report, the reflectivity profile is fitted with the help 

of GenX software that uses Parratt’s recursion formalism92,93 as a fitting function.  

2.3 Vibrating sample magnetometer 

Vibrating sample magnetometer (VSM) is an instrument that works on the principle of Faraday’s 

law of induction which states that a change in magnetic flux produces electric current in a closed 
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circuit. It is frequently used to study the magnetic properties (such as coercivity, remanence, 

saturation magnetization, etc.) of thin films and bulk materials. In VSM, a uniform magnetic 

field is generated by a pair of pole pieces of an electromagnet. The sample under consideration is 

placed between the poles of the magnet and a constant magnetic field is applied to magnetize the 

sample as shown in the Fig. 2.4: 

 

Fig. 2.4 Schematic diagram of a VSM 

When fully saturated, the magnetic moments align in the direction of the external applied field to 

create a magnetic dipole moment in the sample and this dipole moment in turn creates a small 

magnetic field around the sample. A vibration exciter moves the sample up and down at a 

frequency of 85 Hz (DMS 1660 instrument at UA) and the time varying magnetic flux produced 

by the vibrating sample is sensed by sensor coils as an alternating current which has a frequency 

same as that of the vibrating sample. The signal is then amplified and a lock-in-amplifier is used 
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to ignore the noise and to ‘pick-up’ the signal that comes only from the sample at the vibrating 

frequency. The current in the pick-up coils is proportional to the magnetic moment and hence the 

bigger the volume of the sample, bigger the induced current. The magnetic moment of the 

sample at different magnetic field can be obtained in this way. It is also possible to rotate the 

sample with respect to the pole pieces and the detector to achieve the desired orientation of the 

sample within the uniform magnetic field. 

2.4 Atomic force microscopy 

Atomic force microscopy (AFM) is a scanning probe technique employed to image the surface 

topography (range varies from atomic scale to sub-micron scale) of the samples. This instrument 

contains a sharp tip (diameter ~ 40 nm) which is placed at the end of a diving board shaped 

cantilever beam. When the tip is kept far away from the sample surface, there is no deflection but 

as it is brought down close towards the surface, it experiences a van der Waals attractive force 

for a certain distance between the surface molecules and the tip and as a result the tip is 

deflected. Upon further reducing the distance between the tip and the surface, the tip experiences 

Coulomb repulsion force (~ 0.1 nN - 1 nN) from the surface molecules and as a result it is 

deflected (deflection ~ 0.01 nm) in the other direction. To detect these small deflections, a laser 

beam is focused and reflected off from the back side of the cantilever towards a position 

sensitive photodetector. In accordance with the deflection of the cantilever tip, the position of the 

reflected beam changes and the photodetector converts these changes into electrical signal. It is 

the plot of laser deflection as a function of tip position that constitutes the topography of sample 

surface. There are two different modes in which AFM works – (a) contact mode and (b) tapping 

mode. In contact mode, the tip is in mechanical contact with the surface and the force is 

measured by keeping the deflection constant while adjusting the vertical position of the tip. On 
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the other hand, in tapping mode, the cantilever vibrates above the sample surface with a 

frequency range between 50 kHz to 500 kHz. As the tip moves towards and away from the 

sample surface, corresponding deflection (due to the change in oscillation amplitude as well as 

change in resonance frequency) is measured at the photo detector. Tapping mode is less 

damaging than contact mode. 

 

Fig. 2.5 Schematic drawing of the AFM technique 

2.5 Vector MOKE setup 

The principles of the MOKE magnetometer based on the Kerr effect were explained in Chapter 

1. The author played instrumental role in building, automating and writing software codes for the 

setup. Our vector MOKE setup (shown in Fig. 2.6) is an integrated instrument that is equipped 

with the following measurement facilities: 

• Both Kerr rotation (θk) and Kerr ellipticity (εk) can be quantified. 

• Capable of measuring both longitudinal (θk,L) and transverse (θk,T) components of 

Kerr rotation. 
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• Sample stage has the freedom to rotate through a full 360° in the plane of the 

magnetic field. 

• The magnetic pole-pieces can also be rotated in the horizontal plane so that the 

external field can be applied at any in-plane direction (ROT-MOKE). 

 

Fig. 2.6 Pictures of the vector MOKE setup at the MINT Center in UA 

A He-Ne laser (λ = 632 nm) is used as a light source and throughout this dissertation s-polarized 

light is used. The s-polarized light beam is then focused onto the sample by a convex lens of 

focal length f = 25 cm and finally hits the sample with an incident angle of 45° to the sample 

plane. The reflected light from the sample is elliptically polarized and is first passed through 

another convex lens of focal length f = 25 cm to make it parallel and then is sent to a detector 

box. The polarization ellipse is characterized by the Kerr rotation θk and the Kerr ellipticity εk 

which are usually small and proportional to the longitudinal magnetization in the linear 
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approximation38. The schematic diagram of the MOKE setup for measuring θk is shown in Fig. 

2.7. In order to measure εk, a retarder needs to be placed before the detector. Placing this retarder 

will introduce a phase shift of δ in the reflected beam.  

Inside the detector box, the reflected beam is split by a Wollaston prism into two orthogonally 

polarized beams and the intensities (I1 and I2) of the beams are detected by two photo diodes. For 

s-polarized light, the reflected beam amplitude can be expressed as, 

𝑬𝑬(𝑠𝑠) =  � 
𝑠𝑠𝑎𝑎𝑠𝑠𝑎𝑎

−𝑖𝑖𝛿𝛿2

𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎
𝑖𝑖𝛿𝛿2

 �                                                                                                                      (2.2) 

The unbalanced (differential) signal coming from the photodiodes is proportional to Kerr signal 

(as the intensities of the photodiodes are the same when there is no rotation). To provide a 

quantitative analysis, the differential Kerr intensity measured by the photodiodes, when the 

detector is rotated by an angle ζ around its axis is given by94 

∆𝐼𝐼 =  𝐼𝐼1 −  𝐼𝐼2  ∝ �𝐸𝐸(𝑠𝑠)1
∗ 𝐸𝐸(𝑠𝑠)1 −  𝐸𝐸(𝑠𝑠)2

∗ 𝐸𝐸(𝑠𝑠)2�  

      = |𝑠𝑠𝑠𝑠𝑠𝑠|2 ��1 −  |𝑠𝑠𝑎𝑎𝑠𝑠 |2

|𝑠𝑠𝑠𝑠𝑠𝑠 |2� 𝑐𝑐𝑐𝑐𝑠𝑠(2𝜁𝜁) −  2𝑅𝑅𝑎𝑎 �𝑠𝑠𝑎𝑎𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠
𝑎𝑎−𝑖𝑖𝛿𝛿 � 𝑠𝑠𝑖𝑖𝑛𝑛(2𝜁𝜁)�                                                   (2.3) 

Assuming small ellipsometric angles and neglecting second and higher order terms one can write 

∆𝐼𝐼 = 𝐼𝐼0[𝑐𝑐𝑐𝑐𝑠𝑠(2𝜁𝜁) −  2(𝜃𝜃𝑘𝑘 cos 𝛿𝛿 −  𝜀𝜀𝑘𝑘 𝑠𝑠𝑖𝑖𝑛𝑛 𝛿𝛿) 𝑠𝑠𝑖𝑖𝑛𝑛(2𝜁𝜁)]                                                              (2.4) 

If there is no retarder, i.e., δ = 0 and the differential signal is proportional to the Kerr rotation θk. 

On the other hand, the Kerr ellipticity can be measured if δ = π/2, i.e., by introducing a quarter 
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wave plate. This differential intensity detection technique provides a high sensitivity and 

increases the signal-to-noise ratio. 

The differential signal between the intensities of both photo diodes is amplified by a 

programmable gain amplifier with four different gain factors (1, 10, 100, 1000) that can be 

controlled externally or chosen directly on the front panel of the MOKE main box. For noise 

reduction the photo diode signals as well as the differential signal are filtered via integrated low-

pass filters. All signals are digitalized by analog-to-digital converters (ADC) for maximal noise 

reduction. The data is then transferred to a PC through a single TCP/IP connection.  

 

Fig. 2.7 Schematic diagram of the MOKE setup. Laser beam hits the sample (placed on top of the sample 
holder) at an incident angle of 45° and the reflected light is accepted at a detector box. The analyzed signal is 
then passed on to the PC via an Ethernet connection. The setup is remotely controlled by the PC with the help 
of LabVIEW software and NI DAQ systems. 
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A KEPCO (BOP 50-20MG) voltage controlled bipolar current source is used as a power supply 

unit that provides the driving current to the Helmholtz coils (GMW Model 3470). A pair of 

tapered pole-pieces is used in order to focus the magnetic flux and to achieve higher field 

strength. The maximum field that can be applied in our setup is ~ 8 kOe (0.8 Tesla). The sample 

to be measured is placed on top of a sample stage sitting on top of a stepper motor (Standa 

8MR174E-11-28) with an angular resolution of 0.015° controlled by a motor controller (Standa 

8SMC4-USB-B9-2) allowing one to perform a full 360° in-plane rotation scan by measuring 

hysteresis loop at each in-plane angular position. As mentioned earlier, the Helmholtz coils rest 

on top of a movable platform that can be rotated in the horizontal plane giving the advantage to 

change the applied field direction with respect to the plane of light. This type arrangement is 

required when one wants to measure the longitudinal (θk,L = Kml) and transverse (θk,T = Kmt) 

components of magnetization. Moreover, having the freedom to apply magnetic field at any in-

plane direction is particularly essential when investigating optical and magneto-optical properties 

of the material.  

The setup and its associated components are controlled by a PC and the communication is 

performed with the help of LabVIEW software and NI DAQ systems. 

2.6 FMR setup 

A fully automated broadband FMR setup is used for the dynamic characterization of the samples. 

Instead of cavity resonator or shorted-waveguides, coplanar waveguide (CPW) as shown in Fig. 

2.9 is used to send a transverse electro-magnetic mode of the microwave to excite the sample. 

The advantage of using CPW is that it allows on to cover a broad range of frequency spectra 

unlike a certain specified frequency which is the case for cavity resonator. The width of central 

conductor and the dielectric gap of the CPW are set to match the impedance of 50 Ohms, thus, 
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avoiding the back reflection at the microwave cable-CPW junction. There are usually large 

systematic error margins in the reported values of FMR properties arising from the limited 

number of frequencies available for the measurements, which is minimized by using CPW in a 

broadband setup. 

The transmitted signal from the sample placed on top of the CPW is fed into a microwave diode, 

and the ‘lock-in’95,96 technique is used to pick up the signal. The use of lock-in technique 

together with a small AC magnetic field oscillating with the lock-in reference frequency on top 

of the external DC magnetic field, helps to improve the signal to noise ratio significantly. The 

lock-in amplifier operates as a narrow-band filter that amplifies and passes a very narrow 

frequency width around the modulation frequency and thus eliminates most of the undesired 

noise and harmonics at other frequencies. 

Pictures of the broadband FMR setup used can be seen in Fig. 2.8 (a)-(b). The setup operates in 

the frequency range of 1 to 65 GHz. The maximum DC field that can be applied is 1.7 T. The 

setup is equipped with the following measurement facilities: 

• In-plane (DC field is applied in the plane of the sample) measurements 

• Out-of-plane (DC field is applied normal to the plane of the sample) measurements 

• In-plane rotation (a full 360° scan with DC field applied at different angles with 

respect to the sample sides) measurements 

• Elevation angle (sample is given a 90° rotation from in-plane to out-of-plane 

configuration) measurements 

The communication between the PC and all other component pieces of the setup is done with the 

help of integrated LabVIEW codes and NI DAQ interfaces. 
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Fig. 2.8 (a)-(b) Pictures of room temperature FMR setup at the MINT Center in UA. Stepper motors are used 
to rotate the sample in-plane or out-of-plane. 
 

In FMR measurements, the transverse component of an incident microwave is used to excite the 

uniform precession mode in a ferromagnetic sample which is exposed to a quasi-static external 

magnetic field. At a fixed microwave frequency, the external magnetic field is swept through the 

resonance field of the sample. The microwave loss at the resonance condition can be detected by 

measuring the transmitted microwave power through the sample, in which case the FMR signal 

would appear as a reduced transmission with a Lorentzian-like lineshape. 
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Fig. 2.9 Schematic diagram of the FMR setup. Sample is placed on top of the coplanar waveguide and excited 
simultaneously by a DC magnetic field and microwave field. The absorbed microwave energy loss is detected 
by the microwave diode. Modulation coils are used to apply a small AC modulation signal oscillating with the 
lock-in amplifier frequency and helps to improve signal-to-noise ratio. The entire setup is remotely controlled 
by a PC with the help of LabVIEW software and NI DAQ systems. 
 

However, the FMR signal used in our data analysis is the derivative of this Lorentzian-like 

lineshape with respect to the magnetic field, shown as the FMR signal in Figure 2.10. Working 

with the derivative of the microwave loss has the benefit of eliminating any possible offset in the 

signal, which would translate into better signal to noise ratio. This derivative of the Lorentzian 

lineshape or the raw FMR signal is fitted with the following model which is a sum of dispersive 

and absorptive terms   



 

34 
 

𝑦𝑦 =  
𝑎𝑎  �𝐻𝐻𝑠𝑠𝑎𝑎𝑠𝑠 − 𝐻𝐻

∆𝐻𝐻 �+ 9𝑐𝑐−3𝑐𝑐�𝐻𝐻𝑠𝑠𝑎𝑎𝑠𝑠 − 𝐻𝐻
∆𝐻𝐻 �

2

��𝐻𝐻𝑠𝑠𝑎𝑎𝑠𝑠 − 𝐻𝐻
∆𝐻𝐻 �

2
+ 3�

2                                                                                                   (2.5)                                                                                                                      

where a and b are the absorption and dispersion amplitudes97 respectively. resH (resonance field) 

and H∆ (peak to peak FMR linewidth) are the important derived fit parameters. In a simple 

picture where just power loss is solely due the ferromagnetic resonance, one would expect just an 

absorptive lineshape, however in addition to the FMR or magnetic loss there exists dielectric or 

conductive losses which would contribute to the experimental FMR signal as dispersive or 

asymmetric lineshapes. 

 
Fig. 2.10 The derivative of transmitted microwave power with respect to the magnetic field (blue) is fitted 
using equation (2.5) to derive resonance field Hres and linewidth ΔH. The inset shows the microwave power 
loss Lorentzian line shape. 
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CHAPTER 3 

BROADBAND FMR INVESTIGATION AND MAGNETO-OPTIC 
RESPONSE OF HALF-METALIC CrO2 THIN FILMS 

 
 
3.1 Introduction 

Spintronic devices, that exploit spin-polarized currents and spin-dependent conduction, have 

found commercial applications as spin-valve sensors of magnetic field and magnetic random 

access memories (MRAM)98. Achieving high spin-polarization in a magnetic material is desired 

for excellent performance of spintronic devices and in that respect, half-metallic materials are 

potential candidates for spintronic applications when integrated into magnetoresistive devices 

such as magnetic tunnel junctions. Chromium dioxide (CrO2) – a metastable oxide, is found to 

have the highest (~ 100%) spin-polarization99,100,101 with a theoretical band gap of ~ 2 eV in its 

minority density of states102 and a Curie temperature well above room temperature103. All these 

properties combined together make CrO2 a promising contender for future spintronic 

applications. One of the crucial factors of a memory device is the writing time which is limited 

by the time of magnetization reversal (switching). Spin waves as eigen-excitation modes in 

magnetic media define the time scale of magnetization reversal process, and therefore, they are 

of fundamental importance to understand the switching speed of magnetic recording materials. 

Moreover, reasonably large magnetic anisotropy in uniaxial systems imposed by their crystal 

symmetry makes them the preferred materials for magneto-optical recording applications49. In 

this chapter we present a comprehensive study of magnetic anisotropy, magnetization dynamics 
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and magneto-optic anisotropy of ferromagnetic CrO2 (110) thin films using broadband FMR and 

MOKE measurements. 

3.2 Sample preparation 

Epitaxial thin films of CrO2 were deposited on TiO2 (110) substrates from a solid precursor CrO3 

in a CVD reactor consisting of a quartz tube placed inside a two-zone furnace with independent 

temperature control of the two zones. Prior to deposition, the single crystal TiO2 (110) substrates 

were cleaned with organic solvents and dilute hydrofluoric (40% HF) acid solution and 

subsequently annealed at 400°C in a 50 cm3/min oxygen flow. During deposition, the substrate 

was kept in the primary zone (growth zone) of the furnace at a temperature of 400°C and the 

precursor was placed in the secondary sublimation zone (source zone) of the furnace that was 

heated to approximately 260°C. A 50 cm3/min oxygen flow was used as a carrier gas to transport 

sublimed CrO3 precursor from the source zone to the growth zone where it decomposed onto the 

substrate to form CrO2 with a growth rate of 26 Å/min. 

3.3 Structural characterization 

CrO2 has a tetragonal rutile structure with bulk lattice parameters a = b = 4.421 Å and c = 2.916 

Å, while TiO2 has lattice parameters a = b = 4.594 Å and c = 2.958 Å104,105. Thus, in spite of 

lattice mismatch of 1.44% along [001] direction and 3.91% along [11�0] direction, the (110) 

plane of TiO2 offers the possibility of epitaxial growth of CrO2 (110) as previously observed by 

Chetry et al.106  
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Fig. 3.1 (a) θ - 2θ XRD scan, (b) rocking curve and (c) XRR plot of 54 nm (110) CrO2 film on (110) TiO2 
substrate. 

The θ-2θ scan of XRD data for CrO2 film is shown in Fig. 3.1(a). The plot includes scans around 

the (220) peaks of (110) TiO2 as well as angles corresponding to the (220) bulk CrO2 reflections 

and clearly reveals the epitaxial growth of (110) CrO2 on (110) TiO2. The rocking curve 

measurement gave a narrow FWHM of 0.68° suggesting good crystallinity of the film. The 

splitting of the diffraction peaks of TiO2 is due to the presence of both Kα1 and Kα2 lines in the 

Cu X-ray source which is not resolvable for CrO2. XRR measurement was performed to 

determine the thickness of the film. The raw reflectivity data was fitted with the help of GenX 

software that uses Parratt algorithm92,93 and the extracted thickness value is 54 nm. From the 

critical angle θc we also determined the material density of CrO2 layer to be 4.88 gm/cm3 which 

is within 0.2% of the theoretical density (4.9 gm/cm3) of CrO2
107. 
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Fig. 3.2 Surface morphology of (110) CrO2 thin film of thickness 54 nm grown on (110) TiO2 substrate 
obtained from AFM. 
 
The AFM image of the 54 nm (110)-oriented CrO2 film is shown in the Fig. 3.2. The surface 

morphology depicted the presence of island-like growth of CrO2 film on TiO2. The root mean 

square (RMS) roughness obtained from the AFM images is ~ 1.3 nm which is reasonably smaller 

than the thickness of the film and hence the film structure is considered to be continuous17. 

3.4 Broadband FMR investigation  

3.4.1 Magnetic anisotropy in (110) CrO2 thin films  

Magnetic anisotropy, is directly related to the thermal stability (Δ = KV, where K is the 

anisotropy energy and V is the volume of the sample) of the spintronic device and hence it is 

important to investigate the magnetic anisotropy of this material. In previous reports, it was 

shown that in CrO2 the magnetic anisotropy depends on the film thickness104,105,106 and also on 

temperature105. It was argued that, in case of (100) CrO2 films, there is a competition between 

magnetocrystalline anisotropy and strain anisotropy that causes the magnetic easy axis to switch 

from the [001] (c-axis) to the [010] (b-axis) direction (spin reorientation transition) with 
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decreasing film thickness at room temperature. However, the details of these diverse anisotropic 

properties of CrO2 films have still not been untangled, especially for the low indexed (110) CrO2 

films.  

In our study, a wide range of thicknesses (from 11 nm to 115 nm) was considered and to 

determine the magnetic anisotropy we performed a full 360° in-plane angle dependent rotation 

scan at a fixed microwave frequency of 30 GHz. Fig. 3.3 shows a two-fold symmetry of the 

resonance field Hres indicating there is an in-plane uniaxial anisotropy present in the sample with 

an easy axis along [001] direction and a hard axis along [11�0] direction. By fitting the data (fit 

is shown as solid red line in the figure) we extracted the in-plane uniaxial anisotropy field Hk,ip. 

We observed that for (110) CrO2 sample, the in-plane uniaxial anisotropy has hardly any 

dependency on film thickness (see Table 3.1). These epitaxial films grown on (110) TiO2 

substrates follow an island-like growth and they are relatively strain free as compared to films 

grown on (100) TiO2 substrates106. The origin of these different growth modes lies in the surface 

and interface energy differences between the film and the substrate of respective orientations108. 

Strain anisotropy is an interfacial effect105, and the band structure calculation shows that for the 

(110) orientation, an interface formation is not energetically favorable108. Thus, the (110) CrO2 

film can lower its energy by growing in a strain-relaxed island-like pattern and therefore, the 

uniaxial magnetocrystalline anisotropy does not vary much with changing thickness of the 

samples. 
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Fig. 3.3 In-plane angle dependent resonance field Hres of (110) CrO2 film with thickness 31 nm performed at a 
microwave frequency of 30GHz. 

3.4.2 Magnetization dynamics of (110) CrO2 thin films 

Relatively little work has been done on the investigation of dynamic magnetic properties of CrO2 

thin films. There are limited FMR studies109,110,111,112 on CrO2 which mostly focused on the 

(100) orientation films and the measurements were performed at the X-band (9.5 GHz) 

frequency. In our case, broadband FMR measurements were performed over a wide frequency 

range (up to 55 GHz) along both easy [001] and hard [11�0] axes of CrO2 (110) films as shown 

in Fig. 3.4(a)-(b) and by using combined fit function we extracted effective magnetization Meff, 

gyromagnetic ratio γ’ and in-plane uniaxial anisotropy field Hk,ip as listed in Table 3.1. A positive 

value of Meff confirms that the magnetization lies in the plane of the sample. As one can see that 

Hk,ip values obtained from in-plane rotation measurements and multiple frequency measurements 

are in reasonable agreement. 
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Fig. 3.4 (a) Kittel plot and (b) linewidth ΔH vs. Frequency plot of (110) CrO2 film with thickness 31 nm 
obtained from FMR measurements along easy [𝟎𝟎𝟎𝟎𝟎𝟎] and hard [𝟎𝟎𝟎𝟎�𝟎𝟎] axes. 
 
Another point worth highlighting here is the dynamic quantity, γ’. While there are few previous 

reports109,110 quantifying this parameter but the shortcoming of those measurements are that they 

were performed at a single frequency of 9.5 GHz using cavity resonator and the γ’ values 

reported on those literature have some discrepancies resulting from 2.64109 to 2.77110. On the 

other hand, the value of γ’ that we determined from the broadband frequency measurements is 

more reliable and quite consistent for the entire sample series. 

Table 3.1 
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Furthermore, to our knowledge, there is no well-established documentation on the Gilbert 

damping parameter α of CrO2. Lubitz et al.113 reported α of at most 0.0023 near room 

temperature for CrO2 measured at a particular frequency of 35 GHz and argued that the small 

value of α suggested that intrinsic losses (that may arise from electronic transitions between 

bands of different spin character) observed in oxide insulator like CrO2 is an order of magnitude 

smaller than other magnetic metals. But, deducing α from a single frequency FMR linewidth ΔH 

could be misleading. A better approach to determine α would be to perform multiple frequency 

measurements and then by fitting the data by using eqn. 1.27 as mentioned in Chapter 1. In Fig. 

3.4(b) the in-plane ΔH vs. Frequency response shows a non-linear behavior which could 

originate from the two-magnon scattering effect66,71 ,114 at high frequency region and at low 

frequency region where due to the insufficient external field the magnetization does not align 

with the field direction and gives rise to the field dragging effect67,71 ,114. Therefore, extracting α 

from this data is difficult. Instead, we set an upper limit of α for CrO2 samples by considering the 

highest frequency data point to constrain the intrinsic value of α to be less than 0.0026.  

3.4.3 Magnetostatic spin waves in (110) CrO2 thin films 

Previously multiple resonance peaks were observed in out-of-plane FMR measurements for 

relatively thicker (> 100 nm) CrO2 (100) films109,110,113 due to the presence of standing spin 

waves and the number of modes increased with increasing film thickness115. Rameev et al109 

argued that for thick films, the splitting of FMR spectra into bulk and surface spin-wave modes 

was because of surface pinning of the magnetization at interfaces of the CrO2 films. While the 

bulk modes correspond to excitations of standing magnetization waves in the bulk of the film, 

the surface modes correspond to solutions which decay into the interior of the film. 
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But in our case, we observed multiple resonance peaks in the out-of-plane configuration for 

ultrathin (t = 28 nm) (110) CrO2 films (Fig. 3.5(a)). These multiple resonance spectra caused 

hindrance in a precise determination of ΔH of the uniform mode and as shown in ΔH vs. 

Frequency plot (Fig. 3.6), the data is quite scattered. The occurrence of multiple resonance peaks 

for these ultrathin films can be attributed to the existence of ‘forward volume magneto-static spin 

waves’ (FVMSW)88 which are, as explained in Chapter 1, long wavelength modes with 

negligible exchange interactions and originate due to magnetic dipole interactions. Assuming a 

fully pinned dynamic magnetization at the film edges, the in-plane wave numbers for the allowed 

FVMSW resonances can be written as116, 

𝑘𝑘𝑛𝑛 ,𝑞𝑞 =  𝜋𝜋
𝑢𝑢
�𝑛𝑛2 + 𝑞𝑞2                                                                                                                    (3.1) 

where l is the length of the square shape film, n and q are integers. If t is the thickness of the 

film, in the limit 𝑘𝑘𝑛𝑛 ,𝑞𝑞𝑡𝑡 ≪ 1, one can obtain the FVMSW frequencies by modifying eqn. (1.24) in 

the form, 

�𝜔𝜔𝑛𝑛 ,𝑞𝑞

𝛾𝛾
� =   [𝐻𝐻𝑠𝑠𝑎𝑎𝑠𝑠 −  4𝜋𝜋𝑀𝑀𝑠𝑠] +  4𝜋𝜋𝑀𝑀𝑠𝑠 �

2𝑡𝑡
𝑢𝑢

+  𝑡𝑡𝑘𝑘𝑛𝑛 ,𝑞𝑞

4
�                                                                        (3.2) 

Here, the first term on the right hand side of eqn. (3.2) corresponds to the usual uniform mode 

FMR frequency for a thin film magnetized normal to its plane. The term, 2t/l represents the first 

order demagnetizing factor correction for a film with lateral size l and thickness t117. The last 

term, tkn,q/4 is the k-dependent FVMSW dispersion term to the lowest order. 
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Fig. 3.5 (a) FMR spectra of the square shape sample and (b) comparison of FMR spectra of the square shape 
and the disk shape (110) CrO2 samples of thickness 28 nm. 

To support our claim, we pursued the following technique. First, we performed out-of-plane 

measurements with the original 5x5 mm2 sample and then cut out a small disk shape sample of 

diameter 0.9 mm and re-measured the sample. Fig. 3.5(b) showed comparison of FMR spectra 

obtained from the actual square shape sample (red color) and the disk shape sample (black color) 

and as one could see that the multiple resonance peaks were absent in the disk shape sample. A 

plausible argument for these phenomena is, for a sample with larger lateral dimension the 

FVMSWs are merged together and hence multiple resonance peaks are observed. When the 

sample size is reduced, as it follows from eqn. (3.2), there is a frequency separation – which in 

our case (since we perform DC magnetic field sweep at a fixed frequency), transforms into 

resonance field separation meaning higher order FVMSWs appearing at lower field region and 

hence only single resonance peak is observed for disk shape sample. Now if we take a look at the 

ΔH vs. Frequency  plot (Fig. 3.6) we can see that the data for the disk shape sample is less 

scattered and by fitting the highest frequency data point one can also extract the upper limit of α 

(= 0.0015). The value of α thus obtained is the intrinsic one as effective damping decreases 
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significantly in the vicinity of the perpendicular configuration71 as two-magnon scattering does 

not contribute to the linewidth in the perpendicular direction. 

 
Fig. 3.6 Comparison of ΔH vs. Frequency responses of square shape and disk shape samples of (110) CrO2 
film of thickness 28 nm obtained from out-of-plane FMR measurements. 

To confirm further, we further performed elevation angle measurements (i.e., rotating the sample 

from in-plane to out-of-plane configuration) for both the square shape and the disk shape 

samples. As one could see (Fig. 3.7(a)-(b)), for the square shape sample multiple resonance 

peaks started appearing from θH = 10° (where θH is the angle between applied DC field direction 

and the direction normal to the film plane) and the number modes increased as the sample was 

moved toward the out-of-plane configuration. But for the disk shape sample no such evidence 

was observed as it revealed only single resonance peak. 
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Fig. 3.7 Comparison of FMR spectra obtained from elevation angle FMR measurements of (110) CrO2 film of 
thickness 28 nm for square shape and disk shape samples when DC magnetic field applied (a) in-plane and 
(b) perpendicular to the film plane. 

The dependence of Hres and ΔH as a function of θH for both square shape sample and small disk 

shape sample are shown in Fig. 3.8(a)-(b). As one can see that Hres has the highest value about 14 

kOe in the perpendicular configuration (as expected) and then decreases monotonically with 

increasing θH and then kind of flattens out after θH = 30°. 

 
Fig. 3.8 Comparison of (a) Hres vs. θH  and (b) ΔH vs. θH responses obtained from elevation angle FMR 
measurements of actual square shape and disk shape samples of (110) CrO2 film of thickness 28 nm.  

On the other hand, ΔH vs. θH shows that the FMR linewidth in the vicinity of the out-of-plane 

configuration is given entirely by the Gilbert damping because the contribution from the two-
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magnon scattering is not operative for the perpendicular geometry and the field dragging effect 

can also be excluded as M and H are parallel in this case66,114. As θH increases (Fig. 3.8(b)), ΔH 

clearly depicts different responses for different samples. For the square shape sample (red 

square), ΔH starts off with a ‘dip’, then achieves a maximum and then drops down to a saturation 

value of about 100 Oe. But for the small disk shape sample (black dot), ΔH increases rapidly and 

then attains a maximum followed by a gradual drop. The peak in the FMR linewidth around θH = 

20° is caused by dragging of the magnetization behind the applied field71,114 as M and H not 

being parallel in this geometry enhances the linewidth. 

3.5 Magneto-optic response 

3.5.1 Anisotropy in Kerr effect  

Anisotropy in the Kerr effect was observed earlier in hcp Co films and was argued that it 

originated from the spin-orbit coupling and in general, could be expected in systems with low 

symmetry48. CrO2 has an anisotropic crystal structure118 and some previous spectroscopic 

studies119,120,121,122 revealed that there was an anisotropy in optical response of CrO2 thin films 

but its magneto-optic properties have been less explored. Previous observations on single crystal 

and polycrystalline CrO2 films were somewhat ambiguous. Brandle123 observed a maximum 

Kerr rotation amounted to |θk| = 0.154° for CrO2 grown on sapphire. Stoffel124 showed that for a 

single crystal CrO2 epitaxially grown on single crystal TiO2, the maximum value of εk at 1.4 eV 

is 0.27°. Uspenskii et al.49 investigated the orientation dependent magneto-optic effects and their 

analytical results confirmed the presence of anisotropy in magento-optic spectra of 

polycrystalline CrO2 films. Later on, some theoretical50 and experimental51 works on the polar 

MOKE spectra of CrO2 films also hinted the anisotropy of the Kerr effect. But to our knowledge 

there is no quantitative analysis that bolsters the claim that the half-metallic CrO2 films are 
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indeed magneto-optically anisotropic. Apart from a topic of fundamental interest, anisotropic 

thin films find their practical application in narrow band birefringent filters125. Moreover, 

reasonably large magnetic anisotropy in uniaxial systems imposed by their crystal symmetry 

makes them the preferred materials for MO recording applications49. 

While conventional MOKE measurements are useful to investigate magnetic properties such as 

coercivity, magnetocrystalline anisotropy, etc. of the ferromagnetic materials, in order to obtain 

information about optical and MO parameters of the material one needs to measure the complex 

Kerr angle (Θk  = θk + iεk) which can be utilized to quantitatively analyze and compare samples 

with, for instance different ferromagnetic layer thicknesses or substrates26,126. To understand the 

optical and MO properties of a magnetized material, a theoretical description based on an 

analysis of the dielectric properties (permittivity) of the material is taken into consideration. In a 

generalized way, as mentioned in Chapter 1, the complex permittivity tensor can be expressed 

as45,46: 

𝜖𝜖𝑖𝑖𝑖𝑖 =  𝜖𝜖𝑖𝑖𝑖𝑖
(0) +  𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘 𝑚𝑚𝑘𝑘 +  𝐺𝐺𝑖𝑖𝑖𝑖𝑘𝑘𝑢𝑢 𝑚𝑚𝑘𝑘𝑚𝑚𝑢𝑢 + ⋯                                                                                  (3.3) 

where 𝑚𝑚𝑖𝑖 =  𝑀𝑀𝑖𝑖
|𝑴𝑴|  are the dimensionless components of the magnetization vector M. Here 

𝜖𝜖𝑖𝑖𝑖𝑖
(0)denotes the components of permittivity tensor when M  = 0. 𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘  are the components of the 

linear MO tensor and 𝐺𝐺𝑖𝑖𝑖𝑖𝑘𝑘𝑢𝑢  are the components of the so called quadratic MO tensor47. The linear 

MO tensor component 𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘  is related to the MO Voigt parameter 𝑄𝑄𝑖𝑖𝑖𝑖𝑘𝑘  (which is used most often) 

by the equation: 

−𝑖𝑖𝜖𝜖𝑖𝑖𝑖𝑖
(0)𝑄𝑄𝑖𝑖𝑖𝑖𝑘𝑘 = 𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘                                                                                                                       (3.4) 
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In case of a uniaxial crystal with tetragonal symmetry, the non-magnetic part 𝜖𝜖𝑖𝑖𝑖𝑖
(0)can be 

expressed as46: 

𝜖𝜖𝑖𝑖𝑖𝑖
(0)  =  �

𝜖𝜖11
(0) 0 0
0 𝜖𝜖11

(0) 0
0 0 𝜖𝜖33

(0)

�                                                                                                        (3.5) 

The diagonal components 𝜖𝜖11
(0) =  𝜖𝜖22

(0) =  𝜂𝜂1
2 and 𝜖𝜖33

(0) =  𝜂𝜂3
2 where 𝜂𝜂1 and 𝜂𝜂3  are the complex 

refractive indices of the magnetic medium. Similarly, the linear MO tensor component 𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘  can 

be represented as: 
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where, are 𝑚𝑚𝑢𝑢 , 𝑚𝑚𝑡𝑡  and 𝑚𝑚𝑎𝑎  are longitudinal, transverse and polar direction cosines of M 

respectively.  

With the help of Yeh’s matrix125 based on eigenstate polarizations in the MO medium and 

following some tedious algebraic steps, the complex Kerr angle due to the linear MO effect for s-

polarized incident light on a semi-infinite crystal may be approximated as33,52:  

Θ𝑘𝑘 =  𝜃𝜃𝑘𝑘 + 𝑖𝑖𝜀𝜀𝑘𝑘 =  
−𝜂𝜂0
𝜂𝜂1
𝜖𝜖12

(1)− 𝜂𝜂0
2

𝜂𝜂3
2𝜖𝜖13

(1)𝜓𝜓0 

𝜂𝜂0
2− 𝜂𝜂1

2                                                                                             (3.7) 
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where 𝜂𝜂0 denotes the refractive index of the incident medium (usually air and hence 𝜂𝜂0  = 1) and 

𝜓𝜓0 is the incident angle of light. Here, 𝜖𝜖12
(1) represents the polar MOKE (PMOKE) and 

𝜖𝜖13
(1) corresponds to the linear longitudinal MOKE (LMOKE). Since we are dealing with CrO2 

thin films that have in-plane magnetization, 𝜖𝜖12
(1) = 0 and because of its crystal class (4/mmm) 

with tetragonal symmetry52, 𝜖𝜖13
(1) =  −𝐾𝐾231𝑚𝑚𝑢𝑢 . So in our case, eqn. (3.5) reduces to, 

Θ𝑘𝑘 =  𝜃𝜃𝑘𝑘 +  𝑖𝑖𝜀𝜀𝑘𝑘 =  𝐾𝐾𝑚𝑚𝑢𝑢𝜓𝜓0
𝜂𝜂3

2 (1− 𝜂𝜂1
2)

                                                                                                      (3.8)  

There are previous instances where people have shown anisotropy of the quadratic MO 

effects26,33,52 but in this report we present a systematic experimental investigation of anisotropy 

in linear MO effects by quantifying the optical and MO coupling parameters in low indexed 

CrO2 (110) thin films grown on optically anisotropic TiO2 substrates126.  

3.5.2 Magneto-optical anisotropy in (110) CrO2 thin films 

Fig. 3.9(a) and (b) show hysteresis curves of CrO2 (110) along easy axis (red color) and hard axis 

(blue color) obtained from VSM and LMOKE measurements respectively. While the VSM data 

reflected easy and hard axes loops for a sample with uniaxial symmetry, LMOKE data revealed 

some unexpected behavior (hard axis loop) which indicated that there could be anisotropy of the 

Kerr effect.  

Therefore, we investigated the dependence of MO effect on the relative orientation of the 

magnetization with respect to the external applied field. As mentioned earlier, similar approaches 

were conceived to study the orientation dependence of the MO effect in hcp Co films by Weller 

et al.48 and in CrO2 films by Uspenskii et al.49 
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Fig. 3.9 (a) VSM and (b) LMOKE hysteresis loops of (110) CrO2 thin film along easy [𝟎𝟎𝟎𝟎𝟎𝟎] and hard [𝟎𝟎𝟎𝟎�𝟎𝟎] 
axes. 

 

Fig. 3.10 Schematic diagram of the ROT-MOKE geometry utilized for these measurements. (a) Top view: the 
DC magnet can be rotated in the horizontal plane from longitudinal field (φH = 0°) geometry to transverse 
field (φH = 90°) geometry. Hext is the external applied field direction that makes an arbitrary angle φH with 
respect to the optical plane. (b) ml and mt are the direction cosines of the magnetization vector M. At 
saturation, M aligns parallel to Hext only when the external field is applied along one of the symmetry axes of 
the sample. To simplify our analysis a crucial assumption is made that φM  = φH  when Hext is applied along 
intermediate axes of the sample. (c) Side view: Arrangement showing laser beam incident on the sample plane 
at an angle ~ 45° and reflected off the sample and collected by the detector. While θk can be measured with 
this arrangement, to determine εk a quarter wave plate needs to be introduced in the reflected beam path. 
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Both components of the complex Kerr angle, i.e., θk and εk were determined from LMOKE 

hysteresis loops when the sample was placed in such a way that its easy axis (001) was parallel 

to the optical plane and utilizing the ROT-MOKE facility the external magnetic field was applied 

at various in-plane azimuthal angles (shown in Fig. 3.10) starting from 𝜑𝜑𝐻𝐻 = 00 to 𝜑𝜑𝐻𝐻 =

900 with a step size of Δ𝜑𝜑𝐻𝐻 =  100. The same measurement was repeated by rotating the sample 

stage by 90° so that the sample hard axis was parallel to the optical plane. 

 
Fig. 3.11 𝜽𝜽𝒌𝒌𝒎𝒎 and 𝜺𝜺𝒌𝒌𝒎𝒎 determined from the amplitude of the measured LMOKE hysteresis loops at saturation 
for (110) CrO2 thin film. 

We denote the measured Kerr rotation as 𝜃𝜃𝑘𝑘𝑚𝑚  and the measured Kerr ellipticity as 𝜀𝜀𝑘𝑘𝑚𝑚  and hence 

the complex Kerr angle can be expressed as Θ𝑘𝑘𝑚𝑚 = 𝜃𝜃𝑘𝑘𝑚𝑚 +  𝑖𝑖𝜀𝜀𝑘𝑘𝑚𝑚 . Both  𝜃𝜃𝑘𝑘𝑚𝑚  and 𝜀𝜀𝑘𝑘𝑚𝑚  were 

determined from the amplitude of the hysteresis loops (as shown in Fig. 3.11) measured at each 

in-plane 𝜑𝜑𝐻𝐻 position and plotted in Fig. 3.12. In order to analyze the complex Kerr angle, it is 

convenient to expand Θk as a function of direction cosines of M, e.g., in case of in-plane 

magnetization26,33,  
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Θ𝑘𝑘 =  𝑢𝑢𝑚𝑚𝑢𝑢 + 𝑡𝑡𝑚𝑚𝑡𝑡 +  𝑞𝑞𝑢𝑢𝑡𝑡𝑚𝑚𝑢𝑢𝑚𝑚𝑡𝑡 +  𝑞𝑞𝑢𝑢𝑢𝑢𝑚𝑚𝑢𝑢
2 +  𝑞𝑞𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡

2 +  𝑐𝑐𝑢𝑢𝑢𝑢𝑡𝑡𝑚𝑚𝑢𝑢
2𝑚𝑚𝑡𝑡 +  𝑐𝑐𝑢𝑢𝑡𝑡𝑡𝑡𝑚𝑚𝑢𝑢𝑚𝑚𝑡𝑡

2 + ⋯                   (3.7) 

where l and t are longitudinal and transverse response coefficients (which are complex in nature) 

respectively and stem from the linear MO tensor component 𝐾𝐾𝑖𝑖𝑖𝑖𝑘𝑘 . On the other hand, 𝑞𝑞𝑖𝑖𝑖𝑖  and 𝑐𝑐𝑖𝑖𝑖𝑖𝑘𝑘  

are quadratic and higher order response coefficients. The direction cosines 𝑚𝑚𝑢𝑢 = 𝑐𝑐𝑐𝑐𝑠𝑠 𝜑𝜑𝑀𝑀  and 

𝑚𝑚𝑡𝑡 = 𝑠𝑠𝑖𝑖𝑛𝑛 𝜑𝜑𝑀𝑀 , where 𝜑𝜑𝑀𝑀  is the azimuthal angle between the incident plane of light and M 

(shown in Fig. 3.10). 

Upon reversing the magnetization, 𝑚𝑚𝑢𝑢  (or 𝑚𝑚𝑡𝑡) changes its sign, but 𝑚𝑚𝑢𝑢𝑚𝑚𝑡𝑡  and 𝑚𝑚𝑢𝑢
2 (or 𝑚𝑚𝑡𝑡

2) do not. 

Hence, taking advantage of this symmetry relation, we considered the following algorithm: 

Θ𝑘𝑘𝑚𝑚 (𝜑𝜑𝑀𝑀) =  Θ𝑘𝑘(𝜑𝜑𝑀𝑀) − Θ𝑘𝑘(180° + 𝜑𝜑𝑀𝑀)                                                                                   (3.8) 

which when applied to eqn. (3.7) gave us: 

Θ𝑘𝑘𝑚𝑚 (𝜑𝜑𝑀𝑀) = 2[𝑢𝑢 𝑐𝑐𝑐𝑐𝑠𝑠 𝜑𝜑𝑀𝑀 + 𝑡𝑡 𝑠𝑠𝑖𝑖𝑛𝑛 𝜑𝜑𝑀𝑀] + 𝑐𝑐𝑢𝑢𝑢𝑢𝑡𝑡 𝑐𝑐𝑐𝑐𝑠𝑠2𝜑𝜑𝑀𝑀𝑠𝑠𝑖𝑖𝑛𝑛𝜑𝜑𝑀𝑀 + 𝑂𝑂(𝑚𝑚3)                                        (3.9) 

Eqn. (3.9) was used to fit the experimental data (Fig. 3.12) and MO coupling constants extracted 

from the fit are presented in Table 3.2. As a reference we also present the data obtained from 

Heusler CoFe2Si thin film with cubic symmetry which is known to be magneto-optically 

isotropic34. For CoFe2Si both θk and εk depicted the same trend as a function of applied field 

angle (𝜑𝜑𝐻𝐻), but for CrO2 they behaved differently. As one can see in Table 3.2, l values are 

different along easy and hard axes for CrO2 but that is not the case for CoFe2Si. Typically, for 

samples with cubic symmetry, such as CoFe2Si, l is independent of the sample orientation26,33,127. 

But for CrO2, l has two different values which supports the theoretical prediction of magneto-

optical anisotropy for samples with tetragonal symmetry46,52. 
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Fig. 3.12 θk and εk obtained from MOKE measurements for (110) CrO2 (a)-(b) and for CoFe2Si (c)-(d) samples 
with easy axis parallel to the optical plane (red) and hard axis parallel to the optical plane (blue). 
 
 

Table 3.2 

 

3.5.3 Refractive index and magneto-optic coupling constant of (110) CrO2 

Figure 3.12 show the magnitude of the complex Kerr angle (|Θk|) as a function of sample 

thickness along easy and hard axes and from the plot one can clearly see that CrO2 does reveal 

magneto-optical anisotropy with |Θk| for easy axis is almost three times larger than that of for 
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hard axis. The experimental data were fitted employing the full 4×4 matrix formalism26,125 ,128 

using fixed index of refraction for TiO2
126 and treating the refractive index η and the magneto-

optic coupling constant Q of CrO2 as free parameters. A satisfactory fit over the entire thickness 

range is observed and extracted η and Q values are listed in Table 3.3. From the results it is thus 

confirmed that CrO2 has two distinctive refractive indices (i.e., ‘birefringent’) and two different 

Q values along easy and hard axes - which further proved that these samples were indeed 

magneto-optically anisotropic. The reference data of CoFe2Si thin film with cubic symmetry is 

known to be magneto-optically isotropic34 and hence showed almost no difference (within the 

experimental error limit) in |Θk| along easy and hard axes. 

 
Fig. 3.13 The absolute magnitude of the complex Kerr angle (|Θk|) as a function of thickness along easy 
axis [𝟎𝟎𝟎𝟎𝟎𝟎] (red dot) and hard [𝟎𝟎𝟎𝟎�𝟎𝟎] axis (blue dot) of (110) CrO2 samples. The fit is shown in red line (for 
easy axis data) and in blue line (for hard axis data). The data of CoFe2Si with a thickness of 20 nm are shown 
along easy (red diamond) and hard axes (blue diamond) as reference. 
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Table 3.3 

 

3.6 Summary  

Good quality CrO2 thin films were deposited on (110) TiO2 substrates using CVD system. 

Epitaxial film growth was observed and a low FWHM value (~ 0.68°) suggested good 

crystallinity of the film. The samples have in-plane uniaxial anisotropy which does not vary 

much with changing thickness. Broadband FMR measurements revealed a consistent gyro-

magnetic ratio (γ’) value of 2.76 and also helped to set an upper limit of the Gilbert damping 

parameter (α ~ 0.0015) for CrO2 films. Multiple peaks were observed in the resonance spectra 

due to the presence of forward volume magnetostatic spin waves. These spin waves are the result 

of long-range dipolar interactions and they were successfully separated out by reducing the 

sample size from the original 5x5 mm2 sample to a disk shape sample of diameter 0.9 mm. 

The Complex Kerr angle of (110) CrO2 thin films were quantitatively measured with ROT-

MOKE method which showed that LMOKE data is anisotropic with crystal orientation. 

Furthermore, thickness dependent complex Kerr angle measurements revealed the presence of 

magneto-optic anisotropy, which results from the anisotropic crystal structure of CrO2. Our 

quantitative analysis confirmed that CrO2 revealed ‘birefringence’ with two different refractive 

indices - which is to our knowledge, for the first time this has been reported. Moreover, the 

anisotropy of magneto-optical coupling parameters along easy and hard axes further proved that 

CrO2 is indeed magneto-optically anisotropic. 
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CHAPTER 4 

ANISOTROPIC MAGNETIZATION RELAXATION AND 
MAGNETIZATION REVERSAL PROCESS IN CoxFe3-xSi THIN FILMS 

 

4.1 Introduction 

Tuning of the magnetization relaxation is essential in order to pursue future spintronic devices, 

where one needs to have a good control of magnetization damping for functionality. Extrinsic 

contributions such as defects71, surface roughness129 can be induced artificially which do offer 

possibilities to tailor the relaxation process to some extent. The magnetization relaxation 

mechanism is of particular importance for the design of spin-torque applications such as STT-

MRAM with low power consumption130. Furthermore, the relaxation rate plays a crucial role in 

setting a natural limit to the data recording rate for magnetic recording hard drive read heads and 

media131. The relaxation properties are also critically associated with the bandwidth and 

responsive time of magnetic thin film based microwave devices132.  

On the other hand, understanding the interplay between magnetic anisotropy and magnetization 

reversal is of crucial importance both from a technological and fundamental perspective. While 

magnetocrystalline anisotropy often dominates the magnetic properties of materials, the process 

of magnetization reversal is sensitive to the overall anisotropy and orientation of the applied field 

with respect to the crystallographic axes3,4. Therefore, the overall symmetry of the magnetic 

system governs the magnetization reversal processes and breaking of symmetry can lead to 

additional contributions to the magnetic anisotropy which will affect the magnetization reversal 

processes133. Previous reports suggest that symmetry breaking at atomic steps or anisotropic 
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lattice relaxation can cause an in-plane uniaxial anisotropy observed in epitaxial metallic 

magnetic thin films134,135,136 with cubic crystal symmetry. The relative strength of the cubic and 

the additional uniaxial anisotropy is a key factor that controls these effects. 

Heusler alloys are materials of interest for the next generation spintronic applications because a 

band gap for the minority spin electrons at the Fermi level leads to almost 100% spin 

polarization. Co-based Heusler alloys have a high Curie temperature and a high magnetic 

moment137,138,139 which make them promising candidates for tunneling magnetoresistance140 

(TMR) or spin valves for giant magnetoresistance141. A typical Heusler alloy is represented by a 

generic formula X2YZ (where X and Y are transitions metals and Z stands for a IIIb or a IVb 

group element) with a fully ordered fcc L21 structure142. Here we present a comprehensive study 

of dynamic and quasi-static magnetic properties of thin films of compositions between Fe2CoSi 

and Co2FeSi with systematically varying the stoichiometry. While the Fermi energy level is close 

to the flat valence bands in Fe2CoSi, in case of Co2FeSi, it is close to the flat conduction bands143 

and hence in order to manipulate the magnetic properties, the idea of Fermi energy 

adjustment144,145 was pursued by substituting Fe at C site of Heusler alloys with Co146. 

  
4.2 Dynamic magnetic properties of CoxFe3-xSi thin films 

4.2.1 Co-existance of in-plane cubic anisotropy and uniaxial anisotropy 

The films were sputter deposited using a DC/RF magnetron co-sputtering system on (001) MgO 

substrates covered by a 5 nm thick Cr seed layer. Here, a Cr buffer layer was used for a better 

(001) epitaxial growth. Details about the sample preparation and structural characterization can 

be found in Ref. 146. 

To investigate the magnetization relaxation process and to quantitatively determine the magnetic 

anisotropy, we performed broadband (frequency up to 65 GHz) FMR measurements. The thin 
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films were placed on top of a CPW and the transmitted power was detected at a fixed frequency 

while the external DC magnetic field was swept147. To enable precise determination of the 

resonance field Hres and the linewidth ΔH, the FMR spectra were fitted to a Lorentzian peak 

which included absorption and dispersion contributions97. 

 

Fig. 4.1 In-plane angle dependent resonance field Hres derived from FMR measurements at a fixed microwave 
frequency of 30 GHz for (a) Fe rich CoFe2Si and (b) Co rich Co1.75Fe1.25Si samples. 

In-plane angle dependent FMR measurements at a particular frequency of 30 GHz show that Hres 

has a clear four-fold symmetry with dominant cubic anisotropy for the Fe rich sample (Fig. 

4.1(a)). Whereas for Co rich sample the symmetry is broken and Hres takes the shape of a curve 

that indicates the co-existance of cubic anisotropy and uniaxial anisotropy with latter being the 

dominant contributor (Fig. 4.1(b)). By fitting these data we extracted anisotropy constants and it 

turns out that for CoFe2Si, Kc = 5.6 x 104 erg/cm3 and Ku = 1.5 x 103 erg/cm3. 
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Fig. 4.2 The change in the magnitude of Ku and Kc with Co/Fe ratio 

The results imply that even though the sample has a dominant cubic anisotropy, there exists a 

uniaxial anisotropy which is an order of magnitude smaller. On the other hand, for Co1.75Fe1.25Si, 

the fit results in Kc = 7.2 x 103 erg/cm3 and Ku = 9.9 x 103 erg/cm3, which confirms the presence 

of both cubic and uniaxial anisotropies of comparable magnitudes. In this case, Ku is slightly 

higher than Kc and it is the competition between Ku and Kc that plays a crucial role in breaking 

the symmetry of in-plane angle dependent Hres. The change in the magnitude of Ku and Kc as the 

Fe/Co ratio changes in the samples as determined using FMR in-plane rotation measurements is 

shown in Fig. 4.2. The measured parameters are also listed in Table 4.1.  
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Table 4.1 

 

4.2.2 Two-magnon scattering due to misfit dislocation 

Although four-fold resonance field symmetry is broken for Co rich sample, in-plane angle 

dependent FMR measurements at a particular frequency of 30 GHz show that in-plane FMR 

linewidth ΔH, however, maintains the four-fold symmetry irrespective of the sample composition 

(Fig. 4.3(a)-(b)). While there have been theoretical predictions regarding a possible anisotropy in 

the intrinsic damping parameter of transition metals148, so far there have been no experimental 

observations to support it. In order to observe the theoretically predicted anisotropy in the 

intrinsic damping parameter, one needs to synthesize ultra-high quality thin films where all the 

extrinsic contributions to the ferromagnetic relaxation are small compared to the intrinsic 

damping and/or isotropic, which is difficult. 
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Fig. 4.3 In-plane angle dependent linewidth ΔH derived from FMR measurements at a fixed microwave 
frequency of 30 GHz for (a) Fe rich CoFe2Si and (b) Co rich Co1.75Fe1.25Si samples. 

However, anisotropic ferromagnetic relaxation in transition metal thin films was observed 

experimentally71,149 in the past and was frequently attributed to the anisotropy in the two magnon 

scattering amplitude. Two-magnon scattering is an extrinsic relaxation mechanism and can be 

induced by means of different scattering centers such as voids or pores150, surface roughness and 

grain size151,152,153, or networks of ‘misfit dislocations’71 which would cause the scattering of the 

FMR mode (uniform spin wave mode with k = 0) into non-uniform spin wave modes (k ≠ 

0)154,155.  

For in-plane FMR measurements, the two-magnon scattering takes entry into the radio frequency 

susceptibility as an additional term, called mass operator (R) in the denominator82, 

𝜒𝜒|| =  𝑀𝑀𝑠𝑠𝐵𝐵

𝐵𝐵𝑎𝑎𝑠𝑠𝑠𝑠 𝐻𝐻− �𝜔𝜔𝛾𝛾 �
2

+ 𝑖𝑖(𝐻𝐻+𝐵𝐵)𝛼𝛼𝜔𝜔𝛾𝛾  + [𝑅𝑅𝑎𝑎(𝑅𝑅) + 𝑖𝑖𝐼𝐼𝑚𝑚 (𝑅𝑅)]
                                                                             (4.1) 

where B is the magnetic induction, Beff = H + 4πMeff is the effective induction and for simplicity 

in-plane anisotropies are ignored. While the real part Re(R) leads to a shift in the FMR field, the 

imaginary part Im(R) gives rise to additional damping. Both Re(R) and Im(R) have to follow the 

symmetry of magnetic inhomogeneities. In a rectangular network of misfit dislocations, it is 
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expected to observe additional two-fold and four-fold anisotropies affecting both the FMR field 

and the magnetic damping71. 

To further confirm our hypothesis, we performed multiple frequency measurements along the in-

plane easy and hard axes of the Co-rich sample. As shown in Fig. 4.4(a), while ΔH exhibited a 

linear behavior (the Gilbert model) along the hard axis, a non-linear behavior with broadening of 

linewidth was observed along easy axis due to the two magnon scattering effect64,66,71 which 

approached to a saturation value at higher frequency. 

 
Fig. 4.4 (a) FMR linewidth ΔH vs. Frequency plot along magnetic easy axis [100] and hard axis [110] and (b) 
FMR spectra along easy and hard axes for the Co rich sample Co1.75Fe1.25Si at a microwave frequency of 20 
GHz. 

The multiple frequency data together with FMR spectra (Fig. 4.4(b)) along easy and hard axes 

shown here are clearly not isotropic and are consistent with an anisotropic behavior of the two-

magnon scattering. Among the sources that might trigger two-magnon scattering in magnetic 

thin films, we believe that a symmetric formation of misfit dislocations71 can explain the 

anisotropic behavior of the linewidth in our case. Misfit dislocations might be formed to release 

the strain caused by the mismatch between (001) MgO substrate and the CoxFe3-xSi layer along 

low index substrate plane and propagate through the films and therefore should have a four-fold 

symmetry. The structural characterization156 showed the four-fold symmetry and the epitaxial 
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growth of all CoxFe3-xSi films and also confirmed that the (100) Heusler plane is rotated by an 

angle of 45° with respect to the (100) MgO plane. 

4.2.3 Field dragging effect 

It is also instructive to address another source causing the asymmetry in the FMR linewidth, 

which is the field dragging effect. The field dragging linewidth broadening is due to a small 

misalignment between the magnetization vector M and the external magnetic field H. As 

explained in Chapter 1, the contribution of field dragging effect to the FMR linewidth is given by 

the following formula66,78,114: 

∆𝐻𝐻 =  2
√3

𝛼𝛼
𝛾𝛾

𝜔𝜔
𝑐𝑐𝑐𝑐𝑠𝑠 𝛽𝛽

                                                                                                                          (4.2)                                                                                    

where ΔH is the peak-to-peak FMR linewidth, α is the damping parameter, γ is the gyromagnetic 

ratio, ω is the precession frequency and β is the field dragging angle or the angle between M and 

H. This field dragging term (cos β) generally enhances the linewidth, but when M and H are 

parallel (i.e., along easy or hard axes), the effect due to field dragging vanishes. 

 

Fig. 4.5 Simulated behavior of βcos  as a function of in-plane angle at a microwave frequency of 30 GHz for 
(a) CoFe2Si and (b) Co1.75Fe1.25Si 
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Given the experimentally determined FMR properties, we have simulated the behavior of the 

field dragging angle β for both CoFe2Si and Co1.75Fe1.25Si thin films using the Smith – Beljers 

free energy minimization method157. The simulated behavior of βcos as a function of the in-

plane direction of the quasi static magnetic field is shown in figures 4.5(a)-(b). Its value hardly 

deviates from one which in turn will cause a very weak eight fold anisotropy in the ΔH, that 

cannot be observed experimentally. 

4.3 Magnetization reversal process in CoxFe3-xSi films 

4.3.1 Separation of linear and quadratic MOKE contributions 

To understand how magnetic anisotropies affected the magnetization reversal process, 

longitudinal MOKE (LMOKE) measurements were performed. The sample was mounted on a 

motorized rotation stage enabling a full in-plane 0° – 360° rotation and hysteresis loops were 

measured at different azimuthal orientations (𝜙𝜙𝐻𝐻) with longitudinal field (LF) geometry (see Fig. 

4.6). The curves so obtained contain both symmetric (linear 𝜃𝜃𝑘𝑘𝑢𝑢𝑖𝑖𝑛𝑛 ) and anti-symmetric (quadratic 

𝜃𝜃𝑘𝑘
𝑞𝑞𝑐𝑐𝑎𝑎𝑑𝑑 ) contributions and hence they are separated out by utilizing a pair of magnetization 

reversal data sets (shown in Fig. 4.7(a)-(b)) that are 180° apart and by using eqn. 1.9 from 

Chapter 1with the help of the following algorithms158: 

𝜃𝜃𝑘𝑘𝑢𝑢𝑖𝑖𝑛𝑛 = [𝜃𝜃𝑘𝑘(𝜙𝜙𝐻𝐻 )−𝜃𝜃𝑘𝑘(𝜙𝜙𝐻𝐻+180°)]
2

=  𝐾𝐾𝑚𝑚𝑢𝑢                                                                                             (4.3) 
 
𝜃𝜃𝑘𝑘
𝑞𝑞𝑐𝑐𝑎𝑎𝑑𝑑 = [𝜃𝜃𝑘𝑘(𝜙𝜙𝐻𝐻 )+𝜃𝜃𝑘𝑘(𝜙𝜙𝐻𝐻+180°)]

2
=  𝐺𝐺𝑚𝑚𝑢𝑢𝑚𝑚𝑡𝑡                                                                                    (4.4) 

where 𝜙𝜙𝐻𝐻  denotes the in-plane angle between the sample easy axis and the applied field 

direction. 
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Fig. 4.6 Schematic diagram of the LMOKE geometry utilized for these measurements. External field (Hext) 
was applied parallel to the direction of optical plane. Sample was given a full 360° rotation in the azimuthal 
plane and 𝝓𝝓𝑯𝑯 denotes an arbitrary azimuthal angle between sample easy axis and Hext. 

 

 
Fig. 4.7 Separation of the linear and quadratic contributions of the measured LMOKE data. (a) MOKE loop 
at 𝝓𝝓𝑯𝑯, (b) MOKE loop at (𝝓𝝓𝑯𝑯 + 𝟎𝟎𝟏𝟏𝟎𝟎°) and (c) separated out linear (red) and quadratic (green) contributions. 
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4.3.2 Non-symmetric magnetization reversal and butterfly remanence 

Typically, for materials with cubic L21 crystal structure the existence of two in-plane easy and 

two hard magnetization axes i.e., cubic symmetry is expected.  This is observed for the Fe rich 

sample (CoFe2Si) as in-plane angle dependent remanence (Fig. 4.6(a)) obtained from MOKE 

loops showed a clear four-fold symmetry. On the other hand, for the Co rich sample 

(Co1.75Fe1.25Si) instead of the characteristic “four leaves clover”, a “butterfly” shape (Fig. 4.6(b)) 

of remanence is observed. 

 
Fig. 4.8 In-plane angle dependent remanence derived from MOKE measurements for (a) Fe rich CoFe2Si and 
(b) Co rich Co1.75Fe1.25Si samples. 

Moreover, the saturation field (Hsat) extracted from MOKE data showed in Fig. 4.7(a)-(b) 

indicated that for Fe rich sample, cubic anisotropy was present but for Co rich sample there was 

a coexistence of cubic and uniaxial anisotropy. As a result, for the latter one MOKE loops at or 

near φH = 0° required lower applied magnetic field to saturate as compared to loops at or near 

φH= 90°. 
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Fig. 4.9 In-plane angle dependent saturation field Hsat extracted from MOKE measurements for (a) Fe rich 
CoFe2Si and (b) Co rich Co1.75Fe1.25Si samples. 

Figure 4.8(a)-(f) depicted hysteresis loops along symmetry axes (at φH = 0° and φH = 45°) and 

along off-symmetry axes (at φH = 30° and φH = 60°) for Fe-rich (shown in red) and Co-rich 

(shown in blue) samples respectively. As one could see that for the Fe rich sample, the easy axis 

loop at φH = 45° is a near perfect square loop and the loops at φH = 30° and φH = 60° are exactly 

equivalent. On the other hand, for the Co rich sample, the loop at φH = 45° is no longer a square 

loop and the loops around easy axis at φH = 30° and φH = 60° are non-equivalent indicating there 

is a break in symmetry and this symmetry breaking is indeed reflected in the “butterfly” shape of 

the remanence (Fig. 4.6(b)) which further shows that the easy axes are not orthogonal to each 

other. This breaking of symmetry does influence the magnetization reversal mechanisms and 

induces additional contributions to the magnetic anisotropy, which in turn could tweak both 

magnetization easy and hard axes.  
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Fig. 4.10 Hysteresis loops along symmetry axes (at φH = 0° and φH = 45°) and off-symmetry axes (at φH = 30° 
and φH = 60°) for (a)-(c) Fe rich CoFe2Si and (d)-(f) Co rich Co1.75Fe1.25Si samples. 

An unexpected in-plane uniaxial magnetic anisotropy was observed in some previous 

studies134,135,159 in epitaxial thin films with cubic symmetry and their general explanation was 

symmetry breaking at atomic steps or anisotropic lattice relaxation could be held responsible for 

the origin of this uniaxial anisotropy. Similar remanence behavior has been reported for epitaxial 

Fe4N films133. This “butterfly” shape indicates the co-existence of cubic and uniaxial anisotropy 

in the sample and suggests that the uniaxial anisotropy is dominant over cubic anisotropy which 

was confirmed by the FMR measurement and was discussed in detail in section 4.2.1. As 

mentioned earlier, MgO substrate was used to grow the films and a slight miscut of the substrate, 

which can vary from sample to sample could be the origin of this uniaxial anisotropy146.  
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4.3.3 One-jump and two-jump reversal mechanism 

The relative orientations of the uniaxial and cubic anisotropies in thin films play an important 

role in influencing the magnetization reversal behavior. Typically, in these films the uniaxial 

anisotropy is parallel to the <110> directions and the cubic anisotropy has in-plane hard 

directions along <110> directions and in-plane easy directions along <100>133,160,161, as 

illustrated in Fig. 4.9(a)-(b) respectively.  

 

Fig. 4.11 The schematic diagram showing the relative orientations of the anisotropy axes with respect to the 
crystallographic axes in CoxFe3-xSi/MgO(001) films: (a) uniaxial anisotropy; (b) cubic anisotropy and (c) 
combination of uniaxial and cubic anisotropies. 

For samples in which there is a co-existence of uniaxial and cubic anisotropies the two in-plane 

<110> directions are energetically nonequivalent as one of the axes is a combination of hard 

cubic and easy uniaxial direction (i.e., hard-easy axis) and the other one is a combination of hard 

cubic and hard uniaxial direction (i.e., hard-hard axis), as illustrated in Fig. 4.9(c). Hence, it is 

energetically more favorable for the magnetization to jump over the hard-easy axis than over the 

hard-hard axis and this in turn has significant effects on the reversal process161. In our case, 

MOKE measurements also depicted loop features that are associated with coherent rotation and 

irreversible jumps of magnetization. For Fe-rich sample, MOKE loops presented here (Fig. 

5.10(a)-(b)) showed two-jump reversal process along easy axis and around easy axis at φH = 120° 
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and φH = 135°. On the other hand, for Co-rich samples, there are loops (Fig. 5.11(c)-(d)) that 

showed one-jump reversal process at φH = 120° and φH = 135°. 

 
Fig. 4.12 Hysteresis loops showing two-jump reversal process (a)-(b) for Fe rich CoFe2Si and one-jump 
reversal process (c)-(d) for Co rich Co1.75Fe1.25Si samples. 
 
The competition between the cubic (Kc) and the uniaxial magnetic anisotropy (Ku) is the key 

parameter which controls the magnetization reversal curves. As a result of that, the position of 

the overall easy direction in the samples depend on the anisotropy ratio r = Ku/Kc and tends to 

move from <100> direction to the <110> direction as r varies from 0 to 1 (indicating uniaxial 

anisotropy contribution becoming dominant over cubic anisotropy) which is quite evident in the 

remanence behavior for the Fe-rich and Co-rich samples in Fig. 4.6(a)-(b). An important point 

worth mentioning here is that for two-jump reversal process to occur it requires two distinct hard 

axes in the plane of the sample and this condition arises when r is less than unity (which is the 
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case for Fe-rich sample). On the other hand, when uniaxial anisotropy is dominant over cubic 

anisotropy only one-jump reversal process can take place, which indeed the case for the Co-rich 

sample. A decrease of the cubic anisotropy and change of the easy axis direction with increasing 

Co content is consistent with previous reports for bulk crystals162,163. 

4.4 Summary 

FMR measurements were carried out to understand the magnetization dynamics of Heusler like 

epitaxial CoxFe3-xSi films. It was shown that both uniaxial and cubic in-plane magnetic 

anisotropies are present in the thin films and they responded differently as the Co/Fe ratio varied. 

Instead of linear behavior in the linewidth vs. frequency plot, the samples exhibited non-linear 

response indicating the existence of two-magnon scattering process that manifested itself in an 

anisotropic broadening of the FMR linewidth. In these samples, two-magnon scattering is 

strongly direction dependent and shows a four-fold symmetry independent of the magnetic 

anisotropy of the films. Misfit dislocations form a network that has the same symmetry as that of 

the crystal and are likely the cause for the anisotropic linewidth behavior. 

On the other hand, magnetization reversal analysis confirmed the co-existence of uniaxial and 

cubic anisotropies in Heusler like epitaxial CoxFe3-xSi films. While CoFe2Si showed four-fold 

symmetry with orthogonal easy axes, Co1.75Fe1.25Si depicted non-orthogonal easy axes as a 

consequence of broken symmetry that resulted in a characteristic “butterfly” shape of remanence. 

Hysteresis loops observed that were associated with 1-jump (Co-rich sample) or 2-jump (Fe-rich 

sample) magnetization reversal sequences, depending critically on the anisotropy ratio (r = 

Ku/Kc) and the orientation of the external magnetic field. Furthermore, an evolution of uniaxial 

anisotropy is observed with the increase of Co ratio in these samples which could be an artifact 
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of the substrate orientation, i.e., a slight miscut of the MgO substrate with respect to the nominal 

(100) orientation might be the origin of this uniaxial anisotropy. 
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CHAPTER 5 

MAGNETIZATION DYNAMICS AND VECTOR MOKE 
MAGNETOMETRY STUDY OF RIPPLED Co90Fe10 THIN FILMS 

 
5.1 Introduction 

It has been known since more than five decades that one of the sources of perpendicular 

magnetic anisotropy (PMA) is the change of magneto-static energy due to surface roughness of 

samples164, by which a relatively small roughness can introduce a significant PMA13. Moreover 

it has been shown that even atomically flat films can show some degree of PMA because of the 

intrinsic magnetic roughness stemming from discrete magnetic dipoles distributed over the 

lattice sites165. It is also well known166 that the in-plane anisotropy of the roughness will lead to a 

corresponding in-plane magnetic anisotropy. In addition to the modifications of the quasi-static 

magnetic properties, which also include coercivity167, surface roughness is also known to 

influence the magnetization dynamics by causing two-magnon scattering, which increases the 

relaxation of the magnetization precession. If the roughness has an in-plane anisotropy, the 

magnetic relaxation is expected to follow the same anisotropy, which has been investigated in 

some recent publications168,169,170. 

Oblique sputtering is a technique commonly used to produce samples with highly anisotropic 

roughness171. Similar to the formation of dunes172,173, ripple structures perpendicular to the beam 

direction will appear under proper oblique deposition conditions. For instance, magnetron-

sputtering174 or ion-beam erosion175, has been used to produce highly ordered nano-scale ripple 

structures. In this study they are used as a substrate for a sample series with nearly identical 
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roughness by depositing a magnetic layer using perpendicular incidence sputtering on top. There 

are various reports on this approach to investigate the thickness dependence of the roughness 

induced in-plane anisotropy176,177,178,179. An inverse thickness scaling law is theoretically 

predicted for both in-plane and perpendicular anisotropies166 for a single rough interface. 

Here we chose Co90Fe10 films, which were normally deposited on top of obliquely sputtered 

rippled Ru underlayers. The sample structure was Ru (NM)\Co90Fe10 (FM)\Ru (NM)174, where 

NM stands for normal metal and FM stands for ferromagnet. We showed that by performing 

systematic thickness dependent in-plane FMR measurements one can determine both in-plane 

magnetic anisotropy as well as PMA. The coupling between the ferromagnetic layer and the 

adjacent normal metal layer gave rise to some extrinsic contribution to the magnetization 

damping and thereby enhanced the effective damping constant via “spin-pumping” effect180. 

Moreover, vector MOKE magnetometry was also carried out to understand how the in-plane 

magnetic anisotropy influences magnetization reversal processes in the sample. 

5.2 Magnetization dynamics of Co90Fe10 films 

5.2.1 Inverse thickness dependent anisotropy 

In order to determine the in-plane anisotropy, we carried out in-plane angle dependent FMR 

measurements at a fixed microwave frequency of 40 GHz. The results shown in Fig. 5.1 revealed 

a clear two-fold symmetry with easy axis and hard axis corresponding to the minimum and 

maximum of the resonance field respectively. This two-fold symmetry is suggestive of the 

presence of an in-plane uniaxial anisotropy in the samples and the uniaxial anisotropy field Hk,ip 

extracted by fitting Fig. 5.1 is plotted as a function of thickness (t) of Co90Fe10 layer in Fig. 5.2. 

The inverse thickness dependence of Hk,ip originated from the anisotropic undulation of the 

interface caused by the oblique deposition of the Ru underlayer. 
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Fig. 5.1 In-plane angle dependent resonance field Hres of Co90Fe10 samples with different thicknesses at a fixed 
microwave frequency of 40GHz. 

 
Fig. 5.2 Anisotropy field Hk,ip determined from in-plane angle dependent FMR measurements carried out at a 
microwave frequency of 40 GHz as a function of thickness of Co90Fe10 layer. 
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We also performed multiple frequency measurements as shown in Fig. 5.3 with the field applied 

along the easy axis. The effective magnetization Meff was determined from the Kittel plot for 

each sample. 

 
Fig. 5.3 Kittel plot showing multiple frequency measurements with the magnetic field applied along easy axis 
for Co90Fe10 samples. 

While the overall agreement of the fits and data is good, a close inspection reveals systematic 

deviations at low fields. To minimize systematic errors caused by the sample not being fully 

saturated, we therefore, excluded data points below 5 kOe from the fit. The results for Meff were 

plotted in Fig. 5.4 as a function of the inverse thickness.  
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Fig. 5.4 Effective demagnetization field is plotted as a function of inverse thickness of Co90Fe10 layer and from 
the slope of the curve perpendicular magnetic anisotropy KPMA is determined. 

From the thickness dependence of the effective magnetization Meff, for a thin film with 

perpendicular anisotropy in its usual form, 

4𝜋𝜋𝑀𝑀𝑎𝑎𝑠𝑠𝑠𝑠 =  4𝜋𝜋𝑀𝑀𝑠𝑠 + 2𝐾𝐾𝑃𝑃𝑀𝑀𝑃𝑃
𝑀𝑀𝑠𝑠𝑡𝑡

                                                                                                        (5.1) 

one can deduce the saturation magnetization (Ms) and perpendicular anisotropy (KPMA) with the 

assumption that there is no bulk PMA, i.e., seff MtM =∞→ )(  and that Ms and KPMA are 

thickness independent. Then 4πMs = 17.4 kG (μ0Ms = 1.74 T) is the intercept with the y-axis and 

the PMA strength of 35.1−=PMAK  erg/cm2 (-1.35 mJ/m2) can be determined from the slope. 

Ching-Ray Chang17 argued that for a continuous film (where the film thickness is much greater 

than the surface roughness amplitude) the maximum magnitude of PMA from the surface 

roughness is 1.5πMs
2a, where ‘a’ is the amplitude of root mean square roughness. By using this 
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result, in our case, the magnitude of maximum PMA due to roughness is 4.0, =roughnessPMAK

erg/cm2 which does not relate to any atomic structures and is purely of magnetostatic origin. 

Comparing this with the magnitude of our experimental data, |KPMA| = 1.35 erg/cm2 one can see 

that maximal magnitude of PMA due to roughness roughnessPMAK ,  is smaller than the experimental 

value, which indicates that there is a significant perpendicular anisotropy contribution that 

originates from the broken symmetry at the interface and is present even without interfacial 

roughness. 

5.2.2 Spin pumping in NM/FM/NM structure 

When a ferromagnetic layer of interest is sandwiched between two normal metal layers, the 

precessing magnetization in ferromagnetic layer leads to a spin current that is ‘pumped’ out of 

the ferromagnetic layer to the adjacent normal metal layers180. According to this “spin-pumping” 

phenomenon a moving magnetization vector loses its torque, which in turn enhances the Gilbert 

damping of a ferromagnet in a NM/FM/NM structure. This enhancement depends on the ‘spin-

diffusion length’ (λSD) of the emitted spin current. In order to observe a significant enhancement 

of the Gilbert damping due to spin-pumping in the normal metal layer, the spin diffusion length 

should be smaller than the normal metal film thickness (LNM) i.e., λSD ≤ LNM
181,182. 

FMR linewidth ΔH obtained for the Ru/Co90Fe10 (t)/Ru sample series is shown in Fig. 5.5. The 

expected linear behavior is observed in ΔH vs. Frequency curves, with an ‘extrinsic’ offset 

which, as discussed earlier in Chapter 1, can be expressed as64,65: 

∆𝐻𝐻 =  ∆𝐻𝐻0 +  2
√3

𝛼𝛼
𝛾𝛾
𝜔𝜔                                                                                                                  (5.2) 
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Here ΔH0 is the extrinsic linewidth contribution that comes from the inhomogeneity of the 

sample. The second term on the right side of eqn. 5.2 represents the intrinsic contribution to ΔH 

and is linearly dependent on the microwave frequency ω with a slope proportional to the 

damping constant α. As one can see that slopes of ΔH are increasing with decreasing sample 

thickness – which indicates that α is increasing with decreasing magnetic layer thickness. 

 
Fig. 5.5 FMR linewidth ΔH as a function of microwave frequency for Co90Fe10 films with varying thicknesses. 

Fig. 5.6 illustrates damping constants for the sample series of varying thicknesses, which clearly 

reveal an enhanced α value for reduced ferromagnetic layer thickness. Using the theoretical 

model developed by Tserkovnyak et al183 the enhanced damping constant can be described as 

𝛼𝛼 =  𝛼𝛼0 + 𝛼𝛼′                                                                                                                               (5.3) 

where α is the total damping, α0 represents the Gilbert damping in the absence of non-local 

contribution (i.e., bulk value) and α’ is the contribution coming from the pumped spin current.  
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Fig. 5.6 Inverse thickness dependence of damping constant α of Co90Fe10 films determined from frequency 
dependent linewidth measurements. 

The spin-pumping contribution itself can be expressed as 

𝛼𝛼′ = [1 +  𝑔𝑔↑↓𝜌𝜌]−1 𝑔𝑔𝐿𝐿𝑔𝑔↑↓

4𝜋𝜋𝜋𝜋
                                                                                                            (5.4) 

Here, 𝑔𝑔↑↓ is an interfacial mixing conductance, 𝑔𝑔𝐿𝐿 is the 𝑔𝑔 factor and μ is the total magnetic 

moment of the ferromagnetic layer which increases linearly with the film thickness. The 

parameter ρ is the ‘backflow’ factor, defined as 

𝜌𝜌 ≡  𝜏𝜏𝑆𝑆𝑆𝑆 𝛿𝛿𝑆𝑆𝑆𝑆 /ℎ

tanh (𝐿𝐿𝑁𝑁𝑀𝑀𝜆𝜆𝑆𝑆𝑆𝑆
)
                                                                                                                            (5.5) 

Where 𝜏𝜏𝑆𝑆𝑆𝑆  represents the spin-relaxation time, 𝛿𝛿𝑆𝑆𝑆𝑆  is the effective energy level splitting of the 

states participating in the spin-flip scattering events, LNM is the layer thickness of normal metal 

and λSD is the spin diffusion length in the normal metal. As one can see in eqn. (5.5), when 
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𝐿𝐿𝑁𝑁𝑀𝑀 ≫ 𝜆𝜆𝑆𝑆𝑆𝑆 , tanh �𝐿𝐿𝑁𝑁𝑀𝑀
𝜆𝜆𝑆𝑆𝑆𝑆

� → 1, so ρ is independent of LNM and therefore, α’ is simply inversely 

proportional to μ. This is what reflected in our experimental results of inverse thickness 

dependence of α. Ru acts as a reasonably good ‘spin-sink’ with spin diffusion length less than 4 

nm at room temperature184. The current work was done at room temperature and since the Ru 

layer thickness is 5 nm, the criterion of λSD  ≤  LNM for spin-pumping induced enhancement of α 

is basically satisfied. 

5.3 Vector MOKE magnetometry study of Co90Fe10 films 

5.3.1 Vector MOKE magnetometry 

Generally, in a hysteresis loop measurement one obtains a single component of magnetization M 

that is saturated along the external magnetic field direction and often observes a reduced value of 

magnetization near the switching field, but cannot determine whether the magnetization is 

coherently rotating or the average sample magnetization is vanishing due to the presence of 

domains. However, M is a vector quantity and therefore, for a better understanding of the 

magnetization reversal process in thin films, it is necessary to measure at least two perpendicular 

components of the magnetization in the film plane (based on the assumption that the out of the 

plane magnetization component is very small), allowing a determination of the magnitude and 

direction of the total magnetization as a function of the applied field, which is called vector 

magnetometry. 

MOKE is very useful tool for this purpose as it probes the magnetization in small regions of the 

sample with high signal to noise ratio. All the components of M can be separately identified 

using this technique. Over the years, people have suggested different methods to implement this. 

In one arrangement, the direction of external magnetic field is kept constant while the 

polarization of incident light is changed2,3 whereas in another method the optical alignment is not 



 

83 
 

altered rather the external magnetic field direction is varied185. The two in-plane magnetization 

components give rise to two different types of MOKE phenomena, namely, longitudinal MOKE 

(LMOKE) and transverse MOKE (TMOKE) as described in Chapter 1. LMOKE triggers a 

change in polarization of incident light (p or s polarized) whereas TMOKE changes the intensity 

of incident parallel polarized (p-polarized) light. The advantage of the method described by 

Florczak et al2 is that one does not need to change the position of external field and the sample, 

but the disadvantage is that the two signals recorded are not directly comparable as two different 

physical quantities (Kerr rotation and Kerr intensity) are measured and hence the detection 

becomes complicated. 

In our vector MOKE setup, we follow the method as described by Daboo et al.185 Here, both in-

plane components are determined by utilizing LMOKE with s-polarized light. Two types of field 

geometry are employed for this purpose. In one case, the external magnetic field is applied 

parallel to the plane of incident light i.e., longitudinal field (LF) geometry while in other case, 

both the sample and the external magnetic field are rotated by 90° i.e., transverse field (TF) 

geometry (as shown in Fig. 5.7). Thus, in the latter case the magnetization component 

perpendicular to the magnetic field generates LMOKE. The advantage of this technique is that 

the signals of both in-plane components of M are measured with LMOKE only and therefore, 

they are directly comparable without any normalization. For each field orientation, we have 

furthermore the possibility to rotate the sample for measuring the hysteresis loop as a function of 

the in-plane azimuthal angle (𝜙𝜙𝐻𝐻) from 0° to 360°. Therefore, the in-plane angular dependence 

of magnetic properties such as coercivity, remanence and saturation field can be extracted from 

MOKE data. 
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Fig. 5.7 Vector MOKE geometries used for these measurements. (a) LF/LMOKE geometry where magnetic 
field is applied parallel to the optical plane; (b) TF/LMOKE geometry where magnetic field is applied 
perpendicular to the optical plane. For both configurations, the sample is further given a full 360° in-plane 
rotation.  

5.3.2 Longitudinal and transverse components of magnetization 

Vector MOKE is based on the linear contribution to the MOKE signal186, so in our analysis we 

separated out the linear and quadratic contributions as explained in Chapter 4 and took into 

account only the linear contribution of the measured LMOKE data. Since we are utilizing both 

LF/LMOKE and TF/LMOKE geometries, in our case longitudinal (θk, L) and transverse (θk, T) 

components of magnetization can be expressed as: 

𝜃𝜃𝑘𝑘 ,𝐿𝐿 =  𝜃𝜃𝑘𝑘 ,𝐿𝐿
𝑢𝑢𝑖𝑖𝑛𝑛 = 𝐾𝐾𝑚𝑚𝑢𝑢                                                                                                                     (5.6)                    

𝜃𝜃𝑘𝑘 ,𝑇𝑇 =  𝜃𝜃𝑘𝑘 ,𝑇𝑇
𝑢𝑢𝑖𝑖𝑛𝑛 = 𝐾𝐾𝑚𝑚𝑡𝑡                                                                                                                     (5.7) 

In figure 5.8 hysteresis curves of both 𝜃𝜃𝑘𝑘 ,𝐿𝐿 and 𝜃𝜃𝑘𝑘 ,𝑇𝑇 are shown for (a) magnetic easy axis, (b) 

magnetic hard axis, (c) 2° off the magnetic hard axis of the sample. All the loops have the same 

Kerr rotation (the longitudinal curves have a finite non-zero value while transverse curves have a 
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zero value) at the magnetic saturation, but they differ in the shape at different azimuthal 

orientations. The remanence is large along the easy axis and small along the hard axis for the 

𝜃𝜃𝑘𝑘 ,𝐿𝐿 loops as expected. 

 
Fig. 5.8 Hysteresis curves of longitudinal Kerr rotation θk,L (red curve) and transversal Kerr rotation θk,T 
(blue curve) along (a) easy axis, (b) hard axis and (c) 2° off hard axis for Co90Fe10 film with thickness 3 nm.  

5.3.3 Magnitude and rotation angle of magnetization vector 

Since the magnetization is a vector quantity, a full description requires both magnitude and 

direction. So in order to reconstruct the reversal process, the magnitude (|𝜃𝜃𝑘𝑘 | = �𝜃𝜃𝑘𝑘 ,𝐿𝐿
2 + 𝜃𝜃𝑘𝑘 ,𝑇𝑇

2  ) 

and the angle (γ =  tan−1(𝜃𝜃𝑘𝑘 ,𝑇𝑇
𝜃𝜃𝑘𝑘 ,𝐿𝐿

)) of the average magnetization vector (as mentioned in Chapter 1, 

in MOKE measurements one cannot quantify magnetization, here |𝜃𝜃𝑘𝑘 | is the magnitude of the 

Kerr rotation which is proportional to the magnitude of magnetization |M|) with respect to the 

positive external applied field direction were calculated. In Fig. 5.9(a)-(c) the dependence of |𝜃𝜃𝑘𝑘 | 

on the external field is shown for different orientations introduced earlier. The maximum values 

of |𝜃𝜃𝑘𝑘 | all curves amount to the same ~ 13 mdeg which is in good agreement with the saturation 

value of the 𝜃𝜃𝑘𝑘 ,𝐿𝐿 loops (as shown in Fig. 5.8), because at saturation the magnetization vector 

should be parallel to the external field direction. 
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Fig. 5.9 Magnitude of Kerr rotation |θk| during reversal processes along (a) easy axis, (b) hard axis and (c) 2° 
off hard axis. Rotation angle (γ) of the magnetization vector as a function of applied field during the reversal 
processes along (d) easy axis, (e) hard axis and (f) 2° off hard axis and |θk| is plotted against rotation angle (γ) 
during the reversal processes along (g) easy axis, (h) hard axis and (i) 2° off hard axis for Co90Fe10 film with 
thickness 3 nm. 

One notices that, during the reversal process |𝜃𝜃𝑘𝑘 | is almost constant at high fields but starts to 

change as the field is lowered. For the easy axis, one sees a sharp drop for each branch at a field 

~ ±50 Oe with nearly vanishing magnetization. But for the hard axis, a gradual drop of 

magnetization is observed for both the branches that start off at around 250 Oe and as it goes 

further towards lower field region a small “loop-like” hysteresis is formed. And again, for 2° off 

hard axis, in addition to the gradual drop, this “loop-like” irreversible behavior is more 

prominent. This kind of behavior is related to the transition from magnetic mono-domain state to 
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multi-domain state with different magnetization orientations and therefore, the resulting 

averaged magnetization is smaller. 

The angle of the average magnetization (γ) as a function of the applied filed is shown in Fig. 

5.9(d)-(f) for all three orientations mentioned above. The reversal process starts off with 

saturation at γ = 0° for all three cases, i.e., the magnetization is aligned along the positive field 

direction. During the switching process, the magnetization changes by 180° with a steep jump 

for the easy axis curve whereas for the hard axis curve this change is more of a continuous 

process.   

On the other hand, the reversal process is more complicated for the curve along 2° off hard axis. 

Here, the change of magnetization is associated with a multi-step process. Since the external 

magnetic field is not applied along one of the symmetry axes (easy or hard), the magnetization 

wants to rotate towards the closest easy axis with respect to the direction of the external magnetic 

field. Similar kind of reversal processes have been observed by Ohldag et al.187 for a uniaxial 

system and Kuchel et al.186 , Daboo et al.161 for cubic systems. 

For a complete visualization of the in-plane magnetization vector and its rotation process we 

present polar graphs in Fig. 5.9(g)-(i) where |𝜃𝜃𝑘𝑘 | is plotted against γ. The sense of rotation is 

counter clockwise for both the easy and hard axes. But for the 2° off hard axis curve the sense of 

rotation is clockwise. As one can see, |𝜃𝜃𝑘𝑘 | is maximum at the positive and negative saturation 

field regions (γ = 0° and γ = 180° respectively) and thereby indicates a mono-domain state. But, 

as the applied filed is reduced |𝜃𝜃𝑘𝑘 | starts decreasing and near switching it goes to zero for the 

easy axis curve. A plausible explanation for this could be that at vanishing external field two 

180° domain states with anti-parallel magnetization exist resulting in a zero average 

magnetization. However, for the hard axis and 2° off hard axis curves, there is some non-zero 
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|𝜃𝜃𝑘𝑘 | present near switching region which further confirms the presence of multi-domain state that 

forms upon reduction of the external field as the magnetization tries to rotate towards the easy 

axis, but has to choose between two of them who are energetically equivalent and hence splits 

into domains. Switching back the polarity of the external magnetic field, the magnetization 

rotation repeats its behavior for all three orientations. 

5.3.4 Determination of coercivity, remanence and saturation field 

Magnetic properties coercivity, remanence and saturation field were extracted from each 

hysteresis loop and in-plane angle dependent coercivity and remanence curves for different are 

shown in Fig. 5.10(a)-(b) for a sample with thickness 3 nm. Both graphs depict a clear two-fold 

symmetry confirming the uniaxial nature of the magnetic anisotropy. Ideally, one would expect a 

vanishing coercive field and remanence for the hard axis loop but that is not the case for these 

samples. Rather, we observed non-zero value as revealed by the hard axis hysteresis loop (see 

Fig. 5.8(b)) and the “peak-like” behavior in the coercivity and remanence curve near 90°. On the 

other hand, we see almost zero or negligible remanence for loops that are 2° off the hard axis. 

This interesting “peak-like” behavior near the hard axis is an indication of a ‘domain frustration 

effect’188. This kind of effect arises because when the external field is reduced, the magnetization 

wants to rotate into the direction of nearest easy axis, but has to choose between one of the two 

directions which are energetically favorable and hence splits into domains. We further plotted the 

saturation field as a function of the in-plane angle in Fig. 5.10(c) and a clear two-fold symmetry 

was observed. By fitting these data an estimation of in-plane anisotropy can also be made. 
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Fig. 5.10 In-plane angle dependent (a) coercivity Hc, (b) remanence and (c) saturation field Hsat curves of 
Co90Fe10 film with thickness 3 nm.  

5.4 Summary 

An inverse thickness dependence of in-plane uniaxial anisotropy was observed in Co90Fe10 films 

deposited on top of a rippled Ru underlayer. Based on the in-plane FMR data we could also 

determine Ms and PMA of the magnetic layer. This result is surprising as the found value of the 

PMA of −1.35 erg/cm2 (-1.35 mJ/m2) is quite large. It can be argued that the surface roughness 

could not be the only reason for this high PMA value, rather the broken symmetry at the 

interface could also be one of the possible sources of significant PMA in these samples. FMR 

measurements also helped to probe ‘spin-pumping’, which adds a non-local contribution to the 

Gilbert damping that manifests itself as an inverse thickness dependence of the FM layer and 

also depends on the spin diffusion length of the NM layer. 

On the other hand, vector MOKE magnetometry data has been analyzed to understand the 

complete reversal process of the magnetization which is associated with domain formation and 

domain wall motion. Reversal processes are pictorially visualized with the help of Cartesian and 

polar plots explaining mono-domain states near saturation and multi-domain states near the 

switching field regions. Furthermore, a full 360° in-plane rotation scan provides a clear picture of 

how the magnetic anisotropy influences the magnetization reversal process and helps to obtain 

crucial magnetic properties of the sample such as remanence, coercivity and saturation field. 
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