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Abstract 
 

This thesis discusses two different magnetic materials: epitaxial yttrium iron garnet 

(YIG) and heteromorphous CoFeB-SiO2 films.  

YIG films were grown by pulse laser deposition (PLD) techniques onto gadolinium 

gallium garnet (GGG) substrates of (111) and (001) crystal orientations. Using 

stoichiometric and overstoichiometric ablative targets, we developed two types of YIG 

submicron films. The films grown from overstoichiometric targets have magnetic 

properties slightly different from standard liquid phase epitaxy (LPE) YIGs. They also 

demonstrate good substrate matching and approximately 6% nonstoichiometry. In 

contrary, films grown from stoichiometric targets posses surprisingly high values of 

uniaxial anisotropy, meanwhile cubic anisotropy is reduced several times. These films 

also reveal strong lattice distortions and nonstoichiometry around 17%. 

Employing Weiss molecular field theory and single-ion anisotropy model we 

determined the preferential occupancy of the octahedral [a] positions in the YIG cubic 

lattices by Fe
3+

 vacancies. The vacancies were found to be preferentially oriented along 

the growth direction perpendicular to the film surface. We called this effect 

―deformation blockade‖. 

Different magnetostatic surface wave (MSSW) filters were also demonstrated. The 

filters employ high uniaxial anisotropy in YIG submicron films with magnetic losses 

ΔH ~ 1 Oe. 

 Heteromorphous CoFeB-SiO2 films were deposited onto glass substrates 

employing carrousel magnetron sputtering. This novel technique allows amorphous 

films fabrication with record high in-plane anisotropy. The induced anisotropy fields 

here are approximately dozen times greater the values achieved using conventional 

growth technique when external bias field is applied during deposition process.  

Interesting observations were made studying CoFeB-SiO2 magnetization dynamics 

in the wide frequency range from 500 kHz up to 15 GHz.  Two different anomalies of 

the magnetic susceptibility were found at the field of in-plane anisotropy Hp and critical 

field Hcr (0 < Hcr < Hp). We explained the anomalies appearance by sequence of the 

domain walls transformations so that Néel-Bloch-Néel domain wall transition stands for 

the instability at H = ±Hcr and transition from the uniformly magnetized state to the 

domain state with Néel domain wall and vice versa is responsible for the instability at H 

= ±Hp. 
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Introduction 

 

Today ferromagnetics have an enormous area of applications from the popular 

souvenir sticking magnets to the cutting edge technology devices such as magnetic 

memory drives, micro inductors, microwave oscillators, filters, phase shifters, delay 

lines, optical Faraday rotators, photonic crystals and many others. 

Application of magnetic materials at high frequencies demands knowledge of their 

static and dynamic properties. In the MHz and even GHz frequency ranges (~< 10 

GHz) magnetization dynamic in ferromagnetic is very affected by the presence of 

domain structure and it’s transformations. The domains structure defines as by 

geometry and magnetic properties of ferromagnetic as by external biasing filed H 

saturating ferromagnetic above certain field value. 

In the saturated state the high frequency response (~1−100 GHz) of ferromagnetic is 

defined by uniform ferromagnetic resonance and exited spin waves. Ferromagnetic 

resonance (FMR) is a great ―toolkit‖ for analysis of a variety of magnetic parameters. 

The most interesting are magnetic loss, magnetic anisotropy and gyromagnetic ratio (g-

factor). Moreover, the FMR branches define tunability of the spinwave devices at high 

frequencies.  

A well known material for magnetostatic spin wave (MSW) devices is yttrium iron 

garnet Y3Fe5O12 (YIG). This material was brought to a high level of development in the 

1970s as a material for microwave applications and was being substituted with various 

rare earths for the bubble memory ([1] and references therein). YIGs posses recordly 

low magnetic losses [2] together with moderate values of saturation magnetization and 

anisotropy fields. Thick YIG films (~20−100 µm) grown by liquid phase epitaxy (LPE) 

onto Gd3Ga5O12 (GGG) substrates have been used for years in a variety of commercial 

MSW devices. These films have negligibly low anisotropies fields (< 100 Oe). Contrary 

to the liquid phase epitaxy (LPE), methods of the physical vapor deposition (PVD) 

demand moderate temperatures, eliminate interdiffusion and enables formation of the 

sharp film-to-substrate and layer-to-layer interfaces. 
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Recently all-garnet heteroepitaxial multilayers have been grown by rf-magnetron 

sputtering and pulsed laser deposition techniques [3,4]. High performance of atomically 

engineered magneto-optical multilayers demonstrates the prospective to synthesize 

ultra-thin films and to tailor garnet properties composing epitaxial layers with thickness 

of only a few unit cells [3, 4].  

As will be shown later, the pulse laser deposition (PLD) technique enables a growth 

of high quality submicron YIG films of two different types. Unusually high uniaxial 

anisotropy (hundreds of Oe) of these films together with low magnetic losses allow to 

test them in the MSW devises. 

Another material of interest in this study is heteromorphous CoFeB-SiO2. Among a 

large number of soft magnetic amorphous and nanocrystalline compounds synthesized 

so far, heteromorphous CoFeB-SiO2 possess, along with increased resistivity, 

astonishing magnetic properties: high saturation magnetization and in-plane anisotropy, 

high magnetic susceptibility and low coercive fields. These materials in the form of 

rapidly quenched transition-metal-metalloid amorphous alloys (metallic glasses) have 

been extensively studied due to various potential applications [5,6]. The role of 

transition-metal constituents has been infallibly established. As an example, Co 

substitution of Fe increases saturation magnetization Ms whereas the roles of metalloids 

like B, P or Si still need profound elucidation. Having smaller atomic radii they 

promote a high packing density and low free volume. Also, in combination with 

transition metals they have negative free energy of formation, impeding crystal 

nucleation. Short range exchange interaction between magnetic atoms provides 

spontaneous magnetization, while a long range structural disorder renders soft magnetic 

properties making amorphous material to behave as an isotropic ferromagnetic.  

   Recent advent of magnetic tunnel junctions revived the interest in amorphous 

magnets. Record-high room temperature tunneling magnetoresistance observed in 

CoFeB magnetic tunnel junctions with AlOx [7] and MgO [8]  barriers, as well as 

enhanced tunneling spin polarization in CoFeB compared to pure CoFe [9], have a great 

potential for various spintronic devices. Besides high saturation magnetization, 

magnetic anisotropy is often required, e.g. to operate as a magnetoresistive sensors or 

spin-torque oscillators, spinvalve devices manipulate magnetic anisotropy in pinned and 

free CoFeB layers. 

Self biasing effect of CoFeB-SiO2 films due to their high in-plane anisotropy allows 

observation of FMR under small (< 10 Oe) external magnetic fields in the frequency 

range of several GHz. In the same time at the small or zero fields, CoFeB-SiO2 films 

represent explicit stripe domain structure [10]. Investigation of the magnetism dynamic 

in a wide frequency range becomes not only an instrument for films magnetic 

parameters assessment, but also an ―approach‖ to study structural domains 

transformations in these ferromagnetic films. 

The structure of the current thesis is the following: 

Chapter 1 gives a short theoretical overview/introduction to the most important 

questions of the physics covered in the work. 
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Chapter 2 collects, and discusses results on magnetic and structural properties of 

YIG films grown by PLD. 

Chapter 3 is a deepened discussion of Chapter 2 where we introduce and modify a 

model to explain an evident disparity in the anisotropy fields of PLD and LPE 

synthesized YIG films. 

Chapter 4 is an attempt to demonstrate the possibility of PLD-YIG films to be used 

in MSW electronics. 

Chapter 5 is devoted to the thorough investigation of CoFeB-SiO2 heteromorphous 

films in the wide frequency range including study of the domain structure. 

Chapter 6 gives a short summary of the most important achievements have been 

made.
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Chapter 1 

Theoretical background: Ferromagnetics 

 

1.1. Free energy of ferromagnetic material 

The free energy F of ferromagnetic strongly defines it magnetization dynamic and 

magnetic structure. The total free energy Ft of ferromagnetic is a complex function of 

the following macroscopic parameters: temperature T, external magnetic field H and 

induced stress ζ. In the variety of studies as experimental as theoretical the free energy 

has the form 

Ft = Fz + Fd + Fa,                                              (1.1) 

where Fz is Zeeman energy equal to the negative scalar product of the magnetization 

vector M of ferromagnetic to  the applied external field H, Fz = –M·H. The second term 

in Eq. (1.1) Fd is a demagnetization energy defined by a macroscopic shape of 

ferromagnetic. The last term Fa is the anisotropy energy. This is a most important part 

of the total energy Ft since it results from the microstructure of ferromagnetic. 

The demagnetization energy Fd is determined through the demagnetization field Hd 

Fd =  
 

 
M·Hd.                                         (1.2a) 

For the sample of ellipsoid shape it simplifies to  

Fd = 2πM·   M                                     (1.2b) 

with    as demagnetization tensor. In the general case of ellipsoid having (a,b,c) axes 

along (y, x, z) coordinate axes, as it is shown in Fig. 1.1, demagnetization tensor    has 

only diagonal components Nx, Ny and Nz. The orientation of magnetization vector M in  
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Figure 1.1. Orientation of the ellipsoid in the (x, y, z) coordinate system. The demagnetization factors 

are Nx = Nb, Ny = Na and Nz = Nc. Position of the magnetization vector M is denoted by spherical angles 

θM and φM. 

 

the chosen coordinate system is defined by angles θM and φM (Fig. 1.1). Then, after 

some trivial algebraic manipulations from Eq. (1.2) we easily get the equation for 

demagnetization energy of the ellipsoid: 

Fd = 2π  
  [(Nx – Ny) sin

2
θM cos

2φM + Ny + (Nz – Ny) cos
2
θM]          (1.3) 

Thus, for the three limiting cases have:   

 sphere (a = b = c) Nx = Ny = Nz = 1/3 and  

Fd = 
  

 
  

                                                              (1.4) 

 infinite rod (a → 0,b → ∞, c → 0) Nx = 1/2, Ny = 0, Nz = 1/2 and  

                         Fd = π  
  [sin

2
θM cos

2φM + cos
2
θM]                                    (1.5) 

 infinite thin slab (a → ∞,b → ∞, c → 0) Nx = Ny = 0, Nz = 1 and 

                                   Fd = 2π  
  cos

2
θM .                                                   (1.6)  

The calculation of demagnetization energy for a body of the arbitrary form is a quite 

sophisticated problem that can be solved only numerically. For variety of systems it is 

more than enough to use Eqs. (1.3-6), especially in our case of thin-film samples Eq. 

(1.6) is readily applicable (ration of the films thickness to the smallest lateral size ~ 

µm/mm = 10
-3

). 

The energy of magnetic anisotropy Fa is presented by power series of the projections 

of magnetization vector M to the anisotropy axes regardless of the anisotropy nature. 

And the uniaxial anisotropy Fa is simply given 

Fa =Ku1 sin
2
θM + Ku2 sin

4
θM + Ku3 sin

6
θM + …,                 (1.7) 
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where Ku1,2,3… are the uniaxial anisotropy constants. Angle θM is the same angel as in 

Fig. 1.1 if Z axis is parallel to anisotropy one. 

If we deal with ferromagnetic possessing cubic crystal structure, the anisotropy 

energy Fa is introduced in the following way 

Fa = K1   
   

    
   

    
   

   +K2  
   

   
  +…,               (1.8) 

where α1 = Mx/Ms, α2 = My/Ms, α3 = Mz/Ms and K1,2,.. are the cubic anisotropy constants. 

As one can see from Eqs. (1.1-8), the free energy of ferromagnetic is expressed 

through the basic parameters such as: saturation magnetization Ms, uniaxial and/or 

cubic anisotropy constants K
1
. Therefore, these parameters become important properties 

of ferromagnetic material playing a huge role in the many observed phenomena (see for 

instance Chapters 2 and 5). 

1.2. Anisotropy origins 

1.2.1. Single-ion crystalline anisotropy  

As and many others, magnetic properties strongly depend on the crystalline structure 

of a material. Magnetic anisotropy originated from the crystalline structure of 

ferromagnetic is called magnetocrystalline. The crystal structure not only orders 

magnetic ions in the space but also introduces, as in the particular case of oxides, strong 

electrical fields. The last is most interesting for us since it appears to be the main source 

of magnetic anisotropy in ferrites where magnetic ions locate in the centers of oxygen 

octahedrons and tetrahedrons as it is shown in Fig. 1.2. This figure present the basic 

arrangement of the ions in YIG ferrite with garnet structure chosen as example since 

YIGs magnetic anisotropy will be discussed soon after. 

It was strictly noticed in the earlier beginning that experimentally found anisotropy 

values in the ferrites cannot be explained by an any known spin-to-spin interaction 

mechanism, in fact the values were the same order of magnitude as seen in 

paramagnetic resonance for the same ions geometry (Fig. 1.2) below ferromagnetic 

coupling (see [11] and Refs. [6-11] therein).  This anisotropy becomes a property of ion 

and geometry of its crystal surrounding, therefore proposed anisotropy model was 

called single-ion. 

The simple form of Hamiltonian for magnetic ion with spin S   5/2 placed in the 

local crystal field has the form (see Ref. [6] in [13]) 

         
 

 
    

    
    

      
     

                  (1.8) 

where g-factor and Bohr magneton µB are constants. Parameter a is the cubic field 

splitting and indexes (x,y,z) denote axes of the cubic crystal fields. D and F are the axial  

                                           
1
 Very often in experiments the anisotropies constants are represented through the anisotropy fields Han = 2K/Ms. 
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Figure 1.2.   Basic structural elements of YIG unit cell formed by yttrium Y
3+

 and ferric Fe
3+

 ions 

placed into the three different oxygen O
2-

 surroundings [12]. 

 

fields constants and ζ is a chosen distortion axis [13]. The crystal field components 

arise in the magnetic energy of the ion (Eq. (1.8)) owing to the spin-orbital interaction 

mechanism that hinders the full angular moment freezing and thus average orbital 

moment        (q – is a quantization axis). 

Now for a number of different ions or crystal field geometries the anisotropy energy 

is accounted by the simple averaging. Following to the Wolf’s work [13] cubic K1 and 

uniaxial Ku anisotropy constants can be rigorously derived.  Particularly for YIG films 

of different crystalline orientation it is given in Chapter 3. Also, very small terms of the 

surface magnetic anisotropy in ferrites (YIG) caused by the crystal breaking at it 

surface can be estimated using single-ion anisotropy model (see [14] and Appendix F). 

1.2.2. Shape anisotropy 

Above we discussed effect of the crystal field on the magnetic anisotropy. But what 

if the magnetic media consist of the micro- or nanometer scale particles embed into 

nonmagnetic matrix. Since a particle has a certain size and shape it posses certain 

demagnetization energy. This is the microscale demagnetization energy and must not be 

confused with macroscopic one discussed earlier, therefore we better call it shape 

anisotropy. Nevertheless, similarity allows us to use previously derived equations Eqs. 

(1.2-3). 

The main problem here is to determine demagnetization factors N. In order to 

simplify analysis we can use two common assumptions: first, the particles have the 
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shape of prolate or oblate ellipsoids as shown in Fig. 1.3, and second, the saturation 

magnetization Ms is constant across a particle. Then, anisotropy defined by Eq. (1.3) 

immediately becomes (Nx = Nz = Nb = Nc = Nbc and Ny = Na), 

Fa = Ksh[ sin
2
θM cos

2φM +  cos
2
θM].                             (1.9)   

where Ksh = 2π  
  

(Nbc – Na) is the surface anisotropy constant. As one can see this 

anisotropy possesses the axis of 2-fold symmetry. 

Regarding to Osborn [15] demagnetization factors of the particles in Fig. 1.3 are as 

follow: 

for prolate spheroid with aspect ratio r = a/c 

    
 

    
 

 

      
   

       

       
                          

for oblate spheroid with aspect ratio r = c/a 

    
 

       
 

  

     
      

     

 
                      

 

 
Figure 1.3. Two particles of prolate and oblate spheroid shapes are considered to be responsible for the 

shape anisotropy. Corresponding demagnetization factors Na and Nbc are calculated from Eqs. (1.10-

11). 
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Both demagnetization factors are collected in Fig. 1.3 with r varied from 1 to 100. For 

anisotropy constants have: 

       
                                                           

and 

        
                                                          

for prolate and oblate particles, respectively. 

Finnalyze mention that real particles have differente sizes and space orientations. 

Moreover, particles can be dispersed in the media rendomaly or possesing a certain 

order. For rendomly dispersed particles one finds magnetic anysotropy through the 

aviraging of Eq. (1.9) over particles size and orientation. For magnetic particles ordered  

in the cubic lattices (sc, bcc, fcc) the analisys of magnetic anysotropy has been  done 

rigorously in [16]. 

 

1.3. Magnetization dynamic 

1.3.1. Ferromagnetic Resonance 

The widely used nowadays phenomena of the resonance absorption of rf-magnetic 

field by ferromagnetic was firstly observe by Griffiths in 1946 [17] and independently 

by Zavoisky in 1947 [18]. In analogy to the earlier found EPR – electron paramagnetic 

resonance [19], the phenomena was called ferromagnetic resonance FMR. Both EPR 

and FMR result from the exerted by rf magnetic field hrf precession of the elementary 

magnetic moments   about external magnetic field H. 

Since elementary magnetic moments   are related to the electrons angular (orbital) 

L and spin moments S one with a good approximation can consider them as spinning 

tops. A solution for the intrinsic angular precession frequency of the spinning top in the 

gravitation field can be found for example in [20]. Therefore, it follows from the 

mechanical analogy that magnetic moment is precessing about magnetic field H with an 

angular resonance frequency ωres. The solution for ωres is given in many books devoted 

to the ferromagnetic dynamics [21,22]. 

The one of the important equation here is Landau-Livshiz-Gilbert equation [23]. It 

defines the solution of motion of the magnetization vector M in the external magnetic 

field H with taken into account damping factor α: 

 M

 t
 =  γM Heff   

α

 
 M 

 M

 t
                                       (1.14) 

Here Heff is the effective field consisting of demagnetizing and anisotropy fields, γ = 

gµB/ħ is the gyromagnetic ratio. Equation Eq (1.14) provides the solution not only to 

resonance frequency ωres or magnetic field Hres, but also to the magnetic susceptibility 

tensor 
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 .                                     (1.15) 

Taking into account an anisotropy of ferromagnetic the diagonal elements become 

unequivalent, i.e.           and           [21,22]. 

In experiments instead of the damping parameter α the FMR linewidth ΔHhw is 

used to identify losses in ferromagnetic. As it is shown in Fig. 1.4, linewidth ΔHhw is a 

half width of the resonance rf-power absorption peak measured at the fixed frequency ω 

in the external sweeping magnetic field H. The position of the maximum absorption is 

denoted by Hres. Nowadays in majority of experimental works the derivate form of 

FMR absorption is used. Derivative ΔH is measured as deferens between minimum and 

maximum points of the recorded differential FMR absorption curve (see inset to Fig. 

1.4). In this case assuming FMR absorption peak to be fitted with Lorentzian function, 

ΔHhw relates to ΔH as ΔHhw =   ΔH. Later in our measurements we will operate with 

derivative value ΔH. 

At low values of damping parameter α << 1, it is simply related to the important 

experimental value ΔHhw [22] 

      
      

 
 

 

  
                                               

where η is the total relaxation time of the spin system of ferromagnetic. The relaxation 

time η defines energy transfer from the uniform precession mode of spin system to the 

lattice – spin-lattice relaxation, and to the spin waves (short wave oscillations of the 

spin system) – spin-spin relaxation. The last term also degenerates through the spin-

lattice relaxation. Presence of spin-spin relaxation or in another words an excitation of 

spin waves plays a huge role for application of ferromagnetic materials in rf-electronics 

[21,22]. In particular, this phenomenon causes the broadening of experimental FMR 

line width. 

Another approach to determine uniform FMR resonance frequency ωres was 

proposed by Suhl and Smit [24] 
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.          (1.17) 

Here angles θM and φM define position of the magnetization vector M as it is in Fig. 1.1, 

Ft is the free energy defined in Section 1.1 and Ms is the saturation magnetization. In 

order to proceed with a solution, two additive equations of the equilibrium of 

magnetization vector M(H) must be determined 

0




M

tF


  and  0





M

tF


.                                   (1.18) 



Chapter 1.   Theoretical background: Ferromagnetics 

12 

 

 

Figure 1.4. Dispersive χ' and dissipative χ'' components of the susceptibility tensor   . The curves 

schematically show FMR responses of the lossy ferromagnetic exited at the fixed frequency ω by the 

linear polarized rf-field hrf. Losses are defined through FMR line width ΔHhw and ΔH. Inset shows 

derivate dχ''/dH FMR curve widely used for presentation of the FMR results (ΔHhw =    ΔH). 

 

The system of equations Eq. (1.17) and Eq. (1.18) allow us to predict FMR 

resonance frequency ωres or magnetic field Hres for a particular experimental geometry. 

Of course, the analytical solution in many cases does not exist and one should proceed 

numerically. Since free energy is introduced in equations Eq. (1.17) and Eq. (1.18) we 

will use them to determine ferromagnetic anisotropy constants and g-factors (see 

Chapter 2, 5 and Appendix B). 

 

1.3.2. Magnetostatic waves 

The spin waves are magnetization oscillations propagating in the ferromagnetic 

media (see Fig. 1.5). The spin waves dispersion relation and losses are mainly defined 

by exchange and dipole-dipole interactions between spins of atoms forming 

ferromagnetic media. 

For the long waves with  

kmax = 2/   10
4
 cm

-1
                                  (1.19) 

the spins dipole-dipole interaction dominate over exchange. But the difference with 

normal electromagnetic waves here is that spin waves are slower and for them 
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where ε is the permittivity of ferromagnetic and c is the speed of light. These waves 

have the particular name – magneto static spin waves (MSW). 

First observation of the magneto static modes was made by White and Solt in their 

experiments on the non-uniform excitation of the YIG spheres [25].  This modes where 

later described theoretically by Walker [26]. Following Walker, Damon and Eshbach 

predicted existence of the three different MSW types in ferromagnetic slab [27]. 

Mentioned earlier YIG is the best MSWs conductor due to its low magnetic losses 

and good dielectric properties. Therefore, we will limit discussion only to the YIG 

based structures. 

     The excitation of MSW of the certain type depend on the mutual orientation of 

external magnetic field H, wave vector k, and normal to the film (slab) surface. All 

three types of MSWs are shown in Fig. 1.5 and named as follow: 

 MSSW – magnetostatic surface wave. H and k are in the film plane so that 

H  k. MSSW is nonreciprocal if one of the surfaces is close to the 

conductor shield; the wave propagates onto opposite film sides when wave 

vector k changes to -k. Group velocity is positive. 

 MSFVW – magnetostatic forward volume wave. Magnetic field H 

perpendicular to the film plane and wave vector k is parallel to the film 

surface. This is the multi mode wave with positive group velocity. 

 MSBVW – magnetostatic backward volume wave. In-plane H k. Multi 

mode wave with negative group velocity antiparallel to the phase one. 

The MSWs dispersion characteristics ω(k) were derived by many authors [27- 30]. For 

example, dispersion relations given in the work [30] easily transform to the widespread 

practical case when there is only one metallization sheet separated from the t-µm thick 

ferromagnetic film to the distance h. Therefore, for different types of MSWs have: 

MSSW                               

tanh      
   tanh       

                            
    

   
            

 

MSFVW 

           
             

             
                                 

MSBVW 
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where 

   
                

         
     

         

         
                       

 

 

Figure 1.5. Adjacent spins in the vertical chain are precessing out-of-phase forming traveling spin wave 

(left). Dispersion curves ω(k)  and excitation geometries of the three different MSWs types (right). 

 

Very schematically the dispersive characteristics for MSSW, MSFVW and MSBVW 

are shown in Fig. 1.5. As one can see ω(k)  posses asymptotes at the frequencies ω1/γ = 

H + 4πMs, ω2/γ =           , ω3 = γH [30], whereas starting MSW frequency ω0 

is defined by uniform FMR at the given geometry. For MSSW and MSBVW ω0/γ 

=           , and for MSFVW ω0/γ = H - 4πMs. These frequencies together with 

kmin and kmax form the MSWs propagation bandwidth. 
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The propagation losses of MSWs relates to the FMR line width H through the loss 

parameter L. For YIG films at the frequencies above ~3 GHz Vitoria found [31]: 

L = 76.4H dB/µsec.                            (1.25) 

 

1.4. Domain structure 

If one looks at any magnetization loop of ferromagnetic one may determine two 

points of external magnetic field H when magnetization M reduces to zero, this is so 

called coercitivity field H = ±Hco. In the same time ferromagnetics demonstrate high 

values of remanent magnetization.  The last is a result of strong exchange interaction 

between spins in the ferromagnetic media. For simplicity this interaction is interpreted 

as internal molecular or Weiss field ordering individual magnetic moments in 

ferromagnetic. The magnitude of this interaction is an order of kTc, where k is 

Boltzmann constant and Tc is the Curie temperature. For ferromagnetic with Curie 

temperature Tc = 300 K and gS ≈1 for effective molecular field have 

                 Oe.                                 (1.26) 

Estimated value is incredibly high (our laboratory magnet provides only 2.4×10
4
 Oe) 

that at first sight confuses with zero magnetization of ferromagnetic at much lower 

fields H = ±Hco. 

 

 

Figure 1.6. Stripe domains structures in (a) and (b) have different energies. 

In the beginning of 20
th

 century (1907) Weiss postulated the idea of magnetic 

domains [32] where spontaneous magnetization is differently oriented and therefore 

may average to zero in the whole sample.  Weiss idea was experimentally confirmed by 
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Berhkhausen (Berkhausen effect) [33], and later magnetic domains were observed 

directly under optical microscope by Bitter [34] using colloidal ferromagnetic particles 

(today this technique is known as Bitter patterning). 

The formation of domains decreases the total free energy of ferromagnetic. In Fig. 

1.6 the ferromagnetic samples are divided into stripe domains. The sample in figure (b) 

has lower energy then in figure (a), meanwhile structure in (a) possesses lower energy 

then uniformly magnetized state. To understand this let us approximate 

demagnetization energy of the stripe domain with the same for prolate ellipsoid 

escribed into the domain as it is shown in Fig 1.6a. Then, collecting Eqs. (1.2) and 

(1.10) one obtains demagnetization energy of the stripe domain which is > 0. This 

energy decreases together with demagnetization factor Na what following to Fig. 1.3 

supposes rapid increase of r (Fig. 1.3). Since the size of ferromagnetic cannot change 

the aspect ratio r increases through the growing number of domains, i.e. decreasing of 

the domain width. The total energy is a sum of individual demagnetization energies of 

each domain and grows proportionally to the number of domains but the 

demagnetization energy of the domain decay almost exponentially, therefore providing 

decreasing trend of the total energy. 

Nevertheless, there is a huge drawback of the proposed idea until one considers 

existence of the transition region between neighbor domains with strongly misaligned 

magnetic moments. This transition region is needed to reduce exchange energy Fex 

rising at the domains border where magnetization vector M rapidly changes it 

orientation yielding an additive energy  

     
  

  
                                                                 

Here A is an exchange constant. Therefore, instead of instantaneous change 

magnetization deviates gradually within a layer of the certain width between two 

adjacent domains. This transition layer is called domain wall (DW). 

There are two well known DW models: Bloch model developed gradually in 1932 

by Bloch [35] and finalized in 1935 by Landau [36], and Néel model described by Néel 

alone in 1955 [37]. Schematically Bloch and Néel DWs are shown in Figs 1.7 and 1.8, 

respectively. The main difference is the way magnetizations vector M rotates in the 

DW. In the Bloch DW magnetization vector M  gradually rotates out of the film plane 

and perpendicular to the normal to DW (Ox axis in Fig. 1.7) so that MOx = const (zero). 

Contrary, in the Néel DW magnetization vector M gradually rotates in the film as it is 

shown in Fig. 1.8, thus the components MOx and MOy vary, and Moz = 0. 
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Figure 1.7. Schematic representation of the Bloch domain wall. Red arrows stand for magnetization 

vector M and its components to the axes. 

 

 

Figure 1.8. Schematic representation of the Néel domain wall. Red arrows stand for magnetization 

vector M and its components to the axes. 

 

The width of both DWs strongly depends on sample thickness, saturation 

magnetization Ms, strength of the anisotropy field Han, exchange constant A and 

orientation of the external magnetic field H. In Chapter 5, we will thoroughly 

analyze domain wall structure and its transformations basis on both Bloch and 

Néel DW models. 
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Chapter 2  

Yttrium Iron Garnets 

2.1. Synthesis 

2.1.1. Epitaxial films 

During decades the liquid phase epitaxy (LPE) was only technique for epitaxial 

growth of high quality yttrium iron garnet Y3Fe5O12 films. The process utilizes so called 

dipping technique [38] when garnet substrate (mostly Gd3Ga5O12 or GGG) is immersed 

into the saturated melt composed of Fe2O3/Y2O3 and PbO/B2O3 oxides of the certain 

molar ratio where the variation of the melts composition provides growth temperatures 

in the range of 900-1000 
○
C [39, 40]. The magnetic losses in LPE films of course 

higher than the record for the single crystal YIG spheres ΔH = 0.3 Oe [2] but still have 

a reasonably low values ΔH = 0.8-2 Oe [39, 40].  This fact together with the diversity of 

YIG films doping and thicknesses
2
 make LPE grown films to be widespread in 

spinwave electronics. 

Another method is well known from the semiconductor epitaxial processing and it is 

chemical vapor deposition (CVD). Despite of the well development of CVD methods, 

YIG films synthesis hasn’t been worked out. The couple of papers describe films 

growth conditions, they structural and magnetic properties ([41-44] and references 

therein). The lack of information on the ferromagnetic resonance studies in CVD YIGs 

limits the best value of magnetic loss to ΔH ≈ 2 Oe that is measured from one of the 

spin wave modes [43]. 

In the past twenty years the significant progress in the physical vapor deposition 

techniques enabled synthesis of high quality epitaxial iron garnet films [45-47], and all-

garnet heteroepitaxial multilayers [4, 48]. The quality close to LPE grown YIGs have 

                                           
2
 Mostly in the range of ~10-100μm. 
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been achieved by employing pulse laser deposition technique (PLD) offering possibility 

to grow YIG crystalline films at lowered temperatures. The last is very attractive for far 

beyond semiconductor integratability. 

As for any other growth techniques magnetic and structural properties of the films 

vary strongly with deposition conditions namely, oxygen pressure and temperature [45, 

48]. 

We will see later that the best low loss PLD YIG films grown onto GGG 

substrates from stoichiometric Y3Fe5O12 targets surprisingly differ from those 

synthesized by standard LPE technique. They possess higher uniaxial anisotropy 

fields Hu, moderate values of saturation magnetization 4πMs, times smaller cubic 

anisotropy Hc, low coercitivity and LPE comparable microwave losses ΔH. In the 

same time PLD growth process allows us to tailor YIG films very close to the LPE 

ones by using overstoichiometric (Y3O2+2Fe2O3) targets. 

The details of pulsed laser deposition of epitaxial YIG films on GGG (111) and 

(001) oriented substrates will be described shortly. The KrF excimer 248-nm laser 

Compex-102 was used to ablate both stoichiometric Y3Fe5O12 and overstoichiometric 

Y2O3+2Fe2O3 targets. At 25 mTorr oxygen pressure, GGG substrate temperature of 750 

°C, laser energy density of 3 - 4 J/cm
2
, 20 Hz repetition rate, and substrate-to-target 

distance of 6 cm YIG deposition rate was found to be ~0.25 Å/s. Films were in-situ 

post-annealed at 750 °C and 500 Torr of oxygen pressure for 10 min and slowly cooled 

down. All processing parameters were optimized in order to obtain YIG films with the 

narrowest FMR linewidth, i.e. low magnetic losses. 

 

2.1.2. Non-epitaxial growth efforts 

The efforts of non-epitaxial films growth are the major issues of YIG integratability 

with semiconductor platforms. 

Obviously the most attractive substrate is Si/SiO2. The YIG films grown onto Si 

wafers can be divided in two promising applications: integrated optics and microwave 

on-wafer electronics. We will not discuss the films synthesized for optics; just shortly 

mention some of the works [49, 50]. Especially interesting for us YIGs oriented to the 

microwave applications were firstly developed in [51, 52]. In work [51] 100μm thick 

YIG films with ΔH = 84 Oe and 4πMs = 1680 Gs were deposited and supposed to be 

employed in circulators. The next step in the development of growth process was made 

in [53] where the lower line width ΔH|| = 73 Oe and saturation magnetization 4πMs = 

1730 Gs were achieved. And only recently authors prepared YIG films with just a bit 

better ΔH|| = 70 Oe [54]. 

Our own attempts to grow YIG onto Si substrate passed through the searching of 

buffer YIG-Si sublayers (like in [55]) to the direct deposition of YIG onto silicon that 

yields surprisingly better quality assessed by FRM and VSM. The line width of 1μm 

thick film were found for parallel and perpendicular FMR geometries ΔH|| = 56 Oe and 

ΔH┴ = 17 Oe, respectively. The saturation magnetization 4πMs = 1680 Gs and the 

coercitivity Hc = 14 Oe give an additive evidences of the high quality of our films. 
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The substrates such as sapphire Al203, MgO and quartz were tasted to the YIG 

compatibility as well. Couple of papers gives a brief description of processing 

procedures and experimental results but present no further interest.  

2.2. Structural properties 

Let us firstly start with YIG films grown onto (111) oriented GGG substrates. YIG 

(111) oriented films prepared from the stoichiometric targets show exclusive (111) film 

orientation, see Θ−2Θ scans in Fig. 2.1a. YIG (lll) Bragg reflections are very sharp with 

clearly resolved Kα1 and Kα2 lines. The full width at half maximum (FWHM) of the two 

rocking curves in Fig. 2.1b around the YIG(444) Bragg reflection appeared to be the 

same as for the corresponding GGG(444) substrates. This fact shows both films of 

different thicknesses 0.22 μm and 0.75 μm possess the same crystalline quality. Bragg 

reflections of the oblique (642) planes in YIG films and GGG substrate (not shown 

here) in the θ-scans are positioned at the same θ-angles indicating strong in-plane 

texture. All these experimental facts lead to conclusion on the epitaxial quality of PLD 

grown YIG films. 

 

 
Figure 2.1. a – Θ −2Θ scans of 0.22μm thick YIG/GGG(111) film and stoichiometric Y3Fe5O12 target. 

b – Rocking curves of (444) Bragg reflections two submicron YIG films and they corresponding 

GGG(111) substrates. Curve (1) stands for the same sample as and in figure (a); curve (2) represents 

0.75 μm thick YIG/GGG(111) film sample. The composition of the films corresponds to the Fe-to-Y 

ratio R = 1.35 measured by RBS. 

  

The interplane distance d444 from the YIG(0.22 μm)/GGG x-ray diffraction (XRD) 

Θ−2Θ pattern in Fig. 2.1a is obtained using Nelson-Riley dependence,  

 

dcosΘ /d = 1 + const cos
2
 Θ (1/sin Θ + 1/ Θ),                         (2.1) 

 

where dcosΘ is the interplane distance calculated from the apparent Bragg peak position 

at 2Θ. The ―true‖ d444 interplane distances, obtained by the extrapolation cos
2
Θ→0, 

were found to be 1.8158 and 1.7878 Å for YIG film and GGG substrate, respectively. 
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For cubic GGG substrates d444 = 1.7878 Å with the 0.03% accuracy corresponds to a 

bulk GGG lattice parameter aGGG = 12.383 Å. As for YIG film, its strong diffraction 

peaks are clearly distinguished at the low Θ-angle shoulder of GGG Bragg reflections 

indicating surprisingly large d444 interplane spacing. For the ideal undistorted cubic 

structure it might be attributed to the huge lattice parameter a = 12.580 Å [51]. In the 

figure Fig. 2.1a XRD peaks (444) and (888) from the ceramic YIG target used in PLD 

process appeared to be at larger angles (2Θ444 = 51.08° and 2Θ888 = 119.11°) than those 

of the YIG film. Theses target peaks reside very close to the GGG reflections at the 

positions that strictly correspond to the bulk YIG lattice parameter aYIG = 12.376 Å. 

Anomalously large film dlll interplane spacing clearly indicates rhombohedral 

distortion of the YIG crystalline lattice (afilm = bfilm = cfilm and α < 90°). Assume an ideal 

YIG-to-GGG lattice lateral match at the film-substrate interface and substituting afilm in 

the standard formula for the d444 distance for rhombohedral angle α have:  

 

     
 

 
·afilm = aGGG = 12.383 Å.                               (2.2) 

 

 
 

Figure 2.2. X-ray diffraction Θ−2Θ scans of 0.24μm thick YIG/GGG(111) film grown from 

(Y3O2+2Fe2O3) overstoichiometric target. Film composition was checked by RBS where Fe-to-Y ratio 

was found to be R  = 1.56. The pattern of the stoichiometric Y3Fe5O12 target is kept for comparison. 

 
Then one obtains α = 89.4° and afilm = 12.449 Å what corresponds approximately to 

0.7% distortion of the cubic YIG garnet.  

Similar effects were recently observed in Bi3Fe5O12 films deposited on 

Ca,Mg,Zr:GGG(111) substrates [48]. There, appearance of a 1.3% rhombohedral 

distortion in bismuth iron garnet films with 1.3 times larger Bi
3+

-ion radius compared to 

Y
3+

 is very natural for mismatched lattice parameters: 12.627 Å for Bi3Fe5O12 and 



 

23 

 

12.498 Å for Y3Fe5O12. In the present case, the negligible YIG-to-GGG bulk lattice 

mismatch of (aGGG - aYIG)/aYIG = 0.06% is incomparable with so strong distortion of the 

YIG film structure. 

The stoichiometry analysis made by Rutherford backscattering study (RBS)
3
 reveals 

rhombohedral distorted YIG(111) films to be Fe-deficient with Fe-to-Y molar ratio R  

= 1.35. 

 

 
 

Figure 2.3. X-ray diffraction patterns of 0.12μm thick YIG/GGG(001) film synthesized from 

stoichiometric YIG target. Θ−2Θ scan reveals shift of the (004) and (008) Bragg reflections similar to 

YIG/GGG(111) system (Fig. 2.1a). The found Fe-to-Y ratio is R  = 1.38. 

 
In contrary, YIG film grown from overstoichiometric YIG target have Fe-to-Y 

composition R = 1.56 very close to the pure stoichiometric Y3Fe5O12 (R = 1.6(6)). 

XRD analysis reveals the perfect film matching to the GGG substrate (see Fig.2.2). The 

diffraction peaks (444) and (888) in Fig.2.2 look very sharp with well pronounced Kα1 

and Kα2 lines. 

Another tested YIG(001) films geometry reveals particular similarity with (111) 

grown films in the structural and as will be seen later magnetic properties. Here Bragg 

reflections for YIG film appear to be shifted from the GGG(001) substrate peaks to the 

angles much lower than those for YIG target indicating strong tetragonal distortions in 

YIG/GGG(001) garnet (Fig.2.3). Positions of (004) and (008) Bragg reflections fitted 

                                           
3
 The stoichiometry of grown films was revealed by Rutherford backscattering spectroscopy (RBS). The 

measurements were performed using 2.0 MeV 4He
2+

 ion beam that incidented at 0° and the scattering angle was 

170°. The experimental results were fitted with SIMNRA 6.05 software for RBS data analysis. 
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with the Nelson-Riley function (Eq. 2.1) give the interplane distance d001 = 12.613 Å 

that corresponds to the very strong YIG(001) tetragonal distortions d001/aGGG−1 ≈ 1.9%. 

In the same time sample shows close to (111) YIGs nonstoichiometry with Fe-to-Y 

ratio R = 1.38. 

In (001) films grown from overstoichiometric target the composition was also found 

to be close to ideal Y3Fe5O12 stoichiometry. Fe-to-Y ratio estimated from RBS spectra 

for 0.14µm thick film was R =1.56.  

From the discussion above follows that (111) and (001) PLD grown YIGs reveal the 

certain level of similarity in the structural parameters. In order to simplify films 

referring we denote them in the following way: PLD-YIG1 and PLD-YIG2 are (111) 

oriented PLD grown YIG films, correspondingly, from overstoichiometric and 

stoichiometric targets; in the same manner PLD-YIG3 and PLD-YIG4 are (001) 

oriented PLD grown YIG films from, overstoichiometric and stoichiometric targets, 

respectively. 

Let us now see any difference in the magnetic properties of PLD-YIGs.  

2.3. Magnetic properties 

It is well known that magnetic properties are crucially dependent on the number of 

magnetic ions, they type and for ferro- and ferrimagnetic materials redistribution of ions 

in the magnetic sublattices. Therefore, ―stoichiometric‖ and Fe-deficient YIG films 

must possess rather different magnetic properties. 

For better comparison we used reference 120μm-thick YIG film grown by LPE onto 

GGG(111) substrate where Fe-to-Y ration is close to ideal R = 1.66. Hereafter we will 

refer to this film as LPE-YIG. 

The YIG samples were examined by angular resolved and broadband FMR 

techniques described in Appendix A. Determination of the samples magnetic 

parameters such as effective field of uniaxial anisotropy   
         , the field of 

cubic anisotropy Hc and g-factor were performed by fitting of the experimental data 

with equations derived in Appendix B.1-2. FMR measurements were conducted at the 

optimal angels θH between magnetic field H and the film normal, θH = 40
° 
and θH = 90

°
 

correspondingly for (111) and (001) oriented YIG films. In experiments, rotational 

azimuth angle   was started accidentally. On the one hand, this significantly simplifies 

experimental procedure, on the other hand the experimental raw data Hres( ) must be 

prepared in order to compare them with computed Hcomp( H ) results. 

The magnetic losses in the films were measured as derivative linewidths ΔH at in-

plane magnetic field H and out-of-plane geometry when H is perpendicular to the film 

surface. Note, due to presence of easy and hard axes in the plane of (001) oriented YIG 

films the ΔH measurements were performed at H  = 0
°
.  FMR spectra of the four PLD 

YIG films (see Table 2.1) are shown in Fig. 2.4. Both Fe-―deficient‖ PLD-YIG2 and 

PLD-YIG4 films demonstrate very low losses in the perpendicular geometry. The FMR 

linewidth ΔH┴ are 0.7 Oe and 1.1 Oe correspondingly for PLD-YIG2 and PLD-YIG4 
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films that is very close to the reported values for PLD grown YIGs [44] and well better 

measured from the reference LPE-YIG ΔH┴ = 2.3 Oe. A little broadening take place at 

magnetic field H in plane of the films where ΔH|| = 5.7 Oe and ΔH|| = 2.2 Oe for PLD-

YIG2 and PLD-YIG4, respectively. 

 

 

Figure 2.4 Different FMR spectra for (111) oriented PLD-YIG1 and PLD-YIG2 films taken at 

frequency ω/2π = 9.3 GHz, to the left. FMR spectra for (001) oriented PLD-YIG3 and PLD-YIG4 films 

taken at frequency ω/2π = 9.12 GHz, to the right. 

 
YIG ―stoichiometric‖ films in general represent increased but still moderate 

magnetic losses. FMR linewidth here are significantly higher only for PLD-YIG3 film, 

ΔH|| = 6.3 Oe and ΔH┴ = 18 Oe. The FMR spectra in both geometries for this film look 

smooth without any well pronounced additive resonances which could be the spin wave 

modes like they are in the rest of the presented graphs in Fig.2.4. However, the tiny 

deviation of the FMR peak in the perpendicular field is noticeable at the left low fields’ 

side of the resonance curve for PLD-YIG3. This is possibly the result of negligibly 

small film non-uniformity. The increase of FMR losses in PLD-YIG3 we rely on the 

increased number of structural defects. 
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Appearance of the already mentioned spin wave modes is a result of the film 

structural non-uniformity [44]
4
 which courses the actual additive line width broadening. 

The nonuniformity must be less or about 10% that is in the range of the most 

experimental errors, moreover the thorough study of the spin wave modes demand very 

careful and sophisticated structural analysis [44] that is far beyond the aim of the 

present work. 

 

 

Figure 2.5 Angular dependences of the FMR resonance field Hres recorded for PLD-YIGs at ω/2π = 

9.12 GHz. PLD-YIG1 and PLD-YIG2 films were measured at external field H tilted to the [111] 

direction at the angle θH = 40
°
. For PLD-YIG3 and PLD-YIG4 the in-plane angular dependences of the 

resonance field Hres() were recorded. Solid lines present fitting to the Fourier series with Eq. 

(A.1). The corresponding Fourier amplitudes are collected in insets. Determined cubic anisotropy 

values Hc are printed together with the sample shorthand. 

 

From the presented experimental data on the FMR losses (Fig. 2.4) we conclude 

PLD grown films to be Fe
3+

 ions consistent with negligibly low Fe
2+

 contaminants 

level. 

                                           
4
 In this paper authors thoroughly investigated the structure of CVD and LPE grown films, especially near YIG-

GGG interface. Basis on the structural data, molecular field and FMR theories they calculated spin wave 

spectrums. Computed values were found to be in a good agreement with experiment. 
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Figure 2.6 Dependencies of FMR frequency ωres on the external magnetic field H perpendicular (H 

[   ]) and parallel (H [    ]) to the film plane. Solid lines show the fitting of the experimental data 

to analytical formulas Eqs. (B.5) and (B.6). The fitting parameters are collected in Table 2.1. Inset 

nicely represents the ―soft modes‖ in both PLD grown films. PLD-YIG1 and PLD-YIG2 films spectra 

are shown with symbols  and , respectively. 

 

Much more interesting thighs come up analyzing data from angular resolved and 

broadband FMR measurements. 

Figure Fig. 2.5 shows experimental dependences of the FMR resonance field on the 

azimuthal  -angel at fixed frequency ω/2π = 9.12 GHz. The red solid lines depict 

Fourier series given by equation Eq.A.1
5
. The corresponding amplitudes of the Fourier 

harmonics are shown in insets to Fig. 2.5. Depending on the growth orientation the 

Fourier harmonic responsible for cubic anisotropy K1
6
 must be n = 3 and n = 4, for 

(111) and (001) oriented YIGs, respectively. Further computations using Eqs.(B.2,4) 

and Eqs.(B.8,9) yield cubic anisotropy fields Hc. The calculated Hc values are shown in 

Fig.2.5 and Table 2.1 for each PLD sample. As one can see, cubic anisotropy fields Hc 

differ for Fe-―deficient‖ and stoichiometric films. The difference is very high between 

(111) oriented PLD-YIG1 and PLD-YIG2 films. Ratio of the anisotropy fields Hc 

reaches here -64/-18 ≈ 4. In the case of (001) oriented PLD-YIG3 and PLD-YIG4 films 

this ration is around -57/-31 ≈ 2. Taking calculated values of the saturation 

                                           
5
 Please see Appendix A.1. for further description of the data treatment using Fourier series. 

6
 Here we will neglect the second order constant K2 of the cubic anisotropy. 
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magnetizations 4πMs for PLD-YIG films
7
 one can recalculate anisotropy fields Hc to the 

cubic anisotropy constants K1 as follow: -4.25×10
3 

erg/cm
3
, -1.2×10

3 
erg/cm

3
, -4.17×10

3 

erg/cm
3
 and -1.84×10

3 
erg/cm

3
, correspondingly for PLD-YIG1, PLD-YIG2, PLD-

YIG3 and PLD-YIG4 films. 

 

 

Figure 2.7 Dependencies of the FMR frequency ωres on the external magnetic field H in perpendicular 

H [001] and parallel to the film plane geometries: H [110] and H [100]. The spectra for PLD-

YIG3 and PLD-YIG4 films are shown with symbols and , respectively. Experimental data are 

fitted at high frequencies (>2 GHz) with analytical formulas Eqs. (B.10-12). The fitting parameters, Hu
*
, 

and Hc are collected in Table 2.1. The lines at frequencies lower 2 GHz are kept for eye guiding. 

Positions of the ―soft‖ modes are marked by crosses  at 2000 Oe and 48 Oe, respectively profound 

and indistinct dips. Inset is the polar angle dependence of the resonance field Hres(θH, θH = 0) measured 

at ω/2π  = 9.12 GHz. Circular symbols stand for the experimental points. Solid lines are calculated 

using Eqs.(B.8-9) with Hu
*
 and Hc fields as fitting parameters. 

 

Fitting data from the polar angel resolved and the broadband FMR measurements 

one finds a huge difference in the values of uniaxial anisotropies for two types of PLD 

grown YIGs, Fe-deficient and ―stoichiometric‖.  

The data points from the broadband FMR for PLD-YIG1 and PLD-YIG2 films are 

shown in figure Fig. 2.6 with square symbols and theoretical fittings with solid lines 

Eqs.(B.4-6). Here the effective fields of uniaxial anisotropy were found to be   
  = -

2.19 kOe and   
  = -2.77 kOe, or taking calculated 4πMs values for the uniaxial 

                                           
7
 The technique for computing of saturation magnetization 4πMs will be presented later in Chapter 3. 
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anisotropy constants Ku have: -2.92×10
4
 erg/cm

3
 and -6.57×10

4
 erg/cm

3
, respectively 

for PLD-YI1 and PLD-YIG2. 

The same difference takes place in (001) oriented PLD-YIGs. Fitting of the 

experimental FMR data in Fig.2.5 with Eqs.(B.8-12) gives following   
  values

8
 -2.03 

kOe for PLD-YIG3 and -2.15 kOe for PLD-YIG4. In terms of the constants of uniaxial 

anisotropy Ku have -1.42×10
4
 erg/cm

3
 and -3.90×10

4
 erg/cm

3
 for the same films order 

(here as and previously we used calculated 4πMs values), while found values for LPE-

YIG reference were only   
  = -1.67 kOe or Ku = -0.53×10

4
 erg/cm

3
. 

 

 
Figure 2.8 Dependence of the uniaxial anisotropy constant Ku on the cubic anisotropy constant K1 

for four PLD grown YIG films and LPE reference. The dashed line is just for the eye guidance. 

 

The difference in uniaxial anisotropies is completely opposite to the cubic one 

depending on the PLD YIG type. The cubic anisotropy is times lowered but uniaxial is 

lifted up drastically for Fe-―deficient‖ films. In contrary, the stoichiometric films have 

moderate uniaxial and cubic anisotropies close to the single crystal YIG (Hc = -84 Oe 

[56]).  

Following experimental facts one can conclude, the lower cubic magnetic anisotropy 

corresponds to the higher uniaxial (see Fig.2.8). The record values here belong to the 

Fe-―deficient‖ PLD-YIG2 film with K1 = -1.20×10
3
 erg/cm

3
 and Ku = -6.57×10

4
 

erg/cm
3
. Subsequently PLD-YIG4 together with slightly deviating PLD-YIG1 and 

PLD-YIG3 films make a visible trend depicted by thin dashed line in Fig. 2.8. 

                                           
8
 The values achieved using broadband FMR measurements and angel resolved measurements were found to be 

different but still in the range of error. The little deviation takes place for two separate angular resolved FMR 

measurements  - scan (azimuthal) and θ-scan (polar). We chose data from the angular resolved FMR since they 

represent better correlation (more then 99%).  
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The rigorous description of the observed changes in values of magnetic anisotropy 

constants K1 and Ku is to be presented in the next Chapter 3 ―Nature of magnetic 

anisotropy in PLD grown YIGs‖. 
 

Table 2.1 Main properties of the PLD YIG films. Parameters are valid within 10% accuracy. 

Sample 
Thickness 

[μm] 

Fe-to-Y 

ratio R 

Effective 

g-factor 

Hc 

[Oe] 

K1 

[erg/cm
3
] 

  
  

[kOe] 

Ku 

[erg/cm
3
] 

ΔH|| 

[Oe] 

ΔH┴ 

[Oe] 

LPE-

YIG 
120 1.66 2.02 -85 5.92×10

3
 -1.67 0.5×10

4
 8.3 2.3 

PLD-

YIG1 
0.25 1.56 2.01 -64 -4.25×10

3
 -2.11 -2.92×10

4
 3.4 2.7 

PLD-

YIG2 
0.25 1.35 2.00 -18 -1.20×10

3
 -2.66 -6.57×10

4
 5.7 0.7 

PLD-

YIG3 
0.14 1.56 2.00 -57 -4.17×10

3
 -1.99 -1.42×10

4
 6.3 18 

PLD-

YIG4 
0.20 1.38 2.01 -31 -1.84×10

3
 -2.16 -3.90×10

4
 2.2 1.1 

2.4. Application 

The YIGs due to their high potential for microwave electronics have been studied 

more than half of the century. This material provides two main advantages that another 

materials (rf dielectrics and piezoelectrics) lack off. The first and mentioned already 

advantage of YIG is related to the superior low magnetic losses accompanied with low 

polarization and conduction losses since YIG is a very good dielectric. Another 

property of the great importance is the device tunability. In the case of YIG it is realized 

employing natural FMR tuning with the external magnetic field H. 

The YIG based devices can be split in two groups depending on the operational 

concept: electro-magnetic and spinwave. The first group is presented by fairly known 

isolators and circulators where YIG ceramics have millimeter sizes [57]. The attempt to 

design microwave circulators operating on the dozens micrometers thick YIG films was 

reported only in [58]. The condensed overview on the trends in circulators development 

was given recently in [59].   

The second bigger group where spin waves determine system performance is 

presented by following YIG microwave devices: band pass and band stop filters, delay 

lines, resonators, power limiters, signal-to-noise enhancers, oscillators, multipliers, 

optical modulators [60-65]. Most of them are very well developed [65] and hardly seen 

to be replaced by anything else so far. 
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Chapter 3 

Nature of magnetic anisotropy in PLD 

grown YIGs 

 

In order to simplify explanation we will not take into account the strain induced 

anisotropy at this time. Changes in cubic K1 and uniaxial Ku anisotropies in our pulse 

laser deposited (PLD) films we will fully rely on the single-ion anisotropy mechanism 

assuming deviation from the ideal yttrium iron garnet (YIG) stoichiometry with Fe-to-Y 

ration R = 1.6(6) to be induced with Fe
3+ 

vacancies occupying octahedral [a] and 

tetrahedral (d) sites of the garnet structure.  Therefore we would like straightforwardly 

employ crystal field theory to our ―vacancy model‖. It bases on the assumption that Fe
3+

 

vacancy behaves very similar to the diamagnetic cation substituent changing net 

magnetization and magnetic anisotropy. Fe
3+

 vacancies are always accompanied by 

compensating O
2-

 vacancies that provide a charge balance. 

3.1. Magnetization in substituted YIG 

 

At first let us start with saturation magnetization in the Fe-deficient YIGs: 

{Y3}[Fe2-x](Fe3-y)O12-3(x+y)/2 .  

Here x and y denote the numbers of Fe
3+

-vacancies per formula unit that occupy, 

respectively, some of 16 octahedral [a] and 24 tetrahedral (d) garnet crystal sites. 

According to the Néel model of ferrimagnetism the magnetic moment per mole M is a 

sum of magnetic moments in octahedral and tetrahedral sublattices: 
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M(T) = Md(T) – Ma(T), Md,(a)(T) = Md,(a)(0)  
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S = 5/2 is the spin of the Fe
3+

 ion. The Brillouin function 
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depends on the effective Weiss molecular field that is different in different sublattices: 

  
   

(x,y) = NddMd(T) + NdaMa(T),   
   

(x,y) = NddMd(T) + NadMa(T).    (3.3) 

Here Naa, Ndd and Nad = Nda are the molecular field coefficients.  

   It is known that substitution of Fe with diamagnetic ions leads to two effects. The first 

is a reduction of a total amount of magnetic atoms: 

Md(0) = gSμB (3-y)×[1-0.05x], Ma(0) = gSμB (2-x) × [1-(y/3)
5.4

]    (3.4) 

Two last factors in rectangular brackets Dionne [66] have added to standard Néel’s 

expressions for Md(a)(0) to fit cryogenic Ms(T) dependencies in diamagnetically 

substituted YIGs obtained by Geller [67]. 

Second effect is a linear reduction of the molecular field coefficients when the level 

of substitution is growing. Evaluating complete temperature dependencies of saturation 

magnetization recorded up to Curie temperatures in Sc
3+

, In
3+

, Ga
3+

, and Al
3+

 

substituted YIGs, Dionne [66] found general relations for the molecular field 

coefficients in [mole/cm
3
]:   

Naa (y) = – 65.0×(1 – 0.42y),  

Ndd (x) = – 30.4×(1 – 0.43x),                                   (3.5) 

Nad (x, y) = 97.0×(1 – 0.125x  – 0.127y).  

Intrasublattice coefficients appeared to be dependent only by substitution in the 

opposite sublattice. This fact Dionne interpreted as a confirmation of Geller’s 

hypothesis [67] of ―sublattices cross-talk‖ - substitutions made into one sublattice 

results in spin canting in the opposite sublattice.  

The complete set of equations Eqs. (3.1-5) can be numerically computed to find M at 

room temperature. The resultant saturation magnetization 4πMs = (4π×8/V)M in Fe-

deficient YIG is presented in Fig. 3.1. 8/V is the number of formula units per unit 

volume. We chose V = 1895.575 Å
3
 as the cell volume of ideal cubic Y3Fe5O12 instead 

of unknown V(x, y). This introduces insignificant error in calculated 4πMs that is always 

less than 2%.    

3-dimensional 4πMs(x,y) plot in Fig. 3.1 depicts dependence of the net saturation 

magnetization on the number of Fe vacancies distributed in [a] and (d) sublattices. As 

clearly seen, the increase of the number of vacancies on tetrahedral sites y leads to the 

monotonous decrease of the magnetization. Growth of the number of the octahedral 
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vacancies x at first results in growth of 4πMs since Ma is decreasing. Then, when x 

continues to grow, it reduces the effective molecular field   
   

acting in tetrahedral 

sublattice through the sublattices cross-talk. Consequently, 4πMs decreases at the 

expense of decreasing Md. 

 

 

Figure 3.1 3D contour plot of concentration dependence of saturation magnetization 4πMs in Fe-

deficient {Y3}[Fe2-x](Fe3-y)O12-3(x+y)/2 films. Three solid lines on the graph surface depict variation of 

4πMs in YIGs when the total concentration of Fe ions is kept constant t = x + y = 0.32, 0.86 and 0.95 

f.u. whereas the partial concentrations in octahedral x and tetrahedral sublattice y vary. Three circular 

symbols mark 4πMs in (111) oriented LPE-YIG, PLD-YIG1, and PLD-YIG2 films (Table 2.1). Big 

quadratic symbols show 4πMs values for two PLD-YIGs grown onto GGG(001) substrates (Table 2.1). 

 

In Figs. 3.1 magnetization quickly degrades if concentration of tetrahedral vacancies 

exceeds y > 0.1 (0.5 atomic %). The measured saturation magnetization (within 10% of 

VSM accuracy) was found to be 4πMs = 1780 Gs in all our PLD-grown YIG films. The 

conservation of saturation magnetization in our PLD-YIGs suggests that Fe
3+

 vacancies 

with the total concentration ranged up to x + y = 0.95 preferentially occupy octahedral 

[a] sites (x > y). 
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3.2. Cubic anisotropy in substituted YIG 

The magnetic anisotropy in ferrimagnetics with garnet structure is sufficiently 

described in terms of the single-ion model of the crystalline anisotropy. Due to the 

different spatial orientation of the oxygen octahedrons and tetrahedrons the total 

anisotropy averages over the different Fe
3+

 sites of the garnet crystal. Following 

fundamental work of W.P. Wolf [13], we present the anisotropy energy density K1 as a 

sum of the individual anisotropies of all Fe
3+

-ions occupying 16×(1 - x/2) octahedral [a] 

and 24×(1 - y/3)  tetrahedral (d) garnet crystal sites: 

K1       3/1,,2/1,,
2

yyxTrKxyxTrK
V

c
ddaa 


.                (3.6) 

The values of  ra and rd computed with 
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                    (3.7) 

depend on the temperature and the number of Fe
3+

 vacancies through the Weiss 

molecular fields      
   

(x,y). They have been already calculated from Eq. (3.3). The 

cubic crystal field coefficients Ka and Kd have been computed using experimental data 

from [66,69]. The thorough description of the computing procedure is given in 

Appendix E. Interested for us coefficients at room temperatures are (equation E.4) 

Ka = 0.045 cm
-1

 and Kd = 0.020 cm
-1

 @ T = 295 K.                  (3.8) 

     Dependence of the magnetocrystalline anisotropy on the concentration of Fe
3+

 

vacancies K1(x,y) we modeled using Md(a)(T) functions previously computed  with Eqs. 

(3.1-5) where Weiss’ fields  yxH eff

da ,)(
 from Eq. (3.2) is an intermediate result of this 

computation process. Then, ra and rd factors calculated from Eq. (3.7), Ka and Kd 

coefficients from Eq. (3.8) were substituted to Eq. (3.6). For better comparison with our 

experimental data the resultant cubic anisotropy is presented through the cubic 

anisotropy field Hc= 2K1/Ms.  Figure Fig. 3.2 represents Hc(x,y) dependence when 

concentrations of Fe vacancies x and y range from 0 to 1. 

   The computed contour plot of Hc(x,y) in Fig. 3.2 enables calculation of the 

redistribution of ferric vacancies between [a] and (d) sublattices. Three solid lines on 

the contour surface show how theoretical value of anisotropy field Hc varies when the 

total concentration is kept constant x + y = 0.32, 0.86 and 0.95 whereas both x and y 

vary. To obtain actual concentration we set experimentally measured values Hc for our 

PLD YIG films as it is shown by circle and square symbols in Fig. 3.2. The short 

observation immediately yields x = 0.19, 0.81, 0.26, 0.56 and y = 0.13, 0.14, 0.06, 0.3, 

correspondingly in PLD-YIG1, PLD-YIG2, PLD-YIG3 and PLD-YIG4. 
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Figure 3.2 3D surface of the cubic anisotropy Hc dependence on Fe
3+

 vacancies in the Fe-deficient 

{Y3}[Fe2-x](Fe3-y)O12-3(x+y)/2 films. Three solid lines on the graph surface depict variation of Hc in YIG 

when the total concentration of ferric vacancies is kept constant t = x + y = 0.32, 0.86 and 0.95 f.u. 

Three circular symbols mark Hc in (111) oriented LPE-YIG, PLD-YIG1, and PLD-YIG2 films. Big 

quadratic symbols show experimental Hc parameters for three PLD-YIGs grown onto GGG(001) 

substrates. x and y values are readily found as calculated Hc(x,y) becomes equal to its measured value 

(Table 2.1). 

 

   In general, conservation of saturation magnetization and significant decrease of cubic 

anisotropy field in non-stoichiometric PLD-grown YIG films evidence for preferential 

positioning of Fe vacancies in octahedral sites of the garnet crystal structure. 

 

3.3. Uniaxial anisotropy 

3.3.1. [111] growth orientation 

   According to W.P. Wolf [13] the axial anisotropic part of the free energy has the 

following form:  

   

 
i

da i s

i

dada η
M

pDF  
,

2

2
Mα

 ,                             (3.9) 
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Here δF summarizes the anisotropies from all Fe
3+

 ions on imax = 16×(1 - x/2) 

octahedral [a] and imax = 24×(1 - y/3) tetrahedral (d) sites. M is a net magnetization and 

αi is a unit vector of the local axial crystal field direction. These local distortion axes αi 

for [a] and (d) sites are presented in Table 3.1. They are also nicely given in [70].To 

account growth anisotropy we assume nonequivalent Fe
3+

 sites might be populated with 

different probabilities ηi. 

In tetrahedral sublattice all 24 sites for (111) growth face are equivalent thus all the 

ηi are identical. Calculation of the scalar product (Mαi)
2
 with the directional cosines 

shown in Table 3.1 and averaging it over 24×(1 - y/3) (d) sites gives 
 

24
2

2


i s

i

M

Mα
×(1 

- y/3). This is just an additive constant to the free energy that does not depend on the 

direction of M and therefore does not contribute to the anisotropy. Similar calculations 

for the tetrahedral sublattice give     

 
 MMi

i s

i
ηηη

M
 2

3
16

2

2

12

2

cos4cos4 
Mα

.                (3.11) 

Here θM is the polar angle that defines the direction of the vector M in spherical 

coordinate system read from [111] crystal axis (Fig. B.3). Eq. (3.11) accounts 

nonequivalent 4 octahedral sites from the 1
st
 and 12 octahedral sites from the 2

nd
 group 

(see Table 3.1) might be populated with unequal probabilities η1 and η2. The angular 

dependent part of the free energy that describes uniaxial anisotropy takes the form: 

  Maa ηηpDF  2

21 cos4  .                                (3.12) 

Next, we should determine the population difference (η1 - η2) that depends on the 

concentration of ferric ions on 16×(1-x/2) octahedral sites. 

   It is obvious that growth anisotropy δF nullifies either if there are no Fe vacancies on 

octahedral sites (x = 0) or there are no Fe
3+

 ions there (x = 2). In general case one can 

employ preferential site ordering model suggested by H. Callen [71]. Following Callen 

we introduce two ―sticking coefficients‖ η
o
1 and η

o
2 to define the fractions of octahedral 

sites, respectively, in the 1
st
 and the 2

nd
 group populated by ferric ions if an equal 

number of Fe ions and Fe vacancies are available for a lodging (x = 1). Then the 

population difference will be 
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Finally, combining Eqs. (3.12) and (3.13) the density of the uniaxial anisotropy energy 

that was introduced in Eq. (1.7)
9
 can be expressed as follows  

Ku  
  
     xxxx

xx
yxTpD

V

c
oo

oo

aa





1212

2
,,4

2

21

21




.         (3.14) 

To calculate actual noncubic anisotropy we use the crystal field coefficient Da = - 

0.1295 cm
-1 

@ 295 K obtained by S. Geschwind [11] from paramagnetic resonance of 

Fe
3+

 ion in octahedral sites in Fe-substituted Y3Ga5O12 garnet. For PLD-YIG1 and 

PLD-YIG2 films we take x = 0.19 and 0.81, respectively. Factor pa(T,x,y) is calculated 

using Eqs. (3.10) and (3.1-5). The uniaxial anisotropy energies Ku for PLD-YIG1 and 

PLD-YIG2 films are computed using different modeling parameters (η
o
1,η

o
2). The 

computation results are shown in the left half of Fig. 3.3. 

From Eq. (3.14), where Da is negative, and Figs. 3.3 it is seen that experimentally 

observed negative Ku signifies higher probability for Fe
3+ 

ion populate octahedral sites 

from the 2
nd

 group. This is a reason of rhombohedral distortions in Fe-deficient PLD-

YIGs that we discussed earlier in Chapter 2. 

 

Table 3.1. Ferric ions cites in the garnet structure of YIG (111) film. 

Octahedral [a] cites  Tetrahedral (d) cites 

 Number of cites  Distortion α axis 
 

 Number of cites Distortion α axis 

1
st
 

group 
4  111   8  [001] 

2
nd

 

group 

4  111   8 [010] 

4  111   
8 [100] 

4  111   

 

   In X-ray diffraction patterns they manifest themselves with anomalously large 

film dlll interplane lattice parameter and indicate 1.57% stretching of garnet unit 

cell along the [111] diagonal (see Chapter 2.2). Two groups of octahedral 

orthoferrite-type FeO6 complexes experience different distortions when central 

ferric ion position is empted. [a] complexes from the 1
st
 group can freely deform 

since their distortion axes [111] are perpendicular to the growth plane. Contrary, 

the 2
nd

 group octahedral complexes have distortion axes tilted by 19
°
 to the film 

surface. Their bonding with the substrate and underlayers significantly increases 

energy of elastic deformations hence decreases the probability to make the 2
nd

 

                                           
9
 Here we neglected all terms in Eq. (1.7) except for the first constant of uniaxial anisotropy Ku1. Also function 

sin
2
θM is replaced with 1- cos

2
θM. 
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group [a] sites to be vacant. As Figs. 3.3 shows, the highest negative Ku occurs at 

η
o

2 close to unit (the 2
nd

 group sites highly populated) and small η
o

1 (vacancies are 

ordered on the 1
st
 group [a] sites). 

 

 

Figure 3.3 The uniaxial magnetic anisotropies Ku calculated for different ―sticking coefficients‖ that 

define the probabilities of Fe
3+

 ions to populate the 1
st
 and the 2

nd
 group of octahedral (η

o
1,η

o
2) and 

tetrahedral (κ
o

1, κ
o
2) sites, correspondingly for (111) and (001) crystalline geometries. Thick solid lines 

represent the cross-sections of computed surfaces with the planes corresponding to the experimentally 

measured values of Ku (Table 2.1). Now the ―sticking coefficients‖ becomes readily available: for (111) 

oriented films η
o
1 = 0.33 and η

o
2 = 0.86; for (001) oriented films κ

o
1 = 0.19, κ

o
2 = 0.78. 

 

3D Ku(η
o
1, η

o
2) surfaces cross-sections with Ku(η

o
1, η

o
2) = const planes defined by 

experimental values of uniaxial anisotropy Ku = -2.92×10
4
 erg/cm

3
 and Ku = -6.57×10

4
 

erg/cm
3
 (Table 2.1) occur along the lines that determine the relation between η

o
1 and η

o
2 

when experimental and theoretical Ku coincide with each other. The intersection of 

these two lines for PLD-YIG1 and PLD-YIG2 gives use the population probabilities: 

η
o
1 = 0.33 and η

o
2 = 0.86,                               (3.15) 

or we can write, 1- η
o
1 = 0.67 probability of Fe vacancy to occupy the octahedrons with 

distortion axis perpendicular to the film plane and, 1- η
o
2 = 0.14 probability for 

octahedrons with distortion axes parallel to the film plane. 
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3.3.1. [001] growth orientation 

   For [001] direction the Fe
3+

 distribution preference is different from shown above for 

[111] one. Classification of all ferric ions sites in the garnet structure of YIG(001) films 

is presented in Table 3.2 with the directions α of the local distortion axes (see also 

[70]). In octahedral sublattice all 16 sites for the (001) growth face are equivalent. 

Calculation of the scalar product (Mαi)
2
 in Eq. (3.9) and averaging it over imax = 16×(1 - 

x/2) [a] sites gives   
 

3
16

2

2


i s

i

M

αM
×(1 - x/2). This is an additive constant to the free 

energy that does not depend on the vector M direction thus does not contribute to the 

anisotropy. 

   In tetrahedral sublattice there are two nonequivalent Fe ion positions: 8 sites from the 

1
st
 group with the out-off growth plane distortion axis [001] and 16 sites from the 2

nd
 

group with the distortion axes parallel to the film plane (001). Averaging their 

contributions over imax = 24×(1 - y/3) (d) sites gives us 

 

Table 3.2. Ferric ions cites in the garnet structure of YIG (001) film. 

Octahedral [a] cites   Tetrahedral (d) cites 

Number of cites Distortion α axis   Number of cites Distortion α axis 

4  111   
1

st
 

group 
8  [001] 

4  111   

4  111   
2

nd
 

group 

8 [010] 

4  111   
8 [100] 

    

 
MMi

i s

i

M
 2

2

2

12

2

sin8cos8 
Mα

.                       (3.16)              

Here θM is the polar angle that defines the direction of the vector M from [001] 

crystalline axis which is parallel to the film normal (see Fig.B.4). Eq. (3.11) takes into 

account that nonequivalent 8 tetrahedral sites from the 1
st
 and 16 tetrahedral sites from 

the 2
nd

 group (see Table 3.2) might be populated with unequal probabilities κ1 and κ2. 

As a result, the angular dependent part of the free energy from Eq. (3.9) that describes 

uniaxial anisotropy takes the form: 

  MddMu pDKF  2

21

2 sin8sin  .                   (3.17) 

The last stage in the calculation of Ku is to determine the population difference (κ1 – κ2) 

using the preferential site ordering model suggested by Callen [71]. Similar to what has 

been done previously for octahedral sites of (111) garnet geometry, we introduce two 

―sticking coefficients‖ κ1
o
 and κ2

o
 for tetrahedral Fe

3+
 sites. They define the fractions of 



Chapter 3.   Nature of magnetic anisotropy in PLD grown YIGs 

40 

 

tetrahedral sites, respectively, in the 1
st
 and the 2

nd
 group populated by ferric ions if an 

equal number of Fe ions and Fe vacancies are available for a lodging: y = 2
3 . Then the 

population difference becomes: 
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 .          (3.18) 

Finally, substituting Eq. (3.18) to Eq. (3.17) one get uniaxial anisotropy energy Ku in 

Fe-deficient YIG(001) films expressed as: 

Ku  
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yxTpD
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,,8
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.          (3.19) 

To calculate actual magnitude of noncubic anisotropy, we use the crystal field 

coefficient Dd = - 0.0885 cm
-1

 @ 295 K obtained by S. Geschwind [11] from 

paramagnetic resonance of Fe
3+

 ion in tetrahedral sites in Fe-substituted Y3Ga5O12 

garnet and factor pd(T,x,y) calculated using Eqs. (3.1-5) and (3.10). The resultant 

uniaxial anisotropy energies Ku [erg/cm
3
] in PLD-grown YIG(001) films for different 

modeling parameters κ
o
1 and κ

o
2 are shown in the right half of Fig. 3.3 (films PLD-

YIG3 and PLD-YIG4).  

   Both Geschwind’s coefficient Dd at 295 K and experimentally observed Ku in Table I 

are negative. This implies (κ1
o
 – κ2

o
) < 0 that is the higher probability for Fe

 
ions to 

populate tetrahedral sites from the 2
nd

 group. Correspondingly, Fe
3+ 

and accompanying 

them O
2-

 vacancies preferentially occupy tetrahedral complexes from the 1
st
 group with 

the distortion axis along [001] growth direction. To quantify the level of redistribution 

of vacancies between different complexes of the same tetrahedral sublattice, we 

compared computed and experimental results for Ku. In the plots of Fig. 3.3 each solid 

line marks the intersection of theoretical 3D surface Ku(κ1
o
, κ2

o
) with the planes Ku = 

const that represent the experimentally measured values of Ku for PLD-YIG3 and PLD-

YIG4 (Table 2.1). The modeling parameters κ1
o
 and κ2

o 
become easily determined as we 

project intersecting lines onto the common (κ1
o
, κ2

o
) plane. The intersect of projected 

lines occurs around point with 

κ1
o
 = 0.19, κ2

o
 = 0.78.                                               (3.20)  

These sticking coefficients define the population probabilities for ferric ions in 

tetrahedral sublattice. Correspondingly, the probability for individual Fe vacancy to 

occupy tetrahedrons in YIG(001) films with distortion axis parallel to the growth [001] 

direction equals 1- κ1
o
 = 0.81 compared to 1- κ2

o
 = 0.22 for the Fe-empty tetrahedral 

complexes with distortion axes directed along the film surface. 

   Analogously to YIG(111) garnets, Fe vacancies preferentially ordered in 

YIG(001) films within Fe
3+

-O
2-

 complexes subjected  to tensile distortions along 

growth direction. The only difference is the symmetry of Fe-empted sites: 

octahedral FeO6 complexes in YIG(111) and tetrahedral FeO4 ones in YIG(001) 

films. The complexes which distortion axes parallel to the film plane are much 
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stronger bonded with the substrate and underlayers than those which freely deform 

along the growth direction. Although the same mechanism is responsible for 

growth anisotropy, the resultant induced magnetic anisotropies have different 

magnitudes for two growth geometries. In YIG(001) films uniaxial magnetic 

anisotropy is 70% smaller (|Ku| = 3.90×10
4 

erg/cm
3 

versus 6.57×10
4 

erg/cm
3
) 

whereas the lattice distortions is almost 50% larger (d001/aGGG – 1 = 1.9%
 
versus 

d111/ 3GGGa  – 1 = 1.3%) than those in YIG(111) films. Much smaller difference in 

Fe vacancies redistribution between octa- and tetrahedral sites as well as weaker 

crystal field in tetrahedral complexes (Dd = - 0.0885 cm
-1

 compared to Da = - 

0.1295 cm
-1

, Ref. [11]) is a reason for smaller growth magnetic anisotropy in 

highly Fe-deficient YIG(001) films.  
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Chapter 4 

 Magneto static surface wave filters 

In this chapter we will particularly discuss magnetostatic surface wave (MSW) 

filters. We will not concentrate on the description of the basic principles of MSW 

excitation, dispersion and propagation losses.  

4.1. Design    

MSSW filters of two different designs have been tested. The standard hybrid (H-

type, Fig. 4.1a) - with YIG film laid to the microstripe transducer formed onto alumina 

substrate, and integrated (I-type, Fig.4.1b) - with transducers fabricated directly onto 

YIG film. As seen from figure Fig.4.1, in both cases excitation of MSSW is achieved by 

using short-circuited microstripe transducers. 

The detailed microstripe circuitry with the critical dimensions of MSSW filters is 

shown in Fig. 4.2. The values before brackets stand for MSSW filters with typical active 

areal size 2.7×0.72 ≈ 2 mm
2
 (actual filter size is 9×2.7 mm

2
), and in brackets for scaled 

down MSSW filters with active area 1.5×0.25 ≈ 0.4 mm
2
 (actual filter size 3×1.5 mm

2
). 

The depicted circuitry (Fig.4.2) was transferred to the 0.5 mm thick alumina and YIG 

films onto 0.5 mm thick GGG substrates. The filters were made using our own 

photolithography with Au(400nm)/Cr(10nm) metallization and with provided by Ferrite 

Domen Co. [72] Cu(5μm)/Cr(0.2μm) metallization. The filters with thick metallization 

layer were only H-type (Fig.4.1a) with 2 mm
2
 active zone. The back sides of the 

substrates were metalized and grounded. 

Mentioned microstripe line dimensions govern MSSW filters performance. The first 

important parameter is the transducer width W since it determines highest MSSW wave 

vector k  = π/2W above which MSSW excitation rapidly decay. The next two are input 

and MSSW excitation transducer impedances Z dependent on many parameters such as 

microstripe width W, substrate thickness and dielectric constant ε, and slightly on the 
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thickness of metallization T. Finally microwave losses LT also degrade MSSW filters 

performance; they are mostly due to microstripe line resistance and non-zero substrates 

loss tangent tanδ. All these parameters were calculated and for simplicity of presentation 

are collected in Table 4.1 for all filter types (Fig 4.1) and dimensions (Fig. 4.2). 

Calculation have been done with transmission line calculator TX-line [73] using for 

GGG ε = 12.11 [74] and tanδ = 1.1×10
-3

 [75], for alumina using TX-line database values 

[73]. The resistance of gold and copper metallization was also taken into account. 

 

 
Figure 4.1 Schematic of two different MSSW filters design. (a) Hybrid structure with microstripe line 

transducers fabricated onto alumina substrate (H-type) and (b) MSW transducers integrated directly 

onto YIG film (I-type). Mutual orientation of magnetic field vector H and normal to the YIG film 

surface n defines propagation direction k of MSSW. 

 

 
Figure 4.2 The circuit of microstripe line MSW transducers designed for 0.5 mm thick alumina and 

GGG substrates (see also Table 4.1). This circuitry was employed to fabricate H-type and I-type filters 

shown in Fig. 4.1. 

 

One can see (Table 4.1) the increased input impedance for scaled 0.4 mm
2
 filter what 

causes additive reflection losses. In order to clarify MSSW losses the losses due to 

impedance mismatch where taken in-to account by calibration with the filter structure 

 

  
Figure 4.3 Photo of the I-type MSSW filter made using 0.22μm thick YIG on 0.5 mm GGG substrate. 

Metallization is 400 nm thick gold with 10 nm chromium adhesion sublayer. 
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in transmission mode at zero biasing field H (i.e. without rf grounding shown in Fig. 

4.1). Besides, calibration also eliminates losses due to the thin gold metallization. 

Finally mention that chosen transducers width limits MSSW excitation in the range of 

wave vectors k where group speed of MSW possess clear maximum (see Chapter 1 Fig. 

1.5). 

Experimental schematic was the same as shown in Fig.4.1. The biasing magnetic field H 

was applied in plane of the film and perpendicular to the MSSW propagation denoted by 

wave vector k. To excite MSSWs the biasing magnetic field was applied parallel to the 

film surface and perpendicular to the direction of MSSW propagation (Fig. 4.1). The 

filters were tested with HP8722D vector network analyzer measuring transmission S21 

and S12 parameters within rf signal power range of -10 dBm to -5 dBm. 

 
Table 4.1  Most important microwave characteristics of the filters on different substrates and with 

different metallization (calculated). Microstrip line width W = 400(480) & 240(250) μm and W = 220 & 

80 μm stand for 2 mm
2
 and 0.4 mm

2
 active areal sizes, respectively. 

0.5 mm thick gadolinium gallium (Gd3Ga5O12) substrate (I-type filters) 

Metallization Gold  0.4 [μm]  Copper 5 [μm] 

 Input & MSW excitation    

Stripline width W [μm]  400 & 240 220 & 80  — — 

Effective excited wave vectors k 

[cm
-1

] 
≈< 65 ≈< 196 

 
  

Impedance Z  [Ω] @ 1–8 [GHz] 50 & 61 63 & 87  — — 

Loss LT [dB/mm] @ 8 [GHz] ≈ 0.02 0.02  & 0.05  — — 

rf wave length Λ [mm] @  

1–8 [GHz] 
> 13 

 
— — 

0.5 mm thick alumina (Al2O3) substrate (H-type filters) 

metallization Gold 0.4 [μm]  Copper 5 [μm] 

 Input & MSW excitation  Input & MSW excitation 

Stripline width W [μm] 220 & 80  480 & 250 

Effective excited wave vectors k 

[cm
-1

] 
≈< 196  ≈< 63 

Impedance Z [Ω] @ 1–8 [GHz] 70 & 96  50 & 66 

Loss LT [dB/mm] @ 8 [GHz] 0.02 & 0.04  < 0.01  

rf wave length Λ [mm] @  

1–8 [GHz] 
>15 

 
>14 
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4.2. Operational characteristics 

4.2.1. H-type filters 

Fig. 4.4 shows transmission S21 and S11 characteristics of 2 mm
2
/YIG(0.45μm) MSSW 

filter. Although, MSW propagation loss proportionally increases with the frequency [31], 

apparent pass band insertion loss and out-of-band rejection that are respectively 14 dB 

and 39 dB for H = 288 Oe (pass band f = 2.6 GHz), both decrease to 11 dB and 25 dB for 

H = 1037 Oe (pass band at f = 5.5 GHz). This effect should be associated with the 

increasing rf leakage between microstripe transducers, what finally limits filters high 

frequency operation. The ripples with a height of 0.7 dB are essential for 2.6 GHz and 

become almost invisible ≤ 0.2 dB for 5.5 GHz. They come from the standing transversal 

 

 
Figure 4.4 Transmission S21 and reflection S11 characteristics of the H-type MSSW filter with 2 mm

2
 

active area fabricated using 0.45µm thick YIG film. Maximum of S21 and minimum of S11 are around 

(a,b) 2.6 GHz and (c,d) 5.5 GHz at magnetic fields H = 288 ± 4 Oe and H = 1037 ± 4 Oe, respectively. 
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hypersound waves exited by FMR [76]. The return loss (S11 parameters) shown in Figs. 

4.4b,d are 2.2 and 3.4 dB, respectively for f = 2.6 and 5.5 GHz. These values are at 

least twice smaller than those in MSSW LPE-YIG devices [65].
 

 

 

Figure 4.5 Transmission S21 characteristic of the H-type MSSW filter with 2 mm
2
 active area fabricated 

using 0.22µm thick YIG film. External magnetic field H = 300 ± 4Oe provide pass band operation 

approximately at 2.6 GHz. 

 

As the bias field grows from 288 Oe to 1037 Oe and then to 1650 kOe, the 

frequency corresponding to the minimum of insertion loss increases from 2.6 GHz to 

5.5 (Fig. 4.4)  and then to 7.5 GHz while the pass band width Δ f-3dB decreases from 25 to 

15 (Fig. 4.4) and finally to 12.5 MHz (not shown ). The peak shrinking is also well seen 

in Fig 4.4 for S11 parameter.  This together with transmission band pass Δ f-3dB decrease 

can be a result of a reduction in excitation [77] and propagation band width of MSSW 

as applied magnetic field H growth (see Chapter 1). 

Although we achieved narrower bandwidths compared to commercial filters [65], 

the insertion loss, out-of-band rejection and the squareness of the transmission band still 

lag the characteristics of the filters. 

   The filter fabricated using 0.22 μm thick YIG film at 2.6 GHz (Fig. 4.5) provides the 

same out-of-band rejection around 40 dB and a band width of 10.2 MHz that is two and a 
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half times narrower than in H-type/YIG(0.45 μm) filter. Unlike YIG(0.45 μm) filter, pass 

band transmittance S21 for  YIG(0.22 μm) filter degrade to 19 dB and has no any ripple. The 

sensible degrade of S21 parameter for 0.22µm thick film is mostly due to decreased group 

speed [29] and as a result increased MSW losses [30]. Meanwhile narrowed pass band Δ 

f-3dB can be explained by changes in excitation and propagation of MSWs in thinner YIG 

film. 

In additive, PLD grown 0.45 μm thick YIG film was used to construct the device 

where MSSW filter is integrated with a coil providing external tuning field H. MSW 

transducers circuitry with 2mm
2
 active area was slightly modified since the tuning coil 

is embed directly with H-type structure (Fig.4.1b). The device photo is shown in 

Fig.4.6a. The device dimensions are 10×6.4×4.3 mm
3
 and the tuning coil resistance R = 

1.7 Ω. 

 

 

Figure 4.6 (a) photo of 10×6.4×4.3 mm
3
 device and (b) transmission characteristics of the device taken 

at different currents fed to the integrated coil with resistance R = 1.7 Ω. External magnetic field wasn’t 

supplied (Hext = 0). 

 

Figure Fig.4.6b shows device tuning in the range of 0.3–0.9 GHz with the DC power 

feed to the tuning coil ranged from 0 to 68 mW, meanwhile other sources of magnetic 

field H are eliminated. The rejection level around -47 dB and minimum insertion loss of 

-30 dB give 17 dB to the MSSW assisted filter transmission at the pass band maximum 

around 0.9 GHz. The frequency tuning δf/δP achieved here is approximately estimated 
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from the two last high frequency positions of the pass band maxima. Therefore taking 

836 MHz@43.5 mW and 920 MHz@68 mW have δf/δP = 4 MHz/mW. 

The wide range inspection of the filter performance is presented in Fig.4.7 where 

external magnet supplies biasing magnetic field H and integrated turning coil is turned 

off. Filter transmission characteristics measured in the range of 0.5 – 4.5 GHz reveal 

insertion loss minimum of 11 dB at 3.9 GHz with rejection level around of 30 dB (H = 

606 Oe). The device characteristic in Fig.4.7 represents behaviour very common for all 

our H-type MSSW filters. 

The observed in Fig. 4.7 rejection level increase is undesirable and for a certain 

frequency range can be improved. The improvement was achieved using turned around 

resonance ring made of copper foil. 

 

 

Figure 4.7 Performance of MSSW filter in the wide frequencies range. External magnet was used to 

sweep magnetic field Hext from 19 Oe up to 695 Oe. Integrated coil is turned off. 

 

Figure Fig.4.8 nicely demonstrates the performance of modified device in contrary to 

the non modified one (Fig.4.7). The pass band maximum at 3.2 GHz (H = 425 Oe) 

decreased to -14 dB in comparison to -13 dB what we had before (see characteristic at 

H = 427 Oe in Fig.4.7). But the out-of-band rejection here shows an approximately 6 

dB enhance in a whole frequency range and drops below -55 dB in the range of 465 

MHz as depicted in Fig.4.8.  

http://www.multitran.ru/c/m.exe?t=4438_1_2
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The performance of miniaturized hybrid filter (see Figs.4.1-4.2 and Table 4.1) with 

0.4 mm
2
 active area and submicron YIG(0.45μm)  films is presented in Fig. 4.9. From 

the comparison of S-parameters for both filter sizes 2 mm
2 

(Fig. 4.4) and 0.4 mm
2
 (Fig. 

4.9), one can see insertion loss and bandwidth at 2.6 GHz got worse with size reduction. 

The filter return loss (Figs 4.9b,d) of 0.7 and 1.7 dB, respectively for frequencies 2.6 

and 5.5 GHz, appeared to be almost two times smaller than those for 2 mm
2
 filter (Figs 

4.4b,d). However, MSSW filter with just non-optimized 0.4 mm
2 

antennae at 5.5 GHz 

demonstrates quite ―acceptable‖ performance: insertion loss of 17 dB, 29 dB out-of-

band rejection and 19 MHz of 3 dB pass band (see 4.9c). 

 

 

Figure 4.8 The MSSW filter with improved performance. Approximately 6 dB enhancement of 

the average rejection level has been achieved. 

 

As clearly seen in Figs. 4.4a and 4.9a, ripples in the transmission band show 

themselves very similar in 2 mm
2 

and 0.4 mm
2
 filters. The distance between ripples δf 

does not depend on the antennae size that gives an additional proof that they are 

standing transversal hypersound waves [76]. 
 
Taking the sound velocity in GGG around 

3.5 10
3
 m/s and the substrate thickness 500 µm for δf we get approximately 3.5 MHz that is 

quite comparable with the experimental value (see Figs. 4.4a and 4.9c). 
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Figure 4.9 Transmission S21 and reflection S11 characteristics of the H-type MSSW filter with 0.4 mm

2
 

active area fabricated using 0.45µm thick YIG film. Maximum of S21 and minimum of S11 are around 

(a,b) 2.6 GHz and (c,d) 5.5 GHz that correspond to the magnetic fields H = 292 ± 4 Oe and H = 1038 ± 

4 Oe, respectively. 

 

4.2.1. I-type filters 

   Characteristics of the I-type 2mm
2
/YIG(0.22μm) filter at 2.6 GHz are presented in Fig. 

4.10. Previously we mentioned that thickness of the film affects as insertion loss as the 

pass band of the filter. Let us repeat shortly, the thinner thickness is the greater losses 

are due to increasing MSW travel time. But the thinner film provides narrower pass 

band Δf-3dB
10

. Nevertheless, I-type filter based on 0.22mm thick YIG yields relatively 

low losses ~ 15.8 dB at 3.5 GHz, pass band bandwidth Δf-3dB = 16 MHz and out-of-

band rejection ~ 33 dB (Fig.4.10c). In additive the return loss ~ 4.7 dB (Fig.4.10c) of 

thin film I-type filter surpass all previously mentioned values for H-type geometry (see 

                                           
10

 If transducer width is kept the same (see for details [77]) 
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Figs.4.4b,d and 4.9b,d). This fact can be explained by increased microwave-to-MSSW 

coupling due to improved transducers to YIG film contact.  

 

 
Figure 4.10 Transmission S21 (a) and reflection S11 (b) characteristics of the I-type MSSW filter with 2 

mm
2
 active area fabricated using 0.22µm-thick YIG film. H = 306 ± 4 Oe for both (a) and (b). (c) – the 

broadband tuning characteristic of the same I-type filter. The square symbols □ in inset denote the 

positions of the corresponding S21 maxima of figure (c). 

 

But, as can be seen in Figs. 4.10a,c the out-of-band rejection has degenerated to 

approximately 6 dB in comparison to what it is for 2 mm
2
 H-type filters (Figs 4.4a,c 

and 4.7). Also at the high frequencies the transmission band spurious responses arise as 

a ―multiple transit effect‖. They originate from the reflections of MSW from output and 
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input transducers. Really, typical distance between the neighboring notches δf in Fig. 6b 

is about 45 MHz. The corresponding period 1/δf ~ 22 ns is very close to the doubled 

value of the group delay time η = 8 ns experimentally measured for 2mm
2
 filter. In H-

type filter these false signals are suppressed since transducers are not in the ―tight‖ 

contact with YIG surface. 

Scaling I-type filter to 0.4 mm
2 

antennae size leads to the increasing of spurious 

responses. For example, in I-type/0.4mm
2
/YIG(0.22μm) filter (not shown here) the MSSW 

transmission peak at 6.8 GHz with insertion loss of 9 dB is surrounded by one low 

frequency sidelobe additionally suppressed by 15 dB at the distance of 24 MHz and two 

high frequency sidelobes suppressed by 6 and 9 dB at the distance of 36 and 68 MHz, 

respectively. 

4.3. Future perspectives 

Analyzing achieved results on submicron YIG H- and I-type MSSW filters we can point 

out the perspective ways of the further development with an additive attention paid to the 

unique properties of the PLD grown YIGs (see Chapters 2 and 3). 

The obvious idea to employ high uniaxial anisotropy in PLD-YIG films for 

miniaturization and reduction of the power consumption in the external magnetic 

systems is still questionable. The demonstrated H-type filter with integrated tuning coil 

can be considered only as a possibility. 

The second way of potential progress could be based on the attempts to create another 

YIG based devices such as oscillators, multiplexers, frequency multipliers and etc. This is a 

bit straightforward since these devices already utilize well established YIGs. Moreover, the 

apparent simplicity must be kept in mind because insertion losses in PLD-YIGs can be at the 

limit of devices functionality. 

And finally, the search of possibilities of YIGs integration with semiconductor 

platforms [78] and piezoelectric materials [79], employing the new signal processing 

circuits based on the spin waves [80,81] become an interesting field of the further 

research.
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Chapter 5 

Amorphous CoFeB-SiO2 films 

 

5.1. Samples preparation and structure: prehistory  

The combination of dielectrics with magnetic metals such as Co, Fe, Ni and their 

alloys was under great interest due to the particular properties utilized in the high 

frequency data processing systems [82]. These two-phase films posses low eddy current 

losses (due to increased resistivity) together with high saturation magnetization 4πMs 

and magnetic permeability µ. The coercitivity field Hco of these materials depends as on 

magnetic forming the film as on the volume fraction v of the dielectric phase (see [82]). 

Firstly the heteromorphous (Co0.4Fe0.4B0.2)1-v–(SiO2)v films with v ranged ~ 0–68% 

were synthesized by Matsuyama in 1990 [82]. The films had saturation magnetization 

4πMs ~ 5 – 17.5 kGs, coercitivity Hco ~ 0.2 – 0.9 Oe and resistivity ρ ~ 10
-4 

– 10
0
 Ωcm. 

The anisotropic properties were not reported, perhaps due to used films annealing in the 

rotating magnetic field around 7 kOe. 

Since 1955 [83] the stabilized magnetic field was employed during films 

synthesis/annealing to introduce in-plane uniaxial magnetic anisotropy in amorphous 

ferromagnetics. Typically the resultant anisotropy field values range from 20 to 50 Oe.  

Very strong in-plane anisotropy up to 700 Oe was achieved in CoFeB films 

sputtered onto the rotating glass substrates with the magnetic ―hard‖-axis appeared to be 

parallel to the direction of the substrate motion [84]. In the ―easy‖-axis direction, these 

films show relatively high coercive fields Hco ~ 10 – 100 Oe caused by domain walls 

pinning, as was revealed by magneto-optical Kerr microscopy [10].  
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In this work we studied hetero-amorphous (Co0xFeyBz)1-v–(SiO2)v films deposited by 

synchronous triple-rf magnetron sputtering from SiO2, Fe and Co0.666Fe0.074B0.240 targets 

onto the Matsunami #7050 glass substrates mounted onto rotating holder. Rotation of 

the holder during sputtering at the speed of 140 rpm provides materials mixing on the 

substrate surface. An argon pressure was ranged from 3 to 5 mTrorr. The power 

supplied to the magnetron with SiO2 target varied depending on the desired film 

fraction v. Some more details regarding (Co0xFeyBz)1-v–(SiO2)v films processing can be 

found in our colleague works [84]. 

The schematic illustration of the experimental setup is shown in Fig. 5.1. Here the 

direction of the substrate motion hereafter will be referred as the ―hard‖ direction since 

it appears to be parallel to the magnetic ―hard‖-axis (see Fig. 5.1).  

 

 

Figure 5.1 Schematic of the rf-sputtering system. The volume fraction v of the (CoxFeyBz)1-v – (SiO2)v 

films is controlled by rf power fed to the corresponding targets magnetrons. The illustration was 

redrawn basis on the data from [84]. 

 

Comparative experiments were performed for two samples: 4 μm thick CoFeB-reach 

and 0.48 μm thick CoFeB-poor films with v = 0.235 and 0.34, respectively.  

Amorphous film structure was verified by x-ray diffraction (XRD). Fig. 5.2 shows for 

comparison XRD patterns of blank glass substrate and two hetero-amorphous CoFeB–

SiO2 films. CoFe (110) Bragg reflection is fitted with the Lorentzian contour that has a 

full-width at half of the maximum as wide as 6.6 degree. Using Scherrer formula [85]: 

   
    

      
                                                 (5.1) 
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one finds approximate size s of the nanoparticle. Here λ is the X-ray wavelength, B is 

the broadening (in radian) of Bragg reflection at angel ΘB. Taking λ = 1.54 Å for Cu 

K86B = 6.6×π/180 and ΘB = 45  (see Fig.5.2) for averaged grain size we get s ~ 

1.7 nm. Note, the obtained grain size is the same order as it was estimated using high 

resolution TEM by Matsuyama [82] and Munakata [87], respectively ~ 5 nm and ~ 2 − 

3 nm. 

 

 
Figure 5.2 X-ray diffraction Θ-2Θ scans of the blank Matsunami #7050 glass substrate and two hetero-

amorphous (Co0.27Fe0.62B0.11)1-x–(SiO2)x films in Cu Kα radiation. Glass and (CoFeB)0.66–(SiO2)0.34 film 

patterns are offset, respectively, by + 5 and + 3 cps for clarity. Lorentzian contour with a full-width at 

half of the maximum of 6.6 deg fits a broad CoFeB (110) Bragg reflection. 

 
Besides growth-induced magnetic anisotropy these films demonstrate also anisotropy 

of electric transport properties. CoFeB-reach film showed strong in-plane anisotropic 

magnetoresistance (AMR) superimposed upon isotropic giant magnetoresistance 

(GMR), whereas CoFeB-poor sample possesses GMR effect only [88]. 

Hereinafter all figures represent the results for 4 μm thick (CoFeB)1-x–(SiO2)x film 

with x = 0.235. The difference in the properties of CoFeB-poor 0.48 μm thick film with 

x = 0.34 will be specially noted. 

5.2. Magnetic Properties 

Fig. 5.3 shows magnetic hysteresis loops measured with a vibrating sample 

magnetometer (VSM) at room temperature in two orientations of in-plane magnetic 

field. Loops clearly demonstrate growth-induced in-plane magnetic anisotropy. In the 

―hard‖ direction related to the growth geometry as shown in Fig. 5.1 magnetization 
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saturates at Hp ≈ 535 Oe. This Hp value we will identify as the in-plane uniaxial 

anisotropy field. In the ―easy‖-axis direction perpendicular to the ―hard‖ one 

magnetization saturates at lower fields around 100 Oe. The saturation magnetization is 

4πMs = 10.5 kGs and coercive field in the ―easy‖-axis direction is Hco = 50 Oe. All this 

together with obtained in [89] temperature dependences of the coercive field Hcr(T) 

confirms to a superferromagnetic state of  CoFeB-SiO2 films used in our experiments. 

 

 

Figure 5.3 VSM recorded hysteresis loops in (CoFeB)0.765–(SiO2)0.235 film. In-plane magnetic field is 

parallel to the ―hard‖- (square symbols ) and ―easy‖- (circular symbols ) magnetic axes. Coercive 

field Hco = 50 Oe and saturation field Hp = 535 Oe are shown for hysteresis loops traced, respectively, in 

―easy‖ and ―hard‖ directions. Letters in square boxes notify the field positions of the magneto-optical 

images shown in Fig. 5.12. 

 

Magnetic anisotropy in CoFeB films was also thoroughly examined using angular 

resolved FMR spectroscopy (see Appendix A.1 and B.3). The measurements were 

carried out in the rectangular cavity operated under weakly exited TE1012 mode at 

resonant frequency ω/2π = 14.8 GHz (Ku band, λ/4 = 5.1 mm). The frequency higher 

than ordinary ESR (FMR) was chosen to ensure uniform magnetization of the sample 

and due to lower-field limit of our spectrometer. The mutual M-H FMR geometry was 

chosen to be represented in the spherical coordinates and for our CoFeB-SiO2 uniaxial 

films is depicted in Fig. B.5 (see Appendix B.3).  

Typical differential FMR absorption lines are exemplified in Fig. 5.4. As always, the 

narrowest FMR linewidth is observed when magnetic field is oriented in the ―hard‖ 

directions: along in-plane ―hard‖-axis (ΔH = 40 Oe) and perpendicular to the film plane 

that is a global ―hard‖ magnetic direction (ΔH = 41 Oe). Meanwhile in the ―easy‖-axis 
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FMR linewidth is increased almost two times (ΔH = 100 Oe). This undeniably indicates 

the broadening of FMR lines is caused by various magnetic non-homogeneities: shape, 

size and scattering of CoFeB grains in the nonmagnetic amorphous SiO2 matrix. 

 

 
Figure 5.4 Differential FMR absorption ∂χ´´/∂H in CoFeB-SiO2 film recorded at frequency ω/2π = 14.8 

GHz in three geometries: magnetic field erpendicular to the film surface (right frame) and in-plane 

magnetic field (left frame) parallel to the ―easy‖- and ―hard‖-axes. ΔH shows peak-to-peak FMR 

linewidth. 

 

   Fig. 5.5 shows θH dependencies of FMR field Hres when magnetic field was rotated (

varH ) within two planes: being perpendicular to the ―easy‖- ( 0H ) and ―hard‖-

axis ( 2 H
) direction. The experimental data shown in Fig. 5.5 with symbols are 

fitted with the theoretical formulas Eqs. (B.21-22). Within a 5% error we obtained g = 

2.09, 4πMs = 11.5 kGs, Hp = 535 Oe, and Kp = 2.24×10
5
 erg/cm

3 
for the energy of in-

plane uniaxial anisotropy. About a 9% difference of 4πMs obtained from FMR and 

VSM measurements can be relied upon the standard 10% inaccuracy of VSM data 

(determined mainly by uncertainty of the film area estimation) or negative out-of-plane 

magnetic anisotropy ~  -1 kOe. The latter might be induced during the growth of 4 μm 

thick CoFeB film. 

   As an additional check, we recorded angular dependence of the resonance field Hres 

when magnetic field was rotated in the film plane ( var,2  HH  ). It is shown 

with symbols in the inset to Fig. 5.5. A little ―wobbling‖ of the sample holder distorts 

180° periodicity of Hres ( H ) function. High saturation magnetization of CoFeB sample 
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enhances this effect. Solid line depicts theoretical curve calculated with Eq. (B.23) 

using the same fitting parameters as we obtained from the polar θH-scan in the main 

frame of Fig. 5.5. 

 

 
Figure 5.5 Polar angle dependence of the resonance field Hres() recorded at ω/2π = 14.8 GHz 

rotating magnetic field within two planes: being perpendicular to the ―easy‖- ( 90H , square symbols 

) and ―hard‖- ( 0H , circular symbols ) axes. Solid lines are theoretical curves computed with 

Eqs. (B.21), (B.22) and fitting parameters shown as the shorthand. Inset shows in-plane angular 

dependence of the resonance field Hres ( HH  ,90 ) at ω/2π = 14.8 GHz. Symbols  stand for the 

experimental data and solid line depicts theoretically calculated curve using Eq. (B.23) with the same 

fitting parameters as those revealed from the polar θH-scans. 

5.3. Magnetic susceptibility 

   Tracking magnetic susceptibility χ at varied external magnetic field H in the wide 

range from hundreds of kHz to microwave GHz frequencies we explored unambiguous 

transformations of the domain structure in CoFeB films. Hereafter, in all Figs. 5.6-10 

ascending or descending direction of the magnetic field H sweep is indicated with 

arrow near the experimentally recorded curve (Figs. 5.6-8) or within the title of 

magnetic field axis (Figs. 5.9-10). 

5.3.1. Low and moderate frequencies 

The magnetization dynamic in the frequency range below ~1 GHz was studied using 

pick-up coil technique that is described in more details in Appendix C. The orientation 
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of rf-field hrf was always parallel to the film surface and can be arbitrarily varied in 

respect to the ―easy‖/‖hard‖ -axis and the direction of external magnetic field H. Figs. 

5.6 and 5.8 present traces of the differential susceptibility ∂χ/∂H recorded at ascending 

and descending branches of magnetization loop. The recording of ∂χ/∂H vs. H instead 

of χ vs. H brings up more hidden information. 

 

 
Figure 5.6 Differential magnetic susceptibility ∂χ/∂H recorded in ―solenoidal‖ coil sweeping magnetic 

field H parallel to the ―easy‖-axis. In-plane rf-field hrf is parallel to the ―hard‖-axis. Arrows mark 

ascending and descending branches of magnetization loop. 

 

   When external field H is parallel to the ―easy‖-axis, differential susceptibility in Fig. 

5.6 looks very similar to the second derivative of the magnetization loop in Fig. 5.3, i.e. 

∂χ/∂H = ∂
2
M/∂H

2
, except the coercive field strength (71 Oe from Fig. 5.6). M-H 

hysteresis loop in Fig. 5.3 was recorded in VSM in quasi-static regime whereas the 

dependence ∂χ/∂H vs. H was recorded sweeping magnetic field with the rate of 3 - 6 

Oe/s. Relaxation of magnetic domain structure causes this difference in coercive fields. 

Previously, measuring the temperature dependence of the coercive field Hco in CoFeB-

SiO2 films, it was found that below the blocking temperature Hco is strongly dependent 

on a measurement time. Kinetic approach was developed to model the relaxation of the 

magnetization of the ensemble of interacting Stoner-Wohlfarth nanoparticles. 

Numerical solution of the kinetic equation shows that field oriented ferromagnetic 

nanoparticles spontaneously order themselves into the superferromagnetic state 

manifested by increased coercivity. When temperature decreases below the blocking 

temperature, the interparticle interaction grows. It leads to the crossover from the fast 

collective reversal to the slow highly coercive relaxation of the magnetization [89]. 
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   In collinear geometry of rf and external field hrf || H || ―easy‖-axis, the recorded 

susceptibility plots had the same shape as in Fig. 5.6 at hrf H though due to lower 

signal they are mixed with a noise background.  

   Field dependence of susceptibility becomes much more complicated if in-plane 

magnetic field is oriented parallel to the ―hard‖-axis. As seen in Figs. 5.7 and 5.8, rf 

response measured by solenoidal coil is strong in both cases: hrf H and hrf || H. 

Differential susceptibility ∂χ/∂H as a function of magnetic field has four anomalies 

around H = ±535 Oe and ±232 Oe. The interesting anomalies in ∂χ/∂H plots are located 

with asterisk symbols *. Their positions seems to be hardly seen frequency dependent 

within the whole explored range 500 kHz – 12 GHz (see below in Fig. 5.10 the 

measurements performed with the microstrip line) but this statement demands further 

thorough investigation.  

 

 
Figure 5.7 Differential magnetic susceptibility recorded in ―solenoidal‖ coil sweeping magnetic field H 

parallel to the ―hard‖-axis. Rf-field is parallel to the external field and the ―hard‖-axis hrf || H. Asterisks 

symbols * mark the irreversible peaks of susceptibility occurred around critical field Hcr = ±232 Oe and 

uniaxial field Hp = ±535 Oe. 

 

Ascending and descending ∂χ/∂H vs. H curves consist of two very different 

contributions. The first is completely reversible (non-hysteretic) component which is 

the odd function of magnetic field, i.e. ∂χ(-H )/∂H = - ∂χ(H)/∂H. This component 

consists of two anomalies that occur at H = ±535 Oe. Complete reversibility signifies 
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exact reproducibility of these anomalies if a minor loop is swept with a small field 

amplitude around H = ±535 Oe. Also, these anomalies possess odd H-function 

symmetry both within the same ascending/descending branch as well as a cross-branch 

symmetry: ∂χ(-H )/∂H│ascending = - ∂χ(H)/∂H│descending. Position of these anomalies 

precisely coincides with a magnitude of in-plane uniaxial field Hp= 535 Oe obtained 

using FMR spectroscopy. 

 The second component exhibits itself by two anomalise close to the critical field Hcr 

= ±232 Oe (see corresponding vertical lines in Figs. 5.7 and 5.8). The shape of these 

anomalies is different at Hcr = +232 Oe and –232 Oe within the same 

ascending/descending branch of hysteresis loop though they have a cross-branch 

symmetry: ∂χ(-H )/∂H │ascending = -∂χ(H)/∂H│descending. Small amplitude sweep of 

magnetic field around Hcr = ±232 Oe results in opening of minor hysteresis loop. Such 

behavior is specific for irreversible transformations of magnetic domain structure that 

we discuss in details later in Chapter 5.4.3. 

 

 
 

Figure 5.8 Differential magnetic susceptibility recorded in solenoidal coil sweeping magnetic field H 

parallel to the ―hard‖-axis. Rf-field is perpendicular to the external field and the ―hard‖-axis hrf  H (i.e. 

hrf || ―easy‖ axis). Arrows show the sweep direction of magnetic field. Asterisks symbols * mark 

irreversible anomalies of susceptibility occurred at critical field Hcr = ±232 Oe and uniaxial field Hp= 

±535 Oe. 
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5.3.2. High frequencies 

   The high frequency testing of ferromagnetics with the particular domain structure is 

an interesting task since it reveals not only uniform in-phase FMR mode but also a 

variety of the dynamic phenomena, for instance out-of-phase FMR, DW oscillations, 

magnetization switching and etc.  

In our experiments 4µm-thick CoFeB-SiO2 sample was put in a close contact to the 

shorted air-filled strip line (see Fig. A.5, Appendix A.2.) Up to ~13 GHz it induces 

relatively uniform rf-field inside the film. To distinguish variations of the film 

susceptibility the calibration of the sample loaded strip line has been performed under 

in-plane magnetic field H = 3.4 kOe. This field ensures uniform film magnetization and 

FMR frequency far beyond 13 GHz. The intensity of S11-parameter was plotted as the 

function of two variables S11(ω, H), frequency and magnetic field strength.  

 

 
Figure 5.9 S11 parameter as a function of frequency ω and magnetic field H. hrf  H || ‖easy‖. 

Descending and ascending branches of magnetic field H are marked, respectively, with ← and 

→ arrows. Dark blue lines at H = ±50 Oe exhibit magnetization reversal. 

 

   Fig. 5.9 shows colored 2D S11(ω, H) plot when magnetic field is oriented parallel to 

the ―easy‖-axis. Dark red rising bands stand for the uniform FMR absorption. They 

visualize the ωres vs. H spectrum for FMR geometry described with Eq. (B.23) at (
 90,90  HH  ) . One can see the instantaneous breaking of the uniform FMR mode. 

The magnetization reversal causes the rapid decay of signal at coercive field H = ±Hco 

indicated by a dark blue vertical region clearly seen in the frequency range ~ 7.8–11.5 

GHz. 
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Figure 5.10 S11 parameter as a function of frequency ω and magnetic field H. Descending and 

ascending branches of magnetic field H are marked, respectively, with ← and → arrows. Dense 

color bent bands are FMR spectra at hrf || H || ‖hard‖- (a) and hrf  H || ‖hard‖- (b) testing geometries. 

Dense color vertical lines at Oe535p H in the b-plot display enhanced microwave absorption. Very 

narrow bright vertical lines occurred after field reversal at Hcr = ±232 Oe correspond to the Bloch-to-

Néel DWs transformations. 

 

   2D S11(ω, H) plots recorded in descending and ascending magnetic field parallel to 

the ―hard‖-axis are collected in Fig. 5.10a and Fig. 5.10b, for hrf || H and hrf  H, 

respectively. Two orthogonal to each other geometries of rf-field hrf were chosen due to 

magnetization vector M rotation with the sweeping magnetic field H. Magnetization 

vector M rotates 90
°
 from M  H (i.e. M  || ―easy‖ axis)  to M  H. This rotation yields 

variation in the angel between M and hrf what causes variation in rf-torque and 
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gradually changes detected signal. This is a reason why in Fig. 5.10 we see different 

―dead‖ zones colored with very bright almost white blue.  

Fig. 5.10a shows intense absorption patterns indicated by dark red color. This 

patterns together with the little ―tails‖ started from approximately ±375 Oe before 

magnetization reversal we indicate as the uniform FMR spectra described by Eq.(B.23) 

with ( 0,90  HH  
). After magnetization reversal the uniform FMR mode abruptly 

vanish at the critical field H = ±Hcr = ±232 Oe. In Fig 5.10b symmetrical absorption 

bands bent upward starting from the uniaxial field H = ±Hp = ±535 Oe. In the beginning 

these bands are bright blue, then yellowish and finally after |H| > 1.2 kOe they become 

dark red. These bands accord with the same as in Fig. 5.10a FMR spectrum ωres vs. H 

Eq.(B.23) for ( 0,90  HH  
) FMR geometry. The bright vertical bands present in 

the whole frequency range (weak magnetic fields). They have sharp boundaries when 

magnetic field after reversal reaches its critical value H = ±Hcr = ±232 Oe. The opposite 

boundaries in both cases hrf || H (Fig. 5.10a) and hrf  H  (Fig. 5.10b) are blurred. It 

indicates gradual conversion of domains and domain walls (DW) topology.  

The observed abrupt changes we refer to the rapidly developing transformations of 

the domain structure which revealed themselves in all presented plots (Figs. 5.9-10). 

The nature and triggering mechanism for these transformations is based on the given 

below domain walls analysis in our uniaxial CoFeB-SiO2 films. 

5.4. Domain state 

   To model domain walls (DWs) properties we follow quantitative approach suggested 

by Néel [37] and generalized for the case of external magnetic field by Middelhoek 

[90]. Néel simplified model suggests that DW, that connects two regions of nearly 

uniform magnetization (domains), pierces a whole film in the form of infinite elliptic 

cylinder with the main axes: Δ (DW width) and t (film thickness). Magnetization vector 

M gradually turns in the wall, while its direction inside adjacent domains is defined by 

―bulk‖ equilibrium conditions from Eq. (B.15). In magnetic field parallel to the ―hard‖-

axis H ║ Ox ( 0,2  HH  ) there are two equilibrium orientations of vector M: 

o M where h1

o cos , h = H/Hp , and 2 M . Between these two directions 

vector M could rotate in the film plane (Néel DW) or flip out of the film plane in such a 

way that perpendicular to the DW plane component of the magnetization M is kept 

constant (Bloch DW). Here axis O is perpendicular to the DW plane.  

   Besides Zeeman and in-plane uniaxial anisotropy terms from Eq. (B.14), DW density 

energy contains also exchange energy   22 MMA  and magnetostatic energy 2
1

MHs. Rigorous calculation of spatially inhomogeneous stray field Hs is a fairly 

complicated problem. Its solution was found in recent decades using micromagnetic 

computations. To overcome this obstacle Néel invented barely sufficient model 

approximating interior DW magnetization by its average value hence using a well 

known formula Hs N̂4 M for uniformly magnetized ellipsoid with the tensor of 
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demagnetizing coefficients   . Middelhoek [90] generalized the model and successfully 

caught the main features of thickness and field dependent transformation of DW from 

the Néel-type in very thin to the Bloch-type in thicker films. Following Middelhoek, 

Torok et al [91] corrected him showing the Néel-to-Bloch DWs transformation occurs 

gradually through the superposition of Néel and Bloch components in the wall. 

However, the main Middelhoek’s model assumption of the uniform magnetization 

inside the DW leads to the field independent DW width. This conclusion contradicts 

observations made by Lorentz electron microscopy though they confirmed a general 

sequence of DWs transformations [91]. 

   We modernize Néel-Middelhoek model suggesting that a stray field in DW 

    MH N̂4s   follows a spatial distribution of the magnetization. This assumption, 

known as a Winter approximation [92], wholly corresponds to the finite element 

analysis of magnetostatic problem when arbitrarily shaped inhomogeneously 

magnetized sample is considered as a layered stack of uniformly magnetized thin 

sheets. As a result, the magnetostatic energy         MMHM N̂2 2

s2
1   contains 

spatially varying  M  instead of average magnetization. 

   Symmetry dictates an existence of three types of simple domain walls in magnetic 

field parallel to the ―hard‖- axis H ║ Ox: Néel and Bloch DWs parallel to the ―easy‖-

axis and Néel DW along the ―hard‖- axis.      

5.4.1. Neel domain walls 

   In Néel-type DW the magnetization vector M lies always in the film plane 2 M

whereas azimuth angle ϕM experiences rotation from - ϕo to + ϕo: 

  o2M .                                                      (5.2)  

Néel DW free energy density can be expressed as follows:    
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(5.3)  

Here   ttN   is the demagnetizing factor for infinite elliptic cylinder in ξ-axis 

direction [15]. Upper M
2cos and lower M

2sin functions in the braces stand, 

respectively, for DW parallel to the ―easy‖- and ―hard‖-axis direction. DW width is 

much smaller than film thickness t . Therefore, calculating total DW energy per 

unit area FN [erg/cm
2
] we integrate δFN from Eq. (5.3) considering the elliptic cylinder 

as a flat parallel plate: 
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Upper ―plus‖ and lower ―minus‖ signs in the braces stand for DW parallel to the 

―easy‖- and ―hard‖-axis direction, correspondingly. Minimizing DW energy FN with 

respect to Δ, we obtain the width and energy of Néel DW: 
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   In Fig. 5.11, we plot the energy FN and the width ΔN of Néel DW as functions of in-

plane magnetic field h = H/Hp using previously obtained (CoFeB)0.765–(SiO2)0.235 film 

parameters: 4πMs = 11.5 kGs, Hp = 535 Oe and settling A = 2.8×10
-6 

erg/cm [93]. FN 

and ΔN plots shown with solid lines correspond to descending branch of magnetization 

curve when magnetic field parallel to the ―hard‖-axis H ║ Ox (positive h) decreases 

below Hp = 535 Oe. At H = Hp (h = 1) in-plane magnetization vector M starts to deviate 

from the ―hard‖-axis Ox in opposite (clockwise and anticlockwise) directions in 

adjacent domains. As a result, the nucleation of a low-angle 0122 2
3

o  h

boundary between two equivalent magnetic domains occurs. Nearby the saturation 

field, the energy of the DW that is parallel to the ―hard‖-axis (lower sign ―minus‖ in 

Eqs. (5.5)) decreases proportionally to (1-h). This is faster compared to h1  in 

DW║―easy‖-axis (upper sign ―plus‖). DW║―hard‖-axis has lower energy since the 

same o2 angle rotation occurs at finite width 
2

s6 MA   in contrast to very narrow 

width 012 2

s  hMA   of ‖easy‖-axis oriented DW. Anisotropy term 
sp 4 MH 

in the braces in Eq. (5.5) gives a small, less than 10%, contribution to a stray field 

slightly reducing the energy FN and increasing ΔN that become noticeable only after 

field reversal at h < 0. 
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5.4.2. Bloch domain wall 

Stripe domains can be separated also by Bloch DW parallel to the ―easy‖-axis Oy. In 

magnetic field parallel to the ―hard‖-axis H ║ Ox, magnetization in domains interior 

deviates from DW direction Oy towards H at angle h1

o cos  . In the ―true‖ 

Bloch DW, there is no change of magnetization component Mx that is perpendicular to 

the wall plane and is continuous in adjacent domains and DW: 

   oss coscossin  MMM MMx  .   (5.6)   

This means the rotation of magnetization vector M from one side of DW at x = - Δ/2 to 

another one at x = + Δ/2 can be defined by an angle variable on the cone-shaped shell 

    2
1/0 xM . Spherical angles MM  and  relate to M ando  through Eq. 

(5.6) and MM  sinsincos o . Representing MM  and through the M ando angles 

we can write Bloch wall energy density as follows:   
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Here stray field energy is presented with two terms 2π  
 
  and 2π  

 . The latter one 

contains the demagnetizing factor Nzz = Δ/(t+Δ) in perpendicular to the film plane 

direction. Integrating δFB over the DW width we obtain: 
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The contribution from stray field energy 2π  
 
 was neglected since 

Δ/t  << Hp/4πMs.                                (5.9) 

After minimization of FB with respect to the Δ, we obtain the width and energy of 

Bloch DW: 
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Bloch DW energy FB(h) and width ΔB(h) plots we added to Fig. 5.11 for comparison 

with FN and ΔN. For our 4 μm thick (CoFeB)0.765–(SiO2)0.235 film the criteria in Eq. (5.9) 

is fulfilled for DW width ΔB below 186 nm. As seen from Fig. 5.11a, this 

approximation remains valid in the whole range of magnetic fields 0 < h < 1. 

 

5.4.3. Neel-Bloch-Neel wall transformation 

Comparison of the energies of DWs in Fig. 5.11b shows domain walls experience 

structural transformations when magnetic field H ║ ―hard‖-axis is swept within the 

range –Hp < H < +Hp.  

If we start from the ―virgin‖ completely demagnetized state (H = 0, M = 0) the Bloch 

DW is realized. It has the lowest energy     2.04/0/0 spNB  MH FF and exists until 

increasing magnetic field reaches the value Hcr = 232 Oe. Then, Bloch DW transforms 

to Néel DW║―hard‖ axis that exists up to a film saturation at H = Hp = 535 Oe. Here 

Néel DW disappears since the misalignment of M vectors in adjacent domains 

0122 po
2

3

 HH  goes to zero.   

   At descending branch of magnetization curve when magnetic field crosses Hp = +535 

Oe, uniformly magnetized state becomes unstable regarding the appearance of 

equivalent domains separated by a low angle Néel DW║―hard‖-axis. With a field 

decrease, energy of Néel DW grows and at H = Hcr becomes equal to Bloch DW 

energy. At this field Néel DW transforms to a Bloch-type wall. This transformation is 

accompanied with sudden changes of domain wall structure. Theory predicts an abrupt 

increase of DW width from about 29 to 46 nm (see Fig. 5.11a). Also,  magnetization 

vector M in DW centre flips out of the film plane at the angle 90° – θcr = cos
-1 

Hcr/Hp ≈ 

64°. With a further field decrease this angle gradually grows reaching 90° at H = 0. 

Crossing zero field, Bloch DW remains energetically favorable until a nucleation of 

Néel DW with the magnetization antiparallel to the ―hard‖-axis happens at H = -Hcr = - 

232 Oe. Therefore, at the descending branch of magnetizing cycle domain walls 

experience four structural transformations: at saturation field 
pHH  and at critical 

field crHH  . In ideal thermodynamic equilibrium these transformations should have 

reversible character. However, as we will see now, the nucleation of Bloch DWs with 

different chirality at H = +Hcr makes the transformation at critical field H = -Hcr to be 

irreversible. 

The point is a nontrivial change of DW topology from ―hard‖-to-―easy‖ axis 

orientation occurring at
 
H = Hcr. In Fig. 5.12 we show the schematic of intuitive model 

of such DW reorientation at the descending branch of M-H loop. Arrows show the 

orientation of M vectors in two adjacent domains. Magnetic field H is parallel to the 

―hard‖-axis Ox and its strength just falls below the critical field H < Hcr. Besides two 

segments of Néel DW (NDW), three kinks of Bloch DW (BDW) parallel to the ―easy‖-

axis already appeared. Magnetization vector M flips out from the film plane, 
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respectively, upward in the central BDW kink and downward in two marginal BDW 

kinks. 

 

 

Figure 5.11 Field dependence of DWs width (a) and energy (b) computed for 4µm thick (CoFeB)0.765–

(SiO2)0.235 film using Eqs. (5.5) and (5.10). Pure Bloch DW parallel to the ―easy‖-axis could exist in the 

entire range of magnetic fields
 
–Hp < H < +Hp. Here Hp = 535 Oe is the field of in-plane uniaxial 

anisotropy. For descending M-H branch, energy FN and width ΔN are shown for two Néel DWs: parallel 

to the ‖hard‖- and ―easy‖-axes. Within the range +Hcr < H < +Hp (Hcr = 232 Oe is a critical field) Néel 

DW parallel to the ―hard‖- axis has the lowest energy. Magnetization vector M in the centre of this Néel 

DW is parallel to the magnetizing field. Bloch DW || ―easy‖- axis becomes energetically favorable in 

the range
  

-Hcr < H < +Hcr. After field reversal in the range –Hp < H < -Hcr, another Néel DW that is 

antiparallel to the ―hard‖- axis has the energy lower than Bloch DW. This Néel DW has in the centre 

vector M antiparallel to the direction of initial magnetization. Field dependence of this Néel DW 

energy FN(H) is shown with a dashed line. 
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Although the spatial distribution of magnetization vector M in Néel and Bloch DWs 

is very different, the transformation occurs as a continuous process via a nucleation of a 

zero-length kink of opposite-type DW. At the initial branch of magnetization process 

from the virgin state, small kinks of NDW segments ║ H appear at H = +Hcr 

intermitting Bloch DW. And vice versa, small kinks of Bloch DW ║―easy‖-axis 

intermit continuous Néel DW║―hard‖-axis when the field crosses Hcr at descending 

branch of M-H curve.  

 

 
Figure 5.12 Schematic presentation of Néel-to-Bloch DW transformation occurred in magnetic field 

parallel to the ―hard‖-axis at H = +Hcr. Jagged DW separates two adjacent magnetic domains. Low 

angle Néel DW (NDW) in the centre has the vector M parallel to magnetic field H. Three kinks of 

Bloch DW (BDW) appeared. They have magnetization vector M flipped out from the film plane: 

upward and downward in the central BDW and two marginal BDWs, respectively. BDWs grow whilst 

NDWs shrink converting to the vertical Bloch lines when magnetic field reaches zero strength. 

 

      A key issue is a fact that all Néel DWs that appear have magnetization vector M to 

be parallel to the magnetizing field H║Ox and preserve this direction up to the 

transformation to the Bloch DWs at H = +Hcr. Correspondingly, all emerging segments 

of Bloch DW inherit positive Mx-component of magnetization vector M. However, their 

Mz component could have different sign positive or negative for M rotating clockwise 

or anticlockwise with respect to the ―hard‖-axis Ox. Since the nucleation of BDW kinks 

happens stochastically, at zero field domain walls appear to consist of BDW segments 

with the magnetization vector M directed upward and downward to the film plane. 
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Opposite BDW segments meet each other and develop Vertical Bloch Line (VBL) 

inside a domain wall. These VBLs are short pieces of Néel-type DWs as remains of 

corresponding NDW segments. All of them have vector M to be parallel to the inherited 

direction of magnetizing field H║Ox.  

   As a result, below the critical field H = +Hcr domain structure appears to be in a 

metastable state since Bloch DWs loaded with VBLs have higher energy than pure 

Bloch DW. So, the magnetization process performed in magnetic field in excess of Hcr 

has irreversible character. At H = 0 stripe domains never come back to the virgin 

completely demagnetized state separated by Bloch DWs. However, if being in a 

metastable state we increase magnetic field from zero again, then each VBL works as a 

nucleus and at H = +Hcr gives a birth of Néel DW segment. It means Néel DW to VBL 

loaded Bloch DW and vice versa transformation at H = +Hcr occurs reversibly.    

   Now let us consider what will be happening at the field reversal. It is obvious that 

VBLs with M antiparallel to H become energetically unfavorable. Therefore, they 

should disappear via a transformation of VBL loaded Bloch DW to Néel DW which is 

antiparallel to the ―hard‖-axis. In Fig. 5.11b the energy of Néel DW FN(H) with M ║ -

Ox is shown with a dash line. After field reversal at H = -Hcr, FN(H) equals to and then 

becomes smaller than FB(H) when a field strength increases. 

   As it was shown earlier, domain walls transformation at H = +Hcr from the virgin 

state with stripe domains ║ ―easy‖-axis to the stripes ║ ―hard‖-axis occurs continuously 

and sequentially. At first, the nucleation of kinks of Néel DW║―hard‖-axis occurs. 

Then, Néel kinks increase their length whilst BDW segments shrink (Fig. 5.12). 

Opposing to this case, there is no continuous scenario of the transformation of Néel 

DWs magnetized parallel to the ―hard‖-axis direction (solid line in Fig. 5.11) into the 

oppositely magnetized Néel DWs (dash lines in Fig. 5.11) that become energetically 

favorable after field reversal.  

   Let us pay close attention to the following details that occur at descending branch of 

magnetization curve. Below +Hcr, kinks of Bloch DWs magnetized upwardly and 

downwardly to the film plane appear to be separated by contracting NDW segments 

with o

o 1802   and M ║ +Ox in the middle of the wall. At zero field, NDW segments 

degenerate into 180° VBLs inside the Bloch DW ║ ―easy‖ axis. After field reversal, 

kinks of Néel DWs antiparallel to the ―hard‖-axis could appear spontaneously. They 

have M ║ -Ox in the middle of the wall. Their energy FN(H) decreases with field 

strength increase following a dash line in Fig. 5.11 and meets FB(H) at H = -Hcr. As for 

VBL, the magnetization vector inside it experiences more and more rotation
o

o

o 3602180   . VBL energy arises rapidly since the rotation angle o2  continues to 

grow approaching 360° at H = -Hp. All VBLs have M ║ +Ox inside. They cannot 

convert themselves into the lengthening Néel DWs with M ║ -Ox having different 

chirality, respectively, clock- and anticlockwise rotation regarding the Oz axis.             

   It means due to quickly increasing energy VBL loaded Bloch DWs disappear 

irreversibly at fields that precede H = -Hcr. We arrive to the conclusion that DWs 



 Chapter 5.   Amorphous CoFeB-SiO2 films 

74 

 

transformation at the same branch of magnetization curve has different character at H = 

+Hcr and H = -Hcr. At descending M-H branch, gradual nucleation of VBLs at H = +Hcr 
requires an additional energy whereas their sudden destruction around H = -Hcr 

is 

accompanied with rapid domain structure transformation and as a result rapid changes 

in magnetic susceptibility χ. 

An additive evidences of the proposed DWs transformation model are magneto 

imaging photographs taken in two different geometries H || ―easy‖ and ―hard‖ 

magnetization axis for our 4 µkm thick (CoFeB)0.765-(SiO2)0.235 film. Magneto imaging 

technique including experimental setup is described in Appendix D. 

Three MO images in Figs. 5.13a-c reveal domain structure in (CoFeB)0.765–(SiO2)0.235 

sample at different strength of magnetic field parallel to the ―easy‖-axis. This data do 

not relate to the DWs transformation model but will be useful for understanding of the 

observed susceptibility behavior χ (Figs. 5.6 and 5.9). Native labyrinth domains in BIG 

indicator become readily seen when Figs. 5.13 are zoomed in. External magnetic field 

and stray field from domains in CoFeB film cause distortions of labyrinth domains in 

BIG indicator. Image in Fig. 5.13a reproduces virgin stripe domains parallel to the 

―easy‖-axis in CoFeB film that was completely demagnetized by applying an 

alternating slowly decreasing magnetic field. In Fig. 5.3 for magnetization M-H loop, 

the corresponding point H = 0, M = 0 is marked with a letter a. Stripes in CoFeB film 

have period about 50 μm. In Fig. 5.13a BIG indicator show primarily a uniform 

contrast along the vertical axis that is ―easy‖ direction in CoFeB film except short 

cross-ties at some of the boundaries. This uniform contrast evidences a full saturation of 

BIG indicator caused by a uniform perpendicular component of stray magnetic field 

from underlying CoFeB sample. A uniform Bloch DW parallel to the ―easy‖ axis 

produces such field at the surface of CoFeB film. Short cross-ties have a period of 6 

μm. These are the remains of labyrinth domains in BIG indicator oriented by in-plane 

component of stray field that create a closure of magnetic flux between the neighboring 

oppositely directed Bloch DWs.  

Magnetic field of 200–300 Oe applied in ―easy‖ direction uniformly magnetizes 

CoFeB film up to saturation. Saturation magnetization 4πMs remains also as a remnant 

at H = 0. At these states, marked with letters b in Fig. 5.3, BIG film does not show any 

traces of magnetic relief coming from underlying CoFeB film. In Fig. 5.13b one can see 

only native labyrinth domains in BIG indicator. 

   Stripe domains in CoFeB film become visible again after field reversal close to 

coercive field H = ±Hco = ±50 Oe. Magnifying Fig. 5.13c we could see stripes in CoFeB 

have the same period, on the average, though DWs look differently compared to Fig. 

5.13a. In a virgin state a only few stripes have cross-tie-like structure with jagged DWs. 

In the c-state, all CoFeB stripe domains connect each other in the ―hard‖-axis direction 

with multiple crossroads. Optical contrast intermitting along the ―easy‖ axis indicates 

that Bloch DWs in CoFeB film contain Bloch segments with alternating upward and 

downward direction of the magnetization separated with VBLs. Stray field from in-

plane M component inside the VBL makes entangled crossroad labyrinths in BIG 

indicator. 
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Figure 5.13 Gallery of magneto-optical images of domains in (CoFeB)0.765–(SiO2)0.235 film visualized 

with 6 μm thick bismuth-doped iron garnet (Y,Bi)3(Fe,Ga,Sc)5O12 film indicator. Zooming in each 

image makes native labyrinth domains in the indicator to be readily seen. The letters a-to-l notify the 

positions at the magnetization M-H loop in Fig. 5.3 where the images were recorded. Images a-to-c and 

d-to-l were taken in magnetic field parallel to the ―easy‖- and ―hard‖-axis, correspondingly. a – Virgin 

state of stripe domains in CoFeB film completely demagnetized in slowly decreasing ac-field. b – 

Saturated CoFeB film does not produce any magnetic relief noticeable in the indicator. c – Close to H = 

- Hco after field reversal stripe domains with VBL loaded Bloch DWs of alternating polarity (chirality) 

become visible. d-to-l – The sequence of domains transformation at descending M-H branch from 

uniformly magnetized state ( image d) through sudden appearance of stripe domains when VBL loaded 

Bloch DWs convert to Néel DWs (image h) and finally to magnetically saturated state (image l). 
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   Photos in Figs. 5.13d-l present MO images of domain structure in CoFeB film 

collected at the descending branch of M-H loop in the ―hard‖-axis direction. If magnetic 

field strength exceeds Hp = 535 Oe, there is only a native labyrinth pattern in BIG 

indicator (Figs. 5.13d and 5.13l) denoting saturated in-plane magnetization in CoFeB 

film. Figs. 5.13d-g do not show any magnetic relief coming from CoFeB when 

magnetic field decreases to zero. There is only a slight change of labyrinth domains in 

BIG: external field stretches them a little whereas they own virgin 120° rotational 

symmetry at H = 0. MO images in Figs. 5.13a and 5.13g depict the most striking 

difference in CoFeB domain structure. 

According to M-H loops in Fig. 5.3, both of them correspond to demagnetized state: 

M = 0, H = 0.  In contrast to the profound domain structure in Fig 5.13a (H = 0), BIG 

indicator in Fig. 5.13g  does not reveal any magnetic relief in CoFeB film demagnetized 

from the saturation by decreasing strength of magnetic field parallel to the ―hard‖-axis. 

This signifies completely different scenario of magnetization reversal that takes place at 

H ║―hard‖-axis. Domain structure might has a feature size beyond the spatial resolution 

of BIG indicator (~ 6 µm). 

Stripe domains in CoFeB suddenly appear after magnetic field reversal. Zooming in 

Fig. 5.13h, one concludes perpendicular component of stray field from CoFeB film 

changes the widths of labyrinth domains in BIG indicator. Strong average optical 

contrast appears and visualizes stripes in CoFeB. Further increase of magnetic field 

strength gradually attenuates the contrast (Fig. 5.13j-k). The stripes disappear again 

when magnetic field reaches Hp = 535 Oe (Fig. 5.13l). 

  Finally, magnetization process in ―easy‖ direction is featured by sudden disappearance 

of magnetic domains oriented oppositely to magnetizing field. This transformation 

occurs at coercive field H = ±Hc = ± 50 Oe. It is distinctly revealed by MO indicator 

and accompanied by instantaneous peaks of magnetic susceptibility in Fig. 5.6 and 

uniform FMR destruction in Fig. 5.9 due to high instability of magnetization at this 

point. DW pinning at various magnetic defects causes coercivity. This mechanism does 

not depend on spin precession hence the anomaly is observed in a whole range of 

frequencies from 500 kHz to 12 GHz as seen in Figs. 5.6 and 5.9.  

   For magnetization process in ―hard‖ direction magnetic susceptibility experiences 

sharp frequency independent changes four times. The anomaly at Hp = ±535 Oe has the 

same shape in positive and negative fields at descending and ascending branches of M-

H loop. This is the manifestation of the ―soft‖ mode from Eqs. (B.23) at 0H  when 

Néel-type low angle DWs ║ H transform to the uniformly magnetized state, this 

transformation has a character of the critical spin fluctuations. The process cannot be 

visualized by MO image technique since low angle Néel DWs do not produce 

perpendicular stray fields that can be detected by BIG indicator. The anomaly of χ at 

saturation field H = ±Hp is nicely seen in Figs 5.7 and 5.8 as reversible ―peaks‖, but in 

Fig. 5.10b the anomaly occur as initial rising branch (2–6 GHz) of ωres vs. H FMR 

spectrum when |H| > Hp. This is a most bright evidence of the ―soft‖ mode.  
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Another rising branches in Fig. 5.10b (|H| < 535) seem to be frequency independent 

and appear in frequency range ~ 6–13 GHz as dense blue lines. They start from H ~ 535 

Oe but in opposite to uniform FMR branches. Perhaps, this is the out-of-phase FMR 

exited in the stripe domain structure which is changing under external sweeping field H 

(this statement demands further thorough investigation). 

   The anomaly of susceptibility at H = ±Hcr has different shape and interchange its 

position at descending and ascending branches of magnetization loop. Small peak 

occurs when magnetic field strength decreases approaching zero. This is a 

transformation of Néel DWs ║ ―hard‖ axis to VBL loaded Bloch DWs ║ ―easy‖ axis. It 

goes on continuously thus has a reversible character. Frequent alternation of magnetic 

poles (Mz component) in upward and downward directed Bloch DWs nullifies the 

average stray field perpendicular to the film plane. As a result, such VBL loaded DW 

produces obscure magnetic relief that is sightless in labyrinth domains of the indicator 

(Figs. 13d-g).  

   According to our model, sudden disappearance of VBLs occurs after field reversal at 

H = -Hcr for descending and at H = +Hcr for ascending branches. It accomplishes the 

conversion of Bloch DWs ║ ―easy‖ axis to Néel DWs ║ ―hard‖ axis. This also triggers 

domain structure transformation, perhaps in a very close manner as it is described above 

in Fig. 5.12. This transformation is very rapid almost instantaneous. It induces voltage 

signal in pick-up coil depicted as a strong anomaly of susceptibility in Figs. 5.7 and 5.8. 

Broadband microwave spectroscopy also detects this event. In Fig. 5.10b, it is exhibited 

at first by increased microwave loss (vertical narrow dense bright-blue lines) and then 

by zero absorption (almost white vertical line) at H = ±Hcr.  In Fig. 5.10a this anomaly 

yields to abrupt absorption decay (S11 falls almost two times). Beyond H = ±Hcr, when 

the Bloch-to-Néel DW transformation is completed, absorption gradually increases 

reaching its maximum value for critical fluctuations at H = ±Hp. 

   Very similar effects we observed also in 0.48 μm thick (CoFeB)0.66–(SiO2)0.34 film. 

The only difference was lower saturation magnetization 4πMs = 8.6 kGs and field of 

uniaxial anisotropy Hp = 165 Oe. Therefore, Bloch-to-Néel DW transformations were 

observed in the field H = Hcr = 73 Oe that with a 6% accuracy coincides with Hcr 

numerically calculated from the Eqs. (5.3) and (5.7) for FN(Hcr) = FB(Hcr). 

Of course the proposed model is very ideal. It doesn’t take into account different 

types of defects that exist in the real systems and especially in our hetero amorphous 

CoFeB-SiO2 films. The complete set of domain structural transformations has not been 

yet described sufficiently. Nevertheless, our model provides fairly good agreement with 

experimentally obtained results. 
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Chapter 6 

Summary 

Main and novel results of the present work are shortly outlined below. 

YIG films 

 Using pulse laser deposition (PLD) we grown submicron epitaxial yttrium iron 

garnet (YIG) films of two distinct types. 

  Films grown from overstoichiometric Y2O3+2Fe2O3 targets posses: good 

matching to the GGG substrates, insignificant nonstoichiometry with Fe-to-Y 

ratio R = 1.56, slightly decreased cubic K1 = -4.25 and -4.17 erg×10
3
/cm

3
, and 

moderate uniaxial anisotropies Ku = -2.92 and -1.42 erg×10
4
/cm

3
, relatively low 

FMR losses ΔH = 2.7 and 6.3 Oe (best values), respectively for (111) and (001) 

films. 

 Films grown from stoichiometric Y3Fe5O12 targets posses rhombohedral and 

tetrahedral cubic lattice distortions, pronounced nonstoichiometry revealed by 

Fe-to-Y ratios R = 1.35 and 1.38, drastically decreased cubic anisotropies K1 = -

1.20 and -1.84  erg×10
3
/cm

3
, high uniaxial anisotropies Ku = -6.57 and -3.90  

erg×10
4
/cm

3
, comparable to LPE YIGs FMR losses ΔH = 0.7 and 1.1 Oe (best 

values), respectively for (111) and (001) films. 

 Differences in cubic and uniaxial anisotropies are explained through a 

redistribution mechanism of the ferric Fe
3+

 vacancies in the cubic YIG structure. 

Employing molecular field theory along with single-ion anisotropy model we 

have shown Fe
3+

 vacancies dominate over octahedral [a] cites. 

 The mechanism of ―deformation blockade‖ was established. Ferric Fe
3+

 

vacancies have higher probability to occupy positions in the structural complexes 

with distortion axis parallel to the growth direction (i.e. perpendicular to the film 

plane). 

 Nonstoichiometric films with high uniaxial anisotropy were used to construct 

MSSW filters. 
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CoFeB-SiO2 films 

 Magnetic properties of the material were tested by VSM and FMR. 

 Field dependences of magnetic susceptibility measured in the wide frequency 

range reveal instabilities at external magnetic fields H equal to in-plane 

uniaxial anisotropy Hp and critical field Hcr (0 < Hcr < Hp). 

 The instabilities were explained through the critical spin (magnetization) 

fluctuations caused by domain wall (DW) transformations. 

 At descending magnetic field H = +Hp the uniformly magnetized state 

transforms to the stripe domains separated by low angle Néel DWs parallel to 

the ―hard‖-axis. 

 Then at critical field H = +Hcr, Néel DWs gradually convert to the ―easy‖-

axis oriented Bloch DWs loaded with vertical Bloch lines (VBLs). 

 After field reversal at H = -Hcr, backward conversion of VBL-loaded Bloch 

DWs to Néel DWs results in the sharp anomaly of magnetic susceptibility.  

 Appearance of critical spin fluctuations accomplishes domains 

transformation to the uniformly magnetized state at H = -Hp. 

 Magneto-optic imaging of the films domain structure reveals a good 

agreement with measurements of magnetic susceptibility and proposed model 

of domain wall transformations. 
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Appendix A 

 

Instrumental basis of FMR 

A.1. Angular resolved FMR 

The spectrometer illustrated in Fig. A.1 has a very conventional structure
11

. Here 

high frequency signal is generated by vector network analyzer HP8722D operated in 

the CW mode on resonant frequency of the rectangular probe coupled cavity. One of 

cavity ends is placed between two modulation coils and securely clutched into 23 cm 

gap of 305-mm magnet with maximum achievable field Hmax of 24 kOe (2.4 Tesla) but 

minimal controllable field Hmin ~ 200 Oe. Modulation coils are fed with low frequency 

generator Г3-109 (fmod = 160 Hz). At FMR resonance retuned high frequency signal 

becomes amplitude modulated. Passed through the low noise amplifier and then 

transformed to the low frequency output this signal is lock-in amplified and recorded 

using SR510 Lock-in amplifier. The magnetic field is swept by ―biasing‖ high voltage 

power supply with Keithley source meter.  The value of magnetic field is measured 

with NMR calibrated hall detector linked to the Keithley multimeter. All processes of 

data accusation and magnetic field sweep are controlled by PC. 

Rotational holder in tandem with uniaxial goniometer provides azimuthal H  and 

polar H  sample positioning as it is shown in Fig. A.2. The ranges of possible H  and 

H  rotations are denoted in inset to Fig. A.1. Despite of the high precision of 

goniometer ( H = ±0.5
°
) the attention must be paid when one performs azimuthal H

scan. Due to existing sample holder wobbling H  can vary with the maximum deviation 

of 2.3
°
. Especially this effect deteriorates measurements for out-of-plane geometries (

H > 90
°
). Therefore, in most of the cases obtained experimental results must be Fourier 

transformed or simply fitted to the Fourier series 

       0

1
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11

 The spectrometer rf-circuitry with ferrite circulator was originally proposed by Thaxter and Heller in 1960 [94]. 
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with the unintentional shift 
0  of experimental azimuth   angle. 

 

 

Figure A.1 Schematic representation of the experimental setup for angular resolved ( H and H ) FMR 

experiments.  

 

Another feature of FMR setup (Fig. A.1) that should be mentioned is the cavity 

coupling. Figure Fig. A.2 schematically demonstrates the cavity coupling by both 

moveable probe and sliding cavity wall. Such a coupling geometry allows using a 

cavity at another longitudinal modes n than it was designed to operate (TE106). But of 

course the most sensitive measurements must be obtained at the highest possible values 

of the quality factor QL, in our case QL =  4200 for TE106 mode with ωres/2π = 9.1 ± 0.05 

GHz. 

Some additive technical information on the spectrometer can be found in the PhD 

thesis of my predecessor Vasyl Denysenkov [95]. 
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Figure A.2 Cavity coupling to the coaxial line (to the left). Arched arrows show corresponding 

azimuthal H  
and polar H  rotations. The maximum sample size is 5×5×2mm

3
. 

 

A.2. Broadband FMR 

The general arrangement used for broadband measurement is much simplified in 

comparison with angular resolved FMR (Fig. A.1) that makes it fast and easy to 

operate. The system consists of VNA connected directly to the shorted microstripe line 

through coaxial cable, equipment for magnetic field sweep and measurement (Fig. A.1). 

VNA is set out for return loss measurement and pre-calibrated with the microwave part. 

Sample is directly installed into the magnetic system. Such an approach greatly clarifies 

FMR response from the sample, nevertheless making impossible to gauge quantitative 

values of magnetic permeability (μ' and μ''). 

The microstripe lines for FMR probing were constructed in the three different ways. 

First type (Fig. A.3a), which we actually used only couple of times, is based of 0.5 mm 

width copper stripe formed onto 0.5 mm thick alumina substrate that with copper 

thickness taken to be 8μm yields 49 Ohm for the value of input impedance.  

In the microstripe line the high frequency field hrf is highly concentrated beneath of 

the microstripe signal conductor (please see calculation example [96]). This fact can be 

used than to increase FMR signal to noise ration. Therefore, for non-conductive films 

the microstripe line is fabricated directly onto films surface as it is shown in Fig. A.3a. 

The top stripe conductor with typical width of 0.4-0.6 mm is made of conducting silver 

paste. The microstripe line is connected to the coaxial line through SMA connector. 

 

http://www.comsol.com/support/knowledgebase/909/
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Figure A.3 Experimental geometries for two shorted microstripe lines. Figure to the left shows 

―classical‖ case when the signal stripe is maid onto alumina substrate and the sample is just laid on it. In 

contrary, figure to the right demonstrate stripe line manufactured directly onto sample surface. The 

width of microstripe line was kept to be around 0.5 mm. 

 

 

Figure A.4 The results of measurements on the 120μm-thick LPE-YIG film using conventional cavity 

technique (a) and shorted microstripe line (b). The values of resonance linewidths ΔHhw are extremely 

different. 

 

The main disadvantage of the FMR measurements using microstripe lines described 

above is a significant non-uniformity of the high frequency field hrf since it enhances 

excitation of magnetostatic [26] and spin waves [97]. In Fig. A.4 two resonant 

responses of the 120μm-thick LPE-YIG have been taken using described above 

resonant cavity (Fig. A.4a) and shorted microstripe line (Fig. A.4b). Data in Fig. A.4 

has been taken sweeping magnetic field H at fixed frequency (Fig. A.4a) and vice 

versa, sweeping frequency f at fixed frequency magnetic field (Fig. A.4b). For further 

comparison we should rescales one to another f-to-H or H-to-f as it is proposed 

elsewhere, see [98] and references therein. For ΔHhw and Δfhw we have simple 

correlation: 

          
     

  
 
  

.                                      (A.2)  
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Therefore, after differentiating equation Eq. (B.5) at the external field H = 5040 Oe and 

film parameters given in Fig. B.2 the value Δfhw = 292 MHz converts to ΔHhw = 103 Oe 

(Fig. A.4b). This value is almost 34 times higher than that obtained using resonant 

cavity ΔHhw = 3 Oe (Fig. A.4a). This cannot be explained by any of the following FMR 

line width broadenings: a little difference in the frequencies (fields), possible film 

misalignment between two measurements, spin wave instabilities
12

, except for 

excitation of magnetostatic waves
13

. 

 

 

Figure A.5 Open air stripe line structure. Sample is placed beneath of the copper stripe close to the 

snorted end. Height of the structure including front SMA connector is 22.7 mm. 

 

Much higher field uniformity can be achieved in the open air stripe-line structures 

(Fig.2.5). But quite big dimensions of the stripe-line structure limit quasi-TEM mode 

regime of operation below 8-9 GHz [99, 100]. This limit is very vital for estimation of 

magnetic permeability μ(μ', μ'') from the measured transmission line parameters (S, Z, 

phase response). Nevertheless, FMR measurement still can be valid even for higher 

frequencies with the limitation caused by weak but for some samples critical self-

resonance on the stripe-line dimensions. 

Constructed here stripe line is shown in Fig. A.5 and has following dimensions: 

copper stripe width of 6.7 mm, copper stripe thickness of  0.2 mm, height of 1.45 mm, 

length l = 9 mm and impedance Zin= 51 Ω @ 10 GHz. The important frequencies are 

readily found fλ/2 < 16.6 GHz and fλ/4 < 8.3 GHz for l = λ/2 and l = λ/4, respectively. The 

                                           
12

 -10dBm power fed to the microstripe line is lower than power saturation limit for YIGs and given microstripe 

geometry. 
13

 The mentioned spin waves excitation is also possible but again this effect is times smaller here. 

http://www.multitran.ru/c/m.exe?t=2171362_1_2
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first frequency fλ/2 corresponds to the longitudinal self-resonance, and second fλ/4 to the 

highly non-uniform hrf field distribution along the line length. 
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Appendix B 

 

FMR – General equations for computation 

The short overview of the experiential apparatus has been done in two previous 

sections. But as you will see an estimation of the magnetic parameters in FMR 

spectroscopy demands rigorous and sometimes sophisticated calculations. Here we will 

mostly concentrate on the equations for assessment of g-factor, uniaxial Ku and cubic K1 

anisotropies.  

The most accurate method for determination of uniaxial Ku and cubic K1 

anisotropies constants in the cubic iron garnet films has been developed by H. Makino 

and Y. Hidaka [101]. The method is based on the fitting of experimental FMR spectra 

with accurate accounting of the difference in orientation of magnetization M and 

external magnetic field H vectors. For our PLD-grown YIG films the latter issue 

becomes even more critical since they possess anomalously high negative uniaxial 

magnetic anisotropy. As we will see later, at typical ferromagnetic resonance frequency 

ω/2π ~ 9 GHz an angle difference between M and H reaches 16
°
 and standard 

assumption on very small or even negligible M−H misalignment becomes invalid. 

We used modern MATLAB software to calculate equilibrium orientation of the 

magnetization M and to compute resonance ω vs. H relation in arbitrarily oriented 

magnetic field H. This removes serious limitation of H. Makino and Y. Hidaka method 

that requires rotation of magnetic field in specially chosen crystallographic plane. 

B.1. (111) oriented cubic film 

To define the orientation of M and H vectors we use spherical coordinates: polar θ 

and azimuth θ angles with the corresponding subscripts M and H (Fig. B.1). In cubic 

(111) oriented YIG film the total free energy density 
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includes Zeeman energy as the first term, the second term is the energy of uniaxial 

magnetic anisotropy with effective constant Ku
*
 = Ku – 2πMs

2
, and the last term is  
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Figure B.1 The coordinate system of (111) oriented cubic film. 

 

the cubic anisotropy constant K1. In theoretical formulas the azimuth angle   starts to 

be counted from the        direction. Later, this choice will be nonessential for the 

fitting of experimental data. 

   The equilibrium orientation of magnetization vector M(H) must be determined from 

the condition of the free energy minimum 
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(B.2b) 

 

where   
  

   
 

  
 and    

  
   

  
 are the effective fields of uniaxial and cubic 

anisotropies, respectively.  

   The solution of this system of coupled functional equations for  HHM  ,  and 

 HHM  ,  was numerically computed choosing MATLABS’s built-in Gauss-Newton 

algorithm to compromise accuracy and time consumption. The results are presented in 

Fig. B.2a as a 3-dimensional angular dependence of the misalignment angle between M 

and H vectors: 

    HHMHHHHH  coscoscossinsincos, 1  
. (B.3) 
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The calculation has been performed using actual parameters for the reference LPE-

grown YIG film with   
  = -1674 Oe and Hc = -85 Oe. Magnetic field H was chosen to 

be equal to 2485 Oe. This is the minimum value of the resonance magnetic field Hres 

required to achieve FMR frequency ω/2π = 9.12 GHz at magnetic field vector H 

parallel to the film plane and directed towards        axis ( H = 90
°
). 

   As seen in Fig. B.2a, although the external field exceeds the shape-anisotropy field 
   

   almost 50% the misalignment angle ξ is very high and attains the maximum value 

of 19.82
°
 at ( H  = 27

°
, H  = 90

°
). It experiences 120

°
 periodical oscillations along H

since [111] direction is the C3 symmetry axis. Amplitude of oscillations reaches the 

maximum δξ = 0.38
°
 at H  = 14

°
. Maximum deviation of the azimuth angle 

HM   = 

0.8
°
 at H  = 22

°
 is only 4% of the total angular misalignment. Small cubic-to-shape 

anisotropy ratio is the reason of small lateral deviation of M-vector: 

    05.0~/~/ *

ucHMHM HH  . Evidently, the M and H misalignment cannot 

be neglected and must be accurately accounted deriving the angular dependence of 

FMR frequency even in LPE-grown films. 

 

 
Figure B.2 3D contour plots calculated for (111) oriented YIG film with experimentally determined 

parameters:   
  = -1674 Oe, Hc = - 85 Oe and g = 2.012. The plot (a) shows the misalignment angle ξ 

between vectors M and H at various orientations of magnetic field H = 2485 Oe. The contour plot (b) 

draws the angular dependence of the resonance field Hres( HH  , ) at ω/2π = 9.12 GHz. The solid line 

presents resonance field dependence Hres( H ) at fixed angle 43H
°
. This is the most appropriate 

geometry to examine cubic anisotropy in (111) oriented YIG films since the 120
°
 periodical oscillations 

of Hres( H ) have the maximum amplitude δHres = 77 Oe. 

 
Calculating the second derivatives of the free energy F from Eq. (B.2) and 

substituting them into Eq. (1.17) one obtains the complete formula for FMR frequency: 
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    (B.4)  

   Complete set of Eqs. (B.2) and (B.4) gives FMR relation ω vs. H (or vice versa) 

for arbitrarily oriented magnetic field. Powerful MATLAB computation technique 

enables numerical solution of these coupled and indirectly defined functional equations. 

The result is presented graphically in Fig. B.2b as the angular dependence of the 

resonance field Hres( HH  , ). In LPE-grown YIG, at ω/2π = 9.12 GHz Hres changes from 

its maximum value of 4849 Oe to its minimum of 2485 Oe, respectively, in out-of-plane 

and in-plane geometries. The resonance field Hres experiences the maximum amplitude 

δHres = 77 Oe of the 120
°
 periodic H -scale oscillations at the cone 43H

°
. This Hres(

HH  ,43 ) dependence is shown in Fig. B.2b with a solid line. 

   Eq. (B.4) reduces to very compact formulas in two limiting experimental geometries. 

In magnetic field perpendicular to the (111) film plane (H   [111], H  = 0) the exact 

relation takes the place: 

cucures HHHHHH
3

2
,

3

2 ** 







  .           (B.5) 

In magnetic field parallel to the film plane (H | | [110] H  = 90
°
, H = 90

°
) the 

following asymptotic expression is valid: 
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  .  B.6) 

Formulas Eqs. (B.2) and (B.6) can be employed for estimation of effective uniaxial 

anisotropy field
 
  

 , cubic anisotropy field Hc and gyromagnetic ratio γ in the films of 

(111) crystalline geometry.  

    

 

B.2. (001) oriented cubic films 

The free energy density in (001) oriented YIG  
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accounts Zeeman energy (the first term) and energies of uniaxial and cubic crystalline 

magnetic anisotropies defined, respectively, by the effective constant Ku
*
 = Ku - 2πMs

2
 

and K1. Here Ms is a saturation magnetization, polar   and azimuth   angles with the 

corresponding subscripts M and H set the orientation of M and H vectors (see below in 

Fig. B.3). In bulk Y3Fe5O12 single crystal, K1 is negative that makes cube body diagonal 

direction [111]
14

 to be magnetic ―easy‖ axis, face diagonal [110] to be a ―medium‖ axis, 

and a ―hard‖ axis is parallel to the cubic edge direction [100]. 

 

 
 

Figure B.3 The coordinate system of (001) oriented cubic film. 

 
   The equilibrium orientation of magnetization vector M(H) must be determined from 

the condition of the free energy minimum: 
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Differentiating free energy F from Eq. (B.7) two times and using the equilibrium 

conditions from Eqs. (B.8) we present the expression for FMR frequency as follows: 

                                           
14

 This is valid only if we don’t take into account uniaxial and demagnetization energies. 
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(B.9) 

Complete set of Eqs. (B.8) and (B.9) indirectly defines FMR relation ω vs. H (or 

vice versa) at various orientations of magnetic field.  

To demonstrate the difference between described earlier (111) geometry and just 

formulated [001] the calculations of misalignment angle ξ( HH  , ) and resonance field 

Hres( HH  , ) were performed for the same film parameters as in Fig. B.2.  

 

 
 
Figure B.4 The analog of 3D contour plots calculated in figure Fig. B.2 but for (001) oriented YIG 

film. The plot (a) shows slightly different H  behavior with the maximum M-H misalignment ξmax = 

19.96
°
. The contour plot (b) draws the angular dependence of the resonance field Hres( HH  , ) at ω/2π = 

9.12 GHz. The solid line depicts dependence of the resonance field Hres for in-plane geometry (θH = 

90
°
). This is the most appropriate geometry to examine cubic anisotropy in (001) oriented YIG films 

since the 90
°
 periodical oscillations of Hres( H ) have the maximum amplitude δHres = 61 Oe.    

 

Figure Fig. B.4a reveals ξ attaining the maximum value of 19.96
°
 at H = 24

°
 and H

= 46
°
. It experiences 90

°
 periodical oscillations along H  due to C4 axis symmetry of 

[001] crystalline orientation. The maximum amplitude of the oscillations reaches δξ = 

0.25
°
 at H  = 90

°
. Maximum deviation of the azimuth angle 

HM   = 0.5
°
 takes place 

at H  = 90
°
 and is only 2.5% of the total angular misalignment. 

The angular dependence of the resonance field Hres( HH  , ) in the case of (001) 

oriented film is very much predictable and it is shown in Fig. B.4b for ω/2π = 9.12 

GHz. Here the resonant field Hres changes from its maximum value of 4991 Oe to its 

minimum of 2465 Oe, respectively in out-of-plane and in-plane geometries. In the film 
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plane ( 2/ H ) the maximum amplitude δHres = 61 Oe of the H -oscillations of 

resonance field experiences 90
°
 periodicity. This Hres( HH  ,2/ ) dependence is 

shown in Fig. B.4b with a thick solid line. 

In three limiting cases Eq. (B.9) can be reduced to the compact plain 

formulas: 

 in perpendicular magnetic field H [001] ( H = 0) if cu HHH  * , then  

M = 0 and 

  cures HHH  *

001 ;          (B.10) 

 for in-plane magnetic field H [100] ( H  = π/2, H = 0) if 
cHH  , then M  = 

π/2, M = 0,  and  

    ccures HHHHH  *

100 ;         (B.11) 

 for in-plane magnetic field parallel to the face diagonal H [110] ( H  = π/2, 

H = π/4) always M  = π/2, M = π/4 and  

    .2
1*

110 ccures HHHHH           (B.12)  

Eq. (B.12) can be used also to define FMR frequency at zero magnetic field: 

   .2
1*

110 cucres HHH             (B.13) 

This expression assumes that film is uniformly in-plane magnetized (single domain 

state) along [110] direction. Accounting shape and magnetocrystalline anisotropy, this 

is magnetic ―easy‖ axis in (001) cubic film. 

The Eqs. (B.8) and (B.13) given above can be employed for the thorough 

investigation of effective uniaxial anisotropy field   
 , cubic anisotropy field Hc and 

gyromagnetic ratio γ in the films of (001) crystalline geometry.  

 

B.3. Films with in-plane uniaxial anisotropy 

To characterize magnetic anisotropy we examined properties of CoFeB-SiO2 films in 

a wide range of frequencies. Films have high saturation magnetization 4πMs = 6-12 

kGs. Therefore, to obtain reliable characteristics of magnetic anisotropy from FMR 

measurements it is vital to account misalignment of magnetization M and magnetic 

field H vectors that occurs in relatively weak magnetic fields.  

   Following Stoner-Wohlfarth theory for the coherent M rotation, we start with the 

expression for the total free energy density of uniformly magnetized film:  
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It includes Zeeman energy as the first term, the second term is the stray 

(demagnetizing) field energy, and the last term is the energy of in-plane uniaxial 

anisotropy Kp. The orientation of M and H vectors is defined by spherical  

 

 
Figure B.5 The coordinate system of the circularly shaped sample with uniaxial in-plane anisotropy Kp. 

 

coordinates with the corresponding subscripts M and H for polar angle   and azimuth 

angle   which are reckoned from the ―hard‖-axis (see Fig. B.5). The equilibrium 

orientation of the magnetization vector M(H) must be determined from the condition of 

the free energy minimum: 
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Here we introduced the field of in-plane uniaxial magnetic anisotropy Hp = 2Kp/Ms. 

Twice differentiating free energy F from Eq. (B.14) and using the equilibrium 

conditions from Eqs. (B.15) we present the expression for FMR frequency as follows: 
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   In four special geometries Eq. (B.16) reduces to the following formulas: 

 In perpendicular magnetic field ( 0H ) it is always 2 M  and the polar angle 

M is defined as follows: 

o if ps4 HMH   , then 
ps4

cos
HM

H
M





  and 
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o if ps4 HMH   , then 0M  and 

  pssres 44 HMHMH  
.                        (B.18)

 

 Magnetic field H rotates being always perpen icular to the “easy”-axis ( 0H ): 
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o at the boundary curve defined by equation 
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      magnetization vector M becomes orthogonal to the ―easy‖-axis    0M  

and ;0res   
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o if  
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 , then vector M, 

being orthogonal to the ―easy‖-axis  0M , continues to approach vector H 

towards the normal to the film plane:   MMHM
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 Magnetic field H rotates being orthogonal to the “har ”-axis ( 2 H ), then 

always 2 M , vector M approaches vector H towards the normal to the film 

plane   MMHM
HM

H



cossinsin

4 ps
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 Magnetic field rotates in the film plane ( 2 H ), then always 2 M , vector M 

approaches vector H :   MHM
H

H
 2sinsin
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  MMH

MMH

HH

HMH





2coscos

sin4cos

p

2

psres




.               (B.23) 

These equations we used to plot resonance condition ωres vs. H or vice versa Hres vs. ω 

for arbitrarily oriented magnetic field H (for various H  and H ). 
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Appendix C 

 Pick-up coil technique 

Both resonant cavity and stripe line based techniques are mostly employed in high 

frequency measurements above hundreds of MHz. Of course, the microstripe lines still 

can be used even at MHz frequency range but the sensitivity of such the probes is 

strongly suffered. The simple air filled coils come in handy at low ~ kHz keeping their 

performance up to GHz range.  

One of our research interests is devoted to the dynamic properties of magnetic films 

with a domain structure. The coils are designed to provide high sensitivity. For this 

purpose they are fitted to the sample size. The coils used in experiments were not 

compensated since it wasn’t crucial for measurements itself.  

 

 

Figure C.1 Photography of the pick-up rf coil fabricated onto glass substrate. The epoxy glue has been 

used to secure the coil. The coil consists of 22 turns of 0.15 mm thick copper wire. The coil electrical 

parameters (see text) assure it high frequency operation. 

 

All coils are rectangular shape and made of copper wires glued to the supporting 

substrate and all around. Such a fabrication process provides an additive durability but 

degrade high frequency properties of the coils. 

Most of the results presented in the thesis were achieved using one universal coil 

which could handle all our samples. Therefore, we will not concentrate an attention on 

all of them and will shortly describe one mentioned. This coil is shown in Fig. C.1, it 

has a size of 8×6×2 mm
3
, empty inductance L = 0.7 μH, resistance R = 0.8 Ω and self-

resonance frequency fcoil around 250-300 MHz. 

The experimental arrangement is fairly simple (see Fig. C.2). The pick-up coil is 

mounted into aluminum cell with integrated modulation coils. The system is placed 
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between 10 cm magnet poles with variable gap. To improve sensitivity the external 

field H is modulated by the pair of integrated modulation coils. The high frequency 

signal from generator is supplied to the coil with a sample inside. The transmitted signal 

is detected by rf detector and then amplified by lock-in amplifier. All equipment (except 

of rf generator) is connected to IEEE-488 bus and operated under the control of 

personal computer. 

Our experimental setup also provides polar θH rotation, but user must be very careful 

and persistent in order guaranty the accuracy of θH angel measurement. 

 

 

 

Figure C.2 Schematic representation of the experimental setup for magnetic susceptibility testing in 

the frequency range from 0.1 to 1500 MHz. Both network analyzer HP8722D (990-1500MHz) and 

signal generator HP8656B (0.1-990 MHz) are used as rf signal sources. 
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Appendix D 

 

Optical imaging of magnetic domains 

There are many techniques have been developed to observe magnetic domains [102]. 

The most cost effective is based on the Faraday effect in magneto-optical (MO) films. 

This method is widely used for flux visualization in superconductors where MO films 

act as the optical indicators [103]. The same approach can be used for domains 

visualization since domains, domain walls and defects in the magnetic film produce 

sufficient stray fields in vicinity of the film surface [102]. Basis on this idea simple 

experimental setup have been built utilizing reflecting Carl Zeiss microscope, magneto-

optical film with perpendicular domains as an indicator, system of magnets and digital 

camera for image and video recording. Except for the magnets, setup is shown 

schematically in Fig. D.1. 

Figure D.1 demonstrates the key features of the indicator based MO imaging. Light 

from the light source is linearly polarized by polarizer and then focused onto an 

indicator surface that is in the tight contact with a sample under study. Due to Faraday 

effect the reflected light has two components with polarization plane rotated to +2ΘFR 

and -2ΘFR. Now setting the analyzer axis parallel to the one of 2ΘFR rotated polarization 

planes one can clearly observe the domains in the indicator film. Since visualizer and 

studied sample are in the close contact the stray fields from a sample modify original 

domains structure in the indicator what can be readily seen.  

Obviously, the domain structure and magnetic properties of the indicator are very 

vital for the method especially if one applies an external magnetic field. In our 

experiments we used 6 μm thick bismuth-doped iron garnet (Y,Bi)3(Fe,Ga,Sc)5O12 

(BIG) film with perpendicular anisotropy. The film has been grown onto 

Gd3Ga5O12(111) substrate by liquid phase epitaxy (LPE). This film possess Faraday 

rotation angel |   
   | = 2.2

°
, coercitivity field Hco = 208 Oe and saturation field Hsat = 

376 Oe. These data are taken from the magneto-optical measurements shown in Fig. 

D.2a. 

Magneto-optical hysteresis loop (Fig. D.2a) was recorded at external magnetic field 

H perpendicular to the film plane using pulse technique described in [103].  Quite high 

coercitivity and saturation fields do not affect visualization abilities of the indicator BIG 

film since it has been fully demagnetized before to be used as a visualizer. In  the  
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Figure D.1 Schematic representation of the setup for magneto-optical visualization of domains. The 

experimental setup consist of reflecting Carl Zeiss optical microscope, magneto-optical film indicator 

(see text and Fig.D.2), system of magnets inducing  magnetic field H in-plane of the sample (not 

shown) and Nikon camera Coolpix L10. 

 

demagnetized state BIG indicator has a native labyrinth structure that is shown in Fig. 

D.2b. BIG domains have a period about 6 μm and reveal crystallographic [111] C3-axis 

120
°
 rotational symmetry orienting themselves along the projections of cubic axes on 

the film plane. 

Constructed magnetic system provides the maximum in-plane magnetizing field H   

±650 Oe. System consists of two coils with iron cores and small coolers on them. Due 

to the certain dimensions of microscope objective the gap between two 6 mm caps has 

been set to 9 mm. Such a big gap of course degrades the field uniformity; therefore, 

limiting experimental precision of the magnetic field H is around 15-20%. 

Finally, mention that in-plane magnetic field has a marginal effect on the domain 

structure of indicator even for H exceeding 650 Oe. In this case domains in the 
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labyrinth structure uniformly and very slightly expand (this can be seen only at high 

optical magnification). 

 

 

Figure D.2 LPE grown 6μm-thick bismuth-doped iron garnet (Y,Bi)3(Fe,Ga,Sc)5O12 film onto 

GGG(111) substrate. (a) Magneto-optical hysteresis loop of the film at probing light length λ = 677 nm. 

Magnetic field H is perpendicular to the film plane. (b) Magneto-optical image of the domains labyrinth 

structure in fully demagnetized film. The domains size is equal to 6 μm. 
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Appendix E 

 

Cubic crystal filed coefficients Ka and Kd 

Hansen has measured saturation magnetization 4πMs [68] and cubic anisotropy 
K1 [69] in the temperatures range 4.2 ≤ T ≤ 500 K in {Y3}[Fe2-xGax](Fe3-yGay)O12 

garnets with the total concentration of Ga-substituent ranged up to x + y = 1.5. He 

nicely fitted 4πMs(T) dependence to the theoretical solution of Eqs. (3.1-5) and obtained 

the fraction f(t) = y/(x + y) of gallium ions in tetrahedral sites versus total gallium 

content t = x + y (Fig. 4 in Ref. [68]). At small concentrations, Ga preferentially 

occupies tetrahedral sites while the number of octahedrally coordinated Ga reaches 9% 

at t = 1.5 (7.5 atomic % of Ga). Within the range 0 < t < 1.5, we interpolate Hansen’s 

result for single crystal Ga:YIG by the following expression: 

53.1028.0027.01 tt
yx

y
f t 


 .             (E.1) 

Then we took Hansen data for cubic anisotropy K1 at T = 4.2 K measured in pure 

Y3Fe5O12 and thirteen Ga-substituted YIGs (Fig. 3 in Ref. [69]). At zero temperature ra 

= rd = - 5/2 and Eq. (3.6) transforms to:    

K1(T→0)   
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This expression with extrapolated ft from Eq. (E.1) was fitted to Hansen’s experimental 

results for K1(T = 4.2 K) with following cubic anisotropy coefficients: 

Ka = 0.031 cm
-1

 and Kd = 0.064 cm
-1

 @ T = 4.2 K.             (E.3) 

These coefficients are very close to Ka = 0.032 cm
-1

 and Kd = 0.068 cm
-1

 extrapolated 

for YIG at T = 4.2 K by Rimai and Kushida [104] who measured paramagnetic 

resonance of Fe
3+

 ions in the series of eight isomorphous diamagnetic garnets.  

We would like to use crystal field theory to explain our experiments performed at 

room temperature. Therefore, we also examined Hansen’s experimental data for K1 

measured in {Y3}[Fe2-xGax](Fe3-yGay)O12 films with t = x + y ranged up to 1.5 at T = 

295 K (Fig. 3 in Ref. [69]).  The experimental data were fitted to theoretical K1(T = 295, 
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t) computed successively with Eqs. (3.1-5) and Eqs. (3.6-7). The resulting crystal field 

coefficients were found to be: 

Ka = 0.045 cm
-1

 and Kd = 0.020 cm
-1

 @ T = 295 K.                   (E.4) 

These parameters are used to calculate cubic anisotropy in non-stoichiometric PLD-

YIGs (see Chapter 3 ―Nature of magnetic anisotropy in PLD grown YIGs‖). 
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Appendix F 

 

Surface anisotropy in 001 YIG films: single-ion model 

 

Following to the same argumentation as in Chapter 3 another term of anisotropy can 

be classified depending on the YIG growth direction and film composition (presence of 

vacancies). This new anisotropy term is related to the unit cell ―braking‖ at the film 

surface and called surface anisotropy. Also it is shown that there are two types of the 

surface anisotropy: in-plane and out-of-plane. 

Assume now the ideal growth conditions when the ions gradually form the unit cell 

structure plane by plane. It is quite possible that the growth process is interrupted and 

the unit cell isn’t fully built.  

 

 
Fig. F.1 The formation of 8 possible subcells from the unit cell of [001] oriented YIG. The number of 

octahedral [a] and tetrahedral (d) sites are given for each subcell. Ions on the tetrahedral positions are 

split in two groups depicted with blue and red color. The first group is formed with ions lodged along 

[001] distortion axis (red), and the second with ions along [100] and [010] axes (blue). 

 

In the particular case of YIG there are 8 planes to be filled with ions in order to 

construct the complete unit cell [70]. Thus, during the film synthesis the YIG surface 
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can be constructed of the 8 available subcells shown in Fig. F.1. Each subcell has 

different number of Fe
3+

 ions, octahedral and tetrahedral positions (Fig. F.1). Also, 

depending on the growth direction the Fe
3+

 positions are separated in two groups. The 

first group is composed of tetrahedral (d) cites with [001] distortion axis, meanwhile the 

second group is composed of tetrahedral (d) cites with [100] and [010] distortion axes.  

It has been shown in Chapter 3 that the axial part of the free energy has the form: 
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 .                             (F.1) 

In the case of the [001] growth direction this equation simplifies if we allow occupation 

probabilities η1 and η2 for the first and the second groups of each subcell. Due to 

equality of octahedral [a] cites they are skipped here. 

Assuming that roughness of the film is equal to the lattice constant a0 the free energy 

of the film surface can be written as average of energies F from each of 8 subcells: 
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where Ks and Kss are the surface anisotropy constants given as follow: 
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Here the crystal field parameter Dd supposed to be the same as it was determined by 

Geishwind [11]. Note, in contrast to Rado’s work [14] the difference in molecular fields 

is taken into account by the set of )(c

dp  coefficients calculated separately for each single 

subcell. 

Both equations above Eqs.(F.3,4) simplify in the case of ideal vacancies free YIG 

structure ( 1 = 2 =1): 

Ks ≈ 0 and Kss = -11.5 10
-3

 erg/cm
2
 at 4.2 

○
K,                         (E.5) 

Ks = -0.4 10
-3

 and Kss = -1.6 10
-3

 erg/cm
2
 at 295 

○
K.                   (E.6) 

Discourse on the issue of the surface anisotropy in [111] oriented YIGs can be 

performed in the same way. 
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