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Abstract. Magneto-optics properties of (Co41Fe39B20)x(SiO2)100−x alloys were studied 

applying both experimental spectral ellipsometry and quantum mechanical theory (incl. 

molecular calculus) approaches. Magneto-optics (MO) properties of the alloys were derived 

from the measured parameters of reflected elliptically polarized light. The experimental 

data were explained applying selection rules for the magnetic quantum number. Theoretical 

approach based on electron gas in a metal with angular momentum coupled to magnetic 

field demonstrated applicability of the magnetic quantum number and Hund’s rule for 

ascertaining the MO alloys properties. In this modeling, the magneto-optics properties of 

ferromagnetic alloys can be explained being based on derivations for the magnetic quantum 

number selection rules. Hund’s rule directly influences the dielectric tensor off-diagonal 

elements signs. The nonrelativistic Schrödinger equation for the Co2Fe2B alloy was 

numerically solved taking into account spins of Co and Fe atoms as well as orbital 

moments of wave functions in order to check the theoretical approach. As a result, the MO 

dispersion curves can be theoretically evaluated using the modified Spicer ratio that 

includes density of states functions with specific azimuthal and spin quantum numbers. 
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1. Introduction 

By cause of modern nanotechnologies, a number of 

nanoscale magnetic materials has been created, some of 

which are characterized by gigantic values of 

magnetoresistance and quantum anomalous Hall effect [1]. 

These materials are increasingly used in a number 

of highly novel devices due to this progress. 

This applies particularly highly sensitive 

temperature and magnetic field sensors used both as 

protective coatings and materials characterized by unique 

magnetic properties. The range of these properties is 

significantly expanded, when using a new class of 

materials – nanocomposites that are two-phase systems 

consisting of nanogranules of amorphous ferromagnetic 

materials embedded into a dielectric matrix.  

Among these, promising are nanocomposites 

(Co41Fe39B20)х(SiO2)100−х, where х varies discretely from 

small values close to 10% up to 100%. These systems are 

characterized by particular (specific) electrical properties, 

and at certain values of х there occurs a phenomenon of 

percolation – the hopping mechanism of electric current 

flow in the sample with high electrical resistivity and 

abnormal magnetic properties. These systems have found 

practical application in devices of information storage. It 

is well known [2] that, in the area of high frequencies, 

the use of nanostructures becomes more complicated due 

to the increase of losses caused by eddies currents as the 

frequency increases, so just the use of nanocomposites at 

concentrations close to the percolation threshold 

minimize these losses. 

The values of magnetic permeability inherent to the 

composites are significantly reduced at higher 

concentrations followed by sharply dropped conductivity, 

i.e., the material becomes non-conductive. In addition, 

such structural parameter as the size of granules, or 

rather, the distribution function of nanogranules by size 

becomes very essential. It is also important to know the 

nanogranule structure, including their electronic and 

phase composition. Structural studies must include 

optical properties as an important component of 

electronic properties examination [3]. 
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Supplementing these results with studies of 

magneto-optical properties, the possibility of elucidating 

the role of electrons with different spin directions (for  

and opposite  magnetization directions) is accessible, 

since the magneto-optical conductivity is the difference 

of contributions from the electron conductances with 

different spin directions: co-directional with the 

magnetization and opposite to it [4], while the optical 

conductivity is the sum of these contributions. 

The field of magneto-optics (MO) has been an 

important research topic since discovery of the Faraday 

and Kerr effect more than century ago. The interest in 

MO phenomena was prompted by these discoveries, 

because the effects describe the light and the substance as 

entities that simultaneously enclose electric and magnetic 

properties. A novel history of the magneto-optics 

phenomena has started a few decades ago in works where 

non-diagonal elements of optical conductivity tensor 

were introduced [5]. Progress in experimental techniques 

made it possible to perform measurements of MO spectra 

in a wide energy range of about 0.5 to 5 eV. Spectral 

ellipsometry has been always used for studying magneto-

optics properties of materials as well as for developing 

pure practical application of the effect (e.g., magnetic 

storage media) [6]. The Kerr spectra have been measured 

and calculated for numerous compounds, namely: Au-Co 

multilayer samples [7], Au and Mn based compounds [8] 

or noble metals (Cu, Ag and Au) [5]. The amount of MO 

experimental data at this moment has become too large 

and requires a detailed review. These numerous investi-

gations resulted in a lot of evidences that experimentally 

obtained MO spectra can be analyzed now in frames of 

first-principles energy band theory. 

In this study, the magneto-optical properties of  

Fe- and Co-based nanocomposites are studied in detail on 

the basis of measurements of the complex Kerr angle 

over a wide spectral range. 

2. Theory 

Components of dielectric tensor can be presented 

omitting the magnetic force, since they are too weak as 

compared to the electric forces. Dielectric susceptibility 

for a media  , (      ,, 41 ) can be given 

by [9]: 
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where  
nmd  is the dipole moment projections on the axes 

zyx ,, , nm  – lifetime parameter of ρnm non-diagonal 

component of the density matrix. The dipole arises as a 

result of optical transition between n and m energy levels. 

This is a basic ratio for the dielectric function without 

any magnetic force, though in the case of magneto-optic 

effects, we have to use another relationship for the 

resonant frequencies in Eq. (1) denominators. To do this, 

we have to extend classic band theory of solids 

considering the energy levels originated from single atom 

in the crystal lattice. On the one hand, it is obvious, 

because the properties of transition metals (e.g., Fe or 

Co) are defined partially by incomplete d-shell, though 

technically angular quantum numbers are introduced for 

single atoms and do not exist in energy bands formalism. 

On the other hand, the theoretical approach has to be 

enough simple and functional in order to interpret our 

experimental data. 

Let us take the electron gas in a metal with non-zero 

intrinsic magnetic field as a result of ferromagnetic spin 

ordering. For a simplified model of almost free electrons 

in the magnetic field (having kinetic energy and the 

coupling angular momentum to the magnetic field), their 

energies can be defined as: 
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where m is the magnetic quantum number, 
em2  – 

electron effective mass, 
L  – magnetic dipole moment, 

B  – Bohr magneton. Bm B  member in Eq. (2) 

describes splitting the angular momentum L
e

e

сm
L 

2
 

states, labeled by the quantum number m. Electrons are 

considered in spherical symmetry system, because our 

goal is to study amorphous alloys (which are spatially 

isotropic).  

If we take an optical transition between two states, 

the transition frequency can be found from the following 

expression: 
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Here, effective masses for i and j levels are taken 

for holes and electrons, respectively. For MO 

phenomena, here we should take into account transitions 

that satisfy classic selection rules Δl = ±1, Δm = ±1, and 

Δs = 0. For calculation of the dielectric functions, one 

should use Eq. (1) with the frequencies ωnm defined by 

Eq. (3). From the pure experimental viewpoint, we 

should observe influences by magnetic field shift of 

dispersion curves along the energy axis. If we take a 

ferromagnetic sample, it shows a spontaneous magne-

tization. We can change the level of the magnetization by 

producing samples that are mixture of ferromagnetic and 

non-ferromagnetic parts.  

If the electric field produces polarization that can be 

given applying statistical averaging 

 nerTrnerP  ˆ .      (4) 

Let’s take the wave functions in the radial 

symmetry approach as a product of radial and angular 

parts [10]:  

    ,lmnlnlm YrR .        (5) 

Here,  rRnl
 is the spherical Bessel function and 

 ,lmY  is angular wave function. Similarly to hydrogen 

atom   Schroedinger   equation   solutions, we  can  write  
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selection rules for coordinates based on properties of the 

spherical Bessel functions in Eq. (5):  

jrkmijrk xy  .      (6) 

Schroedinger equation spherical harmonic solutions 

must be eigenfunctions both of L
2
 and Lz, which are parts 

of Hamiltonian because of electron angular momentum 

and magnetic interaction. Eq. (6) defines the values of 

dielectric tensor components, if the media light produces 

polarization defined by Eq. (4) that contains the 

coordinate part. Here, we take transitions for circular 

polarized photons, where right circular photons produce 

transitions with Δm = ±1 and left circular photons with 

Δm = –1. Of course, the selection rules for the magnetic 

quantum number have to be applied simultaneously with 

account of the selection rules for azimuthal quantum 

number l: Δl = ±1. These transitions (which induce 

positive or negative helicity circular polarization (right- 

or left-circular polarization)) result in the non-zero non-

diagonal components of dielectric tensor  

xyxxright i  ,  

xyxxleft i  .       (7) 

The case when Δl = ±1 and Δm = 0 is related to the 

case with induced linear polarization along z coordinate.  

For a ferromagnetic, magnetic field in the media is 

defined by spatially ordered spins. On the other hand,  

the direction of magnetic polarization in isotropic media 

can be arbitrary. If we change the spin direction (and,  

as a result, the magnetic field direction) to the opposite,  

the transitions described by Eqs (2) and (3) may  

be interpreted as having the opposite sign of Δm: 

    BmBmE BB   or, by other words, as 

having the opposite sign of media polarization helicity. If 

Δm = 0, the energy shift ΔE = 0.  

Comparison of the calculated absorption spectra 

σ(hν) in Fe–Co–B supercell with experimental data 

testifies that the shapes of energy bands have to be 

considered also from the viewpoint of selection rules 

both for the orbital and spin quantum numbers. In this 

case, the modified Spicer ratio [11] can be written as: 

     dEhEEAh sl

hE

E

sl  



 0,20,2

F

F

,       (8) 

where A  is the mean value of the matrix transition 

elements, and we calculate transitions between the states 

with the same spin direction Δs = 0 (spin down – spin 

down or spin up – spin up). Eq. (8) is a further 

development of our former approach described in [11].  

The calculation algorithm for optical conductivity 

was selected as a base for development code ABINIT 

[12] for Linux, which is open-source software of the 

Universitae Catholique de Louvain project. The software 

allowed us to determined density of states of the super-

cell with different spin orientation of Co and Fe atoms. 

The results of the density of states and optical 

conductivity calculations are presented in Figs 1 and 2. 
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Fig. 1. Densities of electronic states for different directions of 

spin (1 – spin up, 2 – spin down) for the Co2Fe2B superlattice. 

Fermi level corresponds to the energy EF = 0 eV. 
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Fig. 2. Optical conductivity of the superlattice with five atoms 

for optical transitions taking into account the selection rules for 

orbital quantum number (Δl = 1) and opposite orientations of 

spins (1 – spin down, 2 – spin up). 

 
 

The results in Fig. 1 are typical for a ferromagnetic 

material with lower energies for the states with spin 

oriented up as compared to the states with the spin 

oriented down. Most of the former filled states are 

located below Fermi level as opposite to the mostly 

unpopulated states related to the opposite to the intrinsic 

magnetic field electron spin orientation. As a result, the 

total spontaneous magnetization in this model is a result 

of drastically different numbers of the filled states with 

up- and down-spin orientations. Fig. 2 was obtained from 

Fig. 1 dependences applying Eq. (8) relationship. As we 

can see, the energy levels in the vicinity of 3.5 eV exhibit 

approximately equal contribution of electrons with 

different spins to the final optical conductivity dispersion 

curve. 
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3. Experimental 

The samples of composite nanostructures amorphous 

ferromagnetic metal alloy (Co41Fe39B20) – amorphous 

dielectric SiO2 were fabricated using ion-beam sputtering 

and revealed a two-phase system: surrounded by 

dielectric SiO2 matrix nanostructured granules of 

amorphous Co41Fe39B20 alloy. The concentration х of the 

magnetic phase varied discretely from 19 to 56%. The 

sizes of the ferromagnetic particles varied from 2 to 

about 10 nm in dimension, increasing the content of the 

magnetic phase, which was chaotically distributed in the 

amorphous dielectric matrix SiO2. 

We carried out the measurements of magneto-

optical properties inherent to amorphous nanostructures. 

The measurements were performed for the angles of light 

beam incidence 10…15 degrees. The optical behavior of 

anisotropic samples is described by their non-diagonal 

reflection Jones matrix R: 

sssp

pspp

rr

rr
R 

,       (9)
 

p refers to the linear light polarization along the direction 

parallel to the plane of incidence and s refers to the linear 

light polarization along the direction perpendicular to the 

plane of incidence. rpp and rss are amplitude reflection 

coefficients of the reflected light with p- and s-

polarization, respectively. Non-diagonal amplitude 

coefficients rps and rsp describe the changes of reflected 

light polarization from p(s) to s(p). Anisotropic reflection 

coefficients (rps, rsp) are expected to have much lower 

amplitude as compared to the isotropic ones.  

The complex MO Kerr angles can be defined as: 

,sspsss rri 
 

,ppsppp rri 
    

(10) 

where s (p) is the real Kerr rotation angle and s (p) – 

Kerr light ellipticity. At the angles of incidence close to 

the normal one: rps = –rsp and rpp = rss. It means that the 

complex Kerr effect has the form: 

sspsKKK rri  .                                  (11) 

To calculate the true and imaginary parts  

of the magneto-optical conductivity 

      hihh xyxyxy
~ , we have to know the 

magnitude of the optical conductivity   hxx
~ . 

Non-diagonal components of optical conductivity 

  hxy
~  tensor can be found from measured Eq. (11) 

angles applying the known relationship [5]: 
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Spectral investigations of ellipsometric parameters 

for reflected light have been carried out using the spectral 

Woollam ellipsometer M-2000 in the wavelength range  

λ = 0.24…1.0 μm (hν = 1.24…5.15 eV). The results of 

Kerr effect measurements are presented in Figs 3 and 4. 

We can evaluate resonant frequencies from  

Eqs (1) and (3) analyzing the curves (zero values of the 

real part and maximum values for the imaginary part).  

In Fig. 3, we can see sufficiently good resemblance 

between the measured and calculated curves of σxy. For 

example, the difference in the value of calculated and 

measured resonant frequency is 0.5 eV. It means the 

modified Spicer equation (Eq. (5)) gives us a good 

picture of magneto-optics effects in isotropic 

ferromagnetic. 

4. Results and discussion 

Curves from Figs 3 and 4 demonstrate shift of the 

resonant frequencies (zero and maximum points) as a 

function of ferromagnetic component concentration in 

the sample. The shift can be qualitatively explained 

based on Eq. (3) where the frequency depends on the 

value of magnetic field in a sample. Frequencies are 

higher with higher values of ferromagnetic component 

concentration in the samples. The effect can be subjected 

to ordered magnetic moments in the ferromagnetic 

sample which produce magnetic field there.  

The averaged per volume numbers of magnetic field  

drop for lower concentrations of ferromagnetic 

component resulting in lower absolute values of  

(mj – mi)
 
μB B part from Eq. (3). As it was discussed 

above, the sign of Δm = mj – mi determines right-handed 

or left-handed circular polarization of the reflected  

light. From this viewpoint, in Fig. 4 resonant frequencies 

shift to higher energies, the spectral intervals and 

magneto-optics Kerr effect light helicity sign are directly 

associated.  
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Fig. 3. Experimental curves of real (1) and imaginary (2) parts 

of xy for Co41Fe39B20 and the difference of calculated optical 

conductivity curves from Fig. 2 (dashed line). 
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Fig. 4. Experimental curves of real and imaginary parts  

of xy for (Co41Fe39B20)x(SiO2)100–x for different values of x  

(1 – x = 19, 2 – x = 33, 3 – x = 56). 

 
If we have transitions from p- to d-band, 

theoretically we have three possible transitions for each 

choice of Δm = ±1, each term corresponds to a possible 

transition from an energy level with magnetic quantum 

number in the range m = –1, 0, 1 to another energy level 

with m = –2, –1, 0, 1, 2. In the case of transition metals 

with not fully occupied d-band, we can receive higher 

probabilities of Δm = –1 transitions (resulted in 

experimentally registered by us left circular polarization 

of the reflected light). More probable transitions 

correspond to Δm = –1, because of no vacancies on the 

level with m = +2 on d-shell for Fe (with m = +1 and 

m = +2 for Co). The filled levels with higher m for  

Fe and Co seem to be an effect of Hund’s rule, where  

if d-shell is more than half-filled, the level with  

the highest value of ML + MS is the lowest one in energy 

(ML and MS are the components of the total orbital 

angular momentum L and total spin S along the intrinsic 

magnetic field direction). Certainly, Hund’s rule 

formalism should be applied for condensed matter 

problems as a qualitative approach. The crystal field 

originated from neighbouring atoms changes molecular 

orbitals depending on the crystal lattice symmetry [13], 

and we can talk about quantum number selection rules 

with some approximation, though in good comparison 

with experiments for (Co41Fe39B20)x(SiO2)100–x 

amorphous alloy [11]. 

5. Conclusions 

Magneto-optics properties (Co41Fe39B20)x(SiO2)100–x have 

been studied both theoretically and experimentally. Our 

theoretical approach is based on a quantum mechanical 

consideration of atoms exposed to both crystal field of 

neighbouring atoms and to magnetic field caused by 

ferromagnetic ordering in the sample. The former point 

allows us to expand classical band theory Hamiltonian 

with account of electron gas coupling with intrinsic 

magnetic field in the vicinity of Fe and Co atoms of the 

alloy. Our theoretical explanation of MO effect is based 

on the selection rules for radial spherical Bessel 

functions. Also, quantum mechanical simulations of an 

alloy supercell allowed us to model electronic structure 

of the alloy and the density of states with opposite spin 

directions, which enabled us to evaluate off-diagonal 

dielectric tensor elements. In this approach, the ordered 

spins in the ferromagnetic totally define the intrinsic 

magnetic properties in the sample. Applying the modified 

Spicer formula for optical conductivities for different 

spin directions, we can obtain optical tensor off-diagonal 

components. 

The measured dispersion curves of off-diagonal 

optical conductivity demonstrate shift of the resonant 

frequency to higher numbers for compounds with lower 

percentage of non-conducting SiO2 and are in good 

agreement with the numerical simulation data. The shift 

has been qualitatively explained as the result of the 

magnetic field value in the sample, which defines the 

interaction energy between magnetic dipole and this 

field. The circular polarization arises in the frames of 

approach as a result of the transitions with specific 

selection rules for the magnetic quantum number as well 

as Hund’s rule for energy levels occupation in Fe and Co 

atoms d-bands. The latter allows us to give explanation 

for circular polarization sign of reflected light for 

(Co41Fe39B20)x(SiO2)100–x alloy. The sign of non-diagonal 

tensor components depends on the values of magnetic 

quantum numbers of most probable optical transitions 

between the initial and final states that are populated 

accordingly to Hund’s rule. 

From the pure academic viewpoint, our approach 

allows us to comprehensively describe magneto-optics 

Kerr effect by connecting classic condensed matter band 

theory, quantum mechanical numerical calculus and 

experimental optics techniques.  
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