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Abstract
Objectives. To carry out a theoretical investigation of the features of magnetorefractive effect for metal-to-metal 
nanostructures. This study uses the example of multilayer Co/Pt nanostructures (ferromagnetic metal–paramagnetic 
metal) with a different ratio of ferromagnetic and paramagnetic phases in the visible and near-infrared (IR) spectral 
regions.
Methods. The dependence was expressed explicitly using the basic formulas for permittivity, refraction and 
extinction coefficients, and optical conductivity. This then confirms the common nature of these two effects. The 
magnetorefractive effect for s-polarization of light was calculated using Fresnel formulas for a three-layer structure. 
This took into account the thickness of the samples and the influence of the substrate. Effective medium methods 
were used to calculate the dielectric permittivity of materials. Since the average range of cobalt concentrations was 
being studied, the Bruggeman approximation was used to establish the effective permittivity of nanostructures. The 
reflection coefficient at normal incidence was calculated for all nanostructures.
Results. Since the permittivity of inhomogeneous samples was replaced by a  common effective parameter 
depending on the permittivity of each component, we were able to apply the Drude–Lorentz theory for conductors in 
a high-frequency alternating field and then estimate the parameters of the electronic structure of the samples being 
studied. Plasma and relaxation frequencies were calculated for each sample. This made it possible for the number of 
free electrons to be estimated and scattering in nanostructures to be investigated.
Conclusions. It was shown that Langmuir shielding can be observed in the given energy range in the IR region of the 
spectrum. The calculated values correlate well with the experimental data.
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Магниторефрактивный эффект  
в металлических наноструктурах Co/Pt
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Резюме 
Цели. Теоретически исследовать особенности магниторефрактивного эффекта для наноструктур типа ме-
талл  – металл на примере многослойных наноструктур Co/Pt  (ферромагнитный металл  – парамагнитный 
металл) с разным соотношением ферромагнитной и парамагнитной фаз в видимой и ближней инфракрас-
ной (ИК) областях спектра. 
Методы. С  помощью основных формул для диэлектрической проницаемости, оптической проводимости, 
коэффициентов рефракции и экстинкции, выявлена и выражена в явном виде связь магниторефрактивного 
эффекта с эффектом гигантского магнитосопротивления (магниторезистивным эффектом), что подтвержда-
ет общую природу этих двух эффектов. С помощью формул Френеля для трехслойной структуры рассчитан 
магниторефрактивный эффект для s-поляризации света с учетом толщины образцов и влияния подложки. 
Для расчета диэлектрической проницаемости материалов применялись методы эффективной среды. Так как 
исследовался средний диапазон концентраций кобальта, то для нахождения эффективных диэлектрических 
проницаемостей наноструктур применялось приближение Бруггемана. Для всех наноструктур рассчитывал-
ся коэффициент отражения при нормальном падении.
Результаты. Благодаря тому, что диэлектрическая проницаемость неоднородных образцов была заменена 
общим эффективным параметром, зависящим от диэлектрической проницаемости каждого компонента, мы 
смогли применить теорию Друде – Лоренца для проводников в высокочастотном переменном поле и оценить 
параметры электронной структуры исследуемых образцов. Были рассчитаны значения плазменной и релак-
сационной частот для каждого образца. Это позволило оценить число свободных электронов и исследовать 
рассеяние в наноструктурах. 
Выводы. Было показано, что в исследуемом диапазоне энергий в ИК-области спектра наблюдается ленгмю-
ровская экранировка. Рассчитанные значения хорошо соотносятся с экспериментальными данными.

Ключевые слова: магниторефрактивный эффект, гигантское магнитосопротивление, ферромагнетик, на-
ноструктуры
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INTRODUCTION

Heterogeneous metallic magnetic materials exhibit 
a  giant magnetoresistance effect  (GMR), associated 
with a change in the conductivity of the nanostructure, 
and depending on the mutual location of the magnetic 
moment vectors of the ferromagnetic regions. Such 
a  change in the properties of matter must inevitably 
have an optical response correlated with the GMR. Such 
an effect, called the magnetorefractive effect  (MRE), 
can indeed be observed in metallic nanostructures and 
consists of a  change in the reflection, transmission, 
and absorption coefficients of an electromagnetic wave 
under the influence of a  magnetic field  [1–4]. This is 
based on spin-dependent scattering, as well as on the 
GMR effect. As a  rule, magneto-optical effects are 
related to a  change in the non-diagonal component of 
the dielectric permittivity tensor (DPT) under the action 
of a magnetic field, However, the MRE is an exception 
in this respect, since it is not a  direct consequence of 
the effect of a magnetic field on a  substance. It is not 
directly caused by the spin-orbit interaction, but is even 
in magnetization and is associated primarily with the 
diagonal part of the DPT and magnetoresistance [5, 6].

METHODOLOGY  
AND STUDIED STRUCTURES

Co/Pt nanostructures [7–9] with a different volume 
concentration of cobalt were chosen for the MRE study. 
Platinum in pure form is a  classical paramagnetic 
with a  high level of stability of properties and 
temperature stability. It also possesses environmental 
inertness, corrosion resistance and good optical and 
conducting properties. In turn, cobalt is one of the most 
important ferromagnetics with significant spontaneous 
magnetization and a relatively high Curie temperature. 
This element finds broad practical application due 
to its high magneto-optical activity. Nanostructures 
based on cobalt and platinum have a good combination 
of mechanical strength, conductivity and magneto-
optical properties. In addition, their fabrication process 
is relatively simple. As the amount of cobalt in the 
nanostructure increases, there is a  transition from 
the paramagnetic state to the ferromagnetic state, 
the so-called concentration phase transition. This is 
accompanied by an increase in the conductivity of the 
structure. The type of magnetic ordering is usually 
determined using the Stoner criterion [10].

This work considers Co/Pt nanostructures with 
a volume concentration of cobalt from 0.3 to 0.6 in the 
energy range of 0.54–3.3 eV of incident electromagnetic 
waves. These nanostructures can be considered as quasi-
uniform. It is thus reasonable to use the effective medium 
theory, in order to calculate their dielectric permittivity. 
Thus, knowing the dielectric permittivities of cobalt and 

platinum, the effective medium methods can be used 
to calculate their total effective dielectric permittivity 
for all bulk concentrations. Since concentrations 
close to the mean are being considered, it is best to 
use the Bruggeman approximation  (effective medium 
approximation) for the calculations. This model does not 
take into account dimensional effects and the influence of 
interfaces. So, the formulas [11] required modification, 
in order to improve the accuracy of calculations. The 
obtained dependencies of the real and imaginary parts of 
the dielectric permittivity are shown in Fig. 1.

These graphs clearly show that in the infrared  (IR) 
region of the spectrum, the functions of the real and 
imaginary components of the dielectric permittivity 
resemble a hyperbolic dependence on frequency (Drudean 
character of the dependence). Within the framework of 
this model, the resulting samples with effective dielectric 
permittivity can be considered homogeneous. Moreover, 
they can also be considered in terms of the Drude–Lorentz 
conduction theory. This means that the electrons in the 
samples are considered a classical gas of non-interacting 
particles moving freely in the ion lattice with some 
average velocity. In this case, the frequency of collisions 
with the lattice and the mass of electrons do not depend on 
their velocity, and the collisions themselves are absolutely 
elastic. As can be seen from the graph in Fig. 1, this model 
works best in the IR region of the spectrum.

200

100

0

–100

–200

–300

–400

0.5	 1.0	 1.5	 2.0	 2.5	 3.0	 3.5

ε2

ε1

ε1 Х = 0.3
ε2 Х = 0.3

ε1 Х = 0.4
ε2 Х = 0.4

ε1 Х = 0.5
ε2 Х = 0.5

ε1 Х = 0.6
ε2 Х = 0.6

E, eV

Fig. 1. Spectral dependencies of the real (ε1) and 
imaginary (ε2) parts of the complex dielectric permittivity 

for different volume concentrations of cobalt Х.  
E is electromagnetic wave energy, eV

In this case dielectric permittivity is equal to:
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where ωp is the plasma frequency, and γrel is the relaxation 
frequency. These are parameters of conduction electrons 
characterizing the number of free electrons and their 
scattering.
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Knowing the real part of the effective dielectric 
permittivity, using formula  (2), the parameters of 
conduction electrons can be estimated. These are the 
effective values of the plasma ωp and relaxation γrel 
frequencies, as well as the relaxation time τrel (a value 
inverse to the relaxation frequency) [12].

	
2 2

rel

1 p p

1 .
1

   γω   = +
   - ε ω ω   

� (2)

The results of the calculations of plasma and 
relaxation frequencies and relaxation times are 
summarized in the table below.

For clarity, the dependence of the plasma 
frequency  (in eV) on the cobalt concentration X  is 
plotted in Fig. 2.

Cobalt volume concentration
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Fig. 2. Dependence of the plasma frequency ħωp  
(ħ is the reduced Planck constant) on the cobalt volume 

concentration X

The calculated value of the plasma frequency of 
pure cobalt ħωp ≈ 4.46 eV is larger than the real value of 
3.69 eV. This may be due to the unaccounted influence 
of interzone transitions and the different contribution 
to the plasma frequency of electrons with spin up and 
spin down. The plasma frequency of pure platinum 
is about twice that of the plasma frequency of cobalt. 
This means that when the concentration of cobalt in 
the nanostructure increases, the plasma frequency 
decreases  [13]. Consequently, the number of free 
electrons in the effective medium also decreases. The 

plasma frequency from concentration varies uniformly 
without sharp jumps. Thus, phase transition begins at 
lower concentrations of cobalt, meaning that all the 
nanostructures under consideration have ferromagnetic 
order.

The electromagnetic wave range being studied 
herein lies between the relaxation frequency and the 
plasma frequency γrel  <  ω  <  ωp. Langmuir shielding 
can be observed in this region. Since the radiation 
frequency is larger than the relaxation  (collision) 
frequency, the field has time to change many times 
during the relaxation time equal to 1/γrel.. The electrons 
tend to compensate for the effects of the electromagnetic 
wave, in such a  way that the field barely penetrates, 
although the level of attenuation is very small. Due to 
the reflected wave, the reflection coefficient R is close to 
unity. However, near the plasma frequency it decreases 
since the depth of Langmuir shielding begins to depend 
on the frequency (Fig. 3).
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Fig. 3. Spectral dependencies of the reflection 
coefficient at normal incidence for different cobalt 

concentrations

The higher the cobalt concentration, the lower the 
reflection coefficient. In the ultraviolet  (UV) region of 
the spectrum, the optical conductivity of the metallic 
nanostructure decreases significantly. This in turn affects 
the refraction coefficients n and extinction k, and hence 
the reflection coefficient R. In addition to the fact that 
the values of n and k are decreasing, the ratio between 
them also changes. In the near-IR and visible regions of 
the spectrum, k ≫ n, but also when approaching the UV 
region, their values gradually equalize.

Table. Results of plasma frequency and relaxation time calculations

X
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0.3 0.39 ∙ 10−32 1.60 0.001 0.04 27.87

0.4 0.45 ∙ 10−32 1.49 0.001 0.05 21.19

0.5 0.52 ∙ 10−32 1.38 0.002 0.06 16.57

0.6 0.61 ∙ 10−32 1.28 0.004 0.07 13.00
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The real and imaginary parts of dielectric permittivity 
are equal to:
	 ε1(ω) = n2 − k2,� (3)

	 ε2(ω) = 2nk.� (4)

Optical conductivity σopt is equal to:

	
2

opt 22

rel
rel

1( ) ,

1

Ne

m

σ ω = =
ρ  ω γ +    γ  

� (5)

where m is the mass of an electron, N is the number of 
electrons, e is the charge of an electron, ρ is the electrical 
resistance.

The imaginary part of the diagonal component Im ε 
of the DPT is related to the optical conductivity of the 
metal σopt:

	 opt ( ) Im ( ) .
4 2

nkω ω
σ ω = ε ω =

π π
� (6)

When an alloy with GMR is magnetized, the optical 
conductivity changes in accordance with the change in 
magnetoresistance. The change in optical conductivity 
can be expressed through the magnetoresistive 
effect [14]:

	 0
opt

0 H 2
0

0 0

1 1( ) ,
1 1

Dρ
ρDρ

σ ω = - = = σ
ρ ρ    Dρ Dρ

ρ - -      ρ ρ   

�(7)

where Δσopt is the magnetic conductivity, ρН is the 
electrical resistance in a  magnetic field, ρ0  is the 
electrical resistance without a magnetic field, and Δρ/ρ0 
is the magnetoresistance of the material.

Using formulas (3), (4), and (6) in a magnetic field, 
by replacing the refraction and extinction coefficients by 
nH = n + Dn and kH = k + Dk, we can calculate Dn and 
Dk through Dσopt. In this case, the product Dn ∙ Dk can 
be neglected as a value of the second order of smallness.

	 2 2
2 ,n kn

n k
πDσ + D =  ω + 

� (8)

	 2 2
2 .n kk

n k
πDσ - D =  ω + 

� (9)

Thus, considering formulas (7)–(9), the MRE can be 
estimated using optical parameters and magnetoresistive 
effect parameter [11].

MRE on reflection at normal incidence is calculated 
using the following formula:

	 0 H

0
,

R RR
R R

-D
= � (10)

where RH and R0 are the light reflection coefficients of 
the sample in the magnetic field and without the field, 
respectively.

MAIN RESULTS AND DISCUSSION

In Fig. 4, the spectral dependencies of the MRE 
parameter at different cobalt concentrations for the 

magnetoresistive effect 1%, 5%, 10%Dρ
=

ρ
 are plotted.

MRE has a  negative value. This means that the 
reflection coefficient of the nanostructure increases in 
the magnetic field. The effect is more noticeable the 
larger the magnetoresistive effect and the higher the 
cobalt concentration. This means that the MRE is very 
sensitive to changes in the microstructure, which affects 
its conductivity. The MRE parameter takes the highest 
value in the low frequency region close to the relaxation 
frequency [15–18].

Now let us calculate the MRE parameter at an 
arbitrary angle of incidence using the 30° angle as an 
example, using the Fresnel equations for s-polarization. 
Let us represent the nanostructures under consideration 
as films deposited on a  silicon substrate. Then the 
samples can be considered as three-layer air-Co/Pt-Si 
structures.

This model will be closer to real samples on a silicon 
substrate. The reflection coefficient of the s-component 
for the whole three-layer structure jki is equal to [17]:
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s 2 ,
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where 
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e
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l=  is the phase multiplier in the kth 

layer, 2 2 2sini j ig n n= - ϕ  is the parameter for 
convenient calculation of reflection coefficients at the 

interfaces, 
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r

g n g n

-
=

+
 is the partial reflection 

and transmission coefficient at the interface of j–k media, 
φ is the angle of incidence of light from the first medium, 
and dk is the thickness of the corresponding medium.

In Fig. 5, the spectral dependencies of the MRE 
parameter with regard to the angle of incidence, substrate 
influence and thickness at different cobalt concentrations 
for the magnetoresistive effect are plotted: 

1%, 5%, 10%.Dρ
=

ρ
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Fig. 4. MRE spectral dependencies for different cobalt concentrations at different GMR values: 
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Fig. 5 (start). MRE spectral dependencies for different cobalt concentrations at different GMR values for s-polarization 
and 30° angle of incidence calculated by Fresnel formulas and experimental data for s-polarization,  

30° angle of incidence: (a) GMR = 1%, (b) GMR = 5%, (c) GMR = 10%
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Experimental data of the MRE parameter for the 
Si/Ta(2)/Co50Pt50(4.6)/Ta(2) nanostructure, where Ta is 
the buffer layer  (Fig. 6), are plotted for comparison in 
the graphs (Fig. 5). The experimental curve lies roughly 
between the plots for X = 0.5 and X = 0.6 at GMR = 5%. 
It is worth considering that the thickness of the kth layer 

has a noticeable effect on the MRE parameter, since it 
is under the exponent function. As can be seen from the 
graph in Fig. 5, the MRE parameter in the IR region of 
the spectrum increases sharply up to some maximum 
value. It then gradually decreases. The greater the cobalt 
concentration, the more strongly this maximum point 
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is shifted towards the IR range. At the same time, the 
greater the concentration of cobalt and HMS, the more 
pronounced the oscillations of the MRE parameter. The 
sign of the effect parameter changes. This means that 
after some value of the emission frequency, the reflection 
coefficient in the magnetic field decreases. At GMR 
10%, the MRE parameter for cobalt concentration 0.5 at 
some frequencies slightly exceeds the MRE parameter 
for concentration 0.6.

At high frequencies, the concentration of cobalt has 
practically no effect on the MRE, which itself is very 
small. This correlates well with the data in Fig. 1. The 
values of the real and imaginary components of the 
dielectric permittivity for all samples also converge at 
high frequencies. At an electromagnetic wave energy 
of about 2  eV, there is no special difference between 
samples with X  = 0.3  and 0.6. This does not coincide 
with the experimental data, since the experimental curve 
at high frequencies on the contrary increases. This is 

Fig. 5 (end). MRE spectral dependencies for different cobalt concentrations at different GMR values for s-polarization 
and 30° angle of incidence calculated by Fresnel formulas and experimental data for s-polarization, 30° angle 

of incidence: (a) GMR = 1%, (b) GMR = 5%, (c) GMR = 10%
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because the model considered herein does not describe 
the effects at high frequencies. All calculations are 
based on the dielectric permittivity of the nanostructure. 
Thus, when refining the model, it will be necessary to 
calculate more accurately the dielectric permittivity of 
the considered nanostructures at high frequencies [18].

It can be concluded that the model under 
consideration is best suited for calculating spectra in 
the IR region. However, it does not take into account 
the influence of interzone transitions and size effects. 
The MRE strongly depends on the GMR. The higher 
the cobalt concentration, the more noticeable this 
dependence is. This means that it is very sensitive to 
the microstructure of the sample. The graph in Fig. 5c, 
it shows the oscillatory character of the dependence of 
the MRE parameter for the nanostructure with X = 0.6. 
Moreover, unlike the previous graphs, it shows the 
intersection of the curves with X = 0.5 and 0.6 in the IR 
region of the spectrum. At some frequencies the curve 
0.5 is higher than the curve 0.6.

CONCLUSIONS

This study investigates plasma frequencies, 
reflection coefficients, and MRE spectra on reflection 
at normal incidence. The MRE spectra for Co/Pt 
nanostructures with different cobalt concentrations at 
an angle of incidence of 30° for s-polarization were 

calculated. The data obtained for a  30° incidence 
angle was compared with the experimental data, and 
a good level of agreement was established. A complete 
correlation between the MRE and magnetoresistance 
was explicitly shown. The effect is more noticeable the 
larger the magnetoresistivity and the higher the cobalt 
concentration. This means that the MRE is very sensitive 
to microstructure changes affecting its conductivity. 
The highest value of the MRE parameter is in the low 
frequency region, close to the relaxation frequency.
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