
ISSN 1063-7834, Physics of the Solid State, 2021. © Pleiades Publishing, Ltd., 2021.

MAGNETISM
The Magneto-Optical Voigt Parameter from Magneto-Optical 
Ellipsometry Data for Multilayer Samples

with Single Ferromagnetic Layer
O. Maximovaa, b, *, S. Lyaschenkoa, I. Tarasova, I. Yakovleva, Y. Mikhlinc,

S. Varnakova, and S. Ovchinnikova, b

a Kirensky Institute of Physics, Siberian Branch, Russian Academy of Sciences, Krasnoyarsk, Russia
b Siberian Federal University, Krasnoyarsk, Russia

c Institute of Chemistry and Chemical Technology, Siberian Branch, Russian Academy of Sciences, Krasnoyarsk, Russia
* e-mail: maximo.a@mail.ru

Received April 9, 2021; revised April 9, 2021; accepted April 19, 2021
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1. INTRODUCTION
In recent decades, much attention has been given

to the synthesis and investigation of nanostructured
materials with specified physical properties. The sig-
nificant effect of surface atomic states on the macro-
scopic properties of the material as a whole is an
important feature of such materials. Furthermore,
continuous electronic devices miniaturization leads to
the need for highly accurate prediction of their charac-
teristics at various scales and under external influ-
ences. The development of surface investigation meth-
ods is required. Ultrahigh vacuum (UHV) analysis
methods, which make it possible to study the atmo-
sphere effect on the coatings properties, to control the
chemical purity of the surface, as well as to simulate
the conditions of outer space, high temperatures or
temperature drops, are of great importance. Such
methods are used in aerospace applications, in the cat-
alysts production, functional coatings in electronics,
etc. One of the selection criteria for these methods is
the in situ implementation possibility, when both the
synthesis and a detailed non-destructive analysis are
carried out in one technological UHV chamber with-
out the atmosphere impact on the sample.

Ellipsometry and magneto-modulated ellipsome-
try are exactly such methods that are convient to be
used in situ. Ellipsometry is a non-destructive investi-
gation method with a high surface sensitivity. It is

widely used for spectral surface measurements of opti-
cal parameters that are necessary when optical filters,
interference mirrors, optically active devices, solar
panels, and various special coatings are developed [1].
Spectral measurements of the temperature depen-
dences of optical absorption make it possible to deter-
mine the type of material conductivity as well as to
evaluate the effect of impurities, defects, mechanical
stresses in metal layers up to several tens of nanome-
ters thick [2]. In particular, magneto-modulated ellip-
sometry, or simply magneto-optical ellipsometry
(magneto-ellipsometry, in short), allows one to obtain
information about changes in the optical properties of
a medium in a modulating magnetic field, i.e., to mea-
sure magneto-optical (MO) properties. From MO
measurements, it is possible to obtain the spectral
dependences of the off-diagonal components of the
dielectric tensor, to determine the energies of inter-
band transitions of the material and, in combination
with the methods of DFT calculation, to analyze the
electronic structure of the material [3, 4].

From ellipsometry and magneto-ellipsometry
(ME) measurements data, it is possible to get all ele-
ments of the dielectric permittivity tensor [5–10] of
ferromagnetic layers. In case of an isotropic medium
with magnetization being along the z axis, the tensor
takes the following form:
1
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(1)

where diagonal components of the dielectric constant
tensor ε11 are obtained from the refractive index n and
extinction coefficient k:

(2)
One of the characteristics of a magnetized ferro-

magnetic metal is the MO Voigt complex parameter
Q = Q1 – iQ2. Parameter Q is considered to be propor-
tional to the magnetization in accordance with [5–7]
and is included in the dielectric permittivity tensor as
a multiplier of the off-diagonal components εxy =
‒iQxx [5–7]. The MO parameter makes it possible to
describe various MO effects, such as magnetic circular
dichroism (MCD) [11], MO Kerr effects [12–15],
Faraday effect [16, 17], Voigt effect [17].

However, a significant obstacle to the widespread
use of MO methods of in situ analysis is the complexity
of solving the inverse problem of magneto-ellipsome-
try, i.e., information on physical properties of the
sample should be found from experimental data ψ and
Δ. Many scientists work on developing algorithms of
ME data analysis in order to find the total dielectric
tensor of ferromagnetic layers comparable in thickness
to the skin depth. The problem to be solved is how to
get information on both optical and magneto-optical
properties of the sample from in situ measurements,
i.e., in the same UHV chamber where the sample is
grown and without any additional equipment.

It is known that ellipsometry and magneto-ellip-
sometry are physical model-dependent. That is why
any data processing algorithm is based on the optical
model of the sample. The earliest works of Višňovský
[18, 19] are the most systematized, since they allow
one to analyze a wide variety of systems, from aniso-
tropic crystals to multilayer systems, within the frame-
work of one approach. However, the complexity of the
mathematical apparatus of 4 × 4 matrices, based on
the Yeh’s formalism [20], and the necessity to rotate
the sample (conduct the measurements in different
geometries) prevents wide use of this approach for in
situ studies. Researchers often need a simpler, but at
the same time reliable way of analyzing experimental
data of magneto-ellipsometry. That is why the
attempts to develop and apply other algorithms for ME
data analysis are still being undertaken by scientists
from different countries.

Some authors developed the data processing algo-
rithms for the simplest model [5, 6, 21, 22], which is
the model of a homogeneous semi-infinite ferromag-
netic medium. They used it to study polycrystalline

permalloy and iron films of thicknesses 150 and
60 nm, respectively. However, this approach is not
universal, since it is not enough to use the model of a
semi-infinite layer developed for bulk materials and
thick films when one needs to interpret the experi-
mental data for ferromagnetic layers of thicknesses
comparable to the skin depth in the investigated spec-
tral range. The authors of works [23–25] tried to go
beyond the bulk model and developed an approach
based on the idea of analyzing changes in ellipsometric
parameters δψ and δΔ as small corrections to ψ0, Δ0 in
the transverse Kerr effect. Unfortunately, they limited
themselves to considering two models: a bulk ferro-
magnetic sample and a thin-film sample on a non-
magnetic substrate.

The works of the Mok group [26, 27] are an exam-
ple of difficulties when using 4 × 4 matrices. It was not
enough to conduct ellipsometric measurements to
characterize the MO properties of the sample. In addi-
tion to magneto-optical ellipsometry, they had to use a
SQUID to measure the magnetization M of the sam-
ple ex situ. It gave them the possibility to work with
both thin-film and multilayer systems, but at the same
time they have lost the ability to carry out a full cycle
of measurements in situ. As a result, they obtained
information on the diagonal and off-diagonal compo-
nents of the permittivity tensor but differently from
(1), i.e., in order to use the values of measured magne-
tization they had to redefine the magneto-optical
parameter Q [26] as independent of magnetization by
assuming the off-diagonal terms to be  = –iQkMk,
with i, j = 1, 2, 3, k = x, y, z, respectively.

There is also a number of works [28–33] where the
original spectral magneto-ellipsometry complex setup
was designed. It allows one to carry out in situ mea-
surements of MO parameters and optical parameters
at a fixed angle of incidence of light on a ferromagnetic
sample and to carry out a joint analysis of reflective
spectral ellipsometry measurements and changes in
the ellipsometric parameters of a ferromagnetic sam-
ple during its magnetization reversal, arising due to the
contribution of the MO transverse Kerr effect to the
polarization state. It is important to note that there is
no need to change the position of a sample and to use
additional measuring equipment. The authors intro-
duce data processing algorithms that do not require a
large number of measurements aimed at determining
all elements of the fourth-order matrices. Instead of
4 × 4 matrices, the analysis of ME data is based on the
use of ellipsometric relations, where the magneto-
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Table 1. SiO2 and Fe thicknesses from XRF data

Sample 
no.

d(SiO2), nm, according to
in situ spectral ellipsometry 

data

d(Fe), nm, according 
to the XRF data

1 3.8 ± 0.2 160.5 ± 0.8
2 0.7 ± 0.2 77.0 ± 0.6
3 1.8 ± 0.2 33.5 ± 0.6
4 1 ± 0.2 11.5 ± 0.6
optical contribution is taken into account as a pertur-
bation. A number of works devoted to such algorithms
for bulk media, thin films, and multilayers have
already been published [29–33].

As a result, the full dielectric permittivity tensor of
a multilayer ferromagnetic medium is obtained
according to Eq. (1), where Q is magnetization-
dependent. The developed approach to data process-
ing can be used for in situ analysis of the electronic
structure of various thin-film magnetic structures,
such as planar MAX systems [11, 34], ensembles of
single-domain super-paramagnetic nanoparticles
[35], spin glasses [36], etc.

Although the methodological foundations of the
generalized magneto-optical ellipsometry are still
under development, it is evident that this method is
powerful as it gives the values of all components of the
dielectric tensor, which include the value of MO
parameter Q [6, 7] also called MO-coupling parame-
ter. From a microscopic view, MO coupling is due to
spin-orbit interaction and Q is due to the first-order
spin-orbit coupling [37–39]. Q is of importance for
light management in modern integrated-optics
devices [16]. One can calculate all MO effects [11–17,
40, 41] using the formulae of phenomenological the-
ory [17, 41, 42] as soon as the value of magneto-optical
parameter Q is found by conducting any MO effects
measurements for particular wavelength of the beam
light.

In this work, we show the process of finding Q of Fe
of different thickness from ME data using different
magneto-optical models and study the behavior of the
MO parameter spectra of iron in layered samples with
different thickness of Fe layer in order to check if/how
Q is sample- and thickness-dependent.

2. SAMPLES DESCRIPTION
Four samples with the structure “ferromagnetic

layer | dielectric layer | non-ferromagnetic substrate”
were created. The thickest sample (no. 1 in Table 1)
was deposited separately from the series of three thin
samples (nos. 2–4 in Table 1) to be a test structure.
Polycrystalline iron (purity 99.99+%) of various
thickness was chosen as the ferromagnetic layer. For
the non-ferromagnetic substrate, we used single-crys-
tal silicon wafers with a crystallographic orientation of
the surface (100) (purity 99.999+%). The dielectric
layer was an artificially prepared amorphous SiO2
layer. It is important to note that native oxide which is
formed when silicon substrates are stored in air in
plastic packaging, was removed by etching. Native
oxides can lead to a difference in its physicochemical
properties from sample to sample with an unpredict-
able effect on the Fe layer. Therefore, to improve the
reproducibility of the properties of the SiO2–Fe
boundary and the chemical composition of the oxide,
the technology of artificial formation of SiO2 was
PHYSICS OF THE SOLID STATE  2021
used. The treatment of the substrate and the creation
of the SiO2 layer were carried out according to the
method from [43] with thickness control by in situ
spectral ellipsometry and a simple single-layer ellipso-
metric model use. Optical constants were taken from
[28] for Si and from [44] for SiO2. The SiO2 thickness
was measured after the samples were annealed in UHV
up to 670 K by direct passage of current through the
substrate. The deposition of polycrystalline iron on a
Si(100)|SiO2 substrate at room temperature was car-
ried out in an UHV (residual atmosphere 10–7 Pa) by
thermal evaporation from an auto-crucible source
with electron-beam heating. The sample was placed
on a special holder [28]. The iron deposition rate was
monitored by single-wavelength ellipsometry at a
wavelength of 577 nm using a simultaneous calcula-
tion of the thickness and optical constants of the grow-
ing layer according to the method from [45]. For all
samples, the calculated Fe deposition rate during the
ellipsometric control was 1.3 nm/min.

In situ magneto-ellipsometric measurements in the
geometry of the transverse MO Kerr effect were car-
ried out directly in the UHV technological chamber,
after the synthesis of the structures. Measurements
were carried out sequentially in the entire spectral
range from 1.25 to 3.5 eV after forward and reverse
magnetization of the sample with subtraction of the
average values for the demagnetized state [46]. A high-
speed spectral ellipsometer Ellips-1891 [47] with an
additional device for setting the magnetic field on the
sample was used for these measurements. The ferro-
magnetic saturation field of the sample was set at
±200 mT according to the results of preliminary mea-
surements of the magnetization reversal loop.

Subsequently, after a full cycle of in situ ellipsomet-
ric and magneto-ellipsometric measurements (Fig. 1),
all synthesized samples were removed from the UHV
and studied by X-ray spectral f luorescence analysis to
define more precisely the thickness of the deposited
iron in terms of a density of 7874 kg/m3 (Table 1).

For the thinnest sample, additional studies were
carried out by means of X-ray photoelectron spectros-
copy (see Appendix).
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Fig. 1. Experimental ellipsometry (ψ, Δ) and magneto-ellipsometry (δψ, δΔ) data. 1–4 in the legends refer to the sample numbers
in Table 1, the values of ψ, Δ for sample 1 are normalized so that they could be compared to others. Error-bars are calculated as
rms and provided for all samples in this figure, however their size for some curves is comparable with the thickness of the curve.
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3. MAGNETO-ELLIPSOMETRY
DATA PROCESSING

3.1. Method of Finding the Magneto-Optical 
Parameter Q from Experimental Magneto-Ellipsometric 

Data for Various Models of Reflecting Ferromagnetic 
Nanostructures

In this work, the MO parameter Q = Q1 – iQ2 is
considered to be proportional to the magnetization in
accordance with [5–7]. We used this approach
because the setup [28] used in this study was specifi-
cally designed for in situ investigations, which means
that all ellipsometry and ME measurements are held
in the same vacuum chamber and no additional equip-
ment is needed to find all components of dielectric
permittivity tensor.

The key ideas of the approach used to interpret
magnetic field modulated spectral ellipsometric mea-
surements of a ferromagnetic nanostructure using the
transverse MO Kerr effect are published in [29] and
[30]. Within the framework of this approach, one can
analyze magneto-optical ellipsometry data using the
following models:

(a) a model of a homogeneous semi-infinite ferro-
magnetic medium [30];

(b) a model “thin ferromagnetic film | non-mag-
netic substrate” [31];

(c) a two-layer model “ferromagnetic layer | non-
magnetic buffer layer | non-magnetic substrate” [32];

(d) a multilayer model [33].
A short description of the required actions to get

the values of MO parameter Q is provided in Table 2.
The error of the MO parameter Q is calculated by

the formula

(3)

where Q = Q(xj), xj are directly measurable indepen-
dent quantities ϕ0, ψ0, Δ0, δψ, δΔ, d with root-mean-
square deviation Δxj.
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Table 2. Getting MO parameter Q using a proper model of a sample

No. Step Obtained parameters

1 Conducting ellipsometry and magneto-optical ellipsometry measurements Experimental: 
ψ0, Δ0, δψ, δΔ

2 Calculating optical properties n, k
3 Calculating ellipsometric parameters from reflection coefficients [29‒33] Theoretical: 

ψ0, Δ0, δψ, δΔ
4 Calculating magneto-optical parameter by minimizing the sum of squares of the difference 

between the magneto-ellipsometric parameters calculated in Step 3 and measured during 
the experiment (Step 1) by the Nelder‒Mead algorithm [48] for each wavelength

Q

5 Estimating the error of the MO parameter Q [49] ΔQ
Thus, based on the results of processing the exper-
imental data, it is possible to obtain information on the
MO properties of the material, and it is also possible to
calculate the values of all components of the dielectric
permittivity tensor of a magnetized ferromagnetic
metal.

3.2. Analysis of a Sample with a Bulk Fe Layer

This section presents experimental verification of
the applicability of the MO models used in the algo-
rithms published in [30–33], the algorithms are tested
on the thick nanostructure Fe|SiO2|Si.

The Fe|SiO2|Si sample with an iron thickness of
160.5 ± 0.8 nm (no. 1 in Table 1) was used as a test
structure to check the work of the developed algo-
rithms using various models of reflecting systems. This
sample growth was reported in details in [30]. The
thickness of the iron layer in sample 1 is many times
greater than the skin depth in the investigated spectral
range. That is why the simplest model of a semi-
infinite ferromagnetic medium should be sufficient for
PHYSICS OF THE SOLID STATE  2021

Fig. 2. Values of the real and imaginary parts of the MO
parameter Fe Q = Q1 – iQ2, calculated using various mod-
els of the reflecting system for sample 1.
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it. Any complication of the model should not lead to a
change in the calculation results. For simplicity of the
calculation, we did not take into account a thin rough
layer on the sample surface, the thickness of which
usually does not exceed 0.6 nm [46].

The results of calculating the MO parameter Q for
sample 1 using various models are presented in Fig. 2,
where a, b, c are the models mentioned in Sub-
section 3.1.

In [30], where only model a was used for calcula-
tions, it was shown that the values of Q of this sample,
are in good agreement with literature data [5]. There-
fore, it is possible to use the developed algorithms for
calculating Q of ferromagnetic Fe films of various
thicknesses.

3.3. Analysis of Samples with Different Thicknesses
of the Polycrystalline Fe Layer

In this section, magneto-optical models [30, 32,
33] are used to calculate MO parameter Q and are
directly compared in terms of the dissimilarities
between obtained spectral curves; MO properties of
iron in layered samples with different Fe thickness are
discussed.

The calculations of the values of the MO parameter
Q for a series of three Fe|SiO2|Si samples with different
thicknesses of the iron and silicon dioxide layers
(nos. 2–4 in Table 1) were done. The Q spectra were
calculated using three models (Table 3): models a and
c, mentioned in Subsection 3.1, and model d being a
multilayer medium that contains mixed interface lay-
ers and a ferromagnetic layer [33]. Model b was not
used here as its application would be artificial.

In model d, the thicknesses of Fe–vacuum and
SiO2–Fe interfaces were 0.58 and 0.12 nm, respec-
tively. The thicknesses of these interfaces correspond
to the rms roughness for similar structures from [43].
The volume fraction of iron in both interfaces was
chosen to be 50% for simplicity in using Bruggeman
model [50] and in accordance with the work [43],
where the rms roughness for similar structures was
obtained. The rms calculations [43] implied the prob-
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Table 3. Computational models

Model

a c d

A model of a homogeneous 
semi-infinite ferromagnetic medium

A two-layer model “ferromagnetic 
layer | non-magnetic buffer layer | 

non-magnetic substrate”
A multilayer medium

Our samples 2, 3, 4

Vacuum

Fe

Vacuum

SiO2

SiSiSi

Fe

Vacuum
Fe + vacuum

Fe + SiO2

SiO2

SiSiSi

Fe
ability to find an atom of Fe or SiO2 (or vacuum if it is
an upper interface) at a specific point on the plane
lying in the middle of the mixed layer to be close to
50%, since the structure is not ordered (the iron layer
is polycrystalline, the SiO2 sub-layer has an amor-
phous irregular structure, which is supported by
microscopy studies [43]). Adjusting of the percentage
of Fe may lead to the changes in n, k spectral curves
which in turn changes the values of the complex mag-
neto-optical parameter Q; however, for the reported
samples these changes are small relative to the error.
We estimated these changes within ±5% and they
turned out to be 4–5 orders of magnitude less than the
error in setting the thickness of the main iron layer.
Apparently, this depends on the ratio of the thickness
of the mixed layer to the thickness of the main layer
Fig. 3. Refractive index n and extinction coefficient k of Fe
layer in sample 2 according to models a, c and d. Thickness
of Fe layer is 77.0 nm.
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and the surface relief of the film. The possible MO
contribution from both interface layers was not taken
into account in this work because the value of the
magnetization of iron in both layers is relatively small
in comparison to the main iron layer: less than 3.5%
based on the number of Fe atoms for sample 4 with the
thinnest ferromagnetic layer (without taking into
account the weakening of the magnetic moment due
to porosity and defects in the crystal structure). To
calculate the spectra of the permittivity of the mixed
layers, the Bruggeman’s effective medium model [1,
51] was used.

All layers and media in the calculations were con-
sidered to be isotropic, homogeneous, with sharp
boundaries. When analyzing the experimental ME
data, it was necessary to calculate the optical parame-
ters n, k of the iron layer and all mixed layers (Figs. 3–
5); for this, the Spectroscan program (Version 1.10)
was used.

The spectral dependence of the dielectric permit-
tivity ε11 for SiO2 was used from [44]. The dielectric
permittivity ε11 of silicon was measured by the method
of spectral ellipsometry from a single-crystal Si (100)
substrate at room temperature [46].

The law of error propagation [49] was used to
numerically calculate the errors of the refractive index
n and extinction coefficient k of the investigated ferro-
magnetic layer. The following experimental errors
were used: the accuracy of setting the angle of inci-
dence of the optical beam according to the in situ
adjustment of the optical measurement scheme before
the deposition of iron was ±0.02°; the accuracy of
in situ ellipsometry measurements of the SiO2 layer
thickness before iron deposition was ±0.02 nm; the
accuracy of measuring the upper interface layer thick-
ness from the AFM data was ±0.1 nm [52]; the error in
estimating the thickness of the lower interface layer
was ±0.06 nm; the typical accuracy of determining the
PHYSICS OF THE SOLID STATE  2021
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Fig. 4. Refractive index n and extinction coefficient k of Fe
layer in sample 3 according to models a, c and d. Thickness
of Fe layer is 33.5 nm.
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Fig. 5. Refractive index n and extinction coefficient k of Fe
layer in sample 4 according to models a, c and d. Thickness
of Fe layer is 11.5 nm.
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Fig. 6. The MO Voigt parameter Q according to models a,
c, and d for Sample 2 with a Fe layer thickness of 77.0 nm.
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thickness of thin Fe layer by X-ray spectral f luores-
cence analysis was ±0.6 nm; the difference in the vol-
ume fraction of Fe in the upper and lower interface
layers taking into account the different geometry of the
interface boundary was ±10% [53]. For the tabulated
values of the optical properties of Si and SiO2, the
errors of the refractive index and extinction coefficient
were set as ±0.001 based on the order of the least dec-
imal place. It should be noted that errors in optical
properties of the substrate and SiO2 layer influence
several orders of magnitude less on the error of n, k of
ferromagnetic layer than errors in determining this fer-
romagnetic layer thickness.

Optical properties of the Fe layers in Figs. 3–5 that
were determined from ellipsometry for samples 2–4
show how they vary with iron thicknesses, which is
important to be taken in account while determining
MO parameter Q. Figures 3–5 also allow to estimate
the impact of the roughness of the layers in samples 2–
4 which could be expected to be significant, as ellip-
sometry is a high-sensitive technique, especially for
absorbing materials. One can see that the refractive
index n and extinction coefficient k calculated by
models c and d do not match within the margin of
error in all investigated spectral range. That is why it
can be concluded that an inclusion of interface layers
into the data processing algorithms for accounting the
roughness affect the optical properties that are
extracted.

Let us consider in which cases the simplest model
a is sufficient to investigate MO properties, and when
it is required to apply the most complex model d,
which takes into account the Fe-containing nonmag-
netic porous interface layer, ferromagnetic Fe layer,
nonmagnetic mixed Fe–SiO2 interface layer, non-
PHYSICS OF THE SOLID STATE  2021
magnetic SiO2 layer, and non-magnetic Si substrate
(Table 3). For this, the MO parameter Q was calcu-
lated from spectral ME measurements for iron layer in
samples 2, 3, and 4 (Figs. 6–8).

The values of the refractive index n and extinction
coefficient k that were used while calculating the MO
parameter were taken from Figs. 3–5 depending on
the corresponding model a, c, or d.

Figures 6–8 show that the thickness of the ferro-
magnetic layer has a significant impact on the calcula-
tion results for all models. One can see that there is
correlation of the discrepancy between the Q curves
for different models in different parts of the spectrum
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Fig. 7. The MO Voigt parameter Q according to models a,
c, and d for sample 3 with a Fe layer thickness of 33.5 nm.
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Fig. 8. The MO Voigt parameter Q according to models a,
c, and d for sample 4 with a Fe layer thickness of 11.5 nm.
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for samples 2 and 3 and the spectral dependence of the
skin depth [1] of iron (Fig. 9) given by the formula

(4)

where λ is the radiation wavelength, k is the extinction
coefficient. As the iron thickness decreases from sam-
ple 2 to sample 3, there is also a decrease of the probe
wavelength, at which the discrepancies in Q1 and Q2
spectra between the models begin to exceed the value
of the experimental measurement error.

It is important to note that for the imaginary part of
the magneto-optical parameter Q2, the spectral
dependences obtained using the model of a homoge-
neous semi-infinite medium a diverge from other
spectral dependences for all samples, and for thin

= λ πp /(4 ),d k
Fig. 9. Spectral dependence of the Fe skin depth according
to spectral ellipsometry data for samples 2–4.
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samples the discrepancy is observed over a wider
energy range. The spectral dependence of Q2,
obtained using model a, diverges from the results of
the other models for sample 2 in the range less than
1.75 eV.

Accordingly, when calculating the complex mag-
neto-optical parameter Q for the sample with a ferro-
magnetic layer thickness of 77 nm, it is sufficient to
restrict ourselves to a model of a semi-infinite medium
for incident radiation energies above 1.75 eV; for lower
energies, it is necessary to take into account the pres-
ence of a substrate (see Fig. 6). At the same time,
based on Fig. 7, it can be concluded that for the sam-
ple with a ferromagnetic layer thickness of 33.5 nm,
the semi-infinite medium model does not work. It fol-
lows from Fig. 8 that for sample 4, the two-layer model
c is more accurate than model a.

As for the discrepancy in calculations between
models c and d, for the thickest sample 2, as expected,
the multilayer model d, taking into account intermix
layers, is redundant. For samples 3 and 4 the multi-
layer model d, where Fe and SiO2 layers are separated
by a mixed layer and an additional non-magnetic
mixed layer at the Fe–vacuum interface is taken into
account, is more preferable than model c in the entire
spectral range. This can be explained due to the phys-
ical meaning of MO coupling parameter Q, related to
spin–orbit coupling. As far as “spin–orbit coupling is
known to be altered at the interfaces” [37] and playing
significant role in ferromagnetic-non-ferromagnetic
interface contributions to magneto-optical Kerr effect
[54], inclusion of interfaces Fe–vacuum and Fe–SiO2
in the samples Fe|SiO2|Si results in the change of MO
parameter Q. The thinner the sample is, the stronger
the change is.
PHYSICS OF THE SOLID STATE  2021
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Fig. 10. Dispersions of the real and imaginary components
of the magneto-optical parameter Q of the Fe layer of sam-
ples 2, 3, 4 in comparison with the literature data.
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Thus, taking into account the correlation of the
skin depth and the superposition of the results of cal-
culating Q for the ferromagnetic layer of different
thickness by different models use, it can be concluded
that the surface sensitivity of the in situ magneto-ellip-
sometry technique is equal to ~3.9 skin depths
(19.5 nm per 1.75 eV) for the model of a semi-infinite
medium, which agrees with the estimates of the sensi-
tivity of the ellipsometry method in ~5 skin depths
from [1]. This value of 5dp is well-known for experts in
classical ellipsometry measurements being held with-
out applying external magnetic field, and in this work
we demonstrate that it is sensible to take it into
account when analyzing magneto-optical response as
well by checking whether the sample thickness is more
than 4–5dp for using a model of a homogeneous semi-
infinite ferromagnetic medium in magneto-optical
ellipsometry. If this condition is not satisfied then
other layers should be taken into account when
searching for MO properties of the sample.

In Fig. 10, MO parameter Q calculated using the
most complex d model for samples 2, 3, 4 is compared
with literature data for bulk Fe samples [55] and Fe
films 60-nm thick in [6].

There is a qualitative agreement. However, a quan-
titative comparison shows a discrepancy in the spectra
not only between our samples, but also the data of
other authors, which, on the one hand, indicates, the
extremely high sensitivity of the method to the elec-
tronic structure and state of the surface of the ferro-
magnetic film, on the other hand, it demonstrates that
iron Voigt parameter Q, defined according to (1), is
very sample-dependent and thickness-dependent.
The fact that thin layers have different optical proper-
ties than bulk layers definitely contributed to the devi-
ation between the determined MO parameters Q. It is
PHYSICS OF THE SOLID STATE  2021
in agreement with [37, 54], where it is reported that Q
values are very dissimilar between samples, because of
the interface contributions, different angles of inci-
dence and incident light polarization during MO mea-
surements, various optical properties, and thicknesses
of the interface layers. Though earlier some authors
expected off-diagonal elements of dielectric tensor to
be thickness independent [56], nowadays there is
already a number of published works which report on
the thickness dependence of εxy [12, 37, 54, 56–58].
The results of the present work also support the latter
idea.

CONCLUSIONS
For Fe|SiO2|Si samples with Fe layer thicknesses of

160.5, 77.0, 33.5, and 11.5 nm, obtained under UHV
conditions, in situ measurements of ellipsometry and
magneto-ellipsometry spectra were carried out in the
range 1.38–3.45 eV, in fields of ferromagnetic satura-
tion ±200 mT at room temperature. From the mea-
sured data, spectra of the complex magneto-optical
Voigt parameter Q were calculated using the model of
a homogeneous semi-infinite medium, a two-layer
model and a multilayer model with one ferromagnetic
layer. The calculation algorithms consisted of taking
into account magneto-ellipsometry measurements as
small perturbations to ellipsometry measurements on
a demagnetized sample. The obtained Voigt parameter
allows one to find the off-diagonal components of the
dielectric permittivity tensor of a ferromagnetic mate-
rial, analyze its electronic structure and calculate any
magneto-optical effects.

According to our findings, when the thickness of
the absorbing ferromagnetic layer is more than 4 times
the skin depth in the spectral range of interest, it is
irrational to use complex multiparameter models of
the reflecting surface. If the outer rough layer is not
taken into account, it is enough to use a simple model
of a semi-infinite medium, the versions of which have
been developed by many authors, including our team.
Also, for such thick samples the value of magneto-
optical Voigt parameter can be taken from the refer-
ence books while for thinner samples the value of Q is
sample-dependent and thickness-dependent.

However, tabulated parameters strongly vary
because many factors contribute to the optical and
magneto-optical parameters of the ferromagnetic
film, e.g., thickness, quality, angles of incidence and,
remarkably, interface contributions that are related to
spin-orbit coupling. That is why for thin ferromagnetic
films it is preferable to use a multilayer model, which
takes into account intermix layers, in the magneto-
ellipsometry data processing algorithms.

APPENDIX
For sample 4, additional studies were carried out

using X-ray photoelectron spectroscopy (XPS) with
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Fig. 11. (a) X-ray photoelectron spectra and (b) atomic content in the surface layer of sample 4.
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layer-by-layer etching of the sample with argon ions
(Fig. 11) to obtain information on the structure and
elemental composition of the sample.

X-ray photoelectron spectra were recorded using a
SPECS photoelectron spectrometer with a PHOIBOS
150 MCD 9 hemispherical energy analyzer under exci-
tation by MgKα (1253.6 eV) radiation from the magne-
sium anode of the X-ray tube and the normal angle of
photoelectron registration. The transmission energies
of the energy analyzer were 20 eV for survey spectra
and 8 eV for high-resolution spectra. To obtain a depth
profile of elements, a PU-IQE 12/38 (SPECS) argon
ion source was used, the argon ion energy was 2.6 keV,
and the ion current was 60 μA. The spectra were pro-
cessed with the CasaXPS software package.

The Fe2p spectra show the presence of metallic
iron with a binding energy of ~706.8 eV and, probably,
several oxide phases that contain Fe3+ and Fe2+ after
removal of the strongly oxidized surface layer by ion
etching. The total proportion of elemental iron in the
spectra increases with etching time from ~20 to ~50%.
The occurrence of significant quantities of carbon and
oxygen on the film surface is caused by exposure of the
sample to the atmosphere during transfer to the XPS
spectrometer. Taking into account the ex situ oxida-
tion, the atomic concentration of iron is consistent
with the data on thickness measurements by XRF.
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