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Abstract

Objectives. Materials composed of numerous ultrathin layers, each having a thickness on the order of several
nanometers, constitute an advanced class of composite structures exhibiting unique physical properties not typically found
in conventional materials. These materials are of significant interest in both scientific and industrial sectors due to their
adaptability and broad potential for application. Researchers are particularly intrigued by structures incorporating both
magnetic and non-magnetic layers. The investigation of magneto-optical phenomena—particularly the Kerr effect—within
these structures contributes to a deeper understanding of their physical characteristics, as well as enhancing prospects
for their practical implementation. Since, to ensure the accurate interpretation of experimental data, it is imperative
to consider potential interference effects, it becomes necessary to develop a mathematical model of the structure for
comparing experimental findings with theoretical calculations. The purpose of this study is to analyze one of the modeling
methods for multilayer structures in which magneto-optical Kerr effects can manifest themselves in individual or all layers.
Methods. The Berreman method, which is based on the matrix representation of Maxwell’s differential equations, is
used to model all three magneto-optical Kerr effects (polar, longitudinal, transverse) in multilayer thin-film structures.
Results. For optically isotropic materials, Berreman matrices have been derived for experimental configurations
required to observe the transverse, polar, and longitudinal Kerr effects. A method is additionally proposed to account
for the influence of thick layers within the investigated structure.

Conclusions. For the matrices presented in this paper, the Berreman method was used to analyze magneto-optical
Kerr effects in an isotropic medium. As well as allowing us to obtain accurate formulas for magneto-optical effects, this
provided more accurate modeling of complex multilayer structures, as well as contributing to an in-depth understanding
of their physical characteristics, which provides new opportunities for analyzing and searching a wide range of materials.
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Pe3iome

Uenun. Matepuanbl, COCTOSILLME N3 MHOXECTBA YNIbTPATOHKMX CNOEB, KaXObIN N3 KOTOPbLIX UMEET TOJLLUMHY nopsaaKa
HECKOJIbKMX HAHOMETPOB, ABNAIOTCHA NEPCMNEKTUBHBIM KITACCOM KOMMNO3UTHBLIX CTRYKTYP C YHUKaNbHLIMU PU3NYECKN-
MW XapakKTePUCTUKAMM, HE MPUCYLLMMU TPAAMLMOHHBLIM MaTepuanamM. OHM NpeacTaBnsaoT 3HAYNTENbHbIA MHTEPEC
B HAY4YHOU 1 NPOMBILLIEHHOW chepax bnarogapst CBOen MHOMrOMYHKLMOHANTbHOCTU U LLMPOKUM BO3MOXHOCTAM Mpu-
MeHeHusa. Ocoboe BHMMaHWe UccnenoBaTtener NpuBIekarT CTPYKTYPbI, BKJIOYAKOLLME Kak MarHUTHbIE, Tak M Hemar-
HUTHbIE cnou. ViccnenoBaHve MarHUTOONTUYECKUX ABMIEHWUI, B YaCTHOCTU addekTa Keppa, B AaHHbIX CTPYKTypax
CMoCcoOCTBYET yrny6iaeHnio MOHNMaHNS NX GU3NYECKNX CBONCTB 1 PACLUNMPEHMIO BO3MOXHOCTENM NX MPaKTUYECKOro
npuMeHeHus. 1na KOPPeKTHOM MHTEePNpPeTaLMn 3KCNepUMeEHTaNbHbIX JAHHbIX HEOOX0AMMO YYNTbIBaTb BO3MOXHbIE
MHTEPdEPEHUMOHHbIE 3P deKThI. B CBA3M C 3TM BO3HMKAET NOTPEOHOCTL B pa3paboTke MaTtemMaTU4eckomn Mmoaenu
CTPYKTYPbl 1 CONOCTaBIEHUN SKCNEPUMEHTaJIbHBIX PE3YNbTaTOB C TEOPETUYECKUMIN pacdeTamn. Lienbio HacTos-
Lero nccnenoBaHuns sBAseTcs aHaan3 OQHOro U3 METOA0B MOAENVMPOBAHUA MHOIOC/IONHBIX CTPYKTYP, B KOTOPbIX
BCECTOPOHHE TEOPETUYECKN pacCMaTPUBAKOTCS BCE TPpU MarHutoonTuyecknx apdekrta Keppa (NonspHbin, mepu-
LMOHaNbHbLIN, 3KBATOPUASIbHbIN) C NOSTyYEHNEM YHUBEPCASbHbBIX POPMYII.

MeToabl. [1ng MmogenmpoBaHmsa BCeX TPEX MarHMToonTnyecknx apdektoB Keppa B MHOMOC/IOMHbIX TOHKOMNEHOY-
HbIX CTPYKTYypax NnpumeHseTcs MeTof beppemaHa, OCHOBaHHbIN Ha MaTPUYHOM NpeacTaBneHnn andoepeHumanb-
HbIX ypaBHeHWn Makceenna.

PesynbTaTbl. N8 ONTUYECKM N30TPOMHbLIX MaTEPUaNOoB NoJly4eHbl MaTpuLbl BeppemMaHa, COOTBETCTBYIOLLME IKC-
nepvMeHTasIbHbIM reOMeTPUSAM, HEOOXOAMMbIM OJ11 HAONMIOAEHNS 3KBATOPUAsIbHOIO, NOMSPHOrO 1 MEPUAMNOHASTb-
Horo adpdekToB Keppa. Npennoxen MeToq y4eTa TONICTbIX C/IOEB B UCCEAYEMOW CTPYKTYpeE.

BbiBOAbI. Vicnonb3oBaHne Mmetoga beppemaHa ¢ MpUMeEHeHMEM MaTpul, NPencTaBieHHbIX B JAaHHOW paboTe,
L7151 aHanmM3a MarHuToonTuyecknx adpdekTos Keppa B M30TPONHOM cpene no3BOnI0 Noy4nTb TOYHbIE GOPMYIIb
MarHuToonTuyecknx adekToB n obecneynsno 6osee TOYHOE MOAEMPOBAHME CIOXHbLIX MHOFOC/IOMHbIX CTPYKTYP,
a Takxke crnocobCTByeT yrnyO/eHHOMY NMOHUMAHMIO X GU3NYECKUX XapaKTePUCTUK, OTKPbIBAs BO3MOXHOCTU OJ15
aHanmaa 1 noucka LW1pPoKOoro cnekrpa Matepuanos.

KnioueBble cnosa: marHutoonTtuyeckue adpdektol Keppa, meton beppemana, matpuua beppemaHa, TeH30p
OM3NIEKTPUYECKON MPOHMNLAEMOCTU, MHOIOC/IONHbIE CTPYKTYPbI

Ans uyutupoBaHusa: nagpiwes N.B., lOpacos A.H., AwunH M.M. NMpumeHeHne meTona beppemaHa npn MogenmpoBaHum
MarHuToonTuieckmnx apdekToB Keppa B MHOFOCOMHLIX CTPYKTYpax. Russian Technological Journal. 2026;14(3):72—-82.
https://doi.org/10.32362/2500-316X-2026-14-3-72-82, https://www.elibrary.ru/JXIQMS

Mpo3payHocTb GUHAHCOBOW AEeATEeNIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPeaCTaB/IeH-
HbIX MaTepuanax unm metogax.

ABTOpPbI 3a9BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.
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INTRODUCTION

Michael Faraday’s 1845 discovery of the interaction
of light with magnetized matter subsequently led to
the discovery of a multitude of linear and nonlinear,
direct and inverse magneto-optical effects in the visible,
infrared, ultraviolet, and X-ray regions of the spectrum.
This field of physics is known as magneto-optics or
magneto-photonics. Kerr effects, including magneto-
optical reflection effects, provide the fundamental
basis for magneto-optical Kerr spectroscopy method.
This approach is used to analyze the magnetic state
of local areas of a sample at the depth of formation of
the magneto-optical signal. By studying the spectral
dependencies of the magneto-optical Kerr effect
at different wavelengths of radiation, it becomes
possible to obtain information about magneto-optical
transitions that reflect the electronic, crystalline, and
magnetic structure of the local area of the sample under
study [1-4]. Thus, magneto-optical spectroscopy is an
important tool for studying micro- and nanostructures,
including multilayer systems.

Multilayer magnetic structures are a subject of
increased interest among researchers due to their
significant potential for application in various fields of
science and technology. The growing scientific interest
in the study and development of these structures in
recent years is accompanied by an increase in the number
of scientific publications devoted to their research.
Particular attention is paid to systems consisting of
strongly magnetic (ferromagnets and ferrimagnets) and
weakly magnetic materials [5-8].

However, modeling structures that include layers
of materials with magneto-optical properties is a more
complex task than calculating optical systems based
on isotropic media. While, when obtaining analytical
expressions for a certain number of magnetic layers,
such as in [9], any increase in their number adds already
represents a laborious task, with a significant number
of magnetic layers, it becomes unfeasible. As a rule,
the case of normal incidence of light on the structure
is considered within the framework of the Jones matrix
method.

BERREMAN METHOD

More than half a century ago, Berreman
proposed a method for calculating the propagation of
electromagnetic waves using 4 x 4 complex matrices
based on the matrix representation of Maxwell’s
equations [10]. This highly accurate and versatile
method is used to accounting for the peculiarities of
light propagation in complex anisotropic structures,
including multilayer systems. Despite its advantages,
Berreman’s method has not been widely used due to

its high computational complexity and the difficulty
of calculating matrices in general. Nevertheless, when
solving problems related to optical anisotropy (uniaxial,
biaxial) and the need to take into account magnetic
anisotropy or optical activity of the medium, the
advantages of the Berman method may turn out to be
significant, thus justifying its application under the
appropriate conditions.

When applying the Berman method, one of the
most challenging problems arises when calculating the
matrix exponent. However, a number of techniques have
been developed to calculate this exponent with varying
degrees of accuracy [11]. Moreover, if the accuracy
is insufficient, the calculated layer can be divided
into smaller sublayers. A fairly accurate and effective
algorithm for calculating Berreman matrices for layers
of considerable thickness can be found in the scientific
literature [12]. In certain cases, such as a uniaxial
medium, the Berreman matrix can be calculated
analytically.

The present paper also provides accurate matrices
for homogeneous media with induced optical activity
for geometries corresponding to the transverse,
polar, and longitudinal Kerr effects. The Berreman
method is used to analyze the propagation of a plane
monochromatic wave through a homogeneous medium.
A one-dimensional inhomogeneous medium can be
described by a system of plane-parallel layers, each of
which can be considered homogeneous.

Let us consider the essence of the method using the
coordinate system shown in Fig. 1. Letus also assume that
there is air on both sides of the layer under investigation.
Consequently, the medium from which light falls on the
layer of material and into which it passes after passing
through this layer is homogeneous, non-absorbing, and
has a refractive index equal to one.

Fig. 1. Coordinate system used:
X, Y, Z are coordinate axes;
@ is the angle of incidence;
W is the incident (wave),
R is reflected, and
T is transmitted light beams

Since the wave is monochromatic, the time
dependence of all components of the electric (£) and
magnetic (H) fields has the following form: e 7%, Within
the geometry under consideration, the projection of

Russian Technological Journal. 2026;14(3):72-82

74



Application of the Berreman formalism for modeling
magneto-optical Kerr effects in multilayered structures

Igor V. Gladyshev,
Alexey N. Yurasov, Maxim M. Yashin

the wave vector onto the x-axis, denoted as k, is the
same for all waves and takes the following value:

k =gsin(p, (1)
c

X

where o is the frequency, ¢ is the angle of incidence,
and c is the speed of light in a vacuum.
Then Maxwell’s equations can be written as:

RY = —ioMY, )

where R, M are 6 x 6 block matrices, while ¥ is a column
matrix containing the following elements:

Ex

Ey

O rot e 0O E.
R= M= = .
-rot O O H,
H,

H

z

Here O is a zero matrix of dimension 3 x 3 and, for
our case,

0o -2 o
Oz
0
rot=| — 0 —ik_|,
0z *
0 ik, 0

€1 e &3
€=8g| & & £33
€31 &3 E33

1 00

fi=pe|0 1 0],
00 1

g, and p, are the electric and magnetic constants,
respectively.

In the process of solving Eq. (2), a system
is formed that includes two linear homogeneous
algebraic equations and four differential equations.
The algebraic equations are solved with respect to the
field components £_ and H,, after which the resulting
expressions are substituted into the differential equations.
The result is a system of four linear homogeneous
differential equations of the first order containing the
unknown field components £, Ey, H,, and Hy:

0 .
gi =imAE, 3)

where § is the matrix-column of the form:

and A is the differential propagation matrix for a given
medium, with dimensions 4 x 4.

As mentioned earlier, the medium is divided into
layers within which the components of the matrix A do not
depend on the coordinate z. In each layer of thickness 4
the solution of the corresponding homogeneous first-
order differential Eq. (3) has the form:

&z + h) = " E(2) = P(M)E(2).

Thus, the P matrix, representing the Berman matrix
of this layer, appears as follows:

P(h) = el®hA (4)

When the optical parameters of the medium
depend on z, for example, for a structure consisting of
homogeneous layers within which the optical parameters
are considered constant, integrating Eq. (3) reduces to
multiplying the corresponding matrices for individual
layers:

P:fﬁgu
j=1

The matrix of the next layer is multiplied by the
previous ones on the left:

En={P, P, _,-P _, ... Py P, P }E0).

The electromagnetic field on one side of the
structure is determined by the superposition of incident
and reflected waves, while on the other side there is only
the transmitted wave. Then:

‘iT = P(Z}W + iR) %)

According to the designations shown in Fig. 1,
the indices W, R, and T denote incident, reflected,
and transmitted waves, respectively. Multiplying both
sides of Eq. (5) on the left by the matrix F = P!,
representing the inverse of the Berman matrix of the
layer, we obtain a system of linear equations that can
be solved for the components of the reflected and
transmitted waves. To identify the belonging to the
corresponding wave, we assign upper indices to the
field components corresponding to the designations
in Fig. 1. The lower indices of the field components
indicate the direction ofthe projection ofthe component
under consideration onto the corresponding axis. Let
us list them so that readers can apply them in their
work.
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115 f125 +++» fa4 are elements of the matrix F = P!, the

W w
2(X1Ey —ayy By ) 2,EY gk}

ET = JET = , inverse of the Berreman matrix.
g d—-ag * b (6) Knowing the values of the light wave field
R _ T T w R _ T T W it 1 i izati
ER = BET +, ET-EV, ER = BET +v, ET-EV, components, it is possible to ca}culate the.polarlzatlon
rotation, as well as the reflection coefficient K and
where transmission coefficient K
By + 1P ER Jcosf?+|ER 2
By + %28y

8 EY [coso+ | EW
Bi= i1+ %2 12 V1 = Sis + X S1as
By = fo1 + %2 S225 Y2 = fo3 + A1 Saas Ko =

TOEY [cosoP+ | EW P
Bs = f31 + %2325 V3 = S33 T X1 S345 x ¢ y

= + > = + s .. .
Pa=Jar*%ata2: Ya =Sz * M aa but first it is necessary to determine the Berreman

_ 1% &g 1 matrices for the modeled structure and its individual
A1 =, COSQ, Yo =, |— 5
Mo by €OSQ layers.

| E] JeosgP+| ET 2

BERREMAN MATRICES FOR MODELING MAGNETO-OPTICAL KERR EFFECTS

Magneto-optical phenomena manifest themselves in changes in the optical properties of a film (structure)
depending on the presence or absence of a magnetic field. In this regard, their modeling requires determining the
Berreman matrices for both scenarios. In the cases considered here, they can all be obtained analytically.

The method for finding the matrix for an isotropic layer in the absence of a magnetic field was demonstrated by
Berreman in one of his early works [10]. Substituting the dielectric permeability tensor in the form:

1 00
E=¢gye|0 1 0],
0 01

we obtain a differential, 4 x 4 dimensional, propagation matrix A, for a given medium:

0 U, 0 0
A U, 0 0 0 .
"lo o o U ®)

N

0o 0 U, 0

where
I . .
U, =?0(s:—s1n2 0), Uy =28, U, =p,y, U, =80(g—s1n2 ). O]

According to Eq. (4), to obtain the Berman matrix, it is necessary to take the exponential of matrix (8) multiplied
by iwh. The simplest and most intuitive way to do this is to expand the exponential into a Taylor series. Summing
the terms of the series, we can see that the elements of the resulting matrix also represent Taylor series expansions
of certain functions. As a result, for the Berman matrix of an isotropic homogeneous medium Py, we can write the
following:

cos(why,y) B sin(why,) 0 0
iBlsin(why,)  cos(why,) 0 0
Py (h)=| ° 0 0 ol : (10)
0 0 cos(why,) 5, sin(why,)
0 0 id sin(why,)  cos(why,)

Here

1 - ’ e —sin? ,8 ;
onzdg—s]nz(p,ﬁoz }:—0%, 602 M—O\IS—SIHZ(P. (1)
0 0
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Depending on the configuration of the magnetic field and the incidence of light on the film or structure, three
magneto-optical Kerr effects are distinguished: polar, longitudinal, and transverse. The polar Kerr effect occurs
when the magnetization vector J, created in particular by an external magnetic field, is oriented perpendicular to the
plane of the film and parallel to the plane of incidence of light (Fig. 2a). The longitudinal Kerr effect occurs when
the magnetization vector is oriented parallel to the film surface and lies in the plane of light incidence (Fig. 2b).
Conversely, the transverse Kerr effect is observed when the magnetization vector is oriented perpendicular to the
plane of incidence of light and parallel to the film structure (Fig. 2¢).

Jt J- J v
(a) (b) (c)

Fig. 2. Geometry of observation of magneto-optical Kerr effects: (a) polar, (b) longitudinal, (c) transverse.
The directions of the coordinate axes are shown in Fig. 1

It should be noted that the s- and p-components of the electric field of a light wave in this geometry are related to the
projections on the axes as follows: £ = Ey E ) = E Jcosp. Knowing E and E ,» We can calculate the angle of rotation of the
polarization plane foraplane polarlzed wave 0, =arctg(|E |/ |E [yor,if there isanon-zero phase difference g between £ and £,
the azimuth angle 6, , which forms the main axis of the polanzatlon ellipse with the plane of incidence 0, = arctg(|E |/ \E [)cosd.
The ellipticity e can be calculated using the formula: e = tg[0.5arcsin(—2Im(Z)/(1 — |E[?))], where = = (|E JE, p|)e’¢ [13, 14].
These are precisely the values measured in the longitudinal and polar Kerr effects, while in the transverse effect, the main
factor is the change in the intensity of the reflected electromagnetic wave.

Let us begin our consideration with the transverse Kerr effect (Fig. 2¢). In this case, the dielectric permeability
tensor of the medium in the chosen coordinate system can be written as:

1 0 i0
E=gpel 0 1 0},
-0 0 1

where Q is the magneto-optical parameter.
In this case, solving Eq. (2) yields the following propagation matrix A (T is transverse Kerr effect):
m U, 0 0
U, -imn 0 0
b~ . (12)
0 0 0 U

N

0o 0 U, 0

Ap =

Here
sin @

Ub—Ub(l Qz) n=—-2~9.

The matrix (12) can be represented as the sum of matrices:

ic 0 00 o v, 0 0
6 6i0 4_U; 0 0 0
0 0 00 0 0 0 U

o 0 00 (0 0 U, 0

Since the structure of the matrix AT is identical to the matrix structure A, the matrix A? will have a form similar
to (10). We will also find the exponent of the matrix AT , multiplied by iwh, using Taylor series expansion. Fortunately,
in this case, the elements of the resulting matrix also represent series expansions. As a result, we obtain:

e®m 0 00
gionsf _| 0 e®m o 0
0 0 10

0 0 0 1

—AJ *_
Ap =Af +A; =
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Finally, the Berreman matrix in this case will have the form:

PT (h) — el'(l)hA% el'(OhAi} , (13)
Sl cos(whyr) i e~ @M Br sin(why ) 0 0
ie®™ B=lsin(wh e®M cos(wh 0 0
PT(h)Z BT ( XT) ( XT) L ’ (14)
0 0 cos(why,) 5, sin(why,)
0 0 id sin(why,)  cos(why)

where
xT :Xo\ll_Qz’ BT :Bo/\jl_QZ-

In the process of calculating matrix (14), a transition was made from the operation of adding matrices to the
operation of multiplying their exponents, which are also matrices. It should be noted that, unlike addition, matrix
multiplication is generally not commutative. If the reverse order of multiplication is used, matrix (14) will have
a different form: the changes will affect elements P, and P,,, resulting in the exponents included in them being
swapped.

The multiplication order shown in (13) was chosen for the following reasons. First, based on general considerations,
modifications caused by the magneto-optical effect manifest themselves after light radiation passes through the
film (structure), rather than before it interacts with it. Second, the results of calculations [15] of the transverse Kerr
effect for a cobalt film on a silicon substrate (Fig. 3) demonstrate that using the multiplication order (13) yields
a result that is consistent with the experiments in terms of the nature of the spectral dependence and the order of
magnitude. At the same time, the use of the reverse multiplication order leads to simulation results that do not fully
correspond to the experimental data.

2.0
-0.60 4
1.5 ~0.65
1.0 ~0.704
[sp]
é 0.5 ‘0_0,75_
< 0 -0.80+
0.5 —-0.85
~1.0J —-0.90 -
—-0.95
_15 T T T T T T T T T T T T
05 10 15 20 25 3.0 35 4.0 05 10 15 20 25 3.0 35 4.0
hv, eV hv, eV
(a) (b)

Fig. 3. Results of modeling the spectral dependence of the transverse Kerr effect (8) of a cobalt film on a silicon
substrate, taking into account the order of matrix multiplication: (a) presented in (13), (b) reverse. hv is photon energy

For the case of the polar Kerr effect (Fig. 2a), the permittivity tensor in the coordinates used can be represented as

1 iQ 0
E=gue|—iQ 1 0]
0 0 1
From (2) we obtain:
0o u, 0 0
U 0 i O
b
A —
Plo o o u, | (15)
-i¢ 0 U, 0

where = €eQ.
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Here we can also consider the sum of the matrix (7) and

00 0
0 i 0

. 16
00 0 (16)
00 0

Due to the fact that the second degree of the matrix (16) is already equal to zero,

1
0
0

eimhA}{ _

0 0 0
1 —ohl 0
0 1 o0f

ohf 0 0 1

The order of matrix multiplication is considered when deriving the expression for the transverse effect. As a result,

the Berreman matrix for the polar effect takes the form:

cos(why,) iBy sin(why,)
B! sin(wh cos(wh
Rp(=| 0 ) S

ohlcos(why,) iohCPsin(why,)

0 0
-0hl cos(why) —ithSal sin(why) .
cos(whyy) i861 sin(why,) (a7
id sin(w/ry) cos(w/y)

Using similar reasoning, we can derive the Berreman matrix for the case of the longitudinal Kerr effect (Fig. 2b).

In this case:

1 0 0
E=¢gpel0 1 iQ
0 -iQ 1
and
cos(why,y) By sin(why,) —pcos(ohyy,) —ipSRAl sin(why ;)
B! sin(wh cos(wh 0 0
Py, (h) = By sin(why,) (ohyg) L (18)
0 0 cos(why ) 10y sin(why )
ipﬁal sin(whyy) pcos(whyy) By sin(whyy,) cos(whyyg)
Here
€
p="0sing, AM Zl\/g(l +0%)—sin? @, 5, = /—0\/8(1 +0?)—sin? .
c c [T
THICK LAYERS CONSIDERATION thickness, in which a partial violation of the coherence
condition is observed. In the elements of the Berreman
The Berreman method takes into account  matrix ofathick layer, the frequency o is replaced by the

interference effects. However, the simulated structures
may contain fairly thick layers, the thickness of which
exceeds the coherence length /. of the light source.
While such layers typically represent substrates onto
which films and complex structures are deposited,
the structures under study may also include a certain
number of thick layers. The principle of taking such
layers into account is based on the averaging method,
in which deviations from coherence are considered as
random variables obeying a normal distribution [16].
Although this approach requires additional computing
power, it enables the inclusion of layers of intermediate

sum (® + w), where w is a random variable distributed
according to the normal law. All frequency-dependent
characteristics of the medium remain unchanged. Thus,
the introduction of the variable w affects only the phase
change. The mathematical expectation M, = 0. The
standard deviation o, depends on the layer thickness
and is taken from the condition that with a layer
thickness equal to the coherence length of the radiation,
a phase shift © will occur:
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The magnitude of the calculated effect for the
entire structure is averaged. Consider the case where
a thin-film structure is deposited on a thick substrate
with a thickness 4. Then, the reflectance from such
a structure is calculated as:

12
coh w2

1 lcoh T ' - 2m2h2
(R)=——"— [ R'(wpe 2™
\/ﬁ hsub —®

The values of R'(w) are determined in accordance
with Eq. (7) for the radiation frequency . In this
case, in the matrices of all layers, except for the layer
being averaged, ® = o, is taken. In the averaged
layer ® = o, + w is taken. All material characteristics
for all layers are taken for the frequency w,. If there
are several thick layers, multiple integration is
performed.

Another problem with thick layers is that, with
high absorption, an overflow situation may occur
during intermediate calculations for the matrix or its
inverse. To address this issue, it is proposed to introduce
a certain error into the calculations. Accordingly, the
maximum allowable thickness of the absorbing layers
will be determined based on the condition that, when
passing through these layers, the light wave amplitude
decreases by 5-7 orders of magnitude. This will avoid
data overflow, and the introduced error will be clearly
smaller than the experimental errors.

dw.

CONCLUSIONS

This study proposes using the Berreman method
to model all three magneto-optical Kerr effects: polar,
longitudinal, and transverse. The Berreman matrix
method presented in this paper enables a systematic
analysis of magneto-optical Kerr effects in an isotropic
medium using the obtained precise formulas for magneto-
optical effects. As well as providing a sound basis for
more accurate modeling of complex multilayer structures,
this facilitates a deeper understanding of their physical
characteristics, opening up possibilities for exploring
a wide range of promising magnetic materials. The
approaches for accounting for the presence of films in the
modeled structure whose thickness exceeds the coherence
length of the light source in this paper expand the range of
micro- and nanostructures under consideration.
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