Semiconductor Physics, Quantum Electronics & Optoelectronics, 2022. V. 25, No 2. P. 203-210.

Optics
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Abstract. The magneto-optical Kerr effect in Gd,qCogg alloy and cobalt thin films has been
studied in a broad spectral range applying spectral ellipsometry experimental technique.
The results of the experiments showed the complex nature of the complex Kerr angle
dispersion curves. A quantum mechanical formalism for degenerate and non-degenerate
Landau levels for quasi-free electrons in ferromagnetic material has been developed in
order to analyze the experimental data. The equivalence of relations for off-diagonal
dielectric tensor elements for non-degenerate Landau levels to the classical case of the
motion of quasi-free electrons along circular trajectories in a magnetic field has been
theoretically shown. The degenerate Landau levels in this approach are the result of motion
of electrons in small confined volumes near rare-earth alloy atoms. Rotation of light
polarization occurs in this case due to transitions between subbands having different
magnetic quantum numbers. This theoretical approach allowed us to interpret in detail
shapes and sign of the complex Kerr angle dispersion curves, which actually include the
contributions of optical transitions between degenerate and non-degenerate energy levels.
The complex Kerr angle sign is determined by the magnetization magnetic field direction

for non-degenerate Landau levels and the Hund rule for degenerate Landau levels.
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1. Introduction

The magneto-optical Kerr effect (MOK) is manifested in
changing the polarization of light reflected from the
magnetized surface. Studying the spectral dependences of
the off-diagonal dielectric tensor components that are
responsible for this effect proved to be an effective
method to determine the magnetic properties of
materials. Classical electrodynamics allows one to
describe in detail the macroscopic components of the
dielectric tensor in a magnetized medium, if taking into
account the symmetry of magnetized medium [1]. In fact,
the basis of such a theoretical consideration is the
analysis of components obtained by decomposition of the
dielectric tensor by electrical and magnetic components.
For example, the Kerr magneto-optical effect enables to
register two components of magnetization in a sample
with directions of magnetization parallel to and
perpendicular to the plane of light incidence [2]. MOK
was registered in the antiferromagnetic material, which
allowed the authors [3] to register the magnetic octupole
moments.

Quantum-mechanical theory of MOK is based
on taking into account the spin-orbit interaction [4] of
a single metal atom. In this case, quasi-free electrons

in the conduction band are taken into account by
introducing a pseudopotential that is actually the sum of
Fourier components of the decomposition of orthogonal
plane de Broglie electrons in the conduction band. The
contribution to the optical conductivity of quasi-free
electrons is taken into account by using the Drude theory,
which is actually taken as empirically given in this
context. The macroscopic characteristics of MOK are
related to the direction of the magnetization of the
medium, which leads to the appearance of transverse or
longitudinal MOK. 1t is taken into account mainly by
calculating the densities of electronic states. The Kubo
formula [3] is used to determine the components of the
optical conductivity tensor, which is used to obtain
macroscopic characteristics of the medium.

The real and complex components of the Kerr angle
for gadolinium have positive values within the range of
energies 1...5 eV with a strong maximum for the Kerr
angle components in the vicinity of energies 4...4.5 eV
[5]. For cobalt, negative values were registered for the
real and complex component of the Kerr angle in the
vicinity of the wavelengths of 350...600 nm [6]. At the
same time, there was a change in the sign of the complex
component of the Kerr angle in the region close to 2.5 eV
for nanometer cobalt film [7] at positive values within
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the range 1.5...2.5 eV. The sign of the Kerr angle for
cobalt changed within the entire range of light
wavelengths corresponding to 1...5 eV [8] with changing
the direction of perpendicular to the surface of the sample
magnetization. Nanostructured by producing hexagonal
arrays of subwavelength holes, cobalt films show
variation of the MOK effect parameters depending on the
hole diameters with the appearance of positive Kerr angle
values within the region 3.5...5 eV [9].

The goal of this work is to study experimentally
magneto-optical Kerr effect dispersion curves in
Gd,,Cogy alloy as well as to develop the quantum-
mechanical formalism to describe the dielectric tensor
off-diagonal elements.

2. Theory: off-diagonal dielectric tensor components
for degenerate and non-degenerate Landau levels in
ferromagnetics

If we have a system with simultaneous acting optical
field and DC magnetic field (e.g., spectral ellipsometry
of a ferromagnetic sample with crystal potential U(F))
[10], we can present Hamiltonian for this system as:

o= oo 0-E a0 vl a

2m, C

For metal crystal lattice (ignoring U(F) in the case

of quasi-free electrons), we consider optical transition
perturbing Eq. (1) Hamiltonian by a polarized along the o

axis dipole d( )nm induced by a transition between n and

m energy levels. In our case, we have to take into
consideration both degenerate and non-degenerate
Landau levels formalisms. The models have to take into
account both quasi-free electrons motion and electrons
interaction  with constant magnetic field [11].
Unperturbed by optical field Eg. (1) Hamiltonian can be
written using numbers operators (see Eqs (A8) from
Appendix) as

H, :hmB(aaT +%] 2)

Eigennumbers of the Hamiltonian (Landau energy levels)
can be found introducing positive integers n-eigen-
numbers of creation and annihilation operators:

E, =(n+1/2)hog . ®)

Here, n is the principal quantum number,

mB:rrch — cyclotron frequency. The dielectric
e

susceptibility can be found as perturbed by induced light
dipole transition moments between energy levels
Hamiltonian [12]:

i qi
X (@):EZ Apn O 4)

h o Omp = O+ 1Yy

where A= pm — Pmm 1S the difference between relative
populations of energy levels, p is density matrix.

Applying the known relations for creation and annihi-
):\/ﬁ‘n—1>, aT‘n):\/n+1‘n+1>)

that were derived in Appendix, we can find off-diagonal
tensor elements as a function of these operators. Let us
consider one-photon optical transitions (An = +1). Using
Eq. (A4) from Appendix, we can derive a new relation

for d,,d’, members from Eq. (4):

<m|( Py —%j n><n|[ Py _?]
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x \’ % (\/ﬁén,m—l _msn,mﬂ):

= imeﬂ((n +1)6n,m+l - n5n,m—l)'

lation operators (a|n

We can receive expressions for both density matrix pyn
and for off-diagonal dielectric tensor elements in a model
of all possible optical transitions between Landau energy
levels:

(n +1)(pn,n _pn+l,n+l):
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n
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Here, om,=wg for m=nz1 optical transitions.
Thus, we obtain relations for off-diagonal elements of the
dielectric tensor, which are similar to the relations within
the frames of classical physics with monotonically
decreasing dielectric tensor elements for lower light
wavelengths [13]. The expression is written under
assumption of isotropic alloy having ferromagnetic
magnetization along z axis, which results in two nonzero
off-diagonal dielectric tensor components. Thus, we
obtained an important result for the motion of quasi-free
electrons in metal that does not contradict to both
classical and quantum-mechanical approaches. Quantum-
mechanical description was performed under the
condition of Landau levels non-degeneracy.

Degeneration of Landau levels is possible in small
volumes of ferromagnets. The energy from Eq. (2) does
not depend on the momentum p, = 7 k, that is parallel to
magnetic field, therefore longitudinal motion is
conserved in optical transitions. As a consequence, each
Landau level is degenerate because of k, quantum
number. For finite system having S surface maximum
numbers of states n,., of energy eigenstates is:

S

Nmax zw’

_ | he
eB '

I, is the Landau level characteristic length that describes
the size of an area with a high probability to find a
particle there [14]. For stronger magnetic field, there is a
greater degeneracy — electrons are forced to fill a smaller
cross-section area as opposite to weak magnetic field,
when electron wave functions fill large space areas. For
magnetic field 10 Tesla — Iy is equal to 10 nm. This size
is of the same order of magnitude as the 20-nm thickness
GdCo film from Fig. 1, which indicates the influence of
film surfaces on its dispersion curves.

For these confined systems, the Schroedinger
equation has to be written with account of geometry
inherent to the system, and, as a result, the equation
solutions depend on boundary conditions at the surfaces
of granules/clusters/nanoparticles. Under assumption of
model of quasi-free electrons in central-symmetric
electric fields near rare earth atoms, the Schroedinger
equation for this geometry can be written in spherical
coordinates, similar to those for hydrogen atom, with
solutions in the form of products including radial and
angular parts:

y(r,0,0)=R(r)¥(6,9),
L,Y(6,9)=mY(6,0),

_ 8nN
hog

e

2
Me
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_ _eBL,
2m, r? or

2m,c

L2Y(6,0)=1(1+1)Y (0, ),
[ (r2§j+ ]R(r): ER(r).
®)

Eigenfunctions of L? and L, are usually expressed as
spherical harmonic functions Y,,(6,¢) with eigenvalues

I(1 + 1)# and mh, respectively. In this paper, we focus
solely on optical Kerr effect rotation as a result of
transitions between energy subbands in ferromagnetic
intrinsic magnetic field AE,, =-mugB. Magneto-optical
Kerr effect can be described as a result of Am=#+1
transitions. Light circular polarization in the effect is
based on the properties of spherical harmonic functions
Y, (06,0) [15]. The sign of light rotation for degenerate

Landau levels in ferromagnetic alloys is fixed and can be
either positive or negative (with a possibility to apply
Hund’s rule for alloy components). In fact, we consider
the MOK effect as a result of the interaction of the
angular momentum with macroscopic magnetization
similarly to [4], where this interaction is considered at the
level of a single atom (spin-orbit interaction).

The most significant features of degenerate and
non-degenerate Landau levels models in ferromagnets
are given in Table.

From a purely experimental view point, Eq. (6)
differs from Egq. (8) for electrons in a spherically-
symmetric field by the absence of resonant frequencies
with symmetric/antisymmetric shapes of imaginary/real
components of the Kerr complex angle on dispersion
dependences. The case of Eqgs (6) results in monotoni-
cally decreasing the 6(w) and n(w) curves.

3.

The magneto-optical study of Gd,qCogq alloy films was
carried out by studying the linear magneto-optical Kerr
effect in a polar geometry. This effect implies rotation of
the polarization plane and the appearance of ellipticity of
the light reflected from a medium magnetized
perpendicularly to the surface. We measured the complex
Kerr angle in a wide range of the spectrum A
0.24...1.0 um by using the Woollam M-2000 spectral
ellipsometer. Gd,oCog, alloy films with thicknesses from
20 to 100 nm were deposited using the ion-plasma
method at a constant current in vacuum at the pressure of
107° Pa on glass water-cooled substrates.

With the spherical symmetry of the spatial
restriction of the motion of quasi-free electrons, we can
consider optical transitions by applying the stationary
quantum-mechanical perturbation theory, which leads to
the relation (4). In this case, Kerr angles have an
additional physical meaning — they are functions of the
matrix elements of optical transitions with the implemen-
tation of the selection rules Am=4+1. If we consider
spherically-symmetric  solutions of the Schrédinger
equation (Eqg. (8)), it contains a component in the form
of spherical functions V,,(6,¢0). As a consequence, the

Experimental
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Table. Magneto-optical Kerr effect in rare earth and d-metal alloys.

Landau levels in ferromagnets

Degenerate states

Non-degenerate states

Symmetry ; |
-metals

Confined spherical geometry in the
vicinity of atoms of rare earth and

Quasi-free electrons in infinite metal
system with weak magnetization

Schroedinger equation solutions

Spherical harmonic functions

Landau levels wave functions

Quantum numbers selection rules
responsible for polarization plane
rotation

Transitions between energy
subbands with Am = +1

Transitions between Landau levels with
An=#1

Sign of light rotation

Depends on Am sign

Depends on magnetic field direction

Optical dispersion properties

Changing the sign of the derivative
of the real part of the Kerr angle in
the vicinity of narrow extremes.

Monotonic dependences of the real and
imaginary components of the Kerr angle
similarly to classical model of quasi-free

electrons motion in magnetic field.

projection of the dipole moments of the optical
transitions on x and y axes are connected and shifted in
time by F1/2 at Am = £1. The dielectric tensor elements

ey(®) and e, () determined applying Eq.(4) are
related similarly:

dimdin = e(n|yjm)dy, = —ieAm(n|x|m}dy, =
=—iAmd ), dx

g, (0)= £, (0). Q)

Thus, if we consider the dispersion dependence of
the complex refractive index n + ik in the narrow spectral
range of such an optical transition with the frequency
® = @y, We can write as a consequence of Eqgs (4) and (9):

(8xx _1)\/§ ,
G(w)+ in(u))z isxy((u) = axx((n) = (w— 0y + iy)_1 . (10)

The first relationship from Eq. (10) is taken from
[13]. In fact, we are talking about optical transitions
between states in the vicinity of alloy atoms at Am = +1
with antisymmetric and symmetric dependences for
correspondingly real 8(®) and complex n(w) parts of the
Kerr angle near the resonant frequency wg. At the
qualitative level, Eq. (10) should be pronounced in the
dispersion dependences as local extrema in n(A) curves
with a simultaneous change in the sign of the derivative
in the dependences 6(L). Eq.(10) can be used for
analyzing the qualitative experiments to identify these
transitions. Optical transitions between non-degenerate
Landau levels that result from electrons in magnetic field
and move at some distance from the alloy atoms also
contribute to the total magneto-optical effect.

Fig. 1 shows the dispersion dependences of
complex Kerr angles for Gd,,Cogg alloy films of different
thickness values. As can be seen from Fig. 1a, n(A)
curves have a strong absorption maximum at the energy
1.45eV and a weak maximum in the range of 3.2 eV

0+in=

0, deg

0.20

0.154

0.104

0.054

n, deg

0.004

-0.05

-0.10 T

E, ev

Fig. 1. Complex Kerr angles in Gd,,Cog, thin films of different
thickness (1 — 20 nm, 2 - 40, 3-50, 4 - 60, 5 - 80, 6 — 100).

(indicated with arrows), which correspond to the
simultaneous change in the sign of 6(A) derivatives at
these two energy values. The maximum located at 3.2 eV
(Fig. 1a) is most likely associated with gadolinium atoms
in the sample alloy. These transitions for gadolinium
atoms must have weaker cross-sections, because its
valence electrons originate from inner electronic shells.
It is also important to note the change in n(A) signs in
Fig. 1 at high values of light energies. In this case,
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0, n, deg

Fig. 2. Complex magneto-optical Kerr effect of electron-beam
deposited Co film with the thickness 35 nm (1 — 6(E), 2 - n(E)).

we consider optical transitions that depend on the
magnetization direction in a ferromagnet. The 1.45 and
3.2 eV absorption lines in Fig. 1 of the Gd,,Cog alloy are
not typical for the spectral curves of gadolinium and
cobalt alone. Thus, gadolinium is characterized by the
absorption line at 2.6 eV [5]. In the case of cobalt
(Fig. 2), we are talking about a band in the vicinity of
2.4 eV similarly to the results in [9]. In the case of the
Gd,,Cog alloy, its band gap obviously does not coincide
with the energy gaps of neither gadolinium nor cobalt.

If we consider the experimental dispersion
dependences for the Kerr angle in the cobalt film in
Fig. 2, we can see that the curve of the imaginary part of
the complex Kerr angle changes its sign to positive
within the spectral range above 3.5 eVV. MOK in cobalt is
well studied with negative values of the Kerr angle
component [6, 16]. Thus, Fig.2 dependences can be
explained similarly to Gd,,Cogy alloy case as results of
presence of optical transitions with arbitrary direction of
magnetization vector which influences 6(A) and n(A)
signs.

Dispersive curves in Fig. 1 also depend on the
thickness of thin films similarly to the results in [17]. In
MOK effect, the thin film thickness can drastically
change electrons interaction with magnetization field. It
can happen when the film thickness approaches to the
Landau levels characteristic length Iy from Eq. (7). As
the film thickness decreases to this point, the spherically
symmetrical boundary conditions for the Schroedinger
equation (Eg. (8)) become not valid anymore.

4. Conclusions

We have performed a theoretical analysis of motion
inherent to quasi-free electrons in a magnetized
ferromagnetic alloy by applying a quantum-mechanical
formalism to describe optical transitions between Landau
levels. The experimental part of the research including
spectral-ellipsometric studies of the complex Kerr angle
in thin films of Gd,,Cogy alloy of different thickness
values as well as a thin film of cobalt. Being based on
this study, we can draw the following conclusions:

1. Motion of quasi-free electrons in a magnetic field
inside infinite metal volumes with weak magnetization
results in nonzero dielectric tensor off-diagonal elements,
i.e., to nonzero complex Kerr angles. For non-degenerate
Landau energy levels, the relations between the values of
the off-diagonal elements of the tensor are in fact similar
to the classical formalism, which describes circular
motion of electrons in magnetic field. The sign of the
Kerr angle (left- or right-circular reflected light) in a non-
degenerate system of Landau levels depends on the
direction of the magnetic field perpendicular to the
sample surface, i.e., can vary its sign depending on the
magnetization of the sample.

2. In the case of degeneracy of Landau levels due to
the motion of electrons in small spatial volumes in the
vicinity of d-metal atoms or rare-earth atoms of
ferromagnetic alloys, the solutions of the Schroedinger
equation are written as spherical functions due to the
obvious spherical symmetry of the system. The nonzero
Kerr effect in this formalism occurs due to the greater
number of transitions between the electronic levels of the
corresponding atom with a change in the magnetic
quantum number +1 or -1. In this case, the sign of the
Kerr angle is constant and is defined by the electronic
structure of the corresponding atoms of the metal alloy
(in our case, cobalt and gadolinium).

3. The dispersion dependences of the optical cons-
tants of the ferromagnetic alloy contain two components
due to optical transitions between both non-degenerate
and degenerate Landau levels. For the latter case, we
have simultaneously obtained rather narrow extremes of
the imaginary part of the complex Kerr angle and changing
the real part of the Kerr angle sign. These extremes arise
due to motion of electrons in confined volumes near the
alloy atoms. Quasi-free electrons in the infinite system
model contribute to the dispersion curves as a monotonic
offset, which can be either positive or negative
depending on directions of the magnetic field in a
sample. In this case, the magneto-optical Kerr effect can
be described within the framework of classical model for
quasi-free electrons circular motion in the magnetic field.

Appendix A.

. . . eA
Let us find relationships between p—— member from
c

Eq. (1) and creation a' and annihilation a operators for
quasi-free electrons of ferromagnetic with intrinsic
magnetic field directed along Z axis. We would like here
to write the equations for Landau levels similar to the
known form for quantum harmonic oscillator to simplify
equations for off-diagonal dielectric tensor components.

1. Let us find first the relationship between vector
potential A, magnetic field B =B, and angular
momentum projection L, for unperturbed H, Hamiltonian
(taken from Eq. (1)) for quasi-free electrons:

2

P’ _eAp (eAY

HO 2-
2m, mgC 2mgc

(A1)
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Let wus choose the vector potential as
A=(-By/2,Bx/2,0)and find a relation between Ap
and L, :

i ik
VxA=|d/ox 8foy o6oz|=
-By/2 Bx/2 0

k —(B/2—-(-B/2)k =Bk ,
L=Fxp,
L, =Xpy — Ypy,
Ap = (~By/2, Bx/2, 0)(py, by P, )=
=B/2 (pyx— pxy)z L,B/2.

Eq. (A2) describes interaction of electron with the
magnetic field in terms of angular momentum projection

eBL,
=-mugB
c Hg J

there for spherical harmonic functions solutions.
2. Let us find a connection between the dipole

(A2)

similar to the energy term in Eq. (8) (—

e

moment d, unperturbed Hamiltonian H, and p—% by
c

writing the commutator of coordinate with Eq. (A1) Hq
Hamiltonian. We consider only kinetic energy and
interaction with the magnetic field Eq. (Al) parts of Hg

. eA} .
because the last term of expansion (—)2 is a constant
2m,c
function of coordinates:

[Ap, X = [xBp,, x}w - [yBp,, x]y =
_ —ihB(X%(XW)— x? %wj— [yBP.. xJw =

= -[yBp, x]y =-B[L, . x]w/2,

2 e
02w =[p2 ]y =(- ){—AXW—X&(—ZWJ—
=—n? a—W+Xi\y+a—w—xi\p ==2ihp, v

ox  ox? T ox o ox? e

2 2
| 2o 2 | - 22 -
2m, m.C 2m, 2myC

m, 2mgcC e 2c
in e
B -], (A3
me c

Similarly we can prove [Hg,y]=— 7 [ P, _ﬂ] _

As a result, the dipole moments d induced by light
between two states m and n can be expressed in terms of

A s
p—e— member by writing first the commutator for x
c

axis (it can be written similarly to y axis, too).

D

- "Ee (o v ~wmx(How; )=

—=(Eq — E, )(m]xn),

ime (Dmn
n> =T<m|d |n> . (A4)

3. Let us find the commutators of p, — ,
c

eAy

py—T operators with the vector-potential A that

depends only on X and Y coordinates.

[pe A v =(— ih%} (Ayw)- (A, )( in ?Ij
= [‘ ih%y](\v)Jr(Ay )(—ih%)—(Ay )(— ihg—\"] _

X
OA
=—in—Lvy,
194 v

[A.. pA\F”‘{%}W
{px—%&,py—g } [px.
:_E(_ih)[%_%}@(

[Ax’py]):

A) in8 _ const.
c

c OX c
(A5)
4. Let us introduce a and a' operators (0g = ¢B
m,C
cyclotron frequency):
e .
(px _ij'H{py _yJ
c
a - L
\/ 2m.fiog
e . e
(px ?xj_l(py_ i‘y}
a' = : (A6)
\/ZmehcoB

Let us prove the equation (A6) operators are
creation and annihilation operators for unperturbed
Hamiltonian similarly to the quantum harmonic oscillator
case. In order to prove it, let us find commutators of

eA e . .
Px——, Py —ﬁ operators with creation a' and

c c

annihilation a operators:
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eA, ) . eA
[px_ i py__yv
harlpe e U e
’ 2heB eA, ) . eA,
s I L e
. eA eA
—IKDX— X],(py——yj}
c c c
= (A7)
2heB . eAy eAX
+1 py_Tl pX_ C
c AL, e
= -2i)| ih—B, |=1,
ZheB( )[ c Zj
e m.io
R
eAy m.zim t
oy e

5. As a result, Eq. (A1) Hamiltonian of the system
can be written similarly to quantum harmonic oscillator
equations:

= %hcoB(aaT + aTa)z hog (aTa+1/2),

a|n>:\/ﬁ‘n—1),
aT‘n>=\/n+l‘n+1>.
Egs (A4) and (A8) allow us to write equations for

optical transitions between Landau levels by using a" and
a operators.

(A8)
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Marnitoonruunmii epext Keppa y cniiaBi Gdy,Cog
B.I'. Kynin, C.I'. Po3yBan, B.C. Cramyk

Anoranisi. Maraitooniaanit epext Keppa y ToHknx rmiiBkax cruiaBy GdypCoOgy Ta K0GaabTy BHBYEHO 3a JOTIOMOTOIO
eKCIIePUMEHTATbHOT METOIWKH CHEKTPANbHOI eJiIcoMeTpii y HIMpOKOMY CIIEKTpajJbHOMY iHTepBami. PesympraTtn
eKCIIEpUMEHTIB TIOKa3ali CKIAJHUI XapakTep AUCHEPCiHMUX 3aiekHocTel KoMIurekcHoro kyra Keppa. s aHamizy
EKCIIEPUMEHTAIBHHUX JaHUX OYJIO PO3BHHYTO KBAHTOBOMEXaHIUYHHMH (hOpMaii3M BUPOPKEHNX 1 HEBUPOJKEHUX PiBHIB
Jlangay 1 KBa3iBUIBHHMX €JIEKTPOHIB y (epoMarHiTHoMy Marepianmi. [lns HeBupomykeHux piBHIB Jlanmay Oyio
TEOPETHYHO IMOKAa3aHO EKBIBAJICHTHICTh CIIIBBIJHOLICHb Ul HElaroHaJbHUX TEH30PHUX EJIEMEHTIB Ii1eJIeKTPUYHOL
MIPOHUKHOCTI KJIIaCUYHOMY BHITQJIKy PYXy KBa3iBUIBHHMX €JIEKTPOHIB B3JOBX LUPKYJSIPHUX TPAEKTOPIH Y MarHiTHOMY
noyi. Bupomxkeni piBui Jlangay npu jaHoMy migxolli € pe3ysibTaToM pyXy €JIEKTPOHIB y MaJIMX 0OMeKeHUX 00’eMax
0l pizKo3eMeNbHUX aToMiB ciuiaBy. IIpu 1bOMy MOBOpPOT MoJsipU3alii CBITIa BiOyBa€ThCs BHACITIJOK MEPEXOJiB
MDX E€HepreTHYHUMH DPIiBHAMHU 3 PI3HIMH 3HAUYECHHSIMH MArHITHOTO KBaHTOBOTO YHcia. JlaHWH TeOpeTHYHWHA ITiIXis
JO3BOJIUB y JeTallsiX NPOIHTEPHpEeTYBaTH XiJ Ta 3HAK JAUCIEPCIHHMX KPUBUX KOMIUIEKCHOro KyTa Keppa, ski
(aKTHYHO BKJIFOYAIOTh BHECKH BiJ ONTHYHHUX IEPEXOMAIB MiXK BUPOPKCHHMH Ta HEBHPOJDKCHUMH CHEPTeTHYHHMH
piBHAMH. 3HaK KOMIUIEKCHOTO KyTra Keppa BH3HA4YaeTbCsi HANPsIMKOM MAarHiTHOTO IIOJII HaMarHi4eHOCTi Uit
HEBUPOJPKEHUX piBHIB JlaHnay Ta npaBmioM XyHAa Ul BUPODKEHUX piBHIB JlaHmay.

KurouoBi ciioBa: cruaB ranoiidiii koo6ansT, piBHi Jlangay, MaraitoonTuyHuin epext Keppa.
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