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Abstract

Objectives. When measuring the transverse Kerr effect on thin-film structures, interference effects have a great
influence on the result obtained. In conference presentations, some researchers have reported on the use of white
lightin experiments. In their opinion, despite the thickness of the studied layers being much less than the wavelength
of light, white light can help avoid interference effects and/or resonant excitation of plasmon waves. The aim of the
present work is to verify the validity of such statements using simulation.

Methods. In order to solve this problem, the method of computer simulation was used. A numerical solution
of equations was compiled for a model structure for various thicknesses and materials of layers.

Results. The simulation results show that interference effects in different parts of the spectrum when using white light
sources do not neutralize each other. The magnitude of the effect is affected not only by the thickness of the structure
layers, but also by the shape of the source emission spectrum, as well as the sensitivity curve of the photodetector.
In this case, the output of the measured value of the effect to a plateau at relatively large thicknesses of the magneto-
optical film is due to the light being absorbed in the thickness of the magneto-optical film and is negligibility of the
back reflection of light from the substrate.

Conclusions. The presented technique takes into account the influence of interference effects when measuring
the equatorial Kerr effect in white light or using other sources having a wide spectral range, thus improving the
interpretation of experimental results. The results are relevant to the development and research of the physical
foundations for creating new and improving existing devices in micro-, nano-, and solid-state electronics, as well
as quantum devices, including optoelectronic devices and converters of physical quantities.
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Pesiome

Llenu. Mpu namepeHun skeatopmansHoro adpdekta Keppa B TOHKOMIEHOYHBIX CTPYKTYpax 60JbLLOe BANSHME Ha MO-
JIy4EHHbIV pe3ynbTaT 0KasbiBalT NHTEPDEPEHLMOHHbIE 3D DEKTLI. B BLICTYNNIEHUAX HA KOHDEPEHLMAX HEKOTOPbIE
nccneposaTeny coobuanm 06 ncnonb3oBaHuM 6enoro CBeTa B 9KCrnepuMeHTax. Ha ux B3rnsg, XxoTs ToNwmHa nc-
crnefyembix cioeB Oblla MHOrO MeHbLLE AJIMHbI BOJIHbI CBETa, 6enblii CBET MOXET NMOMOYb n3bexatb MHTepdepeH-
LIMOHHbIX 3P PEKTOB 1/ PE30HAHCHOIO BO30YXAEHMS MIa3MOHHbIX BOJIH. Llenb ctaTbn — nyTemM MOAENMPOBaHUS
NpoBepUTb 0BOCHOBAHHOCTL TaKUX YTBEPXAEHUIA.

MeToabl. [1ns pelieHns 0603HaYEHHOM 33241 MPYIMEHSICS METOA, KOMMbIOTEPHOrO MOAENVMPOBAHUS — YACTIEHHO-
ro peLleHns ypaBHEHUN, COCTaB/IEHHbIX A5 MOLAENIbHOW CTPYKTYPbI NPY PasNyHbIX TOJILLMHE 1 MaTepuanax Clioes.
Pe3ynbTaTtbl. Pe3ynbtartbl MOOENVMPOBAHUSA MOKa3bIBAIOT, YTO MHTEPdEPEHUNOHHbIE 3P dEKTbI B Pa3HbIX HYacTaX
CrneKTpa Npu UCMoJsib30BaHNM UCTOYHMKOB BENOro CBeTa He HENTPANU3YIOT APYr Apyra, U Ha BeNu4vHy addekTa
BNINSIET HE TOJIbKO TOJILLMHA CJI0EB CTPYKTYPbl, HO U popMa CrekTpa n3y4eHns UCTOYHMKA, a Takxke KpuBas vyB-
CTBUTEJIbHOCTU doTONpUEMHMKA. [1pr 3TOM BbIXOL N3MEPSEMON BENNYNHLI 3ddekTa Ha NnaTto NPy OTHOCUTESIbHO
60NbLIOWN TONMHE MarHUTOONTUYECKOW MieHKN 00yCnaBInMBaeTCs TeM, YTO NPY 3TOM CBET MOrIOLAEeTCs B TOJLLE
MarHUTOONMTUYECKOM NMJIEHKM 1 0BPaTHOE OTPAXeHME CBETA OT NOAJIOXKM NPEHeOPEXNMO Maso.

BbiBoabl. [peacrtaBneHHas MeTogmka no3BONSIET y4UTbIBATb BANSHNE NHTEPPEPEHUNOHHbIX 3DPEKTOB NpU 13-
MepeHun akBaTopuanbHoro addekta Keppa B 6€/10M CBETE UM C UCMOJIb30BAHUEM APYrNX UCTOYHMKOB C LUMPO-
KM CMeKTpasibHbIM Anana3oHoM 1 6osiee Ka4eCTBEHHO MHTEPNPETUPOBATL SKCNEePUMEHTaSIbHbIE PE3YsibTaThl, HTO
MOXeT OblTb BECbMAa MOJIE3HLIM AJ151 Pa3paboTku 1 nccnenoBaHns GU3NYECKUX OCHOB CO34aHUS HOBbIX U COBEP-
LLIEHCTBOBAHUS CYLLECTBYIOLLMX NPUOOPOB, N3OENNA MUKPO- U HAHOSIEKTPOHUKU, TBEPAOTENIbHOWN 3NIEKTPOHMKM,
a TakXe KBaHTOBbIX YCTPOWCTB, BKJIOYAS ONTO3NIEKTPOHHbIE NPMBOopPLI 1 NpeobpasoBaTeny GU3NYeCKNX BENUNH.

KnioueBble cnoBa: MarHNTOONTUYECKNIA SKBaTOpMasbHbli adpdekT Keppa, TEH30p ON3NEKTPUYECKON NMPOHMLLae-

MOCTU, MHTEpdEPEHLNS, KOIDDUUMEHT OTPAKEHUS, TOHKME MIIEHKN

* Moctynuna: 14.03.2024 » Oopa6oTaHa: 23.04.2024  MpuHaTa kK onyonukoeaHuio: 24.09.2024

Ansa uutupoBaHua: Mapbiwes W.B., lOpacos A.H., AwnH M.M. Bknag nHtepdepeHumm B MarHMTooONTUYeCKNi aKBa-
TopuanbHbin addekT Keppa B 6enom ceete. Russ. Technol. J. 2024;12(6):59-68. https://doi.org/10.32362/2500-
316X-2024-12-6-59-68

Mpo3spayHocTb pMHAHCOBOM AEATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTHY B NMPEeACTaB/IEH-
HbIX MaTepuanax nnn MeToaax.

ABTOpbI 3251BNSIIOT 06 OTCYTCTBUM KOHGMIMKTA UHTEPECOB.
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INTRODUCTION

The transverse magneto-optical Kerr
effect (TMOKE) involves a change in the intensity of
light reflected from a sample when it is remagnetized
in the direction perpendicular to the plane of light
incidence. As such, TMOKE represents an important
and very effective method for studying the magnetic
microstructure of homogeneous and inhomogeneous
magnetics. By measuring the EEC value as a function of
the radiation wavelength, the magneto-optical transitions
reflecting the electronic, crystalline, and magnetic
structures of a given local section of the sample can be
evaluated. Magneto-optical thin-film systems are also
widely studied for use in optical data storage devices, in
whichdataarerecorded using thermomagnetic processes,
but read by measuring the change in polarization
upon reflection using the polar magneto-optical Kerr
effect. Researchers have been very active in applying
this principle (see, for example, [1-8]), including for
ultrathin [9] and multilayer (ferromagnetic material and
thin film coating [10]) structures. In this case, TMOKE
measurement is generally carried out using a source
having a narrow, almost monochromatic spectrum.
However, at the 8th Euro-Asian Symposium “Trends
in MAGnetism” held in 2022 in Kazan, Skidanov [11]
report the use of white light in conducting experiments
on the influence on the magnitude of the magneto-optical
effect of thin films of nonmagnetic metals deposited on
top of a ferromagnetic layer. Hypothesizing that this
would significantly reduce the influence of interference
effects, the researcher concluded that the observed
change in the Kerr effect was due to more fundamental
physical processes. However, such an interpretation
does not seem entirely convincing, since almost all
quantities affecting the magnitude of the effect have
a nonlinear dependence on the frequency of incident
light. Although the report has not yet been published
in full, the very fact of raising the question led us to
the necessity of a more detailed consideration of the
degree of influence of interference effects on TMOKE
parameter in white light.

MATHEMATICAL MODEL
AND CALCULATION METHODOLOGY

As already mentioned, TMOKE consists in
changing the intensity of light reflected from the
sample when an external magnetic field is applied
to the sample in the direction perpendicular to the
plane of light incidence. Accordingly, it is necessary
to calculate the intensity of light reflected from the
sample both with and without the application of
a magnetic field. The geometry of the model structure
is shown in Fig. 1. Here, the vector of magnetic field

strength lies in the plane of the film perpendicular to
the plane of light incidence.
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Fig. 1. Model structure geometry:
(7) protective film (if any);
(2) material with magneto-optical properties;
(3) substrate, where ¢ is an angle of incidence of light,
B is the magnetic field induction vector

The relation between the amplitudes of reflected
Rj and incident Aj light can be expressed through their
s- and p-components as in [12]:

e )
Rp rps rpp 14[)

For an isotropic material, r, = Fos = 0. While the
application of an external magnetic field generally
breaks the symmetry, in the geometry used in this work
and shown in Fig. 1, i.e., when a non-zero magnetic
field is applied to the magneto-optical material in the
film plane perpendicular to the plane of light incidence,
we also have Fsp = Tps = 0. Therefore, in our case,
the matrix of reflection coefficients has an invariant
form:

Then:

R =r_A4
S SS“7s?
{ (1)

Ry =1opp-

During simulation, the spectral dependence of the
source radiation intensity was taken into account. The
model considered “natural” or circularly polarized
light. In this case, the matrix of components of the
incident light amplitude can be represented in the
following form:
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A i(0+7/2)
Sl=all S,
Ap eiot

where the initial phase o changes either
arbitrarily (“natural” light) or cyclically at a given
frequency (circularly polarized light); accordingly,

=|R | e,
Rp=|Rp|e"§.

Here x = a + w2 + A andé’;=(x+Ap, and A and
Ap are the phase run-ups as a result of light reflection
from the investigated structure for s- and p-components,
respectively. Due to the time-varying initial phase o, the
resulting phases y and & change in the same way.

Then the intensity of light falling on the photodiode
will be equal to:

= [l R, [ cosZ y+] Rp 1 cos? é] sin? oz,

where o is the frequency of radiation; ¢ is time.

Due to the inertia of the photodetector, the signal is
averaged over time and, taking into account also the
constant change of the initial phase o and, as
a consequence, of the resulting y and &, we obtain

cosy =cos§ =sinwt =0 and

2 2
[RP+[R, |
e

I= @

Asalready noted, practically all quantities influencing
the magnitude of the effect have a nonlinear dependence
on the frequency of incident light. Therefore, the method
of calculations in a wide spectral range was as follows.
The spectral range was divided into small sections, within
which the values of the used quantities were considered
to be independent of frequency and corresponding to the
value in the middle of this section. Figure 2 depicts an
example of such partitioning for the relative spectrum of
one of the radiation sources. The partition sections for
all values simultaneously used in the calculation were
taken to be identical; in case of insufficient experimental
data, linear approximation was used. For nonlinear
dependencies, the error of this method is smaller the
narrower the partition section, leading to an increase in
computation time. In the present work, the frequency
partitioning into sections of 1 - 1073 —3 - 1073 eV
(240-720 GHz). For each partitioning section, the average
intensity of radiation detected by the photodetector is
determined by Eq. (2) taking into account its spectral
sensitivity S . Then, the total signal value is determined
by summing over all partition areas:

L= Soly 3)
A, nm
775 689 620 564 517 477 443 413
1.0_ T T T T T T 1
| K
0.8
. 0.6
S
< 04
0.2

O_
16 18 20 22 24 26 28 3.0
hv, eV

Fig. 2. Emission spectrum of white LED with color
temperature T = 6500 K:
(7) data taken from [13], (2) representation
of the spectrum as a piecewise constant function.
Ais the wavelength of light in a vacuum,
which corresponds to a quantum of energy hv

The total signal magnitude is determined both in the

absence of a magnetic field /2 and in its presence /M.
Then the magnitude of the transverse magneto-optical
effect § is calculated:

M- 1Z

1

6= “)

In order to determine the amplitudes of the reflected
signal (1), it is necessary to calculate the light reflection
coefficients from the investigated structure in the absence

of the magnetic field (2, pp) and when it is switched on

M Teo s pp) This calculation was based on the well-known
paper by V.M. Maevskiy “Theory of magneto-optical
effects in multilayer systems with arbitrary magnetization

orientation” [12], where the magneto-optical parameter
Q=isxy8;; linear in magnetization is considered as
a small value (|Q| << 1). Here ¢ , €y
elements of the dielectric tensor €, which for isotropic
materials in our case can be represented as:

etc. are the

e —ieQ 0 1 -iQg O
e=lieQ € Ofl=¢liQ 1 0}
0 0 e 0 0 1

Taking into account that the magnetic permeability
for the optical range p = 1, we can assume 1 =~ €. Here n is
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the refractive index of the substance. All the mentioned
quantities are complex in the general case. Then, for the
reflection coefficients of s- and p-polarized wave at the
boundary of media, j and & can be written as follows:

rsk:gj_gk rpk:gjak_gkgj-. (5)
/ 8,8 / 8,8k + 88

Here

gjz,/sj—sinz , (6)

¢ is the angle of incidence of light on the structure under
study. Light falls from air, €, = 1.

The following recurrence formulas can be used for the
reflection coefficients of multilayer structures [12, 14]:

PO | 2,50 S0) | f2,50)

sip) _ Tk Tk sip) _ 'k Tkim
Tk = e se ikin = sy s ()
LT T LT T

etc., where j, k, [, m are the numbers of layers (media),
and the values F) determine the phase run-up and
amplitude attenuation at the thickness of the kth layer:
dy
Fo=e ", (3)

Here d, is the thickness of the layer, A is the wavelength
of light in vacuum, g, is determined by the Eq. (6).

While these expressions are valid for coherent
radiation, in the case of white-light measurements, the
thickness of some layers (e.g., the substrate) may exceed
it due to the small size of the coherence length. Since
coherent and incoherent calculations are not generally
mixed within the same model, the substrate could be
excluded by treating it as a semi-infinite space. However,
when conducting an experiment with illumination
of the ferromagnetic film from the substrate side, it
becomes impossible to take into account the influence
of the thickness and absorption spectrum of the weakly
absorbing substrate. Therefore, taking into account the
inertia of the photodetector and the fact that the absorption
practically does not change between two interference
maxima for weakly absorbing materials, we averaged the
coefficients (7) for a layer thickness much larger than the
coherence length to “fix” the phase of the reflected light
and ignore the influence of absorption. Thus, Eq. (7) for
one layer can be written in the following form:

2 Vksz(p)
1+ Fp r?,ﬁp’
P = —— )

Jk 2.8(p) s(p)
1+Fk ik T

Since any complex quantity can be represented as
Ye® where Y and o are real numbers, the numerator and
denominator of formula (9) contain expressions of the
following form:

where Y|, ¥,, and Z > 0 are the modules of the complex
numbers, and o, a,, and P are their arguments.

Let us assume that y = a, — o, then the resulting
amplitude is

7= \/le +Y} +2Y,Y, cosy,
and for the argument 3 we can write:

siny

B=a, + (10)

(Yl +Y200syJ
arccos| ——=— |.

|siny |

The second summand in (10) is periodic and
antisymmetric; when averaging over the phase
difference, it can be easily shown that y it converges to
zero. Then:

7 2 2 R=
Z=\¥2+7},B=q,

In our case o, = 0, since 1=1- e¢’%. And then for the
case when the thickness of the kth layer is much larger than
the coherence length, Eq. (9) can be written as follows:

2.5(p) /.5() 2
1+|Fkrkl /rjk |

I+ szrjslgp),,ksl(p) 2

(p) _ .s(p)
r;k? _r;kp

(11)

Correspondingly,

1| FRrgl) [P 2

L B2 P

s(p) _ ,.s(p)
Pitdm = Tjk

, etc.

In order to demonstrate the advantages of such
averaging over the use of expressions for coherent light
for the substrate while the coherence condition is not
fulfilled, Fig. 3 shows the results of calculations using the
method considered for an absorbing substrate at a change
of its thickness, performed using Eqgs. (7) and (11).

Let wus consider the structure shown in
Fig. 1 surrounded by air. Then the reflection coefficients

in the absence of magnetic field 1’52 and rr?p can be
calculated by Egs. (5)—(8), (11) as follows:

0 _ .8 0 _.,.p
Tss =Ta123a> Top = Tal23a" (12)
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Fig. 3. Dependence of the effect value on the silicon
substrate thickness for uncoated ferromagnetic film.
The reflection coefficient from the substrate was
calculated: (7) by Eq. (7), (2) by Eq. (11)

Here, index ‘a’ corresponds to air and the rest
corresponds to the layer numbers in Fig. 1.
When taking into account the magneto-optical

effect, reflection coefficients M and rg\g can be
expressed as follows:
=0 M_.,0
rSs =Tis> Top —rppW(1+pp). (13)

We define the multipliers /¥ and Py following [12],
taking into account the geometry (Fig. 1) and the
incidence of light on the structure from air. Then:

=i(l- F#)x
p _ ,inv p _ P
"23a "M1a 233 " MIa

2..inv.,.p
1= F5n1am3a

QOsing (14)
2 b
1_F2 r2plar2p3a 2g2

X

where
p..p 2
inv _ r21r1a +Fi 15
FZIa - p F2 ° ( )
Na TL177

For thin films, we can assume W =~ 1. Considering
arbitrary thicknesses, following [12]:

1- F22a sin? 9
P
=, (16)
1+ F5 ag sin 3
where
o1, Q0
A

S:

b

p _ s inv
(3, =)A=,
P in ’

(3 = F3rys A= F3r5),153,)

p _ s p _ s
(1332 =132 )31 =731)
p

2 2.p ’
(A= F5151,793) U= F5151, 753, )

a0:

Considering Egs. (1)—(4), we can write down:

o oSl Py 4, 1)
YT S A P 4 )
Y Sl A Pl 4, P)
X Solr0 A RS 4, P)

(17

SIMULATION RESULTS

Since we were primarily interested in the presence or
absence of the influence of interference effects, standard
materials possessing magneto-optical properties were
chosen: cobalt and a protective film of polyvinyl
acetate (PVA). Two-layer (magneto-optical film on
a substrate) and three-layer (a protective layer was
applied to the film) structures were studied. Assuming
the coherence length of radiation to be 500 nm, we
took for calculations either thicknesses smaller (for the
film and the protective layer) or much larger (for the
substrate, the thickness of which was assumed to be
500 pum), which is close to the thicknesses of silicon
wafers used in microelectronic production. White light
was considered to be “natural” (circularly polarized),
with the induction direction of the external magnetic
field lying in the plane of the film perpendicular to the
plane of light incidence (Fig. 1). As a photodetector,
a silicon photodiode whose sensitivity curve was
“averaged” according to the data [15, 16] was
considered.

According to the performed numerical simulations,
the assumption that interference effects in different
parts of the spectrum when using white light sources
do not neutralize each other was confirmed; here,
the magnitude of the measured effect can strongly
depend on the film thickness of the magneto-optical
material up to the change of the effect sign (see, for
example, curve / in Fig. 4). The measured value is
also markedly affected by the shape of the emission
spectrum of the source, which is also clearly visible
in Fig. 4. The plateau of the measured value of the
effect at relatively large thicknesses of the magneto-
optical film is apparently caused by the absorption
of light in the thickness of the magneto-optical film,
while the back reflection of light from the substrate
is negligible. This is confirmed by the fact that the
substrate material does not play a role at such film
thicknesses (Fig. 5).
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Fig. 4. Dependence of the effect size
on the thickness of uncoated ferromagnetic
film (light incidence angle 75°, silicon photodiode)
for different white light sources:
(7) ‘A’ type source (absolutely black body (ABB)
with T= 2856 K),
(2) ‘B’ type source (ABB with T =4874 K),
(3) ‘sunlight’ (ABB with T= 6000 K),
(4) white LED with color temperature T_ = 3000 K,
(6) white LED with color temperature T = 6500 K

1.2

1.0+
0.8+
0.6
0.4+

0 20 40 60 80 100 120
d, nm

Fig. 5. Dependence of the effect value
on the thickness of uncoated ferromagnetic film on SiO,, (7)
and Si (2) quartz substrates (light incidence angle 75°,
‘A’ type source, silicon photodiode)

If a protective film is applied on top of the structure,
it will further complicate the observed picture. To
verify this assumption, we performed calculations in
which PVA was considered as a protective material.
Since in this case the effect of changing the thickness
of the magneto-optical film turned out to be much
stronger than the effect of changing the thickness of the
transparent film, Fig. 6 demonstrates the dependencies
of the effect magnitude on the thickness of the protective
film normalized to the effect magnitude in the absence
of such a coating. An SiO, substrate was used, having
a light incidence angle of 75°, an ‘A’ type source, and
a silicon photodiode.

1.5
1.0
3
4
< 0.51 1
<
0_
2
_05 T T T T T
0 20 40 60 80 100

d, nm

Fig. 6. Dependencies of the effect size
on the thickness of the PVA protective layer
on ferromagnetic films of different thickness,
normalized to the effect size
in the absence of such a layer:
(7) 10 nm, (2) 20 nm, (3) 30 nm, (4) 60 nm

The curves in Fig. 7, which are in agreement with the
theory of metallooptics (e.g., [17]), show that in order to
obtain the maximum value of the measured effect, it is better
to work in the geometry when light falls on the structure at
an angle of around 70°-75°. The lack of dependence of the
effect value on the thickness of the magneto-optical material
at angles of incidence close to 90° (slip angle) is due to
the fact that in this case light practically does not penetrate
into the film and only the surface effect is registered. At
the same time, we can see a clear influence of interference
effects, which decreases with increasing thickness of the
ferromagnetic film. This decrease is due to the absorption
of light in the thickness of the ferromagnetic material and
consequent decrease in the influence of light reflected from
the interface with the substrate. An SiO, substrate was used
having an ‘A’ type source and a silicon photodiode.

1.5

—0.54

-1.04

0 20 40 60 80
@

Fig. 7. Dependencies of the TMOKE value on the angle
of incidence of light on ferromagnetic films
of different thicknesses without a “protective layer”:
(7) 15 nm, (2) 30 nm, (3) 45 nm, (4) 60 nm
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CONCLUSIONS

The performed calculations demonstrate the
necessity of taking into account the influence of the
spectral sensitivity of the photodetector when interpreting
the obtained results on TMOKE measurement using
white light sources. Here, it is also important to consider
interference at small thicknesses of ferromagnetic and/or
“protective” film. The developed technique allows us
to take into account the influence of interference effects
when measuring TMOKE in white light—or, using other

sources, across a wide spectral range—and to interpret
the experimental results more precisely.
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