Russian Technological Journal. 2024;12(2):57-66 ISSN 2500-316X (Online)

Micro- and nanoelectronics. Condensed matter physics

MI/IKPO- W HAHOJYJIEKTPOHHUKA. dusuka KOHACHCUPOBAHHOI'0 COCTOSAHUSA

UDC 538.958
https.//doi.org/10.32362/2500-316X-2024-12-2-57-66 (@)Y |

RESEARCH ARTICLE

Magnetorefractive effect
in metallic Co/Pt nanostructures

Alexey N. Yurasov @,
Diana A. Sayfullina,
Tatiana N. Bakhvalova

MIREA — Russian Technological University, Moscow, 119454 Russia
@ Corresponding author, e-mail: alexey yurasov@mail.ru

Abstract

Objectives. To carry out a theoretical investigation of the features of magnetorefractive effect for metal-to-metal
nanostructures. This study uses the example of multilayer Co/Pt nanostructures (ferromagnetic metal-paramagnetic
metal) with a different ratio of ferromagnetic and paramagnetic phases in the visible and near-infrared (IR) spectral
regions.

Methods. The dependence was expressed explicitly using the basic formulas for permittivity, refraction and
extinction coefficients, and optical conductivity. This then confirms the common nature of these two effects. The
magnetorefractive effect for s-polarization of light was calculated using Fresnel formulas for a three-layer structure.
This took into account the thickness of the samples and the influence of the substrate. Effective medium methods
were used to calculate the dielectric permittivity of materials. Since the average range of cobalt concentrations was
being studied, the Bruggeman approximation was used to establish the effective permittivity of nanostructures. The
reflection coefficient at normal incidence was calculated for all nanostructures.

Results. Since the permittivity of inhomogeneous samples was replaced by a common effective parameter
depending on the permittivity of each component, we were able to apply the Drude—Lorentz theory for conductors in
a high-frequency alternating field and then estimate the parameters of the electronic structure of the samples being
studied. Plasma and relaxation frequencies were calculated for each sample. This made it possible for the number of
free electrons to be estimated and scattering in nanostructures to be investigated.

Conclusions. It was shown that Langmuir shielding can be observed in the given energy range in the IR region of the
spectrum. The calculated values correlate well with the experimental data.
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Pesiome

Llenu. TeopetTnyeckn nccnenoBatb 0COOEHHOCTN MarHUTopedpPakTMBHOrO adgdekTa s HaAHOCTPYKTYP Tuna Me-
Tann — MeTann Ha NpuMepe MHOrOCOMHbIX HAHOCTPYKTYP Co/Pt (beppomarHuTHeI MeTann — napamMarHUTHbIN
MEeTasns) ¢ pasHbiM COOTHOLLEHNEM EPPOMArHUTHOWN 1 NapamarHMTHOM ¢as B BUAMMON 1 BnvxHen nHdpakpac-
How (MIK) obnacTsix cnekTpa.

MeTtopabl. C NOMOLLBIO OCHOBHbIX GOPMYN 4S5 OUINEKTPUYECKON NPOHULLAEMOCTIN, OMTUYECKOW NPOBOAMMOCTH,
KO3 PUUMEHTOB pedpaKkLnm 1 SKCTUHKLNW, BbISBIEHA U BblpaXXeHa B ABHOM BUAE CBA3b MarHNTopedpakTMBHOIro
addexTa c ahpDEKTOM rMraHTCKOro MarHMTOCOMPOTUBIEHNS (MArHUTOPE3UCTMBHBLIM 3P HEKTOM), 4TO NOATBEPXAA-
eT obLyo npupoay aTux AByx addekToB. C nomousto popmyn OpeHens ons TPEXCNOWHON CTPYKTYPbl paccynTaH
MarHutopedpakTuBHbIN 3bdEKT Afs S-NonspmusaLmm cBeTa C y4eTOM TOLWMHBI 06Pa3LI0B U BANSHUS MOLASIOXKN.
[nga pacyeTta AnanekTpuyeckor NPoHNLAEMOCTM MaTepuasnos NPUMEHANUCHL MeToAbl 3G EKTUBHOM cpeabl. Tak kak
nccnenoBasncs cpegHui ananasoH KOHUEHTpauui kobanbTa, To 415 HaXoXAeHNs 9D dOEKTUBHBIX ONBIEKTPUYECKNX
NPOHNLAEMOCTEN HAHOCTPYKTYP NPUMEHSIOCH NpubnmnxeHne BpyrremaHa. [ns BCEX HAHOCTPYKTYP pacCYmTbIBasI-
CS KOO OULMEHT OTPaXEHUS NP HOPMaSIbHOM NaAEHNN.

PesynbTaTtbl. Bnarogaps Tomy, 4TO AN3NEKTPUYECcKas NPOHULLAEMOCTb HEOAHOPOAHbLIX 06pa3LoB Oblsia 3aMeHeHa
06WMM 3D DEKTMBHBIM NAPaMETPOM, 3aBUCSLLMM OT ANSNIEKTPUYECKOWN NMPOHNLAEMOCTHM KaXA0r0 KOMMOHEHTA, Mbl
cMornu npumeHnTs Teopuio pyae — JlopeHua ana npoBoLHUKOB B BbICOKOY2CTOTHOM NepeMeEHHOM MOoJiE Y OLLEHUTb
napameTpbl 3/IEKTPOHHON CTPYKTYPbl UCCneayembix 06pa3uoB. Bbinv paccuntaHbl 3HaYEHWS NIa3MEHHOM 1 penak-
CalMOHHOI YacToT AJ15 Kaxaoro ob6pasua. 1o N03BOJIUIIO OLEHUTb YMCII0 CBOOOAHBIX 3/IEKTPOHOB 1 UCCNenoBaTb
paccesiHMe B HAHOCTPYKTypax.

BbiBoAbl. Bbi10 NOKa3aHo, YTO B MccneayeMom avanasoHe aHepruii B MIK-obnacTtu cnektpa HabntoaaeTcs NeHrMio-
pOBCKasi akpaHMpoBKa. PaccymMTaHHble 3HaYeHMS XOPOLLO COOTHOCSATCS C 9KCNEPUMEHTANIbHBIMUY LaHHbIMU.

KnioueBble cnoBa: marHntTopedpakTUBHbIA 3DDEKT, TMraHTCKOe MarHUTOCONPOTUBAEHNE, GeppPOMarHeTumK, Ha-

HOCTPYKTYPbI

* Moctynuna: 09.07.2023 » Aopa6oTaHa: 06.10.2023 ¢ MpuHaTa k onyonukoeaHuio: 12.02.2024

Anga uutupoanus: lOpacos A.H., CandynmHa [.A., baxsanosa T.H. MarHutopedpakTuBHbI 9DPeKkT B MeTanye-
ckunx HaHocTpykTypax Co/Pt. Russ. Technol. J. 2024;12(2):57—-66. https://doi.org/10.32362/2500-316X-2024-12-2-57-66

Mpo3spayHocTb pMHAHCOBOMN AeATENIbHOCTU: ABTOPbLI HE UMEKT GUHAHCOBOM 3aMHTEPECOBAHHOCTN B NPeLCTaB/IeH-
HbIX MaTepuanax uim MmeToaax.

ABTOpr 3asBna10T 00 OTCYTCTBUA KOH(DJ'II/IKTa NHTEepeCOoB.
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INTRODUCTION

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

METHODOLOGY
AND STUDIED STRUCTURES

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

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

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

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

200
100
0
-100
-200
-300
-400

3.0 3.5

E, eV
€,X=0.5
€,X=0.5

——g,X=03 -=-g,X=04
——£,X=03 -#-g,X=04

g, X=0.6
£,X=0.6

Fig. 1. Spectral dependencies of the real (g,) and
imaginary (g,) parts of the complex dielectric permittivity
for different volume concentrations of cobalt X.

E is electromagnetic wave energy, eV

In this case dielectric permittivity is equal to:
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where o, is the plasma frequency, and v, is the relaxation
frequency. These are parameters of conduction electrons
characterizing the number of free electrons and their
scattering.
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Knowing the real part of the effective dielectric
permittivity, using formula (2), the parameters of
conduction electrons can be estimated. These are the
effective values of the plasma o, and relaxation vy,
frequencies, as well as the relaxation time 1 (a value
inverse to the relaxation frequency) [12].

2 2
| @] L] el

1- € o, o,

2

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

For clarity, the dependence of the plasma
frequency (in eV) on the cobalt concentration X is
plotted in Fig. 2.
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Fig. 2. Dependence of the plasma frequency hmp
(his the reduced Planck constant) on the cobalt volume
concentration X

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

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

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

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

Table. Results of plasma frequency and relaxation time calculations

2 2
1 1 1 Y 1 1
X —| .= o 1010, ~ s -10'6, = T 107105
[mp] s2 P s [mp 52 Yrel . rel
0.3 0.39-10732 1.60 0.001 0.04 27.87
0.4 0.45-10732 1.49 0.001 0.05 21.19
0.5 0.52-10732 1.38 0.002 0.06 16.57
0.6 0.61-10732 1.28 0.004 0.07 13.00
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The real and imaginary parts of dielectric permittivity
are equal to:

g (0) = n? — k%, 3)
&,(w) = 2nk. 4)

Optical conductivity Oopt is equal to:
Oopt ()= Ne? 2 é’ ®)

2
(O]
MY el 1+ [Yl]
re

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

The imaginary part of the diagonal component Im €
of the DPT is related to the optical conductivity of the

metal Oopt’

® ®
Sopt (0) = Elm g(w) = Enk. (6)

When an alloy with GMR is magnetized, the optical
conductivity changes in accordance with the change in
magnetoresistance. The change in optical conductivity

can be expressed through the magnetoresistive
effect [14]:
Ap
1 1 Ap Py

cTopt (0)=—-—= = o, (7)
Po Pu 2[1 AP] (1 APJ
Po|l— -
Po Po

where Ac opt is the magnetic conductivity, py is the
electrical resistance in a magnetic field, p, is the
electrical resistance without a magnetic field, and Ap/p,
is the magnetoresistance of the material.

Using formulas (3), (4), and (6) in a magnetic field,
by replacing the refraction and extinction coefficients by
ny =n + An and kyy = k + Ak, we can calculate An and
Ak through A In this case, the product An - Ak can
be neglected as a value of the second order of smallness.

2nAc( n+k
An = —_, 8
" o) [n2+k2) ®
2nAc( n—k
ANg="—"—| ——|. 9
0] (n2+k2j ©

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

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

AR _ Ry~ Ry
R Ry
where Ry and R, are the light reflection coefficients of

the sample in the magnetic field and without the field,
respectively.

; (10)

MAIN RESULTS AND DISCUSSION

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

A
magnetoresistive effect =P 1%, 5%, 10% are plotted.

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

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

This model will be closer to real samples on a silicon
substrate. The reflection coefficient of the s-component
for the whole three-layer structure jki is equal to [17]:

5 2
P+ Fern

s 1. 72, .
1+Fk Y

> (11)

_2ngkdk
where F =¢e %

g = n]2 _”i2 sin

is the phase multiplier in the kth

2

¢ is the parameter for

convenient calculation of reflection coefficients at the
2 _ 2
8"~ &k

2 2
g ;i + &y

and transmission coefficient at the interface of j—k media,
¢ is the angle of incidence of light from the first medium,
and d,_ is the thickness of the corresponding medium.

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

ﬁzl%, 5%, 10%.

p

layer,

interfaces, 7 = is the partial reflection
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Fig. 4. MRE spectral dependencies for different cobalt concentrations at different GMR values:
(a) 1%, (b) 5%, (c) 10%

Experimental data of the MRE parameter for the
Si/Ta(2)/Cos,Pts(4.6)/Ta(2) nanostructure, where Ta is
the buffer layer (Fig. 6), are plotted for comparison in
the graphs (Fig. 5). The experimental curve lies roughly
between the plots for X=0.5 and X = 0.6 at GMR = 5%.
It is worth considering that the thickness of the kth layer
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has a noticeable effect on the MRE parameter, since it
is under the exponent function. As can be seen from the
graph in Fig. 5, the MRE parameter in the IR region of
the spectrum increases sharply up to some maximum
value. It then gradually decreases. The greater the cobalt
concentration, the more strongly this maximum point

E, eV

MRE for X=0.4 at GMR = 1%
—o— MRE for X=0.6 at GMR = 1%

Fig. 5 (start). MRE spectral dependencies for different cobalt concentrations at different GMR values for s-polarization
and 30° angle of incidence calculated by Fresnel formulas and experimental data for s-polarization,
30° angle of incidence: (a) GMR = 1%, (b) GMR = 5%, (c) GMR = 10%
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Fig. 5 (end). MRE spectral dependencies for different cobalt concentrations at different GMR values for s-polarization
and 30° angle of incidence calculated by Fresnel formulas and experimental data for s-polarization, 30° angle
of incidence: (a) GMR = 1%, (b) GMR = 5%, (c) GMR = 10%

is shifted towards the IR range. At the same time, the
greater the concentration of cobalt and HMS, the more
pronounced the oscillations of the MRE parameter. The
sign of the effect parameter changes. This means that
after some value of the emission frequency, the reflection
coefficient in the magnetic field decreases. At GMR
10%, the MRE parameter for cobalt concentration 0.5 at
some frequencies slightly exceeds the MRE parameter
for concentration 0.6.

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

Fig. 6. Schematic representation of heterogeneous
layered Si/Ta(2)/Cog,Pts,(4.6)/Ta(2) nanostructure
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because the model considered herein does not describe
the effects at high frequencies. All calculations are
based on the dielectric permittivity of the nanostructure.
Thus, when refining the model, it will be necessary to
calculate more accurately the dielectric permittivity of
the considered nanostructures at high frequencies [18].

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

CONCLUSIONS

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

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