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Abstract

Objectives. The work set out to study the spectra of the magnetorefractive effect (MRE) in the
cobalt-silicon (Co-Si) nanocomposite, taking into account the contribution of the size effect (SE), and to compare the
results obtained by varying the parameters of the SE. The presented approaches to investigating the magnetooptical
properties of nanocomposites, which are relevant for the practical application of nondestructive testing methods,
have the potential to significantly increase the efficiency of their use in various fields, including spintronics and optics.
Methods. Computer modeling approaches based on the Bruggeman approximation are used to model the examined
structure as a medium with effective properties.

Results. MRE spectra obtained within the framework of the modeling fell within the range of 0.5-3.5 eV. The
modeling was carried out for MRE both with and without taking into account the semiclassical size effect. The resultant
modeling of the spectral dependencies of the MRE is based on the example of a Co-Si nanocomposite at different
cobalt particle sizes and form factors. The influence of size effects on the form of the MRE spectra is confirmed. The
reliability of the methods is confirmed by a comparison of the obtained results with empirical data. The value of the
obtained results consists in the good agreement of all the calculated parameters of the discussed nanocomposite
and the form of the spectral dependencies of the MRE with the results of various experiments.

Conclusions. The confirmation that both the size and form factor of granules have a significant impact on the
appearance of the MRE spectra raises the prospect of developing promising nanocomposite properties at particular
particle sizes. The presented results highlight the possibility of optimizing the material characteristics to improve
sensitivity in magnetic sensors and noncontact devices for studying nanostructures.
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Pe3iome

Llenu. Lienbto paboTbl SBASIETCS UCCNeaoBaHme CNekTpoB MarHutopedpaktneHoro addekra (MP3) B HAaHOKOMMNO3MTax
«kobanbT-kpeMHuin» (Co-Si) ¢ y4eToM BkNaaa pasmepHoro adpdekTa, a Takke CpaBHEHWE MOJIyYEHHbIX Pe3ynbTaToB
npv U3MEHEHUM NapamMeTPOoB pa3MepHoro addekTa. JaHHoe nccnefoBaHne SBASETCS BaXHbIM A1 NPaKTUHECKOro
NpPUMeHeHNs1 6ECKOHTaKTHbIX METOAO0B, T.K. OHO HAMpaB/IEHO HA pPacLUMPEHME NX BO3MOXHOCTEN U CO3AaHNE HOBbIX
MOAX0A0B K HEPa3pyLUAOLLLEMY KOHTPOJIO U UCCNEA0BAHNIO MarHUTOONTUYECKNX CBOMCTB HAHOKOMMO3UTOB, HTO MOXET
3HAYUTENBHO NOBLICUTb 3PPEKTUBHOCTb NX UCMOJSIb30BAHMS B Pa3/INHHbIX 00N1aCTSX, BKIOYAA CMIMHTPOHMKY U ONTUKY.
MeToabl. [TPUMEHANOCH KOMMbIOTEPHOE MOAENIMPOBAHME B paMKax NePCnekTUBHOro Mmetoaa adp@PeKTUBHON cpe-
Obl — NpubdnuxeHus BpyrremaHa, cornacHoO KOTOPOMY Uccneayemas CTPYKTypa 3aMeHsieTcs cpenon ¢ appekTmB-
HbIMW CBOWNCTBaMM.

PesynbTaTthl. B pamkax MogennposaHus nony4veHsl cnektpbl MP3O B ananasoHe 0.5-3.5 aB. MNpu aTom mopenu-
poBaHue npoBoaunocb ansa MP3 6e3 yyeta 1 ¢ y4eTOM KBa3MK1iacCu4eckoro pasdmepHoro adpdekra. KoHeUYHbIM
pes3ynbTaToM CTaso MOAENNPOBaHNE CreKTPabHbIX 3aBnucumocTen MP3 Ha npumepe HaHokomMmno3uTta Co-Si npu
pas3nuyHbIX 3Ha4YeHUsIX pasmepa HacTtul, u dopm-dakTopa kobanbta. lNMNokaszaHo BAUSHME pPa3MepPHbIX 9PPEKTOB
Ha BuA cnekTpoB MP3. [JOCTOBEPHOCTb METOAMK XOPOLLO MOATBEPXKAAETCS CPABHEHUEM MOJIyYEHHbIX pe3yfbTa-
TOB C AMMNUPUYECKUMU AAHHBIMU, @ LLEHHOCTb MOJTyYEHHbIX pe3y/ibTaToB 00YCOBIEHA TEM, YTO BCE PACCHUTAHHbIE
napameTpbl 06CyXaaemMoro HaHOKOMMNo3uTa U popma cnekTpasbHbIX 3aBMcMMocTern MP3O xopoLlo cornacytoTcs
C pesynbratamMmum PasnnyHbIX 3KCNEPUMEHTOB.

BbiBOoAgbl. B pamkax MogenmpoBaHma rnokasaHo, YTO y4eT pa3mepoB U popM-dakTopa rpaHys okadbiBaeT 3HAYU-
TeNbHOE BNMSHME Ha BUA, cnekTpoB MPJ, neMOoHCTpUpys NepCrnekTBHbIE CBOMCTBA HAHOKOMMNO3MTA Mpu onpe-
LeNeHHbIX pasMepax Yactul,. lNMpeacTaBneHHble pe3dyfbTaTbl NOAYEPKMBAIOT BO3MOXHOCTb ONTUMM3ALINN Xapak-
TEPUCTUK MaTepuana oas ynyyeHmus YyBCTBUTENbHOCTU B MAarHUTHbIX CEHCOPax U YCTPOMCTBAxX GE@CKOHTAKTHOrO
nccneaoBaHns HAHOCTPYKTYP.

KnioueBble cnoBa: HaHOKOMMNO3UTbI, TeOPUa IPDEKTUBHON Ccpenpbl, MarHNTopedpakTnBHbIN addekT, deppo-
MarHeTuK, pasmepHble 3deKThbI
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MpospayHocTb hMHAHCOBOWM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B MPEACTaB/IEH-

HbIX MaTtepuanax niam MetToaax.

ABTOpPbI 3a9BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Investigating the magnetorefractive effect (MRE) in
cobalt—silicon (Co—Si) nanocomposites is an important
factor in the development of advanced magnetic and
optical devices. Understanding the contribution of the
size effect to this phenomenon is crucial for elucidating
the magnetic and optical properties of nanomaterials,
thus expanding the possibilities for various kinds of
noncontact research [1-3].

Significant changes in the physicochemical properties
of nanocomposites as the result of decreased grain size can
include significant improvements in MRE functionality. In
this connection, Co—Si nanocomposites are of particular
interest due to their unique magneto-optical properties.
A deeper understanding of the mechanisms governing
the interaction between the light and the magnetic field
in such systems can be achieved by modeling the MRE
taking into account the size effect [4, 5].

Thus, taking into account the possible significant
enhancement of practically important effects such as
magnetoresistance, quantum Hall effects, MRE and
many others, investigation of the properties of promising
nanostructures represents an urgent task [6]. Co—Si
nanocomposite materials provide an interesting example
of'a nanostructure; by modeling the observed optical and
magneto-optical effects represents a useful noncontact
and nondestructive approach to estimating characteristic
parameters of the studied samples [7, 8].

MATHEMATICAL MODEL
AND CALCULATION METHODS

In the paper, a mathematical model based on
the effective medium theory is developed to analyze
the MRE in composite materials containing cobalt
nanoparticles in a silicon matrix. The main purpose of
the calculation is to investigate the influence of the size
effect and particle form factor on the MRE spectra.

The magnetorefractive effect describes the effect of
the magnetic field on the complex refractive index of the
nanocomposite, which is expressed by the change in the
dielectric permittivity eunderthe magnetic field [9]. Inthis
study, the effective medium approximation (EMA) using
the Bruggeman model is chosen to calculate the effective
permittivity e¥MA using the Co—Si nanocomposite as an

example. The volume fraction of metallic particles (Co)
in this structure is X = 0.5.

The calculation is carried out for particles with
diameters ranging from 2 to 8§ nm with different values
of the form factor L in order to study the effect of varying
the particle size and shape on the MRE spectra.

The magnetorefractive effect is calculated as
the change in the reflection coefficient R of the
nanocomposite [10]:

AR _ o AP
== R)(pk[

3n? —k% -1 W
2 +k2)(A-n)? +k2) |/

Ap . .
where 2P is the magnetoresistance; k, n are the

extinction and refraction coefficients, respectively.

The key parameters of the model are the diagonal
and non-diagonal complex components of the dielectric
permittivity tensor (DPT):

Y=Y~ i"/za €=¢8y — ig()za ()

where ¢, and vy, are the real parts of the diagonal and
non-diagonal DPT components; ¢g,, and y, are the
imaginary parts of the DPT components, respectively.

These parameters depend on quasi-classical
size effects, which are considered in the paper as
a contribution of particle shape and size as captured by
the MRE spectral dependence.

The size effect is accounted for by additive terms in the
diagonal and non-diagonal components of the DPT based
on the Drude—Lorentz model. The dielectric permittivity
and the absorption coefficient of the particles are calculated
with respect to the free path time T and the concentration of
the particles. The effective medium theory [11] is optimal
for describing the spectral dependencies of nanostructures
and nanocomposites in particular. The effective medium
is described by Bruggeman’s equation, which takes into
account the contribution of the magnetic component of
the material, the volume concentration of cobalt, and the
shape of the nanoparticles:

€ — ¢EMA

X +
cEMA L(g, _SEMA)

€y — SEMA (3)

+(1-X =0,
( )SEMA + L(g, —gEMA)
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where g, and ¢, are the dielectric permittivities of the
medium components, while L is the form factor of the
medium particles.

The size effects are taken into account by varying the
particle form factors L and by additives in the diagonal
and non-diagonal DPT components of the nanocomposite
ferromagnetic component. This is related to electron
scattering on the granule surfaces. Finally, given the
size effect contribution to the DPT, the DPT complex
components g, and y,_ . are expressed as follows,
according to the Drude—Lorentz model [11, 12]:

2 2

() ()

P _ p
o(+i/ty,) oo+i/t

€mod = €Co + ’
o
“4)

T 2
4n6§y /1 ar

Ymod = YCo T . - . >
O(O+i/Tyy)?  oO+i/Ty)?

where g~ and y., are the diagonal and non-diagonal
components of the ferromagnetic DPT (here cobalt); o, is the
plasma frequency; o is the electromagnetic wave frequency;
ootk = AnM Ry / PRun 0% =4nM R,/ pZ s M is
the saturation magnetization of the ferromagnet; R, ;, and R or
are the extraordinary Hall effect coefficients of the bulk and
granules, respectively; p,, , and p o AC the specific resistances
of the bulk and granules, respectively; T, ., Ty are the electron
mean free times in the bulk and granules, respectively.

The size effect is evident in both the extraordinary
Hall effect parameter and the resistivity:

l l
Ry = Ry + 0.2R—(1 + —J, (5)
To o
[
Por = Ppuik | 1+ |5 (6)
o

where R is the value of the extraordinary Hall effect
parameter of the surface material of the granules, 7 is
the particle size of the nanocomposite, and / is the
electron mean free path.

MODELING RESULTS

After obtaining the values of the MRE parameter
(AR/R) ignoring the size effect by equations (1)—(3)
within the framework of the promising method of the
effective medium-Bruggeman approximation, the
influence of the quasi-classical size effect on the spectra
at different particle shape L (form factor) and cobalt
particle diameter d is analyzed. A nanocomposite with
cobalt volume fraction X = 0.5 is selected as the sample.
This choice is determined by the proximity to the

percolation threshold, which can significantly modify
and amplify the physical effects.

As shown in Fig. 1, the most significant change in
MRE observed in the nearest infrared (IR) region of the
spectrum taking the size effect and particle diameter
d = 2 nm into account is due to intra-band transitions.
According to Fig. 2, the size effect contribution becomes
noticeable only from 4 nm granule size.

In Fig. 3, the quasi-classical size effect is
considered for different particle form factors. The
highest effect enhancement corresponds to L = 0.2.
The obtained order of magnitude results, which are in
good agreement with the known experimental data for
nanocomposites (e.g. [3, 4]), show a general trend of
MRE enhancement with decreasing particle size and
form factor.

0.35 | - Without SE contribution
-9-d=2nm
whee d=8nNmM 7

AR/R

0.5 1.0 1.5 2.0 2.5 3.0 3.5
Energy, eV

Fig. 1. MRE as a function of the incident electromagnetic
wave energy without (solid line) and with the contribution
of the size effect for Co particle sizes of d = 2 nm (dots)
and d = 8 (dashed line) nm

0.40
—o—d=2nm
0.354 |——d=4nm |
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Fig. 2. MRE as a function of the incident electromagnetic
wave energy considering the size effect contribution
for the Co-Si nanocomposite at different particle
diametersd =2, 4, 6, and 8 nm
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Fig. 3. MRE as a function of the incident electromagnetic
wave energy considering the size effect contribution
for the Co—Si nanocomposite at L =0.2, 0.33, 0.4, and 0.6

The results open the prospect for a wide range of
promising applications of nanocomposites in modern
electronics based on the optical, magneto-optical,
galvanomagnetic and other effects observed in the
discussed nanostructures [13—15].

CONCLUSIONS

contribution of the size effect into account. In
addition to the quasi-classical size effect, the results
confirm the importance of considering the particle
form factor contribution to the MRE spectral
dependencies. All results are within the order of
magnitude consistent with known data for similar
nanostructures.

The results can be used to extend the possibilities
of noncontact research methods and develop highly
sensitive sensors and memory systems based on
a wide range of nanostructures, such as the Co-Si
nanocomposite.
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