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Abstract

Objectives. To investigate the magnetorefractive effect (MRE) in nanocomposites, which consists in changing the
reflection, transmittance and light absorption coefficients of samples with large magnetoresistance (MR) upon their
magnetization. Materials offering high magneto-optical activity and significant MR include magnetic nanocomposites.
These materials are based on a polymer matrix, which includes inorganic magnetic particles, fibers or layered
particles, whose nanometer sizes range from 1 to 100 nm in at least one dimension. The main purpose of creating
such nanocomposites is to combine the special properties of several components in one material. The presence
in such materials of gigantic, colossal and tunneling MR, as well as the giant anomalous Hall effect, is of practical
interest. Uses range from magnetic recording, light modulation, and receivers for thermal radiation, while the MRE
itself is a promising method for the non-destructive testing of any nanostructures, e.g., measuring MR.

Methods. The use of effective medium theory to describe the optics and magneto-optics of dispersed media provides
a means to determine the complex permittivity of a medium through the permittivity of its constituent components
or vice versa. The present work considers the example of a Co-Al,O; nanocomposite with a concentration
of ferromagnetic metal Co 0.4 near the percolation threshold. This particular case was considered for study, since all
the properties of nanocomposites change dramatically near the percolation threshold.

Results. Using the Bruggeman effective medium approximation (EMA) to describe the optical and magneto-optical
properties of nanocomposites on the example of Co-Al,O,, the characteristics of MRE are obtained, namely, the
change in MRE for reflection and transmission of light at normal incidence and at the angle of incidence near the
Brewster angle (below the percolation threshold) or the main angle of incidence for metals (above the percolation
threshold), which enhances MRE. The advantage of the EMA is the ability to study magneto-optical spectra in the
range of average volume concentrations of the metal component.

Conclusions. The obtained values correspond well to the known experimental data. Moreover, the described
approach can be used to study any nanostructures.

Keywords: magnetorefractive effect, nanocomposites, magnetoresistance, dielectric permittivity tensor,
Bruggeman approximation
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Pesiome

Llenu. Llenb paboTbl — U3y4nTb MarHutopedpaktTmBHbin addekt (MP3J) B HaHOKOMMNO3UTax, 3akoyalowmiics
B U3MEHEHUN KOIDPULIMEHTOB OTPAXEHWS, MPOMYCKaHWS 1 NMOrioLeHns ceeTa 06pa3LoB ¢ 60MbLLIMM MarHUTOCO-
npoTtuBneHnem (MC) npu nx HamarHnymeaHmm. CyLecTByeT psij MaTepuanos, 06nafaloLmx 601bLION MarHATOONM-
TMYECKOWM aKTUBHOCTbIO 1 3Ha4YUTENbHbIM MC. K Takum maTepuanam OTHOCSTCS MarHUTHbIE HAHOKOMMO3UTbI. OHK
npencTasnsaioT n3 cebst matepurasbl HA OCHOBE NOIMMEPHON MaTpULLbl, B KOTOPYIO BK/IOYEHbI HEOPraHNYeCcKne mar-
HUTHbIE YaCTULbI, BOJIOKHA UMW CNIOUCTbIE YaCcTULbl, C HAHOMETPOBbIMM padmepamu oT 1 o 100 HM XoTs Obl B OLHOM
n3mepeHun. MaBHON LEeNbio CO34aHNs TakUX HAHOKOMMO3UTOB ABSIETCS COBMELLEHNE HECKOJIbKMX KOMMOHEHTOB
C nx 0cobbIMM CBOMCTBaMK B OO4HOM MaTepuane. Hannune B Takux Matepuanax rmraHTCkoro, KofoCCanbHOro v TyH-
HenbHoro MC, ruraHTckoro aHomanebHoro addexTa Xonna npeacraBnsieT NpakTU4ecknini nHTepec. JaHHble marte-
pvanbl NPUMEHSIOT A1 MarHUTHOW 3anmcu, MoAyNnsLmMm CBeTa, Kak MPUEMHUKIN TEMIOBOro n3nyyeHus, a cam MPO
ABNSIETCH NEePCNeKTMBHbIM METOAOM HEPA3PYLLAIOLLErO KOHTPOJIS NOObIX HAHOCTPYKTYP, Hanpumep, oas namepe-
Hus MC.

MeToabl. [1na onvucaHmsa oNTUKN U MarHUTOONTUKN OMCNEPCHbIX CPEL, pacCMOTpeHa Teopus addeKTUBHON cpeabl,
OGnarofaps KOTOPOW MOXHO PELUNTb 3a4a4y onpeaeneHns KOMMAEKCHOM AN3NEKTPUYECKOM MPOHMLLAEMOCTI cpepbl
4yepes AN3NeKTPUYECKME MPOHULLAEMOCTI COCTaBNSIOLLMX €€ KOMMOHEHT UM HA0OOPOT. B cTaTbe 9TOT NoAXoL, pac-
cMmaTpvBascs Ha npumMepe HaHokomnosuta Co-Al,O4 ¢ KoHueHTpauven peppomarHntHoro metasna Co, paBHowi
0.4, B6n113u nopora nepkonsumn. Jns nsyd4eHns pacCMOTPEH MMEHHO 3TOT Ciyyai, T.K. BOM3m nopora nepkonsiumun
KapOnHaNbHO MEHSIIOTCSt BCE CBOMCTBA HAHOKOMMO3UTOB.

PesynbTathl. Vicnonb3ys npubnmxerHne BpyrremaHa (effective medium approximation, EMA) ons onucaHus ontum-
YECKMX 1 MarHUTOOMNTUYECKMX CBOMNCTB HAHOKOMIMO3MTOB Ha nprmepe Co-Al,O4, aBTOPbI MOMY4MIV XapakTepucTu-
kn MP3, a nMeHHO: nameHeHne MPJ Ha oTpaxeHue 1 nponyckaHne cBeTa Npu HOPMasibHOM NafeHun 1 Npu yrie
napeHus B6nmn3un yrna bpioctepa (Huxe nopora nepkonsiunm) UAn rNaBHOro yrna nageHus ois MeTanios (Bbille
nopora nepkonsiunmn), 4to ycunmeaet MP3. Mpenmyuiectso EMA 3akntovaeTcst B BOSMOXHOCTU UCCnenoBaTh Mar-
HUTOOMNTMYECKME CNEKTPBI B AMANa30HE CPeAHMNX 0O bEMHbIX KOHLLEHTPALUMA MeTaINYeCKOM KOMMOHEHTbI.
BbeiBoAbl. [10/lyYEHHbIE 3HAYEHWS XOPOLLO COOTBETCTBYIOT M3BECTHbLIM 9KCMEPMMEHTANIbHBIM AaHHbIM. BaxHo OT-
METUTb, YTO AAHHBIN NOAXOL, NO3BOJISET NCCNEN0BATL NIOObIE HAHOCTPYKTYPHI.

KnioueBble cnoBa: marHMTopedpakTuBHbIN 9P EPEKT, HAHOKOMMNO3UTbl, MAarHUTOCONPOTUBJIEHNE, TEH30P AUN3SEeK-
TPUYECKON NPOHMLLAEMOCTH, NpubnmxeHne BpyrremaHa
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Mpo3payHocTb pUHAHCOBOMN AEeATENIbHOCTU: ABTOPbLI HE UMEIKDT PUHAHCOBOM 3aMHTEPECOBAHHOCTW B NPELCTaB/EH-

HbIX MaTepunanax nain Mmetogax.

ABTOPbI 3a5BASIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

The magnetorefractive effect (MRE) describes

changes in the reflection R(?j, transmission

AT
T(Tj and absorption 4 coefficients of light in samples

with large magnetoresistance (MR) when they are
magnetized [1].

Nanocomposites are promising multiphase materials
obtained by introducing nanoparticles having geometric
particle sizes ranging from 1 to 100 nm into the matrix
of'a base material [1]. Nanocomposites have a significant

A
MR —p, where p is the electrical resistance. Significant
p

opportunities are opened by the application of
nanocomposites in the field of magneto-optics (MO),
which studies the phenomena arising in the magnetic
field as a result of the interaction of optical radiation
with matter. For example, nanocomposites are used to
measure MR. Magnetic nanocomposites, representing
heterogeneous magnetics in which ferromagnetic
particles are placed in a metal or dielectric matrix, are
also used for magnetic recording, light modulation, and
as receivers of thermal radiation [1-7]. In turn, MO
methods are methods of nondestructive testing of any
nanostructures [1, 2].

The purpose of the present work is to investigate
MRESs in nanocomposites near the percolation threshold.

CALCULATION METHODOLOGY

Under the influence of magnetic field, the dispersion
curves of refractive index n and absorption coefficient
k, leading to the appearance or change of optical
anisotropy of the medium. When MR changes, the value
of reflection and transmittance coefficients changes.
The reflection coefficient (Fresnel formulae) at normal
incidence has the form:

R_(l—n)2+k2
(1+n)? +k2’

(1

where n is the refraction coefficient, and %k is the
extinction coefficient of the nanocomposite [1].

AR
Formula (1) is used to calculate the value of 3 [2]:

ﬁz—(l—R)-ﬁ-kzx
R p

2
3n2 k2 -1 @

* (n2 +k2)((1-n)? +k2)

-100%.

At an angle of incidence different from zero, the
reflection coefficient for a semi-infinite medium is
calculated by the following formulas:

R=|n, [, €)

_ gm% —g2”12
- 2 27
&Mz + &1

where g =+/n —nl(sin(po)z, g2 =,/n2 —n2(sin(p0)2,

0, 1s the angle of incidence of light on the nanocomposite
surface, 1, = n, — k,i is the complex refractive index of
the nanocomposite, and 7, is the refractive index of the
medium from which the light is incident [2].

For the transmittance at normal incidence of light
we have [2]:

“4)

N2

T=|t,, (%)
g12ny
=" > ©)
g3 + &1
AT 1 A 2n?
AL _L AP 2 [ 2 1 00%. 7)
T 2 p n? +k?

The effective dielectric permittivity tensor (DPT)
is considered to describe the electrical, optical and
magnetic properties of are complex nanocomposite
materials:

el et

zeff _ - eff ff
et = —iy°® esy , (8)
0 0 &ff

XX
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where diagonal components €S = (e )" —i(eST)" are
the optical constituent, while the non-diagonal
components veff = (yeffy —i(yefF)"  are the MO
constituent of the DPT [4-8].

The most interesting case arises when the
nanocomposite is near the percolation threshold, since
a significant enhancement of MO effects occurs in
this region. In this connection, all calculations were
performed when the volume concentration X = 0.4,
which corresponds to the proximity to the percolation
threshold.

Let us use the Bruggeman effective medium
approximation (EMA) at 0.3 < X < 0.7, which works
well for describing nanocomposites at an average
concentration of magnetic (metallic) component [7—10].

In order to find & and y*, we use the following
equations:

(6, —eEMA)
cEMA (€ - gEMA) L.
(80 _ SEMA)
+ (1 X) 8EMA + (80 _ 8EMA )Lxx 0,

9
(EMA —y) v
X +

[£EMA 4 (g, —sBMA)L }2

yEMA
+(1-X) 5 =0,
[SEMA +(gy —8EMA) LxxJ

1-L 1
yEMA = el [ TR 32

2 2 3
1 . .
the particle form factor(L = 3 for spherical partlclesj,

where eEMA = gefl.

gy =€y —igy is the dielectric permittivity of the
nonmetallic (non-ferromagnetic) component,
g =g, —ig] is the dielectric permittivity for the
ferromagnetic component (the diagonal part of the
corresponding DPT), vy = v' — iy” is the non-diagonal
component of the DPT of the ferromagnetic
component [2].

CALCULATION RESULTS

We calculated the absolute values of the reflection

AR . . AT o
) and transmission —— MRE at incidence angles of

¢, = 0° and @, = 70°, as well as the effective DPT at
different wavelengths of the infrared (IR) range (from
0.8 to 10 pm) incidence on the surface of Co-Al,O5 If
the nanocomposite is in a state below the percolation
threshold, the choice of the angle ¢, = 70° is conditioned
by its proximity to the Brewster angle, while, if the
nanocomposite is in a state above the percolation
threshold, the angle is determined by its proximity to the
main angle of incidence for metals, which also enhances
optical effects.

The results of calculations are given in Tables 1-6.
Here E is the energy of the incident electromagnetic
wave.

AR A
Table 1. Absolute values of reflection coefficients ) at normal light incidence 2P _q9
p

AR
- %
E, eV A, pm (ALy0;) "y (Co) ky(coy 9, =0°
AP 1, AP _ 5y, AP 10y,
p P p
1.550 0.8 1.76 1.90 495 0.117 0.583 1.167
1.240 1 1.76 2.20 5.50 0.099 0.495 0.989
0.620 2 1.74 5.15 7.00 ~0.069 ~0.344 ~0.687
0.413 3 1.71 4.90 8.45 0.0006 0.003 0.006
0.310 4 1.68 470 11.00 0.043 0214 0.429
0.248 5 1.62 4.70 14.70 0.045 0.225 0.450
0.207 6 1.56 5.00 17.50 0.039 0.195 0.389
0.177 7 1.46 5.40 20.90 0.033 0.163 0.325
0.155 8 1.32 5.80 24.00 0.028 0.140 0.280
0.138 9 1.15 6.56 27.20 0.025 0.123 0.247
0.124 10 0.85 7.10 29.50 0.023 0.114 0.228
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AR
Table 2. Absolute values of reflection coefficients ) at light incidence at the angle of 70°

AR o

R
E, eV A, pm " (A1,0;) My(Co) ky(co) 9, =70°

ﬂ =1% & =5% ﬂ =10%
P P p
1.550 0.8 1.76 1.90 4.95 —0.277 —1.383 —2.767
1.240 1 1.76 2.20 5.50 —0.281 —1.406 —2.811
0.620 2 1.74 5.15 7.00 —0.351 -1.756 —3.512
0.413 3 1.71 4.90 8.45 —0.300 —1.500 —3.001
0.310 4 1.68 4.70 11.00 —0.226 -1.131 —2.262
0.248 5 1.62 4.70 14.70 —0.154 -0.771 —1.541
0.207 6 1.56 5.00 17.50 -0.122 -0.612 -1.224
0.177 7 1.46 5.40 20.90 —0.095 —0.473 —0.947
0.155 8 1.32 5.80 24.00 —0.076 —0.379 —0.758
0.138 9 1.15 6.56 27.20 —0.064 —0.322 —0.645
0.124 10 0.85 7.10 29.50 —0.059 —0.294 —0.588
Table 3. Absolute values of transmittance coefficients AT—T at normal light incidence

AT

- %
E,eV A, pm "(ALyO;) "y(Co) ky(co) ¢, =0°

Ap =1% ap =5% ap =10%
P P p

1.550 0.8 1.76 1.90 4.95 1.378 6.888 13.777
1.240 1 1.76 2.20 5.50 1.513 7.567 15.134
0.620 2 1.74 5.15 7.00 1.763 8.817 17.635
0.413 3 1.71 4.90 8.45 2.023 10.114 20.228
0.310 4 1.68 4.70 11.00 2.211 11.053 22.107
0.248 5 1.62 4.70 14.70 2.243 11.213 22.427
0.207 6 1.56 5.00 17.50 2.269 11.347 22.694
0.177 7 1.46 5.40 20.90 2.298 11.491 22.982
0.155 8 1.32 5.80 24.00 2.331 11.653 23.306
0.138 9 1.15 6.56 27.20 2.442 12.208 24.416
0.124 10 0.85 7.10 29.50 2.518 12.591 25.182
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AT
Table 4. Absolute values of transmittance coefficients e at light incidence at the angle of 70°

A
T
E, eV A, pm M(AL,05) M (Cco) kZ(CO) 9, =70°
Ap =1% Ap =5% Ap =10%
p p P
1.550 0.8 1.76 1.90 4.95 —0.026 —0.128 —0.255
1.240 1 1.76 2.20 5.50 —0.023 -0.114 —0.228
0.620 2 1.74 5.15 7.00 -0.013 —0.064 -0.129
0.413 3 1.71 4.90 8.45 —0.012 —0.058 —0.117
0.310 4 1.68 4.70 11.00 —0.009 —0.047 —0.093
0.248 5 1.62 4.70 14.70 —0.007 —0.033 —0.065
0.207 6 1.56 5.00 17.50 —0.005 —0.025 —0.050
0.177 7 1.46 5.40 20.90 —0.004 —0.019 —0.038
0.155 8 1.32 5.80 24.00 —0.003 —-0.015 —0.030
0.138 9 1.15 6.56 27.20 —0.002 —-0.012 —0.024
0.124 10 0.85 7.10 29.50 —0.002 —-0.010 —-0.021
Table 5. Spectral values of eEMA at the different values of A calculated via the coefficients n and k

E, eV A, pm M (Al1,05) ") (Co) kZ(Co) € £ geff
0.539 2.30 1.73 5.15 7.27 —26.330 — 74.881i 2.993 5.018 —=13.031:
0.729 1.70 1.74 4.6 6.70 —23.730 — 61.640{ 3.028 4.666 — 11.622{
1.000 1.24 1.75 32 6.10 —26.970 — 39.040{ 3.063 2.975 - 9.599i
1.253 0.99 1.76 2.94 5.50 —21.606 — 32.340i 3.098 3.033 — 8.558i
1.494 0.83 1.76 2.53 4.95 —18.102 — 25.047i 3.098 2.762 — 7.487i
1.797 0.69 1.76 231 4.45 —14.466 — 20.559i 3.098 2.712 — 6.634i
2.000 0.62 1.77 2.19 4.11 ~12.096 — 18.002i 3.133 2.729 - 6.108i
2.296 0.54 1.77 2.05 3.81 —10.314 — 15.621i 3.133 2.661 — 5.606i
2.480 0.50 1.77 1.88 3.55 —9.068 — 13.348i 3.133 2.524 —5.158i
2.696 0.46 1.78 1.78 3.30 —7.722 — 11.748i 3.168 2.498 — 4.782i
3.024 0.41 1.78 1.61 3.05 —6.710 — 9.821i 3.168 2.343 —4.361i
3.263 0.38 1.79 1.53 2.82 —5.612 — 8.629i 3.204 2.325 —4.025i
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Table 6. Spectral values of eEMA and yEMA at the different values of A with tabulated values of e and y

X=04
E, eV A, pm geff yeft
£ €y Y

0.539 2.30 2.993 —23.835—57.178i 1.529 —3.008; 4381 —11.119i 0.179 +0.017i
0.729 1.70 3.028 —18.091 — 44.063i 0.748 —2.051i 4.213 —9.450i 0.134 + 0.004i
1.000 1.24 3.063 —13.307 — 31.657i 0.203 — 1.241; 3.857-17.761i 0.098 +0.008i
1.253 0.99 3.098 —11.358 —24.914i —0.009 — 0.895i 3.520 — 6.829; 0.083 — 0.007;
1.494 0.83 3.098 —9.474 — 17.882i —0.135-0.530¢ 3.018 — 5.762i 0.060 — 0.017;
1.797 0.69 3.098 —8.295 — 14.346i —0.160 — 0.380¢ 2.739 - 5.160i 0.051 —0.024;
2.000 0.62 3.133 —7.613 — 12.339i —0.162 — 0.299¢ 2.580 —4.823i 0.045 —0.028;
2.296 0.54 3.133 —6.507 = 9.779i —0.144 - 0.199¢ 2.349 —4.301i 0.033 —0.028;
2.480 0.50 3.133 —5.945 — 8.626i —0.130 — 0.159i 2.240 — 4.042i 0.029 —0.029i
2.696 0.46 3.168 —5.217-17.378i —0.111 —0.118i 2.144 —3.745} 0.023 —0.029;
3.024 0.41 3.168 —4.407 — 6.281i —0.088 — 0.084i 2.059 —3.415; 0.018 — 0.026i
3.263 0.38 3.204 —3.504 — 5.468i —0.066 — 0.059¢ 2.058 —3.103; 0.013 —0.023{

From analyzing the values in the tables, the
calculated values of the effective DPT can be seen to
coincide well with the literature data, such as those given

in [4].

—Ap/p=1%
—Ap/p=5%
—Ap/p=10%

-0.5+

—1.0L

A, um

Fig. 1. Spectral dependence of MRE on reflection
at normal light incidence

On the basis of the performed calculations, plots of
the dependence of MRE on reflection and transmission
at normal light incidence and angle of incidence of 70°
were constructed (Figs. 1-4).

—Ap/p=1%
— Ap/p=5%
— Ap/p=10%

Fig. 2. Spectral dependence of MRE on reflection

at p, =70’
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25 +
20 + — Ap/p=1%
— Ap/p=5%

o — Ap/p=10%
15+
~
=
<

10 +

51

0 } } } } f

2 4 6 8 10

Fig. 3. Spectral dependence of MRE on transmittance
at normal light incidence

A, um
2 4 6 8 10
0.00 } } ! N !
-0.05 +
-0.10 +
X
N
'21 -0.15 +
-0.20 +
— Ap/p=1%
-0.25 + — Ap/p=5%
— Ap/p=10%

Fig. 4. Spectral dependence of MRE on transmittance
at @, =70

When analyzing these graphs, we can draw the main

AT
conclusion: the spectral dependencies by and T in

A
the IR range are linearly correlated with MR values =P )
p

and the dependence is directly proportional. The higher
the MR value, the stronger the changes in the values
AR AT
— and —.
R T
It can be seen from Fig. 1 that in the near-IR region

of the spectrum the MRE on reflection varies strongly,

which is due to interzone transitions that significantly
affect the optical characteristics of the material in the
IR range. In Fig. 2, we can see a large absolute value

AR
of the parameter R This can be explained by the

significant role played in this region by intraband
transitions, in addition to interband transitions, and the
angle of incidence close to the Brewster angle (the
main angle of incidence for metals) [3]. Figure 3 shows

AT
a smooth increase of the MRE on transmittance 7,

while Fig. 4 shows that as the wavelength increases

AT
(i.e., E decreases), the transmission MRE values T

first increase sharply and then change smoothly. By
varying the wavelength A and the real part of the
refractive index n for a given film thickness d of the
nanocomposite, it is possible to obtain the interference
conditions under which the MRE value increases
significantly [11-15].

CONCLUSIONS

The theoretical study of optical and MO spectra
of Co-Al,O; nanocomposites presented in this work
was carried out in the framework of the MRE theory.
The spectra were calculated using formulas (2)—(7).
The spectra of the effective DPT were calculated
in the Bruggeman approximation, which provides
a good description of the nanocomposite properties
at average volume concentrations of the metallic
component (X=0.4). As a non-contact MR
measurement method for nondestructive control of any
nanostructures, MRE represents a promising tool for
the study of nanomaterials. The approaches described
in this work are valid for the study of a wide class of
nanostructures.
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