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The magnetic structure of thin nanocrystalline films with a random distribution of magnetization easy
azes was studied by means of micromagnetic modeling. The dependences of the correlation function
parameters of the non-uniform magnetization on the value of the external in-plane magnetic field were
investigated in the wide range (6-1000 nm) of particles sizes. An analysis of the obtained dependences
revealed a significant difference between longitudinal (along the field) and transversal (perpendicular to
the field) correlation radii of a stochastic magnetic structure. The blocking effect of a fine magnetic

structure—a magnetization ripple—was observed during magnetization reversal of the films.
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Introduction

Thin nanocrystalline films belong to the class of magnetically soft nanostructured materials,
which properties are studied widely because of great prospects of their practical applications
[1,2]. Among various characterization techniques of such materials, the correlation magnetom-
etry method is now being actively developed [3,4]|. This method is based on the interpretation
of microscopic properties of nanostructured ferromagnets from an analysis of the integral mag-
netization curve behavior. Using the law of approach of the magnetization to saturation, such
important characteristics of a non-uniform magnetic microstructure as a normalized dispersion
d., and a correlation radius R,, of transversal components of the equilibrium magnetization are
obtained [3,4]. The existence of a direct relation between correlation and microscopic parame-
ters in nanostructured materials gives a principal opportunity to evaluate microstructural and
magnetic parameters of the samples. The determination of this relation is a very complex and
important task, to solve which experimental and theoretical studies are needed.

The aim of this work is to study by micromagnetic modeling the correlation between the
magnetic microstructure, local ordering of magnetic moments, microstructural and magnetic
properties of thin films composed of particles with randomly oriented easy axes of magnetization.
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1. Modeling details

We used our micromagnetic modeling software [5,6] to study the magnetic microstructure
of thin nanocrystalline films. The investigated films were monolayers of close-packed nanopar-
ticles with a random distribution of anisotropy axes, where the number of the particles was
2048 %2048 x 1. The size of the nanoparticles varied from 6 to 1000 nm. We used two-dimensional
infinite periodic boundary conditions for the exchange and magnetostatic interactions to elim-
inate edge effects originating from a non-uniformity of an internal magnetic field in samples of
finite sizes [7]. We used the following magnetic parameters in the calculations: the saturation
magnetization M, = 955 G (1.2 T), the exchange constant A = 1x10° erg/cm (1x 10! J/m), and
the uniaxial anisotropy field Hy, = 2K /M, = 171.7 Oe (K; = 8200 J/m?). In all calculations,
we used the same random distribution of anisotropy axes. The overall magnetic anisotropy of
the films was not taken into account to ease an analysis of results. An external in-plane magnetic
field H was applied along the Oz axis.

2. Results and discussion

Fig. 1 shows (in a logarithmic scale) the dependences of the correlation function parameters of
the magnetization transversal components M, on the external field value H and the particles size
D in the thin nanocrystalline films. A flat area (outlined schematically by dashed lines) is clearly
seen on the d,,(H, D) surface plotted in Fig. 1a. The power dependence d,,, ~ H ~0-724£0-026 j
this area agrees well with the Hoffmann’s theory [8], according to which d,, ~ H —3/4 For the
region of large values of the magnetic field, the power dependence d,, tends to H 2, whereas for

the small values of H this dependence tends to a constant value.
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Fig. 1. The dependence of the normalized dispersion d,, of the magnetization transversal com-
ponents (a) and magnetization correlation radii R,,, (along the field) and R,,, (perpendicular
to the field) (b) on the external field H and particles size D in thin nanocrystalline films. A
logarithmic scale is used for all axes

Fig. 1b demonstrates (also in a logarithmic scale) surfaces of the longitudinal (along the
field) R, (H, D) and the transversal (perpendicular to the field) R,,,(H, D) correlation radii
of the stochastic magnetic structure. These results show that the R,,,(H, D) and R,,,(H, D)
qualitatively agree with each other but depend differently on the external field H. Therefore, it is
necessary to take into account this substantial difference between R,,, and R,,, when calculating
sizes of the so-called "stochastic magnetic domains" studied in Ref. [4].

Fig. 2 shows the variations in a micromagnetic structure during magnetization reversal of
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a thin nanocrystalline film with D = 12 nm. These pictures are very like the images of a
magnetization ripple obtained on real films [9,10]. With the external field decreasing, starting
from about 10 kOe, a fine magnetic structure — the magnetization ripple — is formed in the
sample. Our calculations show that the wavelength Ar of the longitudinal magnetization ripple
changes as A\, ~ H~043%0-12 for [ values up to ~ 0.1 Oe. The power dependence Az (H) is also
in good agreement with the theory of magnetization ripple [8], according to which Ay ~ H -1/2,

Fig. 2. Modeled distributions of the transversal M, and the longitudinal M, components of the
equilibrium magnetization across the film surface with the size of the particle D = 12 nm for the
various values of the external field H

For H ~ 0.1 Oe, the wavelength A;, becomes constant. Here, a domain structure is forming,
which stray fields block the magnetic structure, as shown in Ref. [8,9]. For H ~ —1.6 Oe, a
pronounced stripe domain structure is formed, with the magnetization ripple within each domain.
With further decreasing of the external field H, domain wall movement releases the blocking and
for H = —3.2 Oe the magnetization is fully reversed.

Conclusion
In summary, the results of the present study proves that it is efficient to use a numerical

micromagnetic modelling for the investigation of the magnetization reversal processes and the
magnetic structure in nanocrystalline films.

This work was supported by Russian Science Foundation (project no. 16-12-10140).
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Poccus

Memodom mMuKpomazHumMH020 MOOEAUPOSAHUA NPOBEIEHBL UCCACIOBAHUA MAZHUMHOT, CIMPYKMYDLL MOH-
KUT HAHOKPUCTNAAAUMECKUT NACHOK CO CAYUATHLM DACTPEOAEHUEM OCEl Ne2K020 HAMAZHUNUBAHUA. B
wupokom duanadoHe pasmepos wacmuy, 6—1000 wm uccaedo8aHbL 3a468UCUMOCTNY NAPAMEMPOE KOPPEAA-
YUOHHOT PYHKUUU He0OHOPOOHOT HAMAZHUREHHOCTIU O BEAUNUHDL BHEULHE20 NAAHAPHOZ0 MAZHUIMHO20
noas. Anaaus noayuenHur 3asucumocmeti NOKA3GA CYWECMEBEHHOE PASAUNUE KOPPEAAUUOHHBIT PAOUY-
€06 CMOTACMUYECKOT MAZHUMHOT CMPYKMYDPbL 6004b U NONEPEK HANPABAECHUA NPUAOHCERHO020 NOAA. TIpUu
NEPEMAZHUNUBAHUL MOHKUL NAEHOK HAOA00aAcA IPPerm bAOKUPOSKY MOHKOT MAZHUMHOT CTNPYKMYDDL
«PAOYU HAMAZHUMENHHOCTUS.

Karouesoie ca068a: MUKpOMAZHUMHOE MOOEAUPOBAHUE, MOHKAA MAZHUMHAL NAEHKG, HAHOKPUCTIAANUINDL,
MOOEND CAYHATHOT AHUSOMPONUL.
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