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Using computer simulation of magnetization in a polycrystalline ferromagnetic nanowire, we demonstrate
the occurrence of the characteristic spatial scale in the distribution of magnetization unrelated to the
domain wall or crystallite size. This is the stochastic domain size. We show that this length not only
manifests itself in the analysis of magnetization distribution but is included in the spectral density of the
force pinning a domain wall to inhomogeneities of the crystallographic anisotropy. The parameters of a
stochastic domain, including the constant and distribution of azes directions of the effective anisotropy,

are analytically calculated.
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In this work, we investigate the unusual self-organization type, specifically, the occurrence
of the stochastic magnetization superstructure in a polycrystalline 1D ferromagnet. A polycrys-
talline nanowire with a crystallite size somewhat smaller than the domain wall thickness (tens of
nanometers) is considered. The magnetization field in the absence of the uniform macro-scopic
anisotropy is a conglomerate of the so-called stochastic domains (SDs) or magnetic blocks (MBs)
with length dg [1, 2, 3, 4].

Ferromagnetic crystallites forming a wire exhibit the random orientation of local easy magne-
tization axes (EMAs). The crystallites are so small that the inequality ¢ < dy can be considered
valid, where « is the crystallite size and dy = \/A/K is the domain wall size in a homogeneous
material (4 and K are the exchange and anisotropy constants, respectively). Since the param-
eter a is small, the coordinate dependence of the magnetization m(r) inside a crystallite can
be considered weak. The total energy F(¥1...9n11,P1.--¢n+1) of a magnet is represented by a
function of magnetization direction angles at the grain boundaries, including polar angle ¥ and
azimuth angle ¢. For the expression for energy E, we took into account the exchange energy
inside a crystallite and between crystallites, the anisotropy energy, the Zeeman energy, and the
magnetostatic interaction energy between crystallites in the dipole approximation.
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Figure 1: Polar angles distribution of the effective anisotropy axis of a stochastic domain. Plot
1 and Plot 2 show the uniform distribution of local axes in a cone from —7/2 to +7/2 and in a
cone from —7/100 to —m/100 respectively; Plot 3 shows the Gaussian approximation for a cone
from —= /100 to —m/100.

To calculate the effective anisotropy constant for a block, one can write the torque from the
random anisotropy field of a crystallites ensemble contained in the SD and the effective anisotropy
torque as:

My =2 3 K. 2 My, = 2VE ? 1
9 = %nzlvn n(mye,)”, Yep = Er ef (meef) . (1)
Here, v,, and K,, are the volume and local anisotropy constants for the n** crystallite respectively,
e, are the EMA direction orts, and IV is the number of crystallites in a SD, K.; and e.s are
the effective anisotropy constant and the effective anisotropy axis (EAA) direction vector of the
block respectively, and V =Y v, is the block volume. Expressions (1) were equalized to obtain
1
K2\ ,2(K)2 2
Ky = [HJ\W (c241) +p? (K)?| . Here, i = (cos(2(an — am))), a is the crystallite
EMA polar angle, and o, is the dimensionless crystallite volume dispersion.

To study the features of the distribution of the SD effective easy axes directions, one can

return to Eq. (1). Using this equation, the expression for the effective direction of the anisotropy

N
axis is obtained: sin(2a.s) = KLf 3 sin(2a,) = so.
¢ n=1

The density of distribution of ‘the quantity sin(2c.s) = s can be presented in the form

Qg apg N
p(s)= [ . [ TI plan)d(s — so)da,. Here, p(av,) is the density of distribution of the EMA
—aq —ap n=1

polar angles. For simplicity, assume this function to be independent on the crystallite number
and ag to be a half of the polar angle of cone opening in the EMA distribution. Then multiply
p(s) by the exponential factor with fitting parameter S and expansion in the Fourier integral
[5]. After we make the inverse transform. The calculated p(c.s) values are presented in Fig 1 in
comparison with the Gaussian approximation of the calculated density (5 = 0).

With appearance of the magnetostatic interaction SDs become invisible. Classical do-
mains and domain walls appear. Meanwhile, the magnetization self-organization is observed
in nanowires in the presence of the uniform macroscopic anisotropy induced by magnetostatics.
Stochastic domains are analogous to the normal modes of bound oscillators, which can be excited
or not, but exist as a structural unit.

We apply an external magnetic field in the direction opposite to the average magnetization.
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Figure 2: Enhancement of magnetization fluctuations with the increase in the external magnetic
field h = HMg/K. The solid line corresponds to h = 0 and the dashed line corresponds to
h =0.05 (figure a). Domain structure formed at attaining the critical field (figure b).

The applied field increases deviations of the magnetization from the z axis direction. The be-
ginning of this process is illustrated in Fig. 2a. When the external field attains a critical value
H, e = 0.16p9Mg, the magnetization of separate nuclei rotates drastically, which results in the
emergence of 180- or 360-degree domain walls [6]. Figure 2b illustrates the end of this process.
The obtained domains are located in the places where SDs would be located if the induced
magnetostatic anisotropy is absent.

Spectral study of the magnetization distribution function allows considering the structure in
more detail without switching the sample magnetization. Consider the spectral density of the
spatial distribution of the polar angle J(z). The effects masking the self-organization (external
field, texture in the EMA directions, magnetostatics, etc.), are not reflected in the spectral
density. The long-wavelength region makes the main contribution to the spectral density.

In this study, the nanowire magnetization switching was simulated in order to investigate the
pinning force spectrum. As the magnetic field applied along the z axis was increased, the total
SD energy was detected and its derivative yielded the force of interaction between the wall and
inhomogeneities. Figure 3 presents the result of the spectral analysis of the force relief with the
same cross section and parameter b = a/dy = 0.1, but different ratios poM2/K. The maximum
corresponding to the large k values is determined by the magnetization ripples upon tuning to
the local anisotropy of separate crystallites. The wavelength of this ripples is about b. The
other maximum is, in our opinion, complex and contains peaks responsible for the domain wall
width dy and SD size (in this case, their characteristic sizes are comparable, i.e., the average
wavelengths coincide). The figure shows that with decreasing of Mg, the maximum creeps and
the density peak responsible for the increasing domain wall width becomes pronounced. In this
case, the peak responsible for the SD is nearly invariable. Thus, the force relief has at least three
pronounced harmonics: a) SD size (long-wavelength mode); b) domain wall (long-wavelength
mode); ¢) crystallite size (short-wavelength mode). The theoretical numerical estimation of dy
is in satisfactory accordance with the simulation results shown in Fig. 3.

We reported the results of computer simulation of the properties of magnetization and relief
pinning a domain wall in 1D inhomogeneous ferromagnets. The dependence of the harmonic
wavelength responsible for the stochastic domain on the linear crystallite size coincides with the
theoretical estimates.

This study was supported by RFBR, Project No. 14-02-00238-a.
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Figure 3: Spectral density Q(k) of the force relief for samples with different Mg values. The
EMA directions are distributed randomly and uniformly over a sphere. Here, k ~ 1/X, where A
is measured in units of a.
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O6 mepapxum XapaKTEPHBIX AJUH HAMATrHUYEHHOCTU HAHO-
IPOBOJIOK

Amnaronwnit A. Isanos, Buranuii A. OpJioB

B KoMNb10MEPHOM MOOEAUPOBAHUL HAMAZHUYEHHOCTNY 6 NOAUKDPUCTAANUYECKOT deppomasrummot Ha-
HOMPOBOAOKE TPOJEMOHCTNPUPOBAHO BO3HUKHOBEHUE TAPAKIMEPHOZ0 NPOCTNPAHCINEERH020 MACWMaAdL 6
PACTPEIENEHUY HAMALZHUSEHHOCTU, HE CBA3GHHOT C DPAZMEPOM JOMEHHOT CMEHKY UAU PA3MEPOM KDPU-
cmasruma. 9mo pasmep cmoracmuueckozo domena. Iloxazaro, 4mo 0aHHAA OAUHG NPOABAAEMNCA HE
MOALKO NPU AHAAU3E DPACNPEIENEHUA HAMAZHUYERHOCTNU, HO U COOEPHCUMCA 6 CNEKMPAALHOT NAOMHO-
CMU CUNDL, 3AKPENAAIOULET JOMEHHYIN CMEHKY HA HEOOHOPOIHOCTMATL KPUCTNAAL02PAPUECKOT GHUOMPO-
nul. AHGAUMUYECKY BW%UCAEHD, LAPAMETMPYL CTNOTACTIUYECK020 JOMEHA: KOHCTMAHMA U PacnpedeseHue
Hanpasaenutl ocet IPPexmuenot aHU3OMPONUL.

Karoueswie crosa: domennan CMEHKA, HAHONPOBON0KA, MA2HEUHDLE HBO@HOpOd’H,OCm’U,

— 262 —



