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The paper investigates the dispersion properties of spin waves by linearizing the LLG equation, which is
applied to long samples with transverse dimensions on the nanometer scale, assuming their polycrystalline
structure. The obtained dispersion law generally coincides with the result of another well-known theoretical model
of spin wave propagation, the Kallinikos-Slavin model. The model limitations caused by such assumptions as:
absence of Hilbert damping and absence of internal anisotropy (polycrystallinity) are analyzed. Quantitative
characteristics are obtained for the most common magnetic materials in practical applications, on the basis of which
potential frequency ranges are identified in which the exchange interaction prevails and in which the quadratic law
of spin wave dispersion is revealed. The results obtained are promising for future generations of
telecommunications technologies and biochemical research due to the well-predicted properties of spin waves and
the possibility of miniaturization of devices for detecting electromagnetic radiation in the gigahertz range.
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Introduction

The development of theoretical models of the
interaction of electromagnetic oscillations and matter can
be divided into two directions: classical or semiclassical
theory, based on the Landau-Lifshitz and Hilbert
equations, and quantum theory, based on magnons. The
main conclusions of the semiclassical theory are the
existence of two branches of the dispersion dependence of
oscillations in magnetic materials - magnetostatic and
exchange, which arises with an increase in the wave
number. Depending on the wave number, magnetostatic
waves without exchange interaction, magnetostatic waves
with exchange interaction, and waves with the dominance
of exchange dipole-dipole interaction, which have a large
wave number, are distinguished. Magnetostatic waves
with exchange interaction and waves with dominant
exchange interaction have the general name: the spin
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waves. Their most interesting feature from a practical
point of view is that the wavelength is smaller compared
to the length of the electromagnetic wave. This allows
miniaturization of the size of devices for detecting
microwave and millimeter ranges [1]. Current research
also shows that the efficiency of converting
electromagnetic energy into spin wave energy can reach
75 percent [2]. The size of the detection devices will also
be limited by the distance at which the spin wave has
sufficient amplitude to be detected. This distance varies
significantly for known magnetic materials: from micron
sizes for Py to millimeter sizes for YIG.

The properties of spin waves are usually modeled
within the framework of a macroscopic theory based on
the Landau-Lifshitz-Hilbert equation. This theory
explains such complex phenomena as the emergence of
solitons in chiral magnets [3], the emergence of skyrmions
in twisted magnetic nanowires [4], and nonlinear
magnetization dynamics [5]. However, quantum theory
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also describes spin waves and related phenomena that
arise as a result of exchange interactions well. The most
developed models within the framework of the quantum
approach are the theories of nanooscillators and resonators
[6].

One of the reasons that stand in the way of the
development of holistic theoretical ideas about spin waves
and phenomena caused by their occurrence is the
difficulty of conducting experimental studies, as a result
of which we learn about certain properties of these waves.
Like any wave process, a spin wave is characterized by
such parameters as: its frequency, wavelength, type of
oscillations - longitudinal or transverse, and the type of
polarization of this wave. Only recently, thanks to the
improvement of manufacturing technologies and
measurements of magnetic materials, experimental results
of studies of polarization properties of spin waves have
appeared [7]. Thanks to the improvement of the
methodology for conducting X-ray structural studies in
magnetic materials, it has become possible to obtain
experimental results of the propagation of spin waves in
bulk materials [8], while the majority of other methods
detect only processes occurring on the surface of samples.
To study the processes of spin wave propagation in bulk
material, the Fourier transform method is used [6], which
helps to understand the patterns of propagation in periodic
nanostructures.

The processes of converting electromagnetic radiation
into a spin current and detecting this current [9] have a
wide range of promising applications - from radar and
antenna technology, where controlled processes of
generating spin waves make it possible to significantly
reduce geometric dimensions and energy consumption;
scientific research related to high-precision detection of
microwave electromagnetic fields [10]. Recent research
on biomedical sensors makes it possible to predict the
emergence of a new class of sensitive biosensors that use
ferromagnetic resonance in the gigahertz frequency range
[11,12].

I. Theoretical framework

The basis of most methods for simulating a spin wave
is the Landau-Lifshitz-Gilbert equation, which describes

the precession of the magnetization vector M ofa sample
in an external magnetic field H,z:
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where a — Gilbert damping constant, y — gyromagnetic
ratio, M — the variable magnetization vector of the sample,
ﬁeff — the effective magnetic field in the sample,
Uo =41 x 1077 H/m — the magnetic constant, M — the
critical value of magnetization, which depends on the

material (Table 1).
The most comprehensive model that accounts for the

formation of the effective magnetic field H effs 1S
expressed as the sum of the following components:

— — — — — —

Heff = HO + Hex + Hm + Han,sh + Han,i (2)

520

where 170 — the vector of the externally applied magnetic

field; ﬁex — the exchange interaction field; ﬁm —the
magnetostatic demagnetizing field, caused by the stable
state of internal magnetization in ferromagnetic samples;
ﬁan_sh — the field associated with shape anisotropy;

I?fan,i — the field associated with crystalline anisotropy.

The crystalline anisotropy factor can be neglected if
the sample is polycrystalline.

We further assume that for a polycrystalline sample
the internal anisotropy field I?I)an‘i can be neglected. In this
model, we also neglect the damping of oscillations in the
sample. According to the classical ideas within the
framework of the LLG model, taking into account the
Gilbert coefficient leads only to an exponential damping
of the wave amplitude in the direction of its propagation,
without changing its other properties. In the case of more
accurate models, it is necessary to take into account
specific causes and scattering mechanisms that can change
these ideas [14].

Regarding the effect of shape anisotropy: for a sample
with one geometric dimension significantly larger than the
other two (a rod), the vector Hilbert equation can be
written as a system of equations describing the oscillations
of the magnetization vector in directions perpendicular to
the wave propagation (transversely polarized wave) [15,
16]. The corresponding mathematical transformations are
given in the next section.

The demagnetization magnetic field ﬁm is expressed
in terms of the magnetostatic potential ¢ of the sample:

Hp =-Vo 3)

— - - — -

Hopp = Ho + Hey + Hy, = Hy + 22

Ho-M3

AM -V, (4
where A,, is the exchange interaction constant, M, is the
critical value of the sample magnetization, and ¢ is the
magnetostatic potential.

A summary list of constants and values used in this
work is given in the Table 1.

Table 1.
Physical quantities and constants used in the work
E
=
N g Name Value, units
1 o Gilbert constant a~0
2 v gyromagnetic ratio 2m - 28 X 10°,
Hz/T
-7
3 o permeability 4 Iﬁ /11? ’
4| Ay exchange stiffness pJ/m
5 M critical magnetization kA/m
6| M magnetic moment kA/m
7| M variable components of Afm
m, the magnetic moment
8 Q magnetostatic potential A
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I1I. Results

Next, we find the components of the vector quantities

Thus, the vector equation to be linearized has the 1N €quation (4):

form: . .
Hy = (0,0,Hy), M = (m,, m,, M), ®)
M = 2-Aex A2 —
P (H0+#0_MSZ-AM—V§0)XY-,U0-M. “) AM—(azmx 2m 92m, Bmy+amy+ 92m, 0) 5
T\ ox2 ay2 "0z2 ’ ax? ay2? 9z2 ' (52)

Regarding the influence of shape anisotropy, for a
. . . . . dp dp d¢
sample with one geometric dimension significantly Vo = (a_’a_’a_) (56)
exceeding the other two (a rod), the vector LLG equation xooyooz
can be written as a system of equations describing the

o o J e, If the wave propagates along the z axis (wave vector
oscillations of the magnetization vector in directions propag g (

perpendicular to the wave propagation (Fig. 1). kl|z), then:
9%2my 2%m
o= K my S = =k, (©)

where k is the wave number of the spin wave.
Thus, we find the components of the magnetic field

ﬁeff = (Hy, Hy, H,):

. 2 2
Hx=2AJ.(_k2 +6_+B_)mx_6_(p

uo-M2 ox2 = 9y? dx
2:A a2 a2 G
H. = ZAex (_ 24 07 _) _% 7
Y po-M? k toe +6y2 My = %y )
a9
H, = H, P

Next, projecting the vector equation (4), we obtain

Fig. 1. Schematic illustration of a uniformly magnetized . . —
two scalar equations, since M, = My = const:

polycrystalline rod and the propagation of a transverse
spin wave with circular polarization.

M =y o - H0+—+“e"-(—k2+i+a—22)}-my—Ms-"—"’

Ho'Mg x2  dy oy (8)
omy _ _ %9 “eX.(_z o2 ﬁ)} N
at Y Hoo { H0+6z+u0-Ms k +6x2+6y2 My + Mg ax
Next, we use the approximation of a uniform wave,
for which the following conditions are met: This system has an obvious solution in the form of
periodic harmonic oscillations (the simplest possible
92 97 solution):
(6x2 + dy? )my 0

(€)

(%"'aayz)mx =0

For a uniformly magnetized sample, if the
magnetization fluctuations are significantly smaller
compared to the initial magnetization, we also write down
the conditions for the magnetostatic potential:

my(t,x,y) = —C-sin[(y-uo-H0+2-Y'A—e"-k2)-t]

M;
my(t,x,y) = C-cos[(y-uo -H0+2-%:"-k2)-t] (1

These solutions have the structure of a plane wave, the
wave vector of which is directed along the magnetization
axis of the sample (Fig. 1).

The spin wave dispersion law, derived from solutions

dp dp do
5 =0 i 0,5, ~0 (9a) (11), has the following form:
Equations (9) and (9a) are the final linearization wk) =y py Hy+2 % k? (11a)

conditions of equation (8). Finally, we find the final form

of the linearized system of LLG equations for elongated Then the simplified system ia as follows:

samples: om,y Aox
== my-y-uo-[Ho +2—-k2] 0
6& —— 2 amy,
at my -y Ho- [Ho + 2 "k ] 10) —0 = "MV Ho [Ho 42 e e kz]
am $

S
a—ty=mx'y'#o'[Ho+2.—M"‘2] . . .
HoMs This system has an obvies solution in the form of
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periodic harmonic oscillation (Fig. 1).
This coincides with the result obtained within the
framework of the theory developed by Kallinikos and

Slavin [1], provided that % k%> Fy:

0'Ms

w0 = (1m0 Ho+ 2222 12) [y

where F,, is the depolarization factor that determines the
magnetostatic interaction.

For the propagation geometry defined above, when
k||H, (Fig. 1), the value of F,, = 1. Using (12), we write
the condition that determines the possibility of not taking
into account the magnetostatic interaction more precisely:

po-M?
2:Aex

k? > (13)

The obtained results make it possible to conclude that
a uniform wave is one of the possible solutions that
correctly describes the spin wave propagation process.

The corresponding values of k for which this is
possible, calculated for different materials according to
equation (13), are given in Table 2.

As can be seen from the data given in Table 2,
exchange spin waves can be detected if the wavelength is
tens of rad/um, but such experimental conditions are
usually difficult to implement, instead hybrid waves
(magnetostatic and exchange) are detected, and the
dispersion law differs from the theoretical dependences
(11a) and (12). This is due, in particular, to the fact that
exchange spin waves have a short wavelength and
therefore require control at the nanoscale. However, their
great advantage is that the dispersion law is practically not
affected by the shape of the sample, which is a significant

o *

2-Aex
to M3

Ho + vitgMy - (2225 - 2 + )|, (12)

factor for magnetostatic waves. This requires research
technologies that differ from classical microwave
technologies, an example of such research is described in
detail in [7].

Using the dispersion expression (11a), condition (13),
and data on the properties of the materials given in Table
2, we determine the value of the magnetic field at which
exchange spin waves dominate.

These results are shown in Fig. 2, which shows the
dependence of the frequency of spin waves on the applied
magnetic field, calculated for the critical value of the wave
vector (Table 2) of two magnetic substances: Py, YIG.

According to the data presented in Fig. 2, it can be
concluded that for external magnetic field values from 20
to 200 mT, samples made with permola can be used in the
range from 29 to 35 GHz, and yttrium garnet from 5 to 11
GHz. For practical use of the dispersion properties of
exchange spin waves, it is necessary to control their
properties at the submicrometer level, which is currently
an unsolved problem. However, there are works that
determine the prospects for the application of exchange
spin waves in electronic devices for detecting
electromagnetic waves. Other promising materials, the use
of which makes it possible to control spin waves, are
antiferromagnets, but their use requires compliance with
nanometer sizes of structures formed by magnetic
substances with parallel and antiparallel alignment.

Table 2.

Typical values of material characteristics, sample dimensions, and wave vector values

No _ Saturation Exchange Wave Geometric dimensions
'E magnetization, | stiffness number, k °©
§ M, mT constant, A,,, | rad/um E
s pJ/m 3
1 YIG 110 3.85 44.5 250 nm X 340 nm X 100 um | [2]
2 Py 800 10 268 80 nm X 80 nm X 200 um [17]
£
5]
oy
i

100
Applied magnetic field, mT

120

140

180

Fig. 2. Dependence of the frequency of detected spin waves on the applied magnetic field, calculated for the
critical value of the wave vector (Table 2), of two magnetic substances: Py, YIG.
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II1. Discussion of results and conclusions

Using the expansion of the Landau-Lifshitz-Gilbert
vector equation for a sample in the form of a rod
magnetized along the long axis, taking into account the
exchange interaction and neglecting the damping of
magnetic precession, the dispersion relations of spin
waves for samples made of polycrystalline magnetic
material with uniform magnetization along the rod are
determined. The obtained dispersion relations coincide
with the results of the Kallinikos and Slavin model, which
assumes a weak magnetostatic interaction. This situation
is realized if the wavelength exceeds some critical value,
which depends on the properties of the material
(44 rad/pm for YIG and 268 for Py). The obtained results
are promising for spintronic devices in the microwave and
millimeter ranges, which are expected to be used or are
used in 5G and 6G communication technologies.

When discussing the applicability of the results
obtained, we note two main points: 1) the choice of
frequency range; 2) the choice of material. According to
our calculations, exchange spin waves can occur in the
microwave and millimeter frequency ranges for materials
such as Py and YIG, but this requires measuring the
properties of the waves on the submicron scale.
Antiferromagnetic materials are also promising, which
can provide operation in the higher frequency range.

This model has limitations, since the anisotropy factor
and the interaction of spin waves with the lattice (spin-
phonon interaction) are not taken into account. Therefore,
further directions of theoretical research may be the search
for solutions of the linearized LLG equation that take into
account anisotropy. Taking into account the quantum
effects of the interaction of spin waves with the lattice
requires the use of a microscopic approach, in contrast to
the classical macroscopic LLG model. Given the quantum
nature of exchange waves, consideration of the damping
process requires taking into account the specifics of the
mechanisms of interaction of magnons (spin wave
particles) with the material to refine the macrospin model,
which uses a single damping parameter (since it is
necessary to control processes on a submicron scale).

Conclusions

Using the linearized system of LLG equations, a
dispersion relation for spin waves is obtained, which
coincides with the well-known theoretical model of
Kallinikos and Slavin. Based on this model, the possibility
of the existence of a homogeneous spin wave, which
coincides in its structure with a plane wave, is shown.

Author contributions

R. P. analyzed the sources on the research topic:
properties and use of spin waves, problem formulation
and construction of a mathematical model, analyzed the
results obtained; M. V. analyzed the possibility of using
spin waves, in particular in biomedical research, I. D.
analyzed the sources on the research topic; I K.
constructed a mathematical model and solutions to the
system of equations for magnetic moments, performed an
analysis of potential ways to extend the model to more
complex cases of magnetic potential; M. S. performing
calculations and analyzing results; N. M. prepared the
research results in the form of an article.

Disclosure statement
No potential conflict of interest was reported by the
author(s).

Politanskyi R. — Doctor of Technical Sciences, Professor,
Professor of the Radio Engineering and Cyber Security
Department;

Vistak M. — Doctor of Technical Sciences, Professor,
Professor of the Biophysics Department;

Diskovskyi I. — Candidate of Medical Sciences, Associate
Professor Department of the Dermatology, Venereology;
Kogut I. — Doctor of Technical Sciences, Professor, Head
of the Computer Engineering and Electronics Department;
Sorokatyi M. — Assistant of the Radio Engineering and
Cyber Security Department;

Martynyuk N. — Doctor in Medical Oncology at
Portsmouth Hospitals University NHS Trust.

[1] K. Davidkova, K. O. Levchenko, R. O. Serha, F. Bruckner, M. Lindner, C. Dubs, M. Urbanek, D. Suess, Q. Wang,
R. V. Verba, and A. V. Chumak, Spin-wave microscale RF delay lines for mid- and high-frequency 5G band, J.
Appl. Phys. 1138, 143908 (2025); https://doi.org/10.1063/5.0286108.

[2] F. Bruckner, K. Davidkova, C. Abert, et al., Micromagnetic simulation and optimization of spin-wave transducers,
Sci. Rep. 15, 19993 (2025); https://doi.org/10.1038/s41598-025-05463-6.

[3] A. Shadman and J.-C. Zhu, Excitation and dynamics of spin solitons in chiral magnetization configuration, Appl.
Phys. Lett. 124, 172404 (2024); https://doi.org/10.1063/5.0193810.

[4] M. Garrido-Tamayo, E. Saavedra, C. Saji, et al., Stability and Spin Waves of Skyrmion Tubes in Curved FeGe
Nanowires, Nanomaterials 14, 1468 (2024); https://doi.org/10.3390/nano14181468.

[5] Jingwen Li, Chia-Jung Yang, R. Mondal, C. Tzschaschel, S. Pal, 4 perspective on nonlinearities in coherent
magnetization dynamics, Appl. Phys. Lett. 120, 050501 (2022); https://doi.org/10.1063/5.0075999.
[6] L. Giovannini, Spin wave linear response of three-dimensional structures calculated in the frequency domain,

Appl. Phys. Lett. 125, 212403 (2024); https://doi.org/10.1063/5.0243269.
[7] Zhan Lv, Zhi-ming Yan, Zhi-xiong Li, X-quang Wang, Yao-zhuang Nie, Qing-lin Xia, Xiu-feng Han, Guang-hua
Guo, Polarization-dependent spin wave channels in antiferromagnetic magnonic crystals, Appl. Phys. Lett. 126,

122406 (2025); https://doi.org/10.1063/5.0256440.

[8] D. Girardi, S. Finizio, C. Donnelly, et al., Three-dimensional spin-wave dynamics, localization and interference
in a synthetic antiferromagnet, Nat. Commun. 15, 3057 (2024); https://doi.org/10.1038/s41467-024-47339-9.



https://doi.org/10.1063/5.0286108
https://doi.org/10.1038/s41598-025-05463-6
https://doi.org/10.1063/5.0193810
https://doi.org/10.3390/nano14181468
https://doi.org/10.1063/5.0075999
https://doi.org/10.1063/5.0243269
https://doi.org/10.1063/5.0256440
https://doi.org/10.1038/s41467-024-47339-9

R. Politanskyi, M. Vistak, I. Diskovskyi, 1. Kogut, M. Sorokatyi, N. Martynyuk

[9] R. L. Politanskyi, P. M. Shpatar, M. V. Vistak, I. T. Kogut, I. S. Diskovskyi, and Yu. A. Rudyak, Electromagnetic
field detectors based on spintronics devices, Phys. Chem. Solid State, 24(3), 433 (2023);
https://doi.org/10.15330/pcss.24.3.433-440.

[10] P. Luo, B. Peng, W. Zhang, and W. Zhang, Microwave field vector detector based on the off-resonant spin
rectification effect, Appl. Phys. Lett. 125, 222406 (2024); https://doi.org/10.1063/5.0245019.

[11] R. Saha, K. Wu, D. Su, & J.-P. Wang, Spin current nano-oscillator (SCNO) as a potential frequency-based,
ultra-sensitive  magnetic  biosensor: a simulation study, Nanotechnology. 31, 375501 (2020);
https://doi.org/10.1088/1361-6528/ab9921.

[12] Haiyan Xia, Qi Zheng, CongpuMu, Chenkun Song, Chendong Jin, Qingfang Liu, Jianbo Wang,
Micromagnetic simulation for detection of magnetic nanobeads by spin torque oscillator, Journal of Magnetism
and Magnetic Materials. 432, 387 (2017); https://doi.org/10.1016/j.jmmm.2017.01.099.

[13] T. Bottcher, M. Ruhwedel, K O. Levchenko, Q. Wang, H.L. Chumak, M.A. Popov, I.V. Zavislyak, C. Dubs,
O. Surzhenko, B. Hillebrands, A.V. Chumak. Fast long-wavelength exchange spin waves in partially compensated
Ga:YIG, Appl. Phys. Lett. 120, 102401 (2022); https://doi.org/10.1063/5.0082724.

[14] Wang, Y., Wang, J., Ma, R., and Xiao, Connection between spin-wave polarization and dissipation, J., Phys.
Rev. B 111, 134431 (2025); https://doi.org/10.1103/PhysRevB.111.134431.

[15] K. Szulc and M. Krawczyk, Magnetic field-controlled nanoscale spin-wave vertical directional coupler, Appl.
Phys. Lett. 126, 232404 (2025); https://doi.org/10.1063/5.0258034.

[16] M. Vanatka, K. Szulc, O. Wojewoda, C. Dubs, A. Chumak, M. Krawczyk, O. V. Dobrovolskiy, J. W. Klos, M.
Urbanek. Spin-Wave Dispersion Measurement by Variable-Gap Propagating Spin-Wave Spectroscopy, Phys.
Rev. Appl. 16, 057033 (2021); https://doi.org/10.1103/PhysRevApplied.16.054033.

[17] A. Del Giacco, L. Menna, M.J. Gross, O. Wojewoda, V. Levati, M. Urbanek, S. Kurdi, E. Albisetti, D. Petti,

& C.A. Ross, Reciprocal Space Approach to Dipolarly Coupled Magnetic Hetero-Structures. arXiv. (2026);
https://doi.org/10.48550/arXiv.2605.08667.

P. ITonitancekuit', M. Bicrax?, 1. lickosepkuii?, 1. Koryt®, M. Copokatnii',
H. Maprunrox*

HepcneKTan 3aCTOCYBAaHHHA Ta BJIACTHBOCTI CIIIHOBUX XBWIb

'Kagheopa padiomexuixu ma ingpopmayiiinoi 6esnexu, Yepniseyvxuii nayionansnuii ynisepcumem imeni IOpis ®edvkosuua,
M. Yepnisyi, Yrpaina; r.politansky@chnu.edu.ua
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VY cTarTi IOCHiHKYIOThCS TUCTIEPCiiiHI BITACTHBOCTI CITIHOBHUX XBWJIb IIISIXOM JliHeapmu3anii piBHsAHHSA LLG,
sIKE 3aCTOCOBYETBHCS JJIS JIOBTUX 3pa3KiB i3 MONEPEYHHMHU PO3MipaMH HAaHOMETPOBOTO MAacIITady, y MPHITYIIeHH]
X moMiKpUCTamiqHOl CTPYKTYpH. OTprMaHHUK 3aKOH AUCTIEPCii B MIJIOMY 30ira€ThCs 3 pe3ysIbTaToM iHIIOI BiToMOi
TEOPETUYHOI MOZETi TOIIMPEHHs CIIHOBUX XBWIIb, a came Mmojeni KamiHikoca-Cnasina. I[IpoanamizoBano
0OMeXeHHsT MOJIelli, 3yMOBJICHI TaKMMH NMPUITYLIEHHSMH, SIK: BiZICyTHICTb 3aTyXaHHs ['inp0eprTa Ta BiICyTHICTH
BHYTPIIIHBOT aHi30Tporil (MoiKpUCTaNiYHICTh). OfeprKaHi KUTbKICHI XapaKTepUCTHKHU JUIsl HAHOLIBII MOIIMPEHHUX
y MPaKTHYHUX 3aCTOCYBAaHHSIX MArHITHUX MarepiajiB, Ha OCHOBI SIKMX BHIIJICHI IOTEHMLIIHI Aiana3oHy 4acToT, y
KX NepeBakac oOMiHHA B3a€EMOJis, 1 Y SKUX BUSBIAETHCS KBAaJPaTUYHHUN 3aKOH JUCIEPCii CIIHOBHX XBHIIb.
OTpuMaHi pe3yNbTaTH € TEPCIEKTHBHUMH IS TEIEKOMYHIKAliHHUX TEXHOJOTiH MaiOyTHIX IOKOJiIHb Ta
OlOXIMIYHHX IOCIHIIKeHb 3aBASKA J00pe MPOTHO30BAHUM BJIACTHBOCTSM CITIHOBHX XBHJIb Ta MOMIIMBOCTI
MiHiaTIOpH3alii IPUCTPOIB JETEKTYBaHHS EIICKTPOMArHITHOTO BUIIPOMIHIOBAHHS TirarepIioBoro Aiana3oHy.

KiwouoBi cjoBa MONMIKpUCTaNiYHI MAarHiTHI 3pa3KH, CIIHOBI XBWJI, CKAISIPHUI MarHITHUHA MOTEHINa,
OJIHOpiTHA XBHJIsI, OOMiHHA B3a€MO/IisI.
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  𝛾


    M →


      H →  e f f


    𝜇 0 = 4 𝜋 ×  10  − 7     H  m


    M  s


      H →  e f f


      H →  e f f =     H → 0 +     H →  e x +     H →  m +     H →  a n , s h +     H →  a n , i


      H → 0


      H →  e x


      H →  m


      H →  a n , s h


      H →  a n , i


      H →  a n , i


      H →  m


  𝜑


      H →  m = − ∇ 𝜑


      H →  e f f =     H → 0 +     H →  e x +     H →  m =     H → 0 +   2 ∙   A  e x    𝜇 0 ∙   M  s 2 ∙ ∆   M → − ∇ 𝜑


    A  e x


    M  s


  𝜑


  2 𝜋 ∙ 28 ×  10 9


    H z  T


    𝜇 0


  4 𝜋 ×  10  − 7


    A  e x


    p J  m


    M  s


  k A / m


    M →


  k A / m


    m  x


    m  y


  A / m


  𝜑


  A


    𝜕   M →  𝜕 t =  (     H → 0 +   2 ∙   A  e x     )


      H → 0 =  ( 0 , 0 ,   H 0 )


    M → =  (   m  x ,   m  y ,   M  s )


 


  ∇ 𝜑 =  (   𝜕 𝜑  𝜕 x ,   𝜕 𝜑  𝜕 y ,   𝜕 𝜑  𝜕 z )


    k → | | z


      𝜕 2   m  x  𝜕   z 2 =   − k 2 ∙   m  x


      𝜕 2   m  y  𝜕   z 2 = −   k 2 ∙   m  y


  k


      H →  e f f = (   H  x ,   H  y ,   H  z )


   {      H  x =   2 ∙   A  e x    𝜇 0 ∙   M  s 2 ∙  ( −   k 2 +     𝜕 2  𝜕   x 2 +     𝜕 2  𝜕   y 2 )   m  x −   𝜕 𝜑  𝜕 x     H  y = ,   2 ∙   A  e x    𝜇 0 ∙   M  s 2 ∙  ( −   k 2 +     𝜕 2  𝜕   x 2 +     𝜕 2  𝜕   y 2 )   m  y −   𝜕 𝜑  𝜕 y     H  z =   H 0 −   𝜕 𝜑  𝜕 z


      M →  z ≈   M  s = c o n s t


   {      𝜕   m  x  𝜕 t = 𝛾 ∙   𝜇 0 ∙  { −   H 0 +   𝜕 𝜑  𝜕 z +   2 ∙   A  e x    𝜇 0 ∙   M  s ∙  ( −   k 2 +     𝜕 2  𝜕   x 2 +     𝜕 2  𝜕   y 2 ) } ∙   m  y −   M  s ∙   𝜕 𝜑  𝜕 y     𝜕   m  y  𝜕 t = − 𝛾 ∙   𝜇 0 ∙  { −   H 0 +   𝜕 𝜑  𝜕 z +   2 ∙   A  e x    𝜇 0 ∙   M  s ∙  ( −   k 2 +     𝜕 2  𝜕   x 2 +     𝜕 2  𝜕   y 2 ) } ∙   m  x +   M  s ∙   𝜕 𝜑  𝜕 x


   {     (     𝜕 2  𝜕   x 2 +     𝜕 2  𝜕   y 2 )   m  y = 0    (     𝜕 2  𝜕   x 2 +     𝜕 2  𝜕   y 2 )   m  x = 0


    𝜕 𝜑  𝜕 x ≈ 0


    𝜕 𝜑  𝜕 y ≈ 0


    𝜕 𝜑  𝜕 z ≈ 0


   {      𝜕   m  x  𝜕 t = −   m  y ∙ 𝛾   ∙ 𝜇 0 ∙  [   H 0 + 2     A  e x    𝜇 0 ∙   M  s ∙   k 2 ]     𝜕   m  y  𝜕 t =   m  x ∙ 𝛾   ∙ 𝜇 0 ∙  [   H 0 + 2     A  e x    𝜇 0 ∙   M  s ∙   k 2 ]


   {      m  x  ( t , x , y ) = − C ∙ s i n  [  ( 𝛾 ∙   𝜇 0 ∙   H 0 + 2 ∙   𝛾 ∙   A  e x    M  s ∙   k 2 ) ∙ t ]     m  y  ( t , x , y ) = C ∙ c o s  [  ( 𝛾 ∙   𝜇 0 ∙   H 0 + 2 ∙   𝛾 ∙   A  e x    M  s ∙   k 2 ) ∙ t ]


  𝜔  ( k ) = 𝛾 ∙   𝜇 0 ∙   H 0 + 2 ∙   𝛾 ∙   A  e x    M  s ∙   k 2


   {      𝜕   m  x  𝜕 t =   m  y ∙ 𝛾   ∙ 𝜇 0 ∙  [   H 0 + 2     A  e x    𝜇 0 ∙   M  s ∙   k 2 ]     𝜕   m  y  𝜕 t = −   m  x ∙ 𝛾   ∙ 𝜇 0 ∙  [   H 0 + 2     A  e x    𝜇 0 ∙   M  s ∙   k 2 ]


    2 ∙   A  e x      𝜇 0 ∙ M  s 2 ∙   k 2 ≫   F  k


  𝜔  ( k ) =   ( 𝛾 ∙   𝜇 0 ∙   H 0 +   2 ∙ 𝛾 ∙   A  e x    M  s ∙   k 2 ) ∙  [ 𝛾 ∙   𝜇 0 ∙   H 0 + 𝛾   𝜇 0   M  s ∙  (   2 ∙   A  e x      𝜇 0 ∙ M  s 2 ∙   k 2 +   F  k ) ]


    F  k


    k → | |     H → 0


    F  k = 1


    k 2 ≫       𝜇 0 ∙ M  s 2  2 ∙   A  e x


  k


    𝑴  𝒔


    𝑨  𝒆 𝒙


  250   n m × 340   n m × 100   𝜇 m


  80   n m × 80   n m × 200   𝜇 m

