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The Spin Waves Symposium has traditionally been held for more than 50
years every two-three years in St. Petersburg at loffe Institute of the Russian
Academy of Sciences. The first organiser of the symposium was Prof. Alexander.
G. Gurevich — author of well-known books on the topic of Spin waves.

In 2007, after some break, the Symposium was revived and held again in St.
Petersburg. During the 2007-2018 period, Spin Waves Symposia became a forum
for active international networking, with organising and program committees
including leading researchers from all over the world. Many prominent scientists
were attending the meeting and presented their recent results.

In 2024 we start the next chapter in the Symposium history and expand its
geography. Spin Waves - 2024 will be held in Saratov - the city where the research
on spin waves and their applications is being conducted for several decades.
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Tl Poster session programm
(26/08 and 27/08, 17:30-19:30)

No. |Name Poster Title

P-01 |G. M. Amakhanov VccnenosaHue ¢ NOMOLLbIO 06paTHOro CNMHOBOTO adcpekTa Xonna CNMHOBOW Hakavkv MOBEPXHOCTHbLIMU
MarHMTOCTaTU4ECKMMM BOSTHaMK, BeryLLmMMmn B HanpaBneHUsx «nerkasy» u «TpyaHas» 0cuM HamarHn4YMBaHus, B
MUKpOCTpYKTYypax XKUTI/Pt

P-02 |V. V. Balayeva Spin waves in nanoscale lateral coupled ferrite structure

P-03 | T. V. Bogdanova Controlling the propagation of surface magnetoelastic waves in antiferromagnetic heterostructures

P-04 |A. V. Bogomolova Magnetic field-controlled double negative media based on antiferromagnetic semiconductors for the Terahertz
frequency range

P-05 | P. T. Bolokhova Field-induced incommensurate-commensurate transitionsin frustrated magnets

P-06 |G. M. Dudko MwukpomarHuTHoe MoaenupoBaHue pacnpoctpaHenus NMMCB B nneHkax XUI™ ¢ kyGruyeckomn aHn3oTponmen

P-07 |A. A. Fedorova Spin wave propagation along zigzag-modulated domain wall in iron garnet film

P-08 |I. O. Filchenkov MEMS-controlled zigzag microwave filter

P-09 |Yu. A. Filimonov BrvsiHne BTOPUYHBIX CMIMHOBbIX BOSIH HAa CMIMHOBYIO HaKayKy napameTpuyeckumm CHOBLIMI BOMHAMM

P-10 | D.A. Gabrielyan Spin pumping on acoustic mode from an antiferromagnet a-Fe203 tunable by magnetic field

P-11 |F. E. Garanin Study of spin wave propagation in a YIG film with magnetite nanoparticles

P-12 |F. E. Garanin Study of spin wave propagation in a system of laterally coupled microwave guides

P-13 | S. A. Hetmanov Cuctema WwmdpoBaHNs Ha OCHOBE CMIMHOBbLIX BOJTH MPW UX PacnpoCTpaHEeHWW B NaTeparibHOM CTPYKTYpe AByX
KOMbLIEBbLIX PE30HATOPOB

P-14 |V. M. Gordeeva MarHoH-hoTOHHOE B3auMoaencTBue B reTepoCTpyKTypax CBEPXNPOBOAHMK/ eppoMarHeTunk

P-15 | A. M. Kalashnikova Laser-induced spin-reorientation transitions in iron oxides Fe304 and Fe3BO6

P-16 |D. V. Kalyabin Influence of external pressure on the THz mode in the antiferromagnet a-Fe203

P-17 |S. N. Kashin Spin dynamics of the ferromagnet—helical transition in Holmium films

P-18 |A. A. Kholin Epitaxial films of YIG with symmetric diamagnetic boundary conditions

P-19 |P. S. Komkov KorepeHTHbIN pe30HaHC B LLUMPOKOMOSIOCHbIX MUKPOBOJSTHOBLIX CMMH-BONTHOBbLIX reHepaTopax xaoca nog
BO3AEMCTBMEM LLyMa

P-20 (E.E. Kozlova Terahertz spin pumping on antiferromagnetic mode from Cobalt oxide

P-21 | V. Ya. Krivhov Magnetic properties of ferro-antiferromagnetic spin triangle chain

P-22 M. A. Kuznetsova Dzyaloshiskii-Moriya interaction in Pt/Co/CoO thin films

P-23 |M. E. Letushev Change of magnetic dominance type in the ferrimagnetic system Pt/CoGd/W

P-24 |N. D. Lobanov Bragg resonances in coupled magnon crystals with different periods

P-25 |N. D. Lobanov Influence of spin hall effect in the layered structure of magnon crystal/normal metal/magnon crystal

P-26 |A. A. Martyshkin Propagation of spin waves in a ferrite film with a periodic semiconductor array of stripes on top of the surface

P-27 |R. V. Masliy Controlled modes of propagation of a spin-wave signal in lateral Gigamodes with an orthogonal element

P-28 |A. A. Matveev Control of the gain bandwidth for the microwave signals in a spin transfer nanoscillator using an external
magnetic field

P-29 (0. V. Matveev Spin waves demultiplexing using spin current

P-30 |A. A. Meshcheryakov |WccnepoBaHue siBneHvst rmGpuamnsaumm Mog B reTepocTpykType aHTueppoMarHeTk/deppoMarHeTmk

P-31 [A. Yu. Mitrofanova Dynamics of coupled antiferromagnetic oscillators

P-32 (M. A. Morozova Bparosckue pesoHaHckl B MynbTudeppoungHon cTpyktype YIG/HZO

P-33 | Yu. V. Nikulin BnusiHve nokansHOM TennoBoi HEOAHOPOAHOCTU Ha CMIMHOBYIO HaKauky B CTpykType XXWUI/Pt

P-34 (V. V. Paviov Ultrafast magneto-optical phenomena in magnetic semiconductors EuX (X = Te, Se, O)

P-35 (R. V. Pisarev Magnetic excitations and spin-phonon coupling in the CoF2 antiferromagnet

P-36 |V. D. Poimanov MonaBneHve 0GMEHHbIX CMIMHOBLIX BOSH B MSIEHKE C YaCTUYHBIM MarHUTHLIM MOKPbLITUEM

P-37 |A. V. Prikhodchenko | Structure implications on magnet characteristics of Pt/Co/MgO and WTe2/Pt/Co/MgO films

P-38 | K. A. Pshenichniy VamepeHune CrMHBOMHOBON AMHAMUKN B renikonaanbHblX MarHeTukax MeTo4oM MaroyrioBoro paccestHns
HEeNTpoHoB

P-39 [A. S. Ptashenko Investigation of spin wave dispersion in multilayer ferromagnetic structures with periodic metallic screen

P-40 |A. B. Rinkevich Magnetic susceptibility of frustrated Yb2Ti207 nanocomposite

P-41 | A. B. Rinkevich Microwave properties of 3d ferromagnetic nanocomposites Fe/epoxy with particle clustering

P-42 | A. V. Sadovnikov Non reciprocal propagetion of spin waves in a metal-coated YIG adjacent stripes

P-43 |A. F. Shishelov Domain structure of epitaxial superlattices Pd/Co/CoO
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i Poster session programm
(26/08 and 27/08, 17:30-19:30)
P-44 |M. E. Seleznev O6paTHbIN cnnHOBEIN 3dhdekT xornna B cTpykType XXUIM — nnatuHa Ha ocHoBe nneHkun XXUI™ ¢ noHukeHHon

HaMarHM4eHHOCTbI0 HaCbILWEeHNA

P-45 |A. V. Telegin Picosecond carrier dynamics in CdCr2Se4 ferromagnetic spinel

P-46 |O. S. Temnaya Control of magnon-polariton coupled modes in toroidal cavity

P-47 |O. V. Usmanov CEF parameters and magnetic properties correlations in rare-earth orthoferrites RFeO3 (R = Ho, Tb, Tm)

P-48 |A. B. Ustivon MopgenupoBaH/e KOMNIEKCHOro KoaddULIMeHTa NPOXOXKAEHNS aKTUBHOMO KOMbLIEBOro pe3oHaTopa Ha
MarHOHHOM KpucTanne

P-49 | A. B. Ustivon Mogenb MarHoHHOro MMKpopesepByapa Ha OCHOBE HaHOMETPOBbIX NneHok XTI

P-50 |A. B. Ustivon CnunH-BOMNHOBas NMMHUSA 3a4epXKKW Ha OCHOBE Kepamuyeckoi nnactuHbl XKW ans pesepByapHbIX KOMMbIOTEPOB

P-51 |D. A. Volkov Influence of polarization type on ferromagnetic resonance

P-52 | S. L. Vysotskiy O6paTHbIi CNHOBLIN 3eKT xonna B cTpykType XKUM(111)-nnatvHa B Manbix Nonsix nogMarHuinBaHus
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Topological magnetic structures

V.M. Uzdin, I.S. Lobanov, “CONCRETE” TEORY OF TOPOLOGICAL
MAGNETIC SOLITONS

M.V. Sapozhnikov, DZYALOSHINSKY-MORIYA INTERACTION AND
TOPOLOGICAL MAGNETIC STATES IN Co/Pt FILMS

I.L. Kalentyeva, = M.V. Dorokhin,  A.V. Zdoroveyshchev,  R.N. Kryukov,
D.A. Tatarskiy, = M.P. Temiryazeva, = A.G. Temiryazev, A.V. Sadovnikov,
VARIOUS  TOPOLOGICAL MAGNETIC STATES IN THIN
FERROMAGNETIC Co/Pd FILMS

M. Otrokov, INTRINSIC MAGNETIC TOPOLOGICAL INSULATORS OF THE
MnBi2Te4 FAMILY

THz spin dynamics

E.D. Mishina, A.M. Buryakov, M.V. Sapozhnikov, V.L. Preobrazhensky,
EFFICIENT THZ SPINTRONIC EMITTERS WITH INTRINSIC AMPLITUDE
AND POLARIZATION CONTROL

L.A. Shelukhin, A.V. Kuzikova, A.V. Telegin, V.D. Bessonov,
A.M. Kalashnikova, INTERFACE-ENHANCED PICOSECOND THz PULSES
GENERATION IN SPINTRONIC EMITTERS Co/Pt

E.A. Karashtin, N.S. Gusev, M.V. Sapozhnikov, P.Yu. Avdeev, E.D. Lebedeva,
A.M. Buryakov, TERAHERTZ RADIATION BY PLANAR SPINTRONIC
EMITTER GRATING

E.D. Mishina, K.A. Brekhov, N.E. Sherstyuk, CONTROL OF THE ORDER
PARAMETER IN FERROELECTRICS USING INTENSE THZ PULSES

A.A. Mukhin, A.M. Kuzmenko, V.Y. lvanov, A.Yu. Tikhanovskii,
G.A. Komandin, ELECTRO ACTIVE TERAHERTZ MAGNETIC
EXCITATIONS IN ORTHOFERRITES AT LOW TEMPERATURES

E. Mashkovich, NONLINEAR TERAHERTZ-DRIVEN DYNAMICS OF
ORDER PARAMETERS

Magnetophotonics at ultrafast and ultrasmall scales

V.1. Belotelov, ALL-DIELECTRIC NANOPHOTONICS FOR
OPTOMAGNETISM
P.A. Usachev, L.A. Shelukhin, V.N.Kats, D.V. Averyanov, I.S. Sokolov,

O.E. Parfenov, A.N. Taldenkov, A.M. Tokmachev, V.G. Storchak, V.V. Paviov,
TIME-RESOLVED SPINDYNAMICS IN EuO PROBED BY PHOTO-INDUCED
FARADAY EFFECT

A.E. Fedianin, A.M. Kalashnikova, J.H. Mentink, LASER-INDUCED THZ
DYNAMICS OF SPIN CORRELATIONS IN CUBIC ANTIFERROMAGNETS
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la.A. Filatov, P.l. Gerevenkov, N.E. Khokhlov, A.M. Kalashnikova,
SAGITTALLY PROPAGATING MAGNETOELASTIC WAVES EXCITED BY
LOCALIZED LASER PULSE

V.A. Skidanov, EXCHANGE COUPLING BETWEEN TWO FERROMAGNETIC
METALLIC NANOLAYERS REVEALED BY TRANSVERSE KERR EFFECT

Antiferromagnets and exotic magnetic structures

P.A. Maksimov, KITAEV MATERIALS: THE SEARCH FOR SPIN LIQUID
Yu.M. Bunkov, MAGNON BEC FROM 1 mK TO ROOM TEMPERATURE

A.V. Andrianov, FERMI SURFACE, NESTING, AND MAGNETIC PHASE
TRANSITION: CASE OF THE HCP HEAVY RARE-EARTH METALS

A.C. Mockun, OCOBEHHOCTHM CIHMHOBBIX B3AUMOJENCTBUN U
CIIMHOBBIX CTPYKTYVYP B AH-TEJIJIEPOBCKMX MAT'HETUKAX

A.K. Ovsianikov, 0.V. Usmanov, I.A.Zobkalo, EXCANGE INTERACTIONS
AND PHASE TRANSITIONS IN RARE-EARTH ORTOFERRITES RFeOs
(R=Ho,Tb,Dy)

E.B. BacunoBuu, A.C. Mocksun, CJIAGBIE ®EPPUMAT'HETUKU TUIIA YFe:-
xCrkOsz:  OTPULATEJIbBHAA HAMAT'HUYEHHOCTbL W CIIMHOBAS
ITEPEOPUEHTALINA

I.A. Zobkalo, ON THE ANTISYMMETRIC AND SIMMETRIC
INTERACTIONS IN MULTIFERROIC MANGANITES

Magnonics - |

A. Khitun, MAGNONIC COMBINATORIAL MEMORY

P.B. I'anmonu4uk, M.II. KocThlies, A.b. YcTuHOB, MAT'HOHHAAA
PE3EPBYAPHASI BBIUMCIIMTEJIbBHASI CHUCTEMA C TOKOBLIM
VIIPABJIEHUEM

A.V. Telegin, V.A. Bessonova, Y.K. Kim, A.S. Samaradak, DMI MODULATION
INHM/FM HETEROSTRUCTURES WITH ANONMAGNETIC SPACE LAYER
M.V. Bakhmetiev, R.B. Morgunov, SPIN-WAVES PROBE OF PERCOLATION
THRESHOLDIN EXCHANGE-BIASED SYSTEM

E.V. Skorokhodov, V.L. Mironov, D.A. Tatarsky, A.A. Fraerman,
INVESTIGATION OF THE GYROTROPIC MODE IN MAGNETIC VORTEX
SYSTEM BY MAGNETIC RESONANCE FORCE MICROSCOPY

M.A. Ameabuenko, @.10. Orpun, C.B.I'pumma, MUKPOMAT'HUTHOE
MOJIEJIMPOBAHUE ®EPPOMATHUTHOI'O METAMATEPUAJIA B

[TPOI'PAMME MAXLLG

Magnonics - 11

A.B. Rinkevich, D.V. Perov, M.A. Milyaev, V.V. Ustinov,
ELECTRODYNAMICS OF EXCHANGE-COUPLED METALLIC
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“CONCRETE” TEORY OF TOPOLOGICAL MAGNETIC SOLITONS

V.M. Uzdin", 1.S. Lobanov
ITMO University, St.Petersburg
*v_uzdin@mail.ru

Magnetic topological structures such as skyrmions, hopfions, torons and other
“topological solitons” are of great interest both for fundamental science and for storing,
processing and displaying information in new spintronics technologies. An important
factor for any practical applications is the stability of such systems with respect to thermal
fluctuations and random external perturbations. This draws additional attention to the
nature of so named topological protection of magnetic systems from fluctuations. Such
protection may be associated with the existence of topological indices, which are integer
numbers that are preserved during continuous magnetization transformations. If these
numbers are different for two magnetic states, then continuous transformations of
magnetization cannot lead to a transition from one state to another.

For magnetic moments localized on a discrete lattice, topological considerations,
strictly speaking, are not applicable. Here we can only talk about the size and shape of
the energy barriers separating topologically different (in the continuous limit) states. The
relationship between stability in continuous and discrete models will be discussed based
on transition state theory for magnetic degrees of freedom. This approach involves
constructing the energy surface of a magnetic system as a functional of all variables that
uniquely determine the magnetic configuration. Local minima on this surface define the
ground and metastable states, and the minimum energy paths between them indicate the
most likely scenario for the magnetic transition. In the harmonic approximation for the
shape of the energy surface in the vicinity of minima and saddle points, the lifetime of
magnetic states can be calculated [1].

A scaling theory has been developed that makes it possible to reduce the lattice
constant while maintaining the size and shape of the topological soliton [2,3]. It is shown
how the activation energy and the pre-exponential factor in the Arrhenius law change as
the lattice constant tends to zero. The calculations carried out shed light on the nature of
stability and topological protection mechanisms of magnetic skyrmions.

When calculating the dynamics of magnetic topological systems, a comparison is
made of the simulation results based on the Landau-Lifshitz-Gilbert equation and the
generalized Thiel equation, which considers a given set of low-energy excitations of the
equilibrium magnetic structure. The importance of preserving the Hamilton structure of
the equations of motion when moving to a reduced description is shown [4].

This work was supported by Russian Scientific Fund, project No. 23-72-10028
https://rscf.ru/en/project/23-72-10028/
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DZYALOSHINSKY-MORIYA INTERACTION AND TOPOLOGICAL
MAGNETIC STATES IN Co/Pt FILMS

M.V. Sapozhnikov”
Institute for Physics of Microstructures RAS
‘msap@ipmras.ru

The presented talk reports the results of work at the IPM RAS on the study of the
properties of magnetic states, including topological ones, observed in Co/Pt films, and
the possibility of controlling the properties of magnetic states using deformations and ion
irradiation. Multilayer and bilayer CoPt films were obtained by magnetron sputtering.
The ultra-thin thickness of the layers (0.5-1 nm) leads to the fact that effects associated
with the boundaries of the layers begin to play a significant role. This leads to the
appearance of perpendicular magnetic anisotropy and surface Dzyaloshinsky-Moriya
interaction (DMI) in such structures.

We investigated two ways to change the material parameters of the samples, which
led to the possibility of controlling their magnetic properties. The first method is
irradiation with He+ ions, with an energy of 30 KEV and fluences of 10'4-10*® cm. Such
irradiation will disrupt the homogeneity of the layer boundaries, which leads to a decrease
in perpendicular magnetic anisotropy, which was known previously. At the same time,
we discovered that DMI depends on the radiation fluence non-uniformly and at average
doses can increase several times.

Using FIB, irradiation with helium ions can be performed locally, and thus we
lithographed 2D lattices of locally irradiated areas with a diameter of 100-400 nm. These
regions with locally changed material parameters serve as pinning centers for magnetic
skyrmions and make it possible to create lattices of magnetic skyrmions with a high
topological charge density. This allowed us to study the topological Hall effect in such
systems. To directly measure the topological Hall effect, we have developed a technique
for simultaneously measuring the value of the total Hall effect and the magneto-optical
Kerr effect (Fig. 1). The magnetic skyrmions themselves were studied by Lorentz
transmission electron microscopy (LTEM). It was discovered that the structure of
skyrmions depends on the diameter of the region in which they are pinned
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Fig. 1. (a) (a) MOKE hysteresis loops (red line) and Hall effect (black line) for the
nanostuctured Co/Pt film, plotted on the same scale. Minor loops are drawn with thinner lines.
(b) Detail view of a step on the Hall curve which occurs at the moment of formation of the
skyrmion lattice. (c) Hysteresis curve of the topological Hall effect. The dotted line is the minor
hysteresis loop. (d) LTEM image of a lattice of skyrmions in nanostructured Co/Pt film.
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The second method we investigated for controlling the magnetic states of Co/Pt
films is elastic deformation. Strain can be applied to the samples either by bending the
substrate on which the magnetic film is deposited (uniaxial strain) or by applying an
electric field to the Co/Pt/ferroelectric structure. In the latter case, the symmetry of the
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Fig. 2. (a) iDMI constants (Dx; y) measured along the x and y directions as a function
of the applied strain (the case uniaxial strane). (b) Scheme of measuring a sample on a
ferroelectric substrate (uniform deformations)
deformation depends on the symmetry of the ferroelectric substrate surface (Fig. 2).

In the course of this study, we discovered that deformations of 0.01% (ultimate
strength of the samples), depending on the specific situation, can lead to an increase in
DMI by a factor of 2, a decrease in DMI and a change in its sign, as well as the appearance
of anisotropic DMI. In the latter case, the DMI constants along different axes have
different signs. Such a significant change in DMI leads to a change in the magnetic
structure of the images. We theoretically predicted and then experimentally discovered
zigzag domain structures that are realized in a system with anisotropic DMI (Fig. 3).
During the studies, the DMI value was measured using BLS methods, and the magnetic
states of the samples were studied using magnetic force microscopy. Due to the possibility
of using an electric field to control the magnetic properties of Co/PT/ferroelectric
structures, they can be considered as promising systems for practical applications.

" compression
€= - 0.08%

500nm -60 0 fum 60
Fig. 3. First column: Measurement geometry for uniaxial strain. The gray part
of the sample is the substrate and the blue part is the multilayer magnetic film. One
end of the sample is fixed, while the other can be bent, causing deformation of the
magnetic film. The corresponding strains &x are indicated. Second column: MFM
images of domains obtained under the corresponding strains. Third column:
corresponding spatial Fourier spectra of domain structures. The deformation is
applied along the x axis. Fourth column: domain structures obtained by
micromagnetic modeling methods. Fifth column: enlarged image of domain walls

This work was supported by the Center of Excellence “Center of Photonics” funded by

the Ministry of Science and Higher Education of the Russian Federation, Contract No.
075-15-2022-316.
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VARIOUS TOPOLOGICAL MAGNETIC STATES IN THIN
FERROMAGNETIC Co/Pd FILMS
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D.A. Tatarskiy?, M.P. Temiryazeva3, A.G. Temiryazev?, A.V. Sadovnikov?
Research Institute for Physics and Technology of UNN
2Institute for Physics of Microstructures RAS
3Kotel'nikov Institute of Radioengineering and Electronics of RAS
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Thin multilayer ferromagnetic/heavy metal films are considered promising media
for magnetic recording, and Co/Pd films are a good example of such materials. This work
will present studies of the magnetic properties and micromagnetic structure of multilayer
Co/Pd films with different bilayer thicknesses ([Co(0.3xt nm)/Pd(0.5xt nm)]10), but with
the same Co and Pd ratio. The choice of layer thicknesses and tooling values (t = 0.9-1.3)
was based on our earlier results on multilayer Co/Pt films [1,2].

The samples under study were successively deposited on Si, GaAs and SizN4
substrates by electron beam evaporation at 300°C with a tenfold repetition. Transmission
electron microscopy (TEM) and X-ray diffraction (XRD) studies suggest that the films
studied are highly mixed alloys. Using magnetic force microscopy (MSM) and Lorentz
transmission electron microscopy (L-TEM), the presence of various micromagnetic
features in the films was shown (fig.1). Along with the well-known 360°-domain walls
and skyrmions, some new features were discovered that were interpreted as
skyrmioniums and a combination of skyrmioniums with domain walls.

It was found that the type and density of micromagnetic features strongly depend
on the value of the tooling coefficient t. The effect is associated with the peculiarities of
interfacial magnetic interactions in samples with highly mixed interfaces.

Fig. 1. Magnetic topological states found in the studied samples: 360° domain
walls (a), skyrmions (b), skyrmioniums (c) and a combination of domain wall and
skyrmionium (d).

This work was supported by RNF (#21-79-20186).
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INTRINSIC MAGNETIC TOPOLOGICAL INSULATORS OF THE MnBi2Te4
FAMILY
M. Otrokov!”
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Recently, MnBi2Te4 has been theoretically predicted and then experimentally

confirmed to be the first intrinsic antiferromagnetic TI (AFMTI) [1-3]. This opens a new
field that focuses on intrinsically magnetic stoichiometric compounds: several
MnBi2Te4-derived MTIs were synthesized right away [4], such as
(MnBi2Te4)-n(Bi2Te3), MnBi2—xSbxTe4, (MnSb2Te4)-n(Sb2Te3), Mn2(Bi,Sb)2Te5,
and MnBi2Se4. As a result, MnBi2Te4 and related compounds have been predicted to be
a platform for realizing highorder topological insulator and superconductor states, Weyl
semimetal phase, skyrmions, quantized magnetoeletric coupling, and Majorana fermions.
Moreover, MnBi2Te4-based systems are predicted and/or observed to show 12 different
types of Hall effect [5,6], some of them are fundamentally new, such as the layer Hall
effect [6]. A number of technological applications have also been envisioned, in
particular, chiral interconnect devices based on the high-Chern-number topological
heterostructures [7].
Concerning current challenges of this field, we will discuss the issue of the Dirac point
gap in the MnBi2Te4 topological surface state that caused a lot of controversy. While the
early experimental measurements reported on large gaps, in agreement with ab initio
calculations, a number of further studies claimed to observe a gapless dispersion of the
MnBi2Te4 Dirac cone. A number of possible theoretical explanations of this unexpected
behavior have been put forward, which we will discuss in the context of the available
experimental data [8,9].

I acknowledge the support by MCIN/AEI/10.13039/501100011033/ (Grant P1D2022-
138210NB-100) and "ERDF A way of making Europe"”, by Ayuda CEX2023-001286-S
financiada por MICIU/AEI/10.13039/501100011033, as well as MCIN with funding from
European Union NextGenerationEU (PRTR-C17.11) promoted by the Government of
Aragon.
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EFFICIENT THZ SPINTRONIC EMITTERS WITH INTRINSIC
AMPLITUDE AND POLARIZATION CONTROL
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IMIREA - Russian Technological University
2Institute for Physics of Microstructures RAS, Nizhny Novgorod
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Of the main THz emitters—nonlinear crystals, both organic and inorganic,
semiconductor antennas, and spintronic emitters—spintronics provides the most wide
spectrum and intrinsic parameter control. Here, we present spintronic emitters based on
in-plane anisotropy magnetic nanostructures that uniquely regulate the amplitude and
polarization of THz waves using only magnetic field strength.

Two types of magnetic nanostructures were fabricated by magnetron sputtering in
magnetic field: Co/Pt bilayers and spin valves based on Co/Pt and FeCoTb containing
multilayers. To measure the parameters of THz generation we utilized the conventional
method of THz time-domain spectroscopy [1].

Co/Pt emitters operate based on the inverse spin-Hall effect (ISHE), where a THz
wave is created by a charge current flowing in a platinum layer, which in turn is created
by a spin current generated in the layer. The direction of polarization of the emitted THz
waves from ISHE depends on the direction of the injected spin current and the spin
polarization of the electrons, which is opposite to the magnetization. The orientation and
strength of the magnetizing field determine both the magnetization and polarization of
the THz wave, with the polarization perpendicular to the magnetization.

In the Co/Pt bilayer, magnetic field should be directed along the hard axis. Then
by the magnetic field ramp within the anisotropy field, magnetization rotates by 180°
without changing its value. It gives rise to the THz wave polarization rotation by 180° as
well while its amplitude remains constant. Thus, the proposed structure is a pure
polarization rotator.

In the spin valves, magnetic field should be directed along the easy axis of
magnetization. The for two types of valves mechanisms are different. In Co/Pt/Co/IrMn
structure, antiferromagnetic IrMn layer provides pinning of magnetization direction in
the neighboring Co layer. For unmagnetized structure, magnetization in two Co layers is
are antiparallel. Then charge currents are parallel and enhances the generated THz field.
When magnetic field higher than coercive field Hc, is applied to the structure,
magnetizations in two Co layers become parallel. Then the charge currents from two
sources, directed antiparallel, cancel each other, resulting in almost zero THz field.
Modulating magnetic field provides modulation of THz wave amplitude with very high
efficiency. For FeCoTb/Cu/FeCoTb structure, FeCoTb layers provide two independent
sources of THz waves, while copper control the value of magnetization. Modulation of
magnetization around coercive field of softer FeCoTb component gives rise of amplitude
modulation around 30%.

This work was supported by RNF (#23-19-00849).
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Generation of electromagnetic radiation in the terahertz (THz) frequency range is
a fundamental problem, and sources of such radiation are in demand in a number of
applications [1]. Spintronic emitters are promising sources of broadband pulses with
frequencies from fractions of THz up to 20 THz [2]. However, the radiation intensity of
such sources is still inferior to alternatives, in particular, generators based on nonlinear
optical effects in lithium niobate and organic crystals [3]. Therefore, it is necessary to
optimize the structures for spintronic emitters.

The aim of this work is to determine the effect of the ferromagnet/heavy metal
(FM/HM) interface on the efficiency of converting optical femtosecond laser pulses to
THz pulses. For this purpose, a series of heterostructures and Co-Pt alloys with different
interfaces was selected (in brackets, layer thicknesses in nm):

1) Si/Ta(2)/Pt(3)/Co(1.2)/Ta(2), a structure with a sharp FM/HM interface;

2) Si/Ta(2)/Co7sPt2s(4.6)/Ta(2) — FM-HM alloy;

3) Si/Ta(2)/Pt(3)/Co2sPt75(0.4)/Cos0Pts0(0.4)/Co7sPt25(0.4)/Co(1.2)/Ta(2) —
structure with gradient FM/HM interface.

Time-resolved THz spectroscopy was used as the main technique. A femtosecond
laser pulse with a central wavelength of 800 nm and fluence up to 15 mJ/cm? induced
ultrafast demagnetization up to 30 % in ferromagnetic layers. As a result, a spin-
polarized current pulse is injected into the platinum layer, which is converted into a
transverse electric current pulse due to the inverse spin Hall effect (ISHE). This is the
source of a picosecond pulse of THz radiation. It was detected by electro-optical
sampling.

THz electric field (kY/cm)

=
-
d =
[¥%)

Time (ps)
Fig. 1. Time profile of THz emission obtained by laser-induced excitation of Co/Pt structure
with sharp interface (blue symbols) and multilayer structure with gradient interface between
Co and Pt (red symbols).
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THz radiation generation with a maximum frequency of 3 THz was observed in
all the studied structures. In structure #3 with a gradient Co-Pt interface, the energy
conversion is the highest. The peak electric field obtained at the fluence 2.5 mJ/cm2 in
such a structure reached 6 kV/cm (see Fig. 1), being 2 times higher than in structure #1
with a sharp interface, and also exceeds the typical values for samples of this
composition [4].

A similar trend in the Dzyaloshinsky-Moriya interface interaction (iDMI) was
previously observed for these samples [5]. Thus, the interface design has a significant
impact on the spin-orbit effects responsible for both iDMI and ISHE and the associated
THz emission.

This work was supported by RScF (#23-12-00251, https://rscf.ru/project/23-12-00251/).
The authors acknowledge A. S. Samardak, FeFU, for the provided samples.
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In the last decade, promising sources of THz radiation based on a multilayer
magnetic nanostructure, which consists of a thin ferromagnetic layer (FM) having a
boundary with a thin layer of normal (usually heavy) metal (NM), have been actively
studied. It is known that such a structure can act as a broadband THz emitter, comparable
in efficiency to semiconductor analogues [1, 2]. When such a system is irradiated with a
femtosecond optical pulse of high intensity, a short pulse of "pure” spin current flows
from the FM to the NM. This spin current induces an electric current due to the inverse
spin Hall effect in the NM. Such time-dependent electric current emits a short and
broadband electromagnetic wave pulse corresponding to the terahertz frequency range.
Recently, a structure with two iron layers separated by a 4 nm thick platinum layer was
studied [2]. Buth Fe layers inject spin current into Pt. The electric current generated in
platinum is either compensated for the ferromagnetic state of the system or summed for
the antiferromagnetic state. Thus, it is possible to control the emission of the THz signal
by an external magnetic field applied to the system. The limitation for such a system is
the presence of other boundary layers near the iron layers. In particular, the
antiferromagnet IrMn also emits THz signal due to the same mechanism, but roughly ten
times less effective than Pt [4]. Therefore, the ratio of signal intensity in the "on" and
"off" states of the device is approximately 15.

In this work, the spintronic emitter gratings are studied which are periodic systems
of stripes made of thin films of a ferromagnet/heavy metal (in particular,
Co(2nm)/Pt(2nm) or W(2nm)/Co(2nm)/Pt(2nm) manufactured by magnetron sputtering).
The stripe width varies from 2 um to 500 um, and the period is 4-1000 um. We show that
the amplitude of THz signal radiated by such gratings depends on whether they are
magnitized along or perpendicular to stripes (it is greater for the perpendicular direction
of magnetization with respect to the stripe orientation than for the parallel one). As the
period of the structure decreases, the ratio of the amplitudes of THz radiation increases.
This is explained by the fact that the electric current resulting from the inverse spin Hall
effect flows either along or across the stripes, respectively. With a structure period of
1000 pum (and stripe width 500 pm), there is practically no difference in the signals. The
observable difference appears for the period of 300 um and stripe width of 150 um
(Fig.1 (a)). The structure with a period of 100 um (stripe width 50 um) provides a two-
fold difference (Fig.1 (b)), and with a period of 50 um (stripe width 25 um) — three
times. This is explained by the fact that the period of the structure becomes smaller than
the characteristic wavelength of the radiation (300 um for a frequency of 1 THz), which
makes it possible to effectively control the emission of the THz signal by applying an
external magnetic field. In this case, there are no fundamental restrictions on the ratio of
signals in the "on™ and "off" states of the device: as the width of the stripes decreases the
effect increases. Besides, the efficiency of such spintronic emitter may be increased by
decreasing the distance between the stripes in the grating. In order to demonstrate this we
study gratings with stripe width equal to 6 um and 2 pm. Studying the polarization
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dependence of the emitted THz signal provides information regarding remagnetization of
the stripes.

We also demonstrate that the emission spectrum of a THz signal from periodic
structures depends on the angle between the normal to the structure and the THz wave
detector. In particular, installing a non-transmitting screen near the normal direction leads
to a shift of the spectral maximum to lower frequencies (about 0.5 THz). On the other
hand, selecting a region near the normal direction using a diaphragm leads to a shift of
the maximum in the emission spectrum to higher frequencies (about 1.5 THz). This is due
to the fact that the periodic structure is an antenna array. Most noticeable effect is obtainde
for large periods (300-1000 pm).

Thus, the periodic system of stripes based on multilayer spintronic terahertz
emitters with a period of the order of 10-1000 um makes it possible to effectively control
the amplitude of THz radiation by applying a magnetic field, as well as the radiation
spectrum by installing a diaphragm.
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Fig. 1. The peak-to-peak terahertz amplitude dependence on the magnetic field applied
either parallel (black line, E.A.) or perpendicular (red line, H.A.) to stripes made of a
Co(2nm)/Pt(2nm) structure on a quartz substrate for (a) grating period 300 um, stripe width
150 pum and (b) grating period 100 pm, stripe width 50 um. The schematic of the stripes is
shown in the inset in the middle.
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INTENSE THZ PULSES

E.D. Mishina*, K.A. Brekhov, N.E. Sherstyuk
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The development of modern laser and terahertz technologies has made it possible
to identify a number of promising practical applications of THz radiation and the effects
it causes in ferroic materials. The main advantage of using THz radiation for ferroics is
the ability to directly influence the state of the order parameter without using electrodes,
which allows manipulating this state in a shorter time than “traditional” electronic device
technologies allow. This effect allows us to move to all-optical switching and further to
all-optical computing with minimal energy losses on the element. For ultrashort time
ranges, recording changes caused by the electric/magnetic field of a laser (THz) pulse is
a rather complex task, which often cannot be solved by conventional electrophysical
methods. In this regard, optical methods such as linear and nonlinear (SHG) spectroscopy
and microscopy come to the fore.

Here we report the results of experimental studies of polarization modulation
induced by strong picosecond THz pulse in well-known ferroelectric materials: SrTiOs,
Si-doped PbGeO and TGS single crystals, BaSrTiOz and BiTiO thin films. Studies of
ultrafast polarization modulation were carried out using the method of nonlinear optical
spectroscopy, where the SHG intensity served as a measure of THz-induced polarization
due to the general proportionality of the SH field to the ferroelectric polarization vector.
The dependencies of the SHG intensity on the THz field and polarization hysteresis loops
as well as the models for ultrafast THz-induced polarization modulation, are discussed.
Theoretical modeling was carried out based on the Landau-Khalatnikov equation and the
Duffing equation. The direct influence of the field on the soft regime under conditions of
oscillatory and relaxation dynamics was considered.

The results of the impact of a powerful THz pulse on ferroelectrics, obtained by
the THz pump — SHG probe, show that such an impact only leads to a dynamic switching
of polarization, i.e. after the end of exposure to the THz pulse, the system returns to its
initial state. However, theoretical calculations show that such a switch is possible when
certain experimental conditions are achieved, which are currently not realized. The
factors influencing the dynamic nonlinear optical response include, first of all, the
magnitude of the THz pulse power.

This work is supported by the Russian Ministry of Science and Higher Education (#075-
15-2022-1131)
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Rare earth (R) orthoferrites RFeOs are centrosymmetric orthorhombic (Pbnm) weak
ferromagnets possessing rich magnetic properties, in particular, various spin-
reorientation transitions, determined by anisotropic R-Fe interactions. Rare earth ions
occupy non-centrosymmetric positions (Cs) allowing local magnetoelectric coupling,
unlike Fe** ones, which at high temperatures determine a centrosymmetric magnetic
structure forbidding magnetoelectric effects. However, at low temperatures, T < 3-4 K,
when rare earth ions (Tb, Dy, ...) are ordered into non-centrosymmetric structures,
magnetoelectric phenomena associated with the manifestation of electric polarization [1-
3] and electroactive magnetic excitations [4], become allowed.

Here we report on comprehensive terahertz studies of magnetic excitations in TbFeO3
orthoferrite which exhibits at 6 - 8 K, the iron spin reorientation from the a axis to the c
axis, i.e. from I's(GxF,) to I'2(G;Fy) structure, and with a further temperature decrease, an
antiferromagnetic ordering of Th®" Ising moments occurs into I's(axgy) configuration at
~3.5 K, which is accompanied by the reorientation of Fe®" spins back to the I's high
temperature structure. Polarized transmission spectra of single crystalline ThFeOs plates
of a- and c-cuts were measured using a coherent quasimonochromatic spectrometer with
frequency tunable generators based on the backward wave oscillator at frequencies 3-33
cmt as well as an original pulsed time-domain terahertz spectrometer (TDS) at
frequencies 7-80 cm™ at temperatures 1.8 — 300 K. Dramatic evolution of the two
antiferromagnetic resonance (AFMR) modes of the Fe —subsystem, quasiferromagnetic,
M: and quasiantiferromagnetic M2, was observed during the spontaneous reorientation
transitions. Among them, the most remarkable is the manifestation of the electroactivity
of the AFMR modes below ordering of the terbium subsystem. Using various polarization
geometries we revealed that in the low temperature T's(GxF;) structure the M1 mode is
excited by e, ey ac electric field components in addition to hy, hy magnetic ones, while
the M2 mode is excited not only h, magnetic component but also e, electrical one.
Moreover, at frequencies below M1, modes we observed at ~10 cm for e||c an additional
electroactive absorption line identified as an excitation in the antiferromagnetic Tb
subsystem.

The observed phenomena were analyzed taking into account allowed local
magnetetoelectric interactions in the Tb3* ions possessing quasidoublet ground state in a
crystal field. It was shown that electrodynamic response of interacting Fe and Tb
moments are determined not only magnetic but also magnetoelectric and dielectric
susceptibilities.

This work was supported by RNF (#22-12-00375).
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All-dielectric nanostructures are very promising for effective spin control in
magnetic materials using femtosecond laser pulses. Such structures with specially
adjusted parameters make it possible to obtain various optical resonances in a magnet
(optical waveguide modes, Mie modes, Fabry-Perot resonance) and, thereby, distribute
the optical spin angular momentum (the effective magnetic field of the inverse magneto-
optical Faraday and Cotton-Mouton effects) in a magnetic material in the right way,
which eventually leads to excitation of various spin modes with high amplitude [1-4].

In particular, in magnetophotonic crystals and nanostructured magnetic films, it is
possible to excite standing spin waves limited in one or all three dimensions. When optical
resonances are excited in magnetic nanospheres or nanocylinders, it becomes possible to
reconstruct the local and inhomogeneous effective field of the reverse Faraday effect
within a wide range to excite high-order standing modes.

On the other hand, due to the deposition of a non-magnetic nanolattice to a
magnetic film, laser pulses excite ultrashort traveling spin waves with a length of about
100-300 nm, which is significantly less than the wavelength of light in a magnet. In this
case, nanolattices play a dual role — they allow not only to excite short spin waves, but
also to observe them, which is impossible for homogeneous magnetic films. Along with
this, the use of nanolattices gives birth to a novel optomagnetic effects, for example, the
inverse transverse Kerr effect, which significantly expands the range of functionality for
controlling spins by light.

The work was financially supported by the Russian Science Foundation (grant No. 24-
42-02008).
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TIME-RESOLVED SPIN DYNAMICS IN EuO
PROBED BY PHOTO-INDUCED FARADAY EFFECT

P.A. Usachev'", L.A. Shelukhin?, V.N. Kats!, D.V. Averyanov?, 1.S. Sokolov?,
O.E. Parfenov?, A.N. Taldenkov?, A.M. Tokmachev?, V.G. Storchak 2, V.V. Pavlov!
Lloffe Institute, St. Petersburg, Russia
2NRC Kurchatov Institute, Moscow, Russia
“usachev@mail.ioffe.ru

The manipulation of magnetic materials with light has become a highly promising
concept in developing innovative magneto-optical devices [1]. Compared to traditional
methods using magnetic fields, light offers faster and more efficient control over electron
spins due to shorter timescales involved in optical processes [2]. This study probes the
time-dependent behavior of spins in the ferromagnetic semiconductor EuO following
excitation by light.

Near the Curie temperature (Tc = 70 K) photo-excitation in EuO significantly
enhances the exchange interaction between excited d-electrons and surrounding lattice
spins compared to the ground state. This leads to a transient reinforcement of the
ferromagnetic order with a slight raise in the Curie temperature. The impact of the change
in exchange interaction is readily measurable using the photo-induced Faraday effect.
Time-resolved measurements provide insights into the creation and subsequent decay of
the photo-induced magnetization.

To this end, we have developed a pump-probe technique based on time-resolved
Faraday effect on a broad timescale up to hundreds microseconds. The novel approach
offers direct observation of spin dynamics in EuO, providing a deeper understanding of
the light-induced manipulation of magnetism in this material (Fig. 1).
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Fig. 1. (a) The photo-induced Faraday effect as a function of magnetic field, measured at a

temperature of 70 K and a time delay t = 2.8 ns. (b) The evolution of the photo-induced Faraday
effect at 70 mT over time after excitation att = 0.

This work was supported by the Russian Science Foundation (projects 24-12-00348, 24-
19-00038, 20-79-10028, 22-13-00004).
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LASER-INDUCED THZ DYNAMICS OF SPIN CORRELATIONS IN CUBIC
ANTIFERROMAGNETS
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Two-magnon mode is the magnetic excitation with one of the highest frequencies
among magnetic modes. Being observed in antiferromagnets, two-magnon mode is
usually defined as a coupled magnon pair with opposite wavevectors. Zero momentum of
this pair allows light to interact with entire Brillouin zone (BZ) including its edge, where
the exchange interaction plays the key role.

Spontaneous Raman scattering (RS) on two-magnon modes was extensively studied
since 1960th, both experimentally and theoretically [1-3]. Recent impulsive stimulated
Raman scattering (ISRS) experiments demonstrated the excitation of such modes by
femtosecond laser pulses and linked their generation to laser-induced changes in the
exchange interaction [4-7]. However, when comparing the spectra obtained in two types
of experiments, one can detect differences that, in particular, raises a question of whether
the contribution from two-magnon modes in a certain part of the Brillouin zone is the
same in the case of RS and ISRS [4,8].

In this work, our goal is to study theoretically the possibility of excitation and
detection of ultrafast magnetic dynamics by femtosecond linearly polarized laser pulses
and compare it to the case of the RS. For this purpose, we need to introduce the single
framework and define the Raman tensor across the Brillouin zone that describes the
interaction of a certain two-magnon mode with light. The use of classical ferromagnetic
and antiferromagnetic vectors, in this case, does not allow us to introduce the Raman
tensor, since they do not describe the ground state, which is a complex superposition of
wave functions [9], and two-magnon modes [6,10].

In this work, we carry out the analysis of RS and ISRS in cubic antiferromagnets
within the single framework, in which spin correlations are the microscopic parameter
describing spin dynamics [10]. Based on introduced approach, we obtain the Raman
tensor and its dependence on the wavevector. We derived the selection rules for the ISRS
and compare its spectrum with the spontaneous Raman scattering and experimental data.

This work was supported by RScF grant No. 23-12-00251 (https://rscf.ru/project/23-12-
00251/).
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SAGITTALLY PROPAGATING MAGNETOELASTIC WAVES
EXCITED BY LOCALIZED LASER PULSE

la.A. Filatov™, P.l. Gerevenkov, N.E. Khokhlov, A.M. Kalashnikova
loffe Institute, 194021 St. Petersburg, Russia
“yaroslav.filatov@mail.ioffe.ru

In magnonics, spin waves (SW) are used to encode, transfer and process
information in computational devices, which in principle can outperform traditional
electronics [1]. The significant experimental progress is achieved using magnetostatic SW
of GHz frequency range, which propagate laterally in films of ferro- and ferrimagnetic
materials [2]. The excitation of coherent sagittally propagating antiferromagnetic SW of
THz frequency is demonstrated recently as well [3]. However, an increase of working
SW frequency, scaling-down of future magnonic devices to nanometer range, and
extension of a planar designing approach to the third dimension with simultaneous
maintaining of SW propagation distances at high values, are still required. Thus, one of
the critical issues is to develop excitation mechanisms, for which SW will possess high
group velocity, low damping and possibility to propagate coherently in magnonic
structures and heterostructures in either of three dimensions. In this work we demonstrate
experimentally the laser excitation of coherent magnetoelastic waves, propagating
sagittally in the ferrite garnet. We used the thin gold capping film on the iron garnet
surface to increase the localization of femtosecond laser pulse and spectrally broaden in-
depth excitation profile.

Laser-induced magnetization dynamics is measured using optical pump-probe
technique, in which pump pulses of 515 nm central wavelength were used. Chosen pump
wavelength allows for strong absorption profile inside the studied sample of bismuth-
doped yttrium iron garnet without capping film. To increase manifold the localization
profile of the pump pulse excitation near the surface we cover the sample by Au film with
thickness of 100 nm. For the detection we used femtosecond probe pulses with
wavelengths of 900 and 450 nm, which being directed onto the sample from the side
opposite to the excited surface realize the geometries of the magneto-optical double
Faraday effect and the polar Kerr effect, respectively. The use of the two distinct detection
geometries provided the separation of the contributions to the measured magnetization
dynamics, which are: uniform across the sample thickness precession of magnetization
with frequency of ferromagnetic resonance (FMR) and non-uniform mode. In the Kerr
geometry upon pumping the Au film at the garnet surface, we observed the time delay of
230 ps between excitation and the magnetization dynamics observation corresponding to
a nonuniform mode. Also, tuning the applied in-plain external magnetic field in the range
300-700 mT we observed linear increase of the FMR mode frequency and the superlinear
increase of the nonuniform mode frequency. The theoretical analysis including dispersion
of exchange spin waves and longitudinal acoustic (LA) phonons allowed us to establish
that the nonuniform mode is, in fact, magnetoelastic wave.

Thus, we demonstrate that the increase of in-depth localization of excitation profile
in ferrite garnet results in the excitation of magnetoelastic wavepacket, propagating
sagittally between samples surfaces. We confirm this by measuring the wavepacket group
velocity, which corresponds to the sound velocity in the sample. Also, provided
theoretical analysis confirms our interpretation of the experimental results. The
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experimentally measured dependence of the frequency of the non-uniform mode on the
external magnetic field magnitude corresponds to the theoretically calculated one of
magnetoelastic wave, which we determine as the cross point of the exchange SW and LA
phonons dispersions. Thus, we demonstrate experimentally the possibility to excite
magnetoelastic waves by strongly in-depth localized laser pulses. The amplitude of
magnetoelastic waves demonstrated in our experiments is a one order higher than that of
the uniform precession. Therefore, the provided results not only ensure the propagation
of coherent SW in the third dimension, but also show that coupling of magnetic and
phonon sub-systems allows for an efficient resonant excitation of collective dynamics,
which can propagate coherently in the magnonic heterostructures.

The work is supported by Russian Science Foundation (Project 23-12-00251).
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EXCHANGE COUPLING BETWEEN TWO FERROMAGNETIC METALLIC
NANOLAYERS REVEALED BY TRANSVERSE KERR EFFECT

V.A. Skidanov"
Institute for Design Problems in Microelectronics RAS, NRC “Kurchatov Institute”

*skidanov@ippm.ru

Exchange coupling between ferromagnetic films is used for hysteresis loop bias of
one of two nanolayers in spintronic valve. Magnetization directions are collinear in both
layers and coercive fields differ by more than an order of magnitude this case [1].

Exchange bias can be described only by phenomenological way as a rule. The
mechanism of exchange coupling can be cleared in more details by investigation of its
dependencies upon magnetic parameters of each of two nanolayers such as coercive
fields, anisotropy fields and easy axes directions.

The present investigation was made on bilayer permalloy/iron (Py/Fe) structure with
equal thickness values (40 nm) evaporated on silicon substrate. Both ferromagnetic films
are uniaxial in plane with anisotropy field values along hard axes 4 Oe and 12 Oe, critical
field values along easy axes 2 Oe and 10 Oe accordingly for Py (82Ni-18Fe) and Fe.

Hysteresis loop of bilayer was observed by means of transverse Kerr effect from Py
film for collinear easy axes and mutually perpendicular easy axes of magnetic layers in
Py/Fe bilayer. Kerr effect in Fe is more than that one in Py almost by an order of
magnitude with opposite sign due to difference between 3d-band fillings. Therefore layers
magnetizations coupling caused by mutual spin diffusion through Py/Fe interface can be
investigated by magnetooptical signal registration.

Hysteresis loops caused by magnetization reversal observed for Fe, Py and Py/Fe
structures along collinear easy axes are shown in Fig. 1. Lines represent the directions of
easy axes whereas arrow shows directions of external field. Magnetooptical signal from
Py/Fe bilayer (right graphs) is equal to signal from Fe film (left graphs) in spite of Py
layer screening influence. This fact should be interpreted in terms of mutual spin diffusion
between Py and Fe. As a result bilayer Py/Fe suffers reversal as whole object for collinear
easy axes in Py and Fe.
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Rl d ;
By e
L
Fig.1. Magnetization reversal along collinear easy axes in Py and Fe films: Fe(40 nm) (left),
Py(40 nm) (centre) and Py/Fe bilayer (right).
Magnetic field scale factor 4 Oe/cm.

All possible mutual orientations of easy axes of Py and Fe layers and external field
exhibit coupling features due to exchange between diffused and domestic electrons in
both layers (for ex. Fig. 2). Magnetization reversals of Py/Fe structure along hard axis of
Fe and perpendicular easy axes in Py (Fig. 2, right) look like independent in every
magnetic layer but critical field in Py layer is enhanced by a factor 1.6 in comparison with
alone Py film.
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Fig.2. Magnetization reversal along hard axis in Fe (left), easy axis in Py (centre) and Py/Fe
bilayer (right).

Dynamic behaviour of magnetization distribution near the boundary of one of two
layers seems to be of interest for spin waves propagation modelling.

Bibliography
1. D. Y. Kim, S. J. Jeon, K. W. Kim, and S. S. Yoon, Journal of Magnetics 16(2), 97-100
(2011).

0-27-11



Spin Waves 2024, 26-29 August, Saratov, Russia

Antiferromagnets and exotic magnetic
structures



Spin Waves 2024, 26-29 August, Saratov, Russia

KITAEV MATERIALS: THE SEARCH FOR SPIN LIQUID
Pavel A. Maksimov!?

'Bogolyubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research,
Dubna, Moscow region, Russia 141980
2M.N. Miheev Institute of Metal Physics of Ural Branch of Russian Academy of
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S. Kovalevskaya St. 18, 620990 Ekaterinburg, Russia

Frustration is a universal concept which describes a situation where several
competing interactions are present, and the compromise of such interactions may result
in a completely exotic ground state. In frustrated magnets such competition can yield a
loss of long-range magnetic order due to strong quantum fluctuations - a so-called
quantum spin liquid state. Fractional excitations of spin liquids drew interest as a path
towards topoligical quantum computation, which is stable towards small errors, plaguing
standard quantum computing platforms. A notable example is an anisotropic exchange
model proposed by Alexei Kitaev, which has a spin liquid ground state and is exactly
solvable.[1] Examples of materials with Kitaev interaction and how it is manifested in
experiments will be discussed.

I would like to acknowledge support from Russian Science Foundation grant 23-1200159.
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MAGNON BEC FROM 1 mK TO ROOM TEMPERATURE
Yu.M. Bunkov*

Moscow, Russian Quantum Center
“ y.bunkov@rgc.ru

This year marks 40 years since the discovery of magnon Bose-Einstein condensation
in antiferromagnetic superfluid 3He-B [1]. Under the conditions of BEC, a macroscopic
number of quasiparticles occupied a single quantum state. Its formation is determined by
the well-known BEC formation relation, which includes the density, temperature and
mass of quasiparticles. In experiments with superfluid 3He-B, the nuclear magnetic
induction signal, as usual, decayed with time T2*, determined by the inhomogeneity of
the external magnetic field. However, the induction signal was restored with some time
delay, which means the spontaneous formation of a coherent state of magnons. In this
case, there is no spin-spin relaxation process and the signal lifetime is determined by
spinlattice relaxation (the lifetime of the magnons themselves). This behavior of the
signal was explained by the redistribution of the magnon density due to “spin”
superfluidity - the spatial countercurrent of superfluid currents of 3He-B quantum states
with opposite magnetic moments [2]. In general, this process belongs to one of the
mechanisms providing magnon BEC [3]. Further studies showed that the deflected
magnetization breaks up into two domains. In one region it is stationary, and in the second
it precessing spatially coherently and exhibits the quantum properties of a Bose
condensate (MBEC). In a magnetic field gradient, the mBEC "swims" towards an area of
lower magnetic field. Thus, from the behavior of the BEC signal and its frequency, it is
possible to determine the number of magnons that arose after various quantum
manipulations.

Magnon BEC was also discovered in Yttrium Iron Garnet (Y1G) films magnetized
perpendicular to the film plane. In [4], it was shown theoretically that this quantum state
can be formed even at room temperature. In a number of studies, the formation of magnon
BEC in YIG was demonstrated experimentally [5-8]. An overview of these works will be
presented in the lecture.

Last year, we were able to directly observe a magnon BEC optically using the
Faraday rotation effect [9]. In these experiments, the amplitude and phase of
magnetization precession in the YIG film were measured outside the region of magnons
excitation. According to the semiclassical Landau-Lifshitz-Hilbert (LLG) theory, the
deflected magnetization should propagate from the excitation region in the form of spin
waves. This is precisely the distribution we observed in our setup at a low amplitude of
magnon excitation. The situation changed dramatically with increasing magnon density.
The magnetization deflection increased sharply outside the excitation region, and it
became spatially homogeneous [10]. At a low pump power of 0.05 mW, precessing
magnetization is observed mainly in the pump region. As the power increases to 6 mW,
the precession deflection angle increases sharply even outside the pumping region. The
dependence of the precession phase also strongly depends on the magnon concentration.
Thus, at low power, excitation of spin waves beyond the pump region is observed. The
length of the spin waves is determined by the shift of the magnetic field from the resonant
one, in good agreement with the LLG theory. However, at high pump powers, the spin
waves disappear and regions of uniform precession are formed on both sides of the
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exciting band. Figure 1 shows the change in the spatial distribution of the precession
phase with increasing pump power and, accordingly, the magnon density.
We compared the experimental results with the LLG theory. To do this, we simulated the
spatial distribution of precession at different magnon pump energies. The model showed
good agreement with experimental results at low pump values. However, it was not
possible to obtain a state of spatially uniform precession outside the excitation region at
any pump value [10]. In other words, the results of our experiments are not described
within the framework of the semiclassical LLG theory.

The transition from spin waves to the magnon Bose condensate occurs at
magnetization deviation angles of about 4°, as shown in [11], which is consistent with the
critical value of the magnon density predicted in [4].
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Fig. 1. Spatial distribution of the precession phase with increasing pump power. A transition
from spin waves to coherent precession outside the excitation region is visible, corresponding
to Bose condensation of magnons.
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FERMI SURFACE, NESTING, AND MAGNETIC PHASE TRANSITION: CASE
OF THE HCP HEAVY RARE-EARTH METALS

A.V. Andrianov?
M.V.Lomonosov Moscow State University
avla@mig.phys.msu.ru

The occurrence of the long-periodic (helical, sine, cycloid etc.) magnetic structures
in metals if often associated with the ‘“nesting” phenomenon, when the magnetic
wavevector q is directly governed by the geometry of the Fermi surface. Namely, q
appears to be exactly equal to the extreme diameter of the certain fragment of the Fermi
surface.

In some cases the shape of this fragment, in turn, may be modified under the slight
variation in the lattice parameters — up to its complete elimination (that would be the
Lifshitz transition by definition.) As a consequence, the long-periodic magnetic order is
suppressed in favor of the simple ferromagnetic structure, constituting therefore a specific
magnetic phase transition.

This scenario leads immediately to the characteristic dependencies of the magnetic
properties on the lattice parameters.

There are strong reasons to suggest that this scenario takes place in the elemental
heavy rare-earth metals with hcp structure (Gd, Th, Dy etc. and their solutions with each
other and non-magnetic yttrium.) The expected characteristic dependencies have been
observed experimentally as well as supported by ab initio calculations.

In particular, the helical order in Tb have been completely suppressed by the
uniaxial elastic tension as low as 0.5 kbar. The obtained magnetic phase diagram
demonstrates the good agreement with the expectations.

Various aspects of this magnetic phase transition are discussed.

I would like to acknowledge support from Russian Science Foundation grant 23-12-
00159.
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OCOBEHHOCTHU CIIMHOBBIX B3AUMO/JENCTBHMN Y CIIMHOBBIX
CTPYKTYP B AH-TEJIVIEPOBCKUX MATTHETUKAX
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K an-tennepockum (ST) marHerukam Mbl OTHOCHM COEIMHEHHS Ha OCHOBE
ny _mno

sHTe/uiepoBckux  3d- u  40-MOHOB ¢ KOHQUrypauusiMH — THUIA t29%g B

BBICOKOCUMMETPUYHOM  OKTa3JpPUUYECKOM, KyOMYECKOM MM  TETpa’ApUyeCKOM
OKPY>KCHHH U C OCHOBHBIM OpOUTaIBHBIM E-11y0sieTom [1-3]. DTO coenmnHeHnst Ha OCHOBE
TeTpa-KoMIIeKcoB ¢ kondurypamueit db (Ti¥*, V*, Cr**), mnmskocrmmuosoii (LS)
kondurypanueit d® (VZ*, Cr¥*, Mn*"), Beicoxocrinaosoii (HS) xondurypanueii d® (Fe?*,
Co%*), oxra-xommuexcsl ¢ HS-xkomdurypammeii d* (Cr¥*, Mn*, Fe*, Ru*"),
LSkondurypamueii d’ (Co?*, Ni¥*, Pd®"), a takxke okTa-KoMIIIeKchl ¢ KOH(UTrypanuen d°
(Cu?*, Nit*, Pd'*, Ag?") [3].

Bcee AT-xkonduryparuu d-HOHOB BKIIOYAIOT OJMH €g-3JICKTPOH WM OJHY
egAbIPKY CBEPX YCTOMUMBBIX, TOJIHOCTHIO WJIM HAIIOJIOBUHY 3all0JHEHHbIX, 000104eK. B
9TOM CMBICJIE OHHM MOXOXXKM Ha KOH(UTYpallMd MHOTOYUCIEHHOTO CEMEHCTBAa MOHOB C
OJIHUM NS-3JIEKTPOHOM CBEPX 3aIIOJHEHHBIX 000JI0Y€EK, HanpuMep 6S-3ekTporHoM B Hg',
TI%*, Pb*, Bi**. DTu noHHBIE KOHPUIYpALUH ABIAIOTCA HEYCTONYHUBHIMU OTHOCHTEIBHO
peaKIuy AUCIIPOIIOPIIMOHUPOBAHUS, HITH JIaXKe HECYNECTBYOIMMH (missing oxidation
states). Tak, B BaBiO3 BMecTO HOMHHAJIBHON BaJEHTHOCTH 4+ BUCMYT NpPEINOYUTAET
ycTOWuMBBIe BaJeHTHBIE cocTosHuA Bi®® u Bi®* ¢ HOTHOCTBIO 3aMOTHEHHBIMH
obonoukamu. O1HaKO, B OTJIMYMU OT HOHOB C NS-371eKTpoHamu Ui SITHOHOB MBI UMeeM
JeNo ¢ OpOuTalnbHBIM BBIPOXKACHUEM JJISl  €g-dJIEKTPOHOB/ABIPOK, a 3HAYMT,
BO3MOXHOCThIO KOHKYpeHLneH wmexnay s¢p¢exkrom SAna-Tennepa, NpuUBOIAMIMM K
opbutanpHOMYy yrnopsaodeHuto [1], u addexrom antu-AT-aucrnponopuroHUpOBaHUS,
HPUBOAALINM K (POPMUPOBAHHIO CUCTEMBI SJIEKTPOHHBIX U ABIPOYHBIX LIEHTPOB S-THIIA C
OpOUTATFHO HEBBIPOXKIECHHBIM OCHOBHBIM COCTOSIHUEM [2,3], SKBUBAJICHTHOU CHCTEME
3 PEKTUBHBIX KOMIIO3UTHBIX CIMH-CHUHIVIETHBIX WJIM CIHUH-TPUIUIETHBIX OO30HOB B
HEMAarHuTHOM, WJIM MarHUTHOM pelIeTKe.

B xnacc SIT-marueTnkoB nomnazaet 00JIbIIOE YUCIIO MEPCIEKTUBHBIX MaTEPUAIOB
C KOHKYPEHIIMEH OpOWTalbHBIX, CIIMHOBBIX U 3apAJOBBIX CTENeHEeHl CBOOO/IBI,
HaXOJSIIMXCS B IIEHTPE BHHMAaHUS COBPEMEHHON (M3MKM KOHJEHCHPOBAHHOIO
COCTOSIHUS, TakuX Kak mMaHraHutel RMnOgs, ¢deppatel (Ca,Sr)FeOs, pyrenarst RuOy,
(Ca,Sr)RuOs,  (Ca,Sr)2RuOs, mmpokuit  psag  depponauktuaoB  (FePn) wu
deppoxansrorennioB (FeCh), 3D-aukenarsr RNiOs, 3D-kympar KCuFz, 2D-kympatsr
(La2CuQs, ...) u mukenatsl RNiO2, coenunenus Ha ocHoBe cepebpa (AgO, AgF2),
pyteno-kynparbl RuSroGdCu20s... [3]. DT Marepuainsl 001a1a0T 6OraThiM CIIEKTPOM
YHHUKAJIBHBIX CBOIMCTB OT Pa3lMYHBIX TUIOB OpOUTANBHOTO [ 1], ciMHOBOTO, 3aps10BOTO,
a TaKXKe CIMH-3apsSJA0BOTO YHOPSAAOYEHHS, HEOOBIYHOTO METAJUIMUECKOTO IOBEICHUS
(“strange, bad metal”), 10 mepPeXoJOB METAUI-U3OIATOP U  ““OK30THUYECKOI~
CIUHTPUILIETHON cBepxnpoBogumoct [3]. Psaxg SAT-marHetukoB 5ubO SBISIOTCS
myabTHdepporkamu (RMnOs, CuO), nubo paccMaTpuBAIOTCS KakK IEpCIEKTUBHBIC
mynetudeppouku (RNiO3). B oOmem cnyuae pans onucanus S T-marHetnkon
HEO0XO0/IMMO YUYHUTBIBATh JIEKTPOHHO-KOJIeOaTeIbHbIE B3aUMOICHCTBUS C aKTUBHBIMU B
abdexre SAna-Temrepa JOKaTbHBIMH  pEIMIETOYHBIMU  Eg-momamu  [1], wm
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MOJIHOCUMMETPUYHBIMU  «JbIxaTenbHbIMI» (breathing) Aig-Momamu, aKTHBHBIMHU B
peaKuu AUCIPOIIOPLUOHUPOBAHUS.

B nmanHoii paboTe MBI paccMaTpruBaeM 0COOCHHOCTH CITMHOBBIX B3aMMOJICHCTBHIA

Hspin=Y]ij(Si-'Sj) + >jij(Si-"Sj)2+ >.dij[Si x'Sj] + Van
i>] i>j i>]

— M30TPOMHOr0 OWIMHEHMHOro M OWKBaAPAaTUYHOIO OOMEHa, AHTHCHUMMETPHYHOTO
oOMeHa J[3sutommHcKkoro-Mopusi, OJHO- M JIBYXUOHHOW  aHU3O0TPONMM, U
CIUHMAarHUTHBIX CTPYKTYp B pa3nuuHbix fT-mMarnerukax, BKIIOuYasi TPaJULIMOHHBIE
cuctemsl ¢ koonepatuBHbIM S T-ynopsnouenuem tuna KCuF3 u LaMnOs [1], a Takxke
MHorouucieHnsle ST-marueTuku ¢ nepeHocom 3apsaa u antu-AT-
JUCIIPOTIOPIIMOHUPOBAHUEM, U1 OMHUCAHHUS KOTOPBIX MOXKHO MCHOJIB30BaTh MOJEINb
3apsAIOBBIX TPUILIETOB B S=1 niceBaocnuHOBBIN hopmanuim Paiica-Cuennona [4]. AHTH-
AT-mucnponopIMOHUPOBAaHUE TMPUBOAUT K  (QOPMHUPOBAHUIO CHUCTEM, KOTOPBIE
SKBUBAJICHTHBI cucTeMaM J(P(GEKTUBHBIX KOMIIO3UTHBIX CHUH-CHHIJIETHBIX WJIU
CIIUHTPHUIUICTHBIX OO030HOB, <JIBIDKYIIUXCS» B HEMarHUTHOW («oaHo30HHBIE» ST-
mardetukd — AgO, RNiO3), uinn MmarautHoM («aByx30HHBIe» SAT-marnetrku — SrFeOs,
Sr2RuOs, FePn/FeCh,...) pemertke. Jlns Takux CHCTEM  XapaKTEpPHO HE TOJIBKO
MHOT000pa3e MarHUTHBIX KOJUIMHEAPHBIX W HEKOJUIMHEApHBIX, B YACTHOCTH H
TeITUKOUIAIBHBIX, CTPYKTYp, HO M TOSIBIICHME HEOOBIYHBIX HeMarHUTHHIX (a3 (AgO,
RNiO2), a Takke BO3MOXHBIX CIHH-TPUIUICTHBIX CBepXmpoBoismmx (a3 (Sr2RuQOs,
RuOg, FePn, FeCh).

Paboma evinonnena npu noooepoicxke npoexma FEUZ-2023-0017 Munucmepcmesa
Obpaszosanus u Hayku Poccutickou @edepayuu.
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EXCANGE INTERACTIONS AND PHASE TRANSITIONS IN RARE-EARTH
ORTOFERRITES RFeO3 (R=Ho,Tb,Dy)

A.K. Ovsianikov!", O.V. UsmanoVv, I.A. Zobkalo?
LPetersburg Nuclear Physics Institute by B.P. Konstantinov of NRC «Kurchatov
Institutey, Orlova roshcha 1, 188300 Gatchina, Russia
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Rare-earth orthoferrites RFeOz (R is a rare-earth element) represent an important
family of magnetic compounds. The studies on these compounds habe been started
several decades ago [1]. The crystal structure of RFeOs s described by space group Pbnm.
Thes magnetic structures in this family were obtained by neutron powder diffraction.
These studies show that these compounds have high Neel temperatures Ty ~ 600 - 700 K,
below which the Fe moments order antiferromagnetically with a weak ferromagnetic
component along the c-axis and propagation vector k = (0 0 0).

In addition to Heisenberg exchange interactions of type Fe-Fe, Fe-R, R-R, an
important role in determining the magnetic properties plays the Dzyaloshinsky-Moria
interaction (DMI) [2], leading to the weak ferromagnetism. With temperature decrease,
increasing exchange interaction between Fe®* and R** ions leads to a rebalance of energies
of the magnetic interactions, which causes spin reorientation transitions. Different
combinations of DMI and rare-earth ions with different ionic radii and filling of outer
shells lead to a variety of magnetic effects.

Thus, it is of significant interest to calculate the values of exchange interactions
within the iron subsystem J;Fe"Fe, The calculation of the values of exchange interactions
can be performed based on experiments on inelastic neutron scattering. Our experiments
were performed on spectrometer PUMA (MLZ) and IN20 (ILL) for samples ThFeOs,
DyFeO3 and HoFeOs. Examples of measured maps are shown in Figure 1. Dispersion
curves, crystal field levels, and the energy gap are clearly visible in these maps.

Energy (meV)

25 26 27 28 29 30 31 32 33 34 35

(301) (rlu.) (O k1) (r.l.u)

Fig. 1. Energy maps, obtained at IN20. The colors show the intensity, the white dots —positions
of the inelastic peaks. Left) Map for HOFeO3s measured at temperature T=65K. Right) Map for
DyFeO3s measured at temperature T=10K.
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CJIABBIE ®PEPPUMATHETUKHU THUIIA YFe1-xCrxOs: OTPULHATEJIbHASA
HAMATHUYEHHOCTDB U CIIMHOBAS IEPEOPUEHTALIUA

E.B. Bacunosnu', A.C. MockBun'?
YWpanvcxuii pedepanvuviii ynusepcumem
2Uncmumym ¢uzuxu memannos YpO PAH
“evgeny.vasinovich@urfu.ru

TepMuH «cnabbiii peppuMaraeTu3mM» ObLT peasioker B 1977 r. [1] s onucanust
CrenupUIeCKOro MarHUTHOTO YIIOPSTIOUEHHS B 3aMEIICHHBIX CIIa0bIX (heppoMarHeTUKax
C KOHKYPHPYIOIIMMH 3HaKaMu Bektopa J[3sutommuckoro B napax Fe-Fe, Cr-Cr u Fe-Cr.
MarnutHble cBoiicTBa cna0bix (eppumarHetukoB THma RFe1xCrykOs, Fei—«CrkBOs,
Mn;«xNixCOs aktuBHO wmccienoBaanch B 80-¢  roasl MOPOILIOrO BEKa Kak
SKCIIEPUMEHTANIbHO, TaK M TeopeTuyecku [2]. PocT uHTEepeca Kk 3TUM MmaTepuaiaMm B
noclieIHee JECATHIIETUE CBSI3aH C WX YHUKaJIbHBIMU CBOMCTBaMH, B YacTHOCTH,
HaOJI0/IEHUEM TOUYEK TEMIEPATypHOI M KOHIIEHTPAIIMOHHOM KOMITEHCAIIUH MarHUTHOTO
MOMEHTa, CIUHOBOW mepeopueHTanuu, 3(pdexkra mepecTpanBaeMoro OOMEHHOTO
cmemenus (exchange bias) [3] u mepcnekTHBaMU WX MPAKTHYECKOTO MPUMEHEHHS B

MAarHuTHOM ITaMATH, MarHUTOKAJIOPUKE, TEPMOMArHUTHBIX MEPEKII0YATENAX U APYTHUX
MHOTO(YHKIIMOHATIbHBIX YCTPOICTBAX.

Hamm paccMOTpeHBI OCHOBHBIE MeXaHH3Mbl (OPMHUPOBAHUS MarHUTHOH

AHU30TPONHUH U CHHH-TIEPEOPHUEHTALUOHHBIX 3(dexToB. B pamkax TeopeTnueckoro
MOJX0/1a MBI TPEACTaBIsieM raMmIbTOHHAH ciaboro deppumarnernka YFe1xCrkOsz B
BUJIE CYMMBI BKJIaJJOB H30TPOITHOTO OOMEHHOTO B3aUMO/ICHCTBHS, aHTUCHMMETPUIHOTO
oOmena /[[3smommHckoro-Mopuss (DM) M ogHOMOHHOW aHu30Tponuu 2-ro U 4-TO
nopsaakoB: H = Hex + Hpm + Hsia. MogenbHble pacueTsl TeMOEpaTypHbIX U
KOHIICHTPAIIMOHHBIX 3aBHCHMOCTEHl HaMarHWYEHHOCTH W DHEPTUU KOHQUTYpaIUii
['4(Gx), I'2(G2) u T'1(Gy) ast cnabodeppruMarHUTHBIX 3aMEICHHBIX COCTABOB MPOBEACHBI
B paMKax 0000IIEHHOW TEOPHH MOJIEKYJISIPHOTO oS [4].
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20 . . s\ o |
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Puc. 1. TemneparypHas 3aBUCUMOCTb

HamarandeHHOCTH Y Fe1xCryOs mpu
Pa3IMYHBIX KOHIIEHTPAILUAX XpoMa.

Puc. 2. ®azoBas T-X nuarpamma obaacreit
KOMITEHCAIINM HAMarHUYEHHOCTH TIPU
Pa3IMYHbIX 3HAYCHHUSX Orecr. 3HAK "+"

yKa3bIBaeT Ha 00JIACTh "TTOIOKUTEITHHON"
HAMarHM4YeHHOCTH.

Ha puc. 1 mpencraBieHbl pe3ynbTaThl pacueTa TEMIEPAaTypHBIX 3aBUCUMOCTEN
HaMarHu4eHHocTH ciiaboro geppumarneTuka YFe1-xCrkOs nmpu HEKOTOPBIX 3HAYCHHSIX
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KoHIeHTpanuu OoT X = 0 70 X = 1 B MPEINmoSOKEHHH O COXPAHCHHH MAarHUTHOMN
koHpurypamuu 4.

AHanu3 MojIeNu OKa3al, YT0 KOraa BeKTop J3s1omuHCKOro drecr U1 ITAPhI HOHOB
Fe-Cr mportuBomonoxHo HarmpasieH BekTopam Orere u dcrer (st map Fe-Fe u CrCr,
COOTBETCTBEHHO) HAMArHUYEHHOCTh PE3KO MagaeT C OTKJIOHEHHEM OT POIUTEIbCKHX
coctaBo, HO mpH |drecr| > [dC|, rme d© = —1.55 K, ma T-X ¢asoBoii auarpamme
HOSIBIISIETCSL U pacTeT ¢ pocToM |drecr| 0OacTh OTpHUIIATENPHOM HaMarHWYEHHOCTH C
JBYMsI TOUKamMH KomreHcauuu. Ha puc. 2 mpezacraBiena ¢asoBas T—X guarpamma
cimaboro (eppumarHeTuka, rae kpuas Tn(X) orpaHuymBaeT 001aCTh MArHUTHOTO
yIOPAZOYCHHS, a TOHKHE JHHUH O0003HAYAIOT JMHUM TOYEK KOMIICHCAIMH, TO €CTh
CMEHBI 3HaKa HAMArHWYCHHOCTH TIPU PA3JIMYHBIX BEJIMYMHAX MapameTpa Orecr.

B ommmume or YFeOs u

0.5 x=0.85 x=0.15 17 YCrOs, KoTopble  SBISIFOTCS
r ' | cmabbiMu  (heppOMarHeTUKaMu C
0.0 OCHOBHOW MArHUTHOM CTPYKTYpOM
M ! tuna ['s HUOKE TeMIEepaTypbl
P';_; i | Heens, cnaGble QeppuMarHeTHku
‘ i 1 opTO(hEepPHUTHI-OPTOXPOMHUTHI
i* 1 YFe1xCrkO3  oOHapyKHUBarOT
-1.0; 1 TOJHYIO WU YaCTUYHYIO
1 cnuHIepeopueHranuio tumna ['4 —
_].5:_ _ . | | 0.0 o_lz 04 . ln_(, 08 | 01 Ty B IIMPOKOM JIMAara3oHe
000 a0 300 o0 oo wememss [l Taxoe
T K HEOXXHJIJaHHOE HOBEJICHHUE,
' OOBIYHO THUITUYHOE
Puc. 3. [Ipumep TeMrepaTypHOii 3aBUCHMOCTH st OpTOGEPPUTOB C MATHUTHBIMH
IEPBO KOHCTAHTHI aHu30Tporuu K1 st acriockoctu  PEAKO3EMCIIBHBIMA - HOHAMHU (Er,
IPH Pa3IMYHbIX X; HA BCTABKE MMOKa3aHa Tm, Dy, ..), oOsscHsercs,
3aBucuMOocCTb Ki(X,T) TJIaBHBIM 00pasom,

CWJIBHBIM yMCHBIIIEHUEM BKJIaJa
DM-B3auMo/ieiiCTBYS B MAarHUTHYIO aHU30TPONUI0. PacueTsl moka3biBaoT (M. puc. 3),
4TO TIepBasi KOHCTaHTa aHU30Tponuu K1 ((hakTHYecKH, pasHOCTh dHepruil B ¢aszax ['s u
['2) ucnpITIBa€T MUHUMYM BOIW3H KoHILeHTpauuu X = 0.65, 1.e. 31ech ¢aza ['4 menee
BBITO/IHA, B CpPaBHEHHWU C POAUTEIHCKUMHU cocTaBamu. [Ipu ydere OJHOMOHHOMN
AHU3O0TPONUH TIEpBasi KOHCTAHTAa MOXKET CTAaHOBUTHCS OTPUIATENBLHOM, YTO OOBSICHSIET
nepexon B ¢azy [.

Paboma svinonnena npu noodepoicke Munucmepemea nayku u vicuieco 0opaz08anus
Poccuiickon @eoepayuu, npoexkm FEUZ-2023-0017
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ON THE ANTISYMMETRIC AND SIMMETRIC INTERACTIONS IN
MULTIFERROIC MANGANITES

I.A. Zobkalo!”
NRC KI - PNPI*
“zobkalo_ia@pnpi.nrcki.ru.

Magnetic interactions in orthorhombic rare-earth manganese oxides RMnO3z and
RMn,Os are of great interest due to the diverse magneto-electric properties of these
families. The electric polarization in both RMnOs and RMn.Os is due to the ordering of
the magnetic manganese ions and is of the same order of magnitude, suggesting that the
mechanisms responsible for this phenomenon are similar. However, there are some
essential differences in the configuration of magnetic interactions. That is, if in RMnO3
Mn3* ions, located in an octahedral surroundings of oxygen, form a single manganese
magnetic system, then in RMn2Os there are two manganese systems formed by Mn3* ions
located near the base of the oxygen pyramid, while Mn** ions surrounded by oxygen
octahedra. The difference in the proposed microscopic mechanisms of multiferroicity in
RMnO3 and RMn20s can be regarded as the consequence of this difference.

As a magnetic mechanism that ensures the occurrence of ferroelectric polarization
in orthorhombic manganites RMnQO3z, atomic displacements due to minimization of the
Dzyaloshinsky-Moriya (DM) interaction energy i.e. antisymmetric striction — are
considered [1]. To explain the magnetoelectric interactions in RMn20s, the symmetric
exchange striction model [2] is often used, which is associated with an almost collinear
magnetic order. In both cases, these theoretical approaches consider the manganese
magnetic structure only.

In order to clarify experimentally the applicability of one or the other model for the
description of the mechanisms of multiferroicity in these compounds, single crystals of
RMn20Os (R =Eu, Tb, Nd) [3 - 6], RMnO3 (R = Dy, Ho) [7, 8] were studied using polarized
neutron diffraction.

The results obtained for all measured RMn2Os crystals (R = Eu, Th, Nd) [3 - 6]
indicate the presence of a chiral contribution to magnetic scattering in these systems.
Thus, measurements of the intensity of scattered neutrons for two directions of
polarization of neutrons incident on the crystal, made on TbMn2Os, show the presence of
chiral scattering in three magnetically ordered phases [4] (Fig. 1a). Chiral scattering was
also observed for the compounds EuMn2Os [3], NdMn2Os [5], and Ndo.sTho.2Mn20s [6].
All these observations are a clear indication of the presence of an antisymmetric
interaction in the system. Moreover, this type of scattering was absent at those
temperatures where there is no ferroelectric polarization. The connection between the
antisymmetric DM interaction and electricity is also evidenced by the fact that in the
course of research it was possible to change the population of chiral domains by applying
an external electric field (Fig. 1b) [4 — 6].

In the DyMnOs, electrical polarization occurs at the temperature of the transition to
the cycloidal chiral structure and increases smoothly as the temperature decreases.
However, when Dy®* was ordered into a structure with a propagation vector different
from that one of the Mn®" magnetic system, a decrease in electric polarization was
observed [9]. At the same time, no such effect was observed for compounds with partial
replacement of Dy by Ho [10]. Our studies allow one to confirm the assumption that the
increase in polarization in DyMnOs is due to the influence of rare earth magnetic systems.
The ordering of this latter at such high temperatures is induced by magnetic order on
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manganese with a corresponding propagation vector. This situation contributes to the
(symmetric) exchange-striction mechanism of generation of electric polarization.
However, due to the spontaneous ordering of a rare earth system with a different wave
vector, this mechanism is switched off. Measurements on the dopped manganite
Dyo.s8H002MnO3 show that in this compound spontaneous ordering of the rare-earth
subsystem occurs with the same wave vector as that of the manganese subsystem. And
the coherent spatial propagation of two magnetic systems leads to increased polarization.

Our series of studies of RMnOs and RMn.Os allow us to draw reasonable
conclusions that these compounds involve both magnetic mechanisms of ferroelectric
polarization generation: both symmetric and antisymmetric striction.

2000 | * Pty

1.5K ] 30K % 38K 1
2000 |- | % [ hg orug =S ;
[ 1500 | “ \ 0.30 - *
! 3 50 A $
iiio 4 f f \ 025
2 PLe | || &\ <L
- & Q9
§ ¢¢ 1000 |- f | 1500 | i\ S *
o
1000 " | ] * 0.15 i
+ . t 4 ':;.',
/9 a\ / \ @
[ & / 4 1250 |- y Q 040 e
500 |- 2 a 850 P g r33adk % oik
L Se 5% . .05 +
J k s 3ase $%o7s T¥Ees " N " L L
-10 -5 0 5 10

L L L L L L L L L " L L
066 068 0,70 072 072 074 076 078 070 072 074 076 Electric field (kV/cm)
I, rlu

a) b)
Fig. 1. a) Intensity of the magnetic satellite (0 0 1)* in TbMn,Os, measured at temperatures
corresponding to different magnetic phases [4]. The difference in
intensity for P11q and P71 |q corresponds to the difference in the population of chiral
domains. b) Electric field dependence of chiral domain population in NdMn.Os [5].
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MAGNONIC COMBINATORIAL MEMORY
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In this work, we consider a type of magnetic memory where information is
encoded into the mutual arrangement of magnets. The device is an active ring circuit
comprising magnetic and electric parts connected in series. The electric part includes a
broad-band amplifier, phase shifters, and attenuators. The magnetic part is a mesh of
magnonic waveguides with magnets placed on the waveguide junctions. There are
amplitude and phase conditions for auto-oscillations to occur in the active ring circuit.
The frequency(s) of the auto-oscillation and spin wave propagation path(s) in the
magnetic part depends on the mutual arrangement of magnets in the mesh. The
propagation path is detected with a set of power sensors. The correlation between circuit
parameters and spin wave path is the basis of memory operation. The combination of
input/output switches connecting electric and magnetic parts, and electric phase shifters
constitute the memory address. The output of the power sensors is the memory state. We
present experimental data on the proof-of-the-concept experiments on the prototype with
three magnets placed on top of a single-crystal yttrium iron garnet YsFe2(FeOa)s (Y1G)
film. There are three selected places for the magnets to be placed. There is a variety of
spin wave propagation paths for each configuration of magnets. The results demonstrate
a robust operation with an On/Off ratio for path detection exceeding 35 dB at room
temperature. The number of possible magnet arrangements scales factorially with the size
of the magnetic part. The number of possible paths per one configuration scales factorial
as well. It makes it possible to drastically increase the data storage density compared to
conventional memory devices. Magnonic combinatorial memory with an array of
100x100 magnets can store all information generated by humankind. Physical limits and
constraints are also discussed.

This work of M. Balinskyy and A. Khitun was supported in part by the INTEL
CORPORATION, under Award #008635, Project director Dr. D. E. Nikonov, and by the
National Science Foundation (NSF) under Award # 2006290, Program Officer Dr. S.
Basu.
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MATHOHHAS PE3EPBYAPHAS BBIYNCJIMTEJIBHASA CUCTEMA C
TOKOBBIM YIIPABJIEHUEM
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B nocneanue roapl OMHUM U3 MyTEH Pa3BUTHUS BRIYUCIUTEIBHBIX YCTPONUCTB CTAJIO
amnmapaTHOe BOIUIOIICHHE HMCKYCCTBEHHBIX HEHpOHHBIX cereil. B pabore [1] Obuia
BIIEPBBIC TPEUIOKEHA peau3alis pPe3epBYapHbIX BBIUMCICHHH C HCIONIb30BAaHHEM
CIMHOBBIX BOJIH. OKCIHEPUMEHTANbHAs pEaNn3alusi pPe3epBYapHbIX BBIYMCICHUNA Ha
MPUHIIMIIAX MarHOHUKHU ObLja BIEPBBIC BHIMOJHEHA HA TEXHOJIOTUU MEPEeCcTPanBaCMbIX
CBY-aBToreHeparopoB ¢ BpeMEHHO¥ 3a1epKKO¥i B 1ier 00paTHOU cBsi3H [2]. 3amgepkky
obOecrnieunBaina ¢peppoMarHuTHas rieHka. BBoa nuhopMalnoHHOTo CUTHANIA B aKTUBHOE
KOJIBIIO, sIBIISIfOLIEECs  (PU3MUECKUM  pe3epByapoM, OCYIIECTBISUICS — Onaromaps
MCIOJIb30BAaHUIO 3JIEKTPOHHO-YIIPABIIIEMOT0 aTTEHI0ATOPa B IIEMH 00paTHOM CBSI3U, YTO
obOecreunBalio 3aBUCSIIEE OT BPEMECHH M3MEHEHHE KOd(PPUIIMCHTA YCHIICHHUS KOJbIA.
OpnHoM M3 aKTyalnbHBIX 3aJa4 7S JAJIbHEUIIEr0 yCOBEPIIEHCTBOBAHUS PE3EPBYapPHBIX
BBIYMCIIUTEILHBIX CHCTEM SIBJIICTCS pa3paboTKa HOBBIX MEXaHHW3MOB BBOJIA JIAHHBIX B
AKTHUBHOE KOJIBLIO.

B nacrosimeit pabore mccienoBaics (GU3MYECKHl pe3epByap B BHIEC aKTHBHOTO
CIIMH-BOJITHOBOT'O KOJIblIa, B KOTOPOE BBOJ[ JAHHBIX OCYIIECTBISETCS METaUIMYECKOU
MIOJIOCKOH € TOKOM, KOTOpasi, Oy Ty4H pacroI0KEeHHOW Ha TOBEPXHOCTH (peppOMarHUTHOM
IUICHKH peryiaupyet kodhUIMeHT nepeaadn CIMHOBBIX BOJH.

brok-cxema uccneayemoro GpU3MIECKOTO pe3epByapa nmokazana Ha puc. 1(a). dns
BO30YKIIEHHS W MPHEMa CITMHOBBIX BOJH HCIOJB3YIOTCSI MUKPOITOJIOCKOBBIE aHTECHHEI,
pacmojoKeHHbIe Ha MOBEPXHOCTH MieHKH (puc. 1(0)).

B kauecTBe HOCHTENS BXOJTHBIX JAHHBIX ]IS aKTHBHOTO KOJIBIIA CITY’)KHT TOK,
MPOTEKAIOIINHI Yepe3 MUHUATIOPHYIO METAJUIMYECKYIO MOJIOCKY. BennurHa Toka 3aBUCUT
oT BpeMeHu. [Ipu mojaue MONIOKUTETHLHOTO HAMPSKEHHUs] Ha MOJOCOK IMPOUCXOIUT
JIOKAJIbHOE YMEHBIIIEHHE BHYTPEHHEro MarHuTHoro mnoJjis mienku XKWL, a npu momaye
OTPHIIATEIEHOTO HANPSHKEHUS MPOUCXOIUT JIOKAJTbHOE YBEIHUEHHE MAarHUTHOTO TIOJI.
Takast 1oKanpHas HEOJHOPOJHOCTH TMOJSI BBI3BIBAET paccesHuEe CIMHOBBIX BOJH [3, 4],
YTO MPUBOJUT K U3MEHEHUIO CYMMAapHBIX MOTEPh HA PacpOCTPAHEHUE CITMHOBBIX BOJH
B meHke KU

(a) Ten. (6)

5 g CBY
- e

Puc. 1. biok-cxema MarHoHHOTO (PU3UYECKOI0 pe3epryapa (a), pororpadus CrIUH-BOIHOBOM
JIMHUY 3aJIepKKH (0)

3KCHepI/IM€HTaHBHOG HCCICA0BAHHUE ITPOBOANIIOCH C TIOMOMIBIO IMOJa49N CJ'Iy‘-IaI\/’IHOI\/'I
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[I0CJIEIOBATENbHOCTH  HMMIIYJIbCOB C TE€Heparopa HMIIYJbCOB Ha yIpaBIISIOLLYIO

MeTaJNIMYecKyto mojiocky. Ha pucynke 2(a) m300pa)keH THUIHMYHBINA BHUJ BXOJHOTO
(cBepXy) M BBIXOAHOIO (CHM3Yy) CUTHAJIOB pe3epByapa Ul JUIMTEIbHOCTU UMILYJIbCOB
paBHOI 1 mkc. [lo m3MepeHHBIM OCHMILIOTpaMMaM BBIXOJHOTO CHUTHAlla pe3epByapa
IPOBOJWICA  pacdeT  €ro  IPOU3BOAUTEIBHOCTH C  HCIOJb30BAHHMEM  TecTa
kpatkoBpemeHHor mamsaTH (TKII) u tecta npoepku yetHoctu (TTIH). YepHsrii rpaduk
Ha pucyHke 2(0) mokasbiBaeT pe3yibTarhl pacderoB emkocted TKII m TITY mpwu
pPa3IMYHBIX  JUIMTENBHOCTAX  CIy4YalHBIX HMITYyJIbCOB. BumHo, dYro ¢ pocTom
JUINTEIbHOCTU BXOJHBIX UMIIYJIbCOB IPOUCXOIUT CHAyala yBEIMUYEHUE EMKOCTH TECTa
TKII, a 3arem ero ymenbiienne. EMkocts Tecta TKII MakcumaiibHa Npy IJIMTEIBHOCTH
UMITYJIbCOB paBHOH 0.2 MKC. DTO MOKHO OOBSICHUTH TEM, YTO IIPU MAJIBIX [UTUTEIBHOCTAX
UMITYJILCOB (KOpode, YyeM Iepuoja o0opoTa CHUrHalla Mo KOJbIly) CUCTeMa HE MOXKET
HayaTh JBM)KEHHE B CTOPOHY paBHoOBecHs. [Ipu OONbIIMX NIUTENBHOCTIX BXOIHBIX
UMITYJICOB CUCTEMA IPUXOJIUT B paBHOBECHE U 3a0BIBAET CBOU MPEABIAYIINE COCTOSHUSI.
N3 xpacHoro rpapuka Ha pucyHke 2(0) BumHo, uro Tect TIIU pacrer c
YBEIMUYEHUEM JUIUTEILHOCTU BXOJHBIX UMITYJIBCOB. DTO OOBSICHIETCS TEM, YTO C POCTOM
JUINTEIIbHOCTU BXOJHBIX MMITYJIbCOB PAcT€T M HEIMHEHHOCTh MEPEXOJHOTrOo Ipoliecca
AKTHBHOTO KOJIbLIa 3a cueT HenuHelHoro 3aryxanus CB B menke XKUI'. MakcumanbHas
emkocth TIIY s mMccnenoBaHHOIO SKCHEPUMEHTAIBHOIO MAKETa JIOCTUIaIach IIPH
JUTUTETILHOCTU UMITYJILCOB 5 MKC.
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Puc. 2. ®parMeHT oCIIMILIOTpaMMBbI BXOJAHOU CITy4YaifHOU MOCIIEIOBATEIFHOCTHA UMITYJIHCOB U
BBIXO/IHOTO CHUTHAJIa pe3epByapa AJs IIUTEeILHOCTH UMITYJIbCOB 1 MKC (a)
u 3aBucuMocTb eMkocTed TKIT u TKY ot AnuTenbHOCTH UMITYJIBCOB BXOJHOM cly4dailHOM
MOCJIeTOBaTEIBHOCTH (0)

Paboma evinonnena npu noooepocke Munucmepcmea Hayku u @vicuie2o 00pazo8amus

Poccuiickoii @edepayuu 6 pamxax evinoanenus Iocyoapcmeennozo 3a0anus (epanm
FSEE-2020-0005).
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DMI MODULATION IN HM/FM HETEROSTRUCTURES WITH A
NONMAGNETIC SPACE LAYER

A.V. Telegin', V.A. Bessonoval, Y. K. Kim?, A.S. Samaradak®*
IM.N. Mikheev Institute of Metal Physics UB of RAS
2 Korea University
3 Sakhalin State University
“Far Eastern Federal University
“telegin@imp.uran.ru

In the 1990s, the nanoscience revolution triggered swift progress in ultra-thin film
technologies which resulted in a rapidly growing interest in chiral magnetic structures
such as skyrmions. Being topologically protected they are regarded as the promising
candidates for the role of stable information carriers in a new generation of energy
efficient information processing technologies. In this regard, a bilayer composed of a
heavy metal (HM) and a ferromagnetic metal (FM) film with pronounced anisotropic
Dzyaloshinskii-Moriya interaction (DMI) seems to be especially interesting. Considered
to be short ranged, recently long-range oscillatory DMI behavior with spacer thickness
has been reported in ferromagnetic layers separated by a nonmagnetic space layer [1].

In this paper we investigate the role of a Ru spacer as a DMI mediator between Co
and Pt in Ta (3 nm)/Pt (5)/Ru (tru)/Co(1.2)/Ru (1)/Ta (2) (where try = 0-2.2 nm)
nanostructures obtained by magnetron sputtering on SiO; substrates. The DMI was
measured using Brillouin light scattering (BLS) spectroscopy in the Damon-Eshbach
(DE) mode [2]. The prominent feature of the obtained BLS spectra is that the frequency
shift is different depending on the direction of the saturating field (Fig.1). Without the Ru spacer,
the DMI value was -0.341 £0.02 mJ/m?, consistent with the DMI value of the Pt/Co/Ru trilayer

o) O
a

-04r
N
=
O 0.8
3 O
< 1ol O H - positive

A H - negative
-1.61 A

00 04 08 12 16 20 24
Ru thickness x, nm

Fig. 1. The frequency difference from BLS spectra for Pt/Ru,/Co nanostructures.

Finally, a theoretical model based on the redistribution of the density of states due
to the Rashba related in-plane symmetry breaking [1] was extended for the cases
considered. It is not supposed to exactly correspond to the physical system under study
but to highlight its most important features.

Support of the Russian Science Foundation Ne 21-72-20160 (https://rscf.ru/en/project/21-
72-20160) is acknowledged.
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SPIN-WAVES PROBE OF PERCOLATION THRESHOLDIN EXCHANGE-
BIASED SYSTEM

M.V. Bakhmetiev}?*, R.B. Morgunov!?
'Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry
RAS, Chernogolovka, Russia
2Russian Quantum Center, Skolkovo Innovation City, Moscow, Russia
“pakhmetiev.maxim@gmail.com

A sharp change in the properties of materials as the concentration of a substance
added to them increases can be described in percolation theory as the percolation
threshold, considered as a special type of phase transition [1]. There are numerous
theoretical models explaining the formation of a jump in electronic conductivity and the
emergence of an infinite fractal in conductor-insulator composites [2]. To analyze the
concentration dependence of electrical conductivity, an approach based on a combination
of mean field theory and percolation theory is used. In [3], this approach was applied to
explain electrical conductivity in exchange-biased NiFe/Cu/lrMn structures. Sharp
changes of the exchange bias field, the uniaxial anisotropy field, and others magnetic
parameters with increase of Cu effective thickness were discussed. In this work, we report
the influence of the percolation threshold associated with increase in Cu layer thickness
in the range copper 0.5 nm < tcy < 1.3 nm on spin-waves in a ferromagnetic NiFe layer.
In Fig. 1 shows the dependence of the mean shift of resonant scattering frequencies
Aws.a on the effective thickness of the copper spacer. This dependence was obtained from
the Brillouin light scattering spectra for a series of NiFe/Cu/lrMn samples with inversion
of the external magnetic field H = +3 kOe and H = -3 kOe. The percolation threshold
changes the sign of the Aws.a(tcu) dependence in the region of thicknesses 0.5 nm < tcy <
1.3 nm at which an infinite fractal appears [3].
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Fig. 1. Dependence of the mean shift of resonant scattering frequencies Aws-a on the copper
spacer thickness. The inset shows a visualization of the percolation threshold.
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It has been established that the shift in the resonant scattering frequencies of the
spin-waves of the Stokes and anti-Stokes lines upon inversion of the external magnetic
field occurs due to the percolation threshold. The formation of an infinite fractal directly
affects the propagation of thermal spin-waves in the NiFe layer and occurs due to the
formation of “magnetic bridges” between the NiFe and IrMn layers in the transverse
direction as the copper layer increases. The percolation threshold depends on the three-
dimensional system of copper islands.

The work was supported by the program of the Federal Research Center of Problems of
Chemical Physics and Medicinal Chemistry RAS 124013100858-3.
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INVESTIGATION OF THE GYROTROPIC MODE IN MAGNETIC
VORTEX SYSTEM BY MAGNETIC RESONANCE
FORCE MICROSCOPY

E.V. Skorokhodov'", V.L. Mironov?!, D.A. Tatarsky?, A.A. Fraerman?
Ynstitute for Physics of Microstructures RAS
2Nyzhny Novgorod State University
“evgeny@ipmras.ru

One of the important tasks of microwave diagnostics is to study gyrotropic
oscillations of the vortex distribution of magnetization in submicron-sized ferromagnetic
disks, which is associated with the prospect of creating compact microwave generators in
which gyrotropic oscillations of magnetic vortices are used to modulate current through
tunnel contacts due to the effect of giant (tunnel) magnetoresistance (so-called vortex
spin-transfer nanoscillators) [1]. Magnetic resonance force microscopy(MR

FM) is one of the most convenient tools for studying the dynamic properties of a system

of magnetic vortices[2]. This method is based on the magnetostatic interaction of the
magnetic probe of a scanning probe microscope with the magnetization of a
ferromagnetic particle precessing under the action of microwave pumping. MRFM is a
highly sensitive method that allows the study of FMR spectra of individual particles in a
zero magnetic field and does not require the manufacture of large arrays of patterned
structures. This report presents the results of a study of the gyrotropic mode both in single
magnetic vortices and in systems of interacting vortices (fig.1).
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Fig. 1. (a) SEM image of an array of ferromagnetic disks with varying degrees of overlap.
(b) The dependence of the resonant frequency of the system of two interacting magnetic vortices
on the distance between the centers of the disks. The insert shows the experimental MRFM
spectrum for disks with an overlap of 20%.
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MUKPOMAT'HUTHOE MOJAEJINPOBAHUE ®EPPOMATHUTHOI'O
METAMATEPHUAJIA B IPOIT'PAMME MAXLLG

M_.J/L. Ameabyenko'”, ®.F0. Orpun?3, C.B. I'pumun’
L Capamosckuil nayuonanshuiil uccredosamensckuii 20CyOapcmeentblil yHugepcumen
um. H.I'. Yepuviwesckoeo, Capamos, Poccus
2Vuusepcumem 2opoda Ixcemep, Ixcemep, Anenus
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@®eppomarautHeie  Meramatepuansl  (PM  MM) mpexacraBisor  coOoi
yIOpaBiisieMble MarHUTHBIM II0JIEM HCKYCCTBEHHO CO3JIaHHBIE Cpelbl, padoTaroliue B
MHKPOBOJIHOBOM JHana3zone yactot. Kimaccuueckum npumepom @M MM co cBoiicTBaMu
«JIEBOW» Cpellbl SBISIETCS TONEepeyHO HamarHuueHHas PM wmaTpuia, copepskamas
MEPUOIUYECKYIO CTPYKTYPY M3 TOHKUX MPOBOJISIIUX IMPOBOJIOK OECKOHEYHOU JJIUHBI, C
nepuoaoM T (rae T«4, A - AnvHa BONHEI B cpefie) u paauycom I (em. Puc.1). Kaxnas us
MPOBOJIOK OTJeNeHa 0T @M mMaTpHILbl TOCPEACTBOM HEMATHUTHOTO U30JITOPA PAIUyCOM
r.. DddextuBHble MarepualbHble mapamerppl @M MM gBIAIOTCS OAHOBPEMEHHO
OTPUIIATEIILHBIMU BEJIMYMHAMU B MHTEpPBAJIE YacTOT, HAXOMSAIIEMCS MEXIy ABYMS
XapaKTEePHBIMU YaCTOTAMH: IUIa3MEHHOM 4acToTOM fp, pacmosnokeHHO BbIIe YaCTOTHI
@M pe3oHaHCca pU NONEPEYHOM HAMAarHMYMBAaHUU f|, U YaCTOTOM aHTHPE30HAHCA fg;-.
B pabote [1] 6p11a pazpaboTana 3JeKTpoAMHAMUYECKAs MOJIEb 1t Takoro ®M MM u
MOKa3aHa BO3MOXKHOCTh CYIIECTBOBAaHUS B HEM OOpaTHOW AJIGKTPOMATrHUTHOW BOJTHBI
(O5MB) B MHUKPOBOJIHOBOM JIHaIa3oHE.

v s

square
wire
array

nonconductive
magnetic host

Puc.l. CxemaTnueckoe uzobpaxenue OesrpannyHoro ®M MM B ciryuae nonepeunoro (1) u
MIPOJIOTHHOTO (2) HAMAarHUYUBAHYISL.

B nannoit pabGote c wucnonb3oBaHueM mporpammHoro mnakera MaxLLG Mbl
MIOATBEPKIAEM  IMPABWIBHOCTh  AHAJIUTHUYECKOM  DJJIEKTPOJAMHAMMYECKOM MOJEIH,
paspabotanHoi B [l] myis TOmEepedYHO HAMArHMYEHHOTO OE3rPaHHYHOTO TIO0 BCEM
HarpasiaeHussM @M MM u n1eMOHCTpUPYEM BO3MOKHOCTb COXPAHEHUS Y HETO JBAXbI
OTpULIATENIbHBIX CBOMCTB MpH orpannyeHnr @M MM B ogHOM U3 HampaBiieHU# (BIOJIb
npoBosiok). B aTOM ciydae cnoil HopMmanbHO HaMmarHudeHHoro ®M MM nomxken
TPaHUYUTH C 00EUX CTOPOH C MPOBOJAMIMMHU (METAIUTMUECKUMHU) TITOCKOCTAMHU. [TlomMmrmo
3TOr0, MBI IEMOHCTPUPYEM BO3MOXKHOCTB cyuiecTBoBanus OOMB Ha yacToTax ot f, 10
far TpU  TPOJOJBHOM HAaMAarHWYMBAaHWM, HAyuMHAs1 C HEKOTOPOM  TOJIIUHBI
METaJUIM3UPOBAHHOTO ¢ 006enx cTopoH ciost M MM.

B ocnoBe pabotel mporpamMmuoro nakera MaxLLG nexur pacder ypaBHEHUI
Makcgeia MeT0/I0M KOHEUHBIX pa3HocTel Bo BpemeHHoi obnactu (FDTD) B coueranun
C YpaBHEHHEM JBWKEHUS BeKTOpa HamarunueHHocTH Jlanaay-JIlndmmumna-I mnsbepra [2].
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Ha Puc.2 nmpuBeneHbl pe3ynbTaThl pacyeTa AMCIEPCHOHHBIX XapakTepuctuk OMB,
CyIIECTBYIOIIMX B paccMarpuBaeMoM @M MM npu 1ByX BUJIax HAMarHM4MBaHUs KaK B
OTCYTCTBHE, TaK U IPU HAJIMYUU OTPAHUYEHUS B OJHOM M3 HampaieHui. KpacHbimu
CIUIOLIHBIMU JIMHUSMM TOKa3aHbl KPHUBBIC, MOJYYEHHBIE HAa OCHOBE AHAIUTHUYECKHX
pacuetoB [3]. Buano, uro OOMB cymecTByeT Kak B O€3rpaHHYHOM, TaKk WU B
OTPAaHMYEHHOM MO TOJUIMHE HOpPMajibHO HamarHndeHHoM OM MM. B cayuae
npoJiosibHOrO HamarHuuuBanusi, OOMB mnosBisieTcss TOJABKO TpPH  ONpEAesICHHON
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Puc. 2. lucnepcronnslie xapakrepucTHki DMB, cymiecTByromux B 6e3rpaHuaHOM
morepevHo (a) u mpozonbHo (D) HamaruuuerroM ®M MM, a Takke B HOPMaJIbHO (C) U
po10s1bHO () HAMarHMYEHHOM METALTU3UPOBaHHOM ciioe @M MM rtommunoii 1.1 cm (¢) u
5 mum (d). Ha (a-d) pacuets! BoimostHens st Hy=795.8 A/m, M;=0.014 T, &,=16,
r1=100 mxmM, =300 mxMm, T=2 Mmm 1 ¢ = 108Cwm/Mm.

Hccnedosanue gvinonneno 3a cuem epanma Poccutickoeo Hayuno2o gponoa Ne 23-79-
30027, https.//rscf.ru/project/23-79-30027/
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ELECTRODYNAMICS OF EXCHANGE-COUPLED METALLIC
NANOSTRUCTURES IN MAGNETIC FIELD

A.B. Rinkevich®", D.V. Perov!, M.A. Milyaev?, V.V. Ustinov!
IM.N. Miheev Institute of Metal Physics UB RAS, Ekaterinburg
‘rin@imp.uran.ru

Electrodynamics of metallic multilayers presents itself as an interesting and
practically valuable object of investigation. One of directions, which attracts most
attention, is investigation of the microwave properties of exchange-coupled
nanostructures and superlattices. At the early stage, the microwave analog of the giant
magnetoresistance has been discovered [1]. The approximate equality of DC
magnetoresistance for these nanostructures and the relative variation of the microwave
transmission coefficient was established [2]. This effect was called as microwave giant
magnetoresistive effect (WGMR). The magnitude of the effect can reach of dozens of
percent and the saturation fields can vary from dozens of Oe to dozens of kOe. The study
was performed of this effect in “current-perpendicular-to-plane” geometry [3]. The effect
uGMR was studied in the reflected wave, and it was established that the magnitude of the
effect in this case is essentially lower and does not exceed 2-3%.

This paper is devoted to review of the results of recent years in the field of
electrodynamics of metallic multilayers. Investigation of the (CoFe/Cu) superlattices,
which have very high magnetoresistance, let us to obtain a record uGMR magnitude [4].
Further investigations showed that the spin-wave resonances can be observed in these
superlattices [5]. A special group of the samples was prepared, composed of (CoFe/Cu)
superlattices grown on the dielectric substrates of different thickness. The sample obtains
strong nonreciprocity for the reflected wave if the substrate thickness equals to Y4 or % of
the wavelength. It is possible to increase of uGMR magnitude in reflected wave by 10
times [6]. The effect uGMR is discussed in the trilayer nanostructures and in the spin
valves, containing an antiferromagnetic layer [7, 8]. In these nanostructures, the magnetic
fields were uGMR is realized, equal to 100-200 Oe, and the magnitude of variations
exceeds 20%. These nanostructures are prospective for applications in high frequency
sensors and electronic devices.

The results were obtained within the state assignment of Ministry of Science and
Education of Russia (themes “Spin” No 122021000036-3 and “Function” No
122021000035-6).
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TERAHERTZ ANTIFERROMAGNETIC MAGNONS EXCITED BY
PICOSECOND STRAIN PULSES IN NiO

A.V. Azovtsev!”, N.A. Pertsev!
Ljoffe Institute
“azovtsev@mail.ioffe.ru

Antiferromagnets can host ultrafast spin dynamics in the terahertz (THz) frequency
range [1], but an energy-efficient generation of THz magnons necessary for high-speed
information processing devices is challenging. Fortunately, some antiferromagnetic
compounds possess substantial magnetoelastic coupling between spins and strains, which
opens the way for their excitation by mechanical stimuli. Here, we report a theoretical
study of the spin dynamics excited in single-crystalline NiO by picosecond acoustic
pulses, which can be created by optomechanical transducers driven by femtosecond laser
pulses.

To describe the interrelated spin and strain dynamics in the antiferromagnetic nickel
oxide having a strong magnetoelastic coupling, we carry out micromagnetoelastic
simulations based on the numerical solution of the Landau-Lifshitz-Gilbert equations for
sublattice magnetizations and the elastodynamic equation for mechanical displacements.
Our advanced modeling is distinguished from the preceding simulations by the correct
description of the two-way magnetoelastic coupling between the Néel vector and lattice
strains. The numerical calculations are performed with the aid of an in-house software
previously used to quantify the strain-induced magnetization dynamics in ferromagnetic
films [2-4]. The upgraded version of this software makes it possible to describe
magnetoelastic phenomena occurring in antiferromagnetic and ferrimagnetic crystals via
the introduction of two spin sublattices.

The exchange energy of NiO is calculated with the account of intersublattice
interactions quantified by an effective antiferromagnetic exchange and intrasublattice
interactions governed by the ferromagnetic exchange between the nearest neighbors. The
total energy density also allows for the easy-plane anisotropy, a weak easy-axis
anisotropy, the latter defining the energetically most favorable spin directions in the
(111) crystallographic planes, dipolar interactions between spins, and the magnetoelastic
coupling with two coefficients extracted from the experimental data on the NiO
spontaneous strains [5]. The effective exchange parameters and anisotropy constants
involved in our two-sublattice model of NiO are found by reproducing the measured
frequencies of two antiferromagnetic resonance (AFMR) modes (240 GHz and 1.1 THz)
[6-8] and the spin-wave dispersion [6].

The simulations show that the propagating bipolar pulse of the longitudinal strain
generates correlated counterclockwise and clockwise precessions of the sublattice
magnetizations, which have a complex spatial distribution in the region behind the pulse
front. The spatiotemporal analysis of the simulation data reveals that the spin dynamics
excited by the pulses with durations t smaller than about 7 ps comprises a monochromatic
spin wave with the frequency v ~ 450 GHz. Moreover, a second monochromatic wave
having the frequency v~ 2 THz emerges at T < 3 ps. Importantly, the acoustic pulses with
durations T < 3 ps appear to be capable of creating THz-frequency antiferromagnetic
magnons in the absence of external magnetic fields.

To clarify the origin of the revealed monochromatic spin waves, we compare the
dispersion var(k) of antiferromagnetic magnons with the dispersion relation v (k)
=cLk/(2m) of the longitudinal elastic waves traveling with the velocity c. = 6.9x10° cm s
Lin NiO. For two-sublattice antiferromagnets, the dispersion relation can be written as

0-28-08


mailto:azovtsev@mail.ioffe.ru

Spin Waves 2024, 26-29 August, Saratov, Russia

Vap(k) = Vg + [cark/(2m)]? 1)
where vo denotes the frequency of the lower or higher AFMR mode, and car is the velocity
of the antiferromagnetic spin wave, which in NiO is about 5.9x105 c¢m s-1 according to
our micromagnetic simulations. Figure 1 shows that the dependences vAF(k) and vi (k)
cross at the wave numbers Kiow = 40x10° rad cm™! and knigh = 190x10° rad cm™! yielding
the crossing-point frequencies viow ~ 450 GHz and vhigh ~ 2 THz. Since the parameters
of the crossing points are close to the frequencies and wave numbers of the
monochromatic spin waves generated by the 1- and 3-ps-long acoustic pulses, we arrive
at the conclusion that the excitation of such waves is due to the phenomenon of
magnetoacoustic resonance.
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— spin (low)
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Fig. 1. Dispersion relations of spin and elastic waves in NiO. Points denote the results of
micromagnetic simulations obtained for spin waves excited at the NiO surface by a fictitious
local magnetic field oscillating with a frequency v. The curves represent two branches of the
spin-wave dispersion relation resulting from the fitting of Eq. (1) to the simulation data, while
the straight line shows the dispersion of the longitudinal elastic waves in NiO.

Thus, we predict that the spectrum of the strain pulse should contain significant
components at the crossing-point frequencies to be capable of generating spin waves with
considerable magnitudes. Our findings shed light on the magnetoacoustic phenomena in
antiferromagnets and indicate that the single-crystalline NiO is a promising material for
the development of ultrafast magnonic devices with a low power consumption.

We acknowledge financial support from the Russian Science Foundation (Project
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LASER-INDUCED MAGNETOACOUSTIC WAVEPACKETS FORMATION
CONTROLLED BY RELATIVE POLARIZATIONS OF SAW AND MSW
COMPONENTS

P.l. Gerevenkov'", la.A. Mogunov?, la.A. Filatov!, N.S. Gusev?,
M.V. Sapozhnikov?, N.E. Khokhlov! and A.M. Kalashnikova!
Yloffe Institute, 194021 St.-Petersburg, Russia
2IPM RAS , 603950 Nizhny Novgorod, Russia
“petr.gerevenkov@mail.ioffe.ru

In the last few years, nonlinear spin-wave processes have attracted great interest
from the point of view of constructing magnonic elements. On the one hand, nonlinear
processes make it possible to implement a magnonic half-adder and amplifier [1] - the
basic elements of digital magnonics [2]. On the other hand, nonlinear processes are
necessary to obtain a nonlinear activation function, a basic element of neuromorphic
devices [3]. As was shown recently, the interaction of an acoustic and magnetic waves
can act as a source of nonlinearity for magnonics [4]. An important role in this case is
played by both the magnetoelastic constants, which depend on the selected material, and
the overlap integral, which depends on the relative polarizations of the magnetostatic
(MSW) and surface acoustic (SAW) waves [5].

In this work, we experimentally demonstrate formation of short packets of laser-
induced magnetoacoustic waves. The all-optical pump-probe measurements were carried
out on a simple structure of a 20 nm thick polycrystalline ferromagnetic NiFe (Py) film
on a single-crystalline Si-(110) substrate. Py is a promising magnonic material, and its
magnetic parameters and thickness are close to metal films, in which laser-induced
excitation of propagating wave packets with a propagation length sufficient for magnon
devices was previously demonstrated [6,7]. The SAW were excited by the pump pulse
due to the thermal expansion of the Py film, as indicated by the absence of excitation in
the clean substrate. When waves are excited, three wave packets, identified as Rayleigh,
Love and Sezawa-type, propagate with distinct polarizations and phase velocities. When
these packets propagate in a film/substrate structure with a magnetization orientation in
the Py layer corresponding to backward volume or surface magnetostatic waves, a change
in the phase velocities of the magnetoacoustic packets is observed, depending on the
magnetization orientation.

The work supported by the Russian Science Foundation (grant no. 23-12-00251).
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BRAGG RESONANCES OF ANISOTROPIC SPIN WAVE MODES AND
WIDE BAND GAP FORMATION IN SUBWAVELENGTH PERIODIC
MAGNONIC STRUCTURES

V.K. Sakharov*?", Y.V. Khivintsev!?, S.L. Vysotskii'?, G.M. Dudko?,
Y_.A. Filimonov!?
'Kotelnikov Institute of Radio Engineering and Electronics, Saratov Branch, RAS
2Saratov State University
“valentin@sakharov.info

The main feature of spin wave spectrum in magnonic crystals (MCs) that used
in various applications [1,2] is forbidden gap formation at the frequencies fg of the
Bragg resonances taking place when wavelength A of spin waves and period A of
MC meet the condition A(fg) =2A/n. In subwavelength case when A > A, MCs
become an effective medium for the spin waves. However, magnetostatic surface
waves (MSSW) propagating in such subwavelength periodic structures (SPS)
demonstrate several interesting particularities [3] in the amplitude-frequency
characteristics of transmission coefficient Syi(f). In the present work, we show
possibility of interaction between MSSW and anisotropic spin wave modes (ASW)
[4-6] in SPS. Such ASWs appear in films of yttrium-iron garnet (Y1G) due to cubic
magnetocrystalline anisotropy and are grouped close to the fo border for the films
with the thickness >4 um. ASW dispersions have lower incline compared to
MSSW and, therefore, the structure period that is subwavelength for MSSW can
meet the Bragg condition for ASW as it was shown for dynamic MC created by
surface acoustic waves [7].

For the simulation in OOMMF [8], we used the parameters of SPS considered
in [3] and based on the YIG film with the thickness =~7.7 um and (111) cubic
anisotropy with anisotropy field - 40 Oe. Grooves etched in the YIG surface with
the period 8 um have depth of 1.05 um and width of 3.2 um. External field of
200 Oe was applied along the grooves (along y axis) while propagation of spin
waves was perpendicular to them (x axis), which corresponds to the MSSW
configuration. Periodic boundary conditions were applied along the grooves. Total
sample dimensions were x xy x z = 2080 um x 75 nm x 7.725 um with the cell
size Ax x Ay x Az= 320 nm x 75 nm x 75 nm. To obtain Sy:1(f) and dispersion
curves, we used the standard procedure [9] of sinc-pulse excitation and further
Fourier transform of magnetization dynamics in the structure. To reduce the
influence of spin wave reflection from the sample edges (x=0 and x=2080 um), we
introduced regions of high damping at the edges changing according to the
geometrical progression.

Obtained results are presented in Fig. 1. One can see the appearance of ASW
close to the fo frequency. For flat YIG film, ASW causes formation of oscillations
in Sz1(f) with the amplitude up to =2 dB due to the interference (curve 2 in Fig. 1a).
In the studied SPS, a group of oscillations with the larger amplitudes (up to ~6 dB)
forms as the result of interaction between ASW and MSSW in the same region
around fo (curve 3 in Fig. 1a,b). In the experiment, however, S:(f) curve shows
much larger oscillations in this region (curve 4 in Fig. 1b). It worth to note that
found Bragg resonances in SPS may form additional regions of Van Hove
singularities in the MSSW spectrum. Thus, SPS covered with a Pt layer can
demonstrate an increase of the spin current detected in Pt at corresponding
frequencies.
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Another interesting phenomenon is the formation of a deep and wide dip in
the S21(f) curve (marked with the asterisk in Fig. 1b, 1d). The origin of the dip is not
related to either the Bragg resonance or any eigenmode in the system. We believe
that the dip results from the interaction of MSSW propagating in the part of the YIG
film without protrusions and MSSW propagating in the system of periodical
resonators that are form by the protrusion between grooves on the film surface.
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Fig. 1. Simulated transmission (a, b) and dispersion (c, d) spectra in the considered
structure. (a) and (c) show the areas outlined in (b) and (d), respectively. Szi(f) curves
correspond to: 1, 2 —flat YIG film without and with anisotropy, respectively; 2 — SPS; 4 —
experimental curve.

This work was supported by the Russian Science Foundation under grant 22-19-
00500.
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HEB3AUMHBINA IAPAMETPUYECKHWIA PE3OHAHC B 1D # 2D
BUKOMIIOHEHTHBIX MATHOHHBIX KPUCTAJIJIAX

A.C. bup”, I.B. Pomanenko, C.B. I'pumun
Capamosckuil cocyoapcmeennslil yrueepcumem um. H. I'. Yepnviuesckozo
“bir.evstegneeva.1997@gmail.com

Mertamatepuaisl NpeAcTaBiIsA0T COO0H HCKYCCTBEHHO CO3JJaHHbIE Cpe/ibl, CBOWCTBA
KOTOPBIX OTJIMYAIOTCA OT NMPHUPOAHBIX cpeld. KoHuenuus co3gaHus meramaTrepuasoB
0a3upyercs Ha MCII0JIb30BaHUU NIEPUONYECKUX CTPYKTYP U3 CYyOBOIHOBBIX 3JIEMEHTOB,
NEepUoJT KOTOPBIX T SBJISETCS HAMHOTO MEHbIIIE JJTMHBI BOJHHI 4, T.e. T<KA. B mocnennee
BpeMsl K MeTamaTepuanaM Hayald OTHOCUTb U HCKYCCTBEHHBIE CPEIbl, Y KOTOPBIX
NEepUOJI CTPYKTYPBI CPAaBHUM C JJIMHOM BOJIHBL, T.€. T~A. B Takux MeramaTepuanax BojJHa
C BOJIHOBBIM YHUCIIOM, YJIOBJIETBOPSIIOIIMM YycioBUIO bparra, orpaxkaercs oOT
NEePUOANYECKON CTPYKTYphl M HE MPOXOAMUT depe3 cpely. B pesynbrare Ha yactoTax
OperroBCKUX pPe30HAaHCOB 00pa3yrOTCsl TaK Ha3bIBa€MbIE IOJIOCHI HETIPOIYCKaHUs, WIH
3arpelieHHbIe 30Hbl. MeTtamaTepualsl, I71€ yCiaoBHe bparra BeIonHseTcs 1715 CIMHOBBIX
BOJIH, NOJTY4YWIN Ha3BaHue MarHoHHbIe kpucTtaisl (MK) [1]. B Takux kpucrainax yacto
B POJIM MarHUTHOW MAaTPHUIIBl BBICTYNAET AMAICKTPHUECKUI (eppOMarHeTHK — IJICHKA
xkenme3o-utTpueBoro rpanata (OKUI'), Ha mMmoBepXHOCTH KOTOpOH co3maercs Iubo
onnomepHas (1D) [2], nubo nBymepnas (2D) [3] nepuonudeckas crpykrypa. 1D u 2D
MK B Buzse KOMOMHAIMM JBYX MarHUTHBIX MaT€pHaJOB B CBOK OYepeab MOJIyYMIH
Ha3BaHUE OMKOMITOHEHTHBIX MarHOHHbIX KpucTayioB (BKMK)

B Hacroseit pabote nNpuBOAATCS pe3ysIbTaThl HIKCIEPUMEHTAIBHOTO UCCIIE0BAHUS
HeNMHEHHbIX xapakTepucTUK 1D m 2D OumkommaHeHTHBIX MarHOHHBIX KpHUCTaJIOB,
paboTarouMX B YCIOBUAX TPEXBOJIHOBOTO MapaMETPUUECKOrO pacrajia MOBEpXHOCTHOM
MCB (IIMCB).

1D OMKOMMIOHEHTHBIH MarHOHHBIM KpHCTaI OblI co3/jaH Ha ocHoBe mieHKu KUT
tomuuHoi 01=10 MKM U ¢ HaMarHUYEHHOCThIO HachIienus 1750 I'c, Ha OBEPXHOCTh
KOTOpPOr0 HAHOCWJIACh NIEPUONYECKAsl CTPYKTYpa U3 CYIIEPTOHKHUX IOJOCOK MEpMalIos
[NigoFezo] Tommmuoit d=50 uM, mmpunoi a=40 MM u nepuogoM T=120 mxm. 2D
BKMK 0b11 BeimoiHeH Ha ocHoBe miieHku KUI pauno# =15 MM 1 mimmpuaOit W=4 MM,
Ha TOBEPXHOCTH KOTOpOM pacmonaranach 2D pemierka u3 NEpMaUIOEBBIX JHCKOB
muamerpom D=50 mxm u nepuogom T=100 mxMm. Ilpu uccrnenoBanuu nepenaTodHbIX
xapakrepuctuk 1D n 2D BKMK Obuto ycTaHOBiI€HO, YTO B JMHEMHOM pexume B 2D
BKMK nomumo 3anpemnieHHbix 30H (33), 0OyCIOBIEHHBIX OTpakeHUEM Oeryiei
NOBEpXHOCTHOM Maruuroctarnyeckoil BosiHbl (IIMCB) ot nepuonnyeckoil CTpyKTyphl,
00pa3yroTcs JOMOIHUTENbHBIE MTOJIOCH! HeTlporrycKaHus. [TosiBieHne nocneHux cBsi3aHo
C BO30YXKIEHHEM CIIMH-BOJIHOBBIX DPE30HAHCOB B MEPMAJUIOEBBIX JUCKax Oeryuiei
IIMCB B XHUI'-matpune. B HenmMHEWHOM peXHMeE, pealn3yeMOM Ha 4acTOTax, IIe
TPEXBOJIHOBBIN Mapamerpudeckuii pacnan 6erymeit [IMCB B )KUI'-matpuie 3anperten,
Ha YacToTax  JIOMOJHUTEIbHBIX  CIHH-BOJHOBBIX  PE30HAHCOB  HAOJIOJAIOChH
napaMeTpruecKkoe Bo30yKJIeHHE KOPOTKOBOJHOBBIX CB, koTOpoe ObUIO HEB3aMMHBIM.
Ha puc.] npuBeneHsl KapTel paclpelesieHus KBajapaTa aMIUIUTYIbl I[EPEMEHHOMN
HaMarHMYEHHOCTH, MOJyYeHHbIE Ha YCTaHOBKE OPMIIIIOPHOBCKOM CIIEKTPOCKOMMHU IS
1D BKMK, kak Ha yactorax I[IMCB f1 u f2, Tak u Ha BiBoe MeHbIuX yactorax f1/2 u f2/2,
COOTBETCTBYIOIUX YaCTOTaM MapaMeTpudecku Bo30yxkaaembix CB. U3 npencraBieHHbIX
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Ha pHCyHKe 1a,0 pe3ysibTaToB ClEAyeT, YTO KOTJa 4acToTa curHaia fi HaxoaurTcs B
cnexktpe [IMCB, HO BHe mojochl HempomyckaHus (cMm. puc. la), To yBennyeHue
aMIUTMTY/Ibl TICPEMEHHON HaMarHMYCHHOCTH Ha IOJIOBUHHOHM uactore curHama fi/2 c
POCTOM MOIITHOCTH CHUTHaJIa Ha yacToTe f1 He Habmogaercs (cM. puc. 16). Eciau yactoTta
curnana f, Haxomgurcs B crekrpe [IMCB, HO Temeph B MoJioce HEMPOMyCKaHHs (CM.
puc.1B), TO B 3TOM Cllydae MOSIBJIACTCS OTKIUK Ha MOJOBUHHOM yactote f2/2 (cm. puc. Ir)
C POCTOM MOIIHOCTH CUTHAJIa Ha 4acToTe f2, 4TO CBUIETENHCTBYET O HATMYMH HA TAHHBIX
4acTOTaX TPEXBOJHOBOI'O IMApaMETPUUECKOTO PE30HAHCA.

2.0 0 2.0
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Puc. 1. TIpocrpancTBeHHble pacupeieieHuss HamaruudenHoctd IIMCB  (ieBas nadesnn) o
napameTpuuecku Bo30yxaaembix CB (npaBast nmanens) 1D BKMK c pemieTkoit U3 mepMauioeBsIX MOJIOCOK,
M3MEPEHHBIE C TIOMOIIBI YCTAHOBKH OPUILTIOOHOBCKON CIIEKTPOCKOITHH.
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COMPOSITE MAGNETIC EXCITATIONS IN SUPERCONDUCTOR/MAGNET
HETEROSTRUCTURES

1.V. Bobkoval®,
Moscow Institute of Physics and Technology
“bobkova.iv@mipt.ru

The ability to control the dispersion law of spin waves is one of the most important
requirements for the engineering of magnonic devices. Thin-film hybrid structures
consisting of a ferromagnetic or antiferromagnetic insulator and a superconductor have
broad prospects in this field. In this talk two main mechanisms to modify the spin wave
dispersion laws via superconductivity are discussed.

The first one is based on the stray magnetic field emitted by the magnetization
dynamics. It is reflected, focused, and enhanced inside the ferromagnet by the
supercurrent induced in the superconductor, such that the group velocity of spin waves is
strongly enhanced [1]. The second mechanism originates from the presence of a surface
exchange interaction between the magnetic insulator and the superconductor. Due to this
interaction an effective exchange field is induced in the latter, which repeats the profile
of the magnetization of the magnet, including the magnon. This leads to the appearance
of spin polarization of the quasiparticles in the superconductor and the generation of
triplet Cooper pairs in it. In its turn, this quasiparticle and pair polarization strongly
renormalizes the spin wave dispersion [2,3].

This work was supported by RSF project No. 22-42-04408
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LOCALIZATION OF MAGNONS AT SUPERCONDUCTING VORTEX IN
CHIRAL MAGNET - SUPERCONDUCTOR HETEROSTRUCTURE
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2L. D. Landau Institute for Theoretical Physics,, Russia
3 Laboratory for Condensed Matter Physics, HSE University, Russia
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Superconductor-chiral ferromagnet heterostructures have recently attracted much
attention due to an experimental demonstration of stable skyrmion-vortex coexistence [1].
Typically, in the case of thin superconducting film (thickness much less London’s
penetration length, ds << AL) it hosts the so-called Pearl’s superconducting vortices [2].
Such a vortex produces an inhomogeneous magnetic field with typical Pearl’s length
A=(AL)2/d. This magnetic field results in nonuniform magnetization profile in otherwise
homogeneously magnetized thin film. If we use the standard parametrization for
magnetization in the thin chiral ferromagnetic film as M=Ms(ercos6(r)+e;sin6(r)), then
the corresponding solution for 6 is given as 0(r)=y[K(r/)-I/r], where K1(z) stands for
modified Bessel function of the second kind [3]. The ratio of exchange energy to
anisotropic energy determines the length scale | as I2=A/K. Parameter y=(I/1) (Ms@o/8nA)
<<1, where ¢o the flux quantum, controls the strength of the vortex magnetic field.

1.0004
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89
< 1 -
g
= 0.9998
0.9996
0. 002 004 006 005 01

Y

Fig. 1. Sketch of energy spectrum of magnons localized on inhomogeneous magnetization
created by Pearl’s vortex.

Scattering of magnons on such an inhomogeneous magnetization profile is
described by the Bogoliubov-de Gennes type equation [4]. Interestingly, in the case of
y<<1 the problem (in the first approximation) is reduces to Schrodinger equation for
spectrum of two-dimensional hydrogen atom with length I/y playing a role of the Bohr
radius. The corresponding energies of localized states counted from the edge of magnon
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continuum are given as En=-drKy2/(16n2), where n=1,2,... However, since the true
potential in effective Schrodinger equation is different from Coulomb potential 1/r, there
are only finite number of localized states, N=(yA/I)1/2 >>1. The energies of these last
states re given as En=-2.12 drKy2 (1-n/N)6/N2. The sketch of the energies of localized
states is shown in Fig. 1. In addition, we found the scattering cross-section of magnons
on the inhomogeneous magnetization created by Pearl’s vortex.

Also we discuss how the presence of skyrmion affects the state localized on the
Pearl’s vortex.

This work was supported by RNF (#24-12-00357).
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SPECIAL FEATURES OF MAGNETIC RESONANCE
IN METAL-INSULATOR NANOGRANULAR COMPOSITES

A.B. Drovosekov!*, M.Yu. Dmitrieval?, A.V. Sitnikov3, S.N. Nikolaev*, V.V.
Rylkov*®
1 p.L. Kapitza Institute for Physical Problems, RAS
2 National Research University Higher School of Economics
3 Voronezh State Technical University
4 National Research Center “Kurchatov Institute”
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Films of metal-insulator nanogranular composites MyDioo-x Wwith different
compositions and percentage of metallic and dielectric phases (M = Fe, Co, Ni, CoFeB;
D = Al203, SiO2, ZrOz, LiNbOgz; x = 1080 at.%) were studied by magnetic resonance.
The experiments were carried out in a wide range of frequencies (f = 7-37 GHz) and
temperatures (T = 4.2—360 K) at different orientations of the magnetic field with respect
to the film plane.

It was found that at concentrations of the metallic ferromagnetic (FM) phase below
the percolation threshold, the experimental spectra, besides the usual signal of the FM
resonance (FMR), contain an additional absorption peak characterized by a double
effective g-factor g ~ 4. Furthermore, the observed peak demonstrates a number of other
unusual properties:

. It is better manifested in the longitudinal geometry of the resonance excitation.

. With an increase of the FM phase content, the peak demonstrates an additional
frequency shift depending on the orientation of the external field with respect to the film
plane.

. The temperature dependence of the peak intensity has a non-monotonic character
with a maximum in temperature. This maximum shifts to higher temperatures with an
increase of the FM phase content.

The appearance of such a peak in the resonance spectra can be explained within the
framework of the “giant spin” model by excitation of “forbidden” (“double-quantum)
transitions inside the FM nanogranules with a change in the spin projection Am=+2 [1,2].
Within the framework of this approach, it is possible to explain the better manifestation
of the peak with g = 4 in the longitudinal geometry of the resonance excitation [2], as well
as the anomalous temperature dependence of its intensity [1,2]. The unusual
frequencyfield and orientational dependences observed for the peak with g ~ 4 are well
described taking into account the presence of effective dipolar fields inside the film: the
“demagnetization field” and the “Lorentz fields” [3].

This work was supported by the Russian Science Foundation (# 22-19-00171).
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THIN FILMS OF YTTRIUM ORTHOFERRITES FOR
ANTIFERROMAGNETIC SPINTRONICS
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O.A. Kondratev3, E.M. Pashaev?
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During several last years antiferromagnetic (AFM) spintronics [1] became an
important field of research, exploiting the Néel vector for control of spin- and orbital-
dependent transport properties in the wide frequency range of up to the units of terahertz.
“Weakly ferromagnetic” orthoferrites of general formula RFeOs, where R is a rare-earth
element, are potential candidates for AFM spintronic applications since, depending on the
type of rare-earth element, the frequencies of their ferromagnetic (FM) and AFM
resonances cover the range from ~0.1 till 1 THz. Yttrium orthoferrite RFeOz probably is
the most studied model “weakly ferromagnetic” material [2]. The record values of domain
wall motion of about ~ 20 km/s were discovered in it and the processes of relativistic
domain wall dynamics were extensively studied. Most studies have been carried out for
bulk YFeOs samples, both single crystals and polycrystalline ones. However, modern
technologies require thin films and nanostructures. In these nanosized objects variations
of structural and magnetic properties with thickness are non-trivial and require
experimental confirmation. In this work, the structural and magnetic characteristics of
ultrathin single-crystal films of Y°’FeOs; orthoferrite were studied at the ESRF
synchrotron and the Kurchatov Center [3-5].

Ultrathin Y°’FeOs films were obtained by magnetron sputtering on the r-Al,Os3
substrate at the M.N. Mikheev Institute of Metal Physics. A set of films covering the
thickness range of 2.5+40 nm were prepared and investigated. X-ray diffraction
measurements were carried out at the Kurchatov Institute confirmed the presence of a
Pnma structure characteristic of YFeOz orthoferrite. The films turned out to be highly
textured with c-axis (the largest lattice parameter of 0.76032 nm) perpendicular to the
film plane for most samples (but not all). Additional reflections corresponding to
inclusions of the YsFesO1» phase and reflections characterizing the hexagonal
modification of YFeOs were also identified for the thinnest films.

Mossbauer spectra were measured by reflectometry using a synchrotron Mdssbauer
source at ESRF (station 1D18) in the temperature ranges from 3.5 K to 273 K and from
273 K to 700 K. In addition to the sextet characterizing YFeOQs3, the reflection spectra
revealed an additional sextet corresponding to a lower magnetic field ultrafine field.
Changes in the spectra with temperature and under the influence of an external field made
it possible clarify that at least three sextets in different proportions characterize the spectra
depending on the thickness of the YFeOs film. The Mdssbauer parameters for the two
additional sextets correspond to the ferrimagnet Y3sFesO12, which has two positions for
the Fe atoms (ortho- and tetrahedral) in the unit cell with an occupancy of 2:3.

Analysis of the temperature dependences of Mdssbauer reflection spectra showed a
decrease in the Néel temperature Tn with decreasing film thickness. For film thicknesses
of ~ 28 nm, ~ 6.5 nm and ~ 4 nm, the values of Tn were found to be TN=593 + 2 K, 580
+ 2 Kand 567 + 2 K, respectively. The Ty value for bulk single crystal was found to be
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650 K. The value of the critical parameter = (0.28 + 0.3) + 0.02, was determined, which
turned out to be slightly less than the one for the for bulk orthoferrite (5=0.34). The
transformation of the spectra, in particular the appearance of a quadrupole doublet in the
center of the magnetic sextet, starting already at 66 K for the thinnest film, and an increase
in its area with a further increase in temperature, indicates a consistent transition from the
AFM to the superparamagnetic state for individual clusters or regions containing impurity
phases in films.

A consistent change in the orientation of the AFM axes in Y°'FeOs; with
temperature was also discovered, so that the angle defining the direction of the hyperfine
field Bnf relative to the surface plane changes on average from ~ 63° to ~ 45°, that is, with
increasing temperature, the antiferromagnetic axis turns toward the surface.

The effect of depth selectivity in reflection spectra was revealed when comparing
spectra measured at different grazing angles. In the spectrum measured at the larger
grazing angle of 2.97 mrad, the proportion of doublets in the central part of the spectrum
increases noticeably. Processing of the spectra showed that the paramagnetic structure is
present mostly in the region of the interface with the substrate in a layer with a thickness
of the order of ~1 nm at the depth of ~3 nm.

Thus we show that for thin films of Y°'FeOs on the r-Al,O3 substrates with the
thicknesses in the range of 2.5+40 nm complex variation of structural and magnetic
properties is observed. The most interesting transformations are observed for the thinnest
films. The details of such variations must be taken into account while modeling and
interpreting the results for the nanostructures of AFM spintronics and prototype devices.

The authors are grateful to the ESRF administration and personally to A.l. Chumakov for
performing measurements at 1D18 (the HC4300 proposal).

Experiments on X-ray diagnostics, employing the equipment of the Kurchatov
Synchrotron-Neutron Research Complex of the Scientific Research Center Kurchatov
Institute, and analysis of experimental data were carried out with the financial support
of the Ministry of Science and Higher Education of the Russian Federation, Agreement
no. 075-15-2021-1350 dated October 5, 2021 (internal number 15.SIN.21.0004).

The works at the Mikheev Institute of Metal Physics were carried out as part of the state
assignment of the Ministry of Education and Science of the Russian Federation (topic
‘Function’ no. 122021000035-6).
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THE STUDY OF SPIN-WAVE DYNAMICS IN
AMORPHOUS FERROMAGNETS BY THE METHOD OF
SMALL-ANGLE NEUTRON SCATTERING
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Amorphous magnetic materials are of considerable interest from both
fundamental and applied points of view. The low coercive field of amorphous magnets is
an important property for their application as a core materials in electrical transformers.
The presence of structural as well as magnetic disorder plays an important role in
amorphous systems. The search for a correct description of the formation and growth of
spin clusters in amorphous systems is a complex task. The properties of such spin clusters
under the influence of an external magnetic field depend on their morphology. Therefore,
from the magnetism point of view, interesting aspects are: (1) correlation between
structural and magnetic properties; (2) understanding the behaviour of spin clusters and
(3) investigation of magnetic excitations in such systems. Despite some success in
describing the static properties of magnetically soft amorphous magnets [1, 2], their
dynamic characteristics and, in particular, the characteristics of the magnon dispersion
have not been studied in detail. Thus the problem of direct measurement of the spin wave
spectrum by neutron scattering methods turns out to be relevant.

The dispersion of spin waves in an amorphous ferromagnet can be described
through the model of a ferromagnet with random anisotropy: «(q) = Ag? + gusH + dw(q),
where dw(q) is a linear in |g| additive [1, 3,4]. In this paper, we investigate the
temperature dependence of the energy characteristics in the spin wave spectrum of the
amorphous ferromagnetic alloy FessNizsP1s and show that it is possible to obtain
information not only about the spin-wave stiffness, but also about the characteristic
random anisotropy constant that determines the appearance of the additive dw(q). We use
the method of small-angle scattering of polarized neutrons to prove the significance of
the additional term Jw(q) in the dispersion. The measurements were carried out at
different values of the external magnetic field H and the neutron wavelength A. The
neutron scattering map is a circle of a certain radius centered at the point g = 0 (Fig.1).
The spin-wave stiffness A is extracted directly from the A-dependence of the radius of
this circle. The spin-wave stiffness A of an amorphous alloy decreases slightly from 140
to 110 meV A? with an increase in temperature in the range of 50 to 300 K. The field
dependence of the radius demonstrates the presence of an additive dw(q) in the form of
an energy gap, which is practically independent of field and temperature. Therefore, the
experiments have revealed an internal “effective energy gap” associated with random
anisotropy in the spin wave spectrum of the FessNissP1s alloy over a wide range of
temperatures and magnetic fields. The "gap™ value of 0.015 meV was measured with an
accuracy of 0.002 meV, which is a record achievement in terms of its accuracy. The
presence of a linear additive in the spectrum of spin waves is experimentally
demonstrated, confirming the validity of the "random anisotropy theory" for amorphous
ferromagnets.
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Fig. 1. Kinematic scheme of small-angle neutron scattering by spin waves in a
ferromagnet.
This work was financially supported by the Ministry of Science and Higher Education of
the Russian Federation under Agreement N0.075-15-2022-830 dated 27 May 2022
(continuation of Agreement N0.075-15-2021-1358 dated 12 October 2021). Contribution
to the work of O.l. Utesov was supported by the Russian Science Foundation (grant
No0.22-22-00028).
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ELECTRICALLY TUNABLE SUB-TERAHERTZ RESONANCE IN
ANTIFERROMAGNET-BASED HETEROSTRUCTURE
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Antiferromagnetic (AFM) materials have natural resonance frequencies in the sub-
THz or THz ranges. Thus, it is tempting to use antiferromagnets (AFM) as active layers
in THz-frequency oscillators [1] and detectors [2]. It has been shown theoretically [2] that
both uniaxial and biaxial AFMs can be used for the resonance quadratic rectification of a
linearly polarized AC spin current of THz frequency and could have a sensitivity in the
range of 100-1000 V/W.

Let us consider the antiferromagnet-normal-metal heterostructure (see the inset in
Fig.1) with the antiferromagnetic easy plane (EP) oriented in the angle 6p to the surface
plane, and hard axis nh is perpendicular to the EP. An additional bias DC current in the
normal metal layer (here Pt) is used for tuning the AFM high-frequency mode (near 0.17
THz for jdc=0) and for a partial regeneration of the system losses. Based on our previous
theoretical analysis [2,3,6] applied to the hematite crystal, we analyzed the so-called “o-
model” equation describing the dynamics of Neel vector 1(t); we have found the analytical
expressions for both low and high frequencies of hematite as functions of current density
for an arbitrary angle of inclination of the easy plane relative to the sample plane.

Our theoretical analysis showed that decreasing the angle between the sample plane
and the easy antiferromagnetic plane leads to an increase in the value of threshold current
density. Thus, our analysis shows that minimizing the critical tuning current would be
desirable for the easy plane to be oriented perpendicular to the sample plane, which can
be achieved by choosing a unique substrate.

171
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Fig. 1. Dependence of the AFMR oscillation frequency on the input bias electrical current
density flowing in the Pt layer for different orientations of easy plane relative to the sample
plane (Op=n/2, /3, w/4). The inset is an image of the proposed AFM-Pt heterostructure.

This study is supported by Ministry of Science and Higher Education of the Russian
Federation (agreement No. 075-15-2024-538)
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LONGITUDINAL MAGNONS: NEW COLLECTIVE QUANTUM
EXCITATIONS IN LARGE-S MAGNETS

M. ZhitomirskKii

Coherently propagating spin waves or magnons are the lowest energy excitations
in ordered magnetic solids. They obey bosonic statistics and have integer spin-quantum
numbers £5° =+1 For an easy-axis antiferromagnet, these are seen in the form of two
ascending and descending AFMR branches. The standard picture of magnons needs to be
updated for magnetic materials with a substantial single-ion anisotropy comparable to the
magnetic exchange. Specifically, the infrared absorption experiments on Van der Waals
spin-2 antiferromagnets FePSsz and FePSes [1,2] have demonstrated presence of unusual
magnetic excitations that exhibit four times larger splitting in magnetic field in
comparison to the normal AFMR modes. We identify these new excitations with
longitudinal magnons, which correspond to full reversal of single iron spins (S = 2) and
have a total angular momentum LST =4 \We develop a theoretical description of the
longitudinal magnons and demonstrated that they acquire a small finite dispersion thus
providing an example of new type of coherently propagating modes in ordered magnetic
systems. We also argue that condensation of longitudinal magnons in a magnetic field in
strongly anisotropic materials can produced various exotic multipolar states.
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SPIN DYNAMICS AND PHONON-ZEEMAN EFFECT-IN CoTiO3s REVEALED
BY RAMAN SCATTERING IN HIGH MAGNETIC FIELD
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A trigonal honeycomb antiferromagnet CoTiOs recently excited the condensed
matter community due to observation of the Dirac magnons [1], which are direct
counterpart of the widely known massless Dirac electrons in graphene [2].

In this talk, we present the results of the comprehensive Raman scattering study
of the magnetic and lattice dynamics of CoTiOs single crystals using the polarized and
azimuthally-resolved technique in a wide temperature range 4-300 K and in DC magnetic
fieldupto 30 T.

Acoustic and optical magnon branches were observed in the antiferromagnetic
(AFM) phase. The AFMR resonance modes directly provide the spin gap value of about
1 meV, and were used, together with all other excitations, for further reexamination of
the exchange structure of CoTiO3. Extremely dampened but clearly observed modes at
temperatures above Ty hint at strong short-ordering effects.

The spin-phonon effect was observed close and below Ty, in accordance with
predictions of the DFT calculations, which show that only the particular phonons should
be affected due to dynamical angular modulation of the exchange Co-O-Co paths [3].
Moreover, magnetic fields up to 30 T allowed us to observe competition between the
spin-phonon and magnetoelastic interactions [4]. Surprisingly, a large splitting of the
doubly degenerate chiral phonon modes was observed indicating presence of the phonon
Zeeman effect, see Fig 1. Additionally, strong coupling with low energy electronic
excitations of the orbitally degenerate Co?* magnetic 3d” ions also plays an important role
in this splitting.

T=42K T=42K g2
0-30T 9 - g
» 0T
10T
20T
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380 385 205 210 215 260 270 280
Raman Shift (cm™) Raman Shift (cm™) Raman Shift (cm™)

Fig 1. Pronounced phonon Zeeman effect on chiral EXy and E%; phonons of CoTiOs.
Note absence of the splitting and only small magnetoelastic shift of the Ay mode.
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MICROWAVE STUDY OF THE QUASY-2D DECORATED SQUARE
KAGOME LATTICE MAGNETS ACu7(Te04)(SO4)sCl (A=Na, K, Cs, Rb)
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2D kagomé lattice constructed from corner-sharing triangles is one of the archetypal
models of the frustrated magnetism. Traditional kagomé lattice consists of hexagonal
voids surrounded by triangles. Square kagomé lattice (SKL) [1] is a development of this
model, it consists of alternating square and octagonal voids, as shown at Fig. 1.
Theoretical considerations and numeric simulations predicts variety of possible scenarios
for the physics of SKL magnets depending on the ratios of exchange interactions ranging
from the spin-liquid behavior for ideal 2D equilateral SKL to complicated forms of order

for coupled SKL layers with non-equivalent in-layer couplings [2].
Q Cu1

Cu3

Fig. 1. (left) Fragment of a 2D equilateral square kagomé lattice. (right) Fragment of the nabokoite
crystallographic structure (only copper and alkali ions’ positions are shown) demonstrating 2D
SKL layers formed by copper ions in Cul and Cu3 positions and ‘decorating’ copper ions in inter-
layer Cu2 position.

Recently synthesized nabokoite family compounds ACu7(TeO4)(SO4)sCl (A=Na,
K, Cs, Rb) [3] provides possible realization of a SKL antiferromagnet. Additional
complication of nabokoite crystalline structure (see Fig.1) is that the SKL layers (Cul
and Cu3 positions in nabokoite structure) are ‘decorated’ by the seventh copper ion taking
inter-layer Cu2 position. Magnetization and specific heat study [3,4] demonstratethat
Curie-Weiss temperatures for all nabokoite family members is around 100-200 K
indicating presence of strong antiferromagnetic couplings within SKL layers. Low
temperature magnetic ordering was observed for K and Na compounds only at the
temperatures around 3-4 K. This supports theoretical predictions [2] on the spin-liquid
behavior of the SKL antiferromagnet. Freezing of this spin liquid into the ordered state
for K- and Na-nabokoites at T «<® rises questions both on the type of the formed magnetic
order and on the nature of magnetic ordering in these compounds.
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In the present talk we report results of the study of microwave properties of
nabokoite family compounds. These include magnetic resonance in the ordered and
paramagnetic phases of nabokoites and study of the high-frequency (~10 GHz) dielectric
prgﬂperties of these compounds.
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Fig. 2. (left) AFMR frequency-field dependence for powder sample of K-nabokoite at T=1.7

K. Circles — AFMR absorption, squares — boundaries of EPR response from paramagnetic defects.
Solid lines and gray shading — simulation in the model of spiral magnetic ordering. Dashed curve
— guide to the eye for the high-frequency resonance mode. Inset: temperature dependence of the
spin-wave spectrum gap. (right) Temperature dependence of high-frequency dielectric losses in
Na and K- nabokoites.

Paramagnetic resonance absorption observed in nabokoites turns out to be very
small, it corresponds to concentration of paramagnetic centers amounting to less than 3%
per copper ion of nabokoite. The observed paramagnetic response is most likely dueto
some defects, while the decorated SKL lattice of copper ions remains EPR-silent. On
cooling below the Neel temperatures (for K- and Na-nabokoites) additional
antiferromagnetic resonance (AFMR) absorption appears. AFMR frequency-field
dependence features asymptotic f(H) slope well different from that expected for
g=2.0 2.3 Cu® ions (see Fig.2). This can be semi-quantitatively explained assuming
that the magnetic order in K- and Na-nabokoites is non-collinear one [4]. High-
frequency (~10 GHz) dielectric properties measurements [5] reveal possible driving force
for the magnetic ordering in Na and K-compounds: both of these compounds
demonstrate dielectric anomalies (at ¢ “and ¢ * *) at 26 K (K) and 96 K (Na) (see Fig. 2).
Lattice distortions accompanying these dielectric anomalies can lift frustration of the
inter-layer couplings via displacement of alkali ions and Cu2 ions (see Fig. 1) which can
be the cause of the formation of magnetically ordered state.

The work was supported by Russia Science Foundation grants 22-12-00259 (V.Glazkov,
Ya.Rebrov; magnetic resonance and dielectric measurements) and 23-23- 00205
(P.Berdonosov, A.Murtazoev; samples preparation).
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EFFECT OF SPIN FLUCTUATIONS ON THE ELECTRONIC STRUCTURE
OF FRUSTRATED 2D STRONGLY CORRELATED SYSTEMS

V.1. Kuzmin?!, M.M. Korshunov!?, S.V. Nikolaev!?, S.G. Ovchinnikov!?*
LKirensky Institute of Physics, Krasnoyarsk Scientific Center SBRAS
2 Siberian Federal University, Krasnoyarsk, Russia
*sgo@iph.krasn.ru

Spin fluctuations are known to determine specific properties of low dimensional
strongly correlated electronic systems. Effect of frustrations is less studied. Recently we
have developed a cluster perturbation approach to treat both electronic structure (single
particle properties) and spin fluctuations (two particle properties) within the cluster
perturbation theory (CPT) approach. We applied spin-CPT and charge-CPT to the p-d
two-band Hubbard model and calculated one- and two-particle correlation functions,
namely, electronic spectral function and spin and charge susceptibilities [1]. The doping
dependence of the spin susceptibility was studied within spin-CPT and CPT-RPA, that is,
the CPT generalization of the random phase approximation (RPA). In the underdoped
region, both our methods resulted in the signatures of the upper branch of the spin
excitation dispersion with the lowest excitation energy at the (r, ) wave vector and no
presence of low-energy incommensurate excitations. In the high doping region, both
methods produced a low energy response at four incommensurate wave vectors in
qualitative agreement with the results of the inelastic neutron scattering experiments on
overdoped cuprates. Spin susceptibility map for Q=0.2 and 3 doping levels from spin-
CPT with 3x3 unit cell is shown in the Fig.1.

Hole doping p=0 p=1/9
p=2/9

Fig.1. Doping dependence of the imaginary part of dynamical magnetic susceptibility
This research is supported by the Russian Science Foundation grant a Ne24-12-00044.
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ANALYSIS OF TERAHERTS ABSORPTION SPECTRA AND INELASTIC
NEUTRON SCATTERING OF FRUSTRATED MAGNET Thb2Ti207

V.V. Klekovkina®, B.Z. Malkin
Kazan Federal University
“vera.klekovkina@gmail.com

The spectral and magnetic properties of a geometrically frustrated crystal ThoTi.O7
with a pyrochlore structure have been actively studied for more than 20 years. There are
competing antiferromagnetic exchange and ferromagnetic dipole interactions between
Tb®*" ions in TbyTi.O7 (Curie-Weiss temperature is —13 K). According to theoretical
studies, long-range antiferromagnetic order in Tb2Ti.O7 should be observed below a
temperature of ~1.8 K [1]. However, magnetic ordering is not experimentally observed
down to temperatures of 0.015 K. Nevertheless, in a number of experiments a phase
transition of unknown nature was observed at temperatures below 1 K. The explanation
of the spin-liquid state of Th.Ti>O7 is still discussed in the literature. The magnetic
properties of a crystal are determined by both interactions between ions and the magnetic
properties of the ions. Therefore, it is important to study the energy spectrum of Th®* ions
in this crystal.

In a trigonal crystal field of Dsg symmetry at the position of the Tb®" ion in a perfect
Th,Ti,O7 crystal, the ground and first excited states of the Th®" ion are non-Kramers
doublets. The energies of the first and second excited energy levels are 12 cm™ and
84 cm™ [2], respectively. In the low-energy part of the inelastic neutron scattering
spectra, an intense line is observed near energy of ~ 1 cm™ [3]. In the terahertz absorption
spectra, a broad line is observed in the frequency range corresponding to energies of 10-
22 cm™! [4]. The presence of these lines indicates splitting of the ground and first excited
doublets of the Tb*" ions. One possible explanation for these splittings is interaction with
a low-symmetry crystal field, which can be induced by defects in the crystal lattice.
Observations of magnetoelastic effects of extremely large magnitude in Th2Ti2O7 indicate
strong electron-strain interactions.

In this work, within the framework of the one-particle approximation, we calculated
low-temperature terahertz absorption and inelastic neutron scattering spectra
corresponding to magnetic dipole transitions between sublevels of the ground doublet and
between sublevels of the ground and first excited doublets, split by the random strains [5]
induced by point defects in a nonstoichiometric crystal. Our calculations qualitatively
reproduce the features of the spectra measured in [3, 4].

Bibliography

1. Y.-J. Kao, M. Enjalran, A. Del Maestro et al., Phys. Rev. B. 68, 172407 (2003).

2.J. S. Gardner, B. D. Gaulin, A. J. Berlinsky et al., Phys. Rev. B. 64, 224416 (2001).
3.
4,
5.

H. Kadowaki, M. Wakita, B. Fak et al., J. Phys. Soc. Jpn. 87, 064704 (2018).
Y. Alexanian, J. Robert, V. Simonet et al., Phys. Rev. B. 107, 224404 (2023).
B. Z. Malkin, N. M. Abishev, E. I. Baibekov et al., Phys. Rev. B. 96, 014116 (2017).

0-29-05


mailto:vera.klekovkina@gmail.com

Spin Waves 2024, 26-29 August, Saratov, Russia

ANTIFERROMAGNETS WITH RANDOM VACANCIES AND
SUBSTITUTIONAL SPINS ON THE TRIANGULAR LATTICE

A.V. Syromyatnikov!”
INational Research Center "Kurchatov Institute" B.P. Konstantinov Petersburg Nuclear
Physics Institute
“asyromyatnikov@yandex.ru

We discuss theoretically static and dynamical properties of XY and Heisenberg
antiferromagnets on the triangular lattice with random vacancies and substitutional spins.
It is shown that the distortion of 120° magnetic order produced by a single defect is
described by electrostatic equations for a field of an electrically neutral complex of six
charges located around the impurity [1,2]. The first finite term in the multipole expansion
of this field is the octupole moment which decays as 1/r® with the distance r. The linearity
of equations allows to describe analytically the distortion of the long-range magnetic
order at a small concentration c of defects. We obtain analytically renormalization of the
elastic neutron scattering cross section and the magnon spectrum g in the leading order
in c. We find that the scattering on impurities renormalizes weakly the bare spectrum &k
at k>>c . However, the renormalization is substantial of the long-wavelength magnon
spectrum at k<< ¢ and there is a parametrically large region in which magnons with not
too small momenta are overdamped and localized. This strong modification of the long-
wavelength spectrum leads to the stabilization of the slightly distorted magnetic long-
range order at T<Tn~S2J/In(1/c) and to the considerable change in the density of states
and in the specific heat. The overdamped modes arise also in quasi-2D spin systems on a
stacked triangular lattice [2].
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CROSSOVER BETWEEN PSEUDOSPIN PARAMAGNET AND SPIN LIQUID
IN A CHAIN ANTIFERROMAGNET Cs2CoCl4

A.l. Smirnov! , T.A. Soldatov.
P, L. Kapitza Institute for Physical Problems RAS
smirnov@kapitza.ras.ru

Crystal structure of Cs,CoCls contains Co?* ions (S=3/2) arranged within layers

with a triangular lattice. The exchange interaction along the bases exceeds that along sides
of isosceles triangles. The frustration of lateral exchanges on a triangle results in the
effective exchange network which may be viewed as a system of spin chains along the
bases of triangles. The chains are only weakly coupled, both inside and between the layers
[1], as in the well-known isomorphic compound Cs2CuCl4 [2], which demonstrates
magnetic responses of a 1D antiferromagnet. A strong single-ion anisotropy with a
characteristic energy of 7 K separates the upper spin doublet of Co?* from the lower one,
which enables one to use the pseudospin S=1/2 representation at low temperatures. A
strong anisotropy of exchange and renormalization of g-factor naturally arise in this
representation [3]. Finally, the system can be considered as an ensemble of weakly
interacting strongly anisotropic chains of spins S=1/2 (the so-called XXZ chains). Due to
the non-commuting action of the transverse magnetic field and anisotropy, these chains
have a number of remarkable properties because of quantum entanglement of states, see,
for example, [1, 4]. In particular, in zero field, the ground state is a quantum-critical spin
liquid, and in moderate fields the chains have a long- range antiferromagnetic order with
strongly reduced ordered spin component. And finally, in the field before saturation, a
spin-liquid phase appears again. Thus, Cs2CoCl4 represents a convenient model object for
studying the quantum phases of XXZ chains and phase transitions between them.
We studied the dynamics of uniform spin oscillations of Cs,CoCl4 at temperatures from
0.1 to 7 K by electron spin resonance (ESR) in the range of 25-120 GHz in the magnetic
field H oriented along the crystallographic axis b. This orientation corresponds to non-
commuting action of magnetic field and anisotropy. Above the Néel temperature Tn=0.22
K [3] but below the characteristic exchange temperature we expect the magnetic
properties will correspond to an uncorrelated ensemble of XXZ chains. At the same time,
there should be strong spin correlations within a chain due to the intrachain exchange of
pseudospins J=3 K. Our results show that at a temperature of 4-5 K, ESR with a g-factor
of 3.3 is observed at all frequencies of the range. This value of the g- factor corresponds
to the resonance of single pseudospins, as follows from the theoretical assessment in [3].
We denote the values of resonant fields of this type as Hi. As the temperature decreases,
a second resonant mode appears in the field H> > Ha, and this Hz-resonance dominates
below 1 K down to 0.3 K. Here, most of the spectral weight of the ESR is at the H»-
resonance and the spectrum is shifted down from the paramagnetic position recorded at
T=4 K. The temperature evolution of 46 GHz ESR is illustrated in Fig.1, and the
frequency-field diagram of the observed resonances is shown in Fig.2.

The resonance frequencies in Ho-fields observed in the temperature range 0.3-1 K
correspond well to the theoretical dependence of the most intense (lower) maximum of
the spectral density of the excitation continuum of S=1/2 XXZ chain obtained numerically
by the DMRG method [4] (solid line in Fig. 2). This theoretical dependenceis calculated
with the use of exchange and anisotropy parameters determined experimentally in [3] and
the value of the g-factor 3.3 obtained in our experiment at a T=4 K. Thus, the theoretical
dependence in Fig.2 does not contain any fitting parameters. The transition of the
resonance field from Hi to Hz occurs by the continuous spectral density flow from Hy to
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H>, in the form of a temperature crossover, without critical behavior, while
antiferromagnetic correlations appear within the chains.

Hence, we can conclude that ground states of the XXZ chains are realized within the
spin system of Cs;CoCls in this temperature range, while mutual correlations of
neighboring chains are destroyed by temperature.
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Below Tn=0.25 K and down to the lowest temperature of the experiment 0.1 K, we
observe another drastic change in the spectrum at the transition to the antiferromagnetic
long-range order, which is due to inter-chain interaction. This spectrum change with the
formation of new lines occurs via phase transition at the Néel point. We will report about
the ESR spectrum of this phase later.

The work is supported by Russian Science Foundation Grant N 22-12-00259.
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NONLINEARITY OF THE MAGNETIC SUSCEPTIBILITY OF A Co?* MONO-
ION MAGNET IN THE PARAMAGNETIC REGION ABOVE THE MAGNETIC
ORDERING TEMPERATURE

E.V. Dvoretskaya®, R.B. Morgunov
FRC of Problems of Chemical Physics and Medicinal Chemistry RAS
“dvoretskaya95@yandex.ru

Interest in single-molecule (SMM) and single-ion (SIM) magnets, capable of
storing magnetization within a single molecule or ion, is growing due to their potential
use in quantum computing. The study of linear susceptibility to an alternating field is a
standard approach for determining magnetism SIM. However, SIM can exhibit unusual
magnetic properties at low temperatures, similar to those observed in spin glasses [1,2].

The study of mono-ionic complexes based on Co?* ions makes it possible to detect
the peculiarities of their magnetic properties at low temperatures. The work identified the
second and third harmonics of magnetic susceptibility at temperatures in the range from
210 4 K, which is slightly higher than the Neel temperature. The maximum values of the
second and third harmonics were recorded at a frequency of about 1 Hz and in a field of
1 kOe (Fig.1) and 3.2 kOe.
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Fig.1. Frequency dependences of the real yre® (a) and xre® (b) parts of the magnetic
susceptibility of the sample in a constant field of 2000 Oe for harmonics n = 2, 3 at atemperature
in the range of 2 -5 K.

An analysis of the dependences of these characteristics on the field and temperature
showed that nonlinear effects are associated with the formation of a spin glass state at low
temperatures. In this state there is no long-range spin order, but there are clusters of spins
in the spin glass state. The spin-glass state in combination with the Co?" ion with high
magnetic anisotropy is unusual in that the exchange interaction is significantly lower than
the energy of single-ion anisotropy.

This work was supported by the program of the FRCenter for Problems of Chemical
Physics and Medical Chemistry of the RAS 124013100858-3.
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MATHHUTHBIE CBOMCTBA LiCusOs — KBASUJIBYMEPHOI'O
AHTU®EPPOMATHETUKA HA KBAJIPATHOHM PELHIETKE CO CJIYYAHHO
PACHHPEAEJEHHBIMU MAT'HUTHBIMU U HEMAT'HUTHBIMU NHOHAMU

C.K. I'oroBko'?, I1.C. Kynumkuna?, B.JO. Usanos®, A.A. Bym*, B.!. Ko3;i08*,
E.I'. Hukoaaen?!, JLE. CBucros!”

Y Huemumym gusuueckux npobnem um. ITJI. Kanuywr PAH, Mockea, 119334, Poccus
2 HayuonansHwlil ucciedoeamensCkuii yuugepcumem Buicuias wkona s3koHoMuK,
Mockesa, 101000, Poccus
8 Unemumym obweri pusuxu um. A.M. IIpoxoposa PAH, Mockea, 119991, Poccus
4 MUPDA — Poccutickuil mexmono2u4eckuil yuusepcumem, Mockea, 119454, Poccus
* svistov@kapitza.ras.ru

LiCuz0s siBisieTcst HOBBIM KBa3HIBYMEPHBIM MarHeTHKOM (S=1/2) ¢ 3amerieHrneM
MarHUTHBIX MOHOB HeMarHWTHbIMH. Kpucramumueckas crpykrypa LiCuzOs comepxut
«TPOWKM» MArHHTHBIX IUIOCKOcTeil moHOB CuU?*(S=1/2) mHaxomsmmxcs B y3max
KBaapatHoii pemieTku. Fonsl Li* 3aHMMAIOT Te ke KPUCTAIIIOrpapUIECKUE O3UIIUH, YTO
v mosumuu Cu®* ¢ pasHBIMM CTENEeHAMH 3aMeIleHHs I BHYTPEHHEH M BHEIIHHX
wiockocteit — 20% wu 40% [1]. Takue Tpoiiku KBaapaTHbIX IUIocKocteil (B-A-B)
paszieNeHbl IIOCKOCTIMU HEMArHUTHBIX HOHOB Cu”, 4To onpeenseT KBasuaByMEPHOCTh
LiCu3sO3 Crenenp 3aMelieHdss BO BHYTPEHHHMX IUIOCKOCTSX (A) MeHbIIe mopora
MPOTEKaHUs B KBaJPAaTHOUM peméTke, MOATOMY MAarHUTHBIE HOHBI B TaKUX IUIOCKOCTSIX
00pa3yroT OECKOHEUYHBIN KJIacTep, B TO BPeMs KaKk BO BHEITHUX IUIOCKOCTAX (B) crenens
3aMelIeHHs] KPUTUYECKH OJIM3Ka K MOpOry MpoTekaHus. Takue HeoObIuHbIE 00pa3Ilbl
CTaOMIIbHBI ITPU HOPMAIIBHBIX YCIOBHAX M UMEIOT BOCTIPOM3BOIMMBIE CBOICTBA.

B monokpucramiax LiCusOz Obuti mpoBenensl SIMP wuccrienoBanust Ha sapax Li,
WU3MEpEeHUs] HAMAarHWYEHHOCTH M DJIEKTPOHHOTO CIIMHOBOTO PE30HAHCa, B peE3yJbTaTe
KOTOPBIX OB 00HAPY>KEHBI YACTHYHOE MarHUTHOE YIOPSI0UYEHUE IPU TeMIepaType Tc1
= 123 K 1 n3MeHeHre MarHuTHOro coctossHus npu 1c2~30 K. BricokoTemmneparypHbIit
Nepexo/ MBI CBS3bIBAEM C BO3HMKHOBEHHEM MAarHUTHOTO MOPSAKA B TUIOCKOCTSX C
MEHBIIUM pa30aBlIeHHEM, a HHU3KOTEMIEpaTypHbI Mepexo — YIOPSJIOYEHHUIO B
IUIOCKOCTSIX ¢ CUJIbHBIM paz0OaBineHueM. llupokue cnextpsl AMP Huxe Tc1 oTpaxkaroT
YCTAHOBJIEHHE HETPEPBIBHOTO PACHpPEeNICHHs HalpaBIeHUN WM BETUYMH MarHUTHBIX
MOMEHTOB, XapaKTEpPHOE [UIS CHHPAIBHBIX, CIHUH-MOAYJIMPOBAHHBIX CTPYKTYp WIIH
CTPYKTYP € 3aMOPOXKEHHBIM OECTIOPSIKOM.

[Tpu u3MepeHHusIX HaMarHU4EHHOCTH ObUT OOHApy)XeH CHUH-(IION Mepexojl, KOTOPbI
yKa3blBaeT Ha HaJM4yue CJa0oi OJHOOCHOW AaHM30TPONMU MArHUTHOW CTPYKTYpBI.
OTHOCHUTENPHO Majoe 3HAYeHHE MAarHHUTHOW BOCIPHHMYHBOCTH OTPAaKaeT >KECTKOCTH
cnrHOBOM cucteMsbl (HoHsat=200 T).

Paboma C.K. I'omoexo, JI.E. Ceucmosa 6wina noooepaicana epanmom PH® 22-12-00259
(obpabomra oannvix AMP u eviuucnenus, CP usmepenus).

Paboma A.A. Bywa, B.U. Ko3znoea 6viia noodepoicana Munucmepcmeom 8vlcuieco
obpaszoeanust P® FSFZ-2023-0005 (pocm kpucmannos LiCuz03).
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HU3KOYACTOTHASA CIIMHOBAS JTMHAMUKA KBA3H/IBYMEPHOI'O
OPEPPO-AHTU®EPPOMATI'HETUKA BaCdVO(POa)2

T.A. CoanaroB, A.. CMupHosB
Hncmumym gpusuueckux npoonem um. I1. JI. Kanuywi PAH, . Mockea, 119334, Poccus,
tim-sold@yandex.ru

B kpucramiax BaCdVO(PO4)2 co CIIOMCTOH MarHUTHOW CTPYKTYpO#l Ha KBajpaT-
HOW peleTke peanusyercst ocoOwlid Tum (pycrpamun Gpeppo- U aHTHPEeppOMarHUTHBIX
OOMEHHBIX CBS3€il Ha CTOPOHAX M JAMAroHANSAX KBaApaToB. TeopeTnyeckuil aHaiu3 mo-
Ka3bIBAECT, YTO B 3TUX YCIIOBHSIX B MOJISAX, OJIM3KUX K HACBIIIEHUIO, MOXKET PEaTn30- BaThCs
¢daza cnHHOBOIO HEMAaTHKa, B KOTOPOM CpeJHUIl MarHUTHBIH MOMEHT Ha y3Jie pPelIeTKU
paBeH HYJIO, OJJHAKO CYLIECTBYIOT KOppPEJSALMHU, HAPYIIAIOIUE UHBAPUAHT- HOCTH IO
OTHOIICHHIO K TIOBOPOTaM B CHMHOBOM IPOCTPAHCTBE W HE HapyllIalollue WH-
BapUAHTHOCTh OTHOCUTEIBHO OOpanieHus Bpemenu [1-3].

Temneparypa Heenst BaCdVO(POs4)2 paBua 1.05 K, a criusbl B ¢1a00M 110JI€ YII0-
psanouyeHs! kouiHeapHo [4]. IlpenuiecTByroniye 3KCIEPUMEHTHI MOKA3bIBAIOT, YTO IMPU
HU3KHUX TeMIIepaTypax aHTU(GEPPOMArHUTHOE YIOPSA0UCHHE CIIMHOB Hcye3aeT B rmoiie Hel
= 4 T, omHako HACHIIICHHEC MAarHUTHOI'O MOMEHTa MPOUCXOAUT B mone Hsy = 6.5 T.
[Tpuuem B mone Hci momeHT nmocturaer 98 % oT monmHoro HaceileHus. B auamasone
noJsielt oT Her 10 Hsat mpeanonaraercst GopmMupoBaHUE CIUH-HEMATUYECKOTO COCTOSHUS
[4].

B nareii pabote Mbl U3y4HIIH CHIEKTPbl MarHuTHOrO pe3onanca B BaCdVO(POs), B
muana3one yactot 0.5 - 100 I'T'u nmpu remnepatypax ot 0.45 K no 2 K, Bxirodas 00- nactb
noner oT Hei 10 Hsat. CrekTp aHTH(EPPOMArHUTHOTO PE30HAHCA COJCPKUT JIBE
pe3onancHble MO ¢ mmensaMu Ay = 12.8 I'Tiy u A2 = 17.3 I'Ty 1 HOTHOCTHIO COOTBET-
CTBYET CIIEKTPY KOJTMHEApHOro aHTU(eppOMarHeThka C JABYXOCHOH aHH30TPOIMHUEH.
[IpumeyaTenbHBIM B HaIIEM HCCIENOBAHUU [S5] sBIsAETCS OOHApYKEHUE B CHEIIHATHLHOM
AKCIIEpUMEHTE Ha HU3KOM yactoTe 2 [T u ¢ mpomonapHON monsipusanueil MUKpPOBOJI-
HOBOTO TOJISI CITUH-(JIMIT MOJIbI, KOTOPasi AEMOHCTPUPYET MOJHOE CMsTUeHue B moje Hei
=4T, ane B none HachlmeHuss Hsat = 6.5 T. DTOT pe3ynbTar moka3pIBaeT, 4TO MAarHUTHOE
YIOPSI0YCHUE, B TOM YUCJIE€ U HEMAaTHYECKOro THIA, B HHTEpBaie mosie Mexay Hel u
Hsat OTCYTCTBYET, a HEMOJHOE HACHIIIEHHE CBA3aHO, MO-BUIUMOMY, C He- OONBIIUM
konuuecTBoM JnedekrtoB. HemaBHue skcnepumentsl mo AAMP [6] moarsep- xnarot
OTCYTCTBHE HEMaTH4ecKoi (ha3bl B CHIBHBIX MOJSAX, MOJIaras, 4To ciadas ocTa- TOYHas
MoJIeBasi 3aBUCUMOCTh HaMarHM4eHHOCTHU BhImie nojst Her = 4 T ckopee Bcero cBsizana ¢
HAJIMYUEM claboro B3auMoeiicTBus J3suommHackoro-Mopusi.

Paboma svinonnena npu noooepocke epanma PH®D No 22-12-00259.
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SPINTRONICS - MRAM AND BEYOND

K.A. Zvezdin'*
! New Spintronic Technologies
"k.zvezdin@nst.tech

Interest in spintronic heterostructures based on magnetic tunnel junctions (MTJs) is
primarily driven by their effective use for recording and storing information. In recent years,
Magnetic RAM has begun to be actively introduced into various areas of industry, primarily in the
automotive, becoming an indispensable technical solution for the new generation of automotive
chips. However, the applied opportunities offered by spintronics is not limited to information
storage. The microwave dynamics of magnetization in such structures is of particular interest. It
has been shown the possibility to generate an alternating (microwave) signal constant spin-
polarized current in MTJs excited by spin-polarized direct current [1]. Based on this effect, a new
generation of alternating signal generators for telecommunication devices is being developed. Of
no less interest is the opposite effect — the spin-transfer diode [2]. When an alternating spin-
polarized current with a frequency close to the resonant one is passed through the MT)J, a constant
voltage component appears. It can be obviously used for a microwave signal detection. In the first
works, the efficiency of rectifying an alternating signal did not exceed 1.4 mV/mW. In 2014, a
sensitivity of a spin-transfer diode at room temperature of 12000 mV/mW was experimentally
demonstrated [3] through the use of a constant bias current. Subsequently, it was demonstrated a
possiblity toenhance the microwave sensitivity up to 210,000 mV/mW [4-5].

The development of spin-transfer diodes from the first experiments to prototype microwave
devices are covered in the talk. An opportunities and methods for increasing the microwave
sensitivity are shown and the physical mechanisms behind this are explained. The possibilities of
resonant frequency engineering and the transition to broadband rectification are discussed. The
influence of magnetic distribution on the features of rectification is considered. Finally, possible
practical applications of the mentioned effects are discussed.

Bibliography
1. S.I. Kiselev et al. Nature. 2003. V. 425. P. 380-383.
2. Tulapurkar et al. Nature. 2005. V. 438. P. 339.
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COHERENT RESONANCE IN A NARROWBAND NOISE-CONTROLLED CHAQOTIC
SPIN-WAVE SELF-OSCILLATOR

D.V. Romanenko*, S.V. Grishin
Saratov State University
*dmitrii.romanenk@mail.ru

The phenomenon of coherent resonance was discovered in model systems excited by noise
and manifested itself in the existence of an optimal level for the noise signal, at which the noise-
induced oscillations of the dynamic system became more coherent [1]. In the power spectrum, the
fluctuation peak had optimal characteristics, i.e. was most pronounced against the background of
a noise pedestal at a certain optimal noise level. Research carried out on radiophysical self-
oscillators [2] and their models [3] addressed the situation when the self-oscillating system was in
a pre-generation mode, and oscillations in the system were excited by noise. Studies of coherent
resonance under the influence of noise on a self-oscillating system, in which natural oscillations
would already be generated in the absence of noise, have not been carried out. In such systems,
another phenomenon was studied - synchronization of self-oscillations in the presence of noise.

In this paper, we propose to study the phenomenon of coherent resonance in solid-state
chaotic distributed self-oscillators of the microwave range, capable of forming chaotic sequences
of dissipative envelope solitons in the absence of external noise influence. The scientific novelty
of this kind of research is due to the fact that until now coherent resonance has been studied mainly
on model systems, which include noise-excited systems and self-oscillators with Andronov-Hopf
bifurcation. In distributed dynamic systems that exhibit chaotic dynamics in an autonomous mode,
the phenomenon of coherent resonance has not been observed.

The experimental setup of a non-autonomous self-oscillating system consists of a broadband
solid-state microwave GaAs power amplifier, a cavity resonator, a variable attenuator and a
broadband nonlinear delay line on magneto static surface waves (MSSW) tunable by a magnetic
field connected in series in a ring. An external signal was input into the ring through a directional
coupler connected to the feedback circuit in front of the microwave power amplifier.

In the experimental study, an external noise signal was applied from a vector signal generator
to the input of a solid-state power amplifier at a frequency of 2.06 GHz. The excitation spectrum
of the MSW was higher in frequency range of 2.35-2.4 GHz. As a consequence, the external
microwave noise signal affected only the gain of the solid-state power amplifier, without directly
affecting the signal generated in the ring system. In this case, a sequence of chaotic relaxation
pulses was generated in the ring system in the absence of an external noise signal (see [4])

Time realizations of the signal generated in the ring, taken from the detector head after the
directional coupler and time realizations of the external microwave noise signal with a spectrum
width Af = 1.5 MHz, supplied to the input of the power amplifier is shown at Fig.1.

As can be seen from Fig. 1, generation in a ring system begins at time intervals where the
amplitude of the noise signal drops to zero or is quite small. The amplitude of the generated signal
increases exponentially with a weak external influence and sharply decreases to zero with a large
amplitude of the noise signal. The repetition period of the generated sequence depends on the
bandwidth of the external noise signal and its amplitude. As the power of the external signal
increases to 0 dBm, the oscillogram shows a noticeable increase in the average period between
generated pulses. A further increase in the amplitude of the external influence almost completely
suppresses the signal generation in the ring. At Pext=11 dBm, signal generation in the ring system
terminated. Increasing the spectral width of the external noise signal leads to a decrease in the
power level required to suppress generation in the ring system. So, at Af=5 MHz, generation in the
ring system stops when the external signal power Pext=15 dBm. And at Af=0.5 MHz, no
suppression of signal generation was observed. The latter is associated with a long average period
of external influence.
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The dependence of the autocorrelation time of the generated signal on the intensity of the
noise showed at Fig.1. An increase in the autocorrelation time can be observed for certain values
of the noise signal band. The appearance of a maximum on the autocorrelation dependence appears
for values of noise bands greater than or equal to the spectrum width of the generated chaotic
signal.
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Fig. 1. Oscillogramm of generated signal and external noise (left column) and dependence of correlation
time on amplitude of external noise (right column).

This work was supported by RSCF (#23-22-00274).
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DETECTION OF CANTED PHASE IN FERRIMAGNETIC STRUCTURE
THROUGH SPIN-ORBIT TORQUE INVESTIGATION

M.A. Bazrov'*, Zh.Zh. Namsaraev!, M.E. Letushev?, V.A. Antonov?, A.V. Ognev?,
A.S. Samardak?, M.E. Stebliy*
! Laboratory of thin film technologies, Institute of High Technologies and Advanced
Materials, Far Eastern Federal University, Vladivostok, Russia
*pbazrovma@gmail.com

The use of ferrimagnetics for spintronics applications can presumably provide fast and
energy-efficient switching of magnetic states combined with high stability of these states [1]. It
has been shown experimentally that the spin-orbit torque (SOT) can induce effective magnetic
fields larger than in ferromagnetic-based metallic structures [2] [3]. It has also been found that
current-induced switching of magnetisation orientation can occur in the sub-nanosecond range [4],
and the domain wall motion speed can reach several kilometers per second [5]. This set of
properties is usually characteristic of states near magnetic or angular momentum compensation,
which is due to the presence of two antiparallel ordered magnetic sublattices in the ferrimagnet,
which respond differently to changes in temperature or composition. The near magnetic
compensation state can be remarkable not only for the high efficiency of SOT, but also for the
possibility of breaking the antiferromagnetic ordering between the sublattices of the ferrimagnet.
The presence of such a phase, the so-called spin-flop or non-collinear ordering, is found in both
theoretical [6] and experimental [7] temperature-field (T-H) diagrams. This effect is usually
observed in strong magnetic fields and recorded using the Anomalous Hall Effect (AEH) and is
not considered to be practically significant.

In this work, the violation of antiferromagnetic ordering was detected by the change in the
direction of the effective field induced by the spin-orbital torque without changing the type of
dominance in the ferrimagnetic structure. The effect is observed both at external heating of the
sample and as a result of Joule heating with increasing passing current (Fig 1a). In the investigated
W(4)/Co70Tb30(y)/Ru (2 nm) structure, the oblique region was observed near room temperature
and at external fields of the order of 0.1 Tesla. This allowed us to study the dependence of the
induced SOT field at the successive transition between three phases: the region of Tb
predominance, the region of non-collinear ordering and the region of Co predominance (Fig 1b).
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Fig. 1. a) The experimental scheme shows the mutual orientation of the propagated current and two
external orthogonal fields, as well as the possibility of heating the stage. b) Dependence of the loops shift
on the magnitude of the transmitted DC current for those samples with different atomic contents obtained
in the presence of the DC field in plane B, =+ 0. 1 T region of Th dominance is marked in blue, the region
of Co dominance in red, and the region with non-collinear alignment of spins in the Co and Tb sublattices

in green. The diagrams indicate the orientation of the effective field acting on the Co sublattice in the
result of SOT. Examples of hysteresis loops for cases marked in red are shown in the (1)-(4) insets.

This work was supported by the Russian Ministry of Science and Higher Education (State Task

No. FZNS-2023-0012).
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CIIMHOBASI HAKAYKA B CTPYKTYPE MAT'HOHHBIN KPUCTAJLI-Pt

C.JI. Boicouknii, }10.B. Hukyaun, I''M. [lyako, A.B. KoxxeBuukon, B.K. Caxapos,
10.B. Xusunnes', 0.A. ®u1nMoHOB
Capamosckuii puruan UP3 um. B.A. Komenvnuxosa PAH
"khivintsev@gmail.com

C momomip0 00paTHOrO CIHMHOBOTO 3(dekra Xoiula HCClAeIoBaHA CIUHOBAas HaKadKa
0o0paTHBIMU O0BEMHBIMHU MarHuToctarndeckumu BojsHamMu (OOMCB) B cTpyKType Ha OCHOBE
marHoHHoro kpuctamia (MK) u3 mienku xenezoutrrpueBoro rpaHara (JKWUI') u Mukpormnonocku
Pt. Onaomepnbiit MK wm3roraBmuBaiics u3 mieHku KU TommuHo#i 7.4 WM BBITpaBIMBaHUEM
pEIIeTKH U3 KaHaBOK mupuHoi W=10 um, riryounoi 6=0.2 pm, nauaoit 6 mm u nepuogom A=170
pm. Mukporonocka IUTaTUHBI MMeJa TONIMHY 4 NM, mupuHy 25 um, mmHy 6 mm u
OpPHEHTHPOBAIACh BJIOJIb kKaHaBoK. Ha puc. (a) kpuBoit 2 nokazan Bug AUX MK, rue BuaHBI
MOJIOCHl HEMpPOMyCKaHMs, OTBEYAroIIMe yacToTraM OparroBckux pe3oHaHcoB (BP), xotopsie
COTJIACYIOTCSI C pe3yjbTaTaMU MUKpOMarHuTHoro mojaenupoBanus cnekrpa OOMCB B MK, cm.
puc.(b) u AUX cTpykTypsl, cM. KpuByto 1 Ha puc. (a). OOHapy»eH Pe30HAHCHBIH POCT CUTHAIA
O/1C na BP, cm. xpuByto 3 Ha puc.(a). 9T0 oTpakaeT pocT 3PPEKTUBHOCTH CIIMHOBON HAKAYKH.
Pe3onancHOe ycuiIeHHME CIIMHOBOM Hakayku OOBSACHSETCS POCTOM A(PPEKTUBHOCTH JIIEKTPOH-
MarHOHHOTO paccesiHus 3a cueT GopmupoBanus B cnektpe OOMCB nHa ywactorax BP ydactkos
JIMCIICPCHH C BHICOKOM TJIOTHOCTBIO COCTOSTHUI — CHHTYJIIpHOCTE# BaH XoBa [1].

Fourier-amplitude, au.

AA N A A.

29

20 <15 10 05 00 05 10 15 20
k/10°, rad/cm

Puc. 1. (a) mukpomarautHoe MoneiupoBanue crnekrpa OOMCB B MK, rae 1-4 Homepa Haubosee
uHTeHCHBHBIX Mo OOMCB, nucniepcHOHHBIC KPHUBBIE KOTOPBIX OTBeUYaroT McxoaHoi mieHke XU, (b)
[udpamu 1 u 2 0603HAUCHBI COOTBETCTBEHHO, PACCUUTAHHAS U OKCIICPUMEHTAIbHAS 3aBHCUMOCTH S14 ().
Kpusas 3 skcriepumenTanbHas 3aBUCUMOCTD Vigyp (f). [OpH3OHTaNBHbBIC JIMHUM C YKa3aHUEM YacTOTHI
(GHz) na kpuBBIX 1-3 MOKa3bIBAlOT COOTBETCTBHE PACCUNUTAHHBIX U IKCIIEPUMEHTAIBHBIX 0COOCHHOCTEH
yacroraMm bP B cnexTpe Ha puc.(a). H=590 3.

Paboma noooepocana epanmom PHD 22-19-00500.
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EXPLORING THE INTERACTION OF SINGLE-MOLECULE MAGNETS
WITH FERROMAGNETIC MICROPARTICLES: IMPLICATIONS FOR
MOLECULAR ELECTRONICS

E.l. Kunitsyna®”, R.B. Morgunov?
! Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry
RAS, Chernogolovka, Russia
"kunya_kat@mail.ru

The magnetic properties of ordinary magnets are determined by the collective
behavior of millions of atoms with unpaired electron spins. However, single-molecule
magnets (SMMs) are different in that they contain just one spin center surrounded by an
organic cage. Due to their small dimensionality and homogeneity, SMMs represent
potentially promising candidates for use in magnetic data and quantum computing.
However, their use is limited by two factors: residual magnetization at low temperatures
and the difficulty of interaction with solid materials.

In our work, we focused on studying the interaction of SMMs with ferromagnetic
microparticles, which is key to integrating these molecules into hybrid metal-organic
structures and creating, for example, molecular spin valves.

We have developed a new method for functionalizing micropowders of molecular
magnets and obtained the following results:

1. The introduction of Er3+ complexes into ferromagnetic media leads to a change
in their magnetic relaxation. We discovered two ways that microparticles influence the
relaxation of Er** ions: firstly, chemical binding of the compound to the metal surface,
and secondly, magnetic-dipole interaction caused by the remanent magnetization of the
matrix.

2. An internal magnetic field makes it possible to avoid direct and quantum tunnel
relaxation, while Raman and Orbach relaxations turn out to be sensitive to chemical bonds
between complexes and ferromagnetic particles. Magnetic relaxation can be controlled
using an external magnetic field, which provides a residual memory effect and the desired
relaxation rate.

3. We discovered the appearance of relaxation maxima in the frequency dependence
of magnetic susceptibility when mixing demagnetized ferromagnetic microparticles with
an erbium-based molecular magnet complex. However, at a temperature of 2 K, neither
ferromagnetic metal microparticles nor molecular complexes exhibited magnetic
relaxation in the accessible frequency range (0.1-1400 Hz) for the SQUID magnetometer.
X-ray photoelectron spectroscopy (XPS) of the composite material showed oxidation of
the 10-coordinated complex to the 8-coordinated complex upon contact with the surface
of demagnetized metal microspheres.

These results highlight the promise of SMM in various technological applications
and open new avenues for the development of molecular electronics.

This work was supported by by the program of the Federal Research Center of
Problems of Chemical Physics and Medicinal Chemistry RAS 124013100858-3.
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HNCCIEJOBAHUE C IOMOUbIO OBPATHOI'O CIIMHOBOTI'O D®®EKTA
XOJJIA CHHHOBOM HAKAYKHA IMOBEPXHOCTHBIMHA
MATHUTOCTATUYECKUMHU BOJIHAMMU, BEI'YIIIUMU B
HAITPABJIEHUSAX «JIET'KASI» U «TPYJHAS» OCH HAMAT'HUYUBAHUAA,
B MUKPOCTPYKTYPAX KHUI'/Pt

.M. Amaxanos’3, 10.B. Huxyaun®?, C.JI. Beicoukmuii'?, }0.B. Xupunuen'?,
A.B. Koxeuukos’, MLE. Ceaesnes?, B.K. Caxapos'?, I0.A. ®uanmonos’??
YCoUPD um. B.A. Komenvnuxosa PAH
2 CHul'Y um. H.I'. Yepuuviuescrkozo
3 CI'TY um. Iacapuna FO.A.
agm.05@mail.ru

HccnenoBanue ¢ momomipio obpatHoro crnuHoBoro 3ddekxra Xomia (OCOX)
CIIMHOBOW Hakayky Oerymmmu cnuHOBbIMH BonHamu (CB) B cTpykTypax THma
)kenezouttpueBsii rpanat (JKUI) - mnatuna (Pt) mpencraBiisier HHTEpEC A1 pa3paboTKu
9Heprod(HGEeKTUBHOM 3JEMEHTHON 0a3bl HAa MPHUHIIMIIAX MAarHOHHOW CIMHTPOHUKH [1].
OTmeTuM, YTO BIUSHHE KpUCTAJUIOrpapUUecKod aHU30TPOIIMU Ha CIEKTP IUIOJIBHBIX
[IMCB B muenkax XUI' pa3nuuHbIX KpHCTAIOrpapUUEecKUX OpPUEHTALUN XOPOIIO
uccienoBano [2], onHako 3¢ (heKThl CIMHOBOM HaKaYKd B OCHOBHOM PacCMaTpUBAJINCh B
ctpykrypax XUI'/Pt ¢ kpucramtorpapudeckoii opuenranuerd (111). Ilenpro manHOiM
paboThl SBIAETCS HCCIIENOBaHHE CIMHOBOM HAaKaykKd OETyIIMMH IOBEPXHOCTHBIMU
maruuroctaruueckumu BoiaHamu (IIMCB) B crpykrype Ha ocHoBe miueHku KUI ¢
Kkpuctamuiorpagudeckoit opuenrtanueii (100).

Jliig mpoBeieHUsI IKCIEPUMEHTOB Kctoib3oBanachk mieHka KUI'(100) Tonmmnoin
16.1 mxm, HamarHu4eHHOCThIO HackimeHusa 4ntMo=1750 I'c u AH=0.5 3, u3 koropoii
BBIPE3AJIUCh JiBa o0Opa3la TaKk YyTO B OJHOM CIy4yae CTOPOHBI IUIEHKH COBHIAJaIN C
HarmpasienueM [100], a B gpyrom [110]. Tlpu sTom B oOpasmax MOBEPXHOCTHHIE
marHuToctarndeckre BoiHbI (IIMCB) Moram pacnpocTpaHAThCS BIOIb «TPYIHON»
[100] mmm «ierkoit» [110] ocett HamarmwmumBaHus. C WCIIOJ30BAHHEM METOIOB
MarHeTpOHHOTO paclbuleHus, PoToauTOrpaduu ¥ MOHHOTO TPABJIECHUS Ha MOBEPXHOCTU
wieHok JKUI' usroraBnuBanuce MeqHble MUKpoaHTeHHBbI (MA) 1 Bo30yXAeHUS U
npuema [IMCB, kontaktel 1 u3mepenus DJIC B Pt snemente mnmuHoit 620 MKM U
mpuHoit 200 MxM. M3Mepenus npoBoAMIIMCh IO METOJIMKE COTIacHo [3]

Ha puc.] npusenens! pesynbrarel usmepeHus O/[C mpu pacnpocTpaHeHUH
I[IMCB B crpyktypax KUI'(100)/Pt nnst cmyyas HaMarHW4YMBaHUS B «JIETKOM» (a) U
«TpyaHom» (0) HampaBieHusx. Kpusble 1 W 3 oTBedaroT ciyyas paclpoCTpaHEHHs
[IMCB Bnoas rpanuus! JKUI/Pt u 2 u 4 — Brons rpanunsl XKUI/TTT. Kpussie 1 u 2
IIOJly4€Hbl IIPU OJHOW MOJSPHOCTH MAarHMTHOTO IOJIA, a KpuBbIE 3 U 4 NpU CMEHE
HaIpaBJIEHUs MarHUTHOTO TOJIsl Ha oOpaTHOe. MOXXHO BUAETh, uTo 3HaK DJ[C 3aBUCUT
TOJIBKO OT HAalpaBJIEHMs MOJI1 NoAMarHuuumBaHus H um He MeHseTcs ¢ M3MEHEHUEM
HanpasnieHus pacrpoctpanenus [IMCB, uto oTBeuaer mexanuzmy OCOX (puc.1 a, 6).

B cBoro ouepenp, moje KyOW4eCKOH aHM3OTPONUHM MPUBOIUT K CMEIICHHUIO
nosnoxeHuii yactot crektpa [IMCB wu, cootrBerctBeHHo, 3aBucumocteir Uocax (f).
XapaxTtep 3aBucumocteid Uocox (f) cymecTBeHHO He MeHseTCs pU HaMarHUYUBaHUH
CTPYKTYpPhl B «TpyIaHOM» (KpucTaimorpaduueckoe Hampapienue tuma [100]) wmm
«ierkom» (Kpucramiorpapuueckoe HampasineHue tuna [110]) HampaBieHusx, u
OTBEYACT XapakTepy IUIOTHOCTH coctossHuid B crnektpe [IMCB [4]. Tlpu stom
MakcuMaibHble 3HadeHuss OJIC [uisl CTPYKTypbl, HAMAarHUYEHHOHM B (JIETKOM)
HanpasyieHuu (puc.l a), oka3pIBarOTCS HAa YacTOTE JJIMHHOBOJIHOBOI B /1Ba pa3a OoJiblile,
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4eM JUIsl «TPYJHOTO» HampasieHus (puc.l 0), 4To MOKHO CBSI3aTh C HAJTMYUEM B CIIEKTPE

(cM. puc.2) OUCHEPCHOHHBIX KPUBBIX C MaJIOH TPYNIIOBOM CKOPOCTBIO M BBICOKOMU
TJIOTHOCTBIO COCTOSIHUM [5].

U()C’)X’ MKB £ (a) f. UOCC)X’ MKB (6) . +
0 L gl if L1 H

0 0-
_4 |2H_ _4
8 I H 8
46 48 50 52 42 44 46 48 50
f [T f T

Puc. 1. Yacroraeie 3aBucumoctu DJIC U, m3mepennsie mpu Pin=10 nbm u H=939 3, B
CTPYKTYpaXx, OTBEUAIOIINE CITyUdasiM <«JieTKash (a) 1 «TpyaHas» (0) oceil HaMarHUUMBaHus 17151 4X
ciy4aeB pacrnpoctpaneruss [IMCB; myHKTHPHBIMU JTHHUSIMEA OTMEUCHBI HIOKHIS (o) ¥ BepxHsis
(fs) wacrorHbie rpanuibl criektpa [IMCB.
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Puc. 2. Crekrp aunonbHO-oOMeHHbIX BonmH [IMCB B mnenke JKMI'(100) HamarHu4eHHOMN

«ierkoM» (a) W «TpynaHoM» (0) HampaBlIeHHsIX. 3BE3I0YKON BBIJIEJICH YYacTOK
JIUCIIEPCUU C BBICOKOU MJIOTHOCTBIO cocTosinuid CB.

Paboma noooepocana epanmom PHD Ne 22-19-00500.

Chnucok Jimrepatypbl
1. B. Guzowski, R. Gozdur, A. Kociubinski, Acta Physica Polonica. 20(2), 5 (2019).
2. A.C. beperos, E.B. Kynuno, Dnextponnas texnuka. Cep. Dnextponunka CBY. 6(400), 8
(1987).
3. M.E. Cenesnes, JleTeKTHpOBaHUE CITUHOBBIX BOJIH B MATHUTHBIX MUKpOCTpyKTypax YIG/Pt n
Y1G/n-InSb // aBropedepat auc. k.¢.-m.H. — 20.

4. R.W. Damon, J.R. Eshbach, Journal of Physics and Chemistry of Solids. 19, 308 (1961).
5. L. Van Hove, Physical Review. 89 (6), 1189 (1953).

P-01



Spin Waves 2024, 26-29 August, Saratov, Russia

SPIN WAVES IN NANOSCALE
LATERAL COUPLED FERRITE STRUCTURE

V.V. Balayeva*, M.A. Morozova
Saratov State University
*vkonda2000@mail.com

Spin waves are promising information carriers due to their weak attenuation and
short wavelength, which makes it possible to create much smaller nanoscale devices for
data processing. [1]

The structures under study are laterally bound ferromagnetic films made of yttrium
iron garnet (Y1G) Y3zFesO12. The thickness of the films is 100 nanometers, and the width
and length are on the order of micrometers. The diagram of the structure is shown in Fig.

1. The external magnetic field H_0 was directed in two ways: along the x—axis - surface
magnetostatic waves (SMSW), along the y-axis - backward volume magnetostatic waves

(BVMSW). The alternating magnetic field h is directed perpendicular to the plane of the
structure.

A%

Fig. 1. Diagram of the structure based on laterally bound ferromagnetic films.

The main feature of the coupled structure is the propagation of two normal modes,
symmetric and antisymmetric, at the same frequency [2]. This leads to periodic pumping
of the signal between the layers along the structure length. The coupling length depends
on the magnitude of the magnetic field, the orientation of the static magnetization of the
waveguides, and the geometry of the structure. The equation for the coupling length can
be obtained, for example, by energetically considering of bound MSW [3]:

A=271(K —k,).

210 m 10", Hz

% 10 20 30 40 50 60 70 80 90 100 0o 1 2 3 4 5 6 T B8
X x10° m k210", m'

(@) (®)
Fig. 2. (a) Distribution of z-th component of the dynamic magnetization deviation from the
stationary state AmZ (X, y,t) , (b) Dispersion characteristic of the BVMSW for bonded films.
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In this paper, the propagation of spin waves and power pumping in laterally coupled
structures of nanometer thickness are investigated. Using the MuMax3 software and data
processing in Matlab, the dispersion characteristics of the MSW in the structure, the
distribution of the magnitude of the dynamic magnetization deviation from the stationary
state, as well as the dependence of the energy and frequency values of spin waves on the
parameters of the coupled system were obtained.

At the Figure 3, the dependences of the MSW cutoff frequency for the first mode
on the gap between the films d are obtained. As the gap increases, the coupling weakens,
and the cutoff frequency decreases, rushing to the theoretical value for infinite single
films. SMSV are indicated in red, and BVMSV in blue.

|I.|1|H.‘ |..';”|."
& 54
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5.25 329
5.2 52
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2 i5 3 35 4 15 5 *3 25 3 15 4 45 5
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Fig. 3. Dependence of the cutoff frequency of the first mode on the gap d.

The Figure 4 shows the dependence of the coupling length on the gap d. As the
films width increases, the values of the pumping length increase at any d. And for any
width w of films, an increase in the gap leads to a nonlinear increase in the coupling
length.

Lo L..Hm
2 180 - .
2 P 160 (MM w=2pm -
| - 4 s
1 - . I w=5um ' -
1 P 0 _ -f'j_:/’f
60 —
- A0 ——" o
20—
1.5 2 %5 1 15 2
d, um d, gm
SMSW BVMSW
Fig. 4. Dependence of the coupling length on the distance between the films d at different
widths w.
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CONTROLLING THE PROPAGATION OF SURFACE MAGNETOELASTIC
WAVES IN
ANTIFERROMAGNETIC HETEROSTRUCTURES

T.V. Bogdanova'?, D.V. Kalyabin!?, A.R. Safin'3, S.A. Nikitov24
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The modern electronics field covers a wide range of devices aimed at producing,
transmitting, and detecting signals. The electronic industry has developed devices with
operating frequencies limited to the GHz range. However, there is potential to expand this
range by utilizing new technologies and materials, drawing on advancements in
spintronics and magnonics [1, 2]. Through the use of antiferromagnetic (AFM) materials,
it becomes possible to process signals at terahertz frequencies, making them attractive for
practical applications as well [2].

The study of phase transitions (PTs), especially those occurring in magnetically
ordered materials, remains the subject of intense research. One particularly noteworthy
type of PT is the "order-to-order” transition, such as the spin-reorientation (SRP) [3],
which can be triggered by factors like alterations in external elastic stresses.

For the creation of controlled devices, it provides the possibility of controlling the
properties of magnetoelastic waves of the AFM structure using deformations. However,
in previous studies, less attention has been paid to the effect of deformations on the
frequencies of quasiferro- and antiferromagnetic modes in the field of SRP.

Let us consider the propagation of shear surface elastic Love waves [4] in a
heterostructure containing a thin magnetic AFM layer on an elastic substrate (Fig. 1).
Love waves are shear elastic waves. For them to exist, it is necessary that the velocity of
the transverse acoustic waves in the layer be less than in the substrate (St <St2, where
St1 =Camlp1 and Stz =Cassl p2). To solve the problem of finding the ground state, let us
represent the vectors m and | in spherical coordinates. Let 6, be the angle between the
vector | and the z-axis, ¢+ be the angle between H and the x-axis, oL be the angle between
the projection | on the plane [exey], & be the angle between m and the projection m on the
plane [le;], and also introduce the coefficient n=m|/(2Mo), where Mo is the
magnetization of the saturation. The paper also emphasizes that the influence of voltage
and magnetic field can be significant when approaching the SRP point, but in order to
reach them, uniaxial pressure must be applied. Therefore, it is necessary to consider SRP
not only in a magnetic field, but also with the application of pressure.

The magnetization dynamics of sublattices for AFM materials with weak
ferromagnetism is described using standard Landau—Lifshitz equations. However, due to
the small magnitude of the magnetization vector |m|<«|l| and [>=1-m?<~1, where M1 and
M2 are the magnetization of the two sublattices, the system of equations of the vectors
Mz and M2 can be reduced to the equation of motion of only the antiferromagnetic vector
I, which can be obtained from free energy:
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where € - uniform exchange constant, | - antiferromagnetic vector, m - ferromagnetic
vector, Ho - external magnetic field, 1 and B’ uniaxial and hexagonal anisotropy
constants, A - magnetostrictive constant and ¢ - external pressure applied along the ep and
d axis - Dzyaloshinsky-Moriya vector, ex and ey are the unit vectors along the x-axis and

the y-axis and n is the orthogonal vector.

Having a solution to the equation, we can write the expressions for the AFM
resonance frequencies. The solution of the equation for the dynamic vector s gives
expressions for the frequencies of the lower and upper modes of the AFM.
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MAGNETIC FIELD-CONTROLLED DOUBLE NEGATIVE MEDIA BASED
ON ANTIFERROMAGNETIC SEMICONDUCTORS FOR THE TERAHERTZ
FREQUENCY RANGE

A.V. Bogomolova®, S.V. Grishin
Saratov State University
“aleksis bogomolova@mail.ru

Magnetic semiconductors are of considerable interest for modern electronics and
spintronics, since they allow to manipulate of a variable magnetization using a
magnetized solid-state plasma [1]. V.G. Veselago predicted the existence of so-called
"left-handed” or double negative media that have a negative refractive index due to both
negative permittivity and permeability [2]. Such media support the propagation of the
backward electromagnetic wave (BEMW), the phase and group velocity vectors of which
have opposite directions. In addition, he suggested that it is necessary to look for double
negative media among anisotropic gyrotropic media, because their permittivity and
permeability are simultaneously negative in a certain frequency range [3, 4]. The
Veselago theory made it possible to give impetus to create double negative media based
on metamaterials [5, 6].

It is well known that magnetic semiconductors placed in an external magnetic
biased field Ho are bigyrotropic media, possessing the permittivity and permeability that
are described by Hermitian tensors of the second rank [3, 4]. For the magnetized electron
plasma, the permittivity changes sign at both the cyclotron and plasma frequencies of
electrons. One of these characteristic frequencies (the cyclotron frequency) is located in
microwave frequency range and the other (the plasma frequency) can be located in the
terahertz frequency range. The crystal lattice of an antiferromagnetic (AFM) consists of
two magnetic sublattices, the magnetization vectors of which are directed oppositely to
each other. As a result, the strength of an internal magnetic field H; of the AFM is much
greater than the strength of the magnetic biased field Ho (Hi>>Ho). As a result, all four
characteristic resonant frequencies of the AFM are placed in the terahertz frequency
range, in which the permeability changes its sign [7]. Thus, by combining the electrical
properties of the electron plasma with the magnetic properties of the AFM, it is possible
to create double negative media for terahertz frequency range.

In this work, a theoretical study of the BEMWs existing in the bigyrotropic left-
handed media controlled by a magnetic biased field is presented. The bigyrotropic media
are both transversely (a, ¢) and longitudinally (b, d)magnetized AFM semiconductors
(SCs) with electrical and magnetic loss. It is shown that the BEMWs are observed in the
terahertz frequency ranges, in which the effective material parameters of the AFM SCs
are double negative. We also demonstrate the control of the BEMW dispersion
characteristics not only by changing the magnetic biased field direction and strength, but
also by variation a material magnetization and thickness, an electron concentration in a
solid-state plasma, as well as the electrical and magnetic loss.

The calculations of the electrodynamic characteristics of slow BEMWs in an AFM
SC performed in this work are of interest for the development of functional devices of
terahertz spintronics.
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Fig.1. (a),(b) The frequency dependences of the effective permeabilitiesuey sy, tefr)i1,
Hesr)i2 (blue lines) and permittivities eqrr 1, €off 1, Eeff)j2 (red lines) calculated for the
transversely (a) and the longitudinally (b) magnetized AFM SC.(c),(d) The dispersion
characteristics of the backward EMWs existing in transversely (c) and longitudinally (d)
magnetized AFM SC in the absence of loss (v, = 0 and o = 0- dotted lines 7, 2°, 3’, 4”) and in
the presence of loss (oo = 4 - 1072 and v, = 102 rad/s- solid lines 1, 2, 3, 4). The fill marks
the frequency regions, in which the effective material parameters are double
negative.Calculations were performed for the europium telluride for N = 101° cm, H,=10° Oe,
H;=36000 Oe, H,=8000 Oe, M,=11600 G and &,=6.9.
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FIELD-INDUCED INCOMMENSURATE-COMMENSURATE TRANSITIONS
IN FRUSTRATED MAGNETS

P.T. Bolokhoval?*, A.V. Syromyatnikov?
National Research Center “Kurchatov Institute” B.P. Konstantinov Petersburg
Nuclear
Physics Institute
National Research University Higher School of Economics
*polina.bolokhova@gmail.com

We perform an analysis of the ground-state energy in Heisenberg helimagnets with
an easy-plane anisotropy. It is shown that a small magnetic field in the easy plane can
gradually change the vector of the magnetic structure and produce a first-order transition
between phases with incommensurate and commensurate magnetic orderings. Predictions
of our theory are in agreement, in particular, with experimental data observed in
RbFe(Mo0a4)2 [1,2].
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MUKPOMAT'HUTHOE MOJAEJINPOBAHUE PACITPOCTPAHEHUSA ITMCB
B INIEHKAX JKUI' C KYBUYECKOMN AHU3O0TPOITUEMN.

.M. Jlyaxo’, B.K. Caxapos>?", M.E. Cenesnes’?, 10.A. ®uiumonos’?
Y Unemumym paouomexnuxu u snekmponuxu um. B.A. Komenvnuxosa PAH
(Capamosckuii ¢puruan)
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“goodugal@gmail.com

KyOuueckass xpucrammnyeckas anu3oTponus B I1uieHkax JKUIT mpuBomut k
NOSIBJICHUIO B CIEKTPE IIOBEPXHOCTHOW MarHuTocratuueckoir BoaHbl (IIMCB)
AQHU3O0TPOMHBIX MPAMBIX (KW/ M) 00paTHBIX 00beMHBIX CIMUHOBBIX BOIH (AIIOCB u
AOOCB), KoTOpble 3aHUMAIOT HEKOTOPYIO MOJIOCY YacTOT BOJIM3HM JJIMHHOBOJIHOBOM
rpanwuilsl criektpa [IMCB fo. Takue AOCB moryT naBath Bkiaj B paccesiaue [IMCB Ha
AKyCTHUYECKHMX [MOBEPXHOCTHBIX BOJHAX [2] a TakXke B MPOLIECCHI 3JIEKTPOH-MArHOHHOTO
paccesiHus B SKCHEPUMEHTAX 0 CIIMHOBOW Hakauke B cTpykrypax JKUI'-mmatuna [3].
Llens nanHOM pabOTBl — MHKPOMAarHUTHOE MOJETHPOBAHHUE BIHSHHUA KyOHUECKON
AQHU3O0TPONHUHM HAa JUCIEPCHOHHBIC XapaKTEPUCTHUKU AUIONIbHO-00MeHHBIX [IMCB B
menkax KU Ha moioxkkax raJoJIMHAN TaJZTHEBOTO rpaHaTa KpucTauiorpaduyueckon
opuentanuu (111) u (100). PaccmarpuBarores criekTpsl B 2D (TuieHKa HE OrpaHUYeHA B
HAIPaBJICHUH, NEPIEHAUKYJISIPHOM HaIPaBICHUIO PacHpOCTpaHeHUs BOJHBI) U 3D
reoMeTpuH (IUICHKA OTPaHUYCHHBIX pa3MepoB) Wi mieHku KU Tonmmnoi 4 MKM nipu
nosie Ho =200 O.

Jns mopenupoBanusa B OOMMEF [4] ucnonp30Bajiuch CTaHAAPTHBIE TAPAMETPBI
wieHok JKUID' ¢ kybuueckoil aHuzoTponueil. Baonb ocu Y npukiaabBaloch BHELIHEE
1oJie, a PacpOCTPaHEHHE CIIMHOBBIX BOJIH I0JIArajoch MEPIEeHAUKYIAPHBIM eMy (0Ch X),
410 cooTBeTCTBYeT KoHpurypamuu [IMCB. B 2D reomerpuu B10Ib OCH Y TPUMEHSITUCH
NepUOANYECKUE TpaHUYHblEe ycioBus. [l MOJydyeHUs AUCIEPCHOHHBIX KpPUBBIX
UCIIOJIb30BaTIaCh CTaHIapTHas mpoueaypa [5] Bo3OyxaeHus Sinh-ummynbcom u
nanpHelmero @ypre-npeoOpazoBaHus JUHAMUKYA HaMarHWYUBaHUS B CTPYKType. s
YMEHBIIICHUS BIUSHUSA OTPaXEHUSI CIMHOBBIX BOJH OT KpaeB o0pasiia Ha Kpasx ObLIH
BBEJICHBl 00JIACTH CHUJIBHOTO 3aTyXaHMsl, U3MEHSIOIINECS MO 3aKOHY I'€OMETPUYECKOM
nporpeccuu. Jlna xybuueckoit anumzotponuu tuna (111) u (001) wuccrnemoBamach
tpanchopmarus crnektpa ACB B 3aBucumoctd oT ToimuHbl @Il npu paznmuyHbIX
BEJIMYMHAX IMOJS MOJMarHMYMBaHWs W HampaBleHusax pacnpocTpanenus [IMCB
OTHOCHUTEJIBHO TPYIHBIX KPUCTAIUIOIpaUUECKUX OCEH.

Jns  BeiOpanHoW TonmuHbl mieHKH JKUIT cnextp I[IMCB  cymectBeHHO
OTpezenseTcss Kak HEOJHOPOJHBIM OOMEHOM, TaK M MAarHUTHOW aHU3OTPONUEH, CM.
puc.l. B ciayuyae menok XUI/TTT(111) moxno BuneTh 3dekTs rubpuanzanuu u
pacTaJKkUBaHUs JTHUCIIEPCUOHHBIX KPUBBIX, puc.la. MHUKpOMarHUTHOE MOJEIUPOBAaHUE
i 3D cTpykTyp MOKa3bIBaeT, YTO Hambolsiee 3HaYMMble U3MEHEHHs B CIEKTPE BOJH
orpannyeHHoil tuieHkn JKUI, mo cpaBHEHMIO C HEOTPAaHWYEHHOM B HaIlpaBICHUU
IPUII0KEHHOTO MAarHUTHOTO TI0JIsA, CBS3aHBI C JOMUHUPOBaHUEM (P (PEKTOB pa3MepHOTO
KBAaHTOBAHUs, 3a/aBaeMbIXx pazmepamu TwieHku KU u B0O30Oykmaromiel aHTCHHBI,
puc.1r.
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SPIN WAVE PROPAGATION ALONG
ZIGZAG-MODULATED DOMAIN WALL IN IRON GARNET FILM

A.A. Fedoroval?*, R.V. Masliy?, A.V. Sadovnikov®, M.V. Logunov!?, S.A. Nikitov!?3
'Kotelnikov Institute of Radioengineering and Electronics (IRE) of Russian Academy of
Sciences
2Moscow Institute of Physics and Technology (National Research University)
3Saratov State University
“danilova.aa@phystech.edu

For spin-wave electronics and magnonics, a perspective application of domain
walls (DW) as natural waveguides of spin waves [1]. At the same time, it should be kept
in mind that domain structure (DS) can be different from simple strip structures and can
be irregular (modulated) in terms of the length of domains and film thickness, which will
significantly change the conditions of spin-wave propagation. In magnetic films with
uniaxial perpendicular anisotropy in the case of zero external magnetic fields, the
balanced DS is usually labyrinthine or stripe-like. It is known that in some cases the DS
becomes more complex with the appearance of periodic modulations along the DW [2-
3]

Using the methods of micromagnetic modeling [4], we have identified the features
of the spatial propagation of the spin-wave beam profile along the structure shown in Fig.
1. The studied object is a 10 mkm thickness iron garnet film (Y,Bi)3(Fe,Ga)sO12 on GGG
substrate. The period of the domain structure is 4 um and the period of modulations of
the domain wall is comparable to it.

N

Fig.1. The modulated domain structure of iron garnet film.
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MEMS-CONTROLLED ZIGZAG MICROWAVE FILTER

I.O. Filchenkov”, A.A. Martyshkin, A.V. Sadovnikov
Saratov State University
“infachforever@gmail.com

The study of methods of spin-wave signal transmission in irregular magnetic
structures is of great interest [1-2]. A magnon waveguide based on an yttrium- iron garnet
(YIG) magnetic film can act as a connecting element between functional units of a
magnon network. The study of spin wave dynamics in periodic magnon structures is of
particular interest [3].

The peculiarity of the proposed control method is the use of micromechanical
systems to change the distance between the ferromagnetic waveguide and the resonator.
This approach offers the possibility of precise and instantaneous control of the forbidden
zones, which opens new perspectives for the development of high-performance spin-
wave devices. This study details the mechanism and results of forbidden zone control
using a ferromagnetic resonator.

This paper presents the results of the study of YIG structure on gallium-gadolinium
garnet (GGG) substrate. Figure 1a shows a schematic representation of a zigzag-shaped
Y1G microwave with the following parameters: waveguide width a = 200 pum, length of
the regular part b = 400 pum, length of the inclined part of the waveguide ¢ = 800 um, the
total length of the structure is 5650 pm. The diagonals of the YIG resonator are 300 um
and 500 pm. The microresonator changed its position along the f axis. When propagating
along a zigzag waveguide, the spin wave is repeatedly reflected on the fractures of the
structure, resulting in the formation of 2 forbidden zones on the spectrum (Fig. 1b, blue

line).
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Fig.1. a) Schematic representation of a periodic zigzag structure; b) Amplitude-frequency
characteristics.
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BJIMAHUE BTOPUYHBIX CIIMHOBBIX BOJIH HA CITMHOBY1O
HAKAYKY HAPAMETPUYECKHUMMU CIIMHOBbBIMHX BOJIHAMMU B
CTPYKTYPAX YIG/Pt

M.E. Cene3nen, I' .M. Amaxanos, C.JI. Beicouknii, A.B. Ko:keBHUKOB,
10.B. Huxkyaun, B.K. Caxapos, I'.M. lyako, FO.B. XuBunues, I0.A. ®uiumonoB™
Capamosckuii puruan UP3 um. B.A. Komenvnuxkosa PAH
*yuri.a.filimonov@gmail.com

C nomouipto oOpatHoro crnuHoBoro 3¢¢ekra Xosuia HCClIeIOBaHAa CIHUHOBAs
Hakayka B cTpykTypax YIG/Pt Oerymumu MOBEPXHOCTHBIMHU MarHUTOCTATHYCCKHUMH
BoinHamu (IIMCB) B ycioBHSX MmapaMeTpUYECKON HEYCTOWYMBOCTH. DKCIIEPUMEHTHI
BBINOJIHSUTMCH CO CTPYKTypaMu Ha OcHOBe IIeHOK YIG ¢ kpucramuiorpaduueckon
opuenranueit (111) u (100). UccnenoBaiicst BKiaa B CIMHOBYIO HAaKa4Ky CO CTOPOHBI
BTOPUYHBIX cMHOBBIX BOJH (BCB) [1], oOpasyromuxcs B pe3yibraTte 0ecroporoBbIX
MIPOLIECCOB CIUSAHUS TapaMeTpuueckux cnuHoBbIX BOJH (IICB) ¢ 3akoHamMu coxpaHeHUs:

fitfa=fa, ki +ks=ks, (1)
IJIe 4acCTOThl f12 W BOJHOBBIC BEKTOpa K12 otBeuator IICB, a fa nu Ks

xapaktepusyror BCB. Ilpu stom ananusupoBanach 3aBucuMmoctb BenuuuHbl D/C U,
TreHEpUPYEMOil Ha KOHTaKTaX K IUIaTHHE 3a CUeT 0OpaTHOTo CIMHOBOTO 3¢ dexTa Xomna,
ot ypoBHs manatomeii momuoctu P (U=U(P)). IlokazaHo, 4To B TeX ciy4asx, Koraa
gactrota BCB f3 oTBewaeT yacTtore CHHTYISPHOCTH [2,3] B IUIOTHOCTH COCTOSHUU B
cnektpe cnuHOBBIX BOMH (CB) 3aBucumocts U=U(P) nemoHCcTpupyeT IUHEHHBIX
XapakTep, HecMOTps Ha orpanuueHue momHoctd [IMCB 3a cuer mapamerpuueckoit
HeycToiiunBocTH. Takoil 3dexT B ycIoBUSX MapaMeTpUUeCKOW HEYCTOMYUBOCTH
MEPBOTO MOPSAKA IMOTYYnII HA3BaHUE «HEIMHEHHOE YCUJIEHWE CITMHOBOTO ToKay [4,5] u
OOBSICHAJICSL TIepefayeil yriioBOro MOMEHTa M3 peHIeTKH MarHoHaMm [4] u MajbiM
3aryxanuem CB Ha «1He» criekTpa [5].

B okcnepumentax mno cnuHoBoM Hakauke [IMCB, nuHeEHHBIM XapakTep
3apucumoctd  U=U(P) HaOmromaercss B HEKOTOpoW monoce 4YacToT Af BONM3M
JUIMHHOBOJIHOBOHU rpanunsl cnektpa [IMCB fo npu ycnosuu, uro wacrotsl IICB f1.2
OTBeUaroT Jactore «aHa» fy B crekrpe CB (f12~fn), a wactora BCB f3 nmomamaer B
noJocy 4actot Af.

ITpoBeEHO MUKPOMarHMTHOE MOJIETMPOBAHUE CIIEKTPA AHU3OTPOIIHBIX TUIOJIBHO-
oOMeHHBIX CB comnocraBieHue pacyeToB C 3KCHEPHUMEHTANbHBIMU 3aBUCHMOCTSIMH
uHTepBana yactoT s miaeHok JKUI'(111) u (100). Ilokazano, uro kKyOudeckas
MarHuTHas aHU30TPONUS CYHIECTBEHHO MOKET BJIMATH HA MHTEpBAJ MOJIeH B KOTOPOM
3aBucuMocTb U=U(P) neMoHCTpUpyeT IMHEMHBIN XapaKTep.

Paboma noooepocana epanmom PHD 22-19-00500.
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SPIN PUMPING ON ACOUSTIC MODE FROM AN ANTIFERROMAGNET
a-Fe203 TUNABLE BY MAGNETIC FIELD

D.A. Gabrielyan'?", D.A. Volkov!?, T.V. Bogdanoval?, A.R. Safin'?,
D.V. Kalyabin®3, S.A. Nikitov!3#
YKotel nikov Institute of Radioengineering and Electronics, RAS
2Moscow Power Engineering Institute
3Moscow Institute of Physics and Technology
“Saratov State University
“davidgabrielyan1997 @gmail.com

Lately, materials with magnetic properties have been drawing significant interest
as they lack some limitations inherent to conventional electronics. Among these,
antiferromagnets are particularly promising due to their native frequencies ranging from
hundreds of gigahertz to several terahertz. The interest in these materials for fundamental
and applied research is linked to their unusual structure, notably due to the slight canting
of the magnetic sublattices. This effect enables the experimental study of ferromagnetic
resonance (FMR) spectra and spin pumping in the tens of gigahertz range at room
temperature. However, a major drawback in the application of magnetic materials is the
relatively low quality factor of the quasi-ferromagnetic and antiferromagnetic modes
compared to standard radiotechnical solutions. A potential solution could be to explore
the acoustic mode that arises in the same magnetic material under specific excitation
conditions [1].

This study examines the phenomenon of spin pumping on acoustic mode from
canted antiferromagnet with frequency tuning via an external static magnetic field.
Measurements were conducted on a monocrystalline disk of a-Fe203, with a thickness
of 500 microns, grown by the flux method, which was coated with a thin layer of
platinum, approximately 10 nm thick.

Figure 1 shows the dependence of the resonance frequency on the constant external
magnetic field, confirming the possibility of tuning resonances in the acoustic mode by a
magnetic field. The inset of Figure 1 demonstrates the ISHE voltage responses from the
acoustic mode on the a-Fe203/Pt sample at various magnetic fields.
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Fig.1 Dependence of the resonance frequency on the constant external magnetic field.
The inset shows the ISHE Voltage response at various magnetic fields.
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STUDY OF SPIN WAVE PROPAGATION INAYIG FILM WITH
MAGNETITE NANOPARTICLES

F.E. Garanin®, A.B. Khutieva, M.V. Lomova, A.V. Sadovnikov
Saratov State University
garaninfedorwork@mail.ru

Recently, a new direction of spintronics has been actively developing using ferrite
garnets - magnonics [1], in which the transport properties of spin-polarized electrons are
not used, and information transfer occurs by transmitting a signal using spin waves (SW)
[2]. With this approach, it is possible to implement a whole series of functional signal
processing blocks on the principles of magnonics [3-5].

Also, much attention is currently being paid to the possibility of using magnetic
media in biomedicine. Magnetic nanoparticles are actively used in biomedicine due to
their unique properties, such as high sorption capacity and the possibility of remote
control. In addition to diagnostic purposes, magnetite nanoparticles contrast well in MRI;
they are also used for targeted delivery of drugs.

Yttrium iron garnet (Y1G) films are used as a magnetic material used to form
magnetic waveguide structures, demonstrating record low values of SW attenuation,
including at nanometer YIG thicknesses [6-7]. In this work, we will consider a YIG film
with magnetite nanoparticles deposited on it.

The microwave guide under study is a two-layer structure, where the first layer
contains a YIG film with a length of L> = 4 mm, a width of L1 = 300 pum, and a thickness
of b1 =10 um on a gallium-gadolinium garnet (GGG) substrate with a thickness of
b2 =10 um, and on the second layer in the region of a =1 mm, with a periodicity of
d = 10 um, magnetite nanoparticles with a thickness of b3 =10 um are located (see
Fig. 1 (a, b)). It is also important to note that magnetite nanoparticles have the shape of a
half cylinder with parameters wi; = 10 um and w2 = 5 pm, where w is void.

Micromagnetic modeling was performed for this structure. In micromagnetic
modeling, conditions were created for the excitation of a surface magnetostatic wave
(SMW), in which an external magnetic field Ho was applied along the Y axis in the
positive and negative directions to observe changes in the propagation of SW in the
structure. The external magnetic field parameter Ho was 1200 Oe.

The considered system of waveguide structures has 2 ports. The Pin port acted as an
input antenna on which the microwave signal was excited and had a width of 30 um. The
Pout port acted as receivers for propagating spin waves and also had a width of 30 um.

In the course of solving the problem of transmitting a spin-wave signal to reduce
reflections of SW from the boundaries of the computational domain at the boundaries of
the structure shown in Fig. 1 (a, b), the shaded area introduced absorbing layers with an
exponentially increasing attenuation coefficient a [8-9].
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Fig.1. Schematic representation of a YIG film with magnetite nanoparticles inthe z —y
section (a), in the y — x section (b).

Thus, using numerical modeling, the structure with magnetite nanoparticles was
studied. This structure can be used as a microwave signal filter controlled by the magnetic
field orientation.

This work was supported by a grant from the Russian Science Foundation (No. 23-13-
00373).
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STUDY OF SPIN WAVE PROPAGATION IN A SYSTEM OF LATERALLY
COUPLED MICROWAVE GUIDES

F.E. Garanin®, V.A. Gubanov, A.V. Sadovnikov
Saratov State University
garaninfedorwork@mail.ru

Currently, the development of ideas of magnonics [1-2], aimed at studying the
processes of transfer of a magnetic moment or electron spin instead of charge transfer,
opens up new possibilities for the use of spin waves (SW) for constructing the element
base of devices for processing, transmitting and storing information. As such devices, it
is possible to create irregular structures, for example, waveguides with varying widths.
Yttrium iron garnet (Y1G) films are used as a magnetic material used to form magnetic
waveguide structures, demonstrating record low values of SW attenuation, including at
nanometer YIG thicknesses [3-4]. In this work, we will consider a system of two
waveguides located in parallel with a gap d of varying width.

The structure under study is a system of laterally coupled waveguide
microwaveguides - two trapezoidal microwaveguides with varying widths (see Fig. 1).
These microwave guides are YIG films with a thickness of 10 um. The structure has the
following parameters: the length of the microwave guides L = 7000 pum, the width of the
larger part of the microwave guide w1 =200 um, the width of the smaller part w> =50 pm,
the gap width d varied from 20 pum to E%O pm.

Y 7
e,
~

N
d
/]
’ (/// | 1,
P,

W,

Fig.1. Schematic representation of a system of laterally coupled waveguide
microwaveguides.

Micromagnetic modeling was performed for this structure. In micromagnetic
simulation, conditions were created for the excitation of a surface magnetostatic wave
(MSW), in which an external magnetic field Ho was applied along the Y axis. The value
of the external magnetic field parameter Ho was 1200 Oe.

The considered system of waveguide structures has 3 ports. Port P1 acted as an input
microstrip on which a microwave signal was excited. Ports P, and Pz acted as receivers
of propagating spin waves.

In the course of solving the problem of spin-wave signal transmission, absorbing
layers with an exponentially increasing attenuation coefficient @ were introduced at the
boundaries of the structure, shown in Fig. 1 by the shaded area, to reduce reflections of
SW from the boundaries of the computational domain [5-6]. As a source of excitation of
the spin-wave signal, a microstrip antenna P: with a width of 30 um was located
immediately after the attenuation region, and the detecting regions P2 and Pz were located
at the output of the structure, as shown in Fig. 1.
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The study was carried out in the MuMax?® software package [7], in which the
simulated structure was divided by a grid, at the nodes of which the Landau-Lifshitz
equation with Hilbert damping was numerically solved [8-9].

aM _ R 61\7 1)
i [M>57]

Horp x M|+
V[Hers X M] My ry

where M is the magnetization vector, « = 107° is the YIG film attenuation
parameter, H,;; = Hy + Huemag + Hex + H, is the effective magnetic field, H, —

external magnetic field, Hgemqy — demagnetization field, HT;; — exchange field, H_a) -

anisotropy field, y = 2.8 MHz/Oe — gyromagnetic ratio.

Thus, a system of laterally coupled waveguides was studied using numerical
simulation. As the gap d between the microwave guides increases, the efficiency of SW
transfer decreases. This structure can be used as a directional branch of a microwave
signal to create devices for processing information signals on the principles of magnonics.

This work was supported by a grant from the Russian Science Foundation (No. 23-79-
30027).
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CUCTEMA IIN®POBAHUSA HA OCHOBE CIITMHOBBIX BOJIH ITPH UX
PACITPOCTPAHEHMH B JJATEPAJIBHOM CTPYKTYPE JIBYX
KOJIBIHEBbBIX PE3OHATOPOB

C.A. I'ermanos”, Onquanos C.A., CagoBankos A.B.
Capamosckuii HAYUOHAILHBI UCCTe008aAMENbCKULL 20CYOAPCMBEHHbIU YHUBEPCUMen
umenu H.I'. Yepnviwesckozo
“svyatoslav.getmanov@yandex.ru

JlarHast paboTa MOCBSIICHA UCTIOIB30BAHUIO JIATEPATBHBIX CTPYKTYP Ha OCHOBE
JIBYX pE30HATOPOB, KaK TEXHUYECKOTO CPEJICTBA 3aIUTHI HH(POPMAIIUU, TeHEPUPYIOLIETO
3aKpbITHIN Kitou mudpoBanus. OCHOBOM AJisi TAKOH METOJIMKH MOCITYX,aT CIOCOOHOCTH
K  HampaBJICHHOMY  OTBETBJIEHUI0O ¥  (OPMHUPOBAHUIO  KOJBLIEBOH  MO/IBI
MAarHUTOCTATUYECKOM BOJHBL.  YOpaBisisl 4YacTOTOM IOAAaBAa€MOro CHUTHaJla |
F€OMETPUUYECKUMH MapaMeTpaMy CUCTEMbl MOXHO KOPPEKTUPOBATh, KAaK AMIUIUTYAY
crinHoBo# BostHBI (CB), Tak 1 HampaBiieHHEe pacpocTpaHeHus curaana [1].

Hcnons3yemass B JaHHON paboTe CTPYKTypa MpeACTaBsieT co00i IBE MOIOCKU
mupuHOd B 500 MKM, pacnoioKEHHBIX NapajljIeNbHO APYT APYTY, MEXIY KOTOPBIMHU
pa3MelLEHbI IBa KOJIbIEBBIX PE30HATOPa. BCe 371€eMEHThI BBINOJIHEHBI HA OCHOBE IUICHKU
xene3o - uttpueBoro rpanata (QKUIT, YIG) Ha noanoxke U3 rajuiuii — rafojUIMHUEBOTO
rpanara. Tommuna cinost XKUI coctaBiser 10 MM, a 3a30p MeX1y MUKPOBOJIHOBOJaMU
coctaBisier 50 MKM, MpU 3TOM BEIMYMHA 3a30pa BbIOpaHa M3 YCIOBHUS peau3aiiiu
peXuMa MHOTOMOJIOBOM CBSI3M MarHUTOCTaTHYECKUX BOJIH. PaccTosiHre Mexny IByMs
pe3onaropamu - 0 MOXET BapbUpPOBATHCS I OOECICUCHHMsT HAHUOOJBIIETO YKCIIa
11a0JI0HOB KOUPOBKH HHpopMaruu. [1o ToMy ke MPUHITUITY BBIOUPAIOTCS JUTHHHBI TUICY
pe3onaropoB — R1 u R2 Bmonp HampaBienus oceit X u Yy, cooTBeTcTBeHHO. [lo Bcemy
MIPOCTPAHCTBY CTPYKTYPHI (POPMUPYETCSI OTHOPOTHOE CTATUIECKOE MarHUTHOE Tosie H,
HaIpaBJIE€HHOE BAOIb OCH X I 3(PPEeKTHBHOTO BO30YKICHHS TOBEPXHOCTHBIX
MAarHUTOCTaTHYECKHX BOIH. Ha KOHIIaX KaXA0M MOJIOCKH yCTaHABIMBAIOTCS aHTEHHBI P 1
— P4. Antennst — Beixogsl P2, P3, P4 pacnionioxkeHbl, COOTBETCTBYSI CBOEMY MOPSAKY, HA
MpaBOM KOHIIE TIEPBOTO BOJHOBOJA M, COOTBETCTBEHHO, Ha KOHIaX BTOporo. OHHU
MpeHa3HAYEHBl JJI CHSTHS BBIXOJAHOTO CUTHAJIA MPUXOMASIIeH BONHBL. AHTeHHa Pl
UCTIONB3YETCS JJi1 BO30YXKIEHUS CIIMHOBOW BOJIHBI B CTPYKTYpE M PACIOJIOKEHA Ha
JIEBOM KOHIIE IIEPBOTO BOJIHOBOJA [2].

Jlnia peanuzanuu mimpokoGopMaTHOTO KOJUPOBAHUS HEOOXOIUMO MMPUOETHYTH K
CO3IaHHUI0 HECKOJNBbKUX KOHGUrypauuii cucremsl. [lon HuMEH OyayT moapa3yMeBaThCs
pasubie paccrosiaust d, R1 u R2. Kaxxioe ux 3HaYeHHE COOTBETCTBYET ONMPEACIEHHOMY
K04y [MUGPOBaHUS W 3aHOCUTCS B HEro JBOMYHBIM KojmoMm. J[lamee Oynayt
PacCMOTpPEHHbIE BCE BO3MOXHBIE BAPUAHTHI COCTABJICHUS KIIt0Ua. 3a OTBEAEHHOE BpeMs
u3Mmepenuit (crapmaaptHo Beiaensercss 300 uc) OyayT custel oT 10 mo 30 cocrostHMIA
KOH(UTYpaIi U3 HUX BBLICTSIOTCS COCTOSHUS-IITA0IOHEI, 3apaHee OmpeeNiEHHBIEC 10
X MOKa3aHUsAM HaMarHM4YeHHOCTH Ha BbIxogax P2, P3, P4.
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Puc. 1. Ilpumeps! cocTosHusA-mmadmoHa. KpacHast crpeika yka3plBaeT Ha paciioioKeHne
aHTeHHBI P1, 3enéHbIe U pO30BBIC KBaapaThl — BEIXOBI P2, P3, P4.

Ha Puc. 1 3enénble kBagpaTbl 0TOOpPaXatOT COCTOSIHUS BBIXOJIOB, IIPUHATHIE 3a
JIOTUYECKYIO SAMHHUILY, PO30BBIC — JIOTHUSCKUN HOJb. Y CIIOBUS MPHUHSATHS JIOTHYECKOTO
HyJIsS WIA CIWHUIBI Ha BBIXOJC ONPENCIIIOTCS WHIANBUAYATbHO JUIS  KaXKIIOW
KOH(UTYpalyK, B 3aBHCHMOCTH OT ¢ OOIell HaMarHMYeHHOCTH 3a BpeMsl pabOThI
cucTeMBbl. TaKk MOKHO YBHJETb, 4YTO yclioBHs BeIOOpa 1 nin 0 B cocTosinue-madiaone B
OTJIMYAIOTCSI OT YCIIOBUH BBIOOpA B COCTOSIHME-IA0IIOHE A, TaK KaK OHU OTHOCSATCS K
pa3HBIM JAuWama3oHaM dYacToT. [lpw KkoampoBaHWM CHUTHana OyAyT WCIOJIb30BaHbI
aMILTUTYIHBIE TIOKa3aTenu Ha Bbixogax P2, P3, P4, kotoprie cootBeTcTByIOT ) 11160 1,
Kak OBUIO yke 0003HaueHO BbImie. Kaxmaoe cOCTOsSHWE-NIA0I0OH MPUHUMAETCS, Kak
AIIEMEHTApHBIN MAaCcCHUB JaHHBIX, BKIIOYAIONIUK B ce0sl Moka3aHus Ha Bbixogax P2, P3,
P4 B nBomuyHoM koje. [laHHBIE MacCHBBI MOXXHO MPOJEMOHCTpHpOBaTh Ha Puc. 1,
cocrossHus-maodnonsl A,B,C,D,F coorBercTByror maccusam: [1,1,1], [1,0,0], [0,0,0],
[0,0,1], [1,0,1].

Taxum 06pa3om, 3a Bpemsi HaOII0ICHUH, JaHHBIE COCTOSHUS -IIIA0IOHBI YUePEAYIOT
Ipyr Opyra B KaXAoW M3 KOHPUTYypauud, uyTo (HOPMHUPYET YCIOBHYIO SBOIOIHIO
coctosiHUM cucteMbl. OHa 3aBHCHT HE TOJBKO OT CMEHBI KOH(QUTYpaluii, HO U OT
4acToThl. Ha Puc. 2 mokaszan nmpumep 5BOJIIONNK CUCTEMBI B OJIHOM KOH(UrypaluH.
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Puc 2. DBoironusa cCoCTOAHMI cucTeMbl Ha yactore 5.21€9 I'm.

Takum oOpazom, Ans Kaxa0i KoH(UTyparun moaoupaeTcsi HA0Op YHUKATBHBIX
MAacCCHBOB JIaHHBIX, KOTOPBI He OyJeT COOTBETCTBOBATH APYrod KOH(MUTYpAIMH WM
JIPYroi 4acToTe 3a TOT ke MPOMEXYTOK BpeMmeHU. Becwh mmdp cobupaercs uz 10-30
TaKUX DJIEMEHTAPHBIX MAaCCHUBOB, B COBOKYITHOCTH, TPEICTABISAIOIINE COOOW MacCuB
mudpoBanus wiy nemudpoBaHus uHGopMaluu pasmepamu ot 90 Our.

[TonHbIi KITIOY IH(PPOBAHUS ABISAETCS MEHBIITUM 10 00BEMY MAaCCUBOM JIAaHHBIX,
COCTOSIIIIMM M3 TIapaMeTpPOB BO30YIKIaeMol CIIMHOBOM BoJHBI, pacctosHus d, R1, R2;
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BEJIMYMHBI MarHUTHOTO o1 H, u T.1., mpeacTaBieHHbIX B ABOMYHOM Koje. g ero
UCIIOJIb30BaHUs, HEOOXOIMMO KOHBEPTHPOBATH BHECEHHYIO MH(OPMAIMIO U BHECTH B
HACTPOWKHU CTPYKTYphl. Ha BeIX0oze MoaenupoBanust 00pa3yeTcsi MacCUB JaHHBIX IO Z-
KOMIIOHEHTE€ HAMAarHUYEHHOCTH, KOTOPBIA OyAeT mudpoBaTh WK ASMUPPOBATh HAILY
uHpopmanuio. i yCroKHEHUS KOJUPOBKH MOXKHO HCIOJB30BAaTh aHCAMOJIb pa3HbIX
KOH(HUTypaIyid, COCTaBIISS CIOKHBINA M YHUKAJILHBIA MacCUB UG POBAHUSL.

Takum o00pa3om, cucTeMa KOJNBLEBBIX PE30HATOPOB IPEACTaBIsAET COOOM
CJIOKHBIA KOMIUIEKC MHU(POBaHUS HH(DOPMAIUMK, TOCTYMHBIA TOJBKO IMPH HATHYUH
JaHHON cuctembl. VM3MeHeHus J000ro M3 MapaMeTpoB CTPYKTYpbl NPUBOJUT K
HENPEJICKa3yeMOl CMEHE KaXIOro DSJEMEHTAPHOIO MaccuBa BCErO0  MacCHBa
mudpoBanus. I'mbkocTh KOAMPOBKM HMH(OpPMAUM JOCTUraeTcs CMEHOM KIIo4Ya
mudpoBanus U 1o0aBiIeHnEM aHCaMOIId KOH(DUTypaluii MU UX 4acTOT, a TAK)KE BpEMEHEM
HaOro1eHus cUcTeMBbl. B 3akiroueHun, HEOOXOUMO OTMETHTh NPUEMIIEMYIO CKOPOCTb
CO3JIaHUs KJItoYa IU(PPOBAHHUS, a TAKXKE €ro HaJIS)KHYI0 pa3MEpPHOCTh
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MATHOH-®OTOHHOE B3AMMOJENCTBHUE B TETEPOCTPYKTYPAX
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PexuM ynpTpacuIIbHOM CBSI3M B CHCTEMax C rHOpHIM3aIied, Koraa SHeprus
B3aMMOJICHCTBHS MOJCUCTEM APYT C APYTOM COMOCTaBUMA C SHEPTHSIMU CAMUX ITHX
MOJICHICTEM, COTIPOBOXKIIAETCS PA3IIMYHBIMA HHTEPECHBIMU KBaHTOBBIMH 3¢ (dexkramu. B
YHCIIe IPOYETO STOT PEKUM MOKET HAOII0JaTHCS B CBEPXIPOBOIAIINX
HAaHOCTPYKTYpax ¢ (heppoMarHeTHKaMu, I7ie B KaUeCTBE B3aMMOACHCTBYOIINX
MOJICUCTEM BBICTYIIAIOT MarHOHKI B peppoMarHeTrke u poroHHas moga CBuxapTa B
AJIEKTPOMAarHUTHOM PE30HATOPE, IPU rHOpUAU3ALIMHI 00pa3yIOIUEe MATHOH-
MOJISIPUTOHHBIE MOJIbI. B 4acTHOCTH, OBLIIO SKCTIEpUMEHTANBHO [ 1] 1 TeopeTnuecku [2]
IIPOJEMOHCTPUPOBAHO, YTO PEXKHUM YJIbTPACHUIBHON MarHoH-(OTOHHOM CBS3U
peanusyetcs B rerepocTpykrypax S/F/I/S ¢ peppoMarHUTHBIM METAILIIOM.

JlaHHbIN HOKJIAJ TOCBALIEH TEOPETUUECKOMY OIKMCAHUIO MarHOH-()OTOHHOTO
B3aMMOJICHCTBHS B CHMMETPHYHBIX T€TEPOCTPYKTYpax ¢ AByMs (heppoOMarHUTHBIMH
metayuiamu S/F/I/F/S. JlemoncTpupyercs, 94To B3auMoAecTBIE (heppOMarHeTHKOB
yepes MoJisi MEHCHEPOBCKHUX TOKOB B CBEPXIIPOBOTHUKE MPUBOIUT K TOMOTHUTEILHOMY
PacCIIENJICHUI0 MarHOH-TIOJISIPUTOHHBIX MO/ I10 CPAaBHEHUIO CO CIYy4YaeM CTPYKTYPHI €
oJIHUM (heppoMarHeTukoM. BennumHa TaHHOTO paclIerIeHHs] COOTBETCTBYET PEXKUMY
YJIBTPACUJIBHOM CBSI3H, UTO JIENAET UCCIIEYyEMbIE CUCTEMBI IEPCIIEKTUBHBIM 00bEKTOM
JUTSL IPUAJIOKESHUH MarHOHUKH.

Pa6oma 6vina noooepocana PH® (Ne22-42-04408).
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LASER-INDUCED SPIN-REORIENTATION TRANSITIONS
IN IRON OXIDES Fe304 and FesBOs

A.V. Kuzikoval, L. A. Shelukhin!, M.A. Prosnikov !, S.N. Barilo?,
R.V. Pisarev?!, A.M. Kalashnikova
Lloffe Institute, 194021 St. Petersburg, Russia
2 Scientific and Practical Center for Materials Science of the National Academy of
Sciences of Belarus, 220012 Minsk, Belarus
“kalashnikova@mail.ioffe.ru

Search for effective and fast methods for controlling the magnetic state of matter is
in the focus of studies in spintronics, magnonics and femtomagnetism. From this point of
view, spin-reorientation (SR) transitions are promising. SR transitions are a change of
orientation of the easy axis of magnetization under an external stimulus. It was shown
experimentally that the SR transition can be induced by femtosecond laser pulses and
occur over times of the order of several picoseconds in a group of iron oxides — rare earth
orthoferrites. In this materials a change of a magnetic anisotropy is possible due to the
contribution from rare earth ions to magnetic anisotropy energy [1, 2]. Here we
demonstrate that an ultrafast SR transition can be induced by laser pulses in iron oxide
without rare earth ions — a ferrimagnet magnetite Fe3Os and a weak ferromagnet iron
borate FesBOe.

We performed femtosecond time-resolved studies of magneto-optical Kerr effect in
FesOs [3] and FesBOe single crystal at various laser pulse fluences and sample
temperatures. Based on the characteristic thresholds and saturation of the amplitude
precession of magnetization as a function of the pump fluence, we could conclude that a
laser pulse induces the SR transitions in these materials.

The possibility to induce an ultrafast SR transition in magnetite is associated with
the presence of a Verwey transition that is close in temperature and occurs at times of the
order of 1 ps [4]. Depending on laser fluence and temperature, the photo-induced SR
transition occurs either in a whole excited material or in separate domains, signifying its
first-order character beyond the thermal equilibrium. In addition, we found that laser-
driven SR transition is the underlying mechanism of laser-induced magnetization
precession in magnetite in a wide temperature range even above the ST transition
temperature, which is again associated with its 1% order.

The underlying mechanism of the SR transition in the iron borate differs from
magnetite, since FesBOs does not have a structural-electronic transition at close
temperatures. Excitation of magnetization precession appeared to be possible only for
temperatures below the temperature of SR transition. In addition, the magnetization does
not start to precess immediately after excitation, but there is a delay of 5 - 15 ps depending
on temperature. A similar behavior of magnetization during an ultrafast SR transition was
found in the rare-earth orthoferrite ErFeOs in [2]. The delay time was associated with the
time required to change the magnetic moment of Er3* jon. The observation of similar
dynamics in iron borate also indicates the existence of a “bottleneck™ process which is
responsible for the finite time of change in magnetic anisotropy during the SR transition
and can be assigned to a finite time of response of the Fe-O coordination complexes to
laser excitation.

This work was partly supported by RSF grant No. #23-12-00251
(https://rscf.ru/project/23-12-00251).
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Modern electronics has a wide variety of devices for generating, transfer and
detecting signals. In electronics, there is a tendency to increase the speed of information
transfer and to expand the range of operating frequencies. However modern electronic
industry is able to develop only devices that operating frequencies are limited to GHz. It
is possible to expand the range of operating frequencies by applying new technologies
and materials using achievements in spintronics and magnonics [1, 2]. These fields
explore elementary excitation, such as the interaction of elastic and magnetic waves in
ferro- and antiferromagnetic materials. The use of antiferromagnetic (AFM) materials
allows to process signals at terahertz frequencies, which makes them attractive also for
practical applications [2, 3].

Another aspect that is widely studied in magnetically ordered systems is the
possibility for the control of magnetization with an electric field through stress. But the
question of the influence of mechanical deformations on the frequency of the
antiferromagnetic modes does not exist, so the development of a theory is an important
task.

We consider a model of small deformations of a thin plate in an external magnetic
field. When the plate is bent inside it, stretching occurs in some places, and compression
occurs in others. To study the frequency characteristics, we used Brillouin light scattering
spectroscopy (BLS).

We consider the antiferromagnetic resonance in a bulk single crystal of hematite.
The description of the dynamics AFM based on a system of two Landau—Lifshitz
equations for magnetization sublattices was proposed. However, it is possible to reduce
to one vector equation for the antiferromagnet vector I. The model for the N'eel vector |
equations can be obtained directly from the total energy using the magnetic symmetry of
the antiferromagnet obtain an equation for dynamic component s with condition (I=lo+s):

l! .-': ! s 2 5 - ) a »
i )Hﬂ-llrlm . L——} ~*ls x Hpl(lg - H)4+2v"MgHgBs(lp -n)” + v*s(ly - HY
de?

dt

9 Oy9 — Oy
Cn —Cu
where Mo is saturation magnetization, y is the gyromagnetic ratio, Hp is the
Dzyaloshinsky-Moriya field, H is external magnetic field, h=H/2MO is the vector along
the magnetic field, ¢ is exchange constant, He= &/2Mo is the exchange field, f1=Hea/2Mo
is the second order anisotropy constant and S’=Ha/2Mo is the sixth order anisotropy
constant, d12 and J11 are magnetoelastic constants, C12> and Ci are elastic constants, ex
and ey are the unit vectors along the x-axis and the y-axis and n is the orthogonal vector.
Having a solution to the equation, we can write the expressions for the AFM resonance

16 M, =p.~ ((lo -1z )— (Lo - Ly))s lt‘)‘,-"‘:'.‘\!.‘,').‘/"(s{f-t',):' t s(l-('.,):')— 0,
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frequencies. The solution of the equation for the dynamic vector s gives expressions for
the frequencies of the lower and upper modes of the AFM.
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Fig.1. a) Angular dependence of the frequency of the lower ferromégnetic mode; b)
Dependence of the frequency of the upper ferromagnetic mode on relative strains.

In addition, we calculated the theoretical dependence of the frequency of the quasi-
ferromagnetic mode on the angle in the sample plane at zero strain (Fig. 1(a)). The quasi-
ferromagnetic mode has at least two rotation angles of 180 degrees. Also the dependence
of the frequency of the antiferromagnetic mode on relative strains is shown in Fig. 1(b).
The range of relative deformations is from -0.2 % to 0.2 %. It can be seen that with
increasing strain (0.1 %), the frequency shift of the AFM mode reaches about 10 GHz.
Note that the resulting dependence is symmetrical about zero level of deformation.

This work was supported by the project by the Russian Scientific Fund No. 23-79-
00016.
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Due to the fact that Holm implements various magnetic phase transitions (fan,
spiral, spin-slip) with changes in temperature and/or magnetic field [1], it becomes
possible to study thermodynamic parameters near extreme points under different
conditions. The complex magnetic structure of metallic holmium is the result of
competition between exchange interactions and crystal field interactions [2]. The turn-on
period of the spin helix in holmium is quite long, for example, each period is 12 lattice
settings of 5.6 A along the c axis in the Ho section. Multiple noncollinear spin structures
and transitions between them, initiated by field and temperature, attract attention due to
the unusual coexistence of complex spin phases in Ho.

Low-level frequency susceptibility measurements (~100-1500 Hz) and magnetic
viscosity measurements at lower frequencies (~0.01 Hz) were carried out, and magnetic
relaxation dynamics were studied in 400 nm thick Ho films undergoing ferromagnetic
(FM) and helical transitions. phase states (Helix). During the FM-Helix transition, sharp
changes in the actual and minimum values of magnetic susceptibility are observed,
occurring at temperatures of 15-30 K, both in the absence of external fields and in fields
of 4 kOe and -6.5 kOe, which is consistent with the magnetic field obtained in this work.
phase diagram (Fig. 1).
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Fig. 1. DC field effects on AC magnetic susceptibility at 15 K — 30 K: real part (a) and
imaginary part (b). The inset on the right shows the magnetic phase diagram obtained by
SQUID magnetometry. The arrow shows the corresponding position of the peak of the
imaginary part of the magnetic susceptibility on the phase diagram.

Hysteresis effects were revealed in the components of magnetic susceptibility
during cyclic changes in the external field, which indicates a relatively fast process with
a duration of about 10 ms that accompanies the FM-Helix transition. It was found that the
process of slow magnetic relaxation is also sensitive to this transition. In addition, the
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field dependence of magnetic viscosity noticeably decreases during the FM-Helix
transition. The proposed methodologies for studying relaxation processes in materials
with a multiphase spin structure are considered universally applicable and allow a better
understanding of transitions between spin states in materials exhibiting a non-collinear
spin structure.

The work was supported by the program of the Federal Research Center of Problems of
Chemical Physics and Medicinal Chemistry RAS 124013100858-3.
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EPITAXIAL FILMS OF YIG WITH SYMMETRIC DIAMAGNETIC
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This work presents the results of the synthesis and investigation of YIG epitaxial
films with symmetric and asymmetric diamagnetic boundary conditions. The symmetry
of the boundary conditions is created by introducing one or two additional layers of
diamagnetic garnet YSGG into the GGG/YIG structure. The spin dynamics in the
heterostructure with symmetric GGG/YSGG/YIG/YSGG and asymmetric
GGG/YSGG/YIG boundary conditions is compared. The role of the diamagnetic spacer
in the GGG/YSGG/YIG structure for nanofilms was studied [1].

The synthesis of heterostructures was carried out by the method of liquid phase
epitaxy. The synthesis of diamagnetic YSGG layers with a thickness of 5.5 (spacer)
microns and 2.5 microns was carried out on the «Rost - 1» growth system. The
synthesis of the YIG base layer with a thickness of 12.3 microns of the composition
Y3Fes9lno.1012 was carried out on an LPEF growth system.

The spin dynamics were studied using the out of plane FMR method in the
frequency range of 1.5 GHz to 9.5 Hz and the temperature range of 300K to 4.2K. The
FMR absorption spectra were registered with a vector network analyzer attached to a
broadband stripline. The sample was disposed face-down over a stripline and the
transmission signals (S21) were recorded. During the measurements, a frequency of
microwave signals with the input power of —20 dBm was constant, while the out of-
plane magnetic field H was swept across the resonance area. Each recorded spectrum
was fitted by the Lorentz function which allowed us to define the resonance frequency
and the FMR linewidth

rE)
where Hefr is calculated as
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Fig.1. FMR spectrum with Lorentz approximation (a) and temperature dependences of the
effective anisotropy field and saturation magnetization (b) in GGG/YSGG/YIG/YSGG.
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Figure 1(a) shows the FMR spectrum with a Lorentz approximation at a
temperature of 300 K of a sample with two YSGG layers, which differs slightly from
the spectrum for one YSGG layer sample. Hres in the symmetrical structure has
increased slightly while the line width has decreased. The AHsim is 10e, and the AHasim
is 1.20e.

Figure 1(b) shows the temperature dependence of the effective field of anisotropy
and saturation magnetization of a symmetrical structure, which is slightly different for
an asymmetric structure. The temperature dependence of the resonant field is
determined mainly by the demagnetizing field of YIG. The contribution of the uniaxial
anisotropy field is insignificant. Gilbert damping coefficient is calculated as [2]

AH =% 4 Al,, (3)

where AHo is the inhomogeneous broadening which is attributed to magnetic
nonuniformity and surface defects.
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Fig.2. Frequency and temperature dependences of the line width (a) and temperature
dependences of the Gilbert damping coefficient (b) in GGG/YSGG/YIG/YSGG.

Figure 2(a) shows the frequency dependences of the FMR line widths in
GGG/YSGG/YIG/YSGG for different temperatures, which make it possible to
determine the Gilbert damping coefficient (1). Figure 2 (b) shows the temperature
dependence of the Gilbert damping coefficient for a symmetric structure. At a
temperature of 300 K, the Gilbert damping coefficient is 1,8*10-5. The minimum value
of the Gilbert coefficient is 5,7*10-6 at a temperature of 150K. Alpha growth at
temperatures below 50 K is associated with impurity relaxation mechanisms.

Epitaxial ferrite garnet heterostructures with small Gilbert damping coefficient
and symmetric diamagnetic boundary conditions were synthesized, which can be used
to create devices in magnonics.

This work was supported by Russian Science Foundation, project N 23-62-10024
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KOT'EPEHTHBIN PE3OHAHC B IIUPOKOIOJIOCHBIX
MHUKPOBOJIHOBBIX CIIMH-BOJTHOBBIX TEHEPATOPAX XAOCA
IO BO3JAEMCTBHUEM IIIYMA

I1.C. Komkogs?", C.B. I'pumun?
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B B030ynumbIX mymMoMm cuctemax HaOiromaeTcst GyHIaMEHTAbHOE HEeIMHEHHOoe
SBJICHHE, KOTOPOE HA3bIBAETCSI KOT€PEHTHBIM pe30HAHCOM [ 1]. OHO 3aKir04aeTcsi B TOM,
YTO y IIYMOBOIO BO3JIEHCTBUS MMEETCS OINTUMAJIbHBIA YPOBEHb, IIPU KOTOPOM
Kosie0aHus, MHAYLIUPYEMbIE IIyMOM, CTAHOBITCS Hanbosiee OIM3KUMU K PEryJIsipHBIM.
KorepentHsiii pe3oHaHc HaOmogaeTcss B MoOAeaM HelpoHa XomkuHa-Xakciau [2],
ocumuisitope GutuXero-Harymo [3], xumuueckoii peakiuu benoycosa-Xabotunckoro
[4]. PaccmaTpuBast XaoTHUECKHE JMHAMHYCSCKUE CHCTEMBI, TaHHBIN 3P PeKT HaOmromancs
TEOPETUYECKH TOJIbKO B OuctabunpHOi 1enu Uya [5], a Takke B JIBYX CBS3aHHBIX
UJEHTUYHBIX XaOoTHYeCKuX ocmmwuiaropax Jlopenma [6]. B paGore [6] saBieHue
KOTEPEHTHOI0 pPe30HaHCca Habmoganoch B pexkume “0on-off” mepemesxkaemoctu, mpu
KOTOPOM MPOUCXOANIO NEPEKITOUYECHUE COCTOSHUS M0JT BO3ACHCTBUEM IIIyMa. B nanHOM
paboTe IEeMOHCTPHUpPYETCs SKCIEpUMEHTabHOE HaOoneHne >PQexra KOrepeHTHOTO
pPE30HaHCa B MHOI'OMOJOBBIX MUKPOBOJIHOBBIX CIIMH-BOJIHOBBIX I'€HEPATOPAX Xaoca MO0/
BO3/IeiicTBHEM cBepxBbicOKoUacToTHOro (CBY) mrymoBOro curHana ¢ orpaHH4e€HHBIM
CIIEKTPOM.

Hccnenyemast cucremMa COCTOMT M3 IOCIEIOBATEIbHO COECJUHEHHBIX B KOJIBLIO
CIHMH-BOJIHOBOM  JIMHMM  Tiepeladyn B KOH(UTypamuum  «IMHUS — 3aJC€PXKKN»,
MOJJICPKUBAIOIIEH KAK TPEX-, TaK U YETHIPEXBOJHOBBIC HEJIMHEMHBIE CIIMH-BOJIHOBBIC
B3aUMOJICHCTBUSA, TPAH3UCTOPHOTO YCHJIUTENS MOIIHOCTH, pabOTaloOIIero B pPexHMe
JUHEHMHOro YCWJIEHHs s IeHepupyeMoro B Koiblie xaotuyeckoro CBY curnana,
MOJIOCHO-TIPOMYCKAIOLIEro (GMIIbTPa U MEPEMEHHOro aTTeHaTopa. Xaotuueckuii CBY
CUTHaJ reHepupyercs B nojoce 2-4 I'T'n npu HanpsHPKEHHOCTH BHEIIHETO MOCTOSIHHOTO
MarHuTHoro noist 358 O. LlenTpanbHas yactoTa rymoBoro Bo3aeictaus - 2.1 I'T', a ero
NIMPUHA TIOJIOCHI YacTOT MeHsercss B uwHTepBane 1-80 MI'm. Crektp MOIIHOCTH
xaotnyeckoro CBY curnana xapakrepusyercsi meHTpanbHoW dactoToi fen=3 [T mn
mUpuHON  mosockl  4acToT Afeh=1.4 MI'm mo ypoBHio 58 b oOTHOCHTENBHO
MaKCHMaJIbHOTO 3HAUEHUS CIIEKTPaJIbHOW MOIIHOCTH.

[Ipu nonmauye BHemHero mrymoBoro CBY curnana, He MPEBBIMIAIONIETO YPOBEHB
UHTErpaibHON MourHocTH Pn=-12 1bMBT, OH He OKa3bIBaeT 3aMETHOTO BIHMSIHMS Ha
orubaromiyto xaotuueckoro CBU curnanma, kortopas MMeeT Takoil e BHJI, Kak U B
aBTOHOMHOM pexume TreHepanuu (cMm. puc. la). [lpu panbpHeiimeMm yBeaHUEHUH
MotHocTH nrymoBoro CBY curnana (cm. puc. 1b) ormbaromas xaotuueckoro CBY
CUTHAJIa HAYMHAET IOJABJIATHCS HA TEX BPEMEHHBIX WHTEpBajaX, I'/I€ MIHOBEHHbIE
3HAQYEHMsI aMIUIUTYJbl I[IyMOBOIO CHTHajda COOTBETCTBYIOT HEJIMHEMHOMY pEXUMY
paboty ycunurens. Kak ciaenyer us puc. lc, npu JanbHeHIIeM yBEINYEHUH MOITHOCTH
mymoBoro CBY curHana AuTeNbHOCTh HMHTEPBAJIOB, HA KOTOPBIX XaOTHYECKas
JUHAMHMKa CHUCTEMBl TIOJHOCTBIO TMOJABJIEHA, YyBenuuuBaerca. Hanuume Takux
BPEMEHHBIX MHTEPBAJIOB CBONCTBEHHO MepeMexaeMocTH Tuma “on-off”, mpu xoropoit
NPOUCXOIUT TEPEKIIOUYEeHHEe MEXKAY ABYMsI YCTOHMUYMBBIMEH cocTosHusiMHA. Ha puc. 1d
MPEJCTaBICHBI 3ABUCUMOCTH BPEMEHU aBTOKOppessinun xaotndeckoro CBY curnana ot

P-19


mailto:*k-pavlik-k@mail.ru

Spin Waves 2024, 26-29 August, Saratov, Russia

MomHocTH 1rymoBoro CBY curnana, mosnydeHHbIE MPH Pa3iMUYHBIX I0JI0CaxX IIyMa.
BuaHo, 4TO Ha KaXJA0W 3aBUCUMOCTH MMEETCS MAaKCUMYM BPEMEHU aBTOKOPPEISALUU,
KOTOPBII HaOIr01aeTCsl IPU ONPEACTICHHON MOLTHOCTH IITyMa, T.€. HCCIelyeMasi CUCTeMa
JEMOHCTPHUPYET SIBJICHHUE KOT€PEHTHOro pe3oHaHca. [Ipm 3ToM ¢ pocTOM MOJIO0CHI

mymoBoro CBY curnana MakcuMaiabHOE

S3HAYCHUC BpPCMA  aBTOKOPpCIALUA

YMCHBIIACTCA.
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Puc 1. - Bpemennsie psaapl (a-c) xaotnueckoro CBY curnana, reHepupyeMoro B cxemMe KOJIbLEBOIO
aBTOT€HEPATOpa Ha OCHOBE CIIMH-BOJIHOBOW JIMHUM NIEpeIady MO JeHCTBUEM BHEITHETO [IIyMOBOTO
CBUY curnana pa3iMyHOro ypoBHs MOITHOCTH Pp.-12 nbMBT (a), -4 nbMBT (b) u +4 nbMmBT (C).
Pesynbrats (a-C) momy4denst st Af,=80 MI'u. Ha (d) npuBeneHo ceMeiicTBO KpUBBIX,
JEeMOHCTPHPYIOIINX 3aBUCUMOCTb BPEMEHH aBTOKOppessiuuy xaotuueckoro CBY curnana zeorr OT
MoiHocTH mymMoBoro CBY curaana npy M3MEHEHHH IMOJIOCH! YacToT Iryma Afy.

Hccnedosanue svinoaneno s3a cuem epanma Poccuiickoeo nayunoeo gponoa No 23-22-
00274, https://rscf.ru/project/23-22-00274/
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TERAHERTZ SPIN PUMPING ON ANTIFERROMAGNETIC MODE FROM
COBALT OXIDE

E.E. Kozloval?*, P.A. Stremoukhov?, A.R. Safin'4, D.V. Kalyabin®®,
A.l. Kirilyuk?, S.A. Nikitov!26
1Kotel nikov Institute of Radioengineering and Electronics RAS
2Moscow Institute of Physics and Technology
SHFML-FELIX Laboratory
“Moscow Power Engineering Institute
®HSE University
®Saratov State University
*elizabethkozloval @gmail.com

Spin pumping in magnetic materials is one of the most powerful methods for
detecting pure spin currents. Researchers in modern spintronics are focused on
multisublattice magnetic materials such as antiferromagnets (AFM), because due to
exchange enhancement, they exhibit a number of unique properties [1]: subterahertz and
teraherz (THz) resonance frequencies, high speed of spin waves and domain walls,
amplification of spin current due to excitation of evanescent modes, etc.

In this work, terahertz spin pumping on the antiferromagnetic mode from cobalt
oxide in high magnetic fields was theoretically and experimentally investigated. Fig. 1
shows the dependence of the rectified output voltage caused by the inverse spin Hall
effect on the frequency. The red curve on Fig. 1 illustrates the optically measured
spectrum of cobalt oxide [2]. As one can see, our results are qualitatively the same as [2].
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Fig.1 Antiferromagnetic mode output voltage dependence on frequency.

This work was carried out within the framework of the state assignment of the Kotel 'nikov
Institute of Radioengineering and Electronics of the Russian Academy of Sciences.

Bibliography
1. V.Baltz, A.Manchon, M.Tsoi, T.Moriyama, T.Onoand, Y.Tserkovnyak, Rev. Mod. Phys. 90,
1 (2018).
2. Z. Yamani, W. Buyers, R. Cowley, D. Prabhakaran, Canadian Journal of Physics. 88, 10
(2010).

P-20


mailto:*elizabethkozlova1@gmail.com

Spin Waves 2024, 26-29 August, Saratov, Russia

MAGNETIC PROPERTIES OF FERRO-ANTIFERROMAGNETIC SPIN
TRIANGLE CHAIN

D.V. Dmitriev, V.Ya. Krivhov*
Institute of Biochemical Physics RAS
*krivnov@deom.chph.ras.ru

Low-dimensional quantum magnets on geometrically frustrated lattice have been
extensively studied [1]. An important class of these systems includes lattices consisting
of triangles. The simplest and typical example of such systems is spin-1/2 delta-chain.
The delta-chain with competing ferro (F) and antiferromagnetic (AF) interactions attract
interest recently [2,3]. We study another example of frustrated spin-1/2 model with
ferromagnetic and antiferromagnetic interactions which is an extension of the delta-chain.
This model represents a linear chain of triangles connected by the ferromagnetic
interactions J as shown in Fig.1. The properties of the model depend on the frustration
parameter o = J2/J1, which is a ratio between AF and F interactions in triangle. The ground
state is ferromagnetic for a < 0.5 at any value of J. At ac = 0.5 the quantum phase
transition occurs. The properties of the model at a = o are highly non-trivial. The ground
state manifold at ac includes isolated magnons and specifically overlapping localized
multi-magnon complexes. The ground state is macroscopically degenerate in zero
magnetic field and the residual entropy is non-zero. The spectrum of excitations has a
specific multi-scale structure which consists of rank-ordered subsets. Each subset is
responsible for the appearance of the peak in the temperature dependence of the specific
heat.

For a>ac the ground state phase diagram consists of the singlet and the
ferrimagnetic phases. The ground state spin St in the ferrimagnetic phase is Stot = Smax/2
and there is the gap to the state with S = (Swt+1), which leads to an existence of the
magnetization plateau. The singlet phase is gapless and the magnetization plateau exists
in definite region of the singlet phase. The considered model at large value of o
demonstrates a topological equivalence of the phase states in opposite limits J—0 and
J—o0, and there is a smooth crossover between these limits.

Fig.1. Triangle chain model (all J>0).
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DZYALOSHISKII-MORIYA INTERACTION IN Pt/Co/CoO THIN FILMS

M.A. Kuznetsoval'®, A.G. Kozlov?, M.A. Bazrov?, A.F. Shishelov?, A.A. Turpak,
A.V. Sadovnikov?
'Far Eastern Federal University
2 Saratov State University
“kuznetcova.mal@dvfu.ru

Thin magnetic films Pt/Co/CoO have significant potential for future applications in
spintronics and magnetoelectronics [1-2]. The emergence of effects such as perpendicular
magnetic anisotropy, Dzyaloshinskii-Moriya interaction (DMI), exchange bias, and
others in this magnetic system allows for the control of topological magnetic structures.
The presence of "heavy metal/ferromagnet” and “ferromagnet/antiferromagnet”
interfaces is a crucial factor for inducing these effects, enabling the realization of spin-
orbit and exchange interactions at the interfaces.

Samples with different oxidation times (ranging from one to three minutes and no
oxidation) were prepared in the study. The initial Pt layer of 10 nm thickness was
deposited using magnetron sputtering on a silicon substrate, followed by a 1 nm Co layer
using molecular beam epitaxy. Oxidation was carried out with oxygen at a pressure of 1
bar, and then the layer was covered with a 50 nm Pd layer. Optimal cleaning and annealing
parameters for Pt were also determined to prevent atmospheric effects.

Dependencies of the magnetic parameters of the films on oxidation time, such as
the effective magnetic anisotropy magnitude and saturation magnetization, were
measured using a vibrating sample magnetometer. Mandelstam-Brillouin light scattering
based on the difference in stokes and anti-stokes field frequencies was used to determine
the effective DMI constant:

Doy = 2 M;Af [(my k;),, 1)
where Mg is saturation magnetization, Af is difference of stokes and anti-stokes frequency
component, y = 176 GHz/T is the gyromagnetic ratio, k; is the momentum along the i-
direction.

The obtained spectra (Fig. 1) were analyzed to plot the dependence of frequency
difference Af on oxidation time considering different external fields.
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Fig.1. Example of BLS spectra (sample of 1 min oxidation).

As a result, the trend of the DMI sign changing with increasing oxidation time of
the ferromagnetic layer was shown in the dependence (Fig. 2).
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Fig.2. Dependences Dess to oxidation time for k=7, k=14

This research was supported by the grant of the Government of the Russian Federation
for state support of scientific research conducted under supervision of leading scientists
in Russian institutions of higher education, scientific foundations, and state research
centers of the Russian Federation (Project No. 23-42-00076).
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CHANGE OF MAGNETIC DOMINANCE TYPE IN THE FERRIMAGNETIC
SYSTEM Pt/CoGd/W

M.E. Letushev”, M.E. Stebliy,
Zh.Zh. Namsaraev, M.A. Bazrov and V.A. Antonov
Far Eastern Federal University
“letushev.me@dvfu.ru

Ferrimagnetic films of the composition Pt(40)/[Co46Gd54](40)/W(x)/Pt(y) grown
by magnetron sputtering in ultra-high vacuum on the surface of oxidized silicon substrates
were studied. The ferrimagnetic alloy CoGd has unique properties that are characteristic
of both ferromagnets and antiferromagnets. Due to the deposition technology, it is
possible to control the concentration of elements, which makes it possible to obtain
samples with different types of dominance such as Co-rich and Gd-rich, as well as
samples in a state of compensation.

It is known about the temperature dependences of the magnetization of the
sublattices of such an artificial ferrimagnet. When, with increasing temperature, a change
in the contributions of the sublattices is observed, which as a result affects the behavior
of the ferrimagnet. However, in this system, the effect of an irreversible change in the
type of dominance was discovered, which is probably associated with the redistribution
of ions inside the ferrimagnet.

This study shows the temperature dependence of this effect. Local areas with the
opposite type of dominance were also obtained, created by local heating of the
ferrimagnetic film using plasma etching.
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Fig. 1. — (a) temperature dependence of the coercive force, the sign of the coercive force
characterizes the type of dominance (minus it is Co-rich); (b) Kerr images with local areas with
inverted dominance type; (c) also Kerr images of the local inverse region taken with subtraction.

This work was supported by the Russian Ministry of Science and Higher Education for
the state task, Project No. FZNS-2023-0012.
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BRAGG RESONANCES IN COUPLED MAGNON CRYSTALS WITH
DIFFERENT PERIODS

N.D. Lobanov”, O.V. Matveev, M.A. Morozova
Saratov State University
nl_17@mail.ru

The propagation of spin waves in magnon crystals (MCs), ferromagnetic films
with periodically changing parameters, has been actively studied in the problems of
modern magnonics [1]. In the present paper, we investigate a structure consisting of two
coupled MCs separated by a dielectric interspace. The layered structure is placed in an
external magnetic field directed tangentially to the plane of the structure, so that
magnetostatic surface waves (MSSW) will propagate in the structure. The purpose of this
work is to investigate the formation of band gaps in the propagation of magnetostatic
waves in the structure of coupled MCs with different geometrical and magnetic
parameters.

Log(L,/L,)

Fig. 1. Dependence of the central frequencies of the band gaps.

The feature of the considered coupled structure, in comparison with a single MC,
is the propagation at the same frequency of two normal waves-symmetric and
antisymmetric MSSW [2], the difference between the phase velocities of which is
determined by the electrodynamic coupling parameter. In contrast to the structure
consisting of two MCs with the same periods [3], we show that the formation of several
band gaps in the first Bragg resonance region takes place.

Fig. 1 shows the dependence of the central frequencies of band gaps G — 1, G —
2, G — 3, G — 4 on the ratio of periods Li/L> at Lo=200 um, L1 is varying. Fig. 1 shows
that an increase in Log(L1/L2) from -oo to 0 leads to a downward shift of the frequencies
of the G-1 and G-2, while the positions of the G-3 and G-4 practically do not change. Fig.
1 also shows that as Log(L1/L>) increases from 0 to +oo, the opposite case occurs: G-3 and
G-4 shift down in frequency, while the position of the G-1 and G-2 remains almost
unchanged.

Thus, it is shown that the use of such coupled layered structures extends the
functionality of magnon crystal-based devices, which can be used in microwave
electronics as tunable microwave filters, phase shifters, and delay lines.

This work was supported by the Russian Science Foundation (project N2 23-79-30027).
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INFLUENCE OF SPIN HALL EFFECT IN THE LAYERED STRUCTURE OF
MAGNON CRYSTAL/NORMAL METAL/MAGNON CRYSTAL

N.D. Lobanov®, O.V. Matveev, M.A. Morozova
Saratov State University

nl_17@mail.ru

At this stage of electronics development, the transition from classical electronics to
quantum electronics is an actual task. One of the most popular branches of quantum
electronics is magnonics [1], which studies the propagation of spin waves in magnetic
materials. Spintronics has also been gaining popularity recently [2]; unlike conventional
electronics and magnonics, in spintronics the transfer of information takes place using a
spin current [3].

In this paper, we consider a layered structure consisting of magnon crystals (MC-1
and MC-2) separated by a layer of normal metal (e.g., platinum) (Fig. 1a). The magnon
crystals are ferromagnetic films with periods and thicknesses. The structure is placed in
an external magnetic field oriented tangentially to the plane of the structure, with a spin
wave propagating in MC-1 and MC-2 along the y-axis.

Fig. 1. (a) Scheme of the investigated structure MC-1/NM/MC-2. Scheme of the
magnetization vector precession in (a) MC-1, (c) MC-2.
When a voltage is applied to the normal metal layer, an electric current of density

J. flows in it. Due to the spin Hall effect, electrons with opposite directions of spins

move in two directions: with one direction of spins to the boundary of NM|MC-1 (Fig.
1b), and with the other direction of spins to the boundary of NM|MC-2 (Fig. 1c), as a
result a spin current with a density J_ in the direction of the z-axis flows. As a

consequence, due to the transfer of spin torque at the layer boundaries, there is an
increasing spin wave in one MC (if the spins in the NM are oppositely directed with
respect to the magnetic moments in the MC) (Fig. 1b) and a decreasing spin wave in the
other MC (spins in the NM are co-directed with the magnetic moments in the MC) (Fig.
1c).

This features make it possible to control the power of the signal delivered to one or
another port of the coupled structure using the spin current in the active layer. The purpose
of this work is to investigate the effect of spin current in the normal metal on band gap
formation and on power redistribution between MCs output ports.

This work was supported by the Russian Science Foundation (project Ne 23-29-00759).
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PROPAGATION OF SPIN WAVES IN A FERRITE FILM WITH A PERIODIC
SEMICONDUCTOR ARRAY OF STRIPES ON TOP OF THE SURFACE

A.A. Martyshkin®, A.\VV. Sadovnikov
Saratov State University
“aamartyshkin@gmail.com

The interest of recent years in semiconductor/ferromagnetic structures is due to the
development of new methods for creating structured ferromagnetic films on
semiconductor substrates [1]. Of particular interest are bilayer heterostructures consisting
of iron-ittrivium garnet films grown on gallium arsenide substrate [2]. Optically injected
free charge carriers in the GaAs semiconductor layer allow controlling the dispersion
characteristics of spin waves propagating in the YIG film [3].
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Fig.1. (a) Schematic representation of the investigated structure. (b) Amplitude-frequency
characteristic of SP at different laser irradiation power Py

A schematic representation of the investigated structure is shown in Fig. 1a. GaAs strips
are deposited parallel to each other on the YIG layer through an AIOx buffer layer. The
AlOx buffer layer used during the fabrication of the structure is necessary for the
compatibility of different crystal structures of LIG and GaAs [2]. Fig.1b shows the
amplitude-frequency characteristics of the CB propagating in the YIG film under varying
laser power directed at the GaAs strip array. Experimental and numerical calculations
show that by changing the direction of the magnetic field, the efficiency of nonreciprocal
propagation of CB in the coupled structure with a metallic layer above it can be increased.
Thus, the effect of effective nonreciprocal propagation of CB in a coupled system with
an overlying metallic layer arises. In such a system, a simple method to control the
nonreciprocal propagation of spin waves using geometry and equilibrium configuration
can be realised.

This work was supported by the Ministry of Education and Science of Russia (Project
#FSRR-2023-0008).
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CONTROLLED MODES OF PROPAGATION OF A SPIN-WAVE SIGNAL IN
LATERAL GIGAMODES WITH AN ORTHOGONAL ELEMENT

R.V. Masliy*, A.B. Khutieva, A.V. Sadovnikov
Saratov State University
“romamaslij5@gmail.com

In this article, we investigate the effect of the laser-controlled magnitude of the
dipole coupling to realize the transfer of a spin-wave signal in the lateral and vertical
directions in a system of orthogonal micro-waveguides. The paper shows the possibility
of creating a signal divider and a logic gate with a controlled delay of the output signal.

The transfer of the magnetic moment or spin of an electron instead of charge
transfer opens up new possibilities for using spin-wave quanta - magnons - to develop
methods and approaches for processing, transmitting and storing signals encoded as the
amplitude and phase of spin waves (SW) in the microwave and terahertz range. At the
same time, the lengths of the excited SW range from hundreds of microns to tens of
nanometers and can change under the influence of various factors: the magnitude and
direction of the magnetization field, by varying the type and magnitude of the anisotropy
of the magnetic material, by irradiating the surface of magnetic films with focused laser
radiation.

In this paper, the modes of propagation of spin waves in arrays of micro-waveguides
formed by two layers of gigs were investigated. The mechanisms leading to the formation
of various "patterns” formed by a spin-wave signal during its propagation in a system of
longitudinally irregular thin-film magnetic microwaves located in each layer of the
structure are investigated..

Micromagnetic modeling [1] was carried out for a system of laterally and vertically
coupled ferrite microwaves (Fig. 1) [2-3] from an iron-yttrium garnet film located on a
substrate of gallium gadolinium garnet (GGG). The microwave guides are made in the
form of elongated strips, L = 6 mm long, b = 300 microns wide and ¢ = 10 microns thick,
forming a structure that consists of two waveguides located with gaps in the horizontal
plane and one waveguide located perpendicular above them. The saturation
magnetization of the JIG was 139 Gs, and the magnitude of the external magnetic field
directed along the y axis was 1200 Oe. The numerical study was carried out at a frequency
of 5.2 GHz. This magnetization configuration provided effective excitation of surface
spin waves. Coupled ferrite structures expand the functional capabilities of microwave
devices due to an additional control parameter - the connection between microwave
waves propagating in individual ferromagnetic films.
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Fig. 1. Schematic representation of the lattice of micro-waveguides. The following designations
are introduced in the figure: a — horizontal gap; ¢ — width; L — length of microwave diodes; Pin
and Pout — microstrip antennas for excitation and reception of microwave, respectively.
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In the course of the work, a study was carried out on the dual control of the
characteristics of CB in the lattice of gigamodes when implementing simultaneously
lateral and vertical communication types.

The study of the features of the processes of formation of spin wave beams for the
structure of coupled magnetic waveguides has been carried out.

The propagation features and mechanisms of changing the spatial distribution of
the spin-wave beam profile are revealed with the combined manifestation of the effects
of anisotropic signal propagation, dipole coupling and nonlinear dependence of medium
parameters on power.

This work was supported by RNF (#20-79-10191).
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CONTROL OF THE GAIN BANDWIDTH FOR THE MICROWAVE SIGNALS
IN A SPIN TRANSFER NANOSCILLATOR USING AN EXTERNAL
MAGNETIC FIELD

A.A. Matveev'?*, AR. Safin'3, S.A. Nikitov!?#
1Kotel nikov Institute of Radioengineering and Electronics
2Moscow Institute of Physics and Technology
3Moscow Power Engineering Institute
“Saratov State University
“maa.box@yandex.ru

Magnetic tunnel junctions (MTJs) are the promising candidates for the building
blocks of the spintronic devices [1]. Based on the excitation of microwave generation
when a spin-polarized current is passed through the MTJ, it is proposed to design
amplifiers, magnetic field sensors and neuromorphic circuits [1-3]. The Investigation of
the methods for controlling the amplification properties in such spintronic amplifiers is
of scientific and practical interest [2]. This work introduces a theory describing the effect
of an external magnetic field on the gain bandwidth AQ for microwave signals.

The description of the dynamics of magnetization in the studied structure (see Fig.1)
is possible using the method of Hamiltonian formalism [3]. The analysis of the equation
for complex amplitude ¢ characterizing the amplitude of the magnetization precession
leads to the following expression for the gain bandwidth

b= f14 () &
G, —G_ \/%

where N = N(H,, 68,) — coefficient of the nonisochronicity, G,,G_ — the
coefficients of positive and negative losses respectively, F; - the normalized amplitude of
oscillations of the input microwave current density, p, — self-oscillation power. Since
nonisochronicity coefficient depends on the polar angle 0, of the external magnetic field
it is possible to control the gain bandwidth when adjusting the external magnetic field
orientation. In this work, an expression for N is obtained taking into account the
perpendicular magnetic anisotropy.

Fig.1. The scheme of the investigated MTJ structure.

The work was carried out within the framework of the state assignment of the
Kotelnikov Institute of Radio Engineering and Electronics of the Russian Academy of
Sciences (FFWZ-2022-0015).
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SPIN WAVES DEMULTIPLEXING USING SPIN CURRENT

0.V. Matveev", N.D. Lobanov
Saratov State University, 410012, Saratov,
Russia
* olvmatveev@gmail.com

Nowadays, spin waves propagating in ferromagnetic films attract much attention
of researchers due to the possibility of their use in magnonic devices [1-3]. Magnonic
devices such as directional couplers, microwave filters, Fabry-Perot resonators,
circulators for signal coupling and multiplexing, logic gates, half-adders, and majority
gates have been proposed. In this work, a layered structure of the ferromagnetic
film/normal metal/magnonic crystal is proposed to realize the demultiplexing function
[4,5].

At this report the theoretical model describing the propagation of spin waves in
the structure of ferromagnetic film/normal metal/magnonic crystal is constructed. The
dispersion relation and wave equations for direct and reflected spin waves in the studied
structure are obtained. In such a structure, there is the formation of four forbidden gaps —
bands of non-transmission of spin waves. It is shown that the structure allows the function
of demultiplexing spin-wave signals - depending on the frequency, the signal exits
through different ports of the structure (through the ferromagnetic film/normal
metal/magnonic crystal or through the magnonic crystal). It has been established that spin
current in such a structure makes it possible to effectively control the frequency branch
of channels. The effect of spin current on the signal branch at the band gap frequencies
significantly prevails over the effect of spin current at frequencies outside the band gap.
It is shown that with a current of positive polarity at the band gap frequencies, the
proportion of power output through the ferromagnetic film increases, i.e., the operating
attenuation decreases. With a current of negative polarity at the band gap frequencies, the
proportion of power output through the ferromagnetic film decreases, i.e. the operating
attenuation increases. At the same time, the proportion of power coming out through the
magnonic crystal, i.e. transient attenuation and decoupling, changes slightly with a
change in the magnitude and polarity of the spin current. Thus, spin current allows you
to control exclusively the working attenuation of this coupler, practically without
affecting the transient attenuation and decoupling.

The described effect makes it possible to consider the ferromagnetic film/normal
metal/magnonic crystal structure as a basic element for frequency demultiplexing of
microwave signals with magnetic and electric control.

Support by Russian Science Foundation (grant Ne 23-29-00759).
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HNCCJIEJOBAHUME ABJEHUA 'UBPUIN3ALIUN MO/I B
I'ETEPOCTPYKTYPE AHTU®EPPOMATI'HETUK/PEPPOMATI'HETHK
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B nanHOil paboTe wucciaemayercs B3aMMOJEHCTBHE MEXIY COOOM CHUHOBBIX
BO30ykneHnii B ¢eppomarautHoM (PM) m anTHGeppomarHUTHOM (ADPM) crosx
reTepOCTPYKTYphl. ['eTepocTpyKTypa TMpeAcTaBisieT cOoO0OW paclolOXKEeHHBIH Ha
moyu10kke u3 HuooOara autus LiNbO3 cioii okcuaa Hukeirs NiO tommuuoi 101 um, Ha
KOTOpbId HaHec€H ciod mepmaiutos NiFe Tommuuoin 10,5 Hm. O6a maTepuana ObLIH
HAaHECEHbl METOJOM pPEaKTHMBHOTO MArHETPOHHOrO pachbUieHus. BiaumoneicTBue
CIIMHOBBIX BO30YKACHUN B 3THX CJIOAX, 3 UMEHHO HU3KOYaCTOTHON MOJbBI KojeOaHui B
CJI0€ OKCHJIAa HUKETS M PeppOMArHUTHOU MOJIbI KOJIEOAHUM B CII0€ IEPMAILIIOS IIPUBOIUT
K THOpHAM3aIMM MO, 4YTO OBUIO HSKCIEPUMEHTAILHO HCCIEIOBAHO METOJ0M
MasenpmraM-bpriuTF03HOBCKON crieKTpocKonuu. [ mOpuau3anus Mo BOZHUKAET M3-3a
B3aUMHOTO BJIMSHUS MarHUTHBIX NoApemeéTok APM u MarHuTtHOM pemeérku DPOM,
CBSI3aHHBIX OOMEHHBIM B3aUMOJICCTBHEM Ha TpaHUIE Mexay ciosamu [1].
AHaJIUTHYECKOE ONHUCAHHE SBIEHUS TUOPUIM3AlMU MOJ OCHOBAaHO Ha METOJe
['amunsTOoHOBa (opManm3ma [2], B KoTopoMm ['aMHIBTOHMAH TUIOTHOCTH MarHUTHOM
SHEPTUH, BEIPAXKAETCS B BUJIE:

K,
H = _}'H(M1 + M, + MFM) + ZW(MFMZ)Z + };J—;[(Mlz}z + (Mzz)z] -
[(Myy)? + (May)?] + yAM M, + yA (M + M;) Mgy, (1)

rie y — TUPOMarHUTHOE OTHolleHue, H — BHemHee MmarHuTHOe mone, Ms —
HamMarHuyeHHocTh HachlieHuss A®M, Khe — KOHCTaHTBI KpucTaJiorpaduueckoi
aHmzotponun ADM TpyaHOW W JNETKOM OCH, COOTBETCTBEHHO, / — KOHCTaHTa
00MEHHOT0 B3auMOJeHCTBHS Mex 1y nojapemérkamu ADOM, Ac — KOHCTaHTa 0OMEHHOTO
B3aumozeiicTeus Mmexay AOM u @M crnosmu.

Y&,
MZ
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Gunarncosoti noodepaicke Poccutickoeo nayuno2o ¢ponda (epanm 20-79-10191).
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DYNAMICS OF COUPLED ANTIFERROMAGNETIC OSCILLATORS
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An antiferromagnetic (AFM) oscillator is a two-layer heterostructure of a
nonmagnetic metal (NM) and an antiferromagnet. A constant electric current flows
through a NM layer, that leads to the rotation of magnetizations in the AFM, which, in
turn, results in the flowing of an alternating electric current through the NM layer. This
alternating current is the output terahertz signal of the antiferromagnetic oscillator.
Understanding the dynamics of AFM oscillators is important for the implementation of
communication and computing devices operating in the THz frequency range. Due to the
low power of a single AFM oscillator, it is also necessary to study the dynamics of
coupled antiferromagnets, and in particular, their synchronization. To describe the
dynamics of 10 coupled through a common NM layer AFM oscillators, we use the
pendulum model [1 2]

Py + awex(pk + Pt San(pk - G]DCk ex Kwexz (p.kn (1)

where w,, = 2m - 27.5rad - THz is a frequency of the exchange field, w, = 27 - 1.75rad -
GHz is the anisotropy field frequency, the damping « =9.57-1073, o =2m-
4.32rad-Hz-cm?/A is a spin-transfer coefficient, jpc, is the electric current, flowing
through the k-th AFM oscillator, k = 5.78-107* is a coupling coefficient. Fig. 1
demonstrates the modeling results of the system (1) for different jn,. Here there is no
synchronization for x = 0 and for non-zero coupling coefficient with jpc, €[5,5.2] -
108 A/cm?®. However, for jpc, € [5,5.05] - 108 A/cm? there is a synchronization. One can
also find an order parameter [2]

r(t) =~ X exp [ipp ®)]], 0

that quantifies the phase synchronization of the system. The closer the order parameter to
1, the better the synchronization. For aforementioned cases, the time average of (2) are
0.2, 0.3 and 0.99.

Jnc, € 5,5.05] - 10 Afem®, k=0 Jpe, € [5.5.05] - 10° Afem®, k = 5.78 107" jpe, €[5.5.2] - 10% Ajem?, £ =5.78- 107"

150 — 2
145 -—

t,ns 140 e ——— T Pk
135 ——————————————
130 2 -

Flg 1 Phase dynamics of 10 coupled through a common NM Iayer AFMs.
This work was supported by the state assignment of the Kotelnikov Institute of Radio
Engineering and Electronics (FFWZ-2022-0015).
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BPOT'OBCKHUE PE3OHAHCHI B
MYJIbBTHO®EPPOUJTHOU CTPYKTYPE YIG/HZO

M.A. Mopo3osa'*, O.B. Marseen!, A.M. Mapkees?
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OnHa W3  albTEpHATUBHBIX KOHLENLIMM MO IPEOAOJEHUI0 OrpaHUYEHUM,
HaknaapBaeMbix crangaptHoii KMOII s1eKTpoHUKOH, JTeKUT B 00JIACTH MarHOHHKH,
OCHOBHOM TPUHLHUII KOTOPBIA 3aKJIIOYAETCS B HCIIOJIB30BAHUU CIIMHOBBIX BOJIH HWJIHU
MarHoOHOB BMECTO DJIEKTPOHOB B KaudecTBe Hocutenedd uHpopmanuu [1]. OmgHako,
HauboJee MepCreKTUBHBIM SBIISETCS MCIOJB30BaHUE MYJIbTU(HEPPOUIHBIX MATEPUATIOB,
CBOMCTBAMH CIIMHOBBIX BOJIH B KOTOPBIX MOKHO YIPABIATH HE TOJIBKO C MOMOIIBIO
MarHUTHOTO, HO U JJekTpuyeckoro mons [2]. OnxHuM wu3 Haumbojee IIMPOKO
pacrpoCTpaHEHHBIX MaTepUAIOB, B KOTOPOM BO3MOKHO PacHpOCTpaHEHUE CIHUHOBBIX
BOJIH, SIBIISE€TCS (peppOMarHUTHas IUIEHKa kene3o-uTtpueBoro rpanara (YIG) [1], u
OJIHUM U3 TEPCIEKTHUBHBIX CETHETOAICKTPUUYECKUX MATEpPUAJIOB B HACTOSIIEE BpPEMsI
SIBJISIETCSI OKCHTHBIM CETHETOIJIEKTPHUK Ha OCHOBE OKcuaa raduus [3].

B pabore BBISBICHBI THCTEPE3UC U TIEPECTPOHKA YaCTOTHI 3alPEHICHHBIX 30H
(monoc HempomyckaHHsl B CIEKTPE CIHWHOBBIX BOJIH) B MHOTOCIOMHON CTPYKType
YIG/TiN/HZO/TiN (xene30-UTTpUEBBIN TpaHaT I'paHaT/HUTPU THTaHA/OKCU] TadHuUs-
nupKoHus/HUTpUA TuTana, 100 aM/20 am/10 HM/20 HM) ¢ IEpUOINYECKOM MOYTSIUEH
ToNmuHbL. J[aHHAs CTPYKTypa co3JaHa C MCIOJIb30BAaHUEM KUIKO(DA3HOM SMHUTAKCUU
mwieHkd YIG u aromHo-ciioeBoro ocaxkaeHus mieHok TiN m HZO, 4uto mo3Boiaser
3¢ (heKTHBHO KOMOMHHUPOBATH CJIOM U TIO3BOJSET COXPAaHUTh (PEPPOMArHUTHBIE H
CEerHETORJICKTPUYECKUE  CBOMCTBA  Kaxkaoro  cios.  [lomydeHHass — CTpyKTypa
JEMOHCTPHUPYET B3aUMOJECHCTBUE MArHUTHOM M CErHETORJIEKTPUUYECKON MOJICHUCTEM.
PazpaboranHass TEXHOJIOTHSI CO3JaHUS KaHABOK Ha TOBEPXHOCTH JIETAeT TaKylo
KOHCTPYKIIHIO OpATTOBCKOI OTpakarolei pereTKou.

B pabore mnokaszano, uro cioii HZO B cocraBe MHOTIOCIOWHON CTPYKTYpHI
JEMOHCTPHUPYET CBOMCTBO THUCTEpe3Nca, JBYXYpPOBHEBOe cocTossHHE U d(hdexT
npoOyxaenus. B cnoe YIG Ob110 00HapyKeHO paclpoCTpaHEHHE CIUHOBBIX BOJH. B
MoJioce BO30YK/IEHUs CIIMHOBBIX BOJIH HAOMIOAAETCsl OpITTOBCKAas 3ampeleHHas 30Ha.
[Tono>keHne 3anpemieHHoN 30HbI 3aBUCUT OT HampsbkeHus (nmonspusauus HZO); npu
M3MEHEHUU HANpsHKEHUs] MPOUCXOIUT TMEPECTPOiKa 4YacTOThl; HANpaBICEHHUE CIBUTA
3alpeIICeHHON 30HBI B DJIGKTPHUYECKOM TIOJIE M3MEHSUIOCh TPU  KOIPIUTUBHOM
HANPSDKEHUHU. 3aBUCUMOCTD YaCTOTHI 30HBI OT HAMPSKEHUs UMeTia TUIl “0abouka’.

[IpakTrueckas 3HAUMMOCTh pe3yJibTaTa 3aKJI0YaeTCs B TOM, YTO THCTEpE3UCHAs
3aBUCUMOCTDH TIOJIOKEHUS 3alpEelIeHHON 30Hbl CHUMHOBBIX BOJIH OT MOJSpHU3ALUU
CErHETORJIEKTPUKA TO3BOJSIET HMCIOJB30BaTh TAaKYH CTPYKTYpY B KadeCTBE SUCHKH
MaMATH.

Hccneoosanue svinonneno 3a cuém epanma Poccuiickozo nayunozo ¢onoa (npoexm Ne
23-79-30027).
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BJIMAHUE JJOKAJIBHOM TEIIOBOM HEOJHOPOJHOCTH HA
CIIMHOBYIO HAKAYKY B CTPYKTYPE KUI'/Pt
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C nmomompro obOpaTHOro cnUHOBOTO 3¢ dekra Xojuia HCCISI0BAHO BIUSHUE
JIOKQJIbHOM ~ TEMJIOBOM HEOAHOPOJHOCTH HA CHMHOBYIO Hakadyky Oeryummu
IOBEPXHOCTHBIMM MarHutocrarndeckumu BosHamu (IIMCB) B MHKpOCTpyKTypax
JKUT'/Pt. Ins mpoBefeHHs] SKCIEPUMEHTOB HCIIOJIb30BallaCh MHUTAKCHANbHAS IUICHKA
xkene3zo-urtpuesoro rpanata (OKWI) rtommwmuaoi 42 MKM, HaMarHWYE€HHOCTHIO
Hacbimenus 4nMo=1750 I'c 1 AH=0.6 3. Ha nosepxnoctu mienku XHUI' meromamu
MarHeTpOHHOTI'0 paclbUIeHUs, (POTOIUTOrpa@uu U HOHHOTO TPaBJIEHUS N3TOTABINBAIKNCh
MeaHble MHUKpoaHTeHHBI (MA) ans Bo3Oyxaenus u npuema [IMCB, a Ttakxke Pt
MUKponojocku anuHod 190 u 230 MkM, mupuHOW 2.8 MKM, paclojOKEHHbIE Ha
paccTossHUM 2 MKM JApyr OT Jipyra MeXIy aHTeHHamHu. Paccrosuue wmexnay Pt
MHUKpOIIOJIOCKAMM M aHTEHHaMu cocTaBisuio 13 Mkm. W3rortoBineHHas cTpyKTypa
MOMEIANach MEXAY I[OJI0CAaMH 3JEKTPOMarHuTa TakKUM O0pa3oM, 4YTO BHEIIHEE
MarHutHoe nosie H=939 D Ob110 HampaBlieHO KacaTelIbHO K MTOBEPXHOCTH MapajlieIbHO
MA (reometpus Bo30Oyxnaenus [IMCB) u nepnenauxynspHo Pt mukpononockam. K MA
¢ nomo1pio CBY-30H10B NOJKIIIOYAIICS BEKTOPHBIN aHAIU3ATOP Leneil, KOTOPBIA TaKkxKe
BbIcTynan B kaudectBe uctouHumka CBY curnama. M3mepenus D/IC mpoBoAUIUCH C
IIOMOUIbIO CEJIEKTUBHOIO BOJIbTMETpa, KOTOPbIM MOAKIIOYaics K OAHOM u3 Pt
MHUKPOTIOJIOCOK (JETEKTHPYIOIIEH), B PEeXUME HUMITYJIbCHONH MOAYJSILIMM MEAHJIPOM C
gactotor 11.33 KI'u. [nsa cozmanus ¢ dexra T0KanbHOTO HarpeBa, yepes Apyryro Pt
MHUKPOIIOJIOCKY (MHKEKTHPYIOILYIO) MPOITycKajcs MOCTOSIHHBIN TOK 1=0+900 MKA.

B skcnepumente, yactotHast 3aBucumocts IJC U(F), 00ycroBieHHas CIHOBOMA
Hakaukoil 6erymumu [IMCB u3 XXKUI' B Pt, xapakrepuzoBanach AByMsl IMKaMHU BOJIU3HU
mmHHOBONTHOBOU  (fo) m  koportkoBonHoBo# (fs) rpanumm crexkrtpa IIMCB. Takas
3aBUCHUMOCTh COOTBETCTBOBAjJa pACIpPEAENECHUIO0 IUIOTHOCTH COCTOSHUM B CHEKTpE
I[IMCB n(f) [1], xapakTepusyromemycs cuHrysipocTsiMu Bom3u rpanut] fo u fs[2]. [Tpu
nporekanuu Toka 1=900 MKA dYepe3 HHKEKTUPYIOIIyl0 Pt MUKpomosocKy Habro1aIcs
cnBur 3aBucumoctu U(f) BHU3 mo wacrore Ha BenmuuuHy ~15 MI'II U yMeHbIICHHE
aMITUTY bl ATMHHOBOTHOBOTO Tika DJIC B =2.5 paza. Takoe moBenenue 3/1C MoxeT
OBITH CBSI3aHO C HEOJHOPOJHBIM JOKaNbHBIM HarpeBoM ruieHku JKUI', Bo3HHMKarOmmm
IpU MPOTEKaHWU TOCTOSHHOTO TOKAa 4Yepe3 HHXKEKTHpyrollylo Pt Mmukpomonocky.
JlokanbpHBIN HarpeB NPUBOJUT K CHUYKEHUIO HAMAarHMYEHHOCTU U CMEIIEHHUIO BHU3 I10
yacrtore cnekrpa [IMCB, pacnpocrtpanstomeiics B mienke JKUIT HemocpeacTBeHHO
BONIM3M eTekTHpyomeil Pt Mukpononocku, otHocutensHo cnektpa [IMCB B obnactu
mienku KU mox Bo3Oyxmaroreit MA. DTO TPHBOAUT K TOMY, YTO IUIOTHOCTH
COCTOSSHUM MAarHoHOB, Ha KOTOPBIX MOTYT pacCeMBaThbCsl DJIEKTPOHBI IIJIaTHHBI,
CHI)KAeTCs, YTO B CBOIO OYepelb MPHUBOJUT K OCIAOJEHUIO IPOILIECCOB BJIEKTPOH-
MarHOHHOT'O PacCestHUS U YMEHBIIEHUIO aMIUIUTY bl JJIMHHOBOJIHOBOTO nuka J/[C.

B tom cnyuae, korga 1=0, HamaranueHHOCTH B oOnacTsax tuieHku KU BOmm3u
nerektupytouiei Pt Mukpononocku u nogq MA onunakosast, u ciektp [IMCB no mepe
ee pacmpoctpanenus B 1ieHke JKUI He wmensiercs. Takum 00pa3om, TUIOTHOCTh
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cocrossHuii MarHoHOB B crektpe IIMCB u 3ddeKkTuBHOCTh MPOIECCOB 3IIEKTPOH-
MarHOHHOTO PacCesHUsI HE YMEHBILIAIOTCS.
Paboma noooeporcana epanmom PHD 22-19-00500.
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ULTRAFAST MAGNETO-OPTICAL PHENOMENA
IN MAGNETIC SEMICONDUCTORS EuX (X =Te, Se, O)
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pavlov@mail.ioffe.ru

Ultrafast phenomena related to the control and manipulation of electronic and spin
states are in the focus of modern research in the field of physics of magnetism, magnonics
and spintronics. This activity is motivated by new experiments on ultrafast magnetic
phenomena, revealing new fundamentally important mechanisms of electronic, spin and
orbital dynamics occurring on femto- and picosecond time scales. On the other hand, the
new results open up potential opportunities for the creation of high-speed
magnetoelectronic and magneto-optical devices. In this report, the hierarchy of time for
various physical processes will be considered — from the fastest nonlinear coherent
processes to the slower ones associated with the dynamics of magnetization.

Europium chalcogenides EuX (X = Te, Se, O) possess unique physical properties
determined by the electronic structure (see Fig. 1). Spectroscopy of the centrosymmetric
magnetic semiconductors EuTe and EuSe reveals spin-induced optical second harmonic
generation in the band gap vicinity at 2.1-2.4 eV [1]. The second harmonic arises due to
a nonlinear optical susceptibility caused by the magnetic dipole contribution combined
with induced magnetization. Application of external magnetic field up to 6 T results in
crossover from the inverse Faraday effect taking place on the femtosecond time scale to
the optical orientation phenomenon with an evolution in the picosecond time domain in
EuTe near the absorption band gap [1]. The pump-probe technique demonstrates the
femtosecond optical orientation as a triggering mechanism of magnetization precession
in EuO-based ferromagnets (see Fig. 1) [2].
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Fig.1. (a) E-k energy band diagram; (b) optical excitation of 4f'5d° — 4f55d electronic
transition; (c) two-color pump-probe technique for magnetization precession
measurements; (d) optically induced magnetization precession in EuO [2].

This work was supported by the Russian Science Foundation (grant no. 24-12-00348).
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MAGNETIC EXCITATIONS AND MAGNON-PHONON INTERACTION
IN THE ANTIFERROMAGNETIC CoF2

R.M. Dubrovin!, K.N. Boldyrev?, R.V. Pisarev”
Yloffe Institute, Russian Academy of Sciences, St. Petersburg 194021, Russia
2Institute of spectroscopy, Russian Academy of Sciences, Moscow 108840, Russia
“pisarev@mail.ioffe.ru

Antiferromagnetic CoF> with a tetragonal crystal structure (space group P4>/mnm,
Z = 2) attracts a lot of attention during several decades due to its ground state 3d’ (S =
3/2) that is split by the strong spin-orbit interaction, see, e.g. recent publication [1,2] and
Refs. therein. In this talk, we report results on magnetic and phonon excitations and
interaction between them. Results were obtained using a high-resolution infrared Fourier
spectrometer on oriented single crystals of CoF,. The study was performed in the spectral
range 30-650 cm™ and in the temperature range from 5 to 650 K below and above the
Neel temperature Ty = 39 K.

Low temperature data at T = 5 K are shown in Fig. 1 for the two main polarizations,
E|la and E||c, of the transmitted (T) and reflected (R) light. The both spectra are highly
polarized and this allows the reliable distinguishing between magnonic and phononic
excitations. One (M) and two (2M) magnon excitations are observed in transmitted light
for E||c. Besides these collective magnetic modes, another mode Mex is observed at the
wave number 209 cm™* which can be attributed to single ion transition between the ground
and the first spin-orbital state of the multiplet.

Below Tn we observed significant phonon-magnon coupling between magnons and
phonons, predominantly when quadratic coupling contribution attains substantial
magnitude, in particular for the Aig mode and to a lesser degree for the Bog mode.

T Ena Hic

R Ella Hilc
R Ellc Hia

Intensity (arb. units)

. 10 IR Ellg HHIC ]
200 300 100 200 300
Wavenumber (cm™)

100
Fig. 1. Transmission (T) and reflection (R) spectra of CoF, at T=5 K
for the light polarizations E|ja and E||c. M, 2M and Mex mark magnetic excitations.
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IHHOJABJIEHUE OBMEHHBIX CIIMHOBBIX BOJIH B IIVIEHKE C
YACTUYHBIM MAT'HUTHBIM ITIOKPBITUEM

B./L. IloiimanoB
WNHetuTyT cunTeTMUECKUX NoauMepHbIX MaTepuanoB uM. H.C, Ennkononosa PAH
v.poymanov@ispm.ru

B Hacrosiee BpeMsi HMCIOJIB30BAHHME YCTPOMCTB TEpareplieBOro auamna3zoHa B
MAarHOHHUKE MPEACTABIACTCS HeAaleKoW mepcrnekTuBol [1]. MarHoHbl C BBICOKUMH
SHEPTUSMH, MPUHAUIeKAIUE OOMEHHOMY Auana3zoHy JuimH BoiaH (OCB), Moryt ObITh
MOJIyYeHbl, HaNpuMep, MpH aHTHUPEPPOMAarHUTHBIX KoiebaHusx. B a3Toil cBs3m
AKTyJIM3UPYIOTCS UCCIICIOBAHUS B 00JIACTH YIIPABICHUSI CHTHAIAMH, TICPEIaBACMBIMU C
MOMOIIbI0 OOMEHHBIX CITMHOBBIX BOJIH.

Panee B [1] OblTu omucaHbl OCHOBHBIE MAarHOHHBIC JIOTMUECKHE MOMIYJIH, B
KOTOPBIX YIPABIAIOMIMNA DSIEMEHT B BHUIEC MArHUTHON IIOJIOCKM OPHEHTUPOBAH
NepHeHANKYISIPHO BOTHOBOAY. Kupanbhas cBs3bp Mexay CB, pacnpocTpaHsStomuMKCs B
00MEHHO- WJIH JUMOJbHOCBSI3aHHBIX IJICHKAX UM aHTEHHAX MOXET OBbITh UCIOJIh30BaHa
JUTSL yTIpaBJICHHSI aMIUATyAaMu W caBuroM ¢(asel CB B KHpalIbHBIX MarHOHHBIX
pe3oHaTopax [2].

[Ipu onmcanuu BOJHOBBIX MPOLIECCOB IpU pacnpocTpaneHnu CB cymecTBenHa
UX KHUPAJIbHOCTH, OIpPEAENSIoNias HampaBlIeHHE MpelecCud HamMarHu4eHHOCTH. Kak
clenyeT W3 ypaBHEHUS JAWHAMUKA HW30JUPOBAHHOTO MArHUTHOTO MOMEHTA, OHO
OJIHO3HAYHO OTpPEAENSeTCS BHEIIHUM MarHUTHBIM mojieM. OOMEeHHOe B3auMOJeicTBHE
MOJKET U3MEHHTH 3HaK d()(PEKTUBHOTO MO, U MPELECCUs] CTAHET aHTHIIAPMOPOBCKOM €
MHUMBIM BOJTHOBBIM UHCJIOM, a cOOTBeTCTBYIOIIas CB - 3BaHeclieHTHOI.

PaccmarpuBaercs ctpykTypa, COCTOSIIAs U3 TUICHKHA ¢ MArHUTHBIM ITOKPBITHEM C
yIpaBIsieMOl paBHOBECHOW HAaMarHMYEHHOCTBIO, pa3/IeJIEHHbIE TOHKOM HEMarHUTHOM
MPOCIIONKON. XapaKkTep MEXKCIOMHOTO OOMEHHOTO B3aMMOJICHCTBHS MOXKET OBITh Kak
beppOMarHuTHBIM, TaK WM AaHTU(PEPPOMATHUTHBIM B 3aBHCHMOCTH OT TOJIIUHBI
MPOCIONKU. DKCIIEPUMEHTATIbHBIE UCCIEOBAHUS C TAKUMH CTPYKTYpaMHu MOKa3bIBAIOT
CYIIECTBEHHYIO Pa3HUILY B aMILIUTYaX BOJIH, IPOXOIALINX Yepe3 00JacTh C MATHUTHBIM
nokpeiTieM [3]. CrnenoBarenbHO — MOI00HAS CTPYKTypa MOKET ObITh MCIOJIb30BaHA B
Ka4yecTBE MAarHOHHOTO BeHTHJIA [1].

i Magpnetic stripe ]
l— I

Puc. 1. 'eometpus 3anauu.

Hab6mromaemoe paznuuue B aMIUTUTYAaX MOKHO OOBSCHUTH aHTHUIIAPMOPOBCKUM
XapakTepoOM MpPEIeCCMd HAMAarHMYE€HHOCTH B IUleHKe. CieayeT OTMETUTh, YTO 3THU
pCSYJ'ILTaTI)I OCTAaKTCA CHpaBelIJ'II/IBI)IMI/I UB cnyqae 60.]'[66 JJIMHHBIX O6MCHHO)II/IHOJ'II)HI)IX
BOJIH.
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STRUCTURE IMPLICATIONS ON MAGNET CHARACTERISTICS OF
Pt/Co/MgO and WTe2/Pt/Co/MgO FILMS

A.V. Prikhodchenko!, M.A. Kuznetsova?, A.V. Ognev?, I. Wang? and A.G. Kozlov!
'Far Eastern Federal University
2Dalian University of Technology
prikhodchenko.av@dvfu.ru

In our work, we investigated the influence of the structure of Pt/Co/MgO and
WTe,/Pt/Co/MgO thin films on the magnetic properties. The objects of the study were
two series of samples in which the platinum thickness was varied: SiO2/Pt(2-10
nm)/Co(0.9 nm)/MgO(2 nm)/SiO2(4 nm) and SiO2/WTe2(7 nm)/Pt(0-10 nm)/Co(0.9
nm)/MgO(2 nm)/SiO2(4 nm) obtained by magnetron sputtering on SiO- substrate. The
magnetic parameters were investigated based on magnetic hysteresis loops using a
vibromagnetometer (7410 VSM, LakeShore) in the directions of the external magnetic
field in and out of the plane of the film. The thickness values of the film layers were
recorded using a quartz thickness meter during sputtering and further refined after
structure formation by X-ray reflectometry using a Colibri X-ray diffractometer. As a
result, the roughness of the interfaces and the material density were determined.

Comprehensive studies of the structure and basic magnetic properties of the films
have been carried out. The dependences of the investigated parameters on the thickness
of the platinum sublayer were plotted. It was found that the density of the platinum film
can vary up to 25% of the bulk density, which may be the result of structural relaxation
of the layer. All films of Pt/Co/MgO and WTe,/Pt/Co/MgO composition show
perpendicular magnetic anisotropy, the magnitude of which strongly depends on the
thickness of the platinum sublayer. Films grown on the telluride layer exhibit half the
coercivity compared to films without tungsten telluride. In both cases, the coercivity
increases by an order of magnitude with increasing platinum thickness up to 10 nm.
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Fig. 1. Dependence of effective anisotropy (a) and coercivity (b) on Pt layer thickness for
Pt/Co/MgO and WTe,/Pt/Co/MgO systems

The authors thank the Russian Ministry of Science and Higher Education for the state
task, Project No FZNS-2023-0012.
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N3MEPEHUE COIUHBOJIHOBOM JJUHAMMKH B I'EJTUKOUJAJTBHBIX
MATHETHUKAX METOJIOM MAJIOYTJIOBOI'O PACCESIHUS
HEWUTPOHOB

K.A. IImenuunpiiit”, C.B. I'puropnes’?
Y Memep6ypeckuii uncmumym soeproii gusuxu HHUL] «Kypuamoeckuti uncmumymy,
188300 I amuuna, Poccus
2Canxm-ITemepbypeckuii 2ocyoapcmeennuiil ynusepcumem, 198504 Canxm-
Ilemepoype, Poccus
“pshenichnyi_ka@pnpi.nrcki.ru

Coenuncans Fe1xCoxSi u Mnj—xFexSi sBistoTcss TBEpABIMH pPacTBOpPaMHU  C
KpUCTAJLIIMYECKOHN cTpyKTypoi B20. OTH coequHEeHNsI MAarHUTHO YIIOPSII0UMBAETCS HUKE
Tc B CIMHOBYIO CHHPAIBLHYIO CTPYKTYPY C MaJlbiM BEKTOpOM pactpoctpanenus K [1,2].
[To ananoruu ¢ MarHuTHOM cTpykTypoir MnSi u FeGe criuHoBast criupaiib HHIYUPYETCsI
AHTUCHMMETPUYHBIM OOMEHHBIM B3auMozcicTBueM JI3smommHckoro-Mopus (M),
00yCIIOBJIEHHBIM OTCYTCTBUEM LIEHTPA CAMMETPUH B PACTIONOKEHUH MAarHUTHBIX aTOMOB
)elne3a M kobaneTa (Monens baka-Hencena) [3]. CornacHo 3TOi MOIENH CIIMPAbHbIIL
MOPSIOK  CTa0WIHM3UpyeTcsT 3a CYET OOBIYHOTO OOMEHHOTO B3aMMOJICHCTBUS H
B3auMoecTBus JI3amommnHckoro-Mopust pu 3TOM BOJIHOBOM BEKTOP OIPEIEISIETCS
kak K = SD/A, rie A— xEcTKOCTh CIIMHOBBIX BOJH, D — k03 dhurreHT B3anMoieiicTBusI
Jzanomuuckoro-Mopus.  C NpUIOKEHHEM  MAarHMUTHOTO 1ol opMuUpyeTcs
OJIHO/IOMEHHasi KOHMYECKas CTPYKTypa, KOTOpas OcCTaeTrcs CTaOMJIbHOM BIUIOTH [0
KpUTHYECKOro moisi Hcz, KOrga MpOUCXOTUT MEpexo]] U3 KOHHYECKOrO COCTOSHUS B
dbeppomarautHoe, Ipu 5ToM guBH = AK? [4].

MeToa0M MajoyrioBOrO paccesHUs MOJIIPU30BAaHHBIX HEUTPOHOB HaMH OBLIU
HKCIIEPUMEHTAJIbHO M3MEPEHbl TaKHe MapaMeTpbl MarHUTHOM CHUCTEMBI KaK BOJIHOBOM
BeKTOp criupanu K, kputuueckoe moje HC2 , U 5KeCTKOCTh CIIMHOBBIX BOJH B IIHPOKOM
TEMIIEpaTypHOM Juana3oHe B coeaunenusx Mnl—x FexSi ¢ x =0.0, 0.03, 0.06, 0.09
[5,6], FeixCoxSi ¢ x = 0.25, 0.30, 0.50 [7], wu coemunenuu Cu0SeOsz [8].
DKCIIEPUMEHTHI MOKA3aId, YTo Mojelh baka-MleHceHa HAa KOJMYECTBEHHOM yPOBHE
XOpOILLIO OIHKCHIBAET XapaKTEPHbIE IapaMeTpbl CHUCTEMBI BO BCEM TEMIIEPATypHOM
nuana3one oT 0 10 KpUTHUECKOH TeMIepaTypsl 1 c.
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INVESTIGATION OF SPIN WAVE DISPERSION IN MULTILAYER
FERROMAGNETIC STRUCTURES WITH PERIODIC METALLIC SCREEN

A.S. Ptashenko™, S.A. Odintsov, A.V. Sadovnikov
Saratov State University
“andrey.po3@mail.ru

This study investigates the influence of the configuration of multilayer
ferromagnetic films on the behavior of spin waves. The focus of the research is on
creating magnonic crystals (MC) with the ability to effectively control and manipulate
the flow of spin waves (SW) over a wide frequency range[1, 2].

The investigated structure consists of a bilayer ferromagnetic film with a periodic
copper overlay. The films have different thicknesses d,=9um, di=7um with different
saturation magnetizations M1=904Gs, M>=1738Gs, enabling the study of various modes
of spin wave propagation. The waveguide was placed in a uniform external magnetic field
Ho=6700e oriented perpendicular to the propagation of SW in the waveguide plane for
effective excitation of surface magnetostatic waves (SMSW)[3]. For numerical modeling
and calculations, the highly efficient tool of full-wave modeling, the High-Frequency
Structure Simulator (HFSS), is used. HFSS solves Maxwell's equations based on the
Polder permeability tensor and applies the finite element method (FEM) to solve three-
dimensional and two-dimensional electrodynamics problems[4].

Based on the results of numerical modeling, it can be concluded that there is a signal
in the two-frequency ranges. With the addition of a periodic copper overlay to the system,
forbidden signal propagation zones are formed in the high-frequency region,
corresponding to Bragg forbidden bands.

Terminal I 5 Paramet ter Plot 1

Fig.1. Dispersion characteristics of spin waves.

The obtained results confirm the potential of multilayer ferromagnetic films for creating
devices with controllable SW characteristics. This opens up prospects for the development of new
technologies in the field of spintronics.

This work was supported by the grant from Russian Science Foundation (Ne 23-79-
30027).
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MAGNETIC SUSCEPTIBILITY OF FRUSTRATED Yb2Ti207
NANOCOMPOSITE

A.B. Rinkevich*, O.V. Nemytova, D.V. Perov
M N Miheev Institute of Metal Physics of Ural Branch of Russian Academy of Sciences
*rin@imp.uran.ru

In recent years, the magnetic properties of rare earth titanates with the pyrochlore
structure have been studied very intensively. Their chemical composition is expressed by
the formula R2Ti2O7, where R is a trivalent rare earth metal ion. A method of neutron
scattering allowed one to find that the ground magnetic state of Yb,Ti2O7 is a “splayed
ferromagnet. In this case, the magnetic moments of the Yb®* ions, located at the vertices
of the tetrahedral, are directed outside this tetrahedron, in contrast to the rule “two spins
in — two spins out” typical for “spin ice* [1].

The work is devoted to the investigation of the magnetic properties of the
nanocomposite with Yb,Ti.Oy titanate particles. Opal matrices were chosen as a base for
the preparation of the nanocomposites. These are structures of amorphous silicon dioxide-
based submicron spheres from 200 to 350 nm in diameter [2].

The magnetization curves and temperature dependences of the susceptibility were
measured. Figure 1b shows the temperature dependence of the inverse susceptibility for
the bulk sample pressed from ytterbium titanate powder.
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Fig. 1. Temperature dependences of the inverse magnetic susceptibility: (a) for the
nanocomposite sample, measured in the field of 3 kOe; (b) for the bulk sample, measured in the

field of 0.3 kOe

One can see that the Curie-Weiss law for the bulk titanate is approximately fulfilled
in the temperature range from 2 to 12 K. The Curie-Weiss temperature value 6., ~ 0.7

K is comparable to the one known from the literature [3]. In contrast to the bulk titanate,
for nanocomposite samples, there are very pronounced deviations from the Curie-Weiss
law even upon measurement in the fields of 3 kOe (Figure 1a). The dependences
measured during cooling and heating almost coincide, so there is no temperature
hysteresis in the susceptibility.

The AC susceptibility of the nanocomposite was explored in the frequency range
from 10 Hz to 10 kHz. The frequency dependence of the real part of the complex magnetic
susceptibility is found to satisfy a two-oscillator model described in the framework of
Cole-Cole formalism [4]. One-oscillator model well describes experimentally obtained
frequency dependences of the AC susceptibility only in the frequency range from 800 Hz
to 10 kHz, whereas two-oscillator model well describes these dependences in a whole
frequency range from 10 Hz to 10 kHz (Figure 2a).

P-40


mailto:*rin@imp.uran.ru

Spin Waves 2024, 26-29 August, Saratov, Russia

035
45 T=4K ) : FmlaE m
| Experiment o030k Theary .
03304 —— Theary =z, E—_-.._.}.'==h
] : o sk speriment
...... Theary = £ T=2K
. 03334 ey o 030l
F— T asp T
0320 n Pt
T 0.10 [ Theory
03154 — . T=1K
- 0.05 | Experment
| —r—y, F= 10K
0310 . , 0.00 L _- . L |
10 100 1000 100 0 5 10 15 20 25 E
f(Hz) H(k0e)

Fig. 2. Results of fitting of the frequency dependency — (a) and the field dependences — (b) of
the real part of the AC susceptibility for the nanocomposite with the ytterbium particles

The spin relaxation times corresponding to these oscillators are determined. At the
temperature of 4 K, these values are equal: [11 = 3.44*10° s and [, = 3.85*103 s. The
fact that at T = 4 and 10 K two relaxation times are required to describe the frequency
dependence of the AC susceptibility indicates that these relaxation processes are not
related to the spin ice state. In the fields up to 30 kOe, the magnetic field dependence of
the real part of the complex magnetic susceptibility of the nanocomposite was measured
(Figure 2b). The field dependence of the AC susceptibility is found to be described by the
modified Cole-Cole formula [5]. The characteristic field Hr upon which the real part of
the susceptibility decreases by a factor of 2 compared to the value at H = 0 is calculated.
At the temperature T=4 K, the value of the field H, turned out to be 17 kQOe, and at the
temperature T=10 K — H; =64 kOe. Therefore, the characteristic field of this dependence
increases while increasing the temperature.

In general, considering the run of the magnetization curves, the temperature
dependences of the DC susceptibility, and the frequency dependence of the AC
susceptibility, we can conclude that the studied magnetic properties of nanocomposite
ytterbium titanate do not provide arguments in favor of the existence of quantum spin ice
in this composite at low temperatures. Taking into account the results of [6], they are
rather consistent with the idea of a nanocomposite in which magnetic ordering close to
ferromagnetic is realized.

The work was supported by Russian Science Foundation [grant No. 24-22- 00023].
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MICROWAVE PROPERTIES OF 3D FERROMAGNETIC
NANOCOMPOSITES Fe/EPOXY WITH PARTICLE CLUSTERING
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M.N. Miheev Institute of Metal Physics UB RAS, Ekaterinburg
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Synthesis of nanocomposites consisting of metal nanoparticles immersed in a
polymer matrix has become a significant active field due to their physical properties
attractive for applications. The interest in creating composites containing ferromagnetic
metal particles in a dielectric matrix is mainly due to their use as radio-absorbing
materials to reduce the reflection of microwave radiation, as well as, in connection with
the prospects for the development of 6G communications, to shield mobile device blocks
from spurious signals.

To create such composites with specified properties, as well as to correctly interpret
the results of experimental studies, it is necessary to use an adequate theoretical model
that determines the dynamic ferromagnetic parameters of these materials in the
microwave range. The authors have proposed to determine the tensor of the complex

magnetic permeability ﬁm of three-dimensional nanocomposite media containing

ferromagnetic particles of various shapes and spatial orientation using the following
relations [1,2]

i" =(1-6,)1+8,ji(L). (1)

L=(1-6,)N, ©)
where 0, is the volume fraction of the ferromagnetic substance in a nanocomposite, i is

the unit tensor, W is the Polder tensor for a ferromagnetic particle in the form of an
arbitrary ellipsoid, N is the demagnetizing tensor for a solitary particle of a given shape
and spatial orientation, L is the effective demagnetizing tensor for the particle that takes
into account the presence of other particles in the medium.

The formulas (1), (2) correspond to a hypothetical composite medium in which all
particles have the same ellipsoidal shape and are equally oriented relative to the direction
of the magnetization field. If some composite medium contains particles of different
shapes and/or spatial orientation, then each of them has its own tensor N , and therefore
the corresponding tensor L .

Using the theory, the field dependences of the transmission and reflection
coefficients, as well as the dissipation of microwaves in a wide range of microwave
frequencies and ferromagnetic phase concentrations for particles of various shapes are
obtained. In particular, the absorption of microwaves by a composite containing spherical
iron nanoparticles has been considered, with special attention paid to absorption in weak
magnetic fields [3]. The field dependences of the transmission, reflection and dissipation
coefficients have been experimentally investigated in [4], where a satisfactory, but not
complete correspondence between theory and experiment has been established. A
possible reason for the discrepancies between the theory and the experimental results may
be the presence of clusters of nanoparticles in the composite. This work shows that this
assumption is correct. A further development of the theory described above is to take into
account the influence of particle aggregates (clusters) on the microwave characteristics
of composite media.
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Based on electron microscopy data, it is found that the composite materials under
consideration consist of individual spherical iron particles, aggregates of particles in the
form of ellipsoids of several microns in size, as well as chains of spherical particles.
Taking into account the shape and spatial orientation of aggregates and chains, as well as
their demagnetizing factors, the permanent magnetic fields acting on all ferromagnetic
components of the composite are determined. It turns out that the magnetic field inside
the clusters differs from the average magnetic field in the sample depending on the
demagnetization tensors of the clusters and their average magnetization.
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Fig.1. Dissipation characteristics for the 3D ferromagnetic nanocomposites Fe/epoxy. The

frequencies are 26 GHz (left) and 29 GHz (right); t9v =0.02.

Fig. 1 shows the results of experimental measurements of the field dependences of
the dissipation coefficients for composites with a volume fraction of the ferromagnetic
phase equal to 0.02, in comparison with the results of theoretical calculations. Here the
dotted lines are for the experimental data; the solid lines with filled circles correspond the
theory that takes into account clusters and non-spherical particles; the solid lines with
open circles are for the theory that assumes that all particles are spherical.

In the calculations assumed that 10% of ferromagnetic particles form chains, which
were considered as the ellipsoids with the axis ratio of 1:1:7, and 40% are the isolated
spherical particles. In addition, the remaining 50% of the particles form clusters in the
form of ellipsoids with an axis ratio of 3:3:1. Next, the magnetic permeability tensor was
averaged over all possible spatial orientations of non-spherical particles

It is obvious that taking into account the clustering of the particles makes it possible
to obtain a much better agreement of the theoretical results with the experimental data.

The results were obtained within the state assignment of Ministry of Science and
Education of Russia (themes “Magnet” No 122021000034-9, “Spin”” No 22021000036-
3 and “Function” No 122021000035-6).
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NON RECIPROCAL PROPAGATION OF SPIN WAVES IN A METAL-
COATED YIG ADJACENT STRIPES

S.A. Odintsov”, A.S. Ptashenko, A.V. Sadovnikov
Saratov State University
*odinoff@gmail.com

Studies of spin pulse transfer in planar and multilayer magnetic structures allow us
to say that spin waves (SWs) can be used as information carriers in low-energy computing
devices [1,2]. In addition, the non-reciprocal properties of SWs have been exploited in
spintronic devices such as diodes, insulators, gyrators and circulators [3]. Improving the
non-reciprocal amplitude ratio of differently directed CWs can benefit CW devices such
as diodes and insulators.

A schematic representation of the investigated system is shown in Fig. 1 (a) Two
yttrium-iron-garnet (YIG) lateral waveguides S1 and S2 (length 8 mm, width um and
thickness 10 um) are arranged laterally parallel to each other with a gap on a gadolinium-
gallium-garnet (GGG) substrate. The metal layer is placed over the lateral structure with
an air gap. For the microwave measurements, 30 pm wide microstrip antennas, marked
in red, were used in the input and output sections of the waveguides. The distance between
the input and output transducers was 5 mm. An external magnetic field of H = 1200 E
was applied along the x-axis. The results of the microwave measurements are shown in
Figure 1(b).

Experimental and computational calculations show that by changing the direction
of the magnetic field, one can improve the efficiency of non-reciprocal SW propagation
in the proportional distribution of YIG waves with a metallic layer over the coupling
structure. Thus, a coupled system with an overlying metal layer has the effect of effective
non-reciprocal SW propagation. In such a system, it is possible to implement a simple
method to control the non-reciprocal propagation of spin waves using geometry and an
equilibrium configuration.
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Fig.1. Schematic image of the investigated structure (a); Transmission of SW through the
first stripe S1 measured with VNA

This work was supported by RNF (#20-79-10191).
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DOMAIN STRUCTURE OF EPITAXIAL SUPERLATTICES Pd/Co/CoO

A.F. Shishelov”, N.N. Chernousov,
A.A. Turpak, M.A. Kuznetsova and A.G. Kozlov
Far Eastern Federal University
“shishelov.af@students.dvfu.ru

Magnetic superlattices Si(111)/Cu/[Pd/Co/Co0O]n/Pd grown by molecular beam
epitaxy in an ultrahigh vacuum with number of layer, n from 1 to 11 were studied. With
the growth of metallic layers on top of the oxide at n > 2, the epitaxial orientation of the
layers is preserved, although the crystallographic order is somewhat disturbed due to the
oxide layers.

An increase in the number of repetitions leads to a change in the shape of the domain
structure from wide domains with smooth domain walls to a labyrinthine structure, which
Is associated with the appearance of magnetostatic energy of interlayer exchange, which
contributes to the closure of the magnetic flux.

It is shown that in systems characterized by a labyrinth domain structure with a
small number of layers, it is possible to modify the domain structure by the action of a
magnetic probe in combination with a magnetic field. For Si(111)/Cu/[Pd/Co/C0o0]-/Pd,
in the absence of an additional applied field, it is possible to form bubble domains smaller
than 300 nm using a magnetic probe.
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Fig. 1 — MFM-image of the domain structure of the film Si(111)/Cu/[Pd/Co/Co0]-/Pd
obtained with the power of MFM: (a) in the residual state, (b) after passing in semi-contact
mode with a step along the vertical axis of 500 nm with a magnetic probe, (c) after passing in
semi-contact mode with a step along the horizontal axis of 500 nm without additional external
field.

This work was supported by the Russian Ministry of Science and Higher Education for
the state task, Project No. FZNS-2023-0012.
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OBPATHBIN CIIMHOBBINA DOPEKT XOJLIA
B CTPYKTYPE )KHUI — IINIATUHA HA OCHOBE IIJIEHKH KU
C IOHNKEHHON HAMATHMYEHHOCTBIO HACBHIIIIEHUS

M.E. Ceaesnes’?, 10.B. Hukyaun'?, C.JI. Boicoukmnii'?, F0.B. Xupunnes'?, A.B.
Koxesuukos?’, B.K. Caxapos!?, 10.A. ®uiumonos'?
LCoUPd um. B.A. Komenvnuxosa PAH
2 CHul'Y um. H.I'. Yepuuviuescrkozo
“mixanich94@mail.com

OOpatueiii  cnimHOBBIN 3dekt Xomra (OCOX) [1] B crpykTypax IUICHKA
xenesouttpueBoro rpanara (OKUI') — nnaTuHa akTUBHO HCCIEAYETCS B CBS3H C
MEPCIICKTHBAMH  TTOCTPOCHHUS JHEProdp(EeKTUBHON dSIEMEHTHOW 0a3bl MarHOHHOM
cnuHTpoHuku [2]. Ilpm mpoBeneHUM HKCIEPUMEHTOB OOBIYHO HCHOIB3YIOTCS
AMUTAKCUAIBHO BBIPAIICHHBIE HA TMOJJIOKKE U3 TaJ0JIMHUM-TaJUIMEBOTO TpaHara
kpuctauiorpapudeckoit opuentanuu (111) mnenkm JXKHWIT ¢ HaMarHUYEHHOCTHIO
Haceimenus 4ntM1=1750 I'c.

B nannoit pabote npencrasieHsl pe3ynbrarhl uccienopanus OCOX B cTpyKType
Ha OCHOBE BOJHOBOJA u3 IUIeHKH JjerupoBaHHoro JKHI'T ¢ HaMarHM4eHHOCTHIO
HacbleHus 4ntM2=550 I'c TonmuHoM 26 MKM € TJIOCKOCTHBIMU pazmepamu 5x10 MM, Ha
MOBEPXHOCTH KOTOPOTO C TIOMOINBI0 TEXHOJOTUW BaKyyMHOTO HANbUICHUS U
doronurorpaduu GopmMupoBanach NojJocka U3 MIATUHBI LIUPUHON 25 MKM, TOIIIUHOM 4
HM, JiinHoi 4 MM (R=8 kOwMm), opueHTHpOBaHHAs B/10JIb JJIMHHOW CTOPOHBI BOJHOBO/A.
Breminee nocTostHHOe MarHuTHOE noJie H mpukiiaapiBanoch KacaTeabHO K TOBEPXHOCTH
CTPYKTYpbI TEPHEHANKYJSIPHO JJIMHHOM CTOPOHE BOJHOBOJIA, YTO COOTBETCTBOBAIIO
TEOMETPUH TMOBEPXHOCTHBIX MarHuToctatudyeckux BonH (IIMCB) [3], kortopbie
BO30Y)KJAJIUCh ¥ TPHHUMAINCH MUKPOIIOJIOCKOBEIMH aHTEHHAMH MHPUHOW 40 MKM.
PaccTrossHne mexay aHTEHHaMu pPaBHSUIOCH 7/ MM. PerucrpupoBaiiCh YacCTOTHBIE
3aBUCHMOCTH K03 durmenta nepenaun makera Sio(f) m renepupyemoii Ha mosocke
matuael DJIC U.

Crnenyer OoTMETHTBh, 4TO B 3KcriepuMeHTax ¢ miueHkamu JKUI Bennuuna nons H
OOBIYHO BBIOMpAETCS JIOCTATOYHO OOJBIION JJIE TOro, 4YTOOBI 00JaCTh YaCTOT
Habmonenuss [IMCB He momagana B o0macte TpexMarHoHHbix (3M) mporeccos [3],
MOCKOJIBKY MpHU 3ToM MomHOCTh [IMCB orpanuumuBaeTcsi, 4T0 NPUBOJUT K CHUKEHUIO

peructpupyemoii 3JIC. Ha pucynke la mpuBeaeHbl pacCUMTaHHbIE 3aBUCHUMOCTHU OT
fmi2
2
TPaHUYHBIX fo = y\/H (H +4mM, 5y (manmu 2, 4) gacror [IMCB [3] nna XUD ¢
HaMarHU4YEeHHOCTAMU HackleHus 4nM12=1750 I'c u 550 I'c, COOTBETCTBEHHO, fi,1, =

BeIMYMHBI 1oasd H BepxHuX rpaHmuHbIX fg1, = fy + (muuum 1, 3) ¥ HIKHAX

y4nM,,, fuy =vH,y = 2.8 % Buano, yto B nnanasone, Harpumep, 300 — 500 O, nmna

ieHku ¢ 4nM;1 Bes monoca Haomogenus [IIMCB B o6nactu yactoT 2 — 4 I'T'1it HaxoguTces
B obnmactu 3M pacnagoB (Bbime, yem uactotra f = 2yH (kpuBas 5 Ha PHUCYHKeE)).
UyscTBUTeNbHOCTE S=U/Pycs B 3TOM citydae He mpessimaer 10 B/Br [4]. (Benuunna
Puce OIIpenensiiachk MO pa3HULE YPOBHEH OTpakeHHBIX OT BXojaHOW aHTeHHBI [IMCB
MOIIHOCTEH ISl BeTMYHMHBI ot H1, oTBevaromiel ycioBusM SKcriepumMenTa, u H>>Hj).
B To xe Bpems, i nneHku € 4nM2 IIMCB B 3ToM nHTEpBalie MOJEH HE MOABEPKEHA
3M pacmazam (cM. puc. 1a), mpn 3ToM 4yBCTBHTENBHOCTH S coctaBmna S~10° B/BT, uto
10 NOPSJKY BETUYHUHBI COIIOCTAaBUMO C pe3yJsibTataMu Juisl IieHoK ynctoro XXUI'. Takum
00pa3oMm, ¢ MOMOIIIbIO OBBIIIEHUS BXOAHON MOIIIHOCTH MOKHO O0ECIEUNTh JOCTUKEHHE
BBICOKUX ypoBHel reHepupyemoit I1C.
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Ha pucynke 10 mpuBeneHBI YaCTOTHBIE 3aBHUCUMOCTH KO3 QUIMEHTa Mepesadn
MakeTa ¢ ucciaenoBanHoi ctpykrypoi Sio(f) (uepnas muuus) u DJIC (kpacHast JTHHUS)
npu H=440 D. Ormerum, uto Bua 3aBucumoctd U(f) He comepHUT THIMUYHOTO s
CTPYKTYp, HUCHOJB3YIOUMX HejerupoBanuble IuieHku JKUI, spko BbIpaKeHHOTO
makcumyma DJIC BOMM3HM NIMHHOBOIHOBOHM (HM3KOYACTOTHOW) TpaHUIBI f, 00JacTh
nabmronenuss [IMCB. Opnoit u3 npuumH Takoit 3aBucumoctu U(f) mMoxker sBasThCs
HEOJHOPOAHOCTh MAarHUTHBIX MAPAMETPOB IUICHKU MO TOJIIIUHE, MPUBOAAIIEE K POCTY
rubpuanzanuu aunoiasHoi [IMCB ¢ oOMeHHBIMU MOJaMu CTPYKTYpHI [5,6]. Ilpu aTom
13-32 BBICOKOH 3()(DeKTHBHOCTH PACCESTHUSI DJIEKTPOHOB HA OOMEHHBIX CTUHOBBIX BOJIHAX
BenmunHa JJIC Ha yacrorax f > f, pacter.

Slz’ b (6) U, MxB
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Puc. 1. a) 3aBUCHMOCTH OT BEJTMUYUHBI 1107151 H BepXHUX TpaHuuHbIX (JTUHUH 1, 3) U HIDKHUX
rpannuHbIX (muHuM 2, 4) yactot [IMCB pst )KUID ¢ HaMarHn4eHHOCTSIMU HACHIIICHUS
4nM1,2=1750 I'c u 550 I'c, COOTBETCTBEHHO, II€ TUHUSA 5 COOTBETCTBYET 3aBUCUMOCTHU
fu = 2yH; 0) dYacTOTHBIE 3aBHUCHMOCTH Kod(pduImeHTa Tmepesadyd Makera C
UCCIIEIOBAaHHOH cTpyKTypo# S12 (depHast muaus) u DJ1C (kpacHas muaus) npu H=440 3.

Paboma noooeporcana epanmom PHD Ne 22-19-00500.
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PICOSECOND CARRIER DYNAMICS IN CdCr2Ses FERROMAGNETIC
SPINEL

A. Telegin', A. Kimel?,
IM.N. Mikheev Institute of Metal Physics UB of RAS
2 Radboud University, The Netherlands
“telegin@imp.uran.ru

The development of spintronics requires materials with ultrafast magnetooptical
(MO) phenomena and spin transport at terahertz (THz) frequencies. Yet being
underestimated magnetic semiconductors can be one of the promising materials [1]. Here
we present the ultrafast MO response for Hg1xCdxCr2Ses (0<x<1) thin films and crystals
in the IR/THz spectral range. The dynamic of the MO effects was studied by an optical
and THz pump-probe method.

It was shown that the femtosecond laser pulses are able to trigger oscillations of the
Faraday rotation in the ferromagnetic CdCr2Ses films below the Curie point. Tuning the
photon energy of the pump pulses we revealed two different mechanisms, pump
polarization dependent and the polarity of the applied magnetic field dependent one,
which induce precession in this material. The impurity transitions play a decisive role and
leads to a distinct anomaly in the magnetoabsorption of spinel. It was shown that the
estimated signal risen front and the decay time in that case are about 1 ps and 3-6 ps,
respectively, depending on the temperature of spinel.

25

T T

20+ ;
i
)

5 15}

10 f — 20 K

05

AE/Epeak("Jl u.)
MT —
e

00t ;&é@,} h‘ _/\/\"NW-\/ i
=-5.7ps

-0.5

0 5 10 15 20 25 30
Time delay (ps)

Fig.1. The temporal profile of the THz response in spinel at different temperatures.

The ultrafast dynamic in spinel crystals and films is saved in case of a THz pump-
probe scheme (Fig.1). The effects of magnetic linear birefringence and dichroism were
observed in spinel crystals in the frequency range 0.5-2.5 THz at temperatures below the
magnetic ordering by a THz pump-probe method. The maximal rotation of the light
polarization plane associated with a high-frequency response to the DC anisotropic
magnetoresistance in spinel reached about 4.3 rad/cm at H=1 kOe.

Therefore, one can conclude that the chromium spinels can be considered for
studying various ultrafast and THz phenomena.

The research was carried out within the state assignment of Ministry of Science and
Higher Education of the Russian Federation (theme “Spin” 122021000036-3).
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CONTROL OF MAGNON-POLARITON COUPLED MODES IN TOROIDAL
CAVITY

O.S. Temnaya
Kotel’nikov Institute of Radioengineering and Electronics of Russian Academy of
Sciences
ostemnaya@gmail.com

The exploration of magnon-polaritons in toroidal waveguides is of paramount
importance due to their potential applications in various fields such as photonics,
spintronics, and quantum information processing [1, 2]. These unique hybrid
quasiparticles arise from the coupling between magnons, the collective excitations of
spins in magnetic materials, and photons, the quanta of electromagnetic radiation.
Toroidal waveguides offer a promising platform for studying these phenomena due to
their ability to confine both light and spin waves within a compact and controllable
structure. Precision in controlling damping assumes critical importance at the juncture of
"exceptional points," which denote special degeneracy points in the system where normal
modes coalesce, amplifying sensitivity. Harnessing these exceptional points also enables
fine-tuning of spin-photon coupling strength.

In this work, we study magnon-polariton interaction in a toroidal waveguide loaded
with two spheres of yttrium-iron garnet (Y1G), the transmission coefficient of which is
shown in Fig.1. It is evident that near the intersection point of the two frequencies, their
repulsion (frequency hybridization) occurs, which is enhanced by the presence of two
YIG spheres. Introducing additional losses, induced by an external electric circuit,
enables the merging of the system's normal frequencies, leading to appearance of the
exceptional point. We demonstrate that the presence of two YIG spheres results in both
an increase in the system's quality factor and an enhancement in its sensitivity to external
electromagnetic radiation, potentially enabling the utilization of such systems as high-
sensitivity magnetic field sensors with loss compensation.
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Fig 1. Transmission power spectrum IS12(res,vic)l. Both frequencies wres, yic are
normalized to the resonance frequency mnorm.
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CEF PARAMETERS AND MAGNETIC PROPERTIES CORRELATIONS IN
RARE-EARTH ORTHOFERRITES RFEO3 (R =HO, TB, TM)
0.V. Usmanov", A.K. Ovsianikov, I.A. Zobkalo

Petersburg Nuclear Physics Institute named by B.P. Konstantinov of
NRC «Kurchatov Institutey
“usmanov_ov@pnpi.nrcki.ru

Based on the RFeOs compounds (R = Ho, Th, Tm) XRD data the sets of crystalline
electric field (CEF) parameters were obtained within the framework of the point charge
model in the temperature range 4 — 300 K for the corresponding rare earth ions R** [1-3].
Optimal algorithms for calculating CEF parameters in the PyCrystalField software
environment are considered [4, 5]. With the obtained sets of parameters the energy levels
splitting of the ground state multiplet of the considered R®* ion was calculated, as well
the temperature dependences of the splitting spectra and the isothermal magnetization
curves M(H) modelling. Bulk magnetization evaluated from CEF was compared to
experimental data [6, 7].
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MOJAEJIHNPOBAHUE KOMIIVIEKCHOT'O KOO®PUIUEHTA IIEPEJJAYN
AKTHBHOI'O KOJIBIHEBOI'O PESOHATOPA HA MAI'HOHHOM
KPUCTAJIJIE

JI.C. Benepuukos, A.b. YcTunos
Canxm-Ilemepoypeckuii 20cy0apcmeenHblil 31eKMpomexXHu4ecKuti yHusepcumem
«JIDTH»

Isv89314@mail.ru.com

AxtuBHBIe KonblieBble pe3oHaTopsl (AKP), ocHoBaHHBIE Ha (eppOMAarHUTHBIX
IUICHKAX, MpeACTaBIsitoT Oonbmoi uatepec s CBY anekrponukn. Ha ocHoBe AKP
BO3MOXXHO CO3/IaHH€ Takux NpubopoB kak (uibTpbl [1], reHepaTopbl HETUHEHHBIX
konebanuit [2] u pe3oHaTopsl [3] ¢ AOCTATOYHO OONBIION AOOPOTHOCTHIO (MOpSIAKA
50000). K mnpeumymiecTBaM TakuxX HTPHOOPOB OTHOCHUTCS JIETKOCTh TIOJYyYCHHS
pa3HOOOpa3HBIX pPAa0OUYMX XApPAKTEPUCTUK ITyTEM BBHIOOpA BEJIMYUHBI BHEITHETO
MarHUTHOTO TIOJIE W TOMOJOTMHM (PEPPOMArHUTHOM IUIEHKM MAarHOHHBIH KpHCTalI
SIBJISICTCS] OJTHUM U3 BO3MOKHBIX CTPYKTYp Uil KOHCTpyupoBaHust AKP.

B Hacrosmeit pabore Oblia paszpaboTaHa MoOJENb AKTUBHOTO KOJIBLIEBOTO
pe3onaropa Ha marHoHHOM kpuctamuie (MK). I[lomyueHHbIEe TeopeTHUECKHE TaHHBIC
XOpOLIO COTrJAacylTCsl C SKCIEPUMEHTAIbHO HM3MEPEHHBIMHM XapakTepucTukamu. Ha
OCHOBE pa3paboTaHHOW MOJAENTU OBLJIO IMPOBEICHO MOJICIHpPOBaHUE (a30-4aCTOTHON
xapaktepuctuku (PUX) AKP u uccnenopansr ocobenHoctr @YX BOIM3HM PE30HAHCHBIX
YacToT.

MarHoHHBIN KpUCTaII ¢ METIe 00paTHOM CBA3M MPEACTAaBISIET COOON aKTHUBHBIN
KOJIBIIEBOM PE30HATOP, CXeMa KOTOPOro Moka3ana Ha pucyHke 1. [letyist oOpaTHo# cBsI3n
cocrout u3 CBY ycunurens 2, KOTOpbI KOMIEHCUPYET NOTEpH, Bo3HUKatoue B MK,
MEPEeMEHHOTO aTTeHIaTopa 3, HEOOXOAMMOTO JUIS PETyJIMPOBAHUS YCUICHHS, H
MarHoHHoro Kpuctawia 1. J[7i1 BBo1a ¥ BBIBOJIa CUTHAJIA UCIIOJIB3YIOTCS HANPABIICHHBIE
OTBETBUTENU 4 U 5 COOTBETCTBEHHO.

[@m/
2 et

Puc. 1. Cxema akTHBHOTIO KOJBIIEBOIO PE30HATOPA.

[Ipy npoBeneHUM MOJEIMPOBAHUS MPEANONArajloch, 4YTO IJIEHKA JKEJIe30-
UTTPUEBOIO TpaHaTa UMeeT TONIMHY L1 = 5.2 MKM ¥ HaMarHM4eHHOCTb HachleHus Mo
= 1950 I'c. KanaBku Ha IOBEPXHOCTH (heppOMArHUTHOM MJICHKH UMEIOT riyouny h = 0.5
MKM | NPpOTsbKeHHOCTh 02 = 50 Mmxm. Obmiee uncno kanaBok N = 20, a mepuog A = 150
MKM. [l Bo30yxaenuss B MK noBepxHocTHbIX ciiHOBBIX BOJIH (IICB), muienka XU
IIOJIMarHMYMBAETCS OJHOPOJHBIM MarHUTHBIM MOJEM HampsbkeHHocTbio H = 1417 D.
[Tomymmupuna ¢peppomarautHoro pesonanca AH cocrasumna 0.6 D. BxoaHas u BeIxogHas
aHTEHHA HaXOAMJIMCh Ha paccTossHUH 0 = 6 MM.

Jlns BeIBOAa ypaBHEHMs, onuchiBaromiero kodgduiuent nepenaun AKP, Obuio
HPUHSATO, YTO B KOJIbIIE HUPKYIUPYET OECKOHEYHOE YUCIIO 3aTyXaloIIuX BOJIH. Pe3onanc
B KOJIbII€ BO3HUKAET HA YacTOTaX, yAOBJIETBOPSIOIIUX YCIOBUIO CUH(PA3HOTO CIOKEHUS
UPKYJIUPYIOUIMX BOJH. Ha OCHOBE JaHHBIX pacCykKJIeHUI Oblia MojlyuyeHa cleayromas

dbopmyna [4]:
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1 Eg—{t[m]a’

# 2cosh(g—o(w)d)-cos(k(w)d) W
rae g — 6e3pa3MepHbIil KOA(D(DUIIMEHT YCHUIICHHS KOJbIa, o(®) — JEKPEMEHT 3aTyXaHUs
CIHUHOBBIX BOJH, K(®) — IMCIEpCHOHHBIA 3aKOH CHHHOBBIX BOJH B MK, KOTOpBIit
paccuuThIBAETCA C MTOMOILIBI0 METOJAa BOJHOBBIX Marpul nepenauu [S]. [lomydeHHslit
pe3yibTaT Mmoka3zaH Ha pucyHke 2 (a). MoxenupoBanue ®UX AKP npooauiocs ¢
MOMOLLIBIO CIIE/YIOLIETO BBIPAKEHUS [4]:

sin(k(e)-d )
@ = arctg - —— | Rn
cos(k(@)-d)—exp(—(g-a(w))-d)
e g A

Ha pucynke 2 (0) u 2 (B) noka3zansl pe3ynbTaThl pacueta ®UX AKP (mynxrupHas

nuHus). BuaHo, uro KpuBas ocuwumMpyer BOKpyr PUX MarHoHHOTO KpHUCTaylia

(cromrHas IMHUA), BHOCS, TEM CaAMbIM, HEKOTOPBIH (ha30BbIil CIBUT B IIUPKYIUPYIOIIHE

B KOJIBIIC CIHUHOBBIC BONHBI. [logo0HBIe AKP MOXHO HCIONB30BaTh I WU3YYCHHS

HEJIMHEWHBIX CIIMH-BOJHOBBIX MPOIIECCOB U ISl pa3pabO0TKU MarHOHHBIX Pe3ePBYapHbBIX
KOMITBIOTEPOB [6].
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Puc. 2. Teopernueckas AUX AKP (a) u ®UX (6 u B). KpacHsim nokazana ®UX MK,
nyHKTUpHEIM OUX AKP.

Paboma uacmuyno nooodepowcana Munucmepcmeom HAYKU U GbiCULE20 0OPA30BAHUSL
Poccuiickou @edepayuu (npoexm "l'oczadanue”, epanm Ne FSEE-2020- 0005).
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MOJAEJb MATHOHHOT'O MUKPOPE3EPBYAPA HA OCHOBE
HAHOMETPOBbBIX IVIEHOK 7KUI’
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MarnonHsI akTUBHBIN KoJbeBoM ocuuuisitop (MAKO), copepxamuii B Lenu
00paTHOH CBsI3M CNHH-BOJHOBYIO juHHUIO 3anepxkku (CBJI3), mpencraBiser coOoit
MEPCIEKTHBHYIO TUTaT(hOopMy JUIsSl pe3epBYyapHbIX BeUUCIeHUH [1-5]. B Takux cucremax
a1 co3ganuss CBJI3 Mcnonp3yroTCsl 3MUTaKCHAJIBHBIE IUIEHKU JKEJNEe30-UTTPUEBOTO
rpadata (PKUI') tonmumHOM mnopsiaka €IWHULl MUKPOMETpOB. B 3TOM ciywae uist
JOCTH>KEHHSI BPEMEHU 33/IEPKKH MOPSAJIKA COTEH HAHOCEKYH/T PACCTOSIHUE MEXIY CIHUH-
BOJIHOBBIMM AHTEHHAaMHU COCTaBJISeT €IMHULIBI MIIIUMeTpoB. Takue pasmepsl CBJI3
OTPaHUYUBAIOT BO3MOKHOCTh MUKPOMUHHATIOPU3ALUN pe3epByapHbIX
BBIUMCIUTENbHBIX cucTteM. HenaBHO Obulo moKa3zaHo, yTo coBpeMeHHble miieHku KU
HAHOMETPOBOM TOJIIIMHBI, BBIPAIIIEHHBIE C HCIOIb30BAaHUEM KUIKO(DA3HON IMUTAKCHH
Ha MO/JTOKKaX rajgoiuHuii-rajuimeBoro rpanara (I'TT), neMoHCTpHUpPYIOT IPEBOCXOIHYIO
CTEXHMOMETPHUIO U KPUCTAJUIMYECKYIO CTPYKTYpY [4,6]. B 3THX MJIE€HKaX MOBEPXHOCTHbBIE
MarHuToctaruueckue crnuHoBbie BoiHBL ([IMCB) xapakTepusyroTcs Upe3BbIYAHHO
HU3KUMH TPYHHOBBIMU CKOpocTAMH mopsaaka 100 m/c, 4TO MO3BOJISIET 3HAYUTEIHHO
ymeHpmnTh pazmepbl CBJI3 u pesepByapoB Ha ux ocHoBe. lIpakTtudeckum crocoOom
B030y>kaeHus U npuema [IMCB B Takux 1uieHKax sIBISI€TCS MCIOJIb30BAaHUE aHTEHH B
BHJIe KOPOTKUX ydacTkoB KoruiaHapubsix juaui (KI1JT) nepenauu [7, 8]. B pabote [9]
0b110 okazaHo, yro CBJI3 Ha HanoMeTpoBbIX TuieHax KUI™ MoryT ObITh HCIIOJIB30BAHbI
JUIsL co3/1aHusl MUKpOoMHHHATIOpHBIX CBY reHepatopoB, KOTOpBIE IPHU TOJIIHUHE MIJICHKU
KUT" 100 um u paccrosHun mexnay KIlJI-antrennamu 56 MKM oGecrnieunBaeT ypoBEHb
¢azoBoro myma -115 nbu/I'n npu orcrpoiike 10 kI’ or yactoTsl renepauuu 5 I'T.
[Ipennoxennass koHcTpykuuss MAKO MoxkeT OBITH HCHOJIb30BaHA IS peain3ariuu
MUKPOMHMHHMATIOPHOW pE3€pBYapHOM BBIYMCIUTENBHON CHCTEMBI, B KOTOPOH BBOJ
MH(OPMaLIMOHHOT'O CUTHAJIA OCYILIECTBIISIETCS C TOMOIIBIO YIIPABISEMOro aTTeHI0ATOPa,
o0ecreynBaBIlero U3MeHeHne Kod(p@uiMeHTa yCuJIeHHUs B Lenu oOpaTHOW cBs3u. B
TaKOM CXeMe MOIIIHOCTb CUTHajla Ha BBIXO/IE OIpeeseTCs OalaHCOM MEXy YCHIIEHUEM
U HEeJIMHEeWHBIM 3aTyXaHHEeM CIIMHOBBIX BOJIH. M3MeHeHue ko3dduimenta ycuiaeHus B
nenu oopatHoi cBs3u BeIBOAUT MAKO u3 cranmonapHoro cocrosiHusi. TeopeTuueckas
MO/JIeNIb ONHUCHIBatoMIas nepexoHbie npoueccsl B MAKO Obuta npeanoxkena B padorte
[10]. Takast MoJenb MOKET ObITh MCIIOJIb30BaHA HE TOJBKO JIJIsl OMTMCAHMSI HAOI0JaeMBbIX
B OJKCIIEPUMEHTE pEe3yJbTaTOB, HO M IPEICKA3aHUS XaPAKTEPUCTUK pE3EPBYApHOU
BBIYUCIUTENbHON cuctembl [11]. B pamkax nmanHodt pa®oTel Takas Mojeinb OyaeT
UCNOJNb30BaHa JUId  pacyera pabo4yMx  XapakTepPUCTUK  MHKPOMHMHHUATIOPHOM
pe3epByapHOI BEIYMCIUTEILHON CUCTEMBI HA HAHOMETPOBBIX TieHKax KNI

g MopenupoBaHUs NMEPEXOIHBIX IPOLECCOB B MHKpoMuHHaTiopHoM MAKO
Obl1a pa3paboTaHa TpexdTalHas Mpoleaypa YuciIeHHoro pacuéra. Ha nmepBom mare c
MOMOILIBI0 TEOPETHUYECKOW MOJENM, ONHcaHHOW B pabore [7] mOPOBOIMIOCH
MOJIEJTMPOBAaHUE KOMIUJIEKCHOTO KoddduimeHTa nepenaun Mukpockonudeckon CBJI3,
NoKa3aHHOM Ha puc.l.a. MonenupoBaHue ObUI0 BBIITOJIHEHO MTPH PAa3IMYHBIX TapaMeTpax
CBJI3 nns onpenenenus BiausiHus reomerpun KITJI-aHTeHH M XapaKTepUCTUK IJIEHOK
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KNI Ha npou3BOAUTENIBHOCTD pe3epByapa. BTopsIM 11aroM sBIseTCsS MOICIMPOBAHUE
nepenarouHoit xapakrepuctukd MAKO. Konbio Brimodaer B cebs CBJI3, a taxke
KOMIIaKTHbIE MUKPORJIEKTPOHHBIE 3JIeMeHThI, Takue kak CBY ycunurens, arTeHtoarop
(MOZYJSTOP), YHpAaBIAEMbIil BHEIIHUM T€HEPATOPOM CHUTHAJa MPOU3BOJIBHON (OPMBI
(I'CI1®) u nanpasieHHble OTBETBUTENU (M. puc. 1.a). Ha 3axntountenbHOM 11are Ha
OCHOBE TEOPETUUYECKOW MOJIEIH, IIpeacTaBIeHHON B pabore [10], mpou3BoauTcs pacyeT
BPEMEHHON XapaKTepUCTUKHU curHaia Ha Bbixone MAKO, npumep KoTOpoii nokas3aH Ha
puc 1.6 xpacHoi nuHHeN. PacyeT BBINONHEH ISl BXOAHOTO CHUTHAJIa, TOKa3aHHOTO Ha
3TOM PHUCYHKE YEPHOU JMHHEH. /[ OLIEHKH NPOU3BOAUTEIBHOCTH IPEIIOKEHHON
KOHCTPYKIHWHU HCIIOIb30BAaHbl TECThl KOHTPOJS YETHOCTU U KPATKOBPEMEHHOMN NaMSTH.
W3 nony4yeHHbIX pe3ybTaTOB CIEAYET, YTO MUKPOPE3EpBYyap Ha HAHOMETPOBBIX IIJICHKAX
KNI He ycTymaer mo CBOMM XapaKTepUCTUKaM TPAIULUOHHBIM pPE3EpPBYyapHbIM
BBIUYUCIUTENFHBIM CcUCTeMaM Ha MUKpoHbIX IuieHkax JKUI. Takum o6pazowm,
ucnonszoBanue KIIJI anteHH pans Bo30yXIeHUS M TpUEeMa CIHMHOBBIX BOJH B
HaHOMeTpoBbIX TuIeHKax JKUI', a Takke MHUKpPOCXEM YCHUIHUTENeH obOecrednBacT
BO3MOKHOCTh CO3JJaHUsl MArHOHHBIX PE3EPBYAPHBIX BIYMCIUTEIBHBIX CUCTEM Ha YHUIIE.
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Puc. 1. Cxema mukpomunuatiopuoro MAKO na mHanometposoit menke JXKUI (a); BxoaHO#M
(KpacHast TMHUS) ¥ BRIXOJHOM CHTHAIIBI MUKpOpe3epByapa (0)

Paboma evinonnena npu noooepoxcke Munucmepcmea Hayku u @vicuie2o 00pazoe8amus
Poccuiickoni @edepayuu 6 pamxax evinonnenus I ocyoapcmeennozo 3a0anus (2panm

FSEE-2020-0005).
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CIIMH-BOJIHOBAS JIUMHUS 3AJTEPKKA HA OCHOBE KEPAMHUYECKOH
IIVIACTHHBI KUI" IS PESEPBYAPHbBIX KOMIIBIOTEPOB

A.B. Konapamogs®, A.M. Xapusosa, A.B. Ycrunos
Canxm-IlemepoOypeckuii 20cy0apcmeenHblil 31eKMpOomexHu4ecKull YyHusepcumem
«JIOTU» um. B.U. Ynvanosa (/lenuna)
“avkondrashov@etu.ru

B Hacrosiee BpemMs NPOMBIIUIEHHO BBITYCKaeMble YCTPONCTBA CIUH-BOJIHOBOM
JJIEKTPOHUKH Yallle BCETO OCHOBAHBI HA SIIUTAKCUAIBHBIX IUIEHKAX XKEJIE30-UTTPUEBOIO
rpaHara. Ilnenku  obOecneumBalOT  Majble  MOTEPH  HA  paACIpOCTpaHEHHE
cBepxBbICOKOYACTOTHBIX (CBY) clIMHOBBIX BOJIH, OOJIbILINE BPEMEHA 3aACPHKKH, a TAKXKE
BO3MO>KHOCTb JIEKTPOHHOI'O yIpaBieHUs ycTpoiictBamMu. Bmecte ¢ TeM, Ipou3BOACTBO
snuTakcuanbHbIX IIeHOK JKMIT ABiseTcs HOCTAaTOYHO CIIOXKHBIM M JOPOTOCTOSLINM
npoueccoM. B kadecTBe anpTEepHATUBBI TAaKUM IUIEHKaM HpeUlaraluch IUIEHKH U3
Opyrux mMatepuainos, 1u6o mieHku KWL, Beipamenusie qpyrumu Mmerogamu. Ilogo6Hsie
MaTepuaibl JEMOHCTPUPYIOT 00Jiee BHICOKHE IIOTEPH, OJHAKO B KOJIBLIEBBIX CUCTEMAX C
KOMIIEHCALMEW MOTEPh YCHWIINTESIMU BEJIMUMHA 3aTyXaHUs CIIMHOBBIX BOJIH OTXOJUT Ha
BTOPOU IIJIaH.

B nacrosmeit pabore 3KcrepUMEHTAIbHO MCCIE0BaHA CIIMH-BOJIHOBAs JIMHUS
3anepxku (CBJI3) Ha ocHOBe Kepammuueckoi (eppOMarHWTHOW IJIACTHUHBI, a TaKKe
BO3MO)XHOCTH €€ IPUMEHEHHMs B KayeCTBE HEIMHEHHOIO JJIEMEHTAa B aKTUBHBIX
KOJIBLIEBBIX CTPYKTYpax, B YaCTHOCTHU, MAarHOHHOM PE3€PBYapHOM KOMIIBIOTEPE.

3a ocHOBY 3KcrniepuMeHTanbHOro Makera CBJI3 Oblia B3siTa TpaJUIIMOHHAS CXEMa,
cocTos1as U3 BO30y>K a0l U MPUEMHON aHTEHH, a TAKKE BOJIHOBO/1a CIIMHOBBIX BOJIH
(cm. puc. 1). B pabore ucnonb3oBanack kepamudeckas miactuaa KU tommmaon 500
MKM. JlnmHa mactuHbel coctaBisiia 30 MM, a mupuHa - 3 mMMm. HamarnudeHHOCTH
HachIIEHUs] MacTUHBl Obiia mnpumepHo 1300 I'c. Ilomymmpuna JIUHUU
(beppoMarHuTHOrO pe3oHaHca okojo 6 D. IlnacTMHa HamMarHMYMBaNIach MOCTOSHHBIM
MarHUTHBIM I10JIEM HaIlpsLKEHHOCTHIO 754 . [losie Obu10 HanpaBiIeHO B COOTBETCTBUU C
KoHpurypanuei Jlemona-Ombaxa.

Cronb BBICOKOE 3HAUEHHUE MOJYIIUPHUHBI JIMHUM (EPPOMATHUTHOIO PE30HAHCA
IPUBOJIUT K POCTY NOTEPh IPHU PACIPOCTPAHEHNUU CIUHOBBIX BOJIH. JlJI1 yMEHBIICHHUS
MIOTEPHh Mbl METAJUIM3UPOBAIIN OJHY M3 noBepxHocTel miuactunbl KNI, B1ons koTopoit
pacIpoCTpaHsUINCh CIUHOBBIE BOJHBL. B pesynbTare rpymnmoBas ckopocts CD
CTaHOBMJIaCh OoOJjbIIe, a 3aTyxaHue MeHblle. [[ns 3Toro QeppoMarHutHas MjaacTHHA
YCTaHABJIMBAJIach HA METAJUNIN3UPOBAHHYIO C OJHON CTOPOHBI MOJIMKOPOBYIO TOJJIOKKY
tonuHon 500 MkM. [l BO30YKIEHUS M MpueMa MOBEPXHOCTHBIX CIIMHOBBIX BOJH B
MeTaJUIN3aluu ObLTY BHITPABJICHBI JIBE ILI€JI€BbIe JMHUU NIepeiad - BXOJHAsl U BBIXOJHAs
anteHHsbl. [llupuna meneit cocraBiser 50 MkM, a anuHa - 8 MM. PaccrosgHue mexmay
anteHHamu - 10 mm. Jlnsg monBoga CBY curHana K mieNeBbIM JIMHUSM Ha OOpaTHOM
CTOPOHE  TOJHMKOPOBOW  TMJACTMHBI  OBUIM  CPOPMHUPOBAaHBl  MOIBOJSLINE
MUKPOIIOJIOCKOBBIE JIMHUH U NIEPEXO0/IbI MUKPOIIOJIOCOK-1IIeNIeBast TUHUA [1].

Hcnonb3yst BEKTOPHBIN aHATTM3ATOP 1ETIel OBLITH AKCIIEPUMEHTAIBLHO UCCIIEI0BAHBI
BOJIHOBEAYLIIME CBOMCTBA IUIACTUHBI, a TaKXKe MepeaarodHas xapakrepuctuka CBJI3.
Hcnonp30BaHne TOJCTOM IUIACTUHBI, METAJUIM3AIMM U IIEJIEBBIX AHTEHH IO3BOJIMIIO
JNOOUTHCA IIMPOKOrO JHara3oHa YacTOT, B KOTOPOM CYIIECTBYIOT CIIMHOBBIE BOJIHBI.
OKcrepuMEeHTalIbHAs JUCIIEPCUOHHAS XapaKTePUCTHKA CIMHOBBIX BOJIH OrpaHUYeHa
gactoTamu oT 3.46 1o 6.37 I'T'. BenuunHa rpynnoBoil CKOPOCTH MEHSAETCS B IUANIa30HE
ot 5400 mo 12000 xm/c (cM. puc 2 (8)). OTHOCUTENTBHO BBICOKAsl TPYIIIIOBas CKOPOCTh
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00yCIOBIMBAET JOCTATOYHO HU3KUH YPOBEHb MOTEPh. Tak, MakcumMyM Ko3dduumenra
nepepaun CBJI3 nHa wactore 3.56 I'T1 cocraBmsier -8.8 nb (cM. puc 2(e)). Bpems
3aepXKKM HMEeT HH3KOe 3HaueHue - mnopsaka 10 HC Ha TOH Ke dacToTe.
DKCrepuMEHTAIbHOE UCCIIEIOBAHHE 1T0KA3aJI0, YTO B IUIACTHHE HEJIMHEHHbIE MMPOLIECCHI
00yCIaBIMBAIOTCSI B OCHOBHOM HEJTMHEHHBIM 3aTyXaHHEM, BOHUKAIOLIUM IIPU YPOBHE
BXOHOM MoIHOCTH cBbItIe 17 nbm (cMm. puc 2(6)).
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Puc.1. Maker CBJI3 (a); 3aBUCUMOCTb BBIXOJHOW MOITHOCTH OT BXOIHOM (0); AUX u
3aBUCHUMOCTDb BPEMCHH 3aJCPKKH OT YaCTOThI (6); AUCTIEPCHUA CIIMHOBBIX BOJIH U 3aBUCUMOCTDH

IPYNIIOBOI CKOPOCTHU OT YaCTOTHI.

OnucanHas KOHCTPYKIMS JIMHUU 3aJepKKU Oblla KCIONb30BaHA B KadyeCTBE
HEJIMHEHWHOTO 3JIEeMEHTa B MarHOHHOM pe3epByapHoM KomimbioTepe (MPK) Ha ocHoBe
CIIUH-BOJTHOBOTO KOJNBIEBOr0 TreHeparopa. Koncrpykiuss MPK moapoOHo omucana B
paborax [2-6]. DKcnepuMeHTaIbHBIE HCCIIEAOBAHHUS TMOKAa3ajld, YTO HCIOJIb30BAHHE
METaJUIM3UPOBAaHHBIX KepaMuueckux miaactuH JKUI' mo3Boiawio yiydmuth OJHY W3
KIIFOUEBBIX XapaKTEPUCTHK pe3epByapa - MaMmsaTh. Tak, HampuMep, €MKOCTh TecTa
KpaTKOBPEMEHHOH maMsATH [7] cocTtaBui 3.5, 4To MpUMEPHO B MOITOPA pa3a OoJbIIe YeM
B MPEABITYIINX IKCIIEPUMEHTAIIBHBIX padoTax.

Paboma evinonnena npu noddepoicke Munucmepcmea HayKu u 6blcule2o 006pazo8anus
P® (“Toczaoanue” Ne FSEE-2020-0005).
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In recent years, there has been a significant surge in the development of new devices
based on magnetic phenomena, highlighting their growing relevance in technological
innovation. These devices, exploiting the principles of magnetism, are proving to be
crucial for advancements in radio engineering, sensor technology, and energy-efficient
electronics [1,2].

This work examines the impact of linear and circular polarization of microwave
fields on ferromagnetic resonance (FMR). Based on the experiments conducted, it was
revealed that ferromagnetic absorption predominantly depends on the component of the
alternating magnetic field directed perpendicular to the constant magnetic field. As can
be seen in Fig. 1, there is a reduction in the level of FMR absorption with circular
polarization compared to linear polarization. These findings can be utilized in the
development of specialized devices, such as microwave polarizers. Moreover, based on
the inverse spin Hall effect, detectors for linearly polarized waves can be developed. This
opens up new prospects in the development of microwave radiation control technologies
and broadens the capabilities for precise detection of polarization states.
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Fig. 1.. FMR absorption spectra for linearly (red) and circularly (blue) polarized excitation.
Inset rectangles show the excitation field vectors in the coordinate system (red rectangle for
linear and blue rectangle for circular polarization).
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HccnenoBanue obpatHoro crmHoBoro 3¢dexkra Xomra (OCOX) B cTpyKTypax
«mieHka sxenesourtpueBoro rpanara (OKUI') — nnatuna» npoBoauTcs, Kak mpaBuio, ¢
ucrnonbp3oBanueM 1ieHok JKUI kpucraminorpadudeckoit opuentammu (111) mpum
JIOCTAaTOYHBIX ISl HackleHus tieHku KD BenmnunnHax nons noamaranuusanus H. B
9TOM cjy4yae HM3MEHEHHE YIJla @ MeXJIy HampaieHueMm mnoist H (mpuiiokeHHOro
KacaTeJbHO K ITOBEPXHOCTU CTPYKTYpbl) U, HalpuMep, MPOEKIHEH OCH JIErKOro
HaMarau4uBaHus B miockocty mieHku XXUI (110) nmpakTuueckn He BIMSET Ha CIIEKTPHI
BO30Y’KJIaeMbIX TIOBEPXHOCTHBIX WJIM OOPATHBIX O0BEMHBIX MArHUTOCTATUICCKUX BOJIH,
B oTinuuMe OT Mamibix BenuuuH H, korma B tuenke KUIT gopmupyercss momenHas
crtpykrypa [1]. Boamoxxnocts HabmoaeHuss OCOX B MaibIxX MOJIAX MOJAMArHUYHUBAHUS
ObL1a mokaszaHa B [2], 0JJHAKO 3aBUCUMOCTb Pe3yJIbTaTOB U3MEPEHUN OT BEIMYHHBI yTria
Q HE paccMaTpHUBaJIach.

B nannoil pabGore mpoBeneHO cpaBHeHHE pe3ynbTatoB reHepanuu JJIC mo
MexanuszmMy OCOX B IByX CTpPYKTypax Ha OCHOBE BOJHOBOJOB u3 ruieHku KUI'(111)
TOJIIMHON 15,4 MKM ¢ HaMarHH4eHHOCTHIO HackImeHus 4tM=1750 I'c ¢ mI10CKOCTHBIMU
pasmepamu  5x10 MM, JJMHHBIE CTOPOHBI KOTOPBIX OBUIM OPUEHTHUPOBAHBI B
HanpasneHusx a=90° (ctpykrypa 1) u a=0 (cTpykTypa 2). Ha moBepxHOCTH BOJTHOBOIOB
C TIOMOUIBIO TEXHOJIOTMM MAarHeTpOHHOTO HambUIeHUST ©  (Qoronutorpaduu
dbopMupoBanach MOJOCKU U3 TIATUHBI IIUPUHOU 25 MKM, TOJMIIIHMHON 4 HM, ATUHON 4 MM
(R=12 xOwm), opueHTHpOBaHHBIE BAOJb JUIMHHOM CTOPOHBI BOJHOBOJAA. BHemiHee
MIOCTOSIHHOE MarHuTHoe mnoisie H HampaBnsnoch NEpneHAUKYJISIpHO JJIMHHON CTOPOHE
BOJIHOBOJIa, 4YTO JUIA HachllleHHOW T1uieHkn JKWIT cooTBETCTBOBAIO reoMeTpuu
MOBEPXHOCTHBIX MarHutoctarudeckux BoiH (IIMCB) [3], koTopbie BO30yXAaluch U
MPUHUMAJIUCH TPOBOJIOYHBIMU aHTeHHamMu auameTpoB 40 MkMm. PaccrosHue mexmy
aHTEHHaMHM paBHSJIOCH 7 MM. PeructpupoBajiuch 4YacTOTHBIE 3aBUCUMOCTH
Kod(p¢uImeHTa Meperayd MakeTa, M3 KOTOPbIX ONPEAeNsINCh IIMHHOBOJIHOBBIE
(HM3KO4YaCTOTHBIE) TpaHullbl fo TMONOC HAOMIOJAEHMS] CIHMH-BOJHOBBIX BO30YKICHHIA
(CBB), a taxxe renepupyemoii Ha nonocke miatuabl DJ{C B uHTEpBaie YMEHbIIICHUS
BenuuuHbl H ot 110 3 10 0.

Ha pucynke la kpusbiMu 1 u 1’ npeacrasnensl 3aBucumoctd fo(H) ans Bennuun
H, otBeuaromux HacwieHHOMY coctosinuto mienku JKUI. (3neck u nanee kpuBbie 6e3
MTpUXa U CO MITPUXOM OTBEYAIOT CTPYKType | W CTpyKType 2, COOTBETCTBEHHO.)
YacToTHBIE 3aBUCHMOCTH MaKCUMaJbHOW perucrpupyemoii B monoce dactor IJC U*
TpescTaBIeHsl Ha puc. 16 kpuseivu 1Y 1°Y,

[Tpu H=60 D mns xaxaod M3 CTpyKTyp Habmomaemas mojoca yactor [IMCB
pazznensercs Ha ABe, 3aBucumocTH fo(H) A koTopbIx mpencraBieHsl KpuBbIMU (2 1 3) U
(2°’u 3”), cooTBeTcTBeHHO. VI3 MX CpaBHEHUS BUTHO, YTO MPU YMEHbBIIEHUHU BeIUYUHBI H
o0ractu 4acToT HaboieHus MpoTHBO(da3HbIX (2 1 2”) u cuH@a3HbIX (3 u 3”) KonebaHuit
HAMarHWYEHHOCTH B IoMeHax [4], a Takxke ypoBHU renepupyemoii J/[C (cpaBH. KpuUBbIe
(2" 1 2’Y) u (3 u 3’Y) mna mBYX CcTpyKTyp 3aMeTHO pasmmuaroTcs. Tak, HampuMmep, B
CTPYKType 2 TOJI0Oca YacTOT CYIIECTBOBaHHWs MPOTHUBO(MA3HBIX KOJIEOaHHI TepecTaet
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HaOmoaThes npu ymenbiieHuu H 10 49 O (kpuBas 2° Ha puc. 1a), Torja Kak B CTpYKType
1 ona HaGmoogaercs no H=32 O (kpuBas 2 Ha puc. la).

[Tpu ymensmenun H ¢ 32 3 1o 26 D HUKaKUX CIIMH-BOJIHOBBIX BO30OYKICHUN HE
HaOmoganock. B natepBane H=26 — 3 D B obeux crtpykrypax perucrpupyercs CBB,
00YCJIOBJICHHOE BOJIHAMH CMEILIEHUS JOMEHHBIX rpaHull [5]. OTMeTUM, YTO YacCTOTHBIE
3aBucuMocTH fo(H) mtst 06enx CTpyKTyp MpakTHYeCKH COBITaatoT (CpaBH. KpuBbie 4 u 4’
Ha puc. la). OnnHako renepauus DJIC B cTpykType | NpOMCXOAUT 3HAYUTEIBHO
s¢ddextusHee (cpaBH. kpusie 4V 1 4°Y Ha puc. 16).

Takum 00pa3oM, MOKa3aHO, YTO PE3YJbTaThl NETEKTHPOBAHUS CIIMH-BOJHOBBIX
BO30YX/ICHHUH B CTPYKType «HeHacklimeHHas ieHka )KUI'(111) — muraturay 3aBUCAT OT
HalpaBJCHUsT  HAMarHWUYMBaHWs (B  IUIOCKOCTH  CTPYKTYpbl)  OTHOCHUTEIBHO
kpuctauiorpapudeckux oceir rmiaeHku JKUI'(111). B wuccnemnoBaHHBIX CTPyKTypax
HanOonpmmx BenuuuH DJ[C mocTurana npu HaMarHUYMBAaHUU CTPYKTYPBI BJIOJb
MPOEKIMU Ha TIIOCKOCTh TieHKH JKUI ocu j1erkoro HamarHn4MBaHUsl.
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Puc. 1. 3aBucumocTy OT Benn4uHbI oyist H a) [UIMHHOBOTHOBOM (HU3KOYaCTOTHOM )IPaHHUIIbI
IIMCB fo; 6) reaepupyemoit DJIC amnst ctpyktyp 1 u 2 (undpsl 6e3 TpUXa U CO IUTPUXOM,
COOTBETCTBEHHO). Ha BcTaBke K puc. 1a mokazaHbl parMeHTHl 4acTOTHBIX 3aBucumoctert U*(f)
npu H=54 05

Paboma noooeporcana epanmom PHD Ne 24-29-00640.
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