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Chiral spintronics of helimagnets  

 

Ustinov V.V. , Yasyulevich I.A. 

 

Institute of Metal Physics, Ural Branch RAS, 620108, Ekaterinburg, Russia 

 

The features of spin and charge transport in conductive helimagnets (HM), which are 

due to the action of an inhomogeneous exchange magnetic field on the spin of conduction 

electrons, are theoretically studied [1]. The interaction between the spin of moving particles 

and an inhomogeneous external magnetic field has been first recorded in the famous Stern-

Gerlach experiment when investigating the quantum nature of spin.  

In the present paper, we have demonstrated that two physical effects ï the electrical 

magnetochiral effect (EMChE) and the kinetic magnetoelectric effect (KMEE) ï can be 

explained through the interaction of the spins of itinerant electrons in chiral HM with spatially 

inhomogeneous effective magnetic field of exchange origin [2]. All parameters of the EMChE 

and KMEE are presented in terms of both the characteristic frequencies of spin relaxation of 

conduction electrons in a helimagnet and the frequencies of their Larmor precession in 

external and internal exchange fields.  

It has been shown that the effective frequency of conduction electron spin relaxation 

in a HM contains three components: i) the rate of spin-lattice relaxation caused by spin-orbit 

scattering of conduction electrons by defects of the crystal lattice, ii) the rate of change in the 

average spin of electrons due to their ñdiffusionò escape from a region with a given direction 

of the average spin to a region with a different direction of spin density, and iii) the 

contribution of the Larmor precession of the spins of electrons moving in the helimagnetôs 

exchange field that assigns the precession axis altering its direction in space. The peculiarities 

of the EMChE and KMEE that substantially depend on the ratio of the above-listed spin 

relaxation rates and the angular frequencies of electron precession are described.  

The numerical estimates performed show that the mechanism of generating EMChE 

provides the effect magnitude sufficient to be experimentally detected in metallic 

helimagnets. The frequency regions of spin relaxation and spin precession are determined to 

observe a giant electrical magnetochiral effect (GEMChE) and resonant behavior of the chiral 

magnetoresistance. We have called the appropriate effect as ñmagnetochiral kinetic 

resonanceò (MChKR). The physical nature of MChKR is elucidated. The latter arises due to 

the coincidence of the Larmor precession frequency of an electron in the effective field and 

the phase change frequency of the helicoidal exchange field acting on the electron moving 

along the helicoidôs axis with a speed equal to that of the electron flow. We have 

demonstrated how the experimental studies of the KMEE can be used to directly determine 

the chirality of HM. 

Suppose that the wave vector q of the magnetic helix of a monoaxial HM, the vector 

of the external magnetic field B and the vector of the electrʦn current density I  are oriented 

along the OZ-axis, the direction of which is defined by the unit vector ze . Apart from the 

vectors B and I ,  the unit vectors B=b B  and I=i I should be introduced. Suppose that the 

local magnetization M depends only on the z-coordinate, and the OZ-axis rests on the screw 

axis of symmetry. When exposed to the magnetic field B directed along the axis of the 

helicoid, a simple spiral can transform into a conical one.  
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The direction of the helicoidôs transverse magnetization vector is given by the unit 

vector ()z=h h . To characterize the direction of the ñtwistingò of the magnetic helicoid, we 

introduce the unit vector ¡h  that sets out the direction of the ()z zµ µh  derivative vector 

through the relation ()z z q¡µ µ =h h . The direction of the ñtwistingò of the magnetic helix is 

unambiguously determined by the vector [ ]¡= ³k h h  called the HM chirality vector. Also, the 

vector q=q k  and the scalar characteristic of the helix,( )zK = Ök e , should be entered. They 

bear the name of the wave vector of the magnetic helix and the chirality of the HM, 

respectively. A positive chirality value +1K =  corresponds to a right-handed helix, whereas a 

negative chirality 1K = -  refers to a left-handed helix. The symmetry of conical magnetic 

helix (CMH) is defined by two unit vectors: the chirality vector k and the vector b that 

determines the direction of the axis of the magnetic cone. The common characteristic of CMH 

is the tensor dyadic product Ãk b . Fig. 1 schematically shows four possible configurations of 

the k and b vectors together with a symbolic image of the cone of the corresponding magnetic 

spiral. Magnetiresistive properties of a helimagnet are completely determined by the value of 

[ ]3e= ÖÖÖ Ã Ãk b ie  that can take only two values: 1e=+and 1e=-, depending on the 

mutual direction of the vectors k, b, and i. Fig. 2 shows all the possible magnetoresistive states 

of HM.  

 

 

 

 

Fig.1. Schematic representation of possible 

configurations of a conical magnetic helix, 

defined by the k and b vectors and the 

Ãk b  tensor. The left and right patterns 

reflect enantiomorphic states with symmetry 

of the group of right and left screws, 

respectively.  

 

Fig.2. A state diagram for a helimagnet in 

the variables zB , zI , zq . Regions for 

1e=+ are shown in red, regions for 

1e=- are green. The colored arrows 

indicate the directions of the unit vectors k, 

b, and i. 

 

The research was supported by RFBR (project No. 19-02-00057). 
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Transverse magnetic routing of light emission and plasmon-to-exciton spin conversion in 

semiconductor-metal hybrid nanostructures 

 

Akimov I.A.1,2 

1Experimentelle Physik 2, Technische Universitªt Dortmund, 44221 Dortmund, Germany 
2Ioffe Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia 

 

Tailoring the optical and magnetic properties of semiconductor structures by bringing 

them together with plasmonic and ferromagnetic materials can be used to establish new 

functionalities in spintronic and photonic devices. The talk is focused on manifestation of 

novel magneto-optical phenomena in hybrid structures, which combine semiconductors 

quantum wells (QW) with excellent optical properties and metalic (plasmonic) nanostructures 

(gratings) with strong localization of electromagnetic field and tailored polarization 

properties. 

First, a new class of emission phenomena where directionality is established 

perpendicular to the externally applied magnetic field for light sources located in the vicinity 

of a surface is presented. Here, we revealed transverse magnetic routing of light emission for 

excitons in a diluted-magnetic semiconductor QW [1]. When the distance between the 

excitons and the surface is large, the transverse spin of the emitted light is caused by the far-

field interference effect and the routing is weak. The strongest directionality is achieved for a 

QW located several tens of nm apart from a metal-semiconductor interface. At such distance 

the QW is coupled to surface plasmon polaritons, that carry large transverse spin (spin flux) 

and are efficiently controlled by the magnetic field direction. In hybrid plasmonic 

semiconductor structures the directionality can reach up to 60%, which means that the ratio of 

light intensities for opposite emission angles is equal to 4. 

Second, we demonstrate optical orientation of electron spins by linearly polarized light 

via plasmon-to-exciton spin conversion in the same type of hybrid plasmonic structures [2]. 

The metallic grating is exploited for the generation of plasmonic spin fluxes on ultimately 

short timescales. Using a pump-probe Kerr rotation experiment with 30 fs optical pulses we 

resolve in time the THz Larmor precession of photoexcited electron spins in external 

magnetic field, which is applied in-plane of the QW structure along the SPP propagation 

direction. It is demonstrated that the pump induced orientation of the photoexcited electron 

spins is locked to the propagation direction of the optically excited SPPs in hybrid 

nanostructure. Next, we show that using the polarization of the incident light as an additional 

degree of freedom, one can adjust not only the longitudinal, but also the transverse electron 

spin components normal to the light propagation at will. 

 

References 

[1] F. Spitzer, A.N. Poddubny, I.A. Akimov, et al., "Routing the emission of a near-

surface light source by a magnetic field", Nature Physics 14, 1043 (2018). 

[2] I. A. Akimov, A. N. Poddubny, J. Vondran, et al., Plasmon-to-exciton spin 

conversion in semiconductor-metal hybrid nanostructures, Phys. Rev. B 103, 085425 (2021).  
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Tunable spin-wave transport in magnonic microstructures  

 

Sadovnikov A.V1., Beginin E.N.1, Nikitov S.A.1 

 
1Saratov State University, 410012, Saratov, Russian Federation  

2Kotelônikov Institute of Radioengineering and Electronics, RAS, 125009,Moscow, Russian 

Federation 

 

 

In recent years much research has been directed towards the use of spin waves for 

signal processing at microwave and subterahertz frequencies due to the possibility to carry the 

information signal without the transmission of a charge current[1]. In the framework of the 

2021 magnonics roadmap the straintronic is separated as the versatile tool to control the spin 

wave propagation [2].  The strain-mediated spin-wave channels can be used to route the 

magnonic information signal. The magnon straintronics could provide to fabricating 

magnonic platforms for energy-efficient signal processing [3]. Recent theoretical and 

experimental studies suggest that strain can be used to engineer energy-efficient complicated 

2D and 3D piezoelectric heterostructures such as ferromagnetic/piezoelectric bi- and 

multilayers[4-7]. The strain-mediated control of spin-wave propagation was demonstrated via 

the experimental observations of the spin-wave coupling phenomena in different magnonic 

structures based on the adjacent magnonic crystals and adjacent magnetic yttrium iron garnet 

stripes in the form of magnonic spin-wave couplers. The model describing the spin-wave 

transport was proposed based on the self-consistent equations via the solution of the 

micromagnetic task in couple with the finite-element simulation of the static strain/stress in 

the ferromagnetic/piezoelectric structure. The obtained results open new perspectives for the 

future-generation electronics using integrated magnonic networks both in micro-  and 

nanoscale [8]. 

 
Fig.1. (a) BLS map of spin-wave propagation in magnonic crystal. (b) The distribution 

of z-component of dynamic magnetization under the influence of induced stress on the surface 

of YIG stripes. (c) Spin-wave intensity in lateral YIG stripes. 

 

Here we report on strain mediated control of the spin-wave transport along the 

magnonic crystal with PZT layer. Magnonic crystal consists of yttrium iron garnet (YIG) 

ñalligator-typeò waveguide. We demonstrate the voltage-driven and laser-induced 

nonreciprocity of spin waves in the ferromagnetic-semiconductor and ferromagnetic-

piezoelectric structure. The numerical model based on micromagnetic simulation was 

proposed. The multimode coupling regime was revealed by means of Brillouin light-

scattering (BLS) spectroscopy and microwave spectroscopy techniques. The proposed 
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structure can be used for frequency  selective spin-wave wave separation (demultiplexing) 

with the energy efficient tunability of microwave characteristics. 

This work was supported by the Russian Science Foundation (Project #20-79-10191). 
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Exchange interaction under optical pumping and ultrahigh pressure in magnetic 

insulators 

 

Gavrichkov V.A.1, Polukeev S.I.1, Ovchinnikov S.G.1 

 

1 Kirensky Institute of Physics, Federal Research Center KSC SB RAS, 

660036, Krasnoyarsk, Russia 

 

 Magnetic order results from the interatomic exchange interaction of magnetic 

moments of ions that usually are in the grounds state. We discuss two situations when a 

contribution of the ionic excited states to the exchange interaction is important [1], the effect 

of resonant optical pumping of the d-d excitations and the effect of spin crossover under static 

high pressure. In both cases ionic spin in the initial and final states are different. Thus, the 

induced forbidden d-d excitations, for example, from the ground term of Fe+3 with S=5/2 into 

the excited term with S=3/2 may be considered as a dynamic spin crossover. The ultrafast 

magnetic dynamics under optical pumping have been studied by several groups, for example 

[2]. Recently we have shown that the d_d transitions from the 6A1 ground state to the 4T2 in 

FeBO3 result in the exchange interaction sign inversion. While two Fe+3 ions with S=5/2 have 

the antiferromagnetic (AFM) interaction, the excited ion in 4T2 state has the ferromagnetic 

interaction with its high spin 5/2 neighbour, and this conclusion agrees with the 

experimentally found origin of the ultrafast magnetic dynamics in FeBO3 [3]. 

Under static high pressure the exchange interaction sign changes was also predicted. 

When the AFM high spin state in FeBO3 transforms into the low spin S=1/2 state above the 

spin crossover pressure, the exchange interaction becomes the ferromagnetic one [4]. 

Recently, ultrafast pump-probe spectroscopy under high pressure in the diamond anvil cell 

conditions became available [5]. The time-resolved ARPES study of the MoTe2 has revealed 

the dynamical modulation of the electronic correlations, particularly the decrease of the 

Hubbard U and Hund exchange coupling J resulting from the pump pulse [6]. It opens the 

possibility to realize the dynamical spin crossover under high pressure. 

 

We are thankful to the RSF for a financial support under the project No. 18-12-00022 P. 
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Light -matter interactions in metal-dielectric nanocavities with tunable permittivity: 

fundamentals and applications 

 

Nicol¸ Maccaferri1,2 

 
1Department of Physics and Materials Science, University of Luxembourg, 1511 Luxembourg, 

Luxembourg 
2 Department of Physics, Ume¬ University, 901 87, Ume¬, Sweden 

 

Metal-dielectric multilayers composed by nm-thick films support a wide landscape of 

sub-diffraction optical modes, which can be excited via coupling with nanoscale diffraction 

gratings [1] or by local excitations, for instance by using high-energy electron beams [2]. In 

this framework, we experimentally demonstrate how disc-shaped multilayered metal-

dielectric nanostructures can couple to far-field radiation and enable a full control of 

absorption and scattering of light at visible and near-infrared frequencies [3]. At the same 

time, we show that these nanostructures can enable a resonant magnetically induced 

modulation of the light polarization by exciting either electric or magnetic optical modes [4]. 

Moreover, the exploitation of the metal-dielectric interface-induced symmetry breaking has 

been explored as possible route to achieve enhanced nonlinear optical emission [5], largely 

independent from the exciting polarization and angle of incidence, unlocking promising 

applications of these structures as solvable nanostructures to generate visible light by using 

near-infrared (NIR) radiation. These multilayered metal-dielectric nanoparticles exhibit also a 

high (> 70%) absorption efficiency in the NIR region, and their light-to-heat conversion is 

demonstrated by a much larger temperature increase than that of metallic nanostructures with 

the same geometry and volume. As proof-of-concept, we introduce an approach for efficient 

in vitro hyperthermia of living cells with negligible cytotoxicity [6]. This type of architectures 

can also be used for a plenty of applications spanning from the detection of deep sub-

wavelength deformation [7] and ultra-high-resolution imaging [8], to temperature sensing [9] 

and tailored ultrafast all-optical switching of light states with a relative modulation depth 

exceeding 100% [10]. 
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Resolving chicken-or-egg causality dilemma for magneto-structural phase transition 

 in FeRh in high magnetic fields 

 

A. V. Kimel 

Radboud University, Institute for Molecules and Materials. Nijmegen, The Netherlands  

 

The debates about the nature of the counter-intuitive heat induced ferromagnetism in FeRh 

have been going on already for 60 years resembling a dispute about chicken-or-egg causality 

dilemma[1-3]. While FeRh is antiferromagnetic at low temperatures, heating above 370 K 

turns the material into a ferromagnet with an expanded lattice. If it is a magnetic phase 

transition, which drives the lattice, or structural phase transition, which causes the changes of 

magnetic order, is a question, which is constantly raised ever again. Here we resolve this 

magnetism-or-lattice causality dilemma by accelerating the magnetic dynamics in high fields 

up to 25 T while observing both structural and magnetic changes in time domain with the help 

of optical and magneto-optical measurements, respectively [4]. We discover the regime of the 

ultimately fast emergence of ferromagnetism in step with the structural changes showing that 

magnetism-or-lattice causality dilemma is resolved by simultaneous evolution of the both 

actors. 
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Control of interlayer exchange interaction in multilayer magnetic nanostructures: 

magnetoelectric and magnetocaloric effects  

 

ɸ.ɸ.Fraerman 

 

Institute for physics of microstructures RAS, GSP-105, Nizhny Novgorod, 603950, Russia 

 

The problem of reducing energy losses is universal and fully concerns the use of magnetic 

materials. First, very large electric currents are required to control the magnetic state and 

dynamic properties of memory cells and magnetic nano-oscillators. This leads to heating of 

the working elements and low efficiency. the entire device. One of the possible ways to solve 

the problem is magnetization reversal under the influence of an electric field, i.e. use of the 

magnetoelectric effect. There are different approaches to implementing this feature. In 

particular, it is possible to electrically control the interlayer exchange interaction in magnetic 

tunnel contacts. Indeed, the energy of the exchange interaction of two ferromagnetic layers of 

the tunnel contact can be represented in the form ‐ ὐ╔ ╜ Ͻ╜ ), where the interaction 

constant ὐ╔ depends on the voltage E applied to the magnetic contact. The report presents 

the results of our recent experiments with tunneling contacts CoFe / MgO / CoFe, which 

confirm the possibility of controlling the interlayer interaction under the action of an electric 

field [1]. 

Another area of work in the field of energy-saving magnetic materials is the problem of 

creating a magnetic refrigerator, the operation of which is based on the magnetocaloric effect. 

One of the problems of the "magnetic refrigerator" is the need to apply large magnetic fields ~ 

1T. We have proposed a method for reducing these fields by using the spin valve effect in 

multilayer structures containing magnetic layers with different Curie temperatures. Then, the 

energy of the exchange interaction of two "strong" ferromagnetic layers through a spacer of a 

"weak" ferromagnet can be represented as ‐ ὐ˟ ╜ Ͻ╜ , where the interaction 

constant J (T) depends on the temperature of the sample T. The report presents the results of 

an experimental study of the magnetocaloric effect in multilayer structures CoFe / NiCu / 

NiFe and Fe / Gd / Fe, confirming the possibility of significant cooling in relatively low fields 

<0.1T [2-4]. 

This work was supported by the Russian Science Foundation # 21-12-00271 
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On the magnetoelectricity in micromagnetism:  

the electric field-induced nucleation of 180ϊ-, 90ϊ-, and 0ϊ- domain walls  

 

Pyatakov1A.P., Ren2 W, Sundaresan3 A. 

 

1)  M.V. Lomonosov Moscow State University, 119991, Moscow, Russia 
2) Materials Genome Institute Physics Department, Shanghai University, Shanghai, China 

3) Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore, India 

 

More than a decade ago I.E. Dzyaloshinskii in his seminal paper  [1]  proposed the 

electric field nucleation of magnetic domain wall in single domain state. For topological 

reasons the conventional 180-degree domain wall cannot appear alone: the total angle of 

magnetization rotation in this type of the structure should be zero. Another factor is energy 

minimization so that the nucleation of magnetic topological defect should occur in the vicinity 

of the electrode. For these arguments the electric field-induced magnetic inhomogeneity 

should be either the bubble domain or the domain wall of special type, the zero degree one.  

 
a)      b)      c) 

Fig.1 The electric field nucleation of domains and domain walls: a) the composite experimental/schematic 

picture of 180ϊ-bubble domain generation by electric tip  [2] b) the electric field-induced nucleation of 90ϊ 

domain by atomic force microscope cantilever tip  [3]  c) the conceptual scheme of 0ϊ-domain  nucleation by 

stripe electrode  [4].  

 

In this report we consider the experimental and theoretical works on electric field 

nucleation of various types of domain boundaries and their improper ferroelectricity [1-6].    

 

The work is supported by joint RFBR grant #18-52-80028 Brics_T.   
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Magnon BEC aplication for quantum computing  

 

Yu. M. Bunkov 

 

M-Granat, Russian Quantum Center, 30, B. Bulvar, Skolkovo, 121205, Moscow, Russia 

 

Our group ñQuantum magnonics" is developing a new platform for quantum 

computing. This platform is based on a quantum property of magnons to form a Bose 

condensate at its high concentration. Magnons are quasiparticles in magnetically ordered 

materials that describe elementary excitations of the ground state. They possess spin equal to 

1 and accordingly obey Bose statistics. In thermal equilibrium, the density of magnons is not 

significant and their properties are well described in the linear approximation. However, the 

concentration of magnons can be enhanced up to a very high number by pumping them under 

magnetic resonance conditions. The deviation of magnetization of Yttrium Iron Garnet (YIG) 

up to a 3o leads to the formation of magnon Bose-Einstain condensation (mBEC) [1]. In the 

experiments carried out, we use out of plane magnetized epitaxial YIG film. Under these 

conditions, the magnons are repelled, the potential of which leads to the formation of the 

energy gap, and the stability of magnon supercurrent. Under these conditions, the properties 

of magnons are similar to their properties in the superfreight antiferromagnetic 3He-B, where 

mBEC and magnon superuidity were discovered for the first time [2]. The first results of our 

experiments with mBEC in YIG film are very promising [3, 4, 5]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Sketch of qubit based on the superposition of magnon supercurrents. On the left, the 

flow of excited magnons, which fills the YIG ring by mBEC. The domain wall forms p phase 

jump, which generate supercurrents. The states J+ + J- and J+ - J- forms a two quantum levels 

of qubit. 

 

We consider three possible options for to form a qubit based on mBEK. First of all it 

is a qubit on the superposition of two circular magnon supercurrents (see Fig. 1). The 

stabilized domain boundary should change the phase of currents on p and, accordingly, form 

two quantum states with clockwise and counterclockwise circulation. These states should 

form two quantum states with a gap, similar to the case of a superconducting ring with 

Josephson junction. The second scheme is based on the interaction of two mBECs located in 

two YIG samples, which are connected by electromagnetic or acoustic interaction. The third 

scheme is based on composite magnon-photon qubit consisting of two or more samples with 

mBEC placed in high quality resonator. In this case, the interaction between mBECs can be 
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controlled by changing the local magnetic field on each sample or selectively exciting 

magnons in the each of sample.  And finally, the qubit can be formed by two states in the 

same sample under double frequency parametric pumping. In this case, the difference 

between states is a phase that is shifted to p  (see Fig. 2).  Parametric pump can support both 

states. The energy barrier between states determines by pump amplitude. Quantum 

manipulations between states can be made by RFe pulses. Adiabatic approach can be made by 

changing the amplitude of parametric pumping. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Two states with phase differences p. The magnon density is stabilized by parametric 

pumping. The magnitude of the barrier determines by the pumping amplitude.  

 

The methods of optical reading out of qubit states, its phase and amplitude is also 

preview and is currently in development. 

 

Financial support by the Russian Science Foundation within the grant 19-12-00397 

ñSpin Superuids" is gratefully acknowledged. 
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Frontiers of ultrafast magneto-acoustics 
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Here I review recent experimental and theoretical advances in ultrafast magneto-

acoustics in magnetostrictive materials and nanostructures in the GHz-to-THz frequency 

range [1,2]. Ultrafast magneto-acoustics investigates the coupling between elementary 

excitations of magnetic order with lattice vibrations. The first example discusses magneto-

elastic excitations of ferromagnetic resonance (FMR) with quasi-monochromatic GHz-

frequency surface acoustic waves [3,4]. The underlying theory is reduced to an elementary 

equation of an externally driven parametric FMR-oscillator: the model that captures all 

essential experimental findings such as the resonant enhancement of FMR amplitude, the 

linear parametric sum- and difference frequency mixing and generation of fractional 

parametric frequencies. The second example discusses show how ~100 GHz frequency 

exchange magnons in ferromagnetic thin films are excited by ultrashort pulses of longitudinal 

acoustic phonons: the dominant role of the acoustic bandwidth in this process is revealed [5]. 

The outlook discusses some forward-looking simulations of resonantly enhanced interactions 

between acoustic and magnonic cavity modes in suspended ferromagnetic thin films and 

magneto-elastic coupling with THz-frequency inertial magnons [6], the new type of magnetic 

excitations predicted recently.      
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The growth of semiconductor technology has revolutionized the human life in many ways 

with the development of electronic and opto-electronic applications. For future, 

nanophotonics is envisaged to play a crucial role where all-dielectric metamaterials with no 

metallic losses that effect the response of plasmonic structures are essential. For light-matter 

interaction, high quality factor (Q) structures are interesting. One of the semiconductor 

physics ideas that is well pursued in the recent times is the bound state in continuum (BIC) as 

the BIC resonance is shown to offer very high Q (in principle, infinity). While BIC resonance 

is an abstract concept with zero linewidth, quasi-BIC resonances in the vicinity of the BIC 

resonance could be of practical use. BIC resonance has interesting polarization properties. 

Other interesting concept from semiconductors is, superlattices which show the concept of 

Brillouin zone folding which can be used for engineering the band structure. In polar 

dielectric thin films, Berreman modes are excited at the longitudinal optical phonon mode 

useful in infrared nanophotonics.  

    

Fig. 1 (a) 2-d square lattice with dimension of alternating dielectric discs in a row changed. 

(b) RCWA calculated reflection coefficient showing circular symmetry for quais-BIC region 

and broken circular symmetry for leaky modes. (c) Numerical simulations showing the 

Berreman and epsilon near zero modes. 

In this talk I will show examples of how zone folding due to phase change results in 

polarization independent BIC resonance in a square lattice (Fig.1(a)), interesting application 

of BIC mode in orbital angular momentum state generation (Fig. 1(b)) and the possibility of 

the evolution of leaky Berreman mode to BIC resonance in the presence of a thin metal film 

(Fig1(c)). 

Acknowledgments : The results presented are 3 works done in partial collaboration with 
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Abstract 

Magneto-optic effects (MOEs) are numbers of phenomena in which an electromagentic 

wave propagates through a gyrotropic or gyromagnetic medium that has been altered by the 

presence of a quasistatic magnetic field, where left- and right-rotating elliptical polarizations 

can propagate at different speeds, leading to a number of important physical phenomena. 

MOEs break time reversal symmetry locally as well as Lorentz reciprocity, which is one 

necessary condition to construct devices such as optical isolators,optical rotators and optical 

isomers. With the breakthrough of the physical mechanism of MOE (e.g., spin-orbit coupling, 

spin-lattice coupling) and the extended new application (e.g., weak detection, laser induced 

magnetization/demagnetization, spin qubit control), particularly the recently developed time-

resolved magneto-optical Kerr effect detection based on ultra-fast laser pump-probing 

technique and the magneto-optical imaging technology, MOEs have been the efficient tools to 

study the intrinsic mechanism and the related multi-body coupling of light-matter (e.g., 

2D/nanostructure materials) interaction. These studies also result into the development of 

novel optical technologies (e.g., THz emitter, high-order harmonics) and the discovery of 

ultrasensitive 2D/nanostructure materials for the spintronics and the quantum manipulation.  

Here, we will summarize the above progress in the MOEs and then discuss the key issues 

in the development of hybrid materials in this field, or the surface and interface engineering of 

multi-layered thin films for enhanced MOE and the related spin-orbit coupling mechanism. 

Methods for the surface nanoengineering of thin films, such as template-assisted nanoprinting 

and UV-LIGA process in our group will be discussed. The interface engineering by changing 

the layer composition and thickness, and stacking sequences, such as using materials with 

strong surface plasmon resonance and/or spin-orbit coupling effect, will be discussed. It is 

found that surface and interface Nano-engineering can increase the MOE significantly and 

have the ability for the precise regulation of T-MOKE and L-MOKE. Figure 1 shows the 

result to enhance the MOKE rotation by adjusting the thickness of the high spin-orbit 

coupling Ta layer and the hole length of porous anodic alumina (AAO) templates. Our study 

also reveals that inversed MOKEs are observed in nanoporous heterogeneous films, showing 

pore size & spacing, layer composition (particularly for those with high spin-orbit coupling 

materials) and thickness dependence, which can be explained by spin-obit coupling, surface 

plasmon resonance and strong Fabry-Peru interference. In addition, induced wavelength or 

http://dict.cn/optical%20rotator
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angle dependent Fano-like resonance can be obtained with the sharp peak of T-MOKE, 

leading to the possibility to design ultrasensitive detectors based on the measurement of 

MOKE. 

 

 

 

 

 

 

 

 

 

Fig. 1 Control of the MOKE rotation of Tâx̃/CoFeB/substrate thin films by the Ta layer 

thickness for different substrates: (a) Al plate; (b) AAO template with pore diameter of 100 

nm and depth of 300 nm; (c) AAO template with pore diameter of 100 nm and depth of 1000 

nm. 
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Recently, a worldwide attempt for understanding the functions of brain and nervous 

system has been made based on new biocompatible structures and devices. Hence, various 

aspects of neuroscience have been investigated through different techniques such as 

neuroplasmonics to neural activity imaging and recording in in vitro or in vivo classifications. 

Due to the main physical phenomena as surface plasmon resonances (SPRs) in 

Neuroplasmonics, it's offers advantages comprising rapidity, high sensitivity, biological 

compatibility, label-free and real-time detection by benefiting from the sensing and thermal 

characteristics.  

Neuroplasmonic can be divided to four main configurations as prism coupler, 

fluorescence microscopy and methods based on nanorods and plasmonic crystals. Each of 

them has some benefits or disadvantageous for specialized applications. Now we talk about 

these classifications and some applications of neuroplasmonic structures to detect and record 

neural activity in the worm, in tissues or in the cells. In these media, we use integrated 

plasmonic-ellipsometry platform to enhance signal to noise ratio and sensitivity without 

labeling and stimulation artifacts. 
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Orbital effects in solids: recent progress  
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The properties of transition metal compounds are largely determined by nontrivial  

interplay of different degrees of freedom: charge, spin, lattice, but also orbital ones. 

Especially rich and interesting effects occur in systems with orbital degeneracy. They result in 

the famous Jahn--Teller effect leading to a plethora of consequences, in static and in dynamic 

properties, including nontrivial quantum effects. In the present talk we discuss the main 

phenomena in the physics of such systems, paying central attention to the novel 

manifestations of those. First we will shortly discuss the basic phenomena and their 

description and then concentrate on several specific directions in this field. One of them is the 

reduction of effective dimensionality in many systems with orbital degrees of freedom due to 

directional character of orbitals, with concomitant appearance of some instabilities leading in 

particular to the formation of dimers, trimers and similar clusters in a material. The properties 

of such cluster systems, largely determined by their orbital structure, are discussed in detail, 

and many specific examples of those in different materials are presented. Another big field 

which acquired special significance relatively recently is the role of relativistic spin--orbit 

interaction. The mutual influence of this interaction and the more traditional Jahn--Teller 

physics is treated in details in the second part of the review. In discussing all these questions 

special attention is paid to novel quantum effects in those. 

We acknowledge support of  Russian Science Foundation (project ˉ 20-62-46047). 
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In modern condensed matter physics, special attention is paid to the study of complex 

magnetic structures and, in particular, systems with helimagnetism. The helicoidal magnetic 

order can arise due to the competition of ferro- and antiferromagnetic interactions in frustrated 

systems or the Dzyaloshinsky-Moriya interaction. Helimagnetism, as a rule, is associated with 

a violation of the central symmetry due to the nonequivalence of the directions in the crystal 

relative to the propagation vector of the helicoid. Many classes of helimagnets are 

characterized by non-trivial properties (spontaneous electric polarization, magnetoelectric 

interaction, magnetoresistance), which also determines the possible use of helimagnets for the 

development of new functional materials for spintronics and magnetic memory. 

In this talk, application of NMR spectroscopy to study various properties of helical 

magnetic systems is discussed. In the introduction, a brief overview of basic principles of 

solid state NMR and main characteristics of helical spin structures is presented. In the main 

part, our recent results on NMR study on FeP helimagnet [1] are discussed in detail. In 

particular, we observed the spin-reorientation transition of the FeP helical spin structure in the 

external magnetic field range of 4-7 T, which is accompanied by an effect of local field spatial 

redistribution at the P sites. We established the phenomenological model, which implies phase 

separation into field-dependent volume fractions with random and oriented responses. We 

have shown that there are two pairs of magnetically inequivalent phosphorus positions 

forming two planes of incommensurate helical local fields distribution with the angle of 

47(2)Ü between them. We demonstrated that all observed 31P spectra can be treated within a 

model of an isotropic helix of Fe magnetic moments in the (ab)-plane.  

In conclusion, application of 31P NMR spectroscopy to study the binary helimagnet 

FeP enabled us to obtain valuable novel information about the incommensurate helical spin 

structure and its evolution in external magnetic field, as well as to gain fine details of Fe-31P 

hyperfine interactions. 

 This work was supported by RSCF grant ˉ 21-72-00112. 
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The possibility of the existence of internal localized nonlinear excitations, namely, 

discrete "dark type" breathers, is shown for a one-dimensional chiral spin chain with an easy-

plane anisotropy in the state of forced ferromagnetism. A spin chain of finite length L is 

described by the Hamiltonian: 

Ὄ ςὐ ὛὛ ὃ Ὓ Ὄ Ὓ Ὀ Ὓ Ὓ ȟ 

where Sn is the spin vector of the n site. The first term corresponds to the exchange interaction 

of spins along the z axis with the interaction constant J > 0, the second to the single-ion 

anisotropy of the quantity A > 0 of the "easy plane" type, the third term describes the Zeeman 

interaction with an external magnetic field H0 directed along the axis chains z. The last term 

corresponds to the antisymmetric Dzyaloshinskii-Moriya exchange with the interaction vector 

D directed along the axis of the chain. We modify the numerical algorithm suggested in Ref. 

[1] to find the nonlinear solutions. Their analytical description in the continuum limit is 

developed, and their stability is proved by using the linear Floquet theory [2]. It is shown that 

"dark" breathers, in contrast to the previously considered "bright type" ones [3], which do not 

resonate with linear spin waves, can exist at a small values of the easy-plane magnetic 

anisotropy. This makes promising to detect experimentally these nonlinear excitations in real 

prototypes of chiral helimagnets. 

The work is supported by the RFFI grant (project 20-02-00213). 
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Heusler alloys from the Ni2MnGa family with additives of the 4th element, in 

particular Cu, have long attracted the attention of researchers [1] due to their improved 

functional properties: a higher magnetocaloric effect (MCE), a reduced width of thermal 

hysteresis, and lower temperatures of the martensitic phase transition (PT). In the Heusler 

alloy Ni50Mn18.5Ga25Cu6.5, the magnetostructural PT of the 1st order is observed in the 

temperature range of 300ï313 K. The surface of the sample of this alloy was investigated by 

the optical method in situ in the fields of Bitter magnet up to 120 kOe; the method is 

described in detail in [2].The sample was initially in the austenite phase (H = 0 kOe), while 

magnetization of the sample leads to the nucleation of the martensite phase, and at H = 120 

kOe, almost the entire surface of the sample is occupied by martensite twins (Fig. 1a). 

Subsequent demagnetization of the sample reduces the volume fraction of martensite in the 

alloy; however, martensite is predominantly observed on the metallographic surface; a 

magnetically induced first-order phase transition at ʊ0 = 312 K in magnetic fields up to 120 

kOe is irreversible (Fig. 1a). 

The maximal MCE value in this Heusler alloy obtained by the method described in [3] 

was ȹT = 20.5 K at T0 = 309.2 K in pulsed field H = 500 kOe. Based on measurements of the 

magnetization in fields up to 70 kOe and of the MCE at 500 kOe the H-T phase diagram of 

the alloy was constructed. The tricritical point was found at Tcr = 333.8 K and Hcr= 302 kOe 

(Fig.1b), above which hysteresis-free behavior is realized as the 2nd order PT. 

 

 
(ʘ) (ʙ) 

Fig. 1. (a) Formation of the martensite phase in the Heusler alloy Ni2Mn0.74Cu0.26Ga under 

the action of a magnetic field up to 120 kOe under adiabatic conditions at an initial 

temperature of ʊ0 = 312 K. 

(b) Magnetic phase H-T diagram of the Heusler alloy Ni2Mn0.74Cu0.26Ga. 

The work was carried out within the framework of the RFP resident grant ˉ ʄʂ-355.2020.2. 
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In half-metallic ferromagnets (HMFs) and spin gapless semiconductors (SGSs) based 

on Heusler compounds, close to 100% spin polarization of charge carriers can be realized. 

Consequently, these new materials are promising for use in spintronic devices [1]. At the 

Fermi level, HMF and SGS for electronic states with spin ñdownò have a wide (ȹE ~ 1 eV) 

gap, while for the opposite spin projection in the HMF there is no gap, and in SGS there is a 

zero energy gap [2, 3].  

States close to HMF and / or SGS are observed in the Co2YSi (Y = Ti, V, Cr, Mn, Fe, 

Co, Ni) Heusler compounds (see, for example, [4]). Apparently, such states can also appear in 

other Co-based Heusler compounds, in particular, in the Co2MnZ system (Z = Al, Si, Ga, Ge) 

upon varying the Z-component, which should inevitably manifest itself in their electronic 

transport and magnetic properties. Thus, the purpose of this work is to study the structure, 

magnetic and electrical properties of the system of compounds Co2MnZ (Z = Al, Si, Ga, Ge), 

to establish the regularities of their behavior and the possible relationship with the degree of 

spin polarization of current carriers. 

As a result of the studies carried out, it was found that with a change in the Z-

component, the residual resistivity ɟ0, the saturation magnetization Ms, change significantly, 

and there is a correlation between them as well and the spin polarization coefficients known 

from the literature. The normal and anomalous coefficients of the Hall effect, type and 

mobility of charge carriers were found. Based on the results obtained, it was suggested that 

the half-metallic ferromagnet Co2MnSi compound can be used as an injector for spin-

polarized electrons in spintronic devices. 

The work was carried out within the framework of the state assignment of Ministry of 

Science and Higher Education of the Russian Federation (theme ñSpinò No. AAAA-A18-

118020290104-2), with partial support from the RFBR project No. 20-32-90065 and the 

Government of the Russian Federation (Decree No. 211, contract No. 02.A03.21.0006). 
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Having difficulties when describing single transition-metal (TM) ions in a crystal, one 

faces more serious problems with a structural cluster. Within such a cluster TM ions are 

tightly connected with each other that may cause new complicated phenomena and influence 

the choice of a model used to interpret them. 

Investigation of the recently synthesized series of isostructural compounds 

Ba4NbTM3O12 (TM=Mn, Rh, and Ir) with TM trimers in a face-sharing geometry [1,2] 

makes it possible to examine a tendency to the molecular orbitals (MO) formation in clusters 

going from 3d to 5d TM ions.  

Our ab initio calculations of electronic and magnetic properties demonstrate gradual 

transition from the picture of localized electrons realized in Mn-3d (Figure 1a) to the MO 

picture for Rh-4d and especially for Ir-5d  based compounds (Figure 1c and 1b) [3,4]. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This research was supported by the Russian Foundation for Basic Researches (Grant 

No.  RFBR 20-32-90073). 

 

References 

[1] L.T. Nguyen, T. Kong, and R. J. Cava, Mater. Res. Express 6, 056108 (2019). 

[2] L.T.  Nguyen and R. J. Cava, Phys. Rev. Materials 3, 014412 (2019).  

[3] S.V. Streltsov and D. I. Khomskii, JETP Lett. 108, 686 (2018).  

[4] E.V. Komleva, D.I. Khomskii, and S.V. Streltsov, Phys. Rev. B 102, 174448 

(2020). 

  

Figure 1: (a) Level diagram (with both t2g and eˋg) for Mn trimer (localized 

electrons) and (b), (c) scheme of t2g energy levels (no eˋg ) for MO model 

and charge densities of the band above/at the Fermi level for (b) Ir and (c) 

Rh trimers.  
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Iron borate single crystals are an extremely interesting object of numerous studies in 

the field of magnetism and solid state physics. Its "science intensity" is due to a rare 

combination of properties ï magnetic, elastic, optical, resonance. It is a transparent magnet. 

Iron borate is a synthetic crystal grown for the first time 60 years ago. The authors are 

engaged in the synthesis and research of properties and effects in this material for a number of 

years. The report provides an overview of the study of iron borate and composite materials 

based on it. We consider, in particular, synthesis, surface magnetism, magnetoacoustics, 

magnetic resonance phenomena and much more. Modern high-tech applications of this unique 

crystal are also discussed. 
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The possibility of using synchrotron radiation as a high-intensity and focused Mºssbauer 

source has already been realized at synchrotron stations in ESRF (France) and SPring-8 

(Japan). It was proposed to use iron borate single crystals FeBO3, which have optimal 

parameters for diffraction of nuclear resonance radiation, as ideal monochromators at the final 

stage of Mºssbauer radiation tuning. However, the spectra of reflected radiation strongly 

depend on the hyperfine interactions in this crystal, while the required radiation parameters 

are achieved near the N®el point (TN ~ 348 K) 

[1,2,3]. In this case, precise studies of the magnetic, 

electronic, and structural properties of an iron borate 

single crystal near the N®el point are of a great 

importance.    

    In our study, the Mºssbauer spectra of FeBO3 

single crystals were investigated with high accuracy 

in the temperature range 4.2 ï 400 K. The 

propagation vector of the Mºssbauer gamma rays kɔ 

was directed along the c axis that is perpendicular to 

the basic plane (001) of the crystal in the hexagonal 

setup. The Mºssbauer spectra were processed in the 

framework of combined magnetic and electric hyperfine interactions (Fig.1). In addition, at 

elevated temperatures, the thermally excited states of magnetic moments were taken into 

account [4]. We found that the magnetic moments of iron lie in the basal plane (001) of the 

crystal, and the threefold axis c and the main axis of the electric field gradient EFG (Z) are 

orthogonal to the direction of the magnetic moments. In addition, the values of the isomer 

shift, quadrupole constant, and magnetic hyperfine field were precisely examined in the 

FeBO3 single crystal in a wide temperature range of 4.2 - 373 K. The results obtained can be 

very useful for tuning pure nuclear diffraction in synchrotron Mºssbauer experiments. 

Acknowledgment: This work was funded by RFBR, project number 19-29-12016\20-mk. 
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Transition metal borates are of interest due to structural and electronic transitions, spin-

state crossovers, charge ordering, and puzzle magnetic structure [1,2]. The cobalt compounds 

occupy a special place due to cobalt exhibits several possible oxidation states ï Co2+(d7), 

Co3+(d6), and Co4+(d5) as well as the ability of Co3+ ions to accommodate various spin states ï 

low spin (S=0, LS), high spin (S=2, HS), and intermediate spin [3-5]. Here we present results 

of the comprehensive study of Co-containing borates adopting different structural types: 

kotoite (Me3B2O6), pyroborate (Me2B2O5), warwickite (Me2BO4), and ludwigite (Me3BO5). 

All compounds under consideration were synthesized by the flux technique. The crystal 

structure and the magnetic properties have been investigated by X-ray diffraction, 

magnetization, and specific heat experiments. The high-temperature X-ray diffraction and 

specific heat measurements on a Co3BO5 

single crystal revealed the spin-state 

transition of the Co3+ ion.  

The substitution effect of Co3+ŸFe3+, 

Ga3+, Ge4+, and Nb5+ on the crystal structure 

and magnetic behavior was studied. The 

enhancement of exchange interactions leading 

to the stabilization of the ferrimagnetic state 

to higher temperatures and the appearance of 

an antiferromagnetic transition were found. 

All compounds exhibit strong magnetic 

anisotropy with the b-axis as the easy 

magnetization direction. The structural and 

magnetic affinity of borates is discussed.   

This work has been financed by the Russian Foundation for Basic Research (project no. 

20-02-00559). 
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Ferromagnetic shape memory alloys are promising candidates for application as 

actuators, sensors, magnetomechanical devices, harvesters, and magnetic cooling systems [1-

3]. Such compounds can be classified as the high-performance intelligent materials with large 

deformation and fast response. The wide range of their potential applications is directly 

related to unique properties demonstrated in response to external influence [1-3]. 

Fe-Ni-Al and Co-Ni-Sn alloys are an interesting class of materials, as they are ductile, 

cheap, and easily synthesized. Moreover, while possessing a high Curie and martensitic 

transformation temperature. In this work, we report on systematic ab initio investigations of 

the structural and magnetic properties of Fe2Ni1+xAl 1-x and Co2Ni1+xSn1-x Heusler alloys. 

We calculated the ground state energy and magnetic properties of different crystal structures 

and degree of order. For the most favorable structures, we evaluated magnetocrystalline 

anisotropy and lattice free energy to assess the equilibrium properties for the compositions 

under study. 

 

 

 
This work was supported by Russian Science Foundation No. 17-72-20022 and 

Russian Foundation for Basic Research No. 20-42-740003 and the German Research 

Foundation (DFG) ï TRR 270, B06. Part of calculations were performed on MagnitUDE 
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The report is dedicated to study of the metamagnetostructural transformation of the 

martensitic type in the Ni46Mn41In13 alloy with magnetic shape memory and inverse 

magnetocaloric effect. The characteristic temperatures of the beginning and end of the 

forward and reverse martensitic transformation for bulk material were determined by 

differential scanning calorimetry (DSC) Ms = 253 K, Mf = 164 K, As = 203 K, Af = 236 K. 

The characteristic features of the transformation and premartensitic states were studied by 

transmission electron microscopy. The estimation of the material thickness at which the 

martensitic transformation is blocked is carried out. The temperature dependence of the 

magnetization in fields of 1, 2, and 3 T. The presence of an SME demonstrates an anomaly on 

the ů ï Ů curves in the temperature range of the beginning and end of the martensitic 

transformation. Curie temperature was determined by DSC and thermogravimetric analysis 

(TGA) Tc=325 K. 

The dependence of the temperature of the onset of metamagnetostructural 

transformation of the martensitic type on the thickness of the sample in the form of a wedge-

shaped foil is revealed. It was found that the martensite phase during the direct martensitic 

transformation, in thin foil regions with a thickness of less than 150 nm, begins to appear at 

Ms = 215 K (i.e., at temperatures lower than in the bulk material) after the first cooling-

heating-cooling cycle, after the second cycle Ms = 210 K and after the third Ms = 208. A 

further decrease in temperature for each of the cycles leads to an increase in the proportion of 

martensite; however, the transformation is blocked at about 600 nm from the edge of the 

sample with a plate thickness of less than 50 nm, so the formation of a martensite structure is 

not observed here even at the temperature of liquid nitrogen (fig. 1). 

The presence of (111) superstructure reflections indicate a well-ordered L21 phase in 

this system a=6,17 ¡. The presence of (111) superstructure reflections indicate a well-ordered 

L21 phase in this system, fig. 2. 
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a b c 

Fig. 1. Bright-field images and diffraction patterns of the selected regions of the 

Ni46Mn41In13 alloy at temperatures of 215 K (a), 208 K (b), 100 K (c). 

  

a                                                               b 

Fig. 2 Microstructure of the austenitic phase of the Ni46Mn41In13 alloy: a - bright field 

image; b - electron diffraction pattern, zone axis [110] L21. 

The results obtained demonstrate that the phase transformation in the Ni46Mn41In13 

alloy occurs unevenly throughout the sample, as evidenced by the variety of the observed 

structures (black-and-white contrast, tweed, lamellar structure). Below Ms, the cubic L21 

phase transforms into modulated martensitic variants with retained austenite. A further 

decrease in temperature leads to an increase in the proportion of the martensite phase; 

however, it was found that the martensitic transformation is completely suppressed at a plate 

thickness of less than 50 nm. 

The temperatures of the forward and reverse martensitic transformation depend not 

only on the magnitude of the magnetic field, but also on the size and configuration of the 

sample. A decrease in the plate thickness and magnetic fields lead to a decrease in the 

temperature of direct martensitic transformation, expanding the region of existence of 

ferromagnetic austenite. 

Electron microscopic studies and preparation of foils for TEM were carried out at the 

Interdisciplinary Resource Center for Nanotechnology, St. Petersburg State University, St. 

Petersburg. 
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Abstract. The achievements of recent years in the field of physics and technology of 

magnetic functional magnetic materials, stimulate numerous pioneering applied research in 

various fields from energy to medicine. Of particular importance is the use of such new 

materials as superconductors, permanent magnets, and magnetocaloric materials to create a 

promising ultra-high-speed ground-based vacuum magnetolevitation transport (VMLT), 

which is expected to simultaneously dramatically increase the speed of movement and reduce 

specific energy consumption [1]. The aim of the work is an experimental study of the process 

of magnetic levitation of a cryostat with elements made of ceramics of a high-temperature 

superconductor Y-Ba-Cu-O on a model of a route made of lines of permanent magnets based 

on Nd-Fe-B. 

Cryostat with HTSP MLT layout  

The principle of operation of the magneto-levitation transport system is based on the 

use of the phenomenon of magnetic levitation of high-temperature superconductors of the 

second kind (Fig. 1.). A cryostat with a high-temperature superconductor (HTSC) of the 

YBaCuO composition is cooled over a track assembled from permanent magnets (Fig. 2). The 

HTSC transition temperature to the superconducting state is 93 K, which allows the cryostat 

to be cooled with liquid nitrogen. 

  

Fig. 1. The principle of magnetic levitation Fig. 2. Section of the MLT route 
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                  Fig. 3. Measurement of levitation force and lateral stability 

 

The results obtained (Fig. 3.) on the used installation allowed to achieve a maximum 

load of 60 kg of vertical and 15 kg of lateral load, which opens the possibility of moving to 

the next level of scalability of the project: the length of the route is more than 10 meters, as 

well as the load capacity of 2000 N at speeds up to 20 km/h. Of great importance is the search 

for methods for the precise determination of drag forces and the separation of the 

contributions of aerodynamic friction forces and specific losses in sulfur conductors of the 

second kind. Of particular importance is the conduct of experiments on the separation of 

contributions from aerodynamic forces and other forces in a vacuum. 

The research was carried out with the financial support of the RFBR, NTU "Sirius", 

JSC "Russian Railways" and the Educational Fund "Talent and Success" in the framework of 

the scientific project No. 20-37-51005". 
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Multicomponent alloys including high entropy and compositionally complex ones are 

in the focus of intensive researches because of their extraordinary physical properties and 

perspective for applications. Due to enormous number of possible compositions in such 

alloys, the methods for predicting their structure and properties are of great importance. One 

of the main theoretical tools on this way is ab initio simulations which allows addressing both 

atomic and electronic structure and calculating observable properties with experimental 

accuracy. However, performing ab initio simulations of highly-multicomponent alloys is an 

extremely difficult task.  

The promising way to solve this problem is the use of machine learning (ML) for 

boosting computer simulations. The main idea is to fit properly the interatomic potential 

energy surface of a particle system using ab initio reference data. A properly designed 

machine learning interatomic potential (MLIP) can provide nearly ab initio accuracy with 

orders of magnitude less computational cost. Since pioneering works at the end of the 2000s 

[1,2], a number of approaches to fabricate MLIPs have been proposed so far and applied 

successfully for studying condensed matter systems of different nature. However, the 

application of these methods to study of multicomponent alloys has not yet been thoroughly 

validated. A lot of issues arise on this way: 1) How to generate properly the training dataset of 

ab initio configurations? 2) That is the best ML model to describe multicomponent systems? 

3) Is that possible to develop MLIP which describes adequately a system with many (say, 

more than six) components? 4) Is it possible to extrapolate the domain of thermodynamic 

parameters available for simulations far beyond the training dataset? 

 Here we address these issues for a number of metallic multicomponent alloys 

including ternary Al-Cu-(Fe,Ni) alloys and high-entropy TiZrHfNbCoNiAl and 

TiZrHfNbVCrMoMnFeCoNiAl alloys. Using a training datasets of ab initio configurations 

corresponding to the liquid alloys, we develop MLIP (NNPs) as implemented in DeePMD 

code. For Al-Cu-(Fe,Ni) alloys, NNPs are trained on a few compositions covering a ternary 

composition triangle with a 15 at. % grid, allows describing both atomic structure and 

dynamics of the system in whole composition range and in a broad temperature range. The 

developed NNPs provide good accuracy for structural and dynamical properties in 

comparison to ab initio data. This is the first example of NNPs for alloys with so many 

components. The results obtained open up prospects for simulating structural and dynamical 

properties of multicomponent alloys with MLIPs. Support of Russian Science Foundation 

(#18-12-00438) is acknowledged. 
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For several decades, intensive theoretical studies have been carried out on the 

magnetic, structural, electronic, and thermodynamic properties of Fe-Rh alloys. One of the 

important issues is the estimation of the lattice (æSlat), magnetic (æSmag), and electronic (æSel) 

contributions of entropies to the total change in entropy æS at the phase transition point. In 

Ref. [1], an emphasis was placed on the dominant role of æSel, while in papers [2, 3] the 

essential role of the contribution æSmag was discussed. On the contrary, in Ref. [4], an 

attention was drawn to the predominant contribution æSlat. Nevertheless, despite numerous 

theoretical studies of Fe-Rh alloys, the issue of prediction of the metamagnetic transition 

temperature and the entropy contribution estimations by ab initio calculations taking into 

account both the well-known generalized gradient approximation (GGA) and the Debye 

model remains open. Since a number of factors prevent this. These factors include a large 

difference in energy between antiferromagnetic (AFM) and ferromagnetic (FM) phases [3, 4], 

a high Debye temperature for the FM phase compared to the AFM phase [5], and the presence 

of soft phonon modes in the AFM phase [4, 5]. In this regard, the solution of this issue by the 

example of Fe-Rh alloys seems to be interesting and relevant. 

This work is devoted to the theoretical prediction of the metamagnetic transition 

temperature within the framework of the density functional theory formalism, taking into 

account the influence of exchange-correlation effects and the quasi-harmonic Debye model. 

The ab initio calculations were performed using the projector augmented wave method 

implemented in the VASP software package [6]. To describe the exchange-correlation effects, 

the GGA and meta-generalized gradient (meta-GGA) were selected within the framework of 

the Purdue-Burke-Ernzerhof (PBE) functional [7] and the new generation SCAN functional 

[8], which takes into account the gradient of the electron density and density of kinetic 

energy. Geometric optimization of the crystal lattice of cubic symmetry No. 225 is performed 

on a 16-atomic supercell (Fe8Rh8) taking into account the FM and checkerboard AFM 

ordering of Fe atoms. The calculation of free energies and lattice entropies of each phase was 

performed using the Debye model, neglecting the electronic and magnetic contributions. 

Debye temperatures for each phase are determined from the calculations of the elastic moduli. 

Fig. 1 shows the dependences of the total energy on the lattice parameter of Fe-Rh, 

which obtained in the framework of electronic relaxation of the crystal structure within the 

GGA-PBE and SCAN functionals. Analysis of the results obtained shows the following. Both 

functionals predict AFM ordering as energetically favorable. However, SCAN gives a lower 

lattice constant for both types of magnetic ordering. It is noteworthy that taking into account 

additional electron correlations in the SCAN functional gives a significantly smaller energy 

difference ȹE (by about an order of magnitude) between the FM and AFM phases compared 

to the generally accepted PBE functional. 
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Fig. 1. Total energy difference as a function of the lattice parameter of Fe-Rh with FM and 

AFM order. The results are presented for (a) GGA-PBE and (b) SCAN functionals. The 

energies are plotted with respect to the AFM configuration. 

 

Thus, in contrast to the GGA approximation, additional correlation effects within the 

meta-GGA approximation reduce sufficiently the energy difference between the FM and 

AFM phases and yield to a slightly higher Debye temperature for the AFM phase compared to 

the FM phase. Assuming the total energies and Debye temperatures obtained within SCAN, 

the phase transition temperature is predicted about 300 K, which is close to the experimental 

data. Besides, and the æSlat at the transition point is evaluated which comparable with data 

reported in Ref. [5]. We believe that in the case of Fe-Rh alloys, the Debye model, together 

with calculations within the meta-GGA approximation, has an adequate predictive power 

along with the approach of calculating phonon spectra [5]. 
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The formation and condensation of electron-hole pairs (excitons) in semimetals and 

semiconductors was predicted more than half a century ago. The weak coupling theory of the 

excitonic insulators has been developed analogously to the Bardeen-Cooper-Schrieffer (BCS) 

theory of superconductivity [1]. Later the ideas of excitonic condensation were discussed for 

strongly correlated materials within the Hubbard-type models. Within the multiband Hubbard-

type model the interrelation of the excitonic condensation and the high spin (HS) - low spin 

(LS) crossover takes place [2]. 

The minimal model which contains the multiorbital physics and excitonic effects is the 

two-band Hubbard-type model both in the strong coupling and weak coupling regimes. In the 

strong coupling limit we have suggested [3] the similar approach as the Hubbardôs original 

one that starts with the exact diagonalization of the local part of the Hamiltonian and 

construction the Hubbard X-operators. Within such approach the effective Hamiltonian has 

been obtained that was used to study the phase diagram and the HS-LS crossover under 

external pressure. A spin gap between the LS and the HS is an external parameter of our 

model that may be varied by pressure. The mean-field phase diagram in the plane spin gap - 

temperature (or pressure - temperature) contains the HS antiferromagnetic and paramagnetic, 

excitonic, and nonmagnetic LS phases. The excitonic phase appears in the spin crossover 

region and coexists with the HS AFM phase. 

Two cases can be distinguished. In the first (weakly correlated) case, we have a two-

band semiconductor or a semimetal (depending on the model parameters), in which an exciton 

condensate can form according to the BCS or Bose-Einstein condensation scenario. In the 

second case (strongly correlated), when the energy of the Coulomb interaction of electrons is 

larger than their kinetic energy and becomes comparable with the energy of the crystal field, 

the spin crossover and the formation of localized magnetic excitons become possible. In this 

study we showed using the two-band Hubbard-Kanamori model that there is a condensation 

of such excitons near the spin crossover, which, in turn, leads to the opening of a dielectric 

gap in the electronic spectrum and the occurrence of the antiferromagnetic ordering. The 

emergence of the magnetism induced by the condensation of excitons was found. 

The authors thank the Russian Scientific Foundation for the financial support under 

the grant 18-12-00022. 
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Ferrimagnets are magnetic materials whose properties are in some sense intermediate 

between ferromagnets and antiferromagnets. Like antiferromagnets, ferrimagnets contain 

magnetic sublattices with antiparallel magnetizations. Ferrimagnets have always been 

considered as important materials of magnetic electronics, but new interesting properties are 

constantly being discovered in these materials. It is of interest to study the phase states of a 

non-Heisenberg ferrimagnet [1], in which one of the sublattices contains magnetic ions with 

spin 1 and the other with spin 1/2. In the sublattice with S = 1, we will take into account both 

bilinear and biquadratic exchange interactions. Moreover, this sublattice is anisotropic (easy-

plane anisotropy). The Hamiltonian of such a system is determined by the expression 
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where 1J  is the constant of the exchange interaction of the sublattice with spin 1/2; 2J , K - 

constants of bilinear and biquadratic exchange interactions of the sublattice with spin 1; b-

single-ion agisotropy constant; A <0 is the constant of intersublattice interaction. The 

consideration will be carried out for the case of low temperatures ( NT T<< , NT -temperature 

Neel). 

 Analysis of the free energy density shows that at 2 ,J K> b, the ferromagnetic (FiM) 

order is realized in the system. If the material parameters are such that 2J K< <b , then the 

effect of quantum spin reduction takes place in the first sublattice, and the second sublattice 

plays the role of an effective "magnetizing" field. Let us call this state the quadrupole 

ferrimagnetic (QFiM). The magnetization vectors of the first and second sublattices are 

anticollinear, so in this state it is possible to compensate for the magnetic moments of the 

sublattices. 

 From the equality of the density of free energy in FiM - and QFiM-phases, we obtain 

the surface of the phase transition between these phases 
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From the condition 

z zS s=- , and 

taking into account 

that 1 ,
2

zs = we 

obtain an equation that 

determines the surface 

of the compensation 

of spins in the QFiM 

phase 

2 2 .
6

zy x= - -  

Thus, this equation 

describes the surface 

on which the total spin 

of the sublattices is 

zero. 

The results obtained 

make it possible to 

construct a phase diagram of the system under study (see Fig.).  To determine the type of the 

QFiM - FiM phase transition, we use the Landau thermodynamic theory of phase transitions, 

which shows that the QFiM-FiM phase transition is a first-order phase transition. 
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Iron oxides are attracting a lot of attention due to their complex structural properties 

and fundamental aspects from the point of view of natural sciences and industrial applications 

[1,2]. In the last decade, studies at high temperatures and high pressures have revealed the 

existence of new binary iron oxides with unusual stoichiometry, such as Fe4O5 [3] and Fe5O6 

[4]. The discovery of new classes of systems with potentially complex electronic and 

magnetic properties motivated the study of their physical properties and potential for 

innovative applications [2]. While structural information and some properties of the new 

oxides at atmospheric pressure are available, information on their electronic and magnetic 

properties under extreme pressure-temperature conditions is very limited. Knowledge of these 

properties is important for both solid state physics and earth sciences.  

We present here the ab initio investigation of the electronic and magnetic properties 

and the correlations between structural and electronic properties of novel iron oxides 

polymorphs Fe4O5 (Fig.1) and Fe5O6. The evolution of the electronic and magnetic structure 

under pressure is analyzed within GGA+U and SCAN methodology. The stability of the 

Fe4O5 and Fe5O6 compounds at different pressures are studied in terms of the enthalpy of 

formation.  

 

Acknolegments. This research is funded by the Russian Foundation for Basic 
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Fig. 1. Crystal structure of Fe4O5.  
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An assessment of the effect of a small addition of Al atoms in binary Fe-Ga alloys 

[1,2] showed that the tetragonal magnetostriction of ternary Fe-Ga-Al alloys decreases 

insignificantly, which is explained by a simultaneous increase of both the magnetoelastic 

constants and the tetragonal elastic moduli. These effects are due to changes in the electronic 

structure. The binary alloy Fe-Ge as Fe-Ga are also magnetostrictive material, but there is no 

data about Al atoms effect on the structural and magnetic properties. The present research 

aims to study replacing Ge atoms with Al atoms on the structural, magnetic, and electronic 

properties.  

Using the density functional theory implemented in VASP program package [3,4], the 

two cubic structures A2 (group of symmetry Im-3m, #229) and D03 (group of symmetry Fm-

3m, #225) were considered for Fe100-x(Gex-yAl y)x (x=9.375, 15.625, 21.875; y=3.125, 6.25). 

The exchange-correlation effects were taken into account by the generalized gradient 

approximation in the Perdew-Burke-Ernzerhof form [5] for the supercell approach (32 atoms 

in supercell). To create non-stoichiometric compositions and structural disorder in supercells, 

special quasirandom structures were used created using the ATAT package (Alloy Theoretic 

Automated Toolkit) [6].  

At the first step, the geometry optimization of crystal structures was done by ionic 

relaxation (see Figure 1). It was found that the lattice constants have increased with increasing 

both Ge and Al atoms (x content).  

 
However, comparison ternary and binary Fe-Ge alloys [7] have shown replacing Ge atoms 

with Al atoms leads to a lower a0 that the smaller atomic radius of Al could explain.  

 

Fig. 1. The calculated values of the lattice parameters for structures A2 and D03 (a0/2) of the 

Fe100-x(Gex-yAly)x alloys. The lattice parameters for binary alloys are given from [7]. 
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Figure 2 shows the calculated total densities of states for A2 and D03 phases of Fe-Ge-

Al alloys. It was found that DOS profiles depend on both crystal structure and the number of 

Al and Ge addition. 
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(a)            Fe78.125Ge18.75Al3.125 (A2) (b)            Fe78.125Ge15.625Al6.25 (A2) 

  

  

όͫύ            CŜ78.125Ge18.75Al3.125 (D03) (d)            Fe78.125Ge15.625Al6.25 (D03) 

  

 

Fig. 2. The calculated total density of states depending on composition for A2 (a, b) and D03 

(c, d) structures of Fe100-x(Gex-yAly)x alloys  
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Within the multielectron model of magnetic insulator with two different spin terms at 

each cation and spin crossover under high pressure we have studied dynamics of a sudden 

excited non equilibrium spin state. We obtain the different relaxation of the magnetization, 

high spin/low spin occupation numbers, and the metal-oxygen bond length for different values 

of the external pressure. For each pressure-temperature values stationary state agrees to the 

mean field phase diagrams. We found the long living oscillations of magnetization for the 

high spin ground state at small pressure. Close to crossover pressure the smooth relaxation is 

accompanied with a set of sharp strongly non linear oscillations of magnetization and HS/LS 

occupation numbers that are accompanied by the FranckïCondon resonances. 
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The study of light propagation in scattering media is essential for many disciplines 

ranging from chemistry and biology, including astronomy and physics [1]. Nowadays, the 

propagation of light in a disordered medium is actively studied both theoretically and 

experimentally. Much attention is paid to the polarization of light, the possibility of its control 

is being investigated. Since the magnetization of a medium significantly affects the 

polarization, an urgent task is to describe the propagation of light in a magnetoactive medium 

with the disorder. 

Recently, the correlation matrix of the electric field has been calculated for 

magnetoactive media with the disorder [2]. It was shown that antisymmetric light correlations 

arise. It corresponds to the appearance of circular contributions to the polarization of light. 

However, the corrections coming from the magnetoactivity of the medium were taken into 

account only from one diffusive mode of polarization propagation. 

In this work, we study the effect of magnetoactivity on all polarization modes. 

Theoretically, the propagation of light in a magnetoactive medium with the anisotropic 

disorder from the first principles is studied. Within the framework of multiple scattering 

theory, the energy density is calculated [3]. Its expansion by the polarizations eigenmodes 

allowed to estimate the characteristic lengths and the diffusion coefficients of every mode 

separately. Such decomposition will make it possible to obtain a clear physical picture of the 

propagation of light in media with scatterers and go beyond the diffusion approximation and 

take into account the higher corrections for the distance between the light source and the 

detector.  

The work of R.N. was funded by RFBR, project number 19-32-60077. The work of 

M.K. and V.B. was funded by RFBR, project number 18-52-80038. 
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The Aharonov-Bohm (AB) interferometers made of quantum wires with single or few 

ballistic quantum channels are very attractive as prime devices to probe coherent quantum 

phenomena and because of possible applications as miniature and very sensitive sensors of a 

magnetic field. The ability to control interference by a magnetic field due to the AB effect [1] 

provides additional potential for experimental and theoretical analysis [2]. Rather stringent 

requirements limit the efficiency of practically used quantum electronic interferometers, for 

example, very low temperature for interferometers based on superconducting SQUIDs or the 

condition of very strong magnetic fields for interferometers based on the edge states of 

Quantum Hall Effect systems.  

A promising opportunity for a technological breakthrough in this direction is 

associated with the discovery of topological insulators. In these materials, as in conventional 

insulators, the Fermi level lies in the band gap, so that there is no bulk conductivity. At the 

same time, conducting states exist on the surface of a topological insulator, and the 

conduction through these states is not suppressed by disorder scattering due to topological 

reasons [3]. Surface excitations exist due to strong spin-orbit interaction and have chiral 

symmetry: the direction of the momentum is rigidly related to the spin projection. These are 

the so-called helical edge states (HES), in which electrons with different spins propagate in 

opposite directions. 

In two-dimensional topological insulators, interference of electron waves propagating 

at the edge state along the system's perimeter is possible. Thus, the transport through the edge 

states of the topological insulator is, in fact, the transport through the interferometer (see Fig. 

1). We focus on the case of relatively high temperature when temperature much larger than 

the level spacing [4]. The tunneling conductance of the interferometer, G, is structureless in 

ballistic case but reveals sharp antiresonances, as a function of dimensionless flux, ‰, in the 

presence of magnetic impurities. 

Although similar antiresonances are 

known to arise in the single-channel 

rings made of conventional materials, 

the helical AB interferometer shows 

essentially different behavior due to the 

specific properties of the HES. Most 

importantly, the effect is universal and 

robust to details of the setup, in 

particular, to relation between ὒ and ὒ 

and the position of the magnetic 

impurity. Another difference concerns 

the periodicity of the function Ὃ‰ , 

Fig. 1. Helical Aharonov-Bohm interferometer with 

the magnetic impurities. 
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which obeys Ὃ‰ ρȾς Ὃ‰ , while for interferometers made of conventional materials, 

this function is periodic with the period 1. 

Another property of the helical interferometer of crucial significance for quantum 

computations is the possibility to operate as a spin filter. Even for a non-magnetic lead, the 

incoming electron beam splits into two parts: right-moving electrons with spin up and left-

moving electrons with spin down. If the transmission over one of the system's shoulders is 

blocked, say, by inserting the strong magnetic impurity into the upper shoulder, only the down 

shoulder remains active, and the spin polarization of outgoing electrons can achieve 100%. 

Remarkably, this mechanism is robust to dephasing and, therefore, works at high 

temperatures. 

The quantum contribution to polarization shows AB oscillations with the magnetic 

flux piercing the area encompassed by HES and is therefore tunable by the external magnetic 

field. A very sharp dependence of the conductance and the spin polarization on ‰ is very 

promising for applications for tunable spin filtering and in the area of extremely sensitive 

detectors of magnetic fields. 

 Notably, the tunneling interferometer can be described in terms of an ensemble of 

flux-tunable qubits giving equal contributions to conductance and spin polarization. The 

number of active qubits participating in the charge and spin transport is given by the ratio of 

the temperature to the level spacing. Such an ensemble of qubits can effectively operate at 

high temperatures and can be used for quantum calculations [5]. This opens a wide avenue for 

high-temperature quantum computing. 

Therefore, HES are candidates for efficient creation, control, and transfer of electron 

polarization. It is very promising from the point of view of the application in quantum spin-

sensitive interferometry, especially in the modern and rapidly developing field of spintronics 

and the creation of quantum informatics devices using spin degrees of freedom as spin filters 

and quantum qubits. 

RFBR, project number 19-32-60077, funded the work of R.N. The Russian Science 

Foundation funded the work of D.A. and V.K., Grant No. 20-12-00147. 
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Thin ribbons of quasi-binary TiNiïTiCu alloys with high copper content (more than 

25 at.%), produced by melt spinning technique, are of great interest as shape memory 

materials to create micro-mechanical devices, in particular, microtweezers for gripping and 

holding of micro- and nanoscale objects for their further spatial manipulation and preparation 

[1]. These alloys have an amorphous state after quenching at a cooling rate of about 106 K/s. 

Upon further crystallization by isothermal heat treatment, they can form brittle Ti-Cu phases 

and therefore do not exhibit shape memory behavior. Recently it was shown that high-rate 

electropulse treatment (EPT) fundamentally changed the microstructure of the alloys [2]. In 

this work, we studied the influence of the EPT duration in the range from 1000 to 1 ms on the 

structure and martensitic transformation (MT) of TiNiCu alloy with 30 at.% copper content. 

X-ray diffraction studies have shown that after the EPT with different duration the 

samples are completely in the martensitic state at room temperature. When the ribbons are 

heated to a temperature of 75ÁC, the peaks of the B19 martensite phase disappear, and only 

reflections of the B2 austenite phase are present due to the B19 ź B2 MT. A decrease in the 

EPT duration does not lead to a change in the phase composition of the ribbons, although the 

intensity of the peaks of the B19 phase for shorter crystallization times is somewhat lower. 

Investigation of the cross-section of the ribbons in a scanning electron microscope 

revealed a columnar crystal structure near the ribbon surfaces, while in the ribbon volume 

there are single or grouped large grains (from 3 up to 12 microns). An increase in the EPT 

duration leads to significant decreasing both the average grain size and the height of the 

columnar crystals. 

At the same time, results of differential scanning calorimetry (DSC) indicated that an 

increase in the EPT duration causes a decrease in the MT temperatures, while the MT 

enthalpy remains practically unchanged. In addition, the exposure time has a significant effect 

on the shape of the DSC curves, which is manifested in the bifurcation of the peaks of heat 

release and absorption during MT with a decrease in the exposure time less than 500 ms. 

Obviously, this is due to the bimodal structure of the alloys, which lead to superposition of 

peaks from each structure and bifurcation of the common peak. 

The study is supported by Russian Science Foundation (project No. 19-12-00327). 
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Transition metal monogermanides with a noncentrosymmetric B20-type crystal 

structure have long attracted the attention of researchers (see, e.g. [1]), since they represent a 

promising basis for the design of new thermoelectrics and spintronics-related materials. Here, 

the stability and phase transformations in the high-pressure-synthesized [2] B20 phases of 

FeGe, MnGe, and RhGe are studied theoretically using ab initio density functional 

calculations (using the VASP package [3]) and experimentally by means of differential 

scanning calorimetry (DSC).  

An evolutionary search for the most energetically favorable polymorphic 

modifications was carried out using the VASP package [3] and the USPEX genetic algorithm 

[4]. Their stability regions on the pressureïtemperature phase diagram were then determined 

in the quasi-harmonic approximation It follows from our calculations that, for a given input 

chemical composition, the existence of a structure stable at nonzero temperatures (and 

pressures) can be efficiently established by a zero-temperature evolutionary search, if this 

structure appears in the output short-list of low-energy states. We also evaluated finite-

temperature properties of B20 phases under study (Fig. 1). The obtained temperature 

dependence of specific heat of MnGe is in good agreement with the available experimental 

data [2]. For the high-pressure phase B20-RhGe such measurements are still absent. 

The calculated ground state of nonmagnetic MnGe is represented by a hypothetical 

tetragonal structure unusual for this class of compounds. For FeGe and MnGe in magnetic 

state, our evolutionary search yields the same set of preferred phases. In case of FeGe, this 

result is 

 

 
Fig. 1. Calculated specific heat of RhGe and MnGe. 

consistent with the available information, while for MnGe, we find new equiatomic 

polymorphs, in addition to the known metastable high-pressure phase of B20 type [2].  
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Our measured DSC thermograms were used to determine the temperatures of phase 

transformations, which were compared with the known diagrams of equilibrium states. The 

experiments were carried out with heating in the temperature range from 310 to 1573 K and 

subsequent cooling at a rate of 10 K/min. X-ray diffraction analysis (XRD) of both the initial 

samples obtained at high pressures and samples after DSC measurements was carried out. 

After DSC heating, the microstructure of the samples was also investigated. Fig. 2 

shows optical micrographs of the FeGe sample. As is seen, the sample after heat treatment 

consists of three structural components: hexagonal ɖ phase (light areas), tetragonal phase 

FeGe2, and eutectic colonies formed as a result of the joint growth of these two phases. The 

microstructure of the initial sample before heat treatment shows that this structure is single-

phase, despite the increased defectiveness of the metastable phase. The DSC thermograms of  

 

 

 

 

Fig. 2. Optical micrographs of the high-pressure-synthesized FeGe sample after (a) and 

before (b) DSC heating. 

 

FeGe and MnGe are qualitatively similar, while B20-RhGe differs from FeGe and MnGe both 

in calculated structural hierarchy and in the shape of the DSC curve. The DSC experiments 

reveal that the studied metastable B20 phases are different in their properties from analogues 

obtained by other methods, for example, by mechanical allowing [5]. Their behavior on 

heating significantly depends on the preparation method and sample history. 

This work was supported by the Russian Science Foundation under Grants RSF 

No.18-12-00438 and No.17-12-01050. 
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Ferrites with a magnetoplumbite structure, such as barium hexaferrite (BaFe12O19) and 

strontium hexaferrite (SrFe12O19), have been known since the 60s of the 20th century and 

have been successfully used as a material for the manufacture of permanent magnets, devices 

for recording and storing information. Good magnetic properties of ferrites, combined with 

their low conductivity, make them a promising material for high frequency electronics 

applications. 

Interest in hexagonal ferrites with a magnetoplumbite structure is increasing every 

year, which is confirmed by a large number of scientific works on this topic. Variations in the 

chemical composition of ferrite when some atoms are replaced by others in the crystal 

structure leads to a change in the physical properties of the material. Thus, we can regulate 

and customize the properties of the material for a specific task. 

The presented work is devoted to the production of ferrite based on barium hexaferrite 

in which barium atoms are partially replaced by strontium atoms (Ba1-xSrxFe12O19) and the 

study of the effect of substitution on the change in magnetic properties. Samples were 

synthesized using standard solid-phase technology [1]. Iron oxide (Fe2O3), barium and 

strontium carbonates (BaCO3, SrCO3) were used as the initial components for preparing the 

charge. The initial components were mixed in a stoichiometric ratio and ground for 40 

minutes in an agate mortar. 

After grinding, the resulting powders were pressed into pellets using a metal mold 

with a diameter of 20 mm. The pressing force was 3 tons/cm2. The resulting pellets were 

sintered at a temperature of 1400 Á C for 5 hours. Thus, were prepared and studied 5 samples 

with degrees of substitution x(Sr) = 0, 0.2, 0.5, 0.7, 1. 

According to the powder X-ray diffraction, all the prepared samples formed single 

phase with a magnetoplumbite structure. Elemental analysis data showed that the composition 

of the obtained samples is consistent with the initially specified. 

Magnetic properties were measured using a Quantum Design PPMS VersaLab Ê 

vibration magnetometer in a magnetic field range of up to 3 T at room temperature. 

It was found that the value of saturation magnetization does not depend on a degree of 

substitution of barium by strontium. Coercive force and residual magnetization behave in a 

non-monotonic way. The largest values of these parameters were found for the sample with 

the composition Ba0.5Sr0.5Fe12O19. 

References 

[2] D.A.Vinnik, A.Y. Starikov, V.E. Zhivulin, K.A. Astapovich, V.A.Turchenko, T.I. 

Zubar, S.V. Trukhanov, J Kohout., T. Kmjeļ, O. Yakovenko, L. Matzui, A.S.B. Sombra. 

Structure and magnetodielectric properties of titanium substituted barium hexaferrites. 

Ceramics International. V.47 (12), 17293-17306, 2021. 

 

The reported study was funded by RFBR (project number 20-38-70057).   



ICFMô2021   

54 

Magnetocaloric properties in polycrystalline Mn5Si3 

 

Mashirov A.B.1, Musabirov I.I.2, Mitsiuk V.I.3, Kamantsev A.P.2, Shavrov V.G.2 

 
1Kotelnikov Institute of Radioengineering and Electronics, Russian Academy of Sciences, 

Moscow, Russia 

2Institute for Metals Superplasticity Problems, Russian Academy of Sciences, Ufa, Russia  

3Scientific-Practical Materials Research Centre of NAS of Belarus, Minsk, Belarus 

 

The interest of researchers in magnetics with phase transitions and with a 

magnetocaloric effect in the cryogenic temperature range is associated with the possibility of 

their application in cryocoolers [1]. The single-crystal Mn5Si3 sample demonstrates a strong 

inverse magnetocaloric effect upon the metamagnetic transition at TN1= 65 K [2]. We have 

investigated the magnetic and magnetocaloric properties of a polycrystalline Mn5Si3 sample, 

which is easier to manufacture.  A polycrystalline sample of the nominal composition Mn5Si3 

was prepared by argon-arc melting with three remelts. The sample sealed in a vacuum quartz 

ampoule was annealed for 50 hours at a temperature of 1273 K, after which it was quenched 

in water at room temperature. Measurements of the isofield magnetization of the sample 

showed that a metamagnetic transition with temperature hysteresis is observed in the 

temperature range from 5 K to 70 K. With an increase in the magnetic field from 1 T to 10 T, 

the characteristic temperatures of this metamagnetic transition shift to low temperatures with 

a coefficient of 4.9 K/T (Fig. 1 left). A sample of the Mn5Si3 alloy at a temperature of 50 K 

demonstrates a sharp change in magnetization of about 20 emu/g in the range of the applied 

magnetic field from 5.5 T to 6.5 T (Fig. 1 right). In this region, an inverse magnetocaloric 

effect can be observed at cryogenic temperatures. 

 
The reported study was funded by RFBR and BRFBR, project number 20-58-00059 

and T20R-204, respectively. 
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Fig. 1. Left graph: isofield magnetization of the Mn5Si3 sample versus temperature in magnetic 

fields. The inset shows the view isofield magnetization at magnetic field 0.01 T. Right graph: 

measured isothermal magnetization of Mn5Si3 in a magnetic field to 13.5 T. 
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The detection of the low-temperature inverse magnetocaloric effect (IMCE) in alloys 

of the MnCoxNi1ïxGe1.05 system makes it possible to classify them as functional materials, in 

which the IMCE is determined by the magnetostructural transition from orthorhombic 

helimagnetic to hexagonal ferromagnetic HM(orth)źFM(hex) (Fig.1). The explanation of the 

mechanism of realization of these transitions was carried out within the framework of the 

phenomenological theory of interacting parameters of magnetic and structural orders on the 

basis of the model of a displaced harmonic oscillator for the structural subsystem and the 

Heisenberg model for the spin subsystem with additional allowance for the internal periodic 

field orthogonal to the exchange field. Within this approach, it was found that the effect of an 

external magnetic field on the helimagnetic phase can lead to previously unknown irreversible 

(reversible) magnetostructural transitions HM(orth)ŸFM(orth)źFM(hex) Fig.2. 

This work was carried out with financial support from the Belarusian Republican Foundation 

for Fundamental Research and the Russian Foundation for Basic Research within the 

framework of scientific projects No. T20R-204 and No. 20-58-00059, respectively. 
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Fig. 1. Temperature dependences of 

magnetization in the region of 

magnetostructural 

HM(orth)źFM(hex) and isostructural 

FM(hex)źPM(hex) transitions.  

Fig.2 Isothermal field dependences of magnetization 

(model). a- irreversible (­ ) magnetostructural  

HM(orth)ŸFM(hex); b- reversible(ª ) isostructural 

HM(orth)źFM(orth), irreversible (­ )  

magnetostructural transitions FM(orth)ŸFM(hex). 
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Ternary rhodium borides with the general chemical formula RERh4B4 (RE - rare earth 

metal atoms) differ in that their electro-physical properties are essentially determined by the 

rare earth metal atoms. Depending on RE, ternary rhodium borides can be superconductors, 

magnets, or simultaneously combine superconducting and magnetic properties [1, 2]. The 

objects of research in this work were two rhodium borides: YRh4B4 ï "classical" 

superconductor (ʊc ~10 K) and HoRh3.8Ru0.2B4ï a magnetic superconductor (ʊc ~6 K). Both 

compounds were practically single-phase and mainly consisted of a LuRu4B4 phase. In the 

case of HoRh3.8Ru0.2B4 to stabilize the required phase (LuRu4B4), rhodium was partially 

replaced with ruthenium. 

Critical currents ( Jc) are one of the most important characteristics of superconductors. 

Jc  depends both on the critical temperature (ʊc ) of the superconducting material and on the 

presence of pinning centers, which are the places where the vortex filaments are fixed when 

an electric current flows [3]. Pinning centers can be formed on the basis of normal regions in 

a type II superconductor: point defects, grain boundaries, and inhomogeneities [3]. 

Not so long ago [4] , there was evidence that vortex filaments can be fixed in 

"additional" normal regions, the appearance of which is associated with the magnetic 

subsystem. From this point of view, it was important to study the field dependences of the 

critical currents of triple rhodium borides at different temperatures on the example of the 

traditional superconductor YRh4B4 and the magnetic superconductor HoRh3.8Ru0.2B4 and 

analyze the influence of the magnetic subsystem on the nature of pinning in these compounds. 

The critical current density of the samples was estimated in the approximation of the 

Bean model [5,6] for rigid superconductors-type II, based on the data obtained by measuring 

the magnetic moment (M(B)). To make measurements, samples of the required geometric 

shape were cut out of the melted ingots: cylinders with a diameter of 3 mm and a length of 4 

mm. In the process of measuring M (B), two contributions to the magnetic moment are 

recorded: one is associated with the superconducting system, the other is due to the magnetic 

subsystem of the connection. Since the contribution to the loop width M (B) from the 

superconducting signal is much greater than from the hysteresis associated with magnetism, 

the critical currents can be calculated according to the Bean model for both a classical 

superconductor (YRh4B4 ) and a magnetic one (HoRh3.8Ru0.2B4). 

The dependences of the critical current density on the external magnetic field at 

different temperatures (below ʊc ) are shown in Fig. 1(a) and Fig.1 (b), respectively, for 

YRh4B4 and HoRh3.8Ru0.2B4. 
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Figure 1 Critical current density from the external magnetic field: a) superconductor YRh4B4; 

b) superconductor HoRh3.8Ru0.2B4 

 

From the analysis of the data in Fig. 1, it follows that the largest Jc ~ 850 A/cm2 (at 

T~2K) is shown  by the nonmagnetic superconductor YRh4B4. This is due to the fact that the 

Tc of YRh4B4 is higher than the critical temperature of HoRh3.8Ru0.2B4. Since YRh4B4 and 

HoRh3.8Ru0.2B4 are superconductors of the second kind, Jc significantly depends on the value 

of the pinning force, which is a structurally sensitive parameter. Note that in the case of the 

superconductor HoRh3.8Ru0.2B4 it is possible to form pinning centers on magnetic defects. In 

our case, the magnetic defects (additional pinning centers) can be the magnetic ions 

HoRh3.8Ru0.2B4, localized in the lattice nodes. In order of magnitude, such microscopic 

formations correspond to a coherence length of ɝ~10 ¡ in the limit of a "dirty 

superconductor" [3]. 

The dependences of the reduced pinning force (Fp/Fp (max) on the value of the reduced 

magnetic field ï hp=H/H(max) showed that in the case of a non - magnetic superconductor- 

YRh4B4, the law of "similarity" holds, whereas in the case of a magnetic superconductor 

HoRh3.8Ru0.2B4 at hp>0.2, there is a significant deviation from the law of "similarity", which 

may be due to the magnetic subsystem of the superconductor, which gives new pinning 

centers on magnetic defects. 
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The wide-field Kerr microscopy has emerged to become a well-established, most 

versatile and flexible laboratory technique for the investigation of magnetic domains. The 

method is based on the magneto-optical Kerr effect [1,2] i.e., small alterations of the 

polarization plane of linearly polarized light upon reflection from a non-transparent magnetic 

specimen, which are then detected and used for magnetic domain image formation. 

FeRh alloys (with the Rh content from 47 to 53%) serve as the most convenient model 

objects for studying the nature of magnetic phase transitions (PT) in materials showing giant 

magnetocaloric effect (MCE) [3,4]. The microstructures of FeRh are consisted of magnetic, 

bcc, Ŭ' (B2) and paramagnetic, fcc, ɔ (A1) phases [3]. 

Images of the magnetic domain structure were obtained by using a Kerr microscope. 

The branched polar magnetic domains of Ŭ' phase is clearly showed in the images. Analysis of 

the obtained image intensity of the surface of sample as a function of the temperature was 

allowed to see the start temperature of phase transition from the FM to the AFM state 

T1 å 322 K and the finish temperature of the inverse AFMïFM transformation T2 å 317K 

without magnetic field. In magnetic field of 500 mT the start of phase transition from the FM 

to the AFM state for T1 å 318 K and the finish temperature of the inverse AFMïFM 

transformation T2 å 313K. 

This work was supported by funding under the joint program of the Ministry of 

Science and Higher Education of the Russian Federation and the German Academic Exchange 

Service DAAD ñMikhail Lomonosov/Immanuel Kantò (project passport ˉ 2295-21). 
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Intermetallic cluster superconductors Mo8Ga41 and Mo4Ga20Sb are studied by NMR 

and NQR spectroscopy. For Mo8Ga41 superconductivity state appears below Tc = 9.8 K and 

for Mo4Ga20Sb superconductivity transition is Tc = 6.6 K [1,2]. Both superconducting 

compounds show differences from the BCS gap theory and enhanced electron-phonon 

coupling. 

NMR spectrum for the 69Ga and 71Ga nuclei central transition (-İ ź İ) in Mo8Ga41 

was measured by sweeping of magnetic field at fixed frequency of 50 MHz (Fig. 1). Knight 

shift was measured for 69Ga isotope in Ga1 position with low EFG in range of frequencies 50 

to 76 MHz. Results of NMR measurement indicate the critical magnetic field of suppressing 

superconductivity in Mo8Ga41 is ɛ0Hc2(4.2 K) = 6.5 T in good accordance with the specific 

heat data [1]. Knight shift does not go to zero with decreasing temperature as an evidence of 

the spin-orbital scattering [3].  
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Fig. 1. Mo8Ga41 field-sweep NMR spectrum at 50 MHz and 4.2 K. Inset: 69Ga Knight 

shift (left) and spin-lattice relaxation rate (right) as a function of magnetic field.  
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69,71Ga NQR measurements Mo4Ga20Sb were carried out and the spectrum consisting 

of 4 pairs of gallium NQR lines corresponding to 4 nonequivalent Ga positions was observed. 

The width of 69Ga NQR line in Ga1 position for temperature range above and beyond Tc = 6.6 

K shows sharp decrease around superconductive transition with rising temperature.  

According to 69Ga NQR spin-lattice relaxation measurements (Fig.2) at different 

temperatures 1/T1T follows simple Korringa law in the normal state (T1T = 0.38 s K). 

Korringa ratio Ὓ
ᴐ

πȢυς ρ, which indicates antiferromagnetic electron 

correlations. 
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Fig. 2. Mo4Ga20Sb spin-lattice relaxation rate with various model fitting curves 

With decreasing temperature below Tc the Hebel-Slichter peak appears indicating full 

gap s-wave type superconductivity. However, experimental spin-lattice relaxation data below 

Tc reveals systematic deviation from the BCS behavior.  

Simulation of relaxation data taking into account antiferromagnetic correlations [4] 

gives the value of two s-type gaps of 13 and 6 K. The weighted average of 11.6 K is consistent 

with the literature estimate of ~ 12.05 K [2]. 
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The transition metal oxyborates with a ludwigite structure are of interest due to their 

complex magnetic behavior. The magnetic properties, M ssbauer Effect, specific heat, and 

neutron diffraction measurements showed that iron ludwigite Fe3BO5 undergoes a cascade of 

the magnetic transformations PM-AFM-Ferri at critical temperatures TN1=112 K and TN2=70 

K [1-3], as well as a charge ordering at Tst=283 K accompanying by the dimerization. At the 

same time, Co3BO5 demonstrates a single magnetic transition to the ferrimagnetic state at TN 

= 43 K [4] without any structural and electronic transitions. The replacement of the Co3+ ions 

with Fe3+ results in the magnetic behavior becomes similar to that of the Fe3BO5. The role of 

the trivalent ion in the ludwigiteôs magnetic properties has been intensively studied through 

the synthesis and investigation of new magnetic materials, such as Co1.5Mn1.5BO5 [5], 

Co2.5Ti0.5BO5 [6], and Co2.5Sn0.5BO5 [7].  

The ludwigiteôs crystal structure is built of the oxygen octahedra and trigonal BO3 

groups. The divalent metal ions prefer to occupy the M1, M2, and M3 crystallographic sites, 

corresponding to the 2a, 2b, and 4g Wyckoff positions, respectively. The edge-sharing 

octahedra form the planes propagating along the c-axis, which are separated by borate groups 

and M4 (4h) site filled by the trivalent ions. At the moment, it is clear that the ludwigiteôs 

magnetic properties are closely related to the crystal structure and mainly depend on the type 

and concentration of the metal ion (both magnetic and nonmagnetic) localized at the M4 

metal site. 

Here, we report a new compound Co2.5Ge0.5BO5, in which the substitution of 

Co3+=1/2(Co2++Ge4+) leads to the M4 site is filled by the divalent cobalt ions. The single 

crystals were obtained by the flux method. The single-crystal X-ray diffraction has revealed 

the orthorhombic crystal structure (sp. gr. Pbam). The unit cell parameters are a=9.3204(5) ¡, 

b=12.1803(7) ¡, c=3.0357(2) ¡, and volume V=344.63(4) ¡3. The bond valence sums (BVS) 

calculations confirmed the expected charge distribution at the metal sites. 

DC magnetization measurements were carried out on a regular shape single crystal 

(parallelepiped) along three crystallographic directions using the commercial MPMS 

equipment. Firstly, we observed a strong magnetic anisotropy inherent to the Co3BO5 with an 

easy magnetization b- axis. The presence of a large difference in the magnetic susceptibility 

for the field applied along a-, b-, and c-axes, which has been observed over the temperature 

range, up to 300 K, suggests the large single-ion anisotropy of Co2+ ions. Secondly, two 

anomalies on the ZFC and FC magnetization curves at TN1=83 K and TN2=34 K clearly 

indicate the onset of the antiferromagnetic and ferrimagnetic/metamagnetic transitions, 

respectively. The applied magnetic field has a drastic effect on the second transition shifting 

them towards higher temperatures (fig.1). At the range of T=150-300 K, an average magnetic 

susceptibility … Ὕ      obeys the modified Curie-Weiss law (insert to 
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fig.1). A negative Curie-Weiss temperature indicates the predominant antiferromagnetic 

interactions, which is in accordance with the ferrimagnetic order. The obtained magnetic 

moment ɛeff per Co2+ ion is well agreed with those for other ludwigites. At T=4.2 K, the M(H) 

curve presents a hysteresis loop (Fig. 1b). As the temperature increases, the curve is 

transformed, indicating a complex magnetization process for the several magnetic sublattices. 

The specific heat measurements performed in the range of 4.2-300 K revealed two anomalies 

associated with the magnetic transitions, confirming that the antiferromagnetic transition at 

TN1 is a thermodynamic phase transition. Unexpectedly, the second anomaly is clearly 

manifested when an external magnetic field is applied, indicating the metamagnetic 

origination of this transition. The magnetic properties of the new compound are discussed in 

comparison with other Co-containing ludwigites.  

 

  

Fig 1. (a) Temperature dependences of the magnetization of the single crystal Co2.5Ge0.5BO5 

measured along a-, b-, and c- axes. The inset shows the inverse magnetic susceptibility vs. 

temperature. (b) The field dependences of the magnetization along b-axis. The upper inset is 

the coercive field HC(T). The bottom inset is M(H) curve of Co2.5Ge0.5BO5 measured along 

easy magnetization direction compared with that of Co3BO5.  

 

The reported study was funded by Russian Foundation for Basic Research (RFBR), 

project number 20-02-00559.  
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In papers [1-3], the magnetic linear birefringence of a transversely polarized plane 

acoustic wave, which is an acoustic analogue of the well-known optical Cotton-Mouton 

effect, was discovered and experimentally and theoretically investigated. The observed 

birefringence of sound is caused by the interaction between the elastic and magnetic 

subsystems of the crystal, described by the magnetoelastic coupling, which due to the 

peculiarities of  crystal and magnetic structure of iron borate is anomaly large in  this crystal 

[4].  Acoustic waves induce magnetic oscillations, which, at frequencies much lower than the 

AFMR frequency, follow acoustic ones in a quasi-equilibrium manner. In the paper [5], 

magnetic oscillations in iron borate, caused by longitudinal sound excited by femtosecond 

laser pulses, were investigated. 

In the present work, we theoretically investigate the magnetic birefringence of a 

transverse acoustic wave with a vortex structure propagating in iron borate. The fundamental 

possibility of the existence of such a process is shown, expressions for the magnetic and 

nonmagnetic acoustic modes are determined: 

 

Ὡ ὶὩ Ὡ Ὡ , Ὡ ὶὩ Ὡ Ὡ , 

Ὧ  ,  Ὧ ,  ῳὅ , 

 

the boundaries of the area where the given solutions have a significant amplitude are 

established: ɚ ᾽᾽ r ᾽᾽ (rmax)
2/ɚ (rmax is the radius of the vortex area with the maximum 

amplitude). It is also shown that oscillations of the azimuthal angle of the magnetic moment 

repeat the shape of the magnetic acoustic mode: • ὃὯῳὅẗὩ. 
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The strong magnetoelastic coupling, which is feature of easy-plane weak 

antiferromagnets, such as FeBO3, hematite, etc., manifests itself in a significant mutual 

influence of the elastic and magnetic subsystems of the crystal. This makes it possible to 

control the parameters of elastic waves propagating through the crystals even with a small 

external magnetic field, which is attractive from the point of view of applications in 

spintronics, acousto-optics, and acousto-electronics. Until now, such effects at hypersonic 

frequencies (more than 108 Hz) in FeBO3 have mainly been observed and studied for 

transverse acoustic modes [1]. In [2] it was observed magnetic oscillations induced by 

femtosecond laser pulses. It was found that laser pulses directly excite longitudinal sound, 

which generates the observed magnetic oscillations through magnetoelastic coupling. 

This paper presents the results of experimental and theoretical studies of the 

discovered field dependences of the transmission coefficient of longitudinal hypersonic waves 

in iron borate. The first results demonstrating the longitudinal sound and the magnetic 

subsystem coupling  are given in [3]. The experiments were carried out by the method of a 

standard acoustic resonance interferometer in the continuous generation mode. FeBO3 

samples specially synthesized by us were of basal plates form with an area about  ~ 10 mm2 

and a thickness   about ~ 100 ɛm [4]. Operating frequencies f å 210 MHz (close to Fabry-

Perot acoustic resonance frequency). Experiments have shown that the curves of the field 

dependence of the transmission coefficient of longitudinal sound have an oscillating form. 

The experimental results are modeled on the basis of the developed theory. It is shown that 

the observed oscillations arise due to mixing of transverse acoustic modes with the 

longitudinal sound. The mixing mechanism is due to magnetoelastic coupling and is realized 

through the excitation of the magnetic subsystem. 

The work was supported by the Russian Foundation for Fundamental Research 

(project No 19-29-12016). 
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In recent years, the synthesis of diamagnetically diluted trigonal easy-plane weak 

ferromagnets based on iron borate FeBO3 acquired paramount importance. This is due to the 

fact that such materials are in high demand for both fundamental science and practical 

applications. Indeed, on the one hand, such crystals allow one to study the nature of physical 

properties of magnetically ordered crystals, see, e.g. [1]. On the other hand, varying the 

content of diamagnetic impurity leads to creating materials with pre-determined properties. 

This fact is quite important for modern high-tech practical applications of single crystals 

based on iron borate [2]. Meanwhile, it is necessary to preserve the crystalline quality of 

undiluted FeBO3, and even a small amount of impurity reduces structural perfection. Thus, 

the search for such diamagnetic ions that would minimize this reduction is necessary.  

The present work aims to synthesize and obtain preliminary characteristics of 

Fe1-xMexBO3 (Me = Al, Ga, Sc) single crystals.  

The synthesis was carried out in the Me2O3 - Fe2O3 - B2O3 - PbO - PbF2 systems using 

the flux growth technique [3, 4]. The latter one has shown to be the most suitable for 

obtaining crystals of high perfection [5].  

The impurity content was determined by X-ray fluorescence analysis. It was found 

that the content of impurity in crystals, xcrystal, differ from those in the initial charge, xcharge. 

Moreover, the value of xcrystal has a certain distribution for crystals obtained in the course of 

one crystallization. As a result of a number of experimental crystallizations, the charge 

compositions were selected in such a way to obtain single crystals with the same impurity 

content including xcrystal = 0.06, see Table 1. For each compound, the individual crystallization 

temperature mode was developed.  

 

Table 1. xcharge and xcrystal for Fe1-xMexBO3 single crystals 

 Fe1-xAl xBO3 Fe1-xGaxBO3 Fe1-xScxBO3 

xcharge 0.05 0.05 0.20 0.05 

xcrystal 0.06 ï 0.22 0.01 ï 0.02 0.05 ï 0.07 0.05 ï 0.07 

 

The synthesized Fe1-xMexBO3 single crystals had the shape of green hexagonal plates 

with dimensions up to 3 mm in the basal plane and 0.06 - 0.12 mm in thickness, as an 

example, Fig.1. shows single crystals Fe1-xAl xBO3.  
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Fig. 1. The synthesized Fe1-xAl xBO3 single crystals  

 

X-ray diffraction analysis confirmed that the synthesized crystals have a trigonal 

structure, similar to FeBO3. The crystal lattice parameters determined for Fe0.94Me0.06BO3 

single crystals are shown in Table 2. As one can see, the Al and Ga impurities less affect the 

crystal lattice parameters than Sc ions. 

 

Table 2. Crystal lattice parameters of Fe0.94Me0.06BO3 single crystals 

 FeBO3 [6] Fe0.94Al0.06BO3 Fe0.94Ga0.06BO3 Fe0.94Sc0.06BO3 

a, ¡ 4.626(1) 4.6245(1) 4.6246(1) 4.6397(3) 

c, ¡ 14.493(6) 14.4810(3) 14.4808(4) 14.5814(10) 

 

The reported study was funded by RFBR, project number 19-32-90054 (crystal 

synthesis and X-ray studies) and 19-29-12016 (modernization of the crystallization setting). 
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Iron-gallium mixed borates, FexGa1-xBO3, are isostructural to iron borate, FeBO3, 

possessing rhombohedral calcite-type structure. Diamagnetically diluted FexGa1-xBO3 single 

crystals show easy-plane weak ferromagnetism in the 0.34 1x¢ ¢ range [1].  

The density of the energy of the magnetocrystalline anisotropy for these crystals can 

be expressed as [2]: 

 
eff

2 3 6

A
1
2

cos sin cos sin3 sin cos6a d e= + +E , (1) 

where 
eff

2a a D E= +  is the effective uniaxial anisotropy constant, , anda D E  being 

the uniaxial anisotropy, Dzyaloshinskii-Moriya and exchange constants, respectively; andd e 

are the basal anisotropy constants and and  are the polar and azimuthal angles of the 

antiferromagnetic vector [2].  

For FexGa1-xBO3, , anda d e include contributions only of dipole-dipole and crystal 

field interactions [2]. Moreover, in the model of ñpointò dipoles the former contribution 

occurs only for uniaxial anisotropy and not for the basal one. In order to account for the 

experimental results, we have recently developed a new approach to calculating the dipole-

dipole interaction energy in trigonal magnets by considering ñextendedò, i.e., having a non-

negligible size, dipoles [2]. For non-diluted iron borate, this approach has proved successful 

in interpreting the basal anisotropy in this crystal [2].  

The actual work aims at evaluating the dipole-dipole contributions to the anisotropy 

constants of diluted iron-gallium borates. The Amp®rian current model was used to describe 

an extended dipole. We have developed a computer code modelling FexGa1-xBO3 crystal 

lattice and implementing the lattice sums including only iron-occupied sites. 

As the main result, the dependences on x of the dipole-dipole contributions to 

, anda d e have been obtained for FexGa1-xBO3 crystals at 0 K. With decreasing iron contents, 

the absolute values of , anda d e have been shown to decrease following a parabolic law.  

This work was partially supported by the RFBR and the Ministry of Education, 

Science and Youth of the Republic of Crimea (Grant no. 18-42-910008 ñp_aò). 
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The scientific interest into FeP, FeAs, CrAs and MnP are largely associated with 

intrinsic complexity of are unusual magnetic structure, details and generation mechanisms of 

which are still a matter of discussions. In our recent study, the magnetic structure of a 

polycrystalline and single crystal FeP was investigated in detail by means of NMR 

spectroscopy [1,2]. To study an influence of homovalent substitution at non-magnetic 

(phosphorus) site of the binary helimagnet FeP on its magnetic structure the single-phase 

polycrystalline sample FeP1-xAsx (x=0.33, 0.50) was synthesized. 

Preliminary studies of the magnetic structure of FeP0,5As0,5 were carried out by 

Mºssbauer spectroscopy, which found helimagnetic structure of FeP0,5As0,5 to be similar with 

that in the parent FeP compound. [3] However, because of the high quadrupole splitting of the 

Mºssbauer spectra, it is not possible to reveal unambiguously the details of magnetic structure 

of this sample. Therefore, the most suitable method for studying the magnetic structure of this 

compound is NMR spectroscopy. 

In this paper we present the field-sweep 31P NMR spectra measurements at several 

fixed frequencies and zero-field NMR spectra at 4.2 K performed on the single-phase 

polycrystalline sample FeP1-xAsx with 33% and 50% substitution of As for P. In contrast to 

Mºssbauer results, we observe dramatic symmetry reduction of magnetic structure in FeP1-

xAsx (x=0.33, 0.50), resulting in essential narrowing 31P NMR spectra. This narrowing points 

to phosphorous local fields decreasing compared to parent FeP. 
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Issues related to thermal radiation of solids were actively studied, in particular, in the 

middle of the last century [1-3] and at present [4, 5 and references therein]. Typically, thermal 

radiation has common characteristics: radiation is usually incoherent, broadband, unpolarized, 

and the radiation pattern is almost isotropic. It obeys a number of fundamental restrictions: the 

spectral density of thermal radiation is limited by Planck's law of thermal radiation. Heat 

radiators usually obey Kirchhoff's law, i.e. angular absorbance and emissivity should be equal 

to each other. All of this imposes serious restrictions on the ability to control thermal 

radiation. On the other hand, recently, new materials have attracted considerable attention of 

researchers: 2D materials and structures based on them, materials undergoing phase 

transitions, materials in which the interaction of subsystems is observed (for example, 

magneto-optical, magnetoacoustic effects, etc.). All this forces us to revise past results and 

apply them to new materials and structures. 

We investigated the features of thermally stimulated radiation in an anisotropic 

medium using for example a semiconductor placed in a magnetic field. The electrodynamic 

characteristics of such a material can be described by an antisymmetric dielectric tensor with 

the following components: Ůxx = Ůyy = 1 ï ɤP
2/(ɤ2 - ɤH

2); Ůzz = 1 ï ɤP
2/ɤ2; Ůxy = - Ůyx = ï ɤH ɤP

2 

/ [ɤ (ɤ2 - ɤH
2)]. Here ɤP and ɤH are plasma and cyclotron frequency, accordingly. For a given 

tensor, the magnetic field is directed along z axis. In such an environment, two types of waves 

can propagate. Therefore, the emissivity will consist of three terms [3] ɖɤ = ɖɤ,1 + ɖɤ,2 + ɖɤ,12, 

where ɖɤ,i is emissivity for waves of i-th type, ɖɤ,12 is an interference term. As shown earlier 

[3], the last term does not play an essential role. For definiteness, we will choose vanadium 

dioxide VO2, in which a metal-semiconductor phase transition occurs at temperatures close to 

room temperature. For the semiconductor phase, the characteristic parameters are as follows: 

ɤP ~ 1013 rad/s, ɤH ~ 108 H rad/s. The main issue in this work is to study the effect of an 

external magnetic field on the emissivity of an anisotropic medium. Consider, for 

definiteness, the radiation of the THz frequency range (ɤ = 5 1013 rad/s). The calculation 

results are shown in Fig. 1. 

It can be noted that the difference in the emissivity for different types of waves is 

stronger in the direction along the magnetic field, across the magnetic field the emissivity of 

one of the waves does not depend on the magnitude of the field, while for the second wave it 

increases slightly. The total emissivity for the two types of waves grows with increasing 

magnetic field; however, at reasonable magnetic fields up to 1 T, this increase is insignificant. 

The polarization composition of radiation in a magnetic field will differ significantly from the 

polarization of radiation in the absence of a magnetic field. The results obtained awaken 

interest in the further study of these effects in multilayer nanostructures, when not only far-

field radiation, but also near-field interactions will play an important role. 
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Fig.1. Emissivity of a semiconductor in a magnetic field. 
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The study of the effect of the isotopic composition on various properties of materials 

such as the lattice dynamics and the electronic band structure of crystalline solids has 

attracted increasing interest [1]. Practically all physical properties of crystals depend to some 

degree on their isotopic composition, sometimes yielding new, even exotic features. The 

thermal conductivity of isotopically enriched crystals, for example, can considerably exceed 

the values for the corresponding natural materials. By purifying silicon to >99.9% of 28Si, the 

phonon mean free path increases, thereby significantly improving the thermal conductivity. 

The thermal conductivity is enhanced by approximately 70% at liquid nitrogen temperature 

and by a factor of 7.5 at 26.5 K. The maximum thermal conductivity of 28Si at 26.5 K is 2.5 

times higher than that of diamond [2].  

A precise determination of the lattice constant of isotopically controlled Si is relevant, 

apart from basic interest, for its metrological and other applications. The influence of the 

isotopic composition on the lattice constant [3] is due to the combined effect of zero-point 

motion of the atoms and the anharmonicity of the potential. Thus, this is purely a quantum-

mechanical effect. Compared to the influence of the isotopic mass on the vibrational 

properties of crystals, the effect is small. The x-ray standing wave (XSW) technique [4, 5, 6] 

can be used to determine the lattice constant difference with very high accuracy. Following 

our early work [7], we report here the application of the XSW method to the case of a highly 

enriched 30Si film on a Si single crystal with natural isotopic composition. Employing XSW 

and photoemission we find the relative lattice constant difference (ȹa/a) of -1.8 Ĭ 10-5 and -3.0 

Ĭ 10-5 for Si at 300 and 30 K, respectively. 
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The mechanical properties of crystals are formed by the motion of dislocations and 

their interaction with other structural defects.  The dependence of mechanical properties of 

functional materials on the dislocation density under quasi-static deformation is adequately 

described by the Taylor relationship where the yield stress of metals and alloys is proportional 

to the square root of the dislocation density. This relationship takes place in copper and steel 

under high strain rate deformation. However, Taylor relationship can be violated in the case 

of high strain rate deformation of aged binary alloys. High strain rate deformation has its own 

distinctive features [1, 2]. Dislocations make over-barrier sliding under such deformation. The 

dissipation mechanism under study consists in the transition of the kinetic energy of a 

dislocation to the energy of its  transverse  vibrations in the slip plane. The force of dynamic 

drag of a dislocation by structural defects depends not only on their concentration, but also on 

the spectrum of dislocation vibrations, primarily on the presence of a gap in it. Under high 

strain rate deformation, the dislocation density can reach values of 15 1610 10- m-2.  In this 

case, the main contribution to the formation of the gap is made by interdislocation interaction. 

The theory of dynamic interaction of structural defects makes it possible to obtain an 

analytical expression for the yield stress [3, 4] 

                                  
2 2

d

K
b

b n

t am r
r c-

= +

+

     

Here c  is the dimensionless misfit parameter of impurity atoms,  dn   is the dimensionless 

concentration of these atoms, b is the modulus of dislocation Burgers vector, r is dislocation 

density, m is a shear modulus, K  is a coefficient depending on the concentration of Guinier-

Preston zones. It is shown that dislocation density dependence becomes nonmonotonic and 

can have a maximum. The position of the maximum is determined by the dislocation density, 

at which the interdislocation interaction becomes dominant during the formation of a gap in 

the vibrational spectrum. 
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The TbCu2 compound is interesting due to the existence at low temperatures of a long-

period antiferromagnetic structure, giant magnetostriction, and the presence of direct and 

inverse magnetocaloric effects at low temperatures. In the presented work, an ab initio 

calculation of the electronic structure and an estimation of the parameters of interatomic 

exchange interactions were performed using the fully-relativistic SPRKKR package.  

We found that the isotropic part of the Tb-Tb 

interatomic exchange interaction is relatively 

weak (3.3 meV) and rapidly decreases with 

increasing distance (Fig. 2). Fast oscillations 

of Jij indicates significant spatial anisotropy. 

The components of the antisymmetric part of 

the exchange interaction also rapidly 

decreases with interatomic distance. The 

strong spatial anisotropy of the vector Dij, in 

which the various components differ by more 

than an order of magnitude, turned out to be 

surprising. 

 
 Fig. 1. Electronic structure of the 

ferromagnetic TbCu2. The vertical line 

indicates Fermi level. 

 

 

Fig.2. The isotropic exchange coupling 

parameters Jij between Tb atoms. 

Fig.3. Components of Dzyaloshinskii-Moriya 

interaction vector between Tb atoms.  
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Multifunctional materials are of interest for fundamental condensed matter physics and 

decisive for the design of modern technologies. One of these materials is Fe3Ga4 which has a 

complex magnetic structure [1]. In this material, there is strong competition between the 

ferromagnetic (FM) and antiferromagnetic (AFM) states as shown in Fig. 1 (a). Due to this,  

several transitions between these states are observed when the temperature increases [2]. 

 
 

In addition to the AFM phase, the alloy also exhibits an incommensurate spin-density 

wave (ISDW) state [3]. The reason for the appearance may be in strong nesting in the spin-

polarized Fermi surface. Figs 1(b, c) show the Fermi surfaces for both spin-up and spin-down 

electrons, which are the sets of parallel planes indicating strong nesting. Competitive 

behaviour between FM and ISDW states leads to susceptibility to external perturbation, 

allowing magnetic transitions to be controlled by temperature, external field, or pressure. 

Thus, Fe3Ga4 is a perspective material for new magnetic memory devices, such as 

components of spin valves with tunneling magnetoresistance. 

This study was supported by the Ministry of Science and Higher Education of the 

Russian Federation within the framework of the Russian State Assignment under contract No. 

075-002992-21-00. 
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In this work, a quantum-chemical analysis of the efficiency of using polyarylenes in 

interface structures was carried out. Quantum-chemical calculations were carried out for 

molecular systems, which are model systems of polymers of the polyarylene class. In total, 27 

representatives of this class of compounds were considered. For all molecules, quantum-

chemical calculations were carried out using the density functional theory method B3LYP / 6-

31 + G (d) and theoretically estimated such energy parameters as the total energies of 

molecules and their negative and positive ions in molecular and optimized ionic geometries; 

energies of occupied and vacant molecular orbitals; the values of the vertical and adiabatic 

electron affinity and ionization potential, as well as the dipole moment. 

In this work, we propose an algorithm for processing the results of quantum chemical 

calculations based on the analysis of the energy characteristics of the monomer unit of the 

polymer, which makes it possible to reveal a certain relationship between the chemical 

structure of an organic compound and the electronic properties of the metal / polymer 

interface. The proposed algorithm made it possible to identify areas of maximum deviation of 

energy parameters and specific compounds that are of interest for the formation of hetero-

structures. 

This work was carried out with the support of the Mirror Laboratories project of the 

National Research University Higher School of Economics and the Bashkir State Pedagogical 

University n.a. M. Akmulla. 
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The influence of temperature on a lattice of cylindrical magnetic domains (CMD) and 

on domain walls in magnetouniaxial film has been experimentally studied. The investigations 

were carried out on the film of (TmBi)3(FeGa)5O12 composition (TN=437K, TC=120K, 

h=8.4Õm), where is the TN ï Neel temperature, TCï the magnetic compensation temperature, 

hï film thickness (Fig.1). 

The topicality of this study is that investigations performed in it can be used in 

constructing devices for recording and storing information on the spins of domain walls 

(DW). In these devices, simultaneous and/or parallel recording and storage of information on 

domains and on spins is possible, which can significantly expand the capabilities of such 

devices. 

The lattice of CMD is formed by a monopolar pulsed magnetic field perpendicular to 

the film plane. Then the field is removed. The action of a pulsed magnet field creates vertical 

Bloch lines (VBL) in domain wall. Upon a change in the temperature, a first-order phase 

transitions occur on the DW, which induces a phase transitions in the lattice of CMD. The 

mechanisms of phase transitions in the domain wall upon heating and cooling of the film 

differ significantly. The number of VBLs in the domain wall decreases upon heating via 

annihilation, and upon cooling, due to unwinding. Temperature stability interval of CMD 

lattice depends on the structure of domain wall. Due to decrease in the number of VBLs in the 

domain boundary, the temperature stability interval of the CMD lattice increases. The CMD 

lattice with a simple Bloch wall is the most stable and persists in a wide temperature interval. 

It was shown experimentally the quantization of domain walls upon a change 

temperature of film (Fig.2).  

Fig.1. Temperature dependences of film parameters: 

ǎŀǘǳǊŀǘƛƻƴ ƳŀƎƴŜǘƛȊŀǘƛƻƴ пˉas, characteristic length l 

and the CMD lattice period. 

Fig.2. Temperature dependences of CMD lattices 

parameters: 1ς N/N0 VBL in DW of equilibrium lattice; 

2ς period of nonequilibrium lattice; 3ς N/N0 VBL in 

DW of nonequilibrium lattice. 
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Magnetism and magnetic materials are pervasive in everyday life from electric motors 

to hard disk data storage. From a fundamental perspective, magnetic materials and theoretical 

models of magnetic systems have, since the original works of Ising and Potts, offered 

physicists perhaps the best test bench to investigate the broad fundamental concepts, even at 

time universal ones, underlying collective phenomena in nature [1]. 

Nowadays geometrically frustrated magnetic systems are intensively studied 

theoretically rather as experimentally [2]. Pyrochlores of type A2B2O7, where A = Er3+, Dy3+, 

Tb3+, Ho3+, Sm3+, Yb3+, Tm3+ stands for a rare-earth ion, show exotic magnetic behaviors such 

as dipolar spin ice and spin liquid phases, a first order transition in the spin dynamics and 

complex antiferromagnetic orders. The type of magnetic order depends on the balance 

between antiferromagnetic exchange, dipolar and crystal field energies. 

The synthesis of rare-earth pyrochlores Tb2Ti2O7 and (Er0.05Y0.95)2Sn2O7 was carried 

according to standard optical floating zone method. The pre-heating temperature was 600ÁC 

and the synthesis temperatures were about 1300ï1400ÁC.  

 

 

Fig. 1.  Growing of Tb2Ti2O7 single crystal by the optical floating zone technique 

 

The samples were analysed by X-ray powder diffraction to confirm their phase 

purities. All XRD measurements in this study were done using a Bruker D8 ADVANCE 

diffractometer, Cu KŬ radiation (ɚ = 1,5406 ¡). Magnetic properties were determined by 

vibrating magnetometry using a Physical Properties Measurement System-9 by Quantum 

Design in the magnetic fields up to 90 kOe and the temperature range of 5 K to 300 K. EPR 

measurements were made using a laboratory EPR spectrometer. 
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The pyrochlores of type A2B2O7 crystallize into a face centred cubic structure with the 

Fdσm space group (No. 227 in International Tables of Crystallography). Theoretical 

investigations on pyrochlores are mainly based on model Hamiltonians, involving Heisenberg 

exchange, dipole-dipole interactions and single ion anisotropy, which are parametrized by 

using experimental data. The lack of modern ab initio calculations on these materials prevents 

microscopic understanding of these magnetic model Hamiltonians. A phonon spectrum is 

most adequately reproduced from modern ab initio calculations of periodic structures, which 

allows the reproduction of all modes of a given structure. 

The crystal structure and the phonon density and mode spectra ab initio calculations 

have been carried out by using GGAïPBE-sol functional by the density functional theory 

method [3]. The calculations were performed within VASP and Phonon modules of MedeA 

software. The IR-active, Raman-active and ñsilentò modes of single crystals were determined. 

The specific heat of Tb2Ti2O7 were calculated. 

 
Fig. 2. Tb2Ti2O7 specific heat dependences at the different initial conditions 

 

All performed calculations are in a good agreement with experimental data and 

previous results [4]. The (Er0.05Y0.95)2Sn2O7 synthesis and measurements were carried for the 

first time. The ab initio calculations are extended to describe the whole range of rare-earth 

ions as A and concentrated on anisotropic magnetostriction of given pyrochlores. 
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Investigation of materials with the magnetic shape memory effect in the Ni-Mn-Ga 

system is a challenging task from both a fundamental and an applied point of view. The 

urgency of this works is due to the prospect of creating micromechanical devices that are 

unique in their size and energy efficiency. Operation of these devices is based on the effect of 

magnetic domains reorientation under the influence of external fields. 

Temperature dependence of internal friction curve in Ni-Mn-Ga alloys reflects the 

process of structural transformations from the initial cubic phase through a number of 

intermediate - modulated phases to the austenitic one [1,2]. 

In this work, we studied samples of the Ni50.0Mn28.4Ga21.6 single crystal at different 

temperatures and heating rates and determined the thermal transient mechanical loss from the 

effective modulus (Fig.1) of elasticity using a composite piezoelectric oscillator [3].  

 

 

The reported study was funded by RFBR, project number 20-32-90195 
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Fig. 1. Effective elastic modulus changes with heating ς a and different temperatures ς b 
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Fig.2. Types of domain structures of the film at T= 300K: (a) stripe DS lattice formed by pulsed field 

H=0.5Hc; (b) stripe DS lattice formed by field H=1.5Hc; (c) wavy DS after the removal of the pulsed field. 

Formation of the equilibrium lattices of stripe domain structure in the ferrite-garnet 

film   
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The influence of temperature on a lattice of cylindrical magnetic domains (CMD) and 

on domain walls in magnetouniaxial film has been experimentally studied. The investigations 

were carried out on the film of (TmBi)3(FeGa)5O12 composition (TN=437K, TC=120K, 

h=8.4Õm), where is the TN ï Neel temperature, TCï the magnetic compensation temperature, 

hï film thickness.  

The topicality of this study is that investigations 

performed in it can be used in constructing devices for 

transporting magnetically tagged microbiological 

particles. These devices can be used for sorting chemical 

particles according to their sizes at different temperatures. 

An equilibrium lattice of stripe domain structure 

(DS) is formed by a monopolar pulsed magnetic field 

perpendicular to the film plane in zero bias field. The 

pulse frequency and duration are selected experimentally. 

Then the pulsed field is removed. It is found that the 

lattice period of a stripe DS depends on the pulsed field 

strength (Fig.1). We have obtained a number of 

equilibrium lattices of the stripe DS, which have been forms at T=300K by a pulsed magnetic 

field of strength 0.5Hc ÒHÒ1.5Hc, where 

 

 

 

Hc is the CMD collapse field. The lattice formed by a field of strength H= 1.5Hc has the 

largest period and is unstable (Fig.2). After the removal of the field, this lattice is transformed 

into an equilibrium wavy structure, i.e., a field-induced first-order phase transition occurs [1]. 
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Novel hard magnetic materials represent multicomponent alloys R2Fe14B-type, require 

special treatments aimed to form proper microstructure which provides high magnetic 

characteristics such as remanence and coercive force [1]. Investigation of microstructure of 

these alloys including volumetric and superficial features is separate complex scientific 

problem [2,3]. Present work is aimed to define all particularities of surface morphology study 

of R2Fe14B (R = Nd, Gd, Er and Y) alloys using atomic-force microscopy technique.  

The samples with corresponding compositions were obtained by means of rapid melt 

quenching method with various drum rotation speed, thus flake-shaped samples were formed. 

The rapid quenched samples had ultra-fine grain structure with nano-sized grains (70 nm 

average), so high resolution atomic-force microscopy is a suitable method of investigation of 

such samples and their surface morphology.  

 

 

 

Fig. 1. Microstructure of Y2Fe14B quenched with 20 m/s (left) and 30 m/s (right) drum 

rotation speed obtained using atomic-force microscopy. 

 

The larger grains (structural elements observed on the surface by AFM are supposed 

to be grains) were found for Nd2Fe14B alloy, whereas fine grains in Gd2Fe14B are combined 

into agglomerations with average size of 120-300 nm. Er2Fe14B rapid quenched alloy 

possesses the finest grain structure with 25-30 nm average size along with some amount of 

their agglomerations up to 100 nm size. Y2Fe14B demonstrated medium characteristics. It 

should be noted that yttrium is a suitable non-magnetic analog of the rare-earth metals (REM) 

convenient for various structural investigations which further might be extrapolated on 

compounds with magnetic ions (R3+).  
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Nd2Fe14B Gd2Fe14B Er2Fe14B 

 

Fig. 2. Atomic-force microscopy microstructures of R2Fe14B (R = Nd, Gd, Er) 

quenched with 20 m/s drum rotation speed. 

 

Among the information gathered for R2Fe14B alloys there are the topography of the 

contact and free surface of ribbon samples, intergrain coupling, morphology of nanograins 

and clusters in the near-surface layers, the size of particles and their distribution. A 

comparative analysis of the results obtained has been carried out. The influence of the REM 

variety on the shape of the formed grains was found. 

 

This work is performed with financial support of the grant of Russian Science 

Foundation (RSF), project # 21-79-10239. 
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Currently, complex oxides based on titanium and alkali, alkaline-earth, transition and 

other metals with hollandite-like structures and the general chemical formula AxTi8O16 are 

attracting interest due to their electrical and magnetic properties [1]. Most methods for the 

synthesis of such structures involve the replacement of structure-forming titanium with one 

modifying metal. [2,3]. 

In this study, using a unique solution technology, hollandite-like solid solutions were 

obtained by modifying potassium polytitanate with compounds of two metals - manganese 

and aluminum. The evolution of the phase composition of potassium polytitanates (PPT) 

modified with manganese and aluminum salts at different molar ratios of metals (Mn:Al = 

1:1; 2:1; 3:1) has been studied by X-ray diffraction and thermal analysis after heat treatments 

at 300, 550, 600, 750, and 900 ÁC. 

According to the X-ray diffraction data, PPT - Mn/Al samples with a 1:1 and 3:1 ratio 

at temperatures of 550, 600, and 750 ÁC contain KMnTi3O8 phase with a hollandite-like 

structure and TiO2 in the anatase modification. The amount of the anatase phase decreases 

with an increase in the heat treatment temperature, and at 900 ÁC only the KMnTi3O8 phase is 

detected in the samples. In the PPT - Mn/Al sample with a 2:1 ratio at 550 and 600 ÁC, the 

phases KMnTi3O8 and TiO2 (anatase) are detected. However, the amount of anatase phase is 

negligible. After heat treatment at 750 and 900 ÁC, the sample becomes single-phase. 

Interlayer aluminum hinders the formation of the anatase phase by preventing the 

convergence of the octahedral layers. 

On the DSC curve (Fig. 1) for the PPT - Mn/Al (1:1) sample, 2 endothermic effects 

are observed: 1 ï removal of physically sorbed water from the surface and from the interlayer 

space at about 100 ÁC, 2 ï reaction Al(OH)3 Ÿ AlOOH at ~ 229 - 310 ÁC.  

 
Fig.1. TG and DSC curves for PPT-Mn/Al (1:1) 
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In addition, two exothermic effects are observed on the same DSC curve. The first 

(Tmax = 549.3 ÁC) is probably associated with processes involving interlayer Al
3+ cations. The 

second (Tmax = 656.4 ÁC), accompanied by an increase in the sample weight, is associated 

with the formation of hollandite-like structure (with a change in stoichiometry) involving 

manganese cations. Similar results were obtained for the PPT - Mn/Al (3:1) sample. For the 

PPT - Mn/Al (2:1) sample, the DSC curve contains only one exothermic effect with  

Tmax = 596 ÁC, which is not accompanied by a change in the sample mass (Fig. 2). 

 
Fig.2. TG and DSC curves for PPT-Mn/Al (2:1) 

 

Thus, aluminum cations as an additional modifying additive contribute to a decrease in 

the initial temperature of the formation of the tunnel structure of hollandite with the 

composition KMnTi3O8. X-ray phase analysis did not show a clear connection between 

exothermic effects and phase formation. 
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In Heusler alloys in the range of room temperatures, a martensitic transformation 

occurs, in the range of which such effects as the ferromagnetic shape memory effect and the 

magnetocaloric effect are observed. Due to these effects, alloys are classified as functional 

materials. A common disadvantage for monocrystalline and polycrystalline samples is 

reduced mechanical properties. With multiple cycles of direct and reverse martensitic 

transformation, the specimens are subject to destruction. To improve the mechanical 

properties of alloys, it is possible to use such methods of thermo-mechanical treatment (TMT) 

as severe plastic deformation by torsion, rolling, multi-axial isothermal forging (MIF), etc. 

The deformation of materials by torsion and rolling makes it possible to obtain thin samples 

(strips, disks) with required structure. In comparison with them, it is possible to obtain a 

volumetric billet by forging, which is an advantage over other TMT methods. The authors are 

intensively developing schemes and modes of thermo-mechanical treatment by methods of 

multi-axial isothermal forging and forging followed by extrusion and their influence on the 

functional properties of Heusler alloys of the Ni-Mn-Ga system [1-5]. The advantage of this 

processing method is the production of a bulk material with the required microstructure, 

different levels of microstresses and texture. At the last stages of deformation processing, with 

the so-called broaching, the formation of a sharp crystallographic texture is possible, which is 

an important aspect for obtaining the maximum possible value of the functional effect. After 

forging the alloy, a working element of the required shape and size can be cut from the 

already obtained workpiece. 

This work presents the results of a study of the effect of thermo-mechanical treatment 

by the method of multi-axial isothermal forging of the Heusler alloy on the microstructure, 

physical and mechanical properties. 

The alloy was forged on a Schenck Trebel RMC 100 complex loading machine. 

Staged upsetting of the sample by 35-40% was performed at a temperature of 973 K and a 

strain rate of 0.2 mm / min. The total true strain degree was eå3.9. 

The study of the mechanical properties and stability of the martensitic transformation 

of the alloy was carried out on a three-point bending device of our own design. It makes it 

possible to measure the dependence of the bending deformation of a specimen of a shape 

memory alloy on temperature and mechanical stresses in the specimen. 

Precision analysis of the effect of deformation-heat treatment on the characteristic 

temperatures of martensitic transformation carried out using differential scanning calorimetry 

showed that as a result of deformation-heat treatment, there is a decrease in the characteristic 

points of martensitic transformation in the region of low temperatures by 28 K. The 

corresponding results are presented in Fig. 1. 
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Fig. 1. Comparison of DSC curves of the 

alloy in the as-cast state and after forging. 

Fig. 2. Dependence Ů (ů, t) for an 

alloy specimen in a forged state 

 

The study of the dependence of the bending deformation of alloy specimens on 

temperature and the number of thermal cycles performed for the forged state of the alloy 

showed that the specimen demonstrates 3.1% reversible deformation at a stress of 860 MPa 

(ůcr), and during cyclic tests showed 4.5-5% of reversible deformation at stress 550 MPa 

having passed more than 4000 thermal cycles without destruction (Fig. 2.). For alloys of this 

group, it should be noted that the applied stresses have practically no effect on the phase 

temperatures. In this case, the transformation interval æt, which is calculated as the difference 

between the temperature of the end of the transformation from martensite to austenite Af and 

the temperature of the end of the transformation from austenite to martensite Mf, was 

approximately 50 K at low stresses (up to 360 MPa) and increased to 90 K at a voltage 860 

MPa.  

Thus, forging makes it possible to increase the performance properties of the material 

in comparison with the cast state of the alloy. 
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The phase states and spectra of elementary excitations of an isotropic magnet with S=2 

are investigated taking into account all admissible spin invariants in the mean-field 

approximation and low temperatures. 

 The Hamiltonian describing such a model is: 

( ) ( ) ( ) ( ){ }2 3 41
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 The system under consideration assumes the possibility of splitting into two 

sublattices. It is known that at negative values of the exchange interaction constants, two-

sublattice structures are realized: an anferromagnetic and orthogonally nematic phase for S=1  

[1] and an anferromagnetic and antinematic phase for S=3/2 [2]. Naturally, in a magnet with 

S=2, in addition to the anferromagnetic phase, a wide variety of two-sublattice nematic phases 

of different symmetry can  exist. 

 The analysis of the free energy density and the spectra of elementary excitations made 

it possible to determine all the permissible phase states of the system, as well as to determine 

the types of phase transitions between stable states. It should be noted that our results are in 

good agreement with the results of works [3]. It is shown that an orthogonally nematic phase 

is realized, in which the principal axes of the ellipsoid of quadrupole moments are orthogonal. 

The second two-sublattice nematic phase is realized only at a negative value of the exchange 

interaction F, and is characterized by corrugated ellipsoids rotated around the principal axis of 

the quadrupole moment tensor relative to each other by an angle ˊ/4. 

 Phases characterized by higher multipole moments are investigated, since the average 

magnetization per site is zero, and the ellipsoid of the quadrupole moment tensor degenerates 

into a sphere: tetrahedral and antitetrahedral phases. 

 In addition, as a result of an analysis of the free energy, it was found that two-

sublattice structures with nonequivalent sublattices can be realized in a magnet with S=2. 

These phases are characterized by a saturated value of the average spin of one of the 

sublattices and an unsaturation of the average spin of the second sublattice. 

 

The research was funded by RFBR and Republic of Crimea, project number 20-42-

910003 (O.A.Kosmachev) 
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We study the phase states and dynamics of a two-sublattice Ising antiferromagnet with 

easy-plane single-ion anisotropy in an external magnetic field perpendicular to the easy-plane 

of the system. The model Hamiltonian has the following form: 

Ὄ ὐὲ ὲ Ὓ Ὓ

ȟ

ὐά ά Ὓ Ὓ

ȟ

ὐὲ ά ὛὛ

ȟ

‍ Ὓ ‍ Ὓ Ὄ Ὓ Ὄ Ὓȟ                                      ρ 

where ὐ and ὐ are the constants of in-sublattice exchange interaction of the ferromagnetic 

type, that is, both constants are negative; ὐ is the constant of inter-sublattices exchange 

interaction of the antiferromagnetic type, that is ὐ π; ‍ π is the constant of the easy-

plane single-ion anisotropy; Ὄ is the external magnetic field. 

 

It is shown that depending on the relationship between the material constant and the 

external field, one of the four phase states can realize in the system:  

1. Ferromagnetic phase; 

2. ñSupersolidò magnetic phase or non-collinear antiferromagnetic phase in which each 

sublattice has non-zero magnetization, but they are tilted with respect to the OZ axis 

on different angles; 

3. Mixed phase in which one of the sublattices is characterized with a vector order 

parameter, while another sublattice ï with a quadrupole order parameter. At this, one 

sublattice has non-zero magnetization, while magnetic moment per site equals zero for 

another sublattice; 

4. Quadrupolar phase in which both sublattices has zero magnetic moment per crystal 

site. 

 

As we were interested in the case of strong single-ion anisotropy when the 

ñsupersolidò magnetic phase is possible, we have not considered the antiferromagnetic phase 

which can also realize in the model considered. 

All phase transitions between the phases, listed above, are of the first kind. The phase 

diagram of the system for the case of strong single-ion anisotropy (‍ τȿὐȿ) is shown in 

Fig. 1 below. 
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Fig.1. Phase Diagram of the system. Solid lines denote the phase transitions fields, dash lines 

ï the fields of stability for the corresponding phases. FM denotes the ferromagnetic phase; SS 

ï the ñsupersolidò magnetic phase; MP ï the mixed phase; QP ï the quadrupolar phase. 

 

 It should be noted that the SS phase becomes metastable when the constant of single-

ion anisotropy is less that the ‍ value, defined above. 
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A fundamental feature of the stress states in metals is that they cause distortions of the 

equilibrium crystal lattice. Distortions can be of different dimensions, from zero-dimensional 

to three-dimensional. Hence, the shape and length of the stress states can be different. From 

the point of view of the band theory, it means that the Schrodinger equation in these areas will 

have different solutions. Therefore, the position of the high occupied level of the electrons 

will be different. 

Currently, for obtaining useful electronic properties an interface approach to the 

design of multilayer hybrid structures is being actively developed. This approach is also very 

productive for the metal / polymer interface. In this case, the polymer is considered as a 

material with variable parameters due to variability of its chemical structure. 

The report presents an alternative approach to this issue. In particular, the electronic 

properties of metals change in the metal / polymer interface. This change is created by 

deforming metals in various ways, from elastic to plastic deformation, including destruction 

of samples. 

The electronic properties of the interface are very sensitive to minor changes in the 

equilibrium structure of the metal under small influences. It is shown on a large number of 

metal / polymer structures. It is established that elastic and plastic deformations lead to 

different changes in the energy structure of the contact. In one case, the potential barrier at the 

border increases. In the other case, it decreases. It depends on the reaction of the metal to the 

deforming effect. In one case, the effective work of the metal electron output decreases in the 

other case, it increases. 

There is a synchronous rearrangement of the electronic properties of the polymer due 

to the large electron-phonon interaction in the polymer material. It causes a change of the 

charge carriers mobility and concentration of charge carriers. All this leads to a significant 

change in the conductivity of the structure under study. 

The report presents the samples of practical application in the field of control of stress 

states in the metal constructions. 

These works were supported by the project ñMirror laboratoriesò of the National 

Research University ñHigh School of Economicsò and the Bashkirian State Pedagogical 

University named after him M.Akmulla. 
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The MAX phases are a unique material with the properties of metals and ceramics. 

Like ceramics, they have low density, high strength, good corrosion, and high-temperature 

oxidation resistance; like metals, they are high electrical/thermal conductivities, relatively 

soft, appreciable machinability, thermal shock resistance, and good damage and radiation 

tolerance. They are highly promising candidates for various applications, such as structural 

materials, corrosion protection, and nuclear fuel cladding coating materials These phases are 

also called nano-laminates because of their layered structures, which consist of hexagonal 

carbide blocks [Mn+1Xn] and planar A atomic sheets with a characteristic ñzigzagò stacking 

along the z-axis in the sequence .../[Mn+1Xn]/A/[Mn+1X n]/A/... The properties of MAX 

phases include high electrical and thermal conductivity, heat resistance, damage resistance, 

readily machinable, high modulus, and low density [1]. The atomic and electronic structure of 

Me2XC (Me = Fe, Cr, Mn; X=Al, Si) was found using the DFT level of the theory by the 

CRYSTAL program [2]. Obviously, the obtained results depend on the functional used in the 

calculation, the choice of which can be carried out from a wide range of options. Among the 

widely known and traditionally used functionals for the DFT method, such as GGA (PBE), 

hybrid (PBE0-13, B3LYP), meta-GGA (M06L, M06, M062X, M06HF), and range separated 

(CAM-B3LYP) DFT functional. The analysis of the change in the optimized geometry 

parameters (CrFe)SiC in crystal cell and the atomic spins and charges of Fe and Cr were 

carried out depending on the used functional. According to calculations the PBE0-13, B3LYP, 

M06, and CAM-B3LYP functionals give a satisfactory result and are in good agreement with 

the literature data [3, 4]. To simulate the possible magnetic properties, structures with 

different spins were calculated. All MAX phases showed high spin on metal atoms. Then, 

carbon-terminated slab structures were obtained from these structures. Then various materials 

were placed on these slabs, such as graphene, h-BN, g-C3N4. These structures showed high 

stability, which shows the prospect of using such heterostructures in various applications in 

electronics. 
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Among a rich variety of emerging spintronic devices, a spin-torque diode (STD) is among 

the most interesting ones, from both fundamental and applied point of view. The spin-diode 

effect occurs when microwave alternating electric current injected into magnetic tunneling 

junction (MTJ) is rectified due to the simultaneous actions of tunneling magnetoresistance 

and spin-transfer torque. While the sensitivity of STDs observed in the first works was rather 

modest (about 1.4 mV/mW), after only a few years the researchers managed to increase it up 

to 200 kV/W and to demonstrate the rectification at input power of nW level, which radically 

exceeds the capabilities of the mainstream technology of Schottky diodes. This impressive 

progress is based on a deep understanding of the complex STDs physics, and on the recent 

advances in MTJ fabrication technology.  

In this talk we analyze the experimental pathway toward increasing of the sensitivity and 

extending the frequency range of STDs, as well as theoretical works aimed at explaining the 

complex nonlinear dynamics. Finally we review the wide variety of possible STDs 

applications.  

 

This work was supported by Russian Science Foundation (grant # 19-12-00432) 
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Spin injection from a ferromagnet to a semiconductor is investigated theoretically and 

experimentally for many years. The electric current and spin current are usually considered as 

being independent of time. A real device is however switched on and off, so it necessary to 

consider transients, that is, how magnetic moment injected from a ferromagnet propagates in 

non-magnetic material. For definiteness, this non-magnetic material is taken to be a 

semiconductor. 

The ferromagnet is supposed to be located at z<0 and half-space z>0 is occupied by a 

the semiconductor. Electrons move along z-axis from the ferromagnet to the semiconductor 

and the drift velocity Vz>0. The magnetization M  of electron gas is assumed to be along x-axis 

both in the ferromagnet and semiconductor, Mx>0. The equation for calculating the 

magnetization of electrons at z>0 can be written as 

† ὒ ὰ ὓ .                                                  (1) 

Here Űs is spin relaxation time, ὒ Ὀ† is the diffusion length, and ld=VzŰs is the drift 

length. When ‬ὓ ‬ϳ ὸ π, the solution of (1) is ὓ ὓ ÅØÐ ᾀȾὒ , because usually 

LD>>ld. We are interested in the dependence of Mx on time t and coordinate z inside the 

semiconductor after switching on and off. 

 Let the magnetization current be switched on at t=0. We suppose that the 

magnetization current through the interface does not depend on time, which means 
ȟ

ὧέὲίὸ. Let us introduce variables ɕ = z/LD, Ű = t/Űs, and define u(ɕ, Ű) by relation 

Mx = Mx0(e
-ɕ - u(ɕ, Ű)). The equation for u(ɕ, Ű) follows from (1); its solution can be written as 

ό‒ȟ† Ὡ ὉὶὪὧЍ†
Ѝ

ὩὉὶὪὧЍ†
Ѝ

,                         (2) 

where Erfc(x) is the error-function. We see that because of spin diffusion, the time 

dependence of the electrons magnetization does not follow the simple exponential law but is 

described by the complicated formula, which involves not only the spin relaxation time, but 

also the magnetization diffusion length and the distance from the interface. 

 Now let the magnetization current be switched off at t=0. The calculations are similar 

to that for switching on. It is easy to show that ὓ ὓ ό‒ȟ† in this case. Again the 

decrease of electronic magnetization with time at a point inside semiconductor does not 

follow the exponential law due to spin diffusion. 

 The research was carried out within the state assignment of Ministry of Science and 

Higher Education of the Russian Federation (theme ñSpin,ò No. ɸɸɸɸ-ɸ18-118020290104-

2), supported in part by RFBR (Grant No. 19-02-00038). 
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Antiferromagnetic (AFM) materials have natural resonance frequencies in the sub-

THz or THz frequency range. Thus, it is tempting to use antiferromagnets (AFM) as active 

layers in THz-frequency detectors. Recently [1], it has been shown theoretically that a 

dielectric AFM having bi-axial anisotropy, such as NiO, 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 100ï1000 V/W.  

Here we present both analytical and numerical data illustrating the performance of a 

possible electrically tunable resonance THz-frequency receiver based on an AFM crystal 

having the frequency of the antiferromagnetic resonance (AFMR) in the THz-frequency range 

[2]. The receiver is based (see Fig.1) on a layered structure consisting of a layer of a uniaxial 

AFM crystal and two layers of a heavy metal (HM). The conversion of the received AC signal 

into an output DC signal is done using the inverse spin Hall effect in the (AFM/HM) bilayer. 

An additional bias DC current in the bottom HM layer can be used for the tuning of the 

AFMR frequency of the system, and for a partial regeneration of the system losses. The 

AFMR frequency can be continuously tuned in a substantial frequency interval (of about 0.5 

THz) by varying the magnitude of the DC electric current. It is shown that the AC sensitivity 

of the proposed AFM/HM-based detector is comparable to the sensitivity of the modern sub-

millimeter-wave detectors based on the Schottky and Gunn diodes, and that the received DC 

signals are well above the level of the thermal noise for the AC signals having power of the 

order of several microwatts. 

 
We acknowledge the support from the grant of Russian Foundation for Basic Research 

(Grant No. 19-29-03015, 18-29-27018, 18-57-76001). 
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Fig. 1. (a) Schematic view of the THz-frequency resonance detector based on the AFM-Pt structure; 

(b) resonance curve of the output rectified DC voltage; 
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We propose a superconducting spin-triplet valve, which consists of a superconductor 

and an itinerant magnetic material, with the magnet showing an intrinsic non-collinear order 

characterized by a wave vector that may be aligned in a few equivalent preferred directions 

under the control of a weak external magnetic field pulse. Re-orienting the spiral direction 

allows one to controllably modify long-range spin-triplet superconducting correlations, 

leading to spin-valve switching behavior. We developed a control method of such a bilayer 

superconducting spin valve (SSV) non-perturbing superconductivity and suitable for energy 

saving cryogenic electronics. This SSV consists of a superconducting layer and a 

helimagnetic layer of B20 family compounds, namely Nb and spiral antiferromagnetic MnSi. 

Thanks to unique properties of B20 family magnets ï noncollinear (in general helicoidal) 

magnetic order and cubic crystal lattice, there are few ground state magnetic configurations 

with different directions of the magnetic spiral, divided by a potential barrier [1]. 

Superconductivity in such a bilayer is controlled by the spiral vector reorientation in the MnSi 

layer, which leads to a change in the critical temperature of the Nb superconducting layer [2] 

due to the proximity effect.  

The switching is proposed to be carried out by a several hundred ps in duration 

magnetic field pulse of several kOe of magnitude. Such a pulse does not destroy the 

superconducting state of the Nb layer by itself but leads to the excitation of magnons in the 

MnSi layer, which triggers the process of reorientation of the magnetic spiral. Inverse 

switching returns the spiral to the initial state, opening the valve and turning on the 

superconducting state. The system can be switched there and back by a magnetic field of 

opposite signs along one direction in the layers plane, which allows easy control. Such SSV 

may be used as an element of superconducting memory for energy-efficient digital and 

quantum electronics [3]. 

The numerical experiments were financially supported by the Russian Ministry of 

Education and Science, Megagrant project N 075-15-2019-1934, the visualization of spin 

distributions was supported by the Mirror Laboratories collaboration project of the HSE 

University.    
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The present work is devoted to study of peculiarities of the focusing of magnetoelastic 

waves (MEW) near the magnetoelastic resonance in thick Y3Fe5O12 (YIG) film. Due to the 

fact that the spectrum of MEW depends on the direction of the wave vector q, the group V 

and phase velocities are noncollinear. As a results, directions occur in the crystal along which 

waves predominantly propagate. The group velocities are condensed along these directions, 

the intensity of the wave increases, and the MEW focusing occurs [1,2]. It is shown that 

concave areas can appear on the surface of constant frequency in the regions of MEW 

focusing. Caustic, i. e. the phenomenon of a sharp increase in wave flow intensity [3], 

corresponds to the lines along which the transition from convexity to concavity occurs.  

The purpose of this work is to calculate the directions of focusing and caustics of 

MEW. The approach for studying the properties of MEWs is based on the research of surfaces 

of constant frequency [1,2]. In this study, the MEW with long wavelength are considered, and 

the theory of magnon-phonon interaction in the framework of macroscopic approximation can 

be applied therefore [4]. Total energy of the system consists of elastic, magnetic, and 

magnetoelastic parts. The magnetic part of the energy contains magnetic dipole interaction 

than can be expressed through the demagnetization factors. The MEW spectrum consists of 

four eigenmodes, but one of them (LmT-mode) has the greatest spectrum anisotropy and is 

most interesting for the search for caustics therefore. This mode passes through two points of 

magnetoelastic resonance. The first of them relates to the interaction of longitudinal phonons 

(L) with magnetic mode (m), and the second one relates to the interaction of transverse 

phonons (T) with m-mode. It was found that two caustics occur in the range of magnetic fields 

Ὄ ρωπωςρφχ Oe for waves with the frequency “‫ςϳ ρυωȢττMHz. The caustic 

directions are close to each other in the q-space, but the directions of the corresponding group 

velocities are well separated. Caustics can be found in a wide range of directions: “ςϳ

— “ for the first caustic, and 0 — “ςϳ  for the second one, and the directions of the 

caustics are determined by the magnitude of the external magnetic field. 

The research was carried out within the state assignment of FASO of Russia (theme 

''Function'' AAAA-A19-119012990095-0). 
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The creation devices based on the principles of magnonics is of great interest for areas, 

included the development storage and information signals processing [1]. Using Brillouin 

spectroscopy of light scattering (BLS) technique, it is possible to detect the propagation of a 

spin wave (SW) - the precession of magnetization under the action of a microwave signal. In 

the classical BLS system we detected the intensity IBLS of SW [2]. By adding an optical phase 

modulator to the BLS system, the phase of the propagating SW can be resolved [3]. 

In this work, we study the propagation of SW with a phase resolution in a yttrium iron 

garnet film [3] was fabricated by the laser scribing technique. Figure 1 shows a schematic 

representation of a structure consisting of YIG film with a thickness of tYIG = 10 ɛm. 

Saturation magnetization of YIG is 4́M0 = 1750 G. YIG film formed on a gadolinium-

gallium garnet (GGG) substrate with a thickness of tGGG = 500 ɛm. A structure oriented in an 

external magnetic field M0=1830 Oe to excite a surface magnetostatic spin wave (SMSW). 

 
In this work, the BLS method will be used to study the formation the phase front of a spin 

wave in a YIG film. Using micromagnetic modeling, agreement with the experimental data 

will be shown. The intensity and phase of the SW will be compared and the optimal 

parameters for the propagation of SW in the YIG film are revealed. 

This work was supported by the Russian Foundation for Basic Research (project No. 20-

37-90020, project No.18-29-27026). 
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Microwave oscillations excitation under the effect of magnetostrictive transducers has 

application to hydroacoustics, flaw detection, ultrasonic technology, and processing of analog 

information in the microwave range [1, 2]. However, at present, the question of the reception 

and registration of such waves has been poorly studied, primarily in the separation of the 

microwave signal transmitted materials. The implementation of magnetoelastic oscillations in 

a magnetostrictive transducer in linear and nonlinear modes allows them to be used for 

recording the transmitted signal. 

The paper is dealing with coupled oscillations of magnetization and elastic 

displacement in the normally magnetized ferrite plate that possesses magnetoelastic properties 

and crystallographic anisotropy. The coupled oscillations excited by the amplitude-modulated 

alternating magnetic field when the parametric excitation of spin waves was blocked [3, 4].  

Time evolution of magnetic and elastic oscillations caused by the amplitude-

modulated alternating field was analyzed in case of [001] and [111] crystallographic 

anisotropy type. Conditions of amplitude modulated signal detecting and various oscillations 

modes are considered in the paper. 

The paper describes dependences of magnetoelastic oscillations on polarization and 

magnitudes of alternating magnetic fields, crystallographic anisotropy. The time dependences, 

parametric portraits and frequency response of the excited magnetic and elastic oscillations 

were made. 

This work has been supported by the grants the Russian Science Foundation (project No. 21-

72-20048) 
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Currently, spin-transfer nanooscillators (STNO) based on multilayer structures are 

being actively investigated. Previously, such structure [1] and frequency tuning by 

magnetostriction [2] have already been theoretically studied. In this work, the model of a 

STNO with the possibility of frequency tuning by temperature changing is theoretically 

investigated [3]. The tuning of the oscillation frequency is possible due to the properties of the 

active element of the oscillator - holmium orthoferrite HoFeO3. In HoFeO3, in temperature 

interval 38 K-52 K several phase transitions are taking place. The physical structure of the 

consideration THz-oscillator is a two-layer nanostructure, in which the antiferromagnetic 

(AFM) layer (HoFeO3) lies on the heavy metal layer (platinum). The oscillations are excited 

by the DC electric current flowing through the Pt layer. To describe the oscillations of the 

Neel vector l = (M1 - M 2)/Ms (where M1,2 is AFM sublattice magnetizations, Ms is the 

magnetic saturation of the AFM sublattice), the "sigma-model" was used, which took into 

account the temperature dependence of the anisotropy of HoFeO3. Figure 1 shows the 

dependence of the oscillation frequency on the density of the input DC current for damped 

oscillations regime and for self-oscillations regime. This dependence demonstrates a 

hysteretic behavior. 

We acknowledge the support from the Russian Foundation for Basic Research (Grant 

No. 19-29-03015, 18-57-76001, 18-29-27018). 
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Fig. 1. Output oscillation frequency vs DC current density for the 

orthoferrite-based spin-Hall oscillator 
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Magnons, being the quanta of spin-wave excitations, can be used as the signal carriers 

at frequencies that are lying between a few GHz to hundreds of GHz [1]. Magnonic 

networks(MN) comprised of coupled YIG spin-wave stripes can be used to process 

information and at the same time providing the technologically relevant integration to the 

present CMOS architecture [2]. Recently, it was shown, that the three dimensional (3D) 

meander shaped magnonic crystal [3] can provide vertical spin-wave transport by using the 

vertical sections of magnonic waveguide. In the present work we use the dipolar stray fields 

of magnonic stripes to perform the vertical and lateral spin-wave transport and transfer of the 

signal between the magnonic stripes.  

Figure 1 schematically shows the structure under consideration, consisting of 12 

magnetic microwaveguides, which was fabricated from YIG film with thickness of d = 10 

ɛm. YIG was epitaxially grown on a gallium-gadolinium garnet substrate. The distance 

between the magnetic microwaveguides is a = 20 ɛm and b = 15 ɛm. The length along the 

long side of the waveguides was l = 4 mm, the width of the waveguide was c = 200 ɛm. The 

excitation of spin waves was carried out using 1 ɛm-thick and 10 ɛm-wide microstrip 

antennas located on two central 

waveguides.  

 

 

 

 

Fig. 1. Array of magnetic microwave guides 

 

The features of the spin-wave propagation in 3D array of YIG films are revealed. The resuls 

of numerical simulation (MM and FEM) are in good accordance with experimental BLS data. 

The observed phenomena of tunable spin-wave beam formation in 3D magnonic structure can 

provide an in-depth insight into the physics of lateral and vertical spin-wave  transport in 

array of micro- and nanoscale structures. 

Work is supported by RFBR (No. 19-29-03034) and Grant of the President of RF 

(MK1870.2020.9) 
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Spin pumping is based on the effect of a ferromagnetic resonance (FMR) in 

ferromagnet/normal metal (FM/NM) bilayers driven by microwave radiation. Localized d 

electrons precessing under FMR conditions transmit angular moment to s electrons of the NM 

through sd-exchange interaction. Then s electrons propagates into the bulk of NM due to 

diffusion motion resulting in the pure spin current [1]. The spin current flows without electric 

charge transfer that opens new possibilities in spintronic.  

Our group actively study the magnetic properties and spin pumping effects in different 

heterostructures. Among them, the most promising heterostructures are bilayers in which 

manganite (La0.7Sr0.3MnO3) is used as a ferromagnetic layer. The platinum (Pt) or iridate 

(SrIrO3) is usually used as a nonmagnetic metal layer.  

This talk is dedicated to our studies of the spin pumping effects in manganite/iridate 

and manganite/platinum bilayers. We will discuss the latest studies (see [2-7] and references 

therein) and present our new results on temperature dependences of the pure spin current, 

renormalization of the Gilbert damping constant and g-factor engendered by spin current 

flow.  
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Surface acoustic wave (SAW) devices is the one of the most useful type of devices in 

the current industry of telecommunications. These relatively small devices have good thermal 

stability parameters and wide bandwidth from hundreds of megahertz to several gigahertz. 

Classic design of SAW device consist of several main parts: interdigital transducer(IDT), 

which excite the acoustic waves by electric current, piezoelectric substrate there waves, are 

propagate and damping material, which covered piezoelectric waveguide borders for 

eliminate parasitic waves reflections. In depends of type the device piezoelectric waveguide 

surface may contain different additional structures: grooves, reflectors, couplers etc.  

Usually AW in piezoelectric crystals are reciprocal that means AW propagating in 

opposite direction has similar properties. However, non-reciprocity is strong mechanism 

allows to create different special devices like vents, insulators, circulator etc. Different 

methods to made AW non-reciprocal in crystals are exist [1,2]. One of the most reliable 

methods for that is the magnetoelasticity, which allow to change SAW properties by coverage 

part of piezoelectric waveguide magnetic thin film [3] or magnetic heteroscturcture [4]. 

Surface acoustic wave giant non-reciprocity effect is actively studied [4-6]. The SAW 

circulator based on SAW phase non-reciprocity was theoretically proposed in [7]. It was 

shown that circulator based on the ring resonator is suitable for GHz SAW frequencies [8].  

a) b) 

Fig. 2. Scheme of SAW circulator with SAFM heterostructures located on waveguides. (a) 

circulator scheme; 1,2,3,4 ï ports numbers, respectively; 5 ï paired IDT; 6 ï piezoelectric 

structure (waveguide); 7 ï SAFM heterostructure; 8 ï layer of damped material; 9  

ferromagnet layer in SAFM heterostructure; 10 ï spacer. 
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We propose another design for GHz SAW circulator, schematically shown in Fig. 1. 

Proposed design consist of piezoelectric single crystal substrate made from lithium niobate 

(LiNbO3) on Y-cut, which is the classic materials for SAW devices, paired IDTs turned on 90 

degrees, trilayered heterostructure with antiferromagnetic properties, so-called synthetic 

antiferromagnet (SAFM) and area of damping material to exclude parasitic reflections of 

SAW. 

A special feature of this structure is the paired IDT, which generates acoustic waves 

with the same properties in two directions at once and the array of SAFM stripes located in 

the middle of waveguides. The SAW generated by such IDT have the same propagation 

velocity and properties due to the Y-cut 90-degree symmetry of lithium niobate. 

We have shown that in this structure, it is possible for surface acoustic waves to be 

non-reciprocal in a wide frequency band without the application of an external bias magnetic 

field. 

We acknowledge the support from the grant of Russian Foundation for Basic Research 

(grant No. 19-29-D3015, 18-29-27018, 18-57-76001) 
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      The practical application of spin waves is rapidly developing as an alternative to existing 

methods of transmitting digital information, as well as for use in quantum communication. 

Spin waves in magnetic microcavities are at the heart of modern magnonics [1]. 

 

     In this work, we study magnetostatic spin waves in 

iron-garnet microdiscs of different diameters, excited 

by a sequence of ultrashort laser pulses. Optical 

excitation of spin waves occurred at a frequency 

comparable to the natural frequency of magnetization 

precession, which provided a cumulative effect leading 

to quasi-stationary magnon oscillations in microdisks, 

which allows us to observe interference effects and 

excite various magnon modes. The interference of 

backward volume magnetostatic spin waves in disks 

with a diameter of 300 ɛm  was found (Fig. 1.). With a 

decrease in the diameter of the disks, modes of various 

types (BMVSW and MSSW) were excited due to the 

greater localization of electromagnetic energy in small disks. It was demonstrated that the 

amplitudes of some of the first magnetostatic modes with a frequency close to the pump beam 

frequency are doubled in comparison with other modes (Fig. 2) [2,3]. 

  

(a) (b) 

 

Fig. 1. Dependence of the spin 

waves amplitude on the applied 

magnetic field at four different 

positions of the pump and probe 

beams 
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(c) (d) 

Fig. 1. Spatial distribution of the spin wave amplitude for the 20 ɛm disk at H = 3.01 kOe 

(a) (the lower field resonance peak), and at H = 3.14 kOe (b) (the higher field resonance 

peak), for the 10 ɛm disk at H = 3.07 Oe (c) (the lower field resonance peak), and at H = 

3.12 Oe (d) (the higher field resonance peak). 
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Fig.1. Schematic of a chiral spin 

valve. The arrows show the 

magnetic moments of a fragment of 

the helimagnet Dy (Ho) layer, an 

antiferromagnetic FeMn layer, and 

ferromagnetic CoFe layers: pinned 

MP, referent MR, and free MF. 

Magnetotransport properties of spin valves based on chiral helimagnets Dy and Ho  

 

Zavornitsyn R.S. , Naumova L.I. , Milyaev M.A. , Makarova M.V. ,  

Krinitsina T.P. ,  Proglyado V.V. , Maksimova I.K. , Ustinov V.V. 
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New magnetic nanostructures of the "spin valve" type have been synthesized, the main 

functional elements of which are made from natural metallic helimagnets Dy and Ho (see 

Fig.1). The possibility of controlling magnetotransport characteristics of chiral helimagnets 

(HM) by the action of an external magnetic field, which causes the rotation of the magnetic 

spiral of the chiral nanolayer due to the presence of an uncompensated magnetic moment, has 

been experimentally shown.  

Spin valves comprising a synthetic antiferromagnet and a CoFe/HM/CoFe structure in 

the pinned layer, HM being Dy or Ho, were prepared by magnetron sputtering.  

It is shown that the Dy layer is characterized by crystallites, the [0002] direction of 

which is perpendicular to the film plane. 

Variations of magnetotransport properties of the 

spin valve, which are due to the formation of 

antiferromagnetic order in the dysprosium layer, 

are observed. Peculiarities of noncollinear 

magnetic order of the Dy layer were found to 

depend on the direction of magnetic moments of 

adjacent layers and magnetic field strength when 

passing through the N®el temperature. 

A holmium layer in the spin valves is 

polycrystalline with weak axial texture. The 

structural coherence length along the hexagonal 

c- axis is approximately 2/5 of the total thickness of 

the holmium layer. Field dependences of the spin 

valves magnetoresistance were measured at 

different temperatures. Correlation was revealed between magnetic state in holmium layer and 

the shape of magnetoresistive curve. Deviation of magnetic moments of the reference layer 

and the adjacent part of holmium from the applied magnetic field was investigated. The field 

induced mobility of the magnetic helicoid in holmium layers was revealed.  

The research was supported by RFBR (project No. 19-02-00057). 
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The work represents a theoretical generalization and modeling of spin-polarized 

conductivity (conductance) in magnetic nanoscale heterostructures based on the extended 

model of magnetic point contact (PC) [1]. The theory describes diffuse, quasi-ballistic, 

ballistic and quantum conduction modes and creates a convenient formalism for modeling and 

researching spintronic devices. The PC model assumes that the middle layer between 

ferromagnetic electrodes (with non-collinear magnetization) can be replaced by different 

materials: dielectric, ferroelectric, magnetic domain wall, semiconductor or compounds of 

metals.  

According to the theoretical model, the spin-polarized conductivity of the PC, taking 

into account the quantum boundary conditions, can be found from the general expression for 

the spin component of the electric current [1]: 
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where s is the spin index, G0 is the conductance quantum, kF,s is the minimum of the Fermi 

wave vectors of the spin subbands of the electrodes, a is the radius of the point contact, V is 

applied voltage, J1(ka) is the Bessel function. The Tbal,s , Ýheter,s and Ýgrad,s  are functions of 

integrals depending on the transmission coefficient Ds (◒s, V, Q) of electrons, mean free 

paths  ls, Fermi wave vectors kF,s. In integral the upper limit ◒cr is the angle determined by the 

conservation law for the longitudinal components of the Fermi wave vectors; ◒s is the angle of 

incidence of an electron on the interface between the media from the normal to the PC plane; 

Q is the angle between the mutual orientations of the domains of the PC magnetic electrodes. 

The functions Tbal,s , Ýheter,s  and Ýgrad,s  are responsible for ballistic (tunneling), quasi-ballistic 

and diffusion modes of conduction of PC and  heterogeneity of chemical potentials on  the 

interfaces, see their exact expressions in [1]. The Ds (◒s, V, Q) can be found by the transfer 

matrix method as a function of the width L, the energy height UB of the barrier, and other 

parameters of the PC, see [2].  
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Magnonic systems have attracted great attention over the last years because of their 

applicability for creation of functional electronics elements, such as mode selectors and 

directional couplers1,2. Two normal modes could exist in the spin wave (SW) spectrum of a 

system consists of magnonic waveguides with strong coupling between them. In the case 

when we have balanced gain and loss3, a point called ñexceptional pointò appears in the SW 

spectrum where two normal modes transfers to eigenfrequencies of individual ones. Up to 

now, the most studied magnonic systems are multilayered structures which consists of 

ferromagnetic layers separated by a thin nonmagnetic material1, however, lateral structures 

are more attractive4,5.  

In this work, we demonstrate dynamics of an exceptional point induced by 

wavenumber change in a system of coupled magnonic waveguides (Fig. 1). We show that one 

can effectively change positions of exceptional points by varying the wavenumbers and 

values of effective damping within waveguides.  

We acknowledge the support from the grant of Russian Foundation for Basic Research 

(Grant No. 19-29-03015, 18-29-27018, 18-57-76001). 

 

Fig. 1. The investigated magnonic system, where backward volume waves are excited (left); 

exceptional point dependence on wave number, k1 = 1 rad/ɛm, k2 = 10 rad/ɛm, k3 = 30 

rad/ɛm (right).  
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One of the main directions in the modern physics of composite elastic media is the 

search for acoustic analogs of resonant polariton effects characteristic of the dynamics of 

electromagnetic metamaterials. Great attention is recently paid to the study of the polariton 

mechanism of the formation of the Fano resonance and the related dynamic effects (e.g., the 

collapse of Fano resonances, ñdarkò modes, superresonance, and superradiance). These 

studies contribute to the development of the modern physics of elastic metamaterials, and 

intense studies on the hybridization of spintronics and straintronics are focused on the 

possibilities of using magnetic heterostructures (in particular, layered) as a new elemental 

base for the fabrication of efficiently controlled metamaterials. In particular, the search for 

magnetoacoustic analogs of the mentioned dynamic polariton effects is of significant interest. 

For example, the possibility of the existence of the magnetoelastic variant of the Fano 

resonance at an oblique incidence of a plane bulk elastic shear wave on a tangentially 

magnetized ferromagnetic layer acoustically hard coupled to an unlimited isotropic elastic 

nonmagnetic insulator (acoustic analog of the Voigt geometry) was theoretically considered in 

recent works. However, in this works authors used a theoretical model that did not involve the 

contribution of propagating magnetostatic and exchange spin waves to the magnetoelastic 

dynamics of the magnetic layer.  

In view of the above presentation, we study in this work the magnon contribution to 

the elastodipole mechanism of the formation of the Fano resonance and the related dynamic 

effects, including the collapse of the Fano resonance, the formation of bound states in the 

continuum, and superradiance for the case of the tunneling of the plane bulk elastic SH- wave 

through acoustically continuous heterostructures involving superconducting, as well as 

magnetic and nonmagnetic dielectric, layers. 

It has been shown that the effect of the elastic dipole interaction on the transmission of 

elastic shear phonons through magnetic insulatorïsuperconductor sandwich structures 

involving ferromagnetic or antiferromagnetic layers allows the implementation of 

magnetoacoustic analogs of polariton effects well known in the physics of semiconductor 

heterostructures, including the formation and collapse of the acoustic Fano resonance, bound 

states in the continuum of transverse phonons, ñdarkò and òlightò modes, and acoustic 

superradiance. These effects for asymmetric layered magnetic heterostructures can be non-

reciprocal with respect to the inversion of the direction of the longitudinal wave vector (the 

angle of incidence of the shear plane wave incident from outside). It is also noteworthy that 

the linewidth of the outgoing SH magnetoelastic wave associated with radiative damping near 

the mentioned bound states in the continuum within the considered non-dissipative model can 

be arbitrarily small according to the Friedrich -Wintgen theory.  
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Spin waves propagating in systems with strong magnetoelstic interaction have 

peculiarities that seem to be perspective for spintronics applications. There are no clear 

magnetic or elastic modes in such systems, but only coupled magnetoelastic waves (MEW). 

The direction of the group velocity of MEW may differ significantly from the direction of the 

the wave vector, and the focusing of MEW occurs. Moreover, in the specific directions, the 

MEW intensity increases sharply. This phenomena is called caustic, and the MEW caustic can 

definitely be used in spintronic devices.  

Galphenol alloys GaxFe100-x represent a class of materials in which the MEW caustic can 

be observed, for the following reasons: high magnetization, high anisotropic in the elastic 

subsystem, and strong magnetostriction effects due to the strong  magnetoelastic interaction 

[1]. The Ga concentration x may be varied over a wide region (0<x<30). The change in x 

produces the change in all parameters: the magnetization decreases from 1700 G/cm3 at x=0 

to 950 G/cm3 at x=30, the exchange coupling constant A also decreases with x by about 30%, 

the elastic constants c11, c44, c12 depends on x nonmonotonically, and the magnetoelastic 

interaction constants b1, b2 even change sign: b2>0 for x<13.2, and b2<0 for x>13.2 [2,3].  

The MEW spectrum in galfenol demonstrates interesting features. When the  

quasilongitudinal phonon mode (L) becomes close to the quasimagnetic mode (m), the modes 

interact each other, and mL resonance occurs. The polarization vector of L mode obtains a 

magnetic part, while m  mode gets elastic components. The same situation is realized when  

quasimagnetic mode is close to the fast (T1) and slow  (T2) quasitransverse phonon modes. 

Thus, we deal with three magnetoelastic resonances: mL, mT1 and mT2. In the vicinity of the 

resonances, the MEW acquire the specific properties: the waves with different directions of 

wave vectors (in a certain solid angle) have practically the same direction of the group 

velocity, and the intensity of the wave flow increases sharply. These directions (caustics) do 

not coincide with characteristic crystalline direction [001], [100], [101], [111], and depend on 

the parameters of the system. In this report, the dependencies of caustic directions on (1) 

magnitude of external field, (2) wave frequency, and (3) concentration x are investigated. It is 

shown that the caustic picture is significantly different for different x, but for each value of x 

the caustic directions can be effectively controlled by the external field.  

The research was carried out within the state assignment of FASO of Russia (theme 

''Function'' AAAA-A19-119012990095-0). 
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The report is devoted to the theoretical investigation of the propagational peculiarities 

of magnetoelastic waves in a bulk galfenol (Fe1-xGax) sample in the vicinity of magnetoelastic 

resonance. The chosen material has several features; one of them is the strong dependence of 

material properties on gallium concentration. E.g. increasing in Ga concentration from 13.2% 

to 20% causes noticeable modification of such properties as density, saturation magnetization, 

elastic and magnetoelastic moduli [1]; another feature is that galfenol alloys are materials with 

strong elastic anisotropy and strong magnetoelastic interaction. 

The magnetoelastic waves in a cubic lattice have been theoretically studied for a long 

time [2], but the investigations usually explored the waves propagating in principal directions 

only ([100], [001], [101], [111]). In the present work, the external magnetic field is assumed 

to be applied along the [001] crystal axis of a bulk galfenol sample, and the directions of the 

wave vectors are chosen to be arbitrary.  The typical wavelengths in experiments with 

galfenol are about 1 ɛm, and the typical frequencies are about 10 GHz. A phenomenological 

model of the dynamics of magnetic and elastic subsystems can be employed therefore. The 

spectrum of the magnetoelstic waves consists of four modes, and three magnetoelastic 

resonances occur: mL-resonance, when the quasi-magnon frequency becomes close to quasi-

elastic quasi-longitudinal one, mT1 and mT2-resonances, when quasi-magnon mode becomes 

close to fast and slow quasi-transverse quasi-phonon modes, respectively. The waves 

demonstrate highly anisotropic behavior in the vicinity of resonances. They propagate 

nonuniformly and focus along the specific directions. In the present report, it is shown that the 

focusing directions do not coincide with the principal directions, and they can be effectively 

controlled by the wave frequency and the magnitude of external magnetic field. 

The results of presented research are as follows. The frequency regions of mL, mT1 

and mT2 resonances are determined. For instance, if gallium concentration is equal to 

x=13.2% and the value of external magnetic field is about 10 kOe, then the resonance 

frequency region is about (28-35) GHz. If the wave frequency is located in this region, then 

the resonance conditions are satisfied only for specific regions of the directions. Thus, 

magnetoelastic resonances become "oriented'', namely, in some directions the magnetic and 

elastic modes interact stronger than in others.  

The research was carried out within the state assignment of FASO of Russia (theme 

"Function'' AAAA-A19-119012990095-0), and by IMP UB RAS project No. ʤ 1-21. 
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At the present time, metamaterials based on periodic structures are widely used in the 

microwave technology. Such structures can be applied both as a radio-absorbing material and 

as a part of so-called frequency-selective surfaces [1]. Fibers, microwires, spirals, hooks, etc. 

could be implemented as a unit element of a periodic structure. [2]. In the present work, a 

metamaterial in a dielectric matrix with inclusions in the form of conducting squares of small 

thickness is studied. The aim of this work is to find a suitable mixing formula to describe the 

microwave properties of the system. 

 

 

 

Fig.1. Appearance of a computational model with 10 layers of conductive inclusions 

 

The problem is solved using the numerical simulation of the transmission and 

reflection coefficients with periodic boundary conditions by the finite element method. The 

computational model (Fig.1) is a semi-infinite layer of conductive inclusions of square form 

and small thickness, placed in a dielectric matrix, with the possibility of changing the distance 

between the inclusions. Both single layer and multilayer structures with the number of layers 

up to 10 are calculated. The distance between the layers is fixed or changed simultaneously 

with the distance between the elements in the plane. 

To approximate the obtained dependences of the static susceptibility, the Odelevsky 

formula [3] is used: 

…
ὴ

ρ ὴȾὴ ὔ
ȟ 

where ɢ is an effective susceptibility of the system, p is a volume concentration of conductive 

inclusions, pc is a percolation threshold and N is a depolarization factor, also known as form 

factor of the inclusions. It is easy to see, that when pc=1, Odelevsky formula transforms into 

Maxwell Garnett formula. 
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Fig. 2. The calculated dependence of the static susceptibility of the periodic 

structure on the volume concenctration of inclusions, obtained by numerical simulation. 

The curve is an approximation by the Odelevsky formula 

 

Figure 2 shows the calculated dependence of the static susceptibility (ɢst) on the 

volume concentration of the system with ten layers of conductive inclusions. It is shown, that 

the microwave properties of the investigated periodic structure are correctly described by the 

Odelevsky mixing formula. The effective depolarization coefficient of inclusions is calculated 

and it is demonstrated that the value of the depolarization coefficient of a multilayer structure 

is close to a single-layer one. It is also shown, that the applicability of the selected mixing 

formula does not depend on the number of layers in the system under study. 

This study was financially supported by the Russian Science Foundation (RSF) under 

project No. 21-19-00138 (https://rscf.ru/en/project/21-19-00138/). 

 

References 

[1] V.I. Ponomarenko, I.M. Lagunov, JTF 90, 6, 1009 (2020) 

[2] A.N. Lagarkov et al, High Temperature 48, 983 (2010) 

[3] S.N. Starostenko et al, J. Comm. Technol. Electron, 65, 12, 1407 (2020)  

https://rscf.ru/en/project/21-19-00138/


  ICFMô2021 

115 

Thin superconducting film in proximity with a ferromagnetic insulator   

 

Seleznyov D.V.1, Yagovtsev V.O1,2., Pugach N.G.1,3 

 
1 National Research University Higher School of Economics, Moscow 101000, Russia 1V.I. 
2Vernadsky Crimean Federal University, Vernadsky Prospekt, 4, Simferopol 295007, Russia 

3 Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Leninskie 

Gory, 1 (2), GSP-2 Moscow 119991, Russia 

 

Combining superconducting (S) films with a strongly spin-polarized ferromagnet (F) 

gives opportunities for creation new superconducting spintronic devices based on generation 

of spin-triplet Cooper pairs because of the inverse proximity effect. Such a bilayer can be 

described in terms of quasiclassical theory, which is based on calculation of propagator Ὣȟ 

known as Green function. The Green function is a 4x4 matrix in spin-space, whose normal 

and anomalous components depends on the energy of the quasiparticle ‭ and a distance z from 

the SF inteface. The propagator Ὣ can be found in the dirty limit as a solution of Usadel 

equations  

ὭὈ‬ Ὣ‬Ὣ  ‭ Ὥ–† Ўȟ Ὣ 

here D is the electrons diffusion coefficient, ‭ Ὥ– is the energy variable with a small 

imaginary term, † - the third Pauli matrix, Ў - the matrix order parameter. 

The boundary-value problem should be added by the boundary conditions appropriate 

for the case of strong spin polarization of the ferromagnet [1]. The boundary conditions 

depend on spin-mixing angle, which determine the phase difference for electrons with spin-up 

and spin-down, reflected from the SF interface. 

 The singlet and the triplet components of the anomalous Green function were found 

analytically from linear approximation of Usadel equations for such boundary conditions in 

our works [2-3]. In this work, we numerically solved this boundary value problem, using 

Riccati parametrization [4] of the propagator to satisfy the normalization condition Ὣ ρ: 

Ὣ
ὔ π
π ὔ

ρ ‎‎ ς‎
ς‎ ρ ‎‎

 

where ‎ᾀȟ‭ȟ‎ᾀȟ‭ ï Riccati parameters, ὔ ρ ‎‎ ȟὔ ρ ‎‎  ï 

normalization matrices. From the anomalous Green functions, we determined the order 

parameter in a superconducting film using the self-consistency equation: 

Ўᾀ
ρ

ς
ὔ‗ Ὠ‭Ὢᾀȟ‭ Ὢᾀȟ‭ὸὥὲὬ‭ȾςὝ

Ў Ⱦ

 

where Ὢ ï singlet anomalous Green function, ὔ  ï density of states at the Fermi level, ɚ ï 

BCS coupling constant, Ў is the order parameter in the bulk S material. 

 The numerical calculation of the Green's functions coincides with the previously 

obtained analytical solution in the temperature range close to the critical temperature Tc. We 

studied the influence of a ferromagnetic insulator on the order parameter (Fig.1) as a function 

of the spin mixing angle. The superconducting order parameter decreases with increasing spin 

mixing angle near the S-F interface. The density of states (DOS) is also investigated in the S/F 

bilayer. 
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Fig.1 The suppression of the order parameter Ўᾀ in the vicinity of the SF interface. 
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In THz emitters based on the ferromagnet (FM) / nonmagnetic (NM) nanoscale  

heterostructure, the generation of radiation is based on spintronic effects. Such emitters have 

an ultra-wide generation spectrum of THz radiation (up to 30 THz) and allow to control the 

parameters of THz radiation directly in the emitter [1,2]. 

In our work, a spintronic emitter based on the [TbCo2 / FeCo] x3 multilayer structure 

was investigated by the method of time-resolved THz spectroscopy. This structure is 

characterized by an easy-axis magnetic anisotropy induced during fabrication and, as a 

consequence, by the presence of a spin-reorientation transition (SRT) [3]. The paper proposes 

a method for controlling the polarization based on magnetic field-induced SRT with 

magnetization along the hard axis [4]. The SRT provides magnetization rotation when 

magnetic field is changed by its value only, giving rise to polarization rotation of the THz 

pulse. This makes the multilayers with SRT very different from the magnetic / nonmagnetic 

structures. In the latter, the polarization rotation can be achieved by rotation magnetic field 

around them, that is much less technologically justified. Figure 1 shows the dependence of the 

THz wave polarization rotation angle on the magnitude of the constant magnetic field for its 

fixed direction. 

 
Fig. 1. -  The dependence of the polarization angle and the magnitude of the THz field at 

different values of the magnetic field. Left scale: Magnetic field dependence of the THz 

polarization angle obtained from the fits of angular diagrams by magnetizing the sample along 

the hard axis. Right scale: total THz field dependence. Lines are guides for eye. 
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It is important that the rotation of the polarization plane occurs without loss of the THz 

radiation intensity. Figure 2 shows a scheme for generating THz radiation in a multilayer 

structure. The most likely emission mechanism is photoinduced ISHE. An argument in favor 

of this mechanism is the observation of ISHE in this structure earlier using direct injection of 

spin current from a YIG film at ferromagnetic resonance [6]. 

 
Fig.2. Illustration of the sample structure and directions of valuable vectors. H is magnetic 

field strength, JS is the spin-current, JC is the charge current. 

The work of Russian side is supported by Russian Science Foundation (Grant 20-12-00276). 
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Univ. Polytechnique Hauts-de-France, UMR 8520-IEMN, 59000, Lille, France) for sample 

preparation. 
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In last decades there are many works on computer modeling of nonlinear magnetic 

dynamics in nanostructures. This interest is caused by creation of fundamentally new 

computing technical devices [1]. The work devoted to the modeling of the second order 

magnetization precession modes in a normally magnetized two-layer ferromagnetic structure 

with cubic anisotropy. Letôs consider perpendicular magnetized two-layer film. The material 

of the film similar to YIG. The alternating magnetic field lies in the plane of the film and has 

circular polarization. The Landau-Lifshitz equation is used to describe the magnetic dynamics 

of the film. The field of cubic anisotropy, the demagnetizing fields and the interaction field 

were taken into account [2]. The paper considers types of layer anisotropy: [100], [110], [111] 

[2]. Landau-Lifshitz equation was solved numerically by the 4-5 orders Runge-Kutta method 

in the Scilab. A specific equilibrium position precession mode for anisotropy type [111] has 

been detected, which was strongly dependent on the size and direction of the field of 

interlayer interaction. It was shown that in the absence of the second layer, the precession of 

the position breaks into a low-amplitude circular precession. When the field of interlayer 

interaction becomes comparable to the anisotropy field the precession portraits appear new 

condensations (which are not so pronounced, but are noticeable), which, depending on the 

value of interlayer interaction J, can coincide with the condensations of anisotropy. Starting 

with the value of J = 300 erg/cm3, the ring of the second order precession begins to expand 

markedly. With the further growth of J, the influence of the anisotropy field decreases, the 

thickening becomes less pronounced until the large ring is completely evenly filled with small 

rings. Starting at the value of J = 800 erg/cm3, the thickenings cease to be visible, and the 

large ring looks evenly filled with small rings. 

 

This work has been supported by the grants: Russian Science Foundation (project No. 21-72-
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Section 3 

 Plasmonics and Nanophotonics 
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High index contrast dielectric Mie resonators featuring unique modal profiles, strong 

light-matter interaction at the nanoscale has led to the discovery of a variety of novel photonic 

phenomena recently. In this work, we report the observation of anomalous magneto-optical 

effects in Si/Ce:YIG/YIG/SiO2 high index contrast Mie resonators. Giant s-polarized 

transverse magneto-optical Kerr effect (TMOKE) up to 6.5% and longitudinal magneto-

optical Kerr effect (LMOKE) in transmission mode (LMOKE-T) of ~0.1Á under near normal 

incidence (q=3Á) are observed experimentally, which are either non-existent or orders of 

magnitude weaker in planar magneto-optical thin films. These novel magneto-optical effects 

originated from the circular displacement current in high index contrast Mie resonators. Our 

work indicates an uncharted territory of light polarization control based on the complex modal 

profiles in all-dielectric magneto-optical Mie resonators and metasurfaces, which opens the 

door for versatile control of light propagation by magnetization for a variety of applications in 

vectoral magnetic field sensing, biosensing, non-reciprocal photonic devices, magneto-optical 

imaging and optomagnetic memories.  



ICFMô2021   

122 

Magnetoplasmonic waveguides based on metal/opal composite 

 

Kolmychek I.A.1, Romashkina A.M.1, Mamonov E.A.1, Novikov V.B.1, Gusev N.S.2, 

Sapozhnikov M.V.2,3, Golubev V.G.4, Murzina T.V.1 

 
1Lomonosov Moscow State university, Physics department, 119991 Moscow, Russia 

2Institute for Physics of Microstructures, RAS, Nizhny Novgorod, GSP-105, Russia  

3N.I. Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, 603950, Russia 
4 Ioffe Institute, St. Petersburg, 194021, Russia 

 

The field of plasmonics is being actively developing as a lot of novel experimental 

realizations of subwavelength periodic structures become possible when using modern 

technological methods [1]. At the same time, well known systems such as opal films can serve 

as well as a powerful platform for the fabrication of resonant plasmonic structures. It was 

shown that when a metal layer covers an opaline structure, its optical properties is governed 

by the diffraction of a light beam on both the periodically structured metal film and on the 3D 

lattice of opal photonic crystal (PhC). If the metal is ferromagnetic, then the magnetooptical 

response of the composite can reveal interesting features. In this work we demonstrate 

resonant optical and magnetooptical response of thin high quality opal films covered by (i) a 

thin ferromagnetic Co layer, and (ii) Co+Ag thin layer. 

Opal films containing up to 15 layers of SiO2 colloidal spheres of 270-630 nm in 

diameter were synthesized by liquid phase colloid epitaxy, so that the closely-packed 

hexagonal structure with the (111) plane parallel to the filmsô surface was formed [2]. 

Afterwards, a cobalt film with the effective thickness of approximately 10% of the spheresô 

diameter was deposited by magnetron sputtering; in some cases a 10 nm thick Ag layer was 

deposited above cobalt film. At such thicknesses, metal film is inhomogeneous in thickness, 

has a pronounced profile with a periodic array of nanoholes.  

Wavelength-angular spectra of the transmitted radiation reveal a number of 

peculiarities associated with the surface plasmon-polariton (SPP) excitations and/or opal 

photonic band gap, their dispersion being dependent on the size of the SiO2 spheres. 

Furthermore, a strong enhancement of the magneto-optical effects in attained close to the 

resonant SPP excitation. We show that the presence of Ag layer increases the quality factor of 

the SPP resonances, as well as of the magneto-optical contrast in the Voigt geometry, which 

approaches the value of 1%. The obtained results are perspective for the development of the 

new lithography-free platform of transparent magnetoplasmonics.  
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Magneto-optics of nanostructured materials significantly differ from that of the 

smooth films and crystals. Excitation of various types of optical modes change the spin-

photon interaction leading to the significant enhancement of the known magneto-optical 

effects and appearance of the new effects that in the smooth films were absent. We consider 

bismuth-substituted iron-garnet films nanopatterned with 1D or 2D periodicity that can 

support guided modes of TM or TE types. Such modes reveal themselves as the narrow 

resonances in the optical spectra with Q-factor higher than 100. We show that excitation of 

such kind of modes is responsible for the new mechanisms of the magneto-optical interaction.  

The dispersion of the TM-type modes is sensitive to the transverse external magnetic 

field applied to the structure. It causes the nonreciprocal shift of the guided mode resonance 

position under the action of the external magnetic field applied in +Hy and ïHy directions. 

Therefore, the transmittance and reflectance spectra are also changed resulting in the 

modulation of the light intensity ï so called transverse magneto-optical Kerr effect. As the 

mechanism of this effect is different from that of a smooth film, all-dielectric nanostructure 

exhibits simultaneous high transparency, low absorption and up to 2% TMOKE [1]. 

Although TE-type waves in smooth materials are not sensitive to the transverse 

magnetic field, the 2D nanostructures can change the situation. A complex picture of the 

excitation, dispersion and polarization characteristics of the guided modes excited in the 2D 

periodic nanostructures gives rise to the transverse magneto-photonic intensity effect [2]. In 

contrast to the TMOKE, it can be observed both in p and s polarizations of the incident light 

and reach about 0.5% for both of them. 

Another important feature of the nanostructures with the guided modes is the 

possibility of the subwavelength light localization inside the iron-garnet material. The low 

optical absorption makes the non-thermal excitation of the spin waves in such structures 

efficient while the subwavelength light localization allows for the tunable excitation of the 

perpendicular standing spin waves or high orders [3].   

We acknowledge the financial support from Russian Ministry of Education and 

Science (Megagrant Project 075-15-2019-1934). 
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In this communication, we present the results of theoretical and numerical 

investigation of optical and magneto-optical properties of one-dimensional (1D) three-

periodic magnetic photonic crystals (MPCs). This research is a development of our previous 

study of dielectric three-periodic photonic crystals [1-3].  For the constituting materials of the 

structure we choose the magnetic yttrium-iron garnet Y3Fe5O12 (YIG) and bismuth-doped 

YIG (Bi:YIG) and nonmagnetic dielectric oxides SiO2 and TiO2. The 1D three-periodic MPCs 

are formed by two alternating unit cells which are the finite fragments of photonic crystals 

PC1 and PC2, respectively. Depending on the chosen combination of the constituting 

materials, one or both unit cells can contain magnetic layers. We focus on the case of 

nonmagnetic PC1 and magnetic PC2 unit cells. We choose PC1 to be composed of SiO2 and 

TiO2 layers of thicknesses d1 and d2, respectively, with the period D1 =  d1 + d2  and the 

structure formula (SiO2/TiO2)
N. We assume PC2 to be of structure (YIG/Bi:YIG) M with 

thicknesses of YIG and Bi:YIG layers denoted d3 and d4, respectively, which is characterized 

by the sub-period D2 =  d3 + d4. The resulting 1D three-periodic MPC has the structure 

[(SiO2/TiO2)
N/(YIG/Bi:YIG) M]K  (see Fig. 1)  and it is characterized by the super-period 

D3=ND1+MD2, where N and M  are sub-period numbers and K is a super-period number. 

 

 
 

Fig. 1. Schematic of the 1D three-periodic magnetic crystal [(SiO2/TiO2)
N/(YIG/Bi:YIG) M]K.  

 

A plane electromagnetic wave of wavelength ɚ is incident in the vacuum on the left-

hand-side of the MPCôs surface in xz-plane under the incidence angle ɗ. We considered the 

case of polar magneto-optical configuration (see Fig. 1) when both YIG and Bi:YIG layers are 

magnetized along the z-axis, i.e. perpendicularly to the interfaces of the films.   We restrict 

our consideration of the incident electromagnetic waves within the wavelength range ɚ = (1 - 

5) ɛm, where all the chosen materials are transparent, and YIG and Bi:YIG materials possess 

magneto-optical properties.  The layers thicknesses are chosen to satisfy the Bragg condition 

ni(ɚ0) di = ɚ0/4 (here ni is the refractive  index, i is the number of the layer) at ɚ0 = 1.55 ɛm  

for all the layers, as well as for different  values ɚ01 and ɚ02 for the nonmagnetic and magnetic 

layers, respectively.     
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We calculated the transmittivity and reflectivity spectra of the electromagnetic waves 

for the considered three-periodic MPC using the method of the transfer matrix (4Ĭ4) [4]. We 

examined the modifications of both TE- and TM-modes spectra within the first photonic 

bandgap and its vicinity with the change of the sub-period- and super-period numbers N, M, 

and K, incidence angle ɗ and the layers thicknesses di. The bandgap spectra are polarization-

dependent and exhibit a set of complex intra-band modes. The number and positions of the 

intra-band modes are correlated with the sub- and super-period numbers and strongly depend 

on the layers thicknesses (or on the choice of ɚ01 and ɚ02). The change of ɗ allows to govern 

the positions of  both bandgap edges and intra-band modes, as well as to open or to close the 

bandgaps. Modifying di, one can reach a significant shift of the intra-band modes towards the 

bandgap edges, as well it is possible to increase the intra-band modes number and to obtain 

satellite bandgaps.   

We showed a significant increase of the Faraday and Kerr rotations at the frequencies 

of intra-band modes with the increase of the magnetic periods M where the transmittivity 

values are close to unity. This fact demonstrates one of the advantages of multiperiodic MPCs 

compared to single-periodic photonic crystals, where the maximal polarization plane rotation 

occurs at lower transmittivities. The change of the incidence angle also allows to reach 

Faraday rotation of about some tens degrees.    
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Graphene is a unique material to study fundamental limits of plasmonics. Apart from 

the ultimate single-layer thickness, its carrier concentration can be tuned by chemical doping 

or applying an electric field. In this manner the electrodynamic properties of graphene can be 

varied from highly conductive to dielectric. Graphene supports strongly confined, propagating 

surface plasmon-polaritons (SPPs) in a broad spectral range from terahertz to midinfrared 

frequencies. It also possesses a strong magneto-optical response and thus provides 

complimentary architectures to conventional magneto-plasmonics based on magneto-optically 

active metals or dielectrics. In this work we present main results of our long time complex 

theoretical investigations of electrodynamic properties of graphene-based nanostructures. 

Electrodynamic properties of the grapheneïmagnetic semiconductorïgraphene 

sandwich-structure have been investigated theoretically with taking into account the 

dissipation processes [1]. Influence of graphene layers on electromagnetic waves propagation 

in grapheneïsemi-infinte magnetic semiconductor and grapheneïmagnetic semiconductorï

graphene sandwich-structure has been analyzed. Frequency and field dependences of the 

reflectance, transmittance and absorbtance of electromagnetic waves by such structure have 

been calculated. The size effects associated with the thickness of the structure have been 

analyzed. The possibility of efficient control of electrodynamic properties of grapheneï

magnetic semiconductorïgraphene sandwich-structure by an external magnetic field has been 

shown. Change in speckle-pattern of linearly polarized light passed through graphene-covered 

optical fiber placed in external magnetic field has been investigated, the possibility of 

magnetic speckle-pattern rotation suppression and inverse speckle-pattern rotation effect has 

been shown [2]. Magnetic field switching of plasmon-polaritons propagating into a planar 

gyrotropic waveguide covered by two graphene layers at a deeply subwavelength scale has 

been predicted, it has been shown that applying an external magnetic field may lead to energy 

redistribution between two waveguide surfaces [3]. Magnetic field induced by guiding 

plasmonic modes in graphene-coated nanowire via an inverse Faraday effect has been 

calculated [4]. Conditions of transverse electric plasmonic mode existence in graphene-based 

cylindrical waveguide has been obtained and analized [5]. Giant Faraday rotation of high-

order plasmonic modes in graphene-based nanowires has been predicted. Upon the reversal of 

the external magnetic field pointing along the nanowire axis some high-order plasmonic 

modes may be rotated by up to Ḑ100Á on the length scale of about 500 nm at mid-infrared 

frequencies. Tuning the carrier concentration in graphene by chemical doping or gate voltage 

allows for controlling SPP-properties and notably the rotation angle of high-order azimuthal 

modes [6]. We investigated topological nanostructures covered with graphene-based meta-

surfaces, which consist of a periodic pattern of subwavelength stripes of graphene winding 
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around the (meta-) tube or (meta-)torus. We establish the relation between the topological and 

plasmonic properties in these structures, as justified by simple theoretical expressions. Our 

results demonstrate how to use strong asymmetric and chiral plasmonic responses to tailor the 

electrodynamic properties in topological meta-structures. Cavity resonances formed by 

elliptical and hyperbolic plasmons in meta-structures are sensitive to the one-way propagation 

regime in a finite length (FabryïPerot-like) meta-tube and display the giant mode splitting in 

a (MachïZehnder-like) meta-torus. [7, 8]. Surface plasmon-polaritons in gain-loss 

metasurfaces have been investigated. A fundamentally new concept of realization of 

hyperbolic plasmonic metasurfaces by anisotropic gainïloss competition is proposed, and the 

possibility of highly directional propagation and amplification of surface plasmon polaritons 

is predicted. A simple realistic configuration of such a metasurface represents the periodic 

array of lossy metallic slabs embedded in the gain matrix. [9]. 

We believe that these results extend beyond the graphene plasmonics as they are 

qualitatively valid for arbitrary nanostructures formed by artificial 2D meta-surfaces 

supporting the propagating SPP modes. 
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Electromagnetic field of optical frequency, falling on the interface between dielectric 

and conductive (metallic) media, causes oscillations of both free and bound charges in the 

media. As a result of charge oscillations secondary electromagnetic waves are re-emitted. 

They hybridize with polarization waves of bound and free charges and under the 

corresponding boundary conditions these waves propagate along the interface [1]. These 

evanescent waves are surface plasmon polaritons. They are attached to the interface and are 

not radiated in the absence of inhomogeneities of the interface. Linear or nonlinear waves of 

surface plasmon polaritons are formed depending on the power of the exciting 

electromagnetic signal. 

Metals have a negative real part of the permittivity at optical frequencies which are 

lower than the plasma frequency in this metal [1]. Such photons create electron interband 

transitions in the metal by the optical thermal effect, which leads to a nonlinearity of the metal 

permittivity [2]. The third-order nonlinear dielectric susceptibility for gold in the frequency 

range from 350 nm to 750 nm has a complex frequency dependence. The real and imaginary 

parts of the third-order nonlinear dielectric susceptibility change the sign from negative to 

positive, and they tend to zero with increasing of electromagnetic signal wavelength. When 

electromagnetic field frequency is higher than the plasma frequency, the metal permittivity 

becomes positive; with increasing frequency the permittivity tends to unity in the limit. At 

optical frequencies the dielectric media (such as fused silica) have a positive real part of the 

susceptibility of both the first and third order, and they imaginary part is practically equal 

zero. But the value of the third-order nonlinear permittivity of fused silica is less on 7 orders 

of magnitude than the nonlinear susceptibility of gold in the visible range [2]. 

As a result of the nonlinear response of the dielectric and conducting media at a 

sufficient intensity of the optical signal, nonlinear (cnoidal) plasmon-polariton waves and 

solitary waves (solitons) appear at the interface [3]. The complex frequency dependence of 

the nonlinear permittivity of metal leads to instability of the plasmon soliton at optical 

frequencies in the visible range. But at telecommunication signal wavelengths (more than 

750 nm), the nonlinear response of noble metals is equal zero, and in dielectrics such as fused 

silica, the third-order nonlinear response maintains a soliton signal at the interface. The 

envelope of the plasmon-polariton pulse at the fused silica-gold interface is shown in Fig. 1. 

Here the third-order nonlinearity only of gold is taking into account. The variable tau is the 

ñrunning timeò, and tau equal zero corresponds to the top of the surface plasmon-polariton 

pulse excited by an ultrashort light pulse.  
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Fig. 1. Envelope of the electric field of surface plasmon-polariton pulse: curve 1 - wavelength 

ɚ = 500 nm; curve 2 - wavelength ɚ = 633 nm in air. Arbitrary units.  

 

The properties of nonlinear plasmon-polariton waves depend on the parameters of the 

exciting electromagnetic signals, on the geometry and parameters of the media in which the 

plasmon-polaritons are excited. The parameters of plasmon-polariton waves in plasmon 

waveguides, which have composite structures as dielectric-metal-dielectric or metal-

dielectric-metal, are determined by the parameters of the waveguide and the power of 

electromagnetic signal that excites plasmon-polaritons [4]. 

The studying of linear and nonlinear processes during the propagation and interaction 

of the surface plasmon-polaritons in waveguide structures of various configurations and the 

design of plasmonic nanodevices operating at optical frequencies on their basis is one of the 

most promising directions in the field of modern plasmonics. 
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In this work, we theoretically investigate surface plasmon polaritons (SPPs) in a 

hybrid layered structure based on graphene and material with phase transition (VO2). 

Plasmons possess appealing properties for photonic technologies and promises a new 

generation of highly miniaturized photonic devices [1]. Graphene is one of the materials, that 

supports highly restricted propagating SPPs in a wide spectral range. Graphene is a unique 

plasmonic material [2-4]. Its optical properties can be controlled by external parameters such 

as electrostatic bias, magnetic field or chemical doping. Thus, it is possible to vary the 

electrodynamic properties of graphene can be varied from highly conductive to dielectric. In 

recent years, the interaction of graphene-based layered structures with the electromagnetic 

field of has been actively studied. 

Phase change materials are paving the way towards improved functionality of 

metamaterials. Vanadium dioxide (VO2) with the phase transition near-room-temperature 

(340 K) is an appealing candidate as an active component in metamaterials because its phase 

transition temperature (340 K) can be easily accessed. Also high-quality thin films are 

available [5]. 

Our hybrid layered structure consists of three layers: a graphene, a graphene layer, a 

dielectric layer of thickness d and vanadium dioxide VO2 (Fig. 1).  

 

 
Fig. 1. A hybrid layered structure based on graphene and phase change material (VO2) 
 

To find SPP in this structure, we solved the dispersion equation, which was got from 

Maxwell's equations with applying of the boundary conditions at each of the interfaces. In the 

calculations, it was assumed that VO2 is in the conducting phase, the thickness of the 

dielectric gap is d = 50 nm, and the dielectric constant of the gap is Ůd = 2. Results of 

calculation are shown on Fig 2. 
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Fig. 2. Dispersion characteristics of SPPs propagating along air/VO2, air/graphene/air, 

air/graphene/dielectric and air/graphene/dielectric/VO2 nanostructures. 

 

It can be noted that no significant localization of electromagnetic energy occurs at the 

air/VO2 interface in the considered frequency range. The graphene layer maintains well-

localized SPPs at frequencies near 70 THz. The combination of graphene and VO2 into one 

structure leads to a significant increase in the localization of light near the graphene layer. 
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In this paper, we studied the excitation of surface plasmon polaritons in the vanadium 

dioxide-silicon dioxide-hyperbolic metasurface structure. Since the influence of phase 

transitions on the excitation pattern of surface plasmons is of particular interest, vanadium 

dioxide was taken as one of the layers, since its phase transition from the dielectric state to the 

metallic state occurs at temperatures close to room [1]. 

A lattice of graphene strips was taken as a hyperbolic metasurface [2]. Such a surface 

is capable of supporting the propagation of both TM and TE-polarized plasmons. 

When taking into account the phase transition of vanadium dioxide, we took the 

already known data on the behavior of vanadium dioxide and performed a linear 

approximation, using the Drude theory [3], which allowed us to obtain a model that is quite 

simple to describe. As can be seen from Figure 1 the phase transition is not instantaneous and 

the behavior of vanadium dioxide depending on the temperature can be divided into four 

stages: 1) up to 337 K; 2) from 337 K to 346 K; 3) from 346 K to 352 K; 4) from 352 K. 

 
Fig. 1. The behavior of vanadium dioxide during the phase transition. 

When studying the excitation of surface plasmon-polaritons, the method of total 

internal reflection in the Otto geometry was used. When the angle of incidence is greater than 

the angle of total internal reflection, using Maxwell's equations and the corresponding 

boundary conditions, it is possible to calculate the reflection coefficient, by which it is 

possible to judge how much of the energy of the incident radiation has gone into the 

excitation of surface plasmons [4]. 
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By setting the parameters at which the surface plasmons are excited in the absence of a 

layer of vanadium dioxide, we calculated the reflection coefficient of the system as a function 

of frequency for different temperatures. 

 
Fig. 2. The reflection coefficient of the structure at different temperatures. 

We believe that our research can help to study the behavior of surface plasmons in 

systems with variable parameters, and also opens up new possibilities for controlling 

electromagnetic radiation at the nanoscale. 
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Photonic crystals (PCs)ïthe dielectric structures with spatial modulation of refractive 

indexïare widely used in fundamental and applied research since the light propagation in it 

can be modified by tuning the physical and optical properties of layers consisting PC. PCôs 

remarkable extensions are magnetophotonic crystals (MPCs) [1]. Studies on MPCs are 

motivated by fundamental and practical interest to enhancing magneto-optical (MO) 

responses of existing MO materials and possibilities of controlling the flow of light by 

external magnetic fields [2]. 

The main aim of our work was to fabricate high-quality 1D MPC with the microcavity 

structureïMO material was sandwiched between two Bragg mirrors (BM). The MO material 

in our study was bismuth-substituted yttrium iron garnet (Bi:YIG) manufactured by metal-

organic decomposition (MOD) method. For this fabrication approach thermal annealing at 

750 ÁC in air is essential for garnet crystallization. The surface of obtained Bi:YIG samples 

had granular structure with typical roughness RMS = 3 nm. The XRD pattern of the fabricated 

proves successful crystallization. Dielectric constants of the fabricated Bi:YIG are in a good 

agreement with referenced data from [3] and [4]. 

There is an unavoidable limitation since the first Bragg mirror is annealed 

simultaneously with the Bi:YIG on it. Therefore, annealing-induced modification of BM 

affects the structural and optical properties of the final resonator. This is why it is important to 

note the main features of oxides happening upon their annealing for the fabrication of high-

quality MPC. 

The BM samples under our study were multilayers (ZrO2/SiO2)
7, (HfO2/SiO2)

8 and 

(Ta2O5/SiO2)
7 deposited on quartz substrates by electron beam sputtering. The surface of the 

(Ta2O5/SiO2)
7 sample became grainy because of Ta2O5 crystallization, (HfO2/SiO2)

8 cracked 

producing areas with dimensions on micron scale. As for (ZrO2/SiO2)
7 samples, their surface 

structure and transmissivity didnôt undergo significant changes after the annealing.  

For all the fabricated BM, annealing of them at 750 ÁC was accompanied by a spectral 

shift of their stopband to the shorter wavelength range. Since the photonic stopband 

wavelength l0 is proportional to refractive indices n and thicknesses d of oxide layers, Dl can 

be interpreted as the change in the mentioned parameters upon annealing. To confirm this and 

to take it into account during MPC fabrication process, an analysis of modification of 

thicknesses and dielectric constants of single layers ZrO2 and SiO2 was carried out.  
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(a) Transmission spectra of BM 1 annealed at 750 ÁC for 45 minutes, as-deposited BM 2 and 

fabricated MPC ((ZrO2/SiO2)
7/Bi:YIG/(ZrO2/SiO2)

7); the calculated spectrum is given by a 

solid line. (b) Angle of Faraday rotation of the single Bi:YIG film (squares) and MPC; 

measured and calculated dependencies for MPC are shown as circles and a solid line, 

respectively. Inset illustrates a hysteresis curve of Faraday rotation for MPC. 

 

After summarizing of the obtained data, we chose ZrO2/SiO2 pair for BM and 

fabricated 1D MPC with the following structure: (ZrO2/SiO2)
7/Bi:YIG/(SiO2/ZrO2)

7. It is 

worth noting that the second BM deposited on the crystallized Bi:YIG layer should have the 

same optical properties as the first annealed BM. Transmission spectra of the first and second 

BM (ZrO2/SiO2)
7 and the resulting MPC are shown in plot (a). Magneto-optical spectra of 

fabricated Bi:YIG film and the 1D MPC are demonstrated in plot (b). One can see that the 

Faraday rotation increased by an order of magnitude at a wavelength of the Fabry-Perot 

resonance. 
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Magneto-optical materials are of interest due to possibility for monitoring changes in 

the polarization state and intensity via transformation in magnetic properties upon their 

interaction with hydrogen [1]. In our recent work [2], we demonstrated that oxidized 

permalloy (NiFeOx) nanofilms showed a significant growth of the Faraday rotation angle (and 

the figure of merit, FOM) in the near-infrared range since they were compositions of various 

magnetic oxides (see the figure). The nanofilms were covered by a thin Pt layer and the 

NiFeOx/Pt bilayer was tested as the magneto-optical sensing element. It was found that the 

magnitude of the Faraday rotation changed significantly in the presence of H2. Another 

finding was a transformation in the spectrum of the Faraday rotation of NiFeOx nanofilms due 

to the Pt layer.  

 

(a) Changes in FOM = —ЍὝ for the nanofilms: initial permalloy nanofilm (curve 1) 

and oxidized ones during annealing for one hour at the series of temperatures (curves 

2-7 correspond to 300, 350, 400, 425, 450 and 475ÁC, respectively). (b) Normalized 

FOM for selected wavelengths versus the oxidation temperature.  

Magneto-optical sensing elements and, in particular, NiFeOx are promising materials 

for the further development of optical and magneto-optical hydrogen gas sensors. The 

nonreciprocal magneto-optical effects make it possible to accumulate the polarization rotation 

in the multipass regime. In perspective, this feature can provide much more high selectivity to 

a target gas and more robust sensing platform.  
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Magneto-plasmonic structures based on dielectric magnetic films are of interest with 

the possibility of their use as magnetically controlled light modulators and sensors [1, 2]. An 

increase in the efficiency of such devices is achieved by enhancing the plasmonic and 

magneto-optical (MO) properties of the main functional materials [3]. 

This report presents the results of experiments to study the influence of surface 

plasmon-polariton resonance (SPPR) on the enhancement of the MO response in a magneto-

plasmonic structure. This structure was created based on an 11 ɛm thick iron-garnet epitaxial 

film (IGEF) on a 500 ɛm thick Gd3Ga5O12 (GGG) single crystal substrate with a (111) surface 

orientation. The IGEF surface was coated with a plasmonic gold (Au) film with a thickness of 

38 nm. The general structure of the sample can be represented by the formula 

GGG(500 ɛm)/IGEF(11 ɛm)/Au(38 nm). 

The IGEF was obtained by liquid-phase epitaxy and has the composition 

(Bi,Lu)3(Fe,Ga)5O12. IGEF has an ñeasy-planeò magnetic anisotropy with a saturation field in 

the plane along the hard magnetization axis (HMA) ï 12 Oe, along the easy magnetization 

axis (EMA) ï 1.5 Oe, and in the direction normal to the film plane ï 1500 Oe. The specific 

Faraday rotation was 1 deg/ɛm at ɚ = 640 nm. Plasmonic Au coating was synthesized by 

thermal deposition of gold (95.83 %) in vacuum (P Ò 6 Ĭ 10ï4 Pa). 

The excitation of the SPPR was carried out using a prismatic input according to the 

Kretschman scheme. The structure was located on the hypotenuse face of an isosceles 

triangular prism (nprism å 1.51 at ɚ = 640 nm) using an immersion liquid for optical contact 

(nim å 1.47 at ɚ = 640 nm). The IGEF is oriented so that the HMA is perpendicular to the 

plane of the light incidence, and the EMA is parallel to the projection of the light wave vector 

k onto the IGEF plane. In the IGEF plane along the HMA, a constant external magnetic field 

with strength Ó 25 Oe was acted to remove the remanent magnetization of IGEF in the EMA 

direction. The Faraday effect was measured when the IGEF was magnetized by an external 

magnetic field, which was applied in the IGEF plane along the EMA || k. 

Fig. 1 show the angular dependences of the intensity of reflected p-polarized beams 

IRP with wavelength 640 nm and 1550 nm. The exciting radiation was a linearly polarized 

laser beam (ß å 2 mm), which was focused on the structure by a lens (D = 5 m-1). 

As can see in fig. 1 the absorption of light with ɚ = 640 nm occurs in a rather wide 

angular range (approximately 45 ï 65 deg), while the periodic oscillations of the intensity are 

observed, which associated with the interference of rays reflected from the lower and upper 

boundaries of the IGEF layer (excitation of waveguide modes). The period of these 

oscillations can change with a change in the wavelength of light or thickness of the IGEF, 

which can be seen in Fig. 1 by the example of the resonance curve measured for ɚ = 1550 nm. 
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Fig. 1. Angular dependences of reflection of 

p-ǇƻƭŀǊƛȊŜŘ ōŜŀƳǎ ǿƛǘƘ ˂ = 640 nm and 

 ˂= 1550 nm 

CƛƎΦ нΦ aŀƎƴŜǘƛŎ ŦƛŜƭŘ ŘŜǇŜƴŘŜƴŎŜǎ ƻŦ ˸˻ 

response at different angles of light incidence 

ό˂Ґспл ƴƳύ 

 

Figure 2 shows the field dependence of the intensity of the s-polarized component of 

the reflected light IRS normalized to the intensity of the p-polarized component reflected at the 

total internal reflection (TIR) angle IRP (TIR) (wavelength ɚ = 640 nm, the angle of beam 

incidence is indicated in the legend, external magnetic field is applied along the EMA). Fig. 2 

shows that an increase in the external field leads to an increase in IRS up to 10 Oe. At a field 

strength of more than 10 Oe, the IGEF film is magnetized to saturation and the IRS signal 

takes on a constant value. It is clearly seen that the MO response at the angles of SPPR 

excitation is 10 times higher than that at the TIR angle, where is no plasmon resonance. 

So, it has been shown that the magnitude of the MO response in the magneto-

plasmonic structure GGG(500 ɛm)/IGEF(11 ɛm)/Au(38 nm) increases by an order of 

magnitude upon the condition of excitation of SPPR. This effect is found in a wide range of 

angles of the exciting radiation incidence, which makes it possible to simplify the alignment 

of the structure at the resonance angle and allows to use it in systems with non-collimated 

beams of exciting light, for example, beams which are formed at the exit from an optical fiber. 

 

The work was carried out with the financial support of the Russian Science 

Foundation grant No. 19-72-20154. 
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Photonic and magneto-photonic crystals (MPC) are very perspective materials in 

modern sectors of science and technology, such as photonics, optics, sensorics, spintronics, 

magnonics, quantum technologies, etc. One of the ways to modified the properties of 

magneto-photonic crystals is to integrate a plasmonic subsystem into (onto) the crystal [1]. 

The investigated magneto-photonic(plasmonic) crystal (Fig. 1,a inset) is consisting of 

a Bragg mirror (4 pairs of TiO2/SiO2 layers), a magneto-optical layer of bismuth substituted 

iron-garnet Bi1.0Y0.5Gd1.5Fe4.2Al 0.8O12, a buffer SiO2 layer with a gradient of thickness, and 

plasmonic subsystem. Plasmonic subsystem is the layer of self-assembled gold nanoparticles 

(Fig. 1,b inset). Fig. 1,a,b is demonstrate the spectra of transmittance and the spectra of 

Faraday rotation for MPC in different areas of thickness gradient of SiO2 buffer layer. 

 

  

a b 

Fig. 1. The magneto-optical properties of MPC with plasmonic subsystem in different areas 

of thickness gradient of SiO2 buffer layer: a ï the transmittance spectra (inset photo of the 

sample), b ï the spectra of Faraday rotation (inset SEM-image of plasmonic subsystem). 

 

As can see in Fig. 1,a in photonic band gap the peak of plasmonic resonance is 

presents and his position is determined by thickness hSiO2 of SiO2 buffer layer (the top curve is 

conform to hSiO2 = 100 nm, the bottom curve is conform to hSiO2 = 300 nm). As can see in Fig. 

1,b the plasmonic subsystem leads to enhancement of Faraday rotation on the wavelength of 

plasmonic resonance. 

The work was carried out with the financial support of the Russian Science 

Foundation grant No. 19-72-20154. 
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Study of interaction of THz radiation with graphene-like materials based on transition 

metal dichalcogenides attracts a large number of scientific teams. This is primarily due to the 

potential use of these materials in flexible optoelectronic devices in the visible and terahertz 

range[1,2]. However, there is a problem associated with the small absorption of laser radiation 

in the monolayer. One way to solve this problem is to use a plasmonic structure[3]. In this 

work we analyze the parameters of terahertz field detection by an antenna based on a 

monolayer film of tungsten diselenide with a plasmonic structure. The detection of terahertz 

radiation by the experimental antenna was investigated by time-resolved terahertz 

spectroscopy. The monolayer tungsten diselenide substrate was obtained by chemical vapor 

deposition. The electrodes and the plasmonic structure were deposited by electron beam 

lithography. 

Femtosecond laser with pulse duration of 100 fs, pulse repetition rate of 82 MHz, 

1050 nm wavelength, and frequency doubler at the output was used as a source of 

femtosecond laser radiation. Temporal waveform and spectrum of THz pulse were received, 

the bandwidth of the studied antenna was estimated. The characteristics of the manufactured 

THz detectors (signal-to-noise ratio, sensitivity) were obtained. The effect of plasmonic arrays 

in the gap between the electrodes on detected THz signal was shown.  

This work was supported by the Ministry of Education and Science of the Russian 

Federation (state task No. FSFZ-0706-2020-0022) and. Russian science foundation No 19-72-

10165 
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Figure 3. Scheme of experiment setup. 
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 The transverse magneto-optical Kerr effect reveals itself as the modulation of the 

transmitted or reflected light intensity in magnetized materials. It is essential for probing of 

the in-plane magnetization component, however its magnitude is below 10-4 for the smooth 

iron-garnet films. Recent studies showed that TMOKE can be enhanced by the guided mode 

excitation [1-3], however the enhancement takes place in a very narrow wavelength and 

angular range. 

 We propose a novel type of the two-dimensional arrays of cylinders made of bismuth-

substituted iron-garnet that support both localized (Fabri-Perrot-like) and lattice (guided-like) 

modes. In such a structure, TMOKE is enhanced in the a wide range and exceeds 2% for the 

angles from 5 to 25 degrees (Fig.1). The angular width of the TMOKE resonance is 50 nm. 

 

 

 
 The broadband enhancement of the TMOKE makes the proposed structures interesting 

for applications with ultrashort and tightly-focused laser pulses. 

The research was supported by RSF (project No. 21-72-10020). 
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Silicon dioxide (SiO2) is widely used in the formation of plasmonic photovoltaic 

structures [1-3]. These structures have potential applications in biodiagnostics, sensing, 

bioimaging, solar cells and other devices, the operation of which is based on the phenomenon 

of localized surface plasmon resonance.  

The SiO2 layer of 93 nm thick was formed by thermal oxidation of Si(100) substrate. 

The reflection electron energy loss spectra (REELS) were obtained in the integral form using 

a SPECS spectrometer at incident electron energies E0 of 300, 600, 1200, 1900, and 3000 eV 

in the electron energy loss range from 0 to 150 eV with a step of 0.1 eV. From the 

experimental REELS with the software package QUASESTM XS REELS [4] were calculated 

inelastic electron scattering cross section spectra which are products of inelastic mean free 

path l and inelastic scattering cross-section K(E0, T), were T ï energy loss.  

To quantitatively estimate the contributions of different origins to the inelastic electron 

scattering cross section spectra and to reliably determine their energies, we approximated the 

spectra for SiO2 by the three-parametric Lorentz-like Tougaard functions [5]: 

 

ʇὑ
ὄὝ

ὅ Ὕ ὈὝ
 

 

B, C, D are fitting parameters. The method of the inelastic electron scattering cross section 

spectra decomposition into the elementary peaks made it possible estimate the contributions 

of individual loss processes to the resultant spectrum silicon dioxide. The results obtained 

agree with the literature data on the electronic structure of silicon dioxide 
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Two-dimensional (2D) semiconductors have recently been widely used as active 

elements in optoelectronic devices due to their special photoelectric properties [1]. However, 

the efficiency of such devices is limited by the small absorption of two-dimensional 

semiconductor films, which leads to a decrease in photosensitivity [2]. The most effective 

way to increase absorption in 2D materials is to increase the electric field by excitation of 

local plasmons [3-7]. However, most of the modern works demonstrate disordered plasmonic 

structures, in which the distribution of elements has a random character. This leads to 

broadening of the plasmon resonance spectra peaks and decreasing of their intensity [8,9]. In 

this work we report a multiple increase in photosensitivity of photodetectors based on two-

dimensional semiconductor WSe2 due to ordered silver plasmonic structures. 
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Designing and utilization of novel materials for manufacturing of the sources of 

coherent irradiation is currently a vast interdisciplinary area, which spans various theoretical 

and fundamental aspects of laser physics, condensed matter physics, nanotechnology, 

chemistry as well information science [1]. Physical realization of corresponding devices 

requires the ability to manipulate the group velocity of propagation of electromagnetic pulses, 

which is accomplished by the use of the so-called polaritonic crystals [2]. The latter represent 

a particular type of photonic crystals featured by a strong coupling between quantum 

excitations in a medium (excitons) and optical fields. 

We considered 1D polaritonic crystal as a topologically ordered systems ï array of 

coupled microcavities containing quantum dots. It is of substantial interest to investigate 

electromagnetic excitations in a non-ideal one-dimensional microcavity lattice subjected to a 

uniform elastic stress described by the dielectric tensor ‐Ƕ.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The presence of deformation and of structural defects may lead to an increase of the 

effective mass of corresponding excitations and therefore to a decrease of their group 

velocity. The results of numerical calculation performed on the basis of the constructed model 

contribute to modeling of the new class of functional materials ï photonic crystalline system 

constituted of couple microcavities. 
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Fig. 1. Dispersion of polaritonic excitations in a one-sublattice quantum-

dot-containing chain of unevenly spaced microcavities plotted  
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Investigations of various materials and nanostructures with a significant magneto-

optical (MO) response is relevant in order to create new devices and systems for transmission 

and processing of information [1]. The effects observed in such materials and nanostructures 

(Faraday, Kerr and Cotton-Mouton Effects) make it possible to control lightwave by constant 

and alternating magnetic fields. The films of Bi-substituted iron garnets (Bi:IG) occupy a 

special place among MO materials. This work presents the results of investigations of 

structural parameters and MO properties of Bi:IG films, which are subsequently used to form 

one-dimensional and two-dimensional magnetoplasmonic structures. 

The films of various compositions with nanoscale thickness were synthesized by 

vacuum sputtering and thermal annealing at air on substrates of monocrystalline gadolinium 

gallium garnet (GGG) with smooth or nanostructured surface and fused silica. Structuring of 

substrates for synthesis of samples was carried out using the equipment of Common Research 

Center çPhysics and technology of micro- and nanostructuresè of the IPM RAS. 

The authors acknowledge support by Russian Science Foundation (project no. 19-72-

20154) for research on crystallization dynamics of Bi:IG on GGG substrates with smooth and 

structured surface and the Ministry of Science and Higher Education of the Russian 

Federation (Megagrant project N 075-15-2019-1934) for optimization of magnetic parameters 

of films. 
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Fig. 1. Atomic force microscopy images of surfaces of Bi:IG film with average grains size of 

75.5 nm and structured GGG substrate 
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Structuring opens up the possibility of localizing and amplifying the electromagnetic 

field of a light wave inside the magnetic components of 1D, 2D and 3D nanostructures (NS), 

thereby creating resonance features in optical and magneto-optical (MO) spectra. The use of 

metal and composite metal-dielectric components allows the transformation of properties due 

to excitation of propagating surface plasmon-polaritons and localized plasmons. It should be 

noted that the properties of NS based on composites with Au nanoparticles having a size less 

than 50 nm are not previously considered. At the moment, there are only theoretical works in 

which it is shown that two types of localized states are possible in structures based on 

composite (SiO2-Ag) ï Tamm states (Tamm plasmon-polaritons, TPP) and resonant defect 

modes [1]. 

The investigation presents the optical and structural properties of composite films 

(SiO2-Au), model optical and MO spectra of NS with composite (SiO2-Au) and magnetic iron 

garnet layers. The possibility of implementing configurations has been experimentally 

demonstrated. Figure 1 shows optical spectra and topology of composite films (a and b, 

respectively) and model spectra of Faraday Effect of a one of the configurations (c). 

The authors acknowledge support by Russian Science Foundation (project no. 19-72-

20154). 
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Fig. 1. Optical spectra (a) and topology (b) of (SiO2-Au) films annealed at different temperature 

and simulated spectra of Faraday Effect (c) of configuration  

(TiO2 / SiO2)4 / YIG / Bi:YIG with top layers of Au, (SiO2-Au) composite with different fractions of 

Au nanoparticles or without top layer 
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Iron garnet films is one of perspective material for magneto-plasmonic applications. It 

has high magneto-optical activity and might be modified by different process parameters to 

satisfy a particular requirement. It is important to understand how different process 

parameters will impact on surface and structure quality. Force-distance curves obtained by 

atomic-force microscopy tool might be used not only for topography imaging but also for 

structure characterization by evaluating such parameters as local stiffness, adhesion. Raman 

spectroscopy is a powerful method for structure investigation. This work presents results of 

structural characterization of iron garnet films by force-distance curves and Raman study. 

The different compositions films deposited on various substrates (gadolinium gallium 

garnet and fused quartz) with nanoscale thickness were synthesized by vacuum sputtering and 

thermal annealing at air. Force-distance curves obtained from each sample are used to 

calculate topography, stiffness and adhesion maps. It is possible by analyzing tilt , forward and 

reverse steps length, sticking and other curves parameters. Raman spectra helps us understand 

internal structure symmetry and its changing caused by different process parameters.  

The authors from V.I. Vernadsky Crimean Federal University TVM, ANSh, VNB 

acknowledge support by the Russian Ministry of Education and Science (Megagrant project 

N 075-15-2019-1934) for the synthesis of film samples. The authors from Scientific and 

Technological Centre of Unique Instrumentation of the RAS YuEV, SYuK, MFB, DVCh 

acknowledge support by the Ministry of Science and Higher Education of the Russian 

Federation under the State contract No. 0069-2019-0009 for the films measurements. This 

work was performed using the equipment of the Shared Research Facilities of the STC UI 

RAS. 
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Fig. 1. Stiffness map of the bi-layer Bi-substituted iron garnet film (a), Raman spectra of GGG 

substrate ς red, Bi2.8Y0.2Fe5O12 layer on GGG ς blue, Bi1.0Lu0.5Gd1.5Fe4.2Al0.8O12 layer on GGG ς 

green (b) 

(a) (b) 
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Plasmon modes observed in the simplest structures such as dielectric-metal-dielectric 

or dielectric-dielectric-metal are characterized by a large width, which leads to a low 

efficiency of acousto-optic interaction [1,2]. At the same time, waveguide modes provide very 

narrow resonances, but the structure turns out to be rather complicated to fabricate. The use of 

photonic crystal layers makes it possible to find a compromise - to create a structure with 

long-range plasmons. In this structure, it is possible to obtain plasmon modes with a 

sufficiently high Q factor [3], providing a high level of the acousto-optical effect and at the 

same time making the structure simple for carrying out experimental studies. Moreover, the 

use of photonic crystal layers makes it possible to select the position of the resonant mode for 

a given wavelength. 

 

 
 

Fig. 1. Scheme of the experiment 

 

The parameters of the photonic crystal were optimized for the realization of a long-

range plasmon. The fabricated photonic crystal is deposited on a fused silica substrate by 

magnetron sputtering and contains 14 layers of tantalum pentoxide Ta2O5 with a thickness of 

119 nm, alternating with layers of quartz SiO2 with a thickness of 164 nm, and ending with an 

additional layer of Ta2O5 with a thickness of 108 nm. A thin film of cobalt 11 nm was 

deposited on a photonic crystal, on which gold was deposited 18 nm. 

The experimentally measured angular reflection spectra for a number of wavelengths 

confirm the excitation of the long-range plasmon-polariton mode in both samples and agree 

well with the results of numerical simulations [4]. The plasmon resonance width was 0.1 Á, 

and thus the resonance Q-factor was 400 at a wavelength of 780.1 nm. o measure the acoustic 

characteristics of the fabricated sample, an experiment was carried out (see Fig. 1), in which a 

uniform rocking of the front of a highly collimated beam, close in parameters to a plane wave, 



  ICFMô2021 

149 

was carried out. photodetector aperture. As a result of the experiment, the modulation of the 

intensity of the light reflected from the photonic structure was recorded. The measured 

characteristics of the modulation depth depending on the angle of incidence of light on the 

structure are shown in Fig. 2. The red line corresponds to the reflection coefficient of the 

photonic crystal structure. The maximum modulation value was 0.07 in the linear mode and 

0.06 in the quadratic mode. The equivalent ultrasound power required to observe modulation 

at a frequency of 1 MHz was 0.6 W (the required power increases with decreasing frequency). 

 

 
Fig. 2. Dependence of modulation coefficient on the angle of incidence 

 

An increase in the frequency of ultrasound will lead to inhomogeneous modulation of 

the light field in space, which subsequently turns into diffraction. 
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