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Artificial spatially periodic magnetic media, known as magnonic crystals (MC), are one 

of the key building blocks for magnonics widely used for microwave signal processing 

and data transfer. The general idea of this work was to focus on the perspective 

multifunction approaches in the field of magnonics in order to overcome the constraints 

inherent to conventional MC. Artificial ferrite-ferroelectric (multiferroic) structures, 

exhibiting a strong coupling of magnons and microwave photons, paves a way to this 

aim. This coupling constitutes new quasiparticles called electromagnons and, therefore, 

periodic multiferroic structures are known as the electromagnonic crystals. The novelty 

of this work is based on solutions to the key problems of voltage-controlled microwave 

devices that have limited their potential for applications. Namely, known MC composed 

of ferrite-ferroelectric structures show limited potential for a reduction in energy 

consumption and miniaturisation of magnonic circuits. An understanding of the full 

wave spectrum of multiferroic multilayers, as well as electromagnonic crystals based on 

them, is the key to solving the above-mentioned problems. Accordingly, a general 

electrodynamic theory for dispersion characteristics of waves propagating in ferrite-

ferroelectric multilayers was developed. The derivation was based on the full set of 

Maxwell’s equations taking into account retardation effects. Applying the developed 

theory, an enhancement of the microwave electrodynamic coupling of waves in ferrite-

ferroelectric structures was achieved. This peculiarity was used to reduce the control 

voltage and to increase the tuning efficiency of microwave devices, which promises to 

be fast and low energy consuming. Theoretical simulations are also supported by 

experimental results that confirmed the conclusions drawn. For these investigations, 

conventional microwave measurements were performed. In addition, the experiments 

using space- and time-resolved Brillouin Light Scattering spectroscopy were carried out 

to identify peculiarities of spin-wave dynamics in MC that may enrich the properties of 

artificial spatially periodic structures for modern magnonics. 

Keywords: microwaves, magnonics, ferrites, ferroelectric materials, magnonic crystal, 

spin-wave dynamics, electromagnons
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1 Introduction 

1.1 Subject and Motivation 

The dynamics of waves in frequency-agile materials are rich in possibilities but still 

unknown. The recent increase in the amount of scientific literature related to microwave 

applications of such materials is an indication of the urgency of the research in this 

field. Among different physical phenomena that shape the main-stream research 

directions of wave dynamics, propagation of spin waves (SW) in ferromagnetic film 

structures attracts considerable attention in connection with their applications in novel 

data transfer and processing technologies (Kruglyak, 2010; Chumak, 2015). This strong 

research interest is determined by efficient mechanisms of signal transmission based on 

the idea that characteristics of spin-wave quanta, such as their phase and occupation 

numbers, can be regarded as state variables. This is different from a charge in 

conventional electronics. Therefore, this approach, known as magnonics, is considered 

novel beyond the complementary metal-oxide-semiconductor platform. 

One of the key issues inherent to magnonics is associated with exploiting spin-wave 

phenomena for efficient data transfer and enhanced logic functionality. An investigation 

of novel multifunctional approaches paves the way to this aim. An artificial multiferroic 

structure, which simultaneously exhibits ferroelectricity and ferromagnetism, is a strong 

candidate for the extension of the functionality of microwave devices (Lu, 2015; 

Vopson, 2015). This is caused by the possibility to combine the advantages of miniature 

spin-wave elements with the tunability of their physical properties by both electric and 

magnetic fields, i.e., dual tunability.  

Artificial multiferroics are usually fabricated by combining ferrite and ferroelectric (or 

piezoelectric) materials to obtain composite or layered micro- and nanostructures in the 

form of multilayers, pillars, spheres, wires, amongst others (Sun, 2012). The tunability 

of these structures is provided basically by two effects: the first is the magnetoelectric 

effect based on the mechanical interaction between ferrite and piezoelectric crystal 

lattices (Shastry, 2004); and the second effect is the electrodynamic coupling of SW and 

electromagnetic waves (EMW) in the ferrite-ferroelectric layered structures (Demidov, 

2002a). The coupled excitations are known as hybrid spin-electromagnetic waves 

(SEW). 

From the point of view of theoretical and experimental science, SEW excitations in 

ferrite-ferroelectric bilayers are very suitable for dually controllable devices. However, 

an effective hybridisation of SW and EMW at microwave frequencies was achieved in 

multiferroic structures fabricated with relatively thick ferroelectric layers (in the order 

of hundreds of micrometres). Such thicknesses of a ferroelectric layer led to a relatively 

high control voltage (up to 1000 V) requirement for an effective electric tuning of the 

SEW dispersion characteristics. Besides this, a new class of the voltage-controlled 

microwave devices, which combines multiferroic features and frequency selective 
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properties inherent in periodic spatial structures, is attractive for the applications at 

microwave frequencies. In order to distinguish the periodic multiferroic structure from 

known magnonic (Kruglyak, 2010) and photonic (Erokhin, 2010) crystals, this structure 

is called the artificial electromagnonic crystal (EMC). Such a name justifies itself 

because quanta of SEW can be considered electro-active magnons or electromagnons. 

In contrast to the conventional magnonic crystals, periodic multiferroic structures are 

characterised by electrically and magnetically tunable band-gaps in the wave spectrum, 

where propagation of the electromagnons is forbidden. 

Aside from the advancement in this field, there are two main motivations for the 

investigations presented in this thesis. The first is related to the possibility of reducing 

the control voltage and increasing the tuning efficiency in layered ferrite-ferroelectric 

structures. This could be achieved for all-thin-film ferrite-ferroelectric-ferrite 

multilayers and planar structures, such as a coplanar waveguide composed of ferrite and 

ferroelectric thin films. These features make SEW excitations in layered multiferroic 

structures promising as a possible replacement for some spin-wave devices presently 

used in microwave systems. 

The second motivation for this investigation is that utilising the all-thin-film 

multiferroic structures in electromagnonic crystals allows the exploitation for further 

improvement of the logic gates as well as for tunable microwave devices. These 

electromagnonic crystals offer promising technological features, such as their small size 

and low energy consumption. In addition, electromagnonic crystals are compatible with 

conventional magnonic devices, enabling efficient data transfer and enhanced logic 

functionality. As a result, the considered structures look favourable not only for 

investigations of the new physical phenomena but also for applications as a 

complimentary part to the traditional approach for general computing and microwave 

signal processing. 

1.2 Investigation Overview 

A significant amount of work in the area of artificial multiferroics and the voltage-

controlled microwave devices have already been published. In their work, Lu and 

Vopson (Lu, 2015; Vopson, 2015) provided a general theoretical and experimental 

review, as well as possible applications, of thin-film multiferroics. Demidov, Kalinikos, 

and Edenhofer dealt with the general dipole-exchange theory for the spectrum of SEW 

propagating in multiferroic layered structures composed of a ferrite-ferroelectric bilayer 

(Demidov, 2002a). In contrast, Semenov et al. (Semenov, 2008) performed the first 

experimental realisation of the planar multiferroic structure combined with a narrow slot 

transmission line. These structures facilitate voltage tuning in comparison with ferrite-

ferroelectric bilayers. Nikitov and Chumak (Nikitov, 2015; Chumak, 2017) gave general 

reviews of artificial ferromagnetic media, magnonic crystals, as well as their prospects 

for voltage-controlled microwave devices. Ustinov and Kalinikos dealt with the first 

prototype of the dual-tunable electromagnonic crystal consisting of a thin-film 
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magnonic crystal and a ferroelectric slab (Ustinov, 2014). The above research provides 

an overview of the background work which pertains to this thesis. From these 

references it can be determined that ferrite-ferroelectric structures provide many unique 

possibilities for the investigation of various physical phenomena that constitute a basis 

for novel microwave devices.  

One part of this thesis is related to an improvement of an electric field tunability of 

wave spectra in multiferroics. This improvement is shown for two configurations: (i) 

coplanar waveguides composed of ferrite and ferroelectric thin films; and (ii) all-thin-

film layered structures with coupled ferrites. The latter utilises dipole-dipole 

interactions of spin-wave modes. It should be noted that, through the application of this 

phenomenon, the miniature multiferroic interferometer for voltage-controlled spin-wave 

logic gates was realised for the first time in the present work.  

The second part of this work is related to the theoretical and experimental investigations 

of novel electromagnonic crystals composed of ferroelectric and ferrite films. By 

analogy with conventional magnonic crystals, periodic multiferroic structures 

demonstrate the formation of spectral regions, band-gaps, with prohibited wave 

propagation caused by Bragg scattering. However, the electromagnonic crystals are a 

marked improvement over spatially periodic ferromagnetic films due to their tunability 

by an electric field. Moreover, proposed electromagnonic crystals enrich the properties 

of known multiferroic periodic structures because of a low control voltage required for 

an effective tuning of band-gaps. Aside from the structures to undergo Bragg scattering, 

a novel periodic structure with negligible Bragg reflections and a pronounced band-gap 

in its transmission characteristic will be also discussed. Up till now, a detailed 

investigation of these structures had not been performed. 

Chapter 2 will present a brief literature review which pertains to the results presented in 

this thesis, while Chapter 3 will focus on the theory for wave spectra of ferrite-

ferroelectric multilayers as well as on practical applications of these structures. In 

Chapter 4 an emphasis will be given to a derivation of a dispersion relation for planar 

all-thin-film multiferroic structures containing a coplanar waveguide. At the end of 

Chapter 4, general features of wave spectra of these structures will be discussed. These 

chapters will provide the basis for the results presented in Chapter 5 which presents 

experimental and theoretical investigations of the voltage-controlled electromagnonic 

crystals. Where relevant, an analysis clarifying a mechanism responsible for the band-

gap formation in spatial periodic waveguides will be carried out. Finally, Chapter 6 will 

give a summary of, and a conclusion to this thesis, and present ideas on possible future 

work. 
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2 Basic concept 

The goal of this chapter is to clarify the origin of wave excitations in various functional 

media and to present current trends in physics of microwave phenomena. Specifically, 

the unique properties of ferromagnetic and ferroelectric materials, as well as those of 

coupled structures based on these media, will be considered. 

Ferromagnetics and ferroelectrics will be considered in Sections 2.1 and 2.2, 

respectively; these materials are widely used for the fabrication of various microwave 

devices due to their certain advantages. Section 2.3 will describe multiferroic media, 

where the unique properties of ferromagnetics are combined with functional entities, 

such as ferroelectrics. In addition, a review of the current status of scientific research as 

well as a description of fundamental problems, in this hybrid-topic will be given. 

Finally, Section 2.4 will discuss artificial media created by a spatial periodic modulation 

of magnetic and multiferroic structures. 

2.1 Spin waves in ferromagnetic films 

The scientific interest in high-frequency propagating magnetisation waves, known as 

spin waves (SW), as the elementary excitations in ordered magnetic materials results 

from not only a possible practical yield, but also from fundamental scientific problems 

devoted to the physics of microwave phenomena which appeared in ferro-, antiferro- 

and ferrimagnets. According to the theoretical investigations of dispersion properties in 

magnetic films, the mechanisms of SW dynamic are determined by two types of 

interactions between magnetic moments (Gurevich, 1996). The first one is a dipole-

exchange interaction, which operates with short waves, as well as thin films with a 

thickness smaller than the length of the dipole-exchange spin wave. The second 

interaction considers a SW spectrum in a non-exchange limit when only the dipole-

dipole interactions are taken into account. In some literature, this is also called magnetic 

dipole-dipole interaction. The dispersion characteristics of purely dipole (non-exchange) 

waves that are known as magnetostatic waves are critical to the analyses presented in 

this thesis. One should note that hereinafter the terms “spin wave” and “magnetostatic 

wave” will be used with the same meaning. 

The spin wave belongs to the class of slow electromagnetic waves, since its phase 

velocity is much lower than the speed of light. Therefore, the effects of an 

electromagnetic retardation can be neglected and the displacement current is not taken 

into account in the full system of Maxwell equations. In the literature, this approach is 

known as magnetostatics. Here, the variable components of the magnetic field vector H  

and the magnetic flux density vector B  satisfy the magnetostatic equations: 

 0

0





H

B

rot

div
 (2.1) 
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where 0( ) B H M , and 0  is the magnetic permeability of a vacuum. The 

magnetic field and magnetisation are the sum of the constant and variable components: 

0 0,   H H h M M m . 

In 1961, for the first time, Damon and Eshbach developed the theory of the spectrum of 

magnetostatic waves for a magnetised ferrite layer in the non-exchange limit, which is 

valid only for sufficiently thick films (Damon, 1961). This theory was then modified by 

Damon and Van de Vaart for the case of a normally magnetised layer (Damon, 1965). 

In this research, a relation between the variable component of magnetisation M  and the 

magnetic field H , i.e., the magnetic permeability tensor, was found according to the 

linearised Landau-Lifshitz equation of motion for the magnetisation: 

 
 , .

t


 



M
M H  (2.2) 

In the general case, the magnetic permeability tensor can be written in the following 

form: 
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  ; γ is the gyromagnetic ratio of an electron; e  is the uniform external 

magnetic field; 


 is the demagnetising tensor; and  
 is the saturation magnetisation. 

Then, the magnetostatic equations were solved. These equations were reduced to 

differential ones by introducing a scalar magnetostatic potential. In this case, the 

dispersion relations obtained described the dependence of the frequency on the wave 

vector ( )k  in an implicit form. The disadvantage of this algorithm is associated with a 

possibility to analyse an influence of a material’s magnetic parameters on SW dynamics 

only by numerical simulations, which hinders the physical interpretation of the wave 

spectra. 

In 1967, the method of introducing a scalar magnetostatic potential was used for the 

first time to find the dispersion characteristics of dipole-exchange SW propagating in 

ferromagnetic films (Gann, 1967). After that, a large number of scientific work was 

carried out in this topic; in particular, the theory of dipole-exchange spin-wave spectra 

was derived by also using the method of Green's tensor functions. A review of studies 

on dipole-exchange SW was reported by Kalinikos (Kalinikos, 1994), and the obtained 
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results will not be duplicated here. One should note that both exact and approximate 

dispersion relations ( )k  could be explicitly found using the method of Green's tensor 

functions. However, an application of this method for multilayered structures consisting 

of two or more magnetic layers is associated with a quite complex formalism, which 

leads to computational difficulties in the solving of dispersion relations as well as 

Green’s functions. 

Regardless of the selected method for the derivation of SW dispersion relations in a 

ferromagnetic film, a solution of these relations gives three types of spin waves, the 

properties of which depend critically on the direction of a bias magnetic field 0H  

relative to a film surface. The condition for the propagation of forward volume SW is 

the perpendicularity of the vector 0H  and the wave vector ( 0 H k ). Such a direction 

of the field corresponds to a perpendicularly magnetised ferromagnetic film (see Figure 

2.1a). In the general case, the spectrum of these waves is multimode. However, higher-

order modes are out of consideration for applications in spin-wave devices due to 

weakly excitations and relatively low group velocities. 

 

Other types of SW existence in the ferromagnetic film magnetised to saturation 

tangentially to its surface. This configuration corresponds to the parallel magnetisation 

Figure 2.1: Wave spectra and group velocities of SW in a ferromagnetic film for three types 

of magnetostatic waves: (a) a forward volume SW; (b) a backward volume SW; (c) a 

surface SW. 

(b) (a) (c) 
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case. In contrast to the previous configuration, the properties of such waves depend 

significantly on the angle between the vectors 0 ,H  and k . In practice, the most 

commonly used cases are the longitudinal and transverse propagations of SW shown in 

Figures 2.1b and 2.1c, respectively. The longitudinal wave propagation leads to the 

formation of backward volume SW having reciprocal behaviour. The term “volume” is 

derived from the fact that the magnitude of the dynamic magnetic field is distributed 

harmonically across the film thickness. The transverse wave propagation provides the 

condition for propagations of surface SW. The term “surface” refers to the 

nonsymmetric distribution of the dynamic magnetic field having a maximum at one 

surface of the ferromagnetic film. The dispersion equation of such waves is given by: 

 
 

2
2 2 2M 1

4

kLe


  

    (2.4) 

where 
2

H H M( )     and L is the film thickness. A feature of this type of waves is 

a nonreciprocal behaviour. Physically, this means that waves travelling in opposite 

directions are pressed against different lateral surfaces of a ferromagnetic film. 

In 1980, Grünberg extended the theory of Damon and Eshbach to ferromagnetic double 

layer systems (Grünberg, 1980, 1981), and since then, many theoretical and 

experimental work investigating magnetic multilayers has been carried out (Hillebrands, 

1990; Kalinikos, 1992; Camley, 1993). It is worth mentioning that theories for spin-

wave spectra were developed mostly with a magnetostatic approximation neglecting an 

electromagnetic retardation. Exceptions are found in the work of Barnas (Barnas, 1988, 

1991) and others (Liu, 2008; Ziolkowski, 2001). In these projects, ferrite-dielectric 

superlattices were investigated for identical parameters of magnetic layers. Dielectric 

layers between these layers were assumed to be air or dielectric films with a relatively 

small dielectric permittivity of about 10. 

From a historical point of view, the first and widely used tuning mechanism in ferrite 

media is based on the interaction between the magnetisation of the ferrite and the RF 

magnetic field. Another tunability mechanism utilises the influence of a conductive 

plane on the propagation of surface SW which originates from the work of Seshadri 

(Seshadri, 1970). Here, wave spectra propagating in a metallised ferromagnetic plate 

was experimentally investigated for the first time. The dispersion relation for this 

configuration was obtained in the following form: 
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where s is a parameter taking into account the nonreciprocal behaviour of surface SW. 

If s is equal to -1, the waves propagate along the ferromagnetic-dielectric interface, and 

therefore limits for spin-wave excitations correspond to the frequency range 
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     . This range is similar to a case of a free-standing ferromagnetic film 

(see Figure 2.2a). However, the propagation of surface SW along the ferromagnetic-

metal interface leads to the expansion of this frequency region (i.e. 
H M   ). 

This behaviour is shown in Figure 2.2b and is described by Equation (2.5) at s = 1. 

Two years later after Seshadri’s work, a ferrite-dielectric-metal structure was 

experimentally investigated by Bongianni (Bongianni, 1972). In this case, the surface 

spin-wave dispersion relation is given by: 

 2( )(1 ( )tanh

t

)
(1 2 2 )

( )(1 ( )anh )

kLH H M H

M M M H

s kt
s e

s kt

    

    

  
  

  
 (2.6) 

where t is the distance between a ferromagnetic film and a perfectly conducting metal 

plane. The dispersion characteristic for surface SW in these layered structures is shown 

in Figure 2.2c. It is clear in the figure that the dispersion characteristic demonstrates a 

nonmonotonic behaviour and has an inflection point at a certain frequency. 

 

Figure 2.2: Influence of a metal screen on the spectra of surface SW and their group 

velocities in a ferrite film: (a) Damon-Eshbach configuration; (b) Seshadri configuration; 

(c) Bongianni configuration. 

(a) (b) (c) 

L 
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Microwave devices are produced using different types of magnetic materials: metals 

such as Ni and Co; alloys such as Permalloy (Ni80Fe20) and CoFeB; Heusler compounds 

such as Co2(Fe0.4Mn0.6)Si; and dielectrics like yttrium iron garnets (YIG, Y3Fe5O12). 

The main practical advantages of μm-thick single-crystal YIG films over nm-thick 

metallic materials such as Permalloy or CoFeB are the small magnetic damping, higher 

group velocity of SW, and wide tunability of their properties at microwave frequencies 

(Adam, 2002; Özgür, 2009; Serga, 2010). Usually a YIG sample is fabricated in the 

form of strip cut out from low-damping (less than 5 10-4 at 15 GHz) single-crystal 

films, epitaxially grown on a gadolinium gallium garnet (GGG) substrate. 

A strong interest in investigations of spin-wave dynamics in ferromagnetic media and 

the development of thin-film deposition techniques emerged in the 1970s, leading to the 

appearance the fundamental research area in this field, known as magnetostatic wave 

technology (Ishak, 1988). The operation principle of spin-wave devices is based on the 

phenomena of excitation, propagation and the reception of coherent spin waves. To 

excite these waves in a wide frequency range (from hundreds of megahertz to hundreds 

of gigahertz), the microstrip antennas are commonly fed by the microstrip transmission 

lines of 50- characteristic impedance located on the surface of a YIG film. Figure 2.3 

shows an example of the experimental layout and its transmission characteristic. 

 

One should note that the main advantages of SW in μm-thick YIG films are low 

propagation losses, a diversity of dispersion characteristics, a nonreciprocal behaviour, 

and also low phase velocities. As a result, microwave ferrites found a wide variety of 

applications in spin-wave devices. Among such devices are the filters (Song, 2009), 

delay lines (Beginin, 2009), phase shifters (Ustinov, 2008), directional couplers (Wang 

2018), and multiband filters (Zhang, 2011). 

Figure 2.3: (a) Experimental layout; (b) Transmission characteristic of surface SW in a  

9.8-μm-thick YIG film with saturation magnetisation 1750 G placed in external magnetic 

field H0 = 1249 Oe. The distance between the microstrip antennas is 4.5 mm. 
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Additionally, increased research interest in the development of the reconfigurable 

elements for logic circuit construction is apparent. Various platforms exist, including 

complementary metal-oxide-semiconductor (CMOS), optical, molecular, and magnonic 

logic circuits. The latter have recently received a great deal of attention beyond the 

CMOS platform that promises a more efficient mechanism for information processing 

(Csaba, 2007). A general idea of this mechanism is that a spin-wave quantum can be 

regarded as a state variable instead of a charge in conventional electronics. This 

approach allows one to transmit and process a bit of information by exploiting spin-

wave phenomena. 

From a historical point of view, the first spin-wave logic gate was a Mach-Zender type 

current-controlled interferometer based on a ferromagnetic film (Kostylev, 2005). 

Following this, a number of theoretical and experimental research projects have been 

carried out. For example, a Mach-Zehnder-type spin-wave interferometer for universal 

logic functions (Lee, 2008); an all-spin logic device with built-in memory (Srinivasan, 

2011); a micrometre-scale spin-wave interferometer (Fischer, 2017); and a spin-wave 

majority gate (Behin-Aein, 2010) were developed. In additional, microwave nonlinear 

spin waves in ferromagnetic films pave the way to implementation of novel logic 

elements, especially due to the possible miniaturization of real nonlinear phase shifters 

[Hansen, 2009] and their compatibility with existing semiconductor technology [Kuanr, 

2015]. 

The performance characteristics of YIG-film devices are controlled by the variation of 

an externally applied magnetic field; this tuning mechanism was previously mentioned. 

However, the disadvantage of such devices is connected to the magnetic subsystem, 

which has large dimensions, a slow operation speed (units of microseconds), and 

significant power consumption. From a practical point of view, it is beneficial to use a 

combination of spin-wave waveguides with ferroelectrics or piezoelectrics in order to 

increase the tunability efficiency of microwave magnetic devices. Electric field 

tunability will be explained in more detail in the next Section. 

2.2 Physical properties of ferroelectric films 

Ferroelectrics belong to the group of dielectrics that have a nonlinear dependence of 

physical properties under an applied external electric field. By analogy with 

ferromagnetism, the microwave applications are based on a dependence of dielectric 

permittivity of a ferroelectric material on a control voltage. Its controllability is 

maintained in a wide range between low and extremely high frequencies. For a 

microwave engineering of various tunable elements, the ratio of the dielectric 

permittivity of ferroelectrics at zero electric field ε(0) to the permittivity at some non-

zero electric field ε(U0) is important. This ratio is known as tunability and is obtained in 

the following form (Tagantsev, 2003): 
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Among various ferroelectrics, polycrystalline barium-strontium titanate (BST) is 

currently considered one of the most suitable dielectric materials for voltage-controlled 

microwave devices, receiving significant fundamental research interest over the past 

number of decades. Typical representatives of such materials are a solid solution of 

BaTiO3 and SrTiO3 denoting as BaхSr1 – xTiO3, where x is a stoichiometric ratio of Ba 

and Sr varied from 0 to 0.7. The BST ferroelectrics are widely used in microwave 

applications due to certain advantages: (i) a high dielectric permittivity in a wide 

temperature and frequency range; (ii) the absence of frequency dispersion of  up to 100 

GHz; and (iii) a low dielectric loss tangent equal to (3..5) 10-2 at microwaves (Setter, 

2006). The BST unit cell exhibits the perovskite structure shown in Figure 2.4. 

 

 Figure 2.4: Unit cell of a barium-strontium titanate (Ba,Sr)TiO3. 

The perovskite structure is characterised by the general chemical formula ABO3, where 

A and B are cations, while O is an anion. As seen in the cubical lattice, the Ba2+ ion is 

located at its apex. The Ti4+ ion occupying the geometrical centre of the cell is 

surrounded by O2– ions which are located at the centres of the faces of the cube and 

form the oxygen octahedron. The application of an external electric field causes a 

deformation of the unit cell and leads to the appearance of spontaneous polarisation. 

It should be emphasised that dielectric loss in ferroelectrics is relatively low at 

temperatures above the phase transition temperature Tc, where a maximum dielectric 

permittivity is observed. At temperatures below Tc, the material is in a ferroelectric 

phase spontaneous polarisation. However, ferroelectrics are in the paraelectric phase at 

T > Tc and do not exhibit the spontaneous polarisation. Utilization of ferroelectrics in 

the microwave applications is mainly possible in the temperature range of the 

paraelectric phase. This is caused not only by a low dielectric loss in ferroelectrics, but 

also by a stronger dependence of the dielectric permittivity on the magnitude of the 

external electric field. 
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From a technological point of view, one of the simplest ways to change the polarisation 

of ferroelectrics is to apply a voltage to thin metal electrodes deposited on its surface. 

The expression approximating the dependence of the ferroelectric permittivity versus 

the control voltage U is given by: 
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where (0)  and ( )   are ferroelectric permittivities at zero bias voltage and at 

dielectric breakdown voltage, respectively; 
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are phenomenological parameters dependent on the Curie temperature, and effS  is an 

effective length of the electric field strength line. 

The features of BST ferroelectrics mentioned above enable them to be implemented in a 

set of microwave applications including tunable filters (Nath, 2005), switches 

(Karmanenko, 2004), parametric generators (Vendik, 1999), and other voltage-

controlled devices. In comparison with magnetic tuning, the advantages of the electric 

tuning of microwave devices based on ferroelectrics are operation speed, power 

consumption, and the size of the control system, but such devices lose on a range of this 

tuning. 

2.3 Artificial multiferroic materials 

Increased demands in frequency-agile materials used for microwave applications have 

led to the appearance of composite materials known as multiferroic structures. Endowed 

with both ferromagnetic and ferroelectric features they are potentially capable of 

enhancing the functionality of microwave devices by adding the advantages of electric 

tuning to spin-wave elements. However, the key issue inherent to applications of 

multiferroics is associated with the strength of the magneto-electric coupling. 

In general, multiferroics may be divided into two major categories, the first of which is 

single-phase homogeneous media ordered in a certain range of temperatures, both 

ferroelectrically and ferromagnetically (e.g., BiFeO3). However, such natural 

multiferroics show a limited potential for real microwave devices due to extremely low 

values of magneto-electric coefficients. In order to overcome this limitation, a second 

category of multiferroics has been proposed. Usually, these multiferroics are fabricated 

by a thin-film deposition in the form of layered (composite or monolithic) materials, 

where the coupling interactions between different phases are realised [Sun, 2012]. Such 

composite structures are widely known as artificial or extrinsic multiferroics. 

The interaction between different layers of composite structures exhibiting 

ferromagnetic and ferroelectric nature may be due to two effects. The first explores the 



2 Basic concept 26 

magneto-elastic properties of most ferromagnetic materials combined with ferroelectrics 

that are usually excellent piezoelectrics (e.g., lead zirconate titanate). The general idea 

of the magnetoelectric interaction is that an external electric field is applied to a 

piezoelectric produces mechanical strain. This strain leads to a variation of the internal 

static magnetic field and consequently to a shift of a spin-wave spectrum. The theory of 

this effect was developed by Shastry et al. (Shastry, 2004). 

A second effect utilises the electrodynamic interaction between microwave 

electromagnetic and spin waves in the layered ferrite-ferroelectric structures. This 

interaction leads to a formation of hybrid spin-electromagnetic waves (SEW) 

(Anfinogenov, 1989; Demidov, 2002a). Dispersion characteristics of hybrid SEW 

combine features of electromagnetic waves in ferroelectric-based materials and spin 

waves in ferrites. Therefore, the resulting wave spectrum is dually controllable by both 

electric and magnetic fields. The electric tuning is realised through a variation of the 

dielectric permittivity of a ferroelectric layer by changing an applied electric field, while 

the magnetic tuning is provided by a dependence of the magnetic permeability of 

ferrites on a bias magnetic field. 

The general dipole-exchange theory of SEW spectra in layered multiferroic structures 

consisting of ferrite-ferroelectric bilayer structure was developed in 2002 (Demidov, 

2002a). The theory predicted that only relatively thick ferroelectric layers (on the order 

of hundreds of micrometres) provide effective hybridisation of spin waves and 

electromagnetic waves at microwave frequencies and, consequently, an effective 

electric field tuning of the SEW dispersion (see Figure 2.5). These findings were also 

confirmed by experiments (Fetisov, 2005). In later research, the electrodynamic theory 

of SEW spectra was extended to an arbitrary number of ferrite and ferroelectric layers 

(Grigorieva, 2009). These theories were developed with a tensorial Green’s function 

method taking into account electromagnetic retardation. However, an application of the 

extended theory for the investigation of SEW modes in complex multilayered structures 

consisting of two or more magnetic layers has not yet been published. This is obviously 

due to computational difficulties with finding the zeroes of an infinite matrix 

determinant, which represents the dispersion equation within the Green’s function 

method. 

One of the main trends in the development of modern physics and electronics is 

associated with the development of miniature microwave devices and electronically 

tunable devices with a high performance, small size, and low power consumption. 

These features may be achieved by utilising multiferroic structures containing 

ferroelectric and ferrite films. As seen in the literature, the multiferroic structures had a 

great success in the development of microwave devices. Among them are the delay lines 

(Fetisov, 2005), the tunable microwave resonators (Ustinov, 2006), and the 

ferromagnetic resonance phase shifters (Leach, 2010). 

A further development of microwave multiferroic devices for general computing and 

microwave signal processing is connected with thin-film structures (Zhu, 2017). In 
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particular, thin-film ferrite-ferroelectric structures provide an opportunity to reduce the 

control voltage that is desirable for exploiting of the tunable devices based on them. 

Therefore, from a practical point of view, it would be beneficial to investigate novel 

thin-film heterostructures exploiting the spin-electromagnetic waves for enhanced logic 

control as well as for tunable microwave devices. 

 

Until now, high research activity has mainly given to two-layered multiferroic 

structures consisting of one ferrite and one ferroelectric layers. As previously 

mentioned, there is an essential disadvantage in this configuration. An effective 

coupling at microwave frequencies was achieved in multiferroic structures fabricated 

with a relatively thick (200–500 μm) ferroelectric layer. Such thicknesses of the 

ferroelectric layer lead to relatively high control voltages (up to 1000 V) required for an 

effective electric tuning of the SEW dispersion characteristics. 

Figure 2.5: (a) Spectrum of the hybrid SEW formed due to an electrodynamic interaction 

between fundamental mode of a surface SW and electromagnetic mode TE1; (b) Electric 

field tuning of the dispersion characteristic. Adapted from (Demidov, 2002a); (c) 

Wavenumber variation as a function of the absolute value of the wavenumber when 

dielectric permittivity varies between 1000 and 500 for different dielectric layer 

thicknesses: 50 µm, 100 µm, and 200 µm. Adapted from (Demidov, 1999). 
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In order to increase the energy efficiency of microwave devices based on layered 

multiferroic structures, Semenov et al. proposed to use thin-film ferrite-ferroelectric 

structures combined with a slot line (Semenov, 2008). In this case, the SEW are 

originated from an electrodynamic coupling of the EMW propagating in a slot 

transmission line with the SW existing in a ferrite film. Moreover, the obtained results 

were validated by both experimental measurements and theoretical analysis (Nikitin, 

2014; Nikitin, 2015b). However, other thin-film ferrite-ferroelectric structures 

exhibiting an effective hybridisation of waves in the range of microwave frequencies 

have not been proposed until now. Thus, theoretical and experimental investigations of 

wave dynamics in novel all-thin-film ferrite-ferroelectric structures will be presented in 

this thesis. 

2.4 Magnonic and electromagnonic crystals 

In the last decade, extensive investigations of peculiarities of spin-wave dynamics in 

diverse magnetic materials have opened up new avenues resulting in a novel scientific 

direction knows as magnonics. An increased research activity in this field is largely due 

to the features of the dynamic eigen-excitations of a magnetically ordered material. 

Opposed to the conventional electronics, the modern magnonics operates with quanta of 

spin waves in magnetically ordered media (Khitun, 2008; Chumak, 2014). These wave 

quanta are widely known as magnons, the use of which opens up possibilities to develop 

novel microwave devices for data transmission free from the drawbacks inherent to 

modern electronics, such as dissipation of energy due to Ohmic losses. 

One of the most promising building blocks for magnonic devices is constituted by 

artificial spatially periodic magnetic media, known as magnonic crystals (MC) 

(Krawczyk, 2014; Chumak, 2017). In these structures, the formation of spectral regions, 

band-gaps, with prohibited wave propagation is caused by Bragg scattering. Among the 

different types of magnetic materials, the epitaxial yttrium-iron garnet films are widely 

used for MC fabrication due to certain essential advantages: (i) small out-of-band 

insertion losses; (ii) deep rejection bands; (iii) a charge-less propagation; and (iv) well-

developed techniques of MC fabrication including a metal deposition, a chemical 

etching, an ion implantation, or other methods to produce a periodic variation of any 

magnetic parameter. Therefore, magnonic crystals based on YIG films are an excellent 

testbed for the observation of a wide variety of fundamentally important effects that 

have immense practical importance for modern signal processing applications. 

From the point of view of experimental science, the pioneer work devoted to the 

propagation of SW in a spatially periodic ferromagnetic film was carried out in the late 

1970s (Sykes, 1976). Following this, MC attracted an increased research interest due to 

the detection of many linear and nonlinear spin-wave phenomena in spatially periodic 

YIG films. These include selective SW propagations (Ordóñez-Romero,2016), chaotic 

behaviour (Grishin, 2011), and soliton formations (Grishin, 2014), for example. 
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A large number of published experimental investigations devoted to various linear and 

nonlinear spin-wave phenomena in the range of microwave frequencies were performed 

by the space- and time-resolved Brillouin Light Scattering (BLS) spectroscopy 

(Demokritov, 2001; Nikitov, 2015, Sorensen 2019). The application of this technique 

possess a strong potential for experimental physics mostly due to three factors. First, 

various spin-wave dynamics governed by the strength of the magnetic field and its 

orientation relative to the plane of the film are observed by this powerful tool method. 

The second factor is that both low-amplitude thermal and high-amplitude SW excited 

by an external microwave field could be detected. Last but not least is high spatial 

resolution, which is commonly equal to 30-50 microns in diameter and depends on the 

size of the laser beam focus. Thus, optical spectroscopy based on the BLS technique 

provides a unique opportunity to study the dynamics of spin-wave excitations in 

magnetically ordered materials. 

For example, Sheshukova et al. dealt with investigations of SW dynamic in the MC 

based on the width-modulated YIG film by using the space- and time-resolved BLS 

spectroscopy (Sheshukova, 2014). The dispersion and transmission characteristics of the 

proposed structure are shown in Figure 2.6, which shows the periodicity of the YIG film 

results in the appearance of the band-gaps in the spin-wave spectrum. This modifies the 

dispersion of waves in the vicinity of the band-gaps. Thus, the width-modulated MC 

shows the formation of several pronounced band-gaps where the level of attenuation 

sharply increases. These regions of enhanced microwave attenuations are marked by I 

and III in Figure 2.6. In addition, there is a region II around the band-gaps, where SW 

modes are transmitted with a relatively low attenuation. The frequencies marked in 

Figure 2.6 by black dots were chosen for detailed analysis of the SW dynamics for the 

different propagation regimes by BLS measurements. Some of these results showing 

spatial distributions of SW intensities are shown in Figure 2.7. 

 

Figure 2.6: Transmission characteristic (blue solid line) and dispersion characteristic of 
surface spin waves (red dashed line). The black circles indicate the frequencies, where the 
BLS measurements were performed: f1 = 2.519 GHz, f2 = 2.55 GHz, f3 = 2.608 GHz. 
Regions I, II, and III denote the areas with different spin-wave dynamics. Adapted from 
(Sheshukova, 2014). © [2014] IEEE 



2 Basic concept 30 

 

As shown in Figure 2.7a, the spatial distribution of intensities of surface SW is 

characterised by an enhanced microwave attenuation at a frequency of the initial signal 

f1 = 2.519 GHz corresponding to the first band-gap. Basically, this is caused by 

reflections of a microwave signal from the boundaries of the periodic waveguide. In 

order to take into account this effect, both wave propagations in an unstructured ferrite 

film and reflections from the junctions of the consecutive sections of a MC should be 

considered. Thus, the rejection coefficient for the waveguide junction is given by 

(Chumak, 2009b): 

 
0 1 1 0 1 0( ) / ( )k k k k      (2.9) 

where k0 and k1 are the wavenumbers of the SW in the unstructured film corresponding 

to consecutive sections of a MC. 

Apart from the fundamental investigations given above, the magnonic crystals are 

successfully utilised for the realisation of various microwave devices such as power 

limiters (Ustinov, 2010), magnetic field sensors (Inoue, 2011), microwave oscillators 

(Bankowski, 2015), spin-wave logic gates (Nikitin, 2015a), and magnon transistors 

(Chumak, 2014), to name but a few. In addition, another type of periodic spatial 

structure, known as dynamic magnonic crystals, were proposed by Chumak et al. 

(Chumak, 2009a). Promising functionalities of these crystals arise from the 

nonreciprocal behaviour and dynamic controllability that provides altering of the band-

gaps from full rejection to full transmission. 

Figure 2.7: Spatial distribution of spin-wave intensity in the magnonic crystal at different 
frequencies of the input microwave signal: (a) f1 = 2.519 GHz; (b) f2 = 2.55 GHz. Adapted 
from (Sheshukova, 2014). © [2014] IEEE 
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Despite the functional advantages of magnonic crystals, there is a list of challenges to 

be solved to enhance their practical value, among which are the reduction in energy 

consumption and miniaturisation of magnonic circuits. Voltage (or electric field) control 

of magnon currents promises to be fast and low energy consuming. As previously 

shown, this can be achieved using ferrite-ferroelectric (multiferroic) heterostructures, 

where an electrodynamic interaction between high-frequency electromagnetic and spin 

waves leads to a formation of the hybrid SEW. By analogy with natural multiferroic 

solids, the quanta of these waves are considered electro-active magnons or 

electromagnons. Thus, the multiferroic periodic structures, known as electromagnonic 

crystals (EMC), demonstrate electrically and magnetically tunable band-gaps where 

propagation of the electromagnons is forbidden. 

The EMC are usually fabricated as a combination of a spatially periodic magnetic film 

with a ferroelectric slab into a layered structure. Advantages of the multiferroic periodic 

waveguides in comparison with conventional MC are due to their tunability through an 

application of an electric field to a ferroelectric layer. The first prototype of the 

electromagnonic crystal consisting of a thin-film magnonic crystal and a ferroelectric 

slab was proposed by Ustinov and Kalinikos (Ustinov, 2014). Figure 2.8 shows the 

frequency responses of such a multiferroic periodic structure for different values of an 

external magnetic field where H = 1748 Oe (Figure 2.8a), and H = 1853 Oe (Figure 

2.8b) at zero electric field E, as well as for H = 1748 Oe and E = 15 kV/cm (Figure 

2.8c). 

 

Figure 2.8: Frequency responses of the spatially periodic multiferroic structure for different 
external magnetic fields H and electric fields E: (a) H = 1748 Oe and E = 0 kV/cm;  
(b) H = 1853 Oe and E = 0 kV/cm; and (c) H = 1853 Oe and E = 15 kV/cm. The thickness of 
the ferroelectric slab is 200 µm. Adapted from (Ustinov, 2014).  



2 Basic concept 32 

This first working prototype device was of considerable importance for the development 

of electromagnonic crystals. Since then, a number of theoretical and experimental 

projects have been carried out (Morozova, 2014, 2016; Ustinova, 2016). For example, a 

dynamic EMC demonstrating a voltage-controlled depth of band-gaps has been realised 

recently (Ustinov, 2019). Promising functionalities of these spatially periodic 

multiferroic structure arise from the desired band structure, which originates from a 

spatial variation of a dielectric permittivity of periodically poled regions of a 

ferroelectric slab by an application of a local electric field. 

It is worth noting that the above mentioned structures were fabricated with a relativity 

thick (more than 100 μm) ferroelectric layer to provide an effective hybridisation of the 

SW and the EMW at microwave frequencies. As a result, a relatively high control 

voltage up to 1000 V was applied to multiferroic periodic structures to achieve an 

effective electric tuning of band-gap positions. Therefore, it would be of an immense 

practical benefit to engineer an electromagnonic crystal demonstrating an enhanced 

electric field control of band-gaps at a low voltage. An improvement on such a 

multiferroic periodic structure is one of the aims of this thesis. This modification can be 

realised through utilising all-thin-film multiferroics providing the opportunity to reduce 

a control voltage that is desirable for exploiting EMC. 
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3 All-thin-film multiferroics with coupled ferrite films 

In this chapter, a general electrodynamic theory is developed for dispersion 

characteristics of spin-electromagnetic waves (SEW) propagating in multiferroic 

structures consisting of multiple ferrite and ferroelectric layers. In contrast to the 

pioneering work of Grünberg (Grünberg, 1980, 1981), this theory takes into account an 

electromagnetic retardation and is developed for multiferroic structures composed of an 

infinite number of layers. In addition, the dispersion relation is found by using the 

transfer matrix method, which is a marked improvement over those theories using the 

tensorial Green’s function method (Demidov, 2002a; Grigorieva, 2009). An application 

of these theories for the investigation of SEW modes in complex multilayered structures 

consisting of two or more magnetic layers has not yet been published. This is obviously 

due to computational difficulties with finding the zeroes of an infinite matrix 

determinant, which represents the dispersion equation within the Green's tensor 

functions. In this context, it is appropriate to remember the work of Barnas (Barnas, 

1994), which used a transfer matrix method to calculate the spectra of retarded waves. 

Finally, in contrast to the work of Barnas, different parameters of ferrite and 

ferroelectric layers are used in the developed theory. As a result, the derived dispersion 

relation for the multiferroic structures can be used for a wide range of various tasks that 

have promising applications for information processing at microwave frequencies. 

3.1 Theory for wave spectra of multilayer structures 

As previously shown in Chapter 2, the magnetostatic approximation to Maxwell’s 

equations can be used for a theoretical analysis of spin waves with phase velocities 

much lower than the speed of light. In addition, the spin-wave spectrum in the non-

exchange limit, when only the dipole-dipole interactions are taken into account, is 

considered. Usually, the inhomogeneous exchange interaction is excluded from a 

consideration for high-frequency magnetisation waves with wavenumbers less than  

104 rad/cm. This approach is widely used in magnetostatic wave technology. 

3.1.1 The analytical theory 

Figure 3.1 shows schematically a magnetic multilayered structure surrounded by a free 

space. It consists of the 2N+1 layers stacked along the y-axis, the wave propagates along 

the x-axis. The structure is magnetised to saturation by a uniform magnetic field H  

directed along the z-axis. For the particular case of the single ferrite layer, this geometry 

corresponds to the Damon-Eshbach configuration providing the propagation of surface 

SW. A detailed discussion of these waves was given in Chapter 2. 
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Each layer with number j in the proposed structure exhibits magnetic or dielectric 

properties based on its magnetic permeability and dielectric permittivity. For example, 

dielectric layers can be ferroelectrics in a paraelectric phase or conductive layers by 

means of a complex permittivity: 
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where j is any integer from 1 to N; 0  is the vacuum permittivity; 2 j 1   and 2 j 1   are the 

dielectric permittivity and conductivity of an odd layer, respectively. 

In accordance with Figure 3.1, ferrite layers have different thickness t2j, dielectric 

permittivity ε2i, and saturation magnetisation M2i. The magnetic properties of the ferrite 

layers are described by magnetic complex permeability tensors 2 j


 that is given by: 
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Figure 3.1: Multilayered heterostructure. 



3.1 Theory for wave spectra of multilayer structures 35 

the ferromagnetic resonance curve; and ω is an angular frequency. Each ferrite is 

surrounded by the dielectric or metal layers with thickness t2j+1. Thereby even j 

corresponds to a ferrite layer and odd j corresponds to a dielectric or metal layer. 

It is well known that Maxwell’s equations can be divided into two systems of 

differential equations describing two fundamental sets of TE and TM modes (Collin, 

1991). For the considered geometry shown in Figure 3.1, the TE and TM modes have 

the following field structures: ( ,0,0)E xE , (0, , )H y zH H  and (0, , )E y zE E , 

( ,0,0)H xH , respectively. As shown in Demidov’s work (Demidov, 2002a) for a ferrite-

ferroelectric bilayer, the surface SW mode of a ferrite layer has the strongest coupling 

with the TE modes of a ferroelectric layer due to an effective overlapping of their 

dynamic components of the magnetic fields. Therefore, only the TE modes of the EMW 

spectrum will be considered. 

The Helmholtz equations are derived from the Maxwell’s equations for the electric field 

component Ez of the TE modes for each layer. These Helmholtz equations have the 

following form: 

 2 2
2z z

0 m 0 m z2 2
0    

 
  

 

E E
E

y x
 (3.3) 

where m is an order number corresponding to ferrite ( 2m j ) or dielectric ( 2 1 m j ) 

layers; 2 2
2 j 2 j d2 j a2 j d2 j( ) / ;       2 j 1 1;    and 12 -1

0 8.85 10 F m     is the 

vacuum permittivity. 

Solutions of Equation (3.3) are 

 0

0

2N 2

0

A

A

 


 





y ikx
z

y ikx
z

E e e

E e e
 (3.4) 

for the free space above and below the structure, respectively. Here, 
2 2

0 0 0k      

is the transverse wavenumber for a free space, and k is the wavenumber of the carrier 

wave. Inside the ferrite and ferroelectric layers, the solutions are 
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where 
2 2

2 j 0 0 2 j 2 j k        is the transverse wavenumber for the ferrite layers 

( 2m j ) and 
2 2

2 j 1 0 0 2 j 1       k  is the transverse wavenumber for the dielectric 
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layers ( 2 1 m j ); 
1


m

m ss
D t  is the total thickness of the layers. The transverse 

wavenumbers 2 i  are imaginary in the frequency ranges corresponding to the surface 

SW spectra from 
2

2 j H H M2 j( )      to 
H M2 j / 2   that embody the surface 

character for the SW in the Damon-Eshbach configuration (see Figure 2.2a). 

The connection between the magnetic field component Hx and the electric field 

component Ez was found from Maxwell’s equations for each layer. Finally, unknown 

coefficients Am and Bm for all layers (see Equations (3.4) and (3.5)) are connected 

through the electrodynamic boundary conditions. Such a connection between the 

coefficients in adjacent layers can be expressed as follows: 

 
j j+1

j j

j j+1

= ,
   
   
      

P Q
A A

B B
 (3.6) 

where jP  and jQ  are matrices that connect the unknown coefficients Aj, Bj with Aj+1, 

Bj+1 in the adjacent layers with numbers j and j+1. 

Finally, the substitution of the field components to the electrodynamic boundary 

conditions for the interfaces between the layers makes it possible to express the 

coefficient A0 by the coefficient A2N+2. The derived system of equations has the 

following form: 
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The determinant of Equation (3.7) is denoted as 11 12 21 22( , ) T T T Tf k     . The 

vanishing of the determinant results in the dispersion relation 

 ( , ) 0f k   (3.8) 

To summarise, the developed theory describes the spectrum of the spin-electromagnetic 

waves in the ferrite-dielectric-metal structures with an arbitrary sequence of layers. The 

obtained dispersion relation has a complex form, where   k k jk  is the complex 

propagation constant and where k  and k are the phase and attenuation constants, 

respectively.  

3.1.2 Validity of the obtained dispersion relation 

In order to demonstrate proof-of-concept of the proposed theory, it is necessary to 

obtain dispersion characteristics for some configurations that can be compared with the 

results of earlier work. 

First, the dispersion characteristics of SW propagating in different ferrite-dielectric-

metal multilayered structures were calculated. Figure 3.2 shows the dispersion 

characteristics calculated for various layered structures, listed below, based on the 

ferrite film and placed in the external magnetic field of H0 = 1500 Oe. Here, the solid 

lines show dispersion characteristics calculated according to the developed theory. The 

symbols correspond to the results obtained by the Damon-Eshbach, Seshadri, and 

Bongianni dispersion relations (see Equations (2.4) - (2.6)). The black line and open 

squares show the dispersion characteristics of the SW in the free ferrite layer (all layers 

except the ferrite with the number j = 2 have zero thicknesses, t2 = 20 µm, ε2 = 14, and 

M2 = 1750 G). The blue line and open circles correspond to the spin-wave spectrum for 

the ferrite layer covered by a perfectly conducting metal plane (t2 = 20 µm, ε2 = 14, 

5  , and all the other layers have zero thicknesses). The red line and open triangles, 

as well as the green solid line and open rhombi correspond to the spin-wave spectrum 

for the ferrite-dielectric structure covered by a perfectly conducting metal plane for a 

distance of t3 = 5 µm and t3 = 25 µm, respectively. Other parameters are t2 = 20 µm,  

ε2 = 14, ε3 = 1, 5  , while all the other layers have zero thicknesses. 
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As seen in Figure 3.2, the SW spectra calculated according to the developed theory 

coincide with high accuracy with the expressions previously obtained (Damon, 1961; 

Seshadri, 1970; Bongianni, 1972). For a more detailed comparison, a difference 

between the dispersion characteristics corresponding to configurations of Damon-

Eshbach, Seshadri, and Bongianni from one side and the developed theory from the 

other are shown in Table 3.1. Here, 1 2  f f f  is a module of the frequency 

difference, where f1 and f2 are frequencies obtained according to Equation (3.8) and 

Equations (2.4) - (2.6), respectively. 

 

Table 3.1: Comparison of the solutions founded according to the obtained and known dispersion 

relations for different ferrite-dielectric-metal structures. 

Seshadri configuration 

k, rad/cm 25 125 225 325 425 825 

f , kHz 3041 506 205 92 51 9 

Bongianni configuration (t3 = 5 µm) 

f , kHz 2914 395 124 44 26 5 

Bongianni configuration (t3 = 25 µm) 

f , kHz 2443 165 47 37 23 2 

Damon-Eshbach configuration 

f , kHz 301 90 61 48 37 18 

Figure 3.2: Spin-wave dispersion characteristics for the configurations of Damon-Eshbach 

(black line and open squares), Seshadri (blue line and circles), and Bongianni (green line and 

rhombs, red line and triangles). 
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As seen in the table, the frequency difference f  decreases as the wavenumber k 

increases. This behaviour is caused by an influence of the retardation effect, which is 

taken into account in the developed theory. One should note that the decrease in the 

distance between the ferrite film and perfectly conducting metal plane shifts the spin-

wave dispersion closer to the Seshadri configuration at low wavenumbers (see red line 

and open triangles in Figure 3.2). 

In the next step, the wave spectra for the layered structure with ferroelectric slab were 

considered. In Demidov’s work (Demidov, 2002b), the structures composed of a ferrite-

ferroelectric-dielectric-metal multilayers were investigated. The obtained experimental 

and theoretical dispersion characteristics of the SEW for different external magnetic 

fields are shown in Figure 3.3a by points and solid lines, respectively. The comparison 

of the wave spectra with the developed theory is shown in Figure 3.3b. 

 

As is seen Figure 3.3b, the dispersion characteristics obtained according to the 

developed theory are in a good agreement with the experimental and theoretical results 

presented in previous research (Demidov, 2002b). A small deviation of the experimental 

dependences from the theoretical ones is explained by the existence of a thin air gap 

between ferrite and ferroelectric layers in a real-life experiment. 

3.2 Wave spectra of all-thin-film multiferroic structures 

The above-derived dispersion relation describes the spectra of hybrid waves in 

multilayers composed of an infinite number of ferrite and ferroelectric layers with 

arbitrary thicknesses, as well as arbitrary magnetic and electric parameters. In this 

Section, the formation of the dispersion characteristics of hybrid waves in two coupled 

ferrite films separated by free space or a ferroelectric layer is analysed. One of the main 

Figure 3.3: (a) Spectra of the hybrid SEW for different external magnetic fields. Adapted from 

(Demidov, 2002b). (b) Comparison of dispersion characteristics. 
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features of these structures is the existence of a dipole-dipole interaction between the 

magnetic films. These investigations would be of an immense practical benefit to 

enhance the electric field tunability of wave spectra in layered ferrite-ferroelectric 

structures by the proper choice of the magnetic parameters. 

3.2.1 Dipole-dipole interaction of spin waves in coupled ferrite films separated 

by a free space 

The numerical simulations of the dispersion characteristics of spin-electromagnetic 

waves propagating in the structure shall now be considered, as shown in Figure 3.4. 

This structure consists of two ferrite layers contacted with dielectric layers and 

separated by a free space. The influence of a dipole-dipole interaction on the formation 

of the SW spectra is analysed both for identical (t2 = t4 = 20 μm, M2 = M4 = 1750 G, and 

ε2 = ε4 = 14), and for different (t2 = 20 μm, M2 = 1750 G, t4 = 6 μm, M4 = 1790 G,  

ε2 = ε4 = 14) ferrite films. One should note that hereinafter the typical parameters of 

experimental structures are used in numerical simulations. 

 

Dispersion characteristics calculated for the identical ferrite layers are shown in  

Figure 3.5. The distance t3 between the ferrites was varied from 1 μm to infinity. 

As Figure 3.5 shows, spin waves propagate independently in the identical ferrite layers 

for 
3t   and, therefore, their dispersion characteristics denoted by a black solid line 

coincide. For the investigated configuration, the surface SW propagates along the 

bottom surfaces of the ferrite layers. A decrease of the t3 leads to reconfiguration of 

wave fields and splits the dispersion characteristic into two spin-wave dispersion 

branches (see Figure 3.5). The lower branch corresponds to a spin wave propagating 

along the interface between the upper ferrite layer and a free space, while the upper 

branch corresponds to a spin wave propagating along the interface between the lower 

ferrite and bottom dielectric layers. A further decrease in t3 provides a stronger 

interaction between these coupled modes in a wide frequency range. The wave 

propagating at the interface between the upper ferrite layer and free space slows down 

due to this interaction. For the case of t3 = 1 μm (see the dashed lines in Figure 3.5a), 

Figure 3.4: Thin-film structure composed of two coupled ferrite films.  
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the upper dispersion branch almost coincides with the SW spectrum for the ferrite film 

of double thickness. For the intermediate values of t3, the interaction between the waves 

propagating in the different layers depends on the wavenumber. Namely, the waves 

demonstrate a strong coupling for relatively small wavenumbers. An increase in the 

wavenumbers leads to a decrease in the interaction. This is explained by the dependence 

of the damping decrements of the alternating fields outside the ferrite films on the 

wavenumber. Therefore, waves having relatively large wavenumbers propagate 

independently and their dispersion branches tend to follow the dispersion of the separate 

ferrite film. 

 

The results also show that the waves manifest a hybrid spin-electromagnetic nature for 

small wavenumbers up to 3 rad/cm, as shown in Figure 3.5b. This is due to the small 

values of the wavenumber k for the fundamental electromagnetic mode of the 

considered structure in the microwave range. The black dot-dashed almost vertical line 

in Figure 3.5 represents the dependence ,c k    where c is the speed of light in a 

vacuum. The electromagnetic retardation can be neglected for larger wavenumbers. 

Therefore, the calculated dispersion branches demonstrate the well-known behaviour for 

magnetostatics. Indeed, the results for k > 3 rad/cm are similar to those reported in 

previous research (Grünberg, 1981; Camley, 1993). On the one hand, this confirms the 

correctness of the developed theory. On the other hand, these results will be useful for 

the treatment of the spin-electromagnetic wave spectrum, which will be investigated for 

multiferroic heterostructures in the next part of this Section. 

Those features of spin waves transmitted through a structure containing two ferrite films 

with different parameters shall now be considered. Here, the strength of SW interactions 

is determined by a phase velocity contrast, which is affected by a ratio of the 

Figure 3.5: (a) Dispersion characteristics of the SEW calculated for a heterostructure 

consisting of two similar ferrite layers separated by free space; (b) The same characteristics in 

the expanded scale showing the influence of the electromagnetic retardation. 
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thicknesses t2, t4 and the saturation magnetisation M2, M4 of the ferrite layers. Some 

possible cases are summarised in Figure 3.6. 

 

From a practical point of view, further research will be conducted for the layered 

structures with two ferrite films fulfilling the following condition: t2 > t4 and M2 < M4 

(see Figure 3.6d). Here, the main distinguishing feature is that the dispersion branches 

for thin and thick ferrite layers cross each other in the magnetostatic region. The 

intersection of the dispersion branches arises from different saturation magnetisations 

M2 and M4 and from different group velocities of the spin waves in magnetic films of 

different thickness. Therefore, the dipole-dipole interaction of spin waves in these 

structures is enhanced in comparison with other configurations (see Figures 3.6a-c). 

Dispersion characteristics for the hybrid waves propagating in the multilayer structure 

containing two different ferrite films are shown in Figure 3.7. In the considered case, 

SW group velocities in the upper thin ferrite film are smaller than those in the lower 

thick ferrite. The region of relatively small wavenumbers of k < 30 rad/cm will be under 

examination for multiferroic heterostructures in the next Section. In this region, the 

Figure 3.6: Qualitative pictures of SW dispersion characteristics of uncoupled ferrite films with 

various thicknesses (t2, t4) and saturation magnetisations (M2, M4). 
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condition M2 < M4 leads to the situation that the upper dispersion branch corresponds to 

the spin waves in the upper thin film and the lower branch describes the spin-wave 

dynamics in the lower thick film. Hereinafter, these denominations will be used for the 

pure spin-wave dispersion branches. 

 

As seen in Figure 3.7a, a reduction in t3 leads to a coupling between the spin-wave 

modes due to the dipole-dipole interaction. This interaction manifests itself in the 

repulsion of the dispersion branches around the point of the intersection of the 

uncoupled spin-wave modes. The repulsion becomes more pronounced for smaller 

distances between the ferrite layers because of an increase in the spin-wave coupling. In 

contrast to the symmetric structure considered earlier, here the region of the strong spin-

wave coupling is around k = 30 rad/cm. For k < 30 rad/cm, the upper dispersion branch 

describes the coupled spin waves localised mainly in the upper ferrite layer, while the 

lower dispersion branch corresponds to the spin waves propagating mostly in the lower 

ferrite layer. This behaviour is reversed for k > 30 rad/cm, where the upper dispersion 

branch describes the coupled spin waves localised mainly in the lower ferrite layer, 

while the lower one corresponds to the spin waves propagating mostly in the upper 

ferrite layer. Figure 3.7b clearly demonstrates that the coupling does not affect the 

spectrum for k < 10 rad/cm. One should note that the different saturation magnetisations 

define different frequencies when the wave-vector approaches zero. 

3.2.2 Dipole-dipole interaction of spin waves in coupled ferrite films separated 

by a thin ferroelectric layer 

In this Section, an all-thin-film multiferroic heterostructure consisting of two ferrites 

separated by a ferroelectric layer is considered (see Figure 3.8). During simulations, the 

following three parameters were varied, namely, the saturation magnetisation M4 of the 

Figure 3.7: (a) Dispersion characteristics of the waves calculated for the heterostructure 

consisting of two different ferrite layers separated by a free space; (b) The same characteristics 

in the expanded scale. 
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top ferrite layer, the ferroelectric layer thickness t3, and its dielectric permittivity ε3. All 

the remaining parameters are fixed: these are t2 = 20 μm, M2 = 1750 G, t4 = 6 μm,  

t1 = t5 = 500 μm and ε1 = ε5 = 14. An important feature of this structure is the 

controllable dipole-dipole interaction between the magnetic films achieved by a 

variation of the ferroelectric thickness as well as its dielectric permittivity. 

 

Consider now the formation of SEW spectra of the investigated structure. Solid red 

curves in Figure 3.9 show the dispersion characteristics calculated for ε3 = 1500 and 

different values of t3 and M4. The spectra were calculated for two opposite directions of 

the wave propagation. Positive values of the wavenumber correspond to the SEW 

propagation to positive the x-axis direction. 

As seen in Figure 3.9, the SEW spectrum consists of three dispersion branches that will 

be referred to as lower, middle, and upper branches. Such a spectrum is formed as a 

result of the electrodynamic interaction of an electromagnetic mode TE1 with two spin-

wave modes. Due to the thin ferroelectric layer, the dipole-dipole interaction between 

the ferrite layers considered in the previous Section also influences the formation of 

SEW spectrum for the particular set of the heterostructure parameters. Possible 

situations shall now be considered in detail. 

Figure 3.9a presents the case of a relatively large difference in the saturation 

magnetisations for t3 = 25 µm providing the situation of a negligibly small spin-wave 

coupling for k < 30 rad/cm. It is easy to see the hybridisations between one 

electrodynamic mode and two spin-wave modes, which manifests themselves as 

repulsions between the SEW dispersion branches. The hybridisations become more 

pronounced in the vicinity of the points, where the dispersion branches of the 

electromagnetic mode TE1 and the upper and lower spin-wave modes cross each other. 

Strictly speaking, the hybrid SEW that are controllable with both electric and magnetic 

fields exist around these points. Far from these points, the SEW dispersion branches 

tend to be the branches of a pure spin-wave (see blue dashed line in Figure 3.9a) or 

electromagnetic (see green dash-dot line in Figure 3.9a) modes. Similar to the coupled 

ferrite-film structure considered earlier, the upper and lower spin-wave modes describe 

the wave propagation in the upper and the lower ferrite layers, respectively. 

Figure 3.8: Thin-film structure consisting of two ferrites separated by a ferroelectric layer. 
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For positive wavenumbers, a relatively weak repulsion takes place between the lower 

and middle SEW branches around the lower point of the intersection of the modes that 

are hybridised. At the same time, a relatively strong repulsion between the middle and 

upper SEW branches occurs around the upper point. This is explained as follows: the 

dynamic magnetic fields of the spin waves propagating along the x-axis in the lower and 

upper ferrite layers have weak exponential transverse distributions with the maxima 

lying at the bottom surfaces of the both layers. Simultaneously, the electromagnetic 

wave fields are changed strongly in the cross section of the structure. The maximum of 

these fields is localised close to the middle of the structure and is much smaller outside 

of the structure. Therefore, the interaction between the spin and electromagnetic waves 

is much stronger for the inner ferrite-ferroelectric interface than for the outer interface 

between the ferrite film and the dielectric substrate. 

A completely different situation is observed for waves propagating in the opposite x-

axis direction, i.e., for negative wavenumbers. The maxima of the spin-wave magnetic 

Figure 3.9: Spectra of the hybrid SEW (red solid curves) in the ferrite-ferroelectric-ferrite 

thin-film structures calculated for different thicknesses of the ferroelectric layer t3 and for 

varying saturation magnetisation M4 of the top ferrite layer. The green dashed-dotted lines 

show the electromagnetic mode TE1 of the structure. The blue dashed curves show the 

hybrid SEW for coupled ferrite films (i.e., for ε3 = 1). The black short dashed line represents 

the dependence c k   , where c is the speed of light in a vacuum. 
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fields are now located at the top surfaces of the both ferrite layers. Therefore, a strong 

interaction between the SW and EMW takes place only on the interface between the 

lower ferrite and ferroelectric layers. As a result, the strong repulsion happens between 

the lower and middle SEW branches. 

A reduction of the ferroelectric layer thickness t3 does not principally change the 

described behaviour of the SEW spectrum (see Figure 3.9b). One should note only that 

this leads to an increase in a group velocity of the fundamental electromagnetic mode 

TE1 of the layered structure and, therefore, the regions of the hybridisation are shifted 

closer to the ordinate axis. 

Consider now the case of a relatively small difference in the saturation magnetisations 

for the thick (M2 = 1750 G) and thin (M4 = 1790 G) ferrite layers. As shown in Figure 

3.9c, the SEW middle branch is clamped between the upper and lower SW branches. 

Therefore, its group velocity changes significantly with a reduction in the ferroelectric 

thickness t3. This can be clearly seen by comparing the SEW dispersion characteristics 

shown in Figures 3.9c and 3.9d. A direct influence of the spin-wave coupling on the 

spin-electromagnetic hybridisation takes place only for the lower SEW branch with 

negative wavenumbers shown in Figure 3.9c. This effect is absent for the other 

hybridisations because of their relative weakness. As shown in the previous Section, the 

coupling affects the spectrum for k > 10 rad/cm. 

Following this, the investigation of the electric field tuning of the dispersion 

characteristics of the SEW shown in Figure 3.10 will be examined. As it is well known, 

the application of an electric field to a ferroelectric layer decreases its relative dielectric 

permittivity. Therefore, the dispersion characteristics were calculated for two values of 

the ferroelectric layer permittivity ε3, 1500 and 700, where the result is shown by red 

solid and blue dashed lines in Figure 3.10, respectively. 

 

Figure 3.10: Spectra of the hybrid SEW in the ferrite-ferroelectric-ferrite thin-film structures 

calculated for different dielectric permittivities ε3 = 1500 and 700. The ferroelectric 

thickness t3 is equal to 25 µm. The black short dashed lines represent the dependence 

 c k . 
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As seen in Figure 3.10, a decrease in ε3 shifts the regions of wave hybridisation towards 

the ordinate axis and decreases the wavenumbers of the SEW for fixed frequencies. This 

phenomenon is promising for applications of the all-thin-film multiferroic structure as a 

phase shifter. A detailed study of the influence of the ferroelectric layer permittivity on 

the SEW spectrum also shows changes in the spectrum far from spin- and 

electromagnetic wave hybridisation regions. Namely, outside these regions, a reduction 

in ε3 leads to a shift of the dispersion branches just like a reduction in the thickness t3 of 

the ferroelectric layer. Such a change increases the coupling between the spin-wave 

modes of the ferrite layers previously discussed. 

To estimate the range of the electrical field tuning the wavenumber variations versus the 

frequency for SEW, both propagation directions were calculated for different 

ferroelectric layer thickness t3 in case the ferroelectric layer permittivity ε3 was reduced 

from 1500 to 700. The results are shown in Figure 3.11 by solid, dashed, and dash-dot 

lines for the lower, middle, and upper SEW dispersion branches, respectively. The 

parameters were taken to be the same as those for Figures 3.9c and 3.9d.  

Figures 3.11a-c and 3.11d-f correspond to SEW dispersion branches for the forward and 

the opposite propagation to the x-axis directions, respectively. 

 

As previously mentioned, the hybridisation of SW and EMW depends on the 

propagation direction. Features of the wavenumber tuning in the range of  

6.175 - 6.25 GHz for the forward propagation shown in Figure 3.11c are determined by 

the strong hybridisation of the EMW and SW in the upper ferrite layer. At the same 

Figure 3.11: Wavenumber variation of the lower, middle, and upper SEW dispersion 

branches versus the frequency calculated for different ferroelectric layer thickness t3 for the  

(a)-(c) forward and (d)-(f) opposite to x-axis propagation directions. 
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time, for the opposite propagation direction (see Figure 3.11f), a strong hybridisation 

occurs between the EMW and SW in the lower ferrite layer. This provides an increase 

in the tuning of the SEW mode in the range of 6.15 - 6.25 GHz in comparison with a 

tuning of the electromagnetic mode. 

Figure 3.12 shows the SEW phase shifts calculated for a 1 cm long structure with 

different thicknesses of the ferroelectric film, where the phase shift for the 1 µm thick 

ferroelectric film at a frequency of 6.21 GHz is even larger than that for the 25 µm thick 

film. For the 1 µm film, a phase shift of more than 2 is achieved in a 6 MHz wide 

frequency range. In spite of this relatively narrow frequency range, this phenomenon 

can be tuned over a broad frequency range by a variation of the bias magnetic field. 

This feature demonstrates the yield of the all-thin-film heterostructures. 

 

3.3 Enhancement of the electric field tuning of the wave spectra 

As previously mentioned, the electric field tunability of dispersion characteristics of 

hybrid SEW propagating in thin-film ferrite-ferroelectric-ferrite structures is determined 

by two mechanisms of wave interactions. The first one is dictated by a hybridisation of 

spin-wave modes in the ferrite films with the pure electromagnetic mode TE1 in a 

ferroelectric medium. Within this mechanism, a change in the ferroelectric permittivity 

leads to a shift of the EMW dispersion branch, which provides a displacement of cross 

points between the dispersion curves of the modes. The second mechanism is dictated 

by an increase in the dipole-dipole interaction of spin-wave modes in the coupled ferrite 

films due to a decrease in the ferroelectric permittivity. 

In order to ensure the implementation of the above-mentioned mechanisms, an 

interaction between the pure electromagnetic mode TE1 and the spin-wave modes is 

required. One should note that this coupling strength strongly depends on the 

Figure 3.12: Phase shift versus frequency for the lower SEW mode propagating in the 
propagation direction opposite x-axis propagation directions. Characteristics were 
calculated for different ferroelectric thicknesses t3 as indicated. 
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overlapping of the dynamics fields of the EMW and SW. Thus overlapping depends on 

the geometry of the layered structures and parameters of the materials. Thus, two 

relative positions of the modes are possible (see Figure 3.13). 

 

According to Figure 3.13, the first interaction takes place in the point I between two 

spin-wave modes shown by the dashed lines, while the second one appears in the other 

points (e.g., points II or III). This situation was previously studied in detail in previous 

Section. However, the interaction between the electromagnetic and spin-wave modes 

could take place in one point (see point I in Figure 3.13). In this case, the coupling 

strength between these modes is enhanced providing a significant change in the wave 

spectrum. In order to distinguish the difference between the interactions of EMW and 

SW at one and at different points, the term “double hybridisation” is introduced. 

3.3.1 General features of the doubly hybridised spin-electromagnetic waves 

A thin-film multilayered structure consisting of two ferrite layers separated by a 

ferroelectric film is shown in Figure 3.14. In order to fulfil the conditions for double 

hybridised waves in the proposed structure, the numerical simulations were carried out 

for the following parameters: t1 = t5 = 500 µm; t2 = 20 µm; t3 = 1 µm; t4 = 6 µm;  

ε1 = ε5 = ε2 = ε4 = 14; ε3 = 1500; M2 = 1750 G; M4 = 1713 G; and Н = 1500 Oe. This set 

of parameters was chosen to provide an intersection of spin-wave modes. As previously 

mentioned, this intersection takes place if ferrite layers have a different magnetisation 

and thickness. One should note that for the present set of parameters, the interaction of 

the spin waves occurs for k = 1.75 rad/cm. To realise a double hybridisation, the 

magnetisation of the top ferrite layer was chosen to be M4 = 1713 G, which is less than 

the value of the magnetisation for the bottom ferrite film. The magnetization of the top 

ferrite should be increased for the case of spin-wave interaction at larger wavenumbers. 

An application of a control voltage U to thin metal electrodes deposited on both 

surfaces of the ferroelectric film results in a decrease of its dielectric permittivity ε3. 

This dependence was calculated according to Equation (2.8). In this expression, the 

Figure 3.13: Qualitative picture showing possible relative positions of two pure spin-wave 

modes (blue dashed lines) and the electromagnetic mode (green or red solid line). 
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following parameters of the barium-strontium titanate ferroelectric (Ba0.5Sr0.5TiO3) were 

used: 2(0)  = 1500, ( )   = 300, effS  = 1 µm, nE  = 40 V/µm, and 
00
  = 300 (see 

details Section 2.2). It is assumed that the thickness of the electrodes is much smaller 

than the skin depth at the operating frequencies. Therefore, these electrodes are 

transparent to the microwave electromagnetic fields, and can be neglected in numerical 

simulations. 

 

Figure 3.15 shows by solid curves the dispersion characteristics of doubly hybridised 

SEW propagating in the proposed structure. As shown in this figure, a relatively strong 

repulsion between all SEW branches takes place for waves propagating in the forward 

and backward directions along the x-axis (i.e., for positive and negative wavenumbers). 

This repulsion is produced by the dipole-dipole interaction between the ferrite films for 

k = 1.7 rad/cm for both propagation directions. Taking into account that a propagation 

of EMW is sensitive to the external electric field, it is possible to modify the doubly 

hybridised SEW spectrum into a spectrum of hybrid waves. As a result, the wave 

spectrum is significantly changed due to a variation in the dielectric permittivity ε3. The 

latter makes it possible to exploit SEW phenomena for more efficient electric field 

tuning. 

 

Figure 3.15: Spectra of the doubly hybridised SEW (solid red curves). The dashed-dotted green 

lines show electromagnetic mode TE1. The short dashed blue curves show the hybrid SEW for 

ferrite films (i.e., for ε3 = 1). The black dashed line represents the dependence .c k    

Figure 3.14: Thin-film multiferroic structure consisting of two ferrite layers and a ferroelectric 

film between them. 

Metal  
electrodes 
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In order to analyse the range of the electric field tuning of a doubly hybridised SEW 

spectrum, the phase shifts accumulating in the 1 mm long structure were calculated for 

the case of the reduction in the ferroelectric layer permittivity ε3 by two times. Such a 

change is achieved by a variation of a control voltage from U = 0 V to U = 12.83 V, 

applied to the ferroelectric film, the results of which are shown in Figure 3.16. 

 

As shown in Figure 3.16, a significant phase shift of the SEW of more than 2π rad is 

achieved for the lower SEW branch propagating in the direction opposite the x-axis. 

This phenomenon can be explained as follows: as previously mentioned, transverse 

distributions of a magnetostatic potential for surface spin waves with positive k have 

maxima on the bottom surfaces of the magnetic films. These distributions have maxima 

on the top surfaces for reversed propagation direction. In this case, the spatial distance 

between the maxima is less for negative k. This leads to a stronger overlapping of 

alternating electric and magnetic fields of spin waves propagating in neighbouring 

magnetic films and consequently to a stronger coupling of the waves. As a result, the 

group velocity of the SEW bottom branch is reduced significantly, and this branch 

demonstrates huge electric field tuning of the wavenumbers in a relatively narrow 

frequency band. 

From a physical point of view, the electric field tuning described above for the doubly 

hybridised waves originates from the change of the dipole-dipole interaction between 

the ferrite films by a variation of the dielectric permittivity ε3 of a thin ferroelectric film. 

A decrease in ε3 can be considered a reduction in an effective spatial distance between 

the magnetic films, leading to an increase in the coupling of spin waves in the magnetic 

films. 

As shown previously, the largest electric field tuning, which could be of interest to 

practical applications, is observed for the negative wavenumbers of the lower SEW 

dispersion branch. Therefore, the electric field tuning of this branch for various physical 

parameters of the layered structure will be further considered. The influences of ferrite 

Figure 3.16: Phase shift versus frequency for the lower SEW branch propagating in the 
direction opposite the x-axis. 
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and ferroelectric thicknesses on the phase shift of SEW are shown in Figure 3.17. Here, 

black solid lines represent the reference dependence shown in Figure 3.16. 

 

 

As shown in the inset of Figure 3.17a, an increase in the thicknesses of the thick ferrite 

layer t2 shifts the point of the hybridisation between two spin-wave modes to the lower 

wavenumbers. This leads to a downshift of the frequency of the electric tuning 

maximum shown in Figure 3.17a. The inverse effect is observed with an increase in the 

thickness of the thin ferrite film (see Figure 3.17b). 

Figure 3.17c demonstrates the influence of the ferroelectric film thickness t3 on the 

phase shift of SEW. In contrast to multiferroic structures previously studied, the ferrite-

ferroelectric-ferrite structure demonstrates the following unique feature: a reduction in 

the ferroelectric thickness sufficiently increases the electric field tuning. For example, a 

decrease in the thickness t3 from 2 μm to 1 μm increases the phase shift by more than 

two times. Double hybridisation of SEW plays a crucial role in this effect. Indeed, as is 

clear from the inset in Figure 3.17c, a decrease in the thickness of the ferroelectric film 

Figure 3.17: Wavenumber variation versus frequency calculated for different thicknesses of 
(a) bottom ferrite film, (b) top ferrite film, and (c) ferroelectric film. The insets show the 
qualitatively dispersion characteristics of pure spin and electromagnetic modes. 
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shifts the dispersion branch of EMW toward the point of the double hybridisation, 

which increases the tuning efficiency. 

A weakness of the proposed thin-film multiferroics is the narrow frequency band, where 

effective electric field tuning is realised. For example, a phase shift larger than π rad is 

realised only in a bandwidth of 15 MHz. However, the band of a large wavenumber 

variation can be shifted by changing an external magnetic field. Therefore, the all-thin-

film multiferroic multilayers are preferable to the development of tunable microwave 

devices. 

3.3.2 The effective electric field tuning for voltage-controlled spin-wave logic 

gates 

A schematic view of a microwave interferometer, shown in Figure 3.18a, represents a 

bridge circuit with two branches, which is commonly used in Mach-Zehnder 

interferometers. The first branch comprises a tunable phase shifter (TPS) represented in 

Figure 3.18b, while the second branch contains a variable attenuator. The thin-film 

structure based on a ferrite-ferroelectric-ferrite waveguide (see Figure 3.14) is used to 

implement the TPS that demonstrated a large electric tuning of the phase shift with a 

low control voltage. 

 

The operation principle of the miniature multiferroic interferometer shall now be 

considered. A microwave signal is applied to the input and is split into two signals that 

(a) 

(b) 

Figure 3.18: (a) Schematic diagram of the Mach-Zehnder interferometer; (b) Tunable phase 

shifter (TPS) based on a thin-film multiferroic structure. 
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accumulate different phase shifts in the interferometer branches. In the first branch (see 

Figure 3.18b), the microstrip antenna (5) excites a SW in the YIG film (2) grown on 

dielectric substrates (1). After travelling a short distance dSW/2 = 1.375 mm in this film, 

the waves enter the multiferroic structure. This is the region where the YIG film (2) is in 

contact with the BST-YIG (3)-(4) bilayer. At the border of this region, the SW 

transforms into the SEW. Here, the phase shift of the microwave signal is controlled 

due to a variation in the polarisation of the ferroelectric film. After passing the layered 

structure with a length of dSEW = 1 mm, the SEW propagates through the YIG film (2), 

where it is transformed back to the SW and is received by the output microstrip antenna 

(6). After passing different branches, the signals interfere in the combiner. The power of 

the output signal can be calculated as follows: 

 
1 2 1 2 2 12 cos( ),out out out out outP P P P P       (3.9) 

where 1outP , 1 , 2outP , and 2  are the powers and phase shifts of microwave signals in 

the branches, respectively. The phase shift 1  is determined as follows: 

 
1 0 ,SW SW SEW SEWk d k d     (3.10) 

where kSW and kSEW are the wavenumbers of the SW and SEW, respectively, and φ0 is 

the phase shift in rest of the microwave circuit of the first branch, which is assumed to 

be equal to φ2. The wavenumbers kSW were found according to the dispersion relation 

for surface spin waves (2.4). The wavenumbers of the SEW in the ferrite-ferroelectric-

ferrite structures were obtained according to the dispersion relation (3.8). 

Previously it was shown that an effective electric field tuning of SEW spectrum for 

ferrite-ferroelectric-ferrite structures is carried out for the lower wave branch subject to 

the condition of the double hybridisation of the two spin-wave modes in ferrite films 

with the pure electromagnetic mode TE1 in a ferroelectric film. This feature was used to 

obtain a phase shift in one of the arms of the interferometer. In particular, Figure 3.19a 

demonstrates the SEW bottom branch calculated for U = 0 V (solid line) and U = 6.57 

V (dashed line) that correspond to the change in the dielectric permittivity of the BST 

film from 1500 to 1100 in accordance with Equation (2.8). 

Figure 3.19b shows the dependence of the phase shift on the frequency by dashed line 

for U = 6.57 V in the 1 mm long TPS. The control voltage provides the phase shift of a 

microwave signal in the first branch of more than 180 degrees. 

Figure 3.19c shows the transmission characteristic of the interferometer for U = 0 V 

(solid black line) and U = 6.57 V (dashed red line), where one of the maxima in the 

transmission coefficient profile is observed at the frequency f0 = 6.1522 GHz for zero 

voltage. The application of 6.57 V leads to the phase shift of 180 degrees at the 

frequency f0, which provides the destructive interference of the microwave signals and 

the minimum signal transmission. 
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In order to clarify the influence of the control voltage on the performance characteristics 

of the proposed interferometer, Figure 3.20a presents the dependence of the phase shift 

of interfering signals on the applied voltage at the frequency f0. Here, it can be seen that 

an increase of the control voltage leads to an increasing in the phase shift. At  

U = 13.6 V the phase shift attains the value of 360 degrees that provides the 

constructive interference and the maximum at the transmission characteristic, which is 

shown in Figure 3.20b. 

 

Figure 3.19: (a) Calculated spectra of the hybrid SEW in the TPS; (b) the phase shift of 
the interfering signals; and (c) the transmission characteristic of the interferometer for 
control voltage U = 0 V (solid black line) and U = 6.57 V (dashed red line). 
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A possible limitation of the proposed interferometer applications is the narrow 

frequency band, where effective electric-field tuning is possible. However, the 

frequency width of this band can be easily tuned through changing the external 

magnetic field. Thus, a magnetic-field tuning in a range of 500–2500 Oe offers an 

opportunity to realise a highly effective electric tuning for any desirable frequency in a 

range from 3 to 9 GHz. 

Therefore, utilisation of the thin-film ferrite-ferroelectric-ferrite structures is promising 

for miniaturisation of the microwave Mach-Zehnder interferometers. In addition, these 

structures provide a significant reduction in the control voltage down to unities of volts. 

As a result, an interest in the proposed interferometer arises from possible practical 

applications in spin-wave logic circuits. One should note that the studied device 

represents the NO logic gate. The use of similar tunable phase shifters in the both 

interferometer arms allows the obtaining of XNOR or XOR gates.  

 

Figure 3.20: Dependences of (a) the phase difference of the interfering signals and (b) the 

transmission coefficient of the interferometer on the applied voltage at the fixed frequency 

f0 = 6.1522 GHz. 
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4 All-thin-film multiferroics with coplanar waveguides 

As shown in Chapter 3, an enhancement of an electric field tuning of the wave spectra 

of layered multiferroic structures is achieved due to the controllable dipole-dipole 

interactions between the coupled ferrite films. Another way to reduce a control voltage 

can be realised by utilising planar structures consisting of thin ferrite and ferroelectric 

films in a combination with a coplanar waveguide. The distinctive feature of coplanar 

waveguides composed of thin ferrite and ferroelectric films is the absence of 

undesirable irregularities in a dispersion for relatively low frequencies when the 

wavelength approaches the thickness of the ferroelectric layer. However, up until now, a 

detailed investigation of wave spectra of such a waveguide has not been performed due 

to the lack of a theory describing the dispersion characteristics of spin-electromagnetic 

waves.  

4.1 Theory for wave spectra of multiferroic structures with coplanar 

waveguides 

The development of an analytical theory for wave spectra of multiferroic structures in 

combination with a coplanar waveguide (CW) is a complex electrodynamic problem. In 

order to simplify a derivation of a dispersion law, an approximate relation can be 

obtained by an analytical solution of the full set of Maxwell`s equations utilising a 

method of approximate boundary conditions (ABC). In this method, the dispersion 

characteristics of the waves propagating in layered structures consisting of thin ferrite 

layers can be found using the following approximations: (i) the field components inside 

a ferrite layer are taken equal to the average values of the fields at the interfaces 

between the neighbouring layers; and (ii) the derivatives of the field components are 

replaced by their increments between the ferrite boundaries divided by the ferrite 

thickness. The applicability of the ABC method is determined by a relatively weak 

exponential dependence of the electric and magnetic field distributions on the transverse 

coordinate for the long-wave dipolar surface SW in a thin ferrite film having the 

unpinned surface spins. A high accuracy of this method was shown for thin ferrite films 

and layered ferrite-dielectric structures (Nikitin, 2014). 

The studied structure is shown in Figure 4.1, where a central metal strip of the width h 

and two metal ground electrodes are placed in the 0y   plane between dielectric (or 

ferroelectric) layers. The metal electrodes are transparent to the microwave 

electromagnetic field and are therefore neglected in the numerical simulations. This 

assumption is valid because the thickness of the electrodes is much smaller compared to 

the skin depth at the operating frequencies. Below and above the electrodes, there are 

six homogeneous dielectric layers in total with the dielectric permittivities εj and 

thicknesses tj, were j is a layer number according to Figure 4.1. The thickness of the 
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ferrite layer is δ and its permittivity is εf. One should note that the SEW propagates 

along the CW along x-direction; the ferrite layer is tangentially magnetised along z-axis. 

 

To treat the multiferroic structure with the coplanar waveguide as a boundary-value 

problem, some general comments regarding the electrodynamic model should be 

mentioned: 

 The solution of the boundary-value problem will be reduced to the derivation of 

a dispersion equation for a symmetrical rectangular waveguide loaded with a 

CW surrounded by perfectly conducting metal walls (see Figure 4.1). This 

approach is physically applicable because the electric and magnetic fields of a 

CW with narrow gaps w are symmetrical and are localised in the gaps of the 

planar transmission line. Therefore, if the distance between the metal walls is 

significant, then their influence on wave processes is negligible; 

 During the derivation of the dispersion equation, it is assumed that a CW is 

surrounded by the metal walls, where the tangential components of the magnetic 

field are equal to zero. This boundary condition is known as a "magnetic wall" 

and is given by: 

 
j j 0


 


Π Π
e h

z
 (4.1) 

where Πe  and Πh  are the magnetic and electric Hertzian potential functions, 

respectively. 

An electromagnetic wave in a rectangular waveguide loaded with a transmission line is a 

superposition of the longitudinal-section magnetic (LSM) and the longitudinal-section 

electric (LSE) modes (Collin, 1990). Using this, the electric and magnetic field components 

in the dielectric layers of the considered structure are expressed as the sums of the LSM and 

Figure 4.1: Cross section of a coplanar waveguide. 
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LSE modes LSM LSE
j j j , E E E  

LSM LSE
j j j . H H H  These fields are expressed using 

the Hertzian potentials as LSE
j j j ;  E Π

h  j j .H Π
LSM e  

The electrodynamic potentials Π
e  and Πh  have a single component directed normally 

to the interfaces between the layers of the multiferroic structure, i.e. along the y-axis. 

Taking into account the boundary condition “magnetic wall” on the side metal walls and 

in the centre of the waveguide, these components can be written in the following form: 
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 (4.2) 

where / na n d , d is width of the CW, k is the wavenumber, jn

hA  and jn

eA  are the 

arbitrary coefficients for the j-layer. 

For a source-free region of a homogeneous and isotropic medium, the Hertzian 

potentials satisfy the scalar Helmholtz equations in each layer except in the ferrite: 
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where 2 2 2
j 0 0 jn nk a        are the transverse wavenumbers. Solutions of 

Equation (4.3) for the dielectric layers, except for the upper and lower layers, are given 

by: 

 
j j

j j j j j
j

j j
j j j j j

j

sin( ( ))
( ) cos( ( ))

sin( ( ))
( ) cos( ( ))

nh
n n n n

n

ne
n n n n

n

y y
A y A y y B

y y
A y C D y y












  


  

 (4.4) 

where j
1

.


  m
m

y t  Therefore, Equations (4.2)-(4.4) give the components of the fields for 

each dielectric layer in the following form: 
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 (4.6) 

These expressions contain four unknown coefficients Ajn, Bjn, Cjn, Djn for each layer. It 

is possible to reduce the number of the unknowns for the top (j = 6) and the bottom  

(j = 1) layers because they are metallised and, therefore, the boundary conditions at the 

surface of a perfect electric conductor can be used. For these layers only two unknown 

coefficients A1n, C1n and A6n, C6n remain: 

 j j
j j j j j j
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 (4.7) 

As the first step in solving the problem, the unknown coefficients in these two dielectric 

layers adjacent the metal electrodes of the CW will be related to those in the top and the 

bottom ones. To accomplish this, the tangential components of both fields that are 

continuous across the interfaces 3 y t  and 3 2  y t t  fulfil the electromagnetic 

boundary conditions. 

This gives a system of eight homogeneous algebraic equations for the coefficients A3n, 

B3n, C3n, D3n, A2n, B2n, C2n, D2n, A1n, C1n. Since boundary conditions at a particular 

surface link only the unknown coefficients in two adjacent layers, the matrix 

corresponding to the above-mentioned system of equations has a characteristic bloc 

diagonal structure, which allows its factorisation. Thus, A3n, B3n, C3n and D3n are 

expressed using A1n and C1n in the following form: 
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    3 3 3 3 1 1, , , , MB
T

n n n n n nA B C D A C  (4.8) 

where MB is a matrix presented in Appendix. 

Similar mathematical manipulations were carried out for the layers above the electrodes 

of the CW. The tangential components of magnetic and electric fields across the 

interface 
4 5 y t t , i.e. between the layers with j = 5 and j = 6, are substituted into 

the electrodynamic boundary conditions. This leads to a system of four homogeneous 

algebraic expressions for A5n, B5n, C5n, D5n and A6n, C6n. Using the ABC method, these 

coefficients are found at the interface between ferrite and dielectric layers, i.e. 4y t  

and 4 y t . This gives the following derivatives from Maxwell's equations: 

;  ;  ;  .
  

   

x xz zH EH E

y y y y
 

In the next step, a system of homogeneous algebraic equations A4n, B4n, C4n, D4n, A5n, 

B5n, C5n, D5n is obtained. Then unknown coefficients for the layer j = 4 are related to 

those for the top layer j = 6 

    4 4 4 4 6 6, , , ,
T

n n n n n nA B C D A C MT  (4.9) 

where MT is a matrix presented in the Appendix. 

The fulfilment of the conditions of the continuity for the tangential components of the 

vectors H  (4.5) and E  (4.6) at the boundaries of the layers makes it possible to relate 

the unknown coefficients: 
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where ( )g z  and ( )f z  are unknown distributions of the electric field normal 

components; and 11X , 12X , 21X , 22X  are the elements of the matrix X  that could be 

written as 1 1( ) ( )        X HT MT ET MT HB MB EB MB . Here, 
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matrices EB  and HB  are obtained from the matrix by the following replacements: 
4
  

by 
3
 , 

4nV  by 
3 nV , and 

4nW  by 
3 nW . 

Since the unknown distributions ( )g z  and ( )f z  enter Equation (4.10) inside integrals, 

their solution can be obtained using the Galerkin method. For the convenience of 

integration inside the gap, the unknown distributions of the electric field normal 

components ( )g z  and ( )f z are represented as a function of the normalised coordinate ξ 

having zero at the centre of this gap. Therefore, the origin of the z-axis can be 

transformed to the centre of the gap, which corresponds to 
0 ( ) / 2 z h w  (see Figure 

4.1). According to the new location of the coordinate system, a new coordinate 

` ( ) / 2  z h w  can be introduced and normalised to w/2. Therefore, 2 `/w  . One 

should note that the variable ξ varies on the width of the gap in the interval [-1, +1]. 

An efficiency of the Galerkin method is determined by the rate of the convergence, 

which depends on a system of approximating functions for currents on electrodes or 

fields inside gaps of a CW. For the considered case, the Chebyshev polynomials of the 

first  2mT  and second  2 1mU  kinds are used as an orthogonal basis for expanding 

( )g z  and ( )f z , respectively. This choice is conditioned by the need to take into 

account a finiteness of an electromagnetic energy near an infinitely thin layer of a 

perfectly conducting metal. 

Unknown distributions of the tangential components ( )g z  and ( )f z  of the electric field 

can be written as functions of the normalised variable ξ in form: 
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where rm and um are the unknown coefficients; m = 0, 1 ... M; and M is the index of the 

Chebyshev polynomial order determined by the width of the gap w. By substituting 

Equation (4.12) into Equation (4.10), the following expressions are obtained: 
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where
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According to the fact that / 2 ( ) / 2  z w h w  it is found that: 
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where 
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n
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q

d
. 

Taking into account the even character of the Chebyshev polynomials in ( )f z  and the 

odd character of these polynomials in ( )g z , the following expressions are obtained: 
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In accordance with (Gradshteyn, 2007), the integrals in the last relations can be 

calculated analytically: 
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where 
2 ( )m nJ q and 

2 2 ( )m nJ q  are the Bessel functions of the first kind; n = 0, 1 ... N; and 

N is the value, where the Bessel functions converge. 

Taking into account Equations (4.12)-(4.16), Equation (4.10) can be written as: 
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Using the Galerkin method, Equations (4.17) and (4.18) are multiplied by 

2

2 ( ) / 1m nT q  and 2

2 11 ( ) m nU q , respectively. After changing the order of 

summation and integration, the following expressions are obtained: 
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Similar mathematical manipulations, as for Equations (4.12) - (4.16), are performed for 

the integration of Equations (4.19) and (4.20): 
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Equation (4.21) represents a homogeneous system of linear algebraic equations. The 

vanishing of its determinant results in the dispersion relation: 
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The dispersion relation (4.22) describes the spectrum of spin-electromagnetic waves in 

planar all-thin-film multiferroic structures containing a coplanar waveguide. As proof-

of-concept of the proposed theory, the wave spectra of CW with various ferroelectric 

films and dielectric substrates were calculated according to the developed theory and 

were compared with the results given in previous research (Iskander, 1989; Mironenko, 

2001). Thus, the results of numerical modelling are in a good agreement with both 

theoretical and experimental data. 

4.2 General features of wave spectra 

Before an explanation of the main features of SEW spectra in the CW composed of 

ferrite and ferroelectric films, some comments about the analytical theory should be 

made: 

 An order of Equation (4.22) depends on the number of Chebyshev polynomials 

approximating the field distribution inside the gaps of the CW. Therefore, it is 

necessary to determine the number of polynomials M providing a stable solution 

of the dispersion relation. According to estimations, this number depends on the 

width of the gap. In general, at least seven polynomials should be taken into 

account to achieve an error not exceeding 1%. However, a reduction of a gap 

width w provides a decrease of M. For example, for w = 25 μm, a stable solution 

of the dispersion relation with the indicated 1% error was obtained at M = 3; 

 The elements of the matrix Y in Equation (4.22) are a slowly converging series 

of products of Bessel functions. Therefore, it is necessary to determine the 

number of terms N providing enough high accuracy of a solution of the 

dispersion relation. The final value of N also depends on the width of the gap, 

because the argument of the Bessel functions is equal to 2 nq n w d . Thus, in 

accordance with the handbook of mathematical functions (Abramowitz, 1965), 

the following estimation was made: a sufficient number of Bessel function terms 

ensuring an asymptotic approximation error less than 1%, was N = 104 for a 

narrow gap (w = 25 μm). In the case of a wide gap (w = 150 μm) the same error 

is already achieved at N = 105; 

 To implement the conditions of a CW placed in free space, the thicknesses t1 and 

t6 of the dielectric layers adjacent to the metal, as well as the distance d between 

the side walls of the waveguide, should be obtained. According to estimations, 

the optimal values of these parameters are t1 = t6 = 0.1 m and d = 0.04 m. Their 

further increase changes the result of the numerical calculation of Equation 

(4.22) by less than 1%, but provides an increase in the number of terms of the 

Bessel functions N; 

 To reduce a control voltage in a CW with narrow gaps, less than 100 μm, will be 

considered hereinafter. 

Following this, investigations of wave spectra of the CW shown in Figure 4.2 will be 

examined. This consists of two dielectric layers (j = 1 and j = 4), a ferroelectric film  
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(j = 2), metal electrodes and a ferrite film (j = 3). During simulations, the parameters 

were as follows: ε2 = 10, t2 = 500 μm; ε3 = 1500, t3 = 2 μm; εf = 14, δ = 10 μm,  

M0 = 1750 G, ε5 = 14, t5 = 500 μm; H = 1350 Oe; w = 50 μm, h = 50 μm. One should 

note that the thickness of the electrodes is assumed to be much smaller compared to the 

skin depth at the operating frequencies. 

 

Figure 4.3 illustrates the effect of the hybridisation of two principal electromagnetic 

modes, which play a fundamental role in this investigation. The solid curves represent 

typical dispersion characteristics actually featured by the waveguide, while the dash 

lines show, for the sake of comparison, the dispersion law of the eigen-modes that are 

hybridised, namely, the branch for the fundamental electromagnetic mode (see blue 

line) of the individual CW on a ferroelectric film and the branch of the surface spin-

wave mode (see red line) in the uncovered ferrite film. One can clearly see that the 

hybridisation becomes more pronounced in the vicinity of the point, where the two 

dispersion branches cross each other. 

 

Figure 4.3: Spectrum of the hybrid SEW in the all-thin-film multiferroic structure with the 

coplanar waveguide. 

Figure 4.2: Coplanar waveguide composed of ferrite and ferroelectric films. 
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As Figure 4.3 shows, the dispersion characteristics of the EMW and SEW coincide far 

from the ferromagnetic resonance frequency. Near this resonance frequency, the SEW 

phase velocity decreases due to the hybridisation of the SW and the EMW. A distinctive 

feature of the all-thin-film multiferroic structure with a CW is an absence of undesirable 

irregularities in dispersion for relatively low frequencies when the wavelength 

approaches the thickness of ferroelectric layer. This is in contrast to the open ferrite-

ferroelectric waveguiding structure without metallisation. 

With regard to investigations of an influence of structure parameters on the dispersion 

characteristics of SEW, Figure 4.4 shows the calculated dependences of the wave spectra 

versus the gap width w, the thickness of ferroelectric t3 and ferrite δ films, as well as the 

width of the central strip h. One should note that the solid black lines in Figure 4.4 

correspond to the dispersion characteristic shown in Figure 4.3. 

 

As presented in Figure 4.4, a decrease of the gap width w and the width h of the central 

metal strip, as well as an increase in the thickness of the ferroelectric film t3, shifts the 

area of the maximum hybridisation of waves to the higher wavenumbers (see Figures 

4.4a, b, d). In this case, the electrodynamic interaction of the SW in the ferrite film and 

Figure 4.4: Influence of (a) the gap width w; (b) the thickness t3 of the ferroelectric film; (c) 

the thickness δ of the ferrite film; and (d) the width h of the central metal strip on the 

dispersion characteristics of the SEW. 
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the EMW in the coplanar waveguide is enhanced. Further, the ferrite film thickness δ 

explicitly influences the slope of the SW dispersion branches leading to a drastic change 

in the SEW group velocity (see Figure 4.4 (c)). 

If one follows this with an investigation of the dual (electric and magnetic) tunability of 

the hybrid SEW in the all-thin-film multiferroic structure with the CW, Figure 4.5 

shows the results of a numerical simulation of the wave spectra for different values of 

an external magnetic field H and a control voltage U. One should note that the solid 

black lines in Figure 4.5 correspond to the dispersion characteristic shown in Figure 4.3. 

 

An increase in the external magnetic field H leads to a shift of the spin-wave spectrum 

towards the higher frequencies. Therefore, the area of the effective hybridisation of the 

EMW and SW demonstrates an up-frequency shift too (see Figure 4.5a). An application 

of a control voltage U to the electrodes leads to a reduction of the ferroelectric film 

permittivity 2  and provides an electric field tunability. As can be seen in Figure 4.5b, 

an increase in a control voltage provides an increase in the group velocity of the EMW 

in the CW. Therefore, the area of the maximum hybridisation is shifted to the lower 

wavenumbers. This leads to an increase in the electrodynamic interaction of waves, and, 

therefore, an enhancement of an electric field tunability of the SEW spectrum. 

According to estimates, it is possible to achieve the additional increase in the tuning 

efficiency by reducing the width of a gap and the width of a central metal electrode in a 

CW, as well as by increasing the thickness of a ferroelectric film. 

 

Figure 4.5: (a) Magnetic and (b) electric field tuning of the dispersion characteristics. 
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5 Microwave structures with a spatial periodic 

modulation based on ferrite and ferroelectric films 

This chapter presents the results from the investigation of novel electromagnonic 

crystals composed of ferroelectric and ferrite films. Previous experiments on the 

propagation of SEW in ferrite-ferroelectric spatially periodic structure utilised a 

ferroelectric slab to provide effective hybridisation of SW and EMW at microwave 

frequencies and, consequently, the effective electric field tuning of the SEW dispersion 

(Ustinov, 2014, 2019; Morozova, 2014, 2016). The thin-film multiferroic structures 

proposed in the previous chapters look favourable for structure miniaturisation and a 

reduction of the control voltage of electromagnonic crystals. As outlined in Chapter 3, 

the regular waveguides based on the ferrite-ferroelectric-ferrite three-layer structures 

enrich the properties of multiferroics because of the dipole-dipole interaction between 

the coupled ferrite films. These structures demonstrate an enhanced voltage-controlled 

phase shift of SEW. The same feature is occurred also for planar all-thin-film 

multiferroic structures containing a coplanar waveguide that were discussed in Chapter 

4. An interest in thin-film ferrite-ferroelectric structures arises not only from possible 

practical applications, but also from a variety of fundamental scientific problems 

devoted to the physics of wave phenomena in spatially periodic magnetic multilayers. 

5.1 Electromagnonic crystals based on ferrite-ferroelectric thin-film 

multilayers 

In this Section, an experimental realisation of the electromagnonic crystal (EMC) 

composed of the ferrite-ferroelectric-ferrite spatially periodic structure will be 

presented. Here, the waveguide periodicity is realised by a thickness modulation of a 

ferrite film forming a free-standing magnonic crystal (MC). An image of the 

investigated structure is shown in Figure 5.1, where the details will be explained later in 

Section 5.1.2. To treat the obtained results, the free-standing MC, as well as the EMC 

composed of the ferrite-ferroelectric bilayer, will also be considered. The obtained band 

structures will be compared with numerical simulations utilising a coupled-mode 

approach and a transfer-matrix method. 

5.1.1 Theoretical model of an electromagnonic crystal 

The numerical simulation of band structures of the EMC was carried out in several 

stages. In the first stage, the dispersion relations for the waves propagating in the 

spatially periodic waveguides were obtained by a coupled-mode approach  

(Huang, 1984). In this approach, a variation of the ferrite film thickness representing a 

periodic sequence of sections of the regular transmission lines was considered a 

perturbation that leads to an exchange of a power among the guided modes. The 

resulting dispersion relation for the periodic structure is given by: 
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where K is the Bloch wave-vector; Λ is the period being the sum of the groove width 

(L1) and the groove-to-groove distance (L2); and k1 and k2 are the wavenumbers of the 

surface SW or SEW in the unstructured film with different thickness. One should note 

that the wavenumbers for the free-standing magnonic crystal are found according to the 

dispersion relation for surface spin waves (2.4). At the same time, the wavenumbers of 

the SEW in the ferrite-ferroelectric structures can be obtained by a solution of the 

dispersion relation (3.8) derived in Chapter 3. To consider the propagation losses of the 

waves in different sections of the periodic structure, the elements of the permeability 

tensors and permittivities of each layer are taken as complex quantities. As a result, the 

complex dispersion relations  j jk i   were obtained, where j  is the spatial 

damping decrement of the wave in the section with the number j. 

In the second stage, the transmission characteristics of the periodic structure are 

calculated according to the transfer-matrix method, which allows one to calculate the 

transmission characteristics of a finite-length periodic waveguide. According to the 

transfer-matrix method, both wave propagation in an unstructured ferrite film and 

reflections from the junctions of the consecutive sections are described by the  

T-matrices: 

I) Matrix T1 describes the propagation of the waves in the thick unstructured ferrite film 

and has the following form: 
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 (5.2) 

II) Matrix T2 describes the reflections of the waves for the front edge of the grooved 

film and is given by: 

 1/ (1 ) / (1 )
( )

/ (1 ) 1/ (1 )

  


  

  
  

  
2T  (5.3) 

where 1 2 1 2( ) / ( )k k k k     is the rejection coefficient at the junction of the wider-to-

narrower waveguide. 

III) Matrix T3 describes the propagation of the waves in the thin unstructured ferrite film 

and has the following form: 
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IV) Matrix T4 describes the reflections of the waves from the rear edge of the grooved 

film and is given by: 
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4T  (5.5) 

The final transfer-matrix for the thickness-modulated ferrite film with N periods is 

obtained by multiplying all T-matrices describing the propagation of the wave within 

each period: 

 
1 2 3 4( ) ( )N× × × T T T T T  (5.6) 

According to the proposed theoretical model, the complex transfer function for the 

spatially periodic structure was obtained as 1,11/ ( )T  . Thus, the power transmission 

characteristic of the periodic structure is given by: 

 
21 10 1,1( ) 20 log (1/ ( ) )S T    (5.7) 

5.1.2 Experimental and theoretical results 

The investigated structure was fabricated in the sandwich-type configuration (see  

Figure 5.1). The bottom ferrite layer was a 3 cm long and 2 mm wide strip made of  

5.5 µm thick yttrium iron garnet (YIG) film, while the top ferrite layer was a 4 mm long 

and 2 mm wide strip made of 13.6 µm thick YIG film. Each film was epitaxially-grown 

on the single-crystal gallium gadolinium garnet (GGG) substrates of a thickness of  

500 µm. The YIG films had a ferromagnetic resonance linewidth ΔH = 0.5 Oe at 5 GHz 

frequency, and the saturation magnetisations for the top and bottom YIG films were 

1800 G and 1930 G at room temperature, respectively. In order to produce MC, the 

thickness of the bottom YIG film was periodically modulated to a depth of 0.8 µm using 

the wet chemical etching. The periodic pattern consisted of 10 parallel grooves with a 

width of 50 µm spaced by 250 µm, so that the lattice constant was 300 µm. 

The intermediate ferroelectric layer Ba0.62Sr0.38TiO3 (BST) was fabricated by a 

conventional mixed oxide route followed by sintering in the air. Following this, a 

hydraulic press and subsequent annealing formed the BST slab. As a result, the BST 

slab of a relatively large thickness was produced. Characterisation of the BST slab was 

performed at room temperature and indicated the paraelectric nature and isotropic 

dielectric permittivity of 2300 at 5 GHz frequency. Then, the BST slab was polished 

down to a thickness of 110 μm. Finally, the slab was cut into the strips having the in-
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plane dimensions of 24 mm2. As presented in the image of the EMC, its configuration 

corresponds to the model of the ferrite-ferroelectric multilayers discussed in Chapter 3 

(see inset in Figure 5.1). 

 

The MC was positioned in a way that the etched groove side is in contact with the short-

circuited microstrip antennas with a width of 50 µm and a length of 2.5 mm. The 

distance between the antennas was 5.5 mm. The BST layer contacted the YIG film top 

and was pressed symmetrically over the spatial periodic surface of the MC. The total 

length of the sandwich MC-BST-YIG structure was 4 mm. The composed layered 

structure was magnetised by a spatially uniform bias magnetic field of 1599 Oe lying in 

the plane of the structure parallel to the MC grooves. 

Following this, the principle of the wave propagation through the MC-BST-YIG 

structure will be examined. The orientation of the magnetic field in relation to the 

structure satisfies the condition for an excitation of the surface SW: the surface SW is 

excited in the uncovered bottom YIG film strip by the input microstrip antenna. At the 

border, where the YIG film is in contact with the BST-YIG bilayer, the surface SW 

transforms into the SEW, which then propagates in the layered structure and achieves 

the EMC region (see Figure 5.1). The SEW passes through the periodically modulated 

waveguide structure and transforms back to the surface SW at the output boundary of 

the layered structure, after which the surface SW is received by the output microstrip 

antenna. The microstrip antennas were fed by the microstrip transmission lines of 50- 

characteristic impedance. A vector network analyser (VNA) measured the transmission 

characteristics of the structure. 

In order to clarify the band structure of the proposed three-layer EMC, the three types of 

the wave-guiding structures were investigated. The first structure was a free-standing 

bottom MC without a BST-YIG bilayer (see Figure 5.2a); the second one was the EMC 

consisting of the MC-BST bilayer (see Figure 5.2b), i.e., the BST layer was added to the 

bottom MC; and the third structure was the EMC composed of the complete MC-BST-

YIG multilayer (Figure 5.2c). 

Figure 5.1: Qualitative picture showing the image of the electromagnonic crystal composed of 

the ferrite-ferroelectric-ferrite multilayer. 
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The transmission characteristics of the proposed structures are presented in Figure 5.2d-

f and can be summarised as follows. The black solid line in Figure 5.2d shows the 

calculated transmission characteristic obtained with the proposed theoretical model (see 

Equation (5.7)) for the free-standing MC. As seen in Figure 5.2d, the band-gaps 1, 2, 

and 3 (the shaded grey areas in Figure 5.2d) are formed at the frequencies expected 

from the conventional Bragg analysis. Moreover, the formation of these band-gaps is in 

good agreement with the experimental results presented by the red dashed line in Figure 

5.2d. A small deviation of the experimental dependences from the theoretical ones could 

be explained by different parasitic effects such as small reflections from the film edges 

or weak random inhomogeneity in the waveguiding structure that usually exists in 

experiments. 

 

For the case of the EMC consisting of the MC-BST bilayer, the band structure is 

modified. As Figure 5.2e shows, the band-gaps demonstrate a down-frequency shift in 

comparison with the band structure of the free-standing MC. The theoretically obtained 

transmission characteristic is shown in Figure 5.2e by the black solid line and the 

experimental one by the red dashed line. It is easy to see that the frequency positions of 

the measured and calculated band-gaps 1, 2, and 3 (the shaded grey areas in Figure 5.2e) 

coincide with a high accuracy. 

The transmission coefficient of the complete EMC is shown in Figure 5.2f. Here, the 

black solid line represents the calculated transmission characteristic, and the dashed red 

Figure 5.2: (a-c) Sketches of the experimental structures as well as (d-f) their theoretical (black 

solid line) and experimental (red dashed line) transmission characteristics. 
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line shows the measured data. This transmission characteristic was calculated using the 

two-step algorithm. Initially the basic characteristics were found separately for the 

waves propagating as fundamental modes existing in each ferrite films. The resulting 

transmission characteristic was calculated as a superposition of the two interfering 

waves.  

In contrast to the previous configurations, the band structure of the EMC composed of 

the MC-BST-YIG multilayer is more complicated. According to the Bragg resonance 

condition, the first band-gap 1A should be observed at 6.6 GHz, which is less than the 

cutoff frequency of the SSW for the bottom YIG film. As a result, this band-gap lies 

outside the wave spectrum and cannot be observed. The first visible band-gap appeared 

near the 6.664 GHz frequency in the region 1B (see the shaded grey area in Figure 5.2f). 

In addition, one can clearly see the formation of the two closely-spaced band-gaps 2A 

and 2B corresponding to the region of the second Bragg resonance. 

In order to identify the observed band-gaps and to understand the physical reasons for 

their formation, a detailed theoretical analysis of the dispersion characteristics of the 

periodic structures under investigation was carried out. The numerical simulations were 

based on the solution of Equation (5.1). The validity of this approach is based on the 

following point: the dispersion characteristics are uniquely related to the transfer 

function. While the real part of the wave-number defines the phase shift of the wave in 

the waveguiding structure, the imaginary part describes losses. Thus, the frequency 

ranges, wherein the roots of (5.1) are real, correspond to the passbands while complex 

roots correspond to the band-gaps. The application of the dispersion characteristics for 

the description of the transmission characteristics is beneficial for visualisation of the 

transformation of the wave spectrum in both MC and EMC structures. 

The spin-wave spectrum for the free-standing MC (see Figure 5.3a) will now be 

outlined, which will later be helpful for clarification of the band structure for the layered 

EMC. As seen in Figure 5.3a, the band structure of the thickness-modulated ferrite film 

is well-defined. An interaction among the waves in the periodical sequence of the MC 

sections leads to the formation of the magnonic band-gaps 1, 2, and 3 (see insets in 

Figure 5.3a) at wave-numbers corresponding to the Bragg reflection law BnK n   , 

where n is a band-gap number.  

One should note that the real band-gap with a finite frequency jump at the border of the 

Brillouin zone can be formed only in an idealistic loss-less artificial crystal. In a real-

life lossy case, the dispersion characteristics remain continuous and zones of band-gaps 

are characterised by a steeper slope, which results in a local change in the SEW group 

velocity. 

Further, the EMC composed of the MC-BST bilayer is considered; the dispersion 

characteristic calculated for this structure is shown in Figure 5.3b. Here, the coupled 

excitation of surface SW mode (blue dashed line) and electromagnetic mode TE1 (red 

dashed-dotted line) leads to the SEW formation (black solid line). The spectrum of this 
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wave consists of two dispersion branches; the band-gap positions are determined by the 

lower dispersion branch. As one can see, the electromagnonic band structure 

demonstrates a down-frequency shift in comparison to the magnonic one. This 

phenomenon is caused by a strong repulsion between the SEW branches, which 

manifests itself around the point of crossing of the pure electromagnetic TE1 and SW 

modes (see Figure 5.3b). For example, the frequency shift of the first electromagnonic 

band-gap in comparison to magnonic one is about 28 MHz. This difference is reduced 

for the high-order band-gaps due to a decrease of the coupling between the magnons 

and microwave photons. 

 

Figure 5.3: Numerical analysis of the dispersion for different configurations of the structures 

under investigation: 

(a) The spectrum of the spin wave in the MC. Insets here and below show peculiarities of the 

wave dispersion in the vicinity of the band-gaps. 

(b) The spectra of the SEW in the bilayer EMC. Dashed and dashed-dotted lines here and 

below represent the pure surface SW and electromagnetic mode dispersion characteristics, 

respectively. 

(c) The spectra of the SEW in the multilayer EMC. 

(a) (b) 

(c) 
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Figure 5.3c shows the dispersion characteristics of the SEW in the EMC composed of 

the MC-BST-YIG multilayer. It is clearly visible that the wave spectrum in the 

frequency range under investigation consists of the three dispersion branches that are 

referred to as the lower, middle, and upper branches (black solid lines in Figure 5.3c). 

Such a spectrum is formed due to the electrodynamic interaction among the 

electromagnetic mode TE1 (red dashed-dotted line) and two SW modes (blue dashed 

lines), as well as due to the dipole-dipole interaction between these SW modes. Because 

of these interactions, the SEW middle branch is clamped between the upper and lower 

spin-wave modes. This provides the existence of two closely spaced dispersion 

branches, which manifest themselves as a formation of additional band-gap 

corresponding to the fixed Bragg wavenumber. Therefore, in contrast to the free-

standing MC and to the EMC composed of the MC-BST, the appearance of an 

additional band-gap in the transmission characteristic of the three-layer EMC is 

observed (see Figure 5.2f). For example, the first band-gap at KB1 = 104.72 rad/cm is 

split into two rejection regions 1A and 1B (shaded grey areas in insets of Figure 5.3c). 

The same behaviour is observed for the higher order band-gaps at KB2 = 209.44 rad/cm 

and KB3 = 314.16 rad/cm. For the considered geometry, the frequency distance between 

the band-gaps satisfying the same Bragg condition is reduced by increasing the 

wavenumber. Thus, the frequency difference between the band-gaps 1A and 1B is  

63 MHz; 2A and 2B is 27 MHz; and 3A and 3B is 9 MHz. According to the SEW 

spectrum, the higher order band-gaps almost coincide due to a decrease of the frequency 

difference among them. 

As already mentioned, the regular waveguides based on the ferrite-ferroelectric-ferrite 

three-layer structure demonstrate an enhanced voltage controlled phase shift of SEW. 

As a result, from a practical point of view, it would be beneficial to estimate the band-

gap tuning ranges for the three-layer EMC. Electric field tunability of a band structure 

of this waveguide exists due to a variation of the dielectric permittivity of the 

ferroelectric layer. For the chosen BST composition, an electric field of 1.74 V/μm 

value applied to this ferroelectric layer provides a decrease of its dielectric permittivity 

by 1.7 times. One should note that in the present EMC a rather thick BST slab with a 

thickness of 110 μm was used. Therefore, the above-mentioned variation of the BST 

permittivity requires the application of an electrical voltage up to 191.4 V. According to 

the estimations, such a voltage provides an electric tuning of the electromagnonic band-

gaps 1B, 2A, 2B, and 3A(3B) up to 4.03 MHz, 2.36 MHz, 1.53 MHz, and 1.07 MHz, 

respectively. As one can see, an efficient electric tuning for these structures is achieved 

for the first band-gap, where the strong coupling between the magnons and microwave 

photons is observed. 

5.2 Electromagnonic crystals based on a coplanar waveguide with 

periodic variation of the slot width 

In this section, the investigations of electromagnonic crystals based on a CW that offer 

many promising features will be discussed: low control voltage, small out-of-band 
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insertion losses, and deep rejection bands. Well-developed techniques of a CW 

fabrication, such as metal deposition and chemical etching, make it possible to produce 

the periodic modulation of electrodes. As explained earlier in Chapter 4, a variation in 

the gap width between electrodes shifts the SEW dispersion characteristics, changing 

significantly SEW phase velocities in the region of a strong electrodynamic coupling of 

the waves (see Figure 4.4a). Thus, SEW at a fixed frequency accumulate different phase 

shifts in the segments of the electromagnonic crystal. According to the Bragg resonance 

condition, the band-gaps should appear at the frequencies, where this phase shift is a 

multiple of π. 

A thin-film electromagnonic crystal based on a CW shown in Figure 5.4 is composed of 

several layers enumerated with index j: a ferrite film (j = 3) on a dielectric substrate  

(j = 4), thin metal electrodes, and a ferroelectric film (j = 2) on a dielectric substrate  

(j = 1). During simulations, the parameters were as follows: ε1 = 10, t1 = 500 μm;  

ε2 = 1500, t2 = 2 μm; ε3 = 14, δ = 10 μm, M0 = 1750 G; ε4 = 14, t4 = 500 μm;  

H = 1350 Oe. A central metal electrode with width of h = 50 μm and two grounding 

conductors are located between the ferroelectric and ferrite layers. The segments of 

narrow (w1 = 25 μm) and wide (w1 = 75 μm) slots form a period Λ = 1 mm. An 

application of a control voltage U to the CW electrodes leads to a reduction of the 

ferroelectric permittivity ε2 according to (2.8). One should note that a SEW propagates 

along the CW, i.e. along the x-axis. The structure is magnetized to a saturation 

tangentially along the z-axis. As presented in the image of the EMC, its configuration 

corresponds to the model of the multiferroic structures with coplanar waveguides 

discussed in Chapter 4 (see inset in Figure 5.4). 

 

Transmission characteristics of the investigated structure are now considered; the results 

of the numerical simulations are presented in Figure 5.5. As in the previous Subsection, 

transmission characteristics of the EMC were calculated in accordance with the transfer-

matrix method. Here, the wavenumbers for the sections with narrow and wide slots 

Figure 5.4: Electromagnonic crystal based on a coplanar waveguide with a rectangular 

modulation, w1 and w2, of the slot width. 
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were found from the dispersion relation (4.22) derived for CWs composed of thin-film 

ferrite-ferroelectric multilayers. 

 

As can be seen in Figure 5.5, the width of the first band-gap measured at a level of 3 dB 

from the maximum loss of 33 dB is about 25 MHz. One should note that the band-gap 

position is determined by the Bragg’s diffraction law, which depends on the number of 

a band-gap and the length of a period. Therefore, the first band-gap (denoted by I in  

Figure 5.5) of the electromagnonic crystal occurs near 5.86 GHz, which corresponds to 

the wavenumber 31.4K B1  rad/cm on the SEW dispersion characteristic. The widths of 

the high-order band-gaps and the distance between them decrease due to the essential 

change of the SEW group velocity in the area of the effective hybridisation of the EMW 

and SW modes (see Figure 4.3). 

As explained in Chapter 4, the dispersion characteristics of the SEW and, consequently, 

the transmission characteristics of all-thin-film multiferroic structures containing a CW 

depend on a variety of the parameters, such as the thicknesses of the ferrite or 

ferroelectric films, and values of the applied magnetic or electric fields. This 

dependence provides an opportunity to produce an EMC with the desirable rejection 

efficiency and the required bandwidth. To demonstrate this, numerical simulations for 

various thicknesses of the ferrite and ferroelectric films were carried out (see Figures 

5.6 and 5.7, respectively). 

An increase in the ferrite film thickness  influences the slope of the spin-wave 

dispersion branches leading to a shift of the dispersion characteristics and to a drastic 

change in the SEW group velocity (see Figure 5.6a). For the Bragg wavenumber 

( / 31.4  LKB1  rad/cm) corresponding to the first band-gap, the shift of the 

dispersion characteristics leads to the shift of the band-gap position towards higher 

frequencies (see red dashed line in Figure 5.6b). Moreover, an increase in the SEW 

group velocity broadens the bandwidth (see black solid line in Figure 5.6b). 

Figure 5.5: Transmission characteristic of the electromagnonic crystal containing the CW. 
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A similar effect is achieved when the ferroelectric film thickness t2 is increased (see 

Figure 5.7). As one can see, an increase in t2 provides counter-directed effects. While 

the first band-gap is shifted to the lower frequencies (see red dashed line in Figure 

5.7b), its bandwidth increases due to decreasing the SEW group velocity (black solid 

line). 

The electric and magnetic tunability of the EMC transmission characteristics should 

now be considered. Figure 5.8a shows a frequency shift of the first four band-gaps 

Figure 5.7: (a) Spectra of the hybrid SEW in the regular CW with slot width w = 75 µm 

calculated for various ferroelectric thicknesses t2; (b) The influence of the ferroelectric 

thickness on the bandwidth (black solid line) and frequency (red dashed line) of the first band-

gap corresponding to wavenumber 31.4KB1 rad/cm. 

 

Figure 5.6: (a) Spectra of the hybrid SEW in the regular CW with slot width w = 75 µm 

calculated for various ferrite thicknesses δ; (b) The influence of the ferrite thickness on the 

bandwidth (black solid line), and the frequency (red dashed line) of the first band-gap 

corresponding to wavenumber 31.4KB1  rad/cm. 
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calculated for the various control voltages up to 200 V applied to the electrodes of the 

CW. As for the EMC composed of MC-ferrite-ferroelectric structures, the electric 

tuning range for the EMC with a CW decreases for the higher band-gap numbers due to 

a weak interaction of spin and electromagnetic waves at those frequencies higher than 

the first band-gap. 

 

As Figure 5.8a shows, an increase of the control voltage shifts the band-gaps to the 

higher frequency that may be explained as follows: a decrease of the ferroelectric 

permittivity shifts a SEW dispersion characteristic to the lower wavenumbers, while the 

wavenumbers KB satisfying the Bragg condition remain the same. Therefore, an 

increase of a control voltage (i.e. a decrease of ε2) shifts the area of a strong coupling 

between the magnons and microwave photons to the lower wavenumbers, which leads 

to the formation of a region of enhanced microwave attenuation at higher frequency. For 

example, the electric tuning of the transmission characteristic for the first band-gap is 

about 10.45 MHz at U = 150 V. 

Regarding the magnetic tuning, the transmission characteristics were simulated for the 

different values of the external magnetic field H (see Figure 5.8b). The following 

magnetic fields were used: 1350 Oe (solid line), 1345 Oe (dashed line), and 1340 Oe 

(dotted line). Figure 5.8b shows that an increase in the external magnetic field changes 

the frequency position of the band-gaps due to a shift of the spin-wave spectrum 

towards higher frequencies. 

5.3 Reflection-less width-modulated magnonic crystal 

Previous experimental and theoretical investigations were devoted to electromagnonic 

crystals undergoing Bragg scattering. In these structures the formation of spectral 

regions with prohibited wave propagation is caused by a reflection of waves from an 

artificially created periodicity. This band formation mechanism has been investigated in 

detail and is well understood for a variety of magnetic and dielectric media with 

Figure 5.8: (a) Electric and (b) magnetic tuning of the transmission characteristics. 
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different physical properties and geometries, including thickness-modulated YIG-based 

waveguides. At the same time, rejection bands in wave spectra also arise due to 

peculiarities of the spin-wave excitation mechanisms inside a periodic magnetic film. 

This phenomenon considerably enriches the properties of conventional periodic 

structures used in microwave systems. However, mechanisms responsible for the 

formation of the rejection band, as well as spin-wave dynamics, in such waveguides are 

not yet clarified. 

This Section is devoted to the experimental investigation of a novel magnonic crystal 

demonstrating the absence of any visible Bragg reflection. This is the first observation 

of such phenomena in magnetic media. Figure 5.9 shows an image of the experimental 

setup for width-modulated MC comprising the longitudinally magnetised periodically 

structured YIG-film waveguide. Attached microstrip antennas are serving for the 

inductive excitation (input) and detection (output) of SW in the gigahertz frequency 

range. The magnetisation geometry was chosen in such a way to allow for the excitation 

of backward volume spin waves having reciprocal propagation characteristics and 

demonstrating high scattering efficiency in MC. 

 

The YIG samples were fabricated in the form strips cut out from low-damping 

(ferromagnetic resonance linewidth is about 0.5 Oe at 5 GHz) single-crystal films, 

epitaxially grown on a gallium gadolinium garnet substrate with a thickness of 0.5 mm. 

The width, length, and thickness of the samples were 1.9 mm, 26 mm, and 8.5 μm, 

respectively, and their saturation magnetisation was 1750 G. One should note that the 

lengths of the waveguides were chosen in order to avoid reflections from the ends 

which could interfere with the measurements. 

In the fabrication of the width-modulated MC, conventional photolithographic and 

chemical etching techniques were used for the patterning. The length of the rectangular-

modulated area in the middle of the strip was 6 mm, and the spatial modulation period 

Λm and depth Am were 600 and 400 μm, respectively. A photograph of the actual 

waveguiding structure is shown in Figure 5.10. 

Figure 5.9: Image of the experimental setup for the width-modulated yttrium iron garnet (YIG) 

structures grown on the gadolinium gallium garnet (GGG). The green cone represents a laser 

beam scanning the sample by the Brillouin light scattering (BLS) technique. 



5 Microwave structures with a spatial periodic modulation based on ferrite and 

ferroelectric films 

82 

 

 

Microwave stripline antennas with a width of 50 μm were placed at distances of about  

3 and 4 mm from the left and right ends of the modulated film area, respectively. The 

antennas were then connected to the VNA for continuous wave measurements. A circuit 

consisting of a pulsed microwave single frequency generator, a semiconductor detector, 

and an oscilloscope was utilised for pulse-regime measurements. 

The space- and time-resolved Brillouin Light Scattering (BLS) spectroscopy was used 

for two-dimensional mapping of the magnon density distribution. The BLS 

measurements were performed in a backward scattering geometry by placing a 

dielectric mirror below the samples. A pulsed microwave regime was used to reveal the 

SW dynamics within the crystal structures and to be able to distinguish between 

individual responses of different parts of these structures. To accomplish this, 30 ns 

long microwave pulses with a power of -10 dBm were applied to the input antennas. 

Due to the short pulse durations, the power of the SW excitation was raised, and thus to 

increase the signal-to-noise ratio of the optical measurements, without any visible 

influence from nonlinear SW processes. To avoid any spurious influence trough heating 

effects in the ferrite film, the repetition rate was 1.5 μs. 

Figure 5.11 illustrates the transmission characteristics of the investigated sample 

measured by the VNA. The blue solid curve in this figure represents the transmission 

characteristic of the structured waveguide, while the red dashed line shows, for a 

comparison, the characteristic of similar waveguide without any periodicity. One can 

clearly identify several frequency regions with different SW dynamics in the 

transmission characteristic of the periodic waveguide. One should note that the bias 

magnetic field of 1190 Oe for the width-modulated MC was applied. The input 

microwave power was -30 dBm, which guaranteed a linear regime of a spin-wave 

propagation. 

Figure 5.10: Photograph of the experimental structure. 
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The width-modulated MC shows the formation of only one pronounced rejection band 

at the centre frequency f1 = 5.344 GHz, which is marked by the orange line in Figure 

5.11. This region of the enhanced microwave attenuation is not predicted by the 

conventional Bragg analysis; it has a width of 5 MHz measured at a level of 6 dB from 

the maximum loss of 46.5 dB. One should note that the fast oscillations of the 

transmission characteristics caused by the interference of the SW signal and an 

electromagnetic wave which directly passed from the input to the output antenna were 

neglected in the analysis. In addition, there are regions around the rejection band, where 

SW modes are transmitted with a relatively low attenuation. For example, the frequency 

f2 = 5.373 GHz with a loss level of 25 dB is marked by the green line in Figure 5.11. 

Here, the frequencies marked by vertical lines were chosen for further analysis of the 

SW dynamics with the different propagation regimes. 

The Brillouin light scattering measurements of a magnon density distribution with  

25 μm spatial and 400 ps time resolution will now be considered. Here, the intensity of 

the inelastically scattered light was proportional to the magnon occupation number, or, 

in other words, to the intensity of the SW in the sample. 

The spin-wave intensity distributions were performed for the regular waveguide at the 

carrier frequency f2 = 5.373 GHz and the width-modulated MC at the carrier frequencies 

that correspond to the rejection band (f1 = 5.344 GHz) and pass band (f2 = 5.373 GHz). 

The resulting snapshots are shown in Figure 5.12 for frames in the regular waveguide as 

well as for the rejection and pass band frames in the width-modulated film. The pictures 

are plotted in a linear colour scale, and the SW intensity is normalised in each frame, 

while high SW intensities are indicated as red and low intensities as blue.  

Figure 5.11: Transmission characteristics of the width-modulated MC (blue solid line) and 

regular (red dashed line) waveguide. The orange and green lines indicate the frequencies, 

where the Brillouin light scattering measurements were performed: f1 = 5.344 GHz, and  

f2 = 5.373 GHz.  



5 Microwave structures with a spatial periodic modulation based on ferrite and 

ferroelectric films 

84 

 

The main feature of the measured SW intensity distributions in the width-modulated 

waveguide is obvious: in contrast to conventional MC, this crystal exhibits nearly zero 

reflected SW intensity within both the rejection and pass bands (see Figures 5.12b, c). In 

the absence of any visible Bragg reflection, the physical mechanisms responsible for the 

formation of the rejection band in Figure 5.12c might be related to, e.g., some non-

resonant or resonant SW decay caused by enhanced magnon–magnon scattering 

processes in the rejection band frequency range. In order to clarify this issue, the 

magnon decay was analysed for those cases presented in Figure 5.12. The instantaneous 

spatial distributions of the measured magnon densities were integrated over a moving 

window containing the propagating SW packet and over the whole YIG-film region 

accessible for the BLS probing.  

It was found that the lifetimes of both SW packets are about 1.6 times shorter than the 

lifetimes of the secondary magnons (one should note the spatially structured noise 

behind the SW packets in Figure 5.12) generated due to the scattering of these packets 

from the notched waveguide edges. However, the lifetimes of the SW packets 

Figure 5.12: Snapshots of the spin-wave propagation for the (a) regular waveguide and width-

modulated crystal in the (b) pass and (c) rejection band regime. Two-dimensional plots of the 

time-resolved spin-wave intensity distributions in the periodic width-modulated waveguides 

measured at the frequencies f1 = 5.344 GHz (rejection band) and f2 = 5.373 GHz (pass band).  

(b) (a) (c) 
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propagating within the rejection and pass bands differ only by 11%, equal to 73 and  

82 ns, respectively. However, such a small difference in decay rates cannot explain the 

observed reduction of the transmitted SW power within the rejection band. The 

difference in group velocities and in the SW propagation times is also rather small 

(compare the measured positions of the SW packets in Figure 5.12): the experimentally 

determined group velocities are 
4 13.88 10 m s   in the pass band and 

4 13.65 10 m s   

in the rejection band. Being the same both in the MC and in unstructured parts of the 

YIG waveguide, these values correspond well with theoretically calculated velocities of 

the first mode of backward volume SW in the regular 1.9-mm-wide YIG waveguide 

(
43.88 10  and 

4 13.65 10 m s  , respectively). Together, the differences in the decay 

rates and group velocities may account for only two-fold reduction of SW power within 

the rejection band compared to the pass band, while the experimentally observed 

reduction exceeds 20 dB (see frequencies f1 = 5.344 GHz and f2 = 5.373 GHz in  

Figure 5.11). 

For further analysis of the SW dynamics in the reflection-less width-modulated MC, a 

periodic magnetic structure, which undergoes Bragg scattering, was experimentally 

investigated. For the fabrication of this structure, a 5.5 μm thick YIG film was used. In 

order to produce the MC, its thickness was periodically modulated to a depth of 1 µm 

using the wet chemical etching. The periodic pattern consisted of 10 parallel grooves 

with a width of 50 µm spaced by 250 µm, so that the lattice constant was 300 µm. The 

transmission characteristic of the measured grooved waveguide is presented in Figure 

5.13a, where the blue solid line represents this transmission characteristic, while the red 

dashed line shows the characteristic of similar YIG waveguides without any periodicity. 

As shown in Figure 5.13a, the level of attenuation of microwave signal sharply 

increases by roughly 20 dB near the magnonic band-gaps that are formed at the 

frequencies expected from the conventional Bragg analysis. The width of the central 

band-gap is 10 MHz measured at a level of 6 dB above the maximum loss of 50 dB. 

For further analysis of the SW dynamics in the grooved MC, snapshots of the spatial 

distribution of the SW intensity measured in the central rejection band (marked by the 

vertical orange line at f3 = 7.02 GHz) are shown in Figure 5.13b. Here, the colour scale 

is the same as in Figure 5.12. The selected time frames illustrate how the SW packet 

enters the grooved area, stops due to the Bragg reflection around the fourth groove 

(grooves are indicated by the vertical grey lines), and is entirely reflected out of the 

crystal. The observed behaviour perfectly corresponds with the conventional SW 

dynamics expected in the frame of the Bragg reflection model. 
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Based on the results of the BLS and microwave measurements, it was found that the 

longitudinally magnetised width-modulated MC does not manifest Bragg reflections, 

but still demonstrates well-pronounced frequency band-gaps during the microwave 

measurements. The formation of such reflection-less rejection bands can be explained 

by the destructive interference of different frequency-degenerated SW modes excited by 

the MC. At the same time, obtained results significantly differ from the results of the 

experiments for the micro-sized width-modulated MC, where classical Bragg-gaps are 

clearly observed. There is a fundamental reason behind this: the reflection-less MC is 

macroscopic. A relatively large width results in a very dense spectrum of width modes 

which are separated only by a few megahertz. This fact allows direct two-magnon 

scattering between these modes. This process makes both backward and forward 

scattering possible in relation to the direction of original wave propagation. Since the 

wave-vector difference is also very small, the preferred scattering direction is forward. 

A number of forward-scattered waves with different phases and group velocities 

interfere with each other at the output antenna, producing the observed rejection bands 

without the appearance of Bragg reflections. In the case of the microscopic MC, the 

frequency gap between neighbouring width modes is very large. Such a spectrum allows 

only back-scattering, which results in the Bragg-type band gaps. 

Figure 5.13: Microwave and Brillouin light scattering (BLS) measurements of the thickness-

modulated MC: 

(a) Transmission characteristics of the MC (blue solid line) and regular (red dashed line) 

waveguide. The orange line indicates the frequency, where the BLS measurements are 

performed: f3 = 7.02 GHz. 

(b) Snapshots of the spin-wave propagation for the thickness-modulated crystal at the band-

gap. Two-dimensional plots of time-resolved spin-wave intensity distributions for carrier 

frequency f3 in the MC. The positions of the grooves are indicated by grey solid lines. 

(a) (b) 
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The proposed mechanism of the reflection-less formation of rejection band leads to one 

additional unexpected consequence: namely, higher-order SW modes, created by the 

MC, propagate in unstructured portion of the waveguide with slightly different phase 

velocities. As a result, mutual phase relations between different SW components will 

change during propagation of the SW pulse and the rejection frequency, measured by 

the microwave technique, should depend on the position of the output antenna. This 

prediction was verified in an additional experiment with movable output antenna while 

keeping all other parameters of the microwave measurement system the same. A 

gradual shift of the central band gap frequency (see orange line in Figure 5.11) up to  

17 MHz was observed as a function of the distance between antennas (see Figure 5.14). 

This result strongly supports the proposed mechanism and, also, provides an additional 

way to control the transmission properties of this type of magnonic crystals. 

 

 

Figure 5.14: Relative shift of the band-gap frequency as a function of the distance between the 

antennas. The error in the band gap shift is estimated as the full-width half-maximum value of 

the central frequency in the rejection band, while the error of the antenna distance is 0.1 mm 

given by the measurement scale. 
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6 Conclusions 

6.1 Summary of results 

An investigation of wave dynamics in all-thin-film ferrite-ferroelectric (multiferroic) 

multilayers and artificial spatially periodic media based on these has been performed. In 

particular, dispersion characteristics and frequency responses of these structures have 

been investigated. Two sets of configurations on this topic have been investigated. First, 

the all-thin-film layered structure with two coupled ferrites exhibiting a strong dipole-

dipole interactions of spin waves has been realised. Second, an investigation of coplanar 

waveguides composed of ferrite and ferroelectric thin films has been performed. Both of 

the proposed structures offer a host of promising features for various microwave 

engineering applications.  

A comprehensive analysis of full wave spectra of structures consisting of two ferrite 

films separated by a thin ferroelectric layer has been performed using the derived 

dispersion relation for spin-electromagnetic waves (SEW). The developed theory 

provided the possibility to investigate a wide range of problems connected with hybrid 

SEW in both regular and spatial periodic multiferroic structures. In particular, it has 

been found out that the electric tuning of SEW dispersion characteristics is provided by 

two different mechanisms. The first is based on the hybridisation of an electromagnetic 

wave (EMW) and a spin wave (SW). A change in the permittivity tilts the EMW 

dispersion characteristic and leads, thus, to the shift of the hybridisation point. The 

second mechanism manifests itself only for the structures based on two ferrite layers at 

least. It is because two adjacently placed ferrites, although separated by a thin 

ferroelectric divider, interact through the electromagnetic field. An efficiency of this 

mechanism increases with the thinning of the ferroelectric film placed between the 

ferrite films. As an example, the effective tuning of SEW wavenumbers by an external 

electric field has been demonstrated even in the case of a 1-µm-thick ferroelectric film. 

Another way to reduce a control voltage has been realised by utilising planar structures 

consisting of thin magnetic and ferroelectric films in combination with a coplanar 

waveguide. 

As it is known, efforts for ferroelectric film thickness reduction arise from demands to 

reduce the control voltage producing ferroelectric polarisation. The obtained results 

show that the use of all-thin-film multiferroic heterostructures allows not only to reduce 

the control voltage, but also to increase the phase shift of waves propagating in the 

structure. Through the application of this phenomenon, the miniature multiferroic 

interferometer for voltage-controlled spin-wave logic gates has been realised for the 

first time. This signal processing technique represents a completely new approach to 

enhanced logic control and is applicable to any spin-wave circuits. 

Other promising features of the proposed ferrite-ferroelectric structures have been 

demonstrated for thin-film electromagnonic crystals (EMC). In contrast to the 
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conventional magnonic crystals, the artificially created periodic structures extend 

functionality of magnonic devices because they are characterised by electrically and 

magnetically tunable band-gaps in the wave spectrum where propagation of the 

electromagnons are forbidden. In addition, the utilisation of a thin ferroelectric layer has 

opened a possibility to reduce energy consumption of EMC.  

The mechanism of formation of the electromagnonic band structure in the ferrite-

ferroelectric periodic waveguides has been analysed. For example, it has been shown 

that utilisation of the two coupled ferromagnetic films separated by a ferroelectric layer 

opens up an additional possibility to exploit EMC for microwave applications. Based on 

the theoretical analysis and experimental measurements, the mechanism of 

electromagnonic band-gap splitting due to the dipole-dipole interaction between the 

spin-wave modes has been demonstrated for the first time. This phenomenon is caused 

by interaction of the three fundamental modes corresponding to each layer composing 

the electromagnonic crystal.  

The last but not least result has been obtained by the experimental investigations of a 

new type of magnonic crystals that enrich the properties of artificial spatially periodic 

structures for modern magnonics. It was shown that rejection bands in wave spectra 

arise due to peculiarities of the spin-wave excitation mechanisms inside a periodic 

magnetic film. This investigation has interesting ramifications from the point of view of 

the fundamental physics and the detailed study of this artificial spatially periodic 

structures constitutes a part of future work. 

6.2 Future work 

Future work related to this thesis can be considered in three categories.  

 The first category is related to an improvement of a functionality of thin-film 

multilayered structures reported on in this thesis. As mentioned in Chapter 3, a 

possible limitation of microwave devices based on ferrite-ferroelectric-ferrite 

structures is a relativity narrow frequency band, where effective electric-field 

tuning is possible. Although a reduction of a barium-strontium titanate narrows 

the bandwidth of the presented region, an investigation of the behaviour of this 

bandwidth for other ferroelectrics is necessary. For example, the ferroelectric 

films with large dielectric permittivity, such as potassium tantalate niobate 

(KTaxNb1−xO3), appears promising for further investigations. 

 The second category is future work which is allowed to exploit the 

electromagnonic crystal for enhanced logic control as well as for tunable 

microwave devices. In this thesis, different kinds of spatially periodic structures 

have been suggested, but all of these have been investigated in a linear regime 

of a wave propagation. To accomplish the logical functions in this case, an 

external control signal (for example, the electric current) must be used. Further 

progress in the magnonic logic could be achieved by utilising new physical 
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phenomena controlling the nonlinear dynamics of waves propagating in ferrite-

ferroelectric structures. An interest in this topic arises not only from possible 

practical applications, but also from a variety of fundamental scientific problems 

devoted to nonlinear physics of wave phenomena in planar multiferroic 

multilayers. 

 The third category is future work which is a consequence of the experiments 

devoted to the study of reflection-less magnonic crystals. The investigation 

related to the mechanisms responsible for the formation of the rejection band 

requires further theoretical as well as experimental investigation. In particular, 

investigations of spin-wave dynamics in wide films as well as thinner films are 

necessary. Moreover, additional experiments with layered structures, composed 

of reflection-less magnonic crystal and ferroelectric film, may be of interest.  
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Appendix: Transfer matrix 

The matrix MB expresses unknown coefficients A3n, B3n, C3n, D3n by the coefficients 

A1n, C1n. The matrix has the following form:   1 1
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The matrix 2M is obtained from 3M by the following replacement: 3 by 2 .

The matrix MT expresses unknown coefficients A4n, B4n, C4n, D4n by the coefficients 

A6n, C6n. The matrix has the following form:   1 1
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The matrix 5M  is obtained from 3M  by the following replacement: 3  by 5 . The 

matrix 6N  is obtained from 1N  by the following replacement: 1  by 6 , 1nV  by 6 nV , 

and 1nW  by 6 nW . 
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Theoretical investigation of dual (electric and magnetic) tuning of dispersion characteristics has been studied for the doubly
hybridized spin-electromagnetic waves (SEWs) propagating perpendicularly to the direction of static magnetization in tangentially
magnetized all-thin-film multiferroic multilayers. The multilayers consisted of two thin ferrite films separated by a thin ferroelectric
film. The SEW spectrum was formed as the result of the double hybridization among one electromagnetic mode and two spin-wave
modes. Such hybridization took place if the initial dispersion characteristics of these modes were degenerated. The electric tuning
was realized owing to the changing of the magneto-dipole interaction between the magnetic films caused by a variation of dielectric
constant of the ferroelectric film. It was shown that a decrease in permittivity of the ferroelectric film of micrometer thickness by
a factor of two induces change of the SEW wavenumber up to tens of radian per centimeter.

Index Terms— Ferrites, ferroelectrics, multiferroics, spin-electromagnetic waves (SEWs).

I. INTRODUCTION

INCREASED demands to frequency-agile materials used
for microwave applications have led to the appearance of

artificial multiferroics [1]. Artificial multiferroics are usually
fabricated with a combination of ferrite and ferroelectric layers
to obtain micro- and nanostructures [2], [3]. An interaction
between the ferromagnetic and ferroelectric phases is realized
through electrodynamic coupling of spin and electromag-
netic waves. This interaction leads to a formation of spin-
electromagnetic waves (SEWs) [4]. Dispersion characteristics
of hybrid SEWs combine features of electromagnetic waves
in ferroelectric-based materials and spin waves in ferrites.
Therefore, the resulting wave spectrum is dually controllable
by both electric and magnetic fields. The electric tuning is
realized through the variation of dielectric permittivity of the
ferroelectric layer by changing the applied electric field. The
magnetic tuning is provided by a dependence of magnetic
permeability of ferrites on the bias magnetic field.

As was shown earlier, degrees of hybridization strongly
depend on an overlapping of the dynamics fields of the
electromagnetic and spin waves. The overlapping depends on
the geometry of the layered structures and parameters of the
materials [4].

Until now the high research activity was mainly given to
two-layered multiferroic structures consisting of one ferrite
and one ferroelectric layer [4]–[17]. An effective coupling at
microwave frequencies was achieved in multiferroic structures
fabricated with a relatively thick (200–500 μm) ferroelectric
layer [18]. Such thicknesses of the ferroelectric layer leads to
relatively high control voltages (up to 1000 V) needed for an
effective electric tuning of the SEW dispersion characteristics.
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Recently, all-thin-film multiferroic structures based on the
slot transmission line were suggested to decrease the thick-
ness of the ferroelectrics [19] and [20]. In the latter work,
a decrease in the control voltage and an increase in the
tuning efficiency were achieved with the reduction of the
slot-line gap width. However, in practice such a reduction is
limited by the increase of losses in metal electrodes. In our
opinion, further advances in the dual-tunable multiferroic
devices could be achieved with development of the ferrite-
ferroelectric-ferrite structures [21], [22]. One of the main
advantages of these structures is the existence of magneto-
dipole interaction between the ferrite films that are separated
with a thin ferroelectric film. It leads to a complication of the
SEW spectrum, which is formed as the result of the interaction
between two pure spin-wave modes and one electromagnetic
mode. Two possible situations are shown in Fig. 1. The first
hybridization takes place in the point I between two spin-wave
modes shown by dashed lines. The second hybridization with
electromagnetic mode could take place in the same point or in
the other points (e.g., points II and III) depending on the
parameters of the structure. The first situation, in which all
dispersion curves cross each other in one point, is called a
“double hybridization.”

The purpose of this work is to theoretically investigate
the SEW spectra formed resulting from double hybridization.
Such a hybridization provides an effective tuning of the SEW
dispersion in planar all-thin-film multiferroic structures. This
tuning mechanism can be considered as a tunable interaction of
the coupled spin waves propagating in two neighboring ferrite
films that are separated by a thin ferroelectric film.

II. INVESTIGATION OF SEW SPECTRUM OF THIN-FILM

FERRITE-FERROELECTRIC-FERRITE STRUCTURES

A thin-film multilayered structure consisting of two ferrite
films separated by a ferroelectric film is shown in Fig. 2. This
topology corresponds to two thin magnetic films grown on

0018-9464 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Qualitative picture showing possible relative positions of two pure
spin-wave modes (dotted lines) and the electromagnetic mode (solid line).

Fig. 2. Thin-film multiferroic structure consisting of two ferrite layers and
a ferroelectric layer between them.

relatively thick dielectric substrates. An yttrium iron garnet
films grown on the gadolinium gallium garnet substrates by
liquid phase epitaxy are notable examples found in practical
applications. The ferrite films have the thicknesses of a2
and a4, and saturation magnetizations of M2 and M4. The
thicknesses of the ferroelectric film and dielectric layers are a3,
a1, and a5, respectively. Dielectric properties of both magnetic
and ferroelectric layers are described by scalar dielectric
permittivity’s εi , where i is a number of the layer. Note that we
consider barium-strontium titanate (BST) ferroelectric, which
demonstrates paraelectric phase and isotropic dielectric per-
mittivity in the order of thousands at room temperature [23].
The dielectric permittivity of the BST film ε3, as a function of
the applied electric field E , was estimated with the following
relation:

ε3(E) = 1500 − 19.4E2(V/μm). (1)

Thin metal electrodes should be deposited on both surfaces
of the BST film to apply the electric field. If the thickness
of the electrodes is much smaller than the skin depth at the
operating frequencies, then the electrodes are transparent to the
microwave electromagnetic fields, and they can be neglected
in numerical simulations.

We assume that the layered structure is infinite in the xz
plane and waves propagate along x-axis. The ferrite films are
magnetized to the saturation by a spatially uniform magnetic
field H0 along z-axis. In the particular case of a single

Fig. 3. Spectra of the hybrid SEW (solid curves). Dashed-dotted lines show
electromagnetic mode TE1. Short dashed curves show hybrid SEWs for ferrite
films (i.e., for ε3 = 1). Dashed line represents the dependence ω = ck, where
c is the velocity of light in a vacuum.

ferrite film, this geometry corresponds to the well-known
Damon–Eshbach configuration providing propagation of sur-
face spin waves.

The dispersion relation that describes spectrum of the SEWs
in the investigated structures was obtained by using the transfer
matrix method [22]. Fig. 3 shows typical dispersion character-
istics for the thin-film multiferroic structure consisting of two
ferrite films separated with a ferroelectric film by solid curves.
The numerical calculations were carried out for the following
parameters: ε1 = ε2 = ε4 = ε5 = 14, E = 0, a1 = a5 =
500 μm, a2 = 20 μm, a3 = 1 μm, a4 = 6 μm, M2 = 1750
G (139260 A/m), and M4 = 1713 G (136316 A/m). This
set of parameters was chosen to provide intersection of spin-
wave modes. As is well known, this intersection takes place if
ferrite layers have different magnetization and thickness. Note
that for the present set of the parameters, the interaction of
the spin waves should occur for k = 1.75 rad/cm. To realize
double hybridization, the magnetization of the top ferrite layer
was chosen to be M4 = 1713 G that is less than the value of
the magnetization for the bottom ferrite film. Magnetization of
the top ferrite should be increased for the case of spin wave
interaction at larger wavenumbers.

The results of the numerical simulations shown in Fig. 3
demonstrate the SEW spectrum (solid curves) consisting of
three dispersion branches. We will call them lower, middle,
and upper branches. Such a spectrum is formed as a result
of electrodynamic interactions of the electromagnetic mode
TE1 with two spin-wave modes. The SEW dispersion branches
tend to the branches of pure spin wave or electromagnetic
modes far from points of the hybridization. As shown in Fig. 3,
a magneto-dipole interaction between the ferrite layers also
plays a role in the formation of the SEW spectrum for the
particular set of the heterostructure parameters due to narrow
ferroelectric film.

The interaction between spin-wave modes and electromag-
netic mode in multilayered multiferroic structures increases if
dispersion branches of pure spin-wave modes and electromag-
netic mode TE1 cross each other in one point (see point I
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Fig. 4. Wavenumber variation of the lower, middle, and upper SEW
dispersion branches versus frequency calculated for the (a) positive and
(b) negative wavenumbers.

in Fig. 1). This case corresponds to the doubly hybridized
spin-electromagnetic waves.

As shown in Fig. 3, a relatively strong repulsion between
all SEW branches takes place for waves propagating in the
forward and backward directions along the x-axis (positive
and negative wavenumbers). This repulsion is produced by
magneto-dipole interaction for k = 1.7 rad/cm for both
propagation directions.

The SEW wavenumber variation �k was calculated for
the case of reduction in the ferroelectric layer permittivity
ε3 by two times. The results are shown in Fig. 4 by solid,
dashed, and dashed-dotted lines for the lower, middle, and
upper SEW dispersion branches, respectively. The parameters
were taken to be the same as for Fig. 3. Fig. 4(a) and (b)
corresponds to SEW dispersion branches for positive and
negative wavenumbers, respectively.

As shown in Fig. 4(b), effective electric field tuning of the
SEW wavenumber up to 66.8 rad/cm is achieved for the lower
SEW branch for the negative wavenumbers. This phenom-
enon can be explained as follows. Transverse distributions of
magnetostatic potential for surface spin waves with positive k
have maxima on the bottom surfaces of the magnetic films.
These distributions demonstrate maxima on the top surfaces
for reversed propagation direction (see [24]). Therefore, spa-
tial distance between the maxima is less for negative k for
the considered geometry. This leads to stronger overlapping
of alternating electric and magnetic fields of spin waves

Fig. 5. Wavenumber variation versus frequency calculated for different
thicknesses of (a) bottom ferrite film, (b) top ferrite film, and (c) ferroelectric
film. Insets qualitatively show dispersion characteristics of pure spin and
electromagnetic modes.

propagating in neighboring magnetic films and consequently
to stronger coupling of all waves. As a result, the group
velocity of the SEW bottom branch is reduced significantly,
and this branch demonstrates huge electric field tuning of the
wavenumbers in a relatively narrow frequency band.

From a physical point of view, the electric field tuning
described above for the doubly hybridized waves is originated
from the change of the magneto-dipole interaction between the
ferrite films by the variation of the dielectric constant ε3 of the
thin ferroelectric film. The reduction in ε3 can be considered as
a reduction in effective spatial distance between the magnetic
films, leading to an increase in the coupling of spin waves
propagating in the magnetic films.
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Fig. 6. Wavenumber variation versus frequency calculated for different values
of magnetic field H .

III. INVESTIGATION OF ELECTRIC AND MAGNETIC

FIELD TUNING OF DOUBLY HYBRIDIZED

SPIN-ELECTROMAGNETIC WAVES

This section is devoted to the investigation of the dual
tuning of the dispersion characteristics of doubly hybridized
SEWs propagating in the thin-film multiferroic multilayers.
As is shown in the previous section, the largest electric field
tuning, which could be of interest for practical applications,
is observed for the negative wavenumbers of the lower SEW
dispersion branch. Therefore, we will consider further the
tuning of this branch for various physical parameters of the
layered structure.

The influence of ferrite and ferroelectric film thicknesses
of the investigated structures on the electric field tuning is
illustrated by the results shown in Fig. 5. As shown in the inset
of Fig. 5(a), an increase in the thicknesses of the thick ferrite
layer shifts the point of hybridization between two spin-wave
modes to the lower wavenumbers. It leads to downshift in the
frequency of the electric tuning maximum shown in Fig. 5(a).
The inverse effect is observed with an increase in the thickness
of the thin ferrite film [see Fig. 5(b)].

Fig. 5(c) demonstrates the influence of the ferroelectric film
thickness a3 on the electric tuning. In contrast to multiferroic
structures studied earlier, the ferrite-ferroelectric-ferrite struc-
ture demonstrates the following unique feature. A reduction in
the ferroelectric thickness may increase sufficiently the electric
field tuning. For example, a decrease in the thickness a3 from
2 to 1 μm increases the tuning from 28.1 to 66.8 rad/cm.
Double hybridization of SEWs plays a crucial role in this
effect. Indeed, as is clear from the inset in Fig. 5(c), a decrease
in the thickness of the ferroelectric film shifts the dispersion
branch of electromagnetic wave toward the point of the double
hybridization. It increases the tuning efficiency.

Let us consider now a magnetic field tuning of the perfor-
mance characteristics of the structure. The influence of the
magnetic field H on the SEW wavenumber variation is shown
in Fig. 6 for H = 1490 Oe by a solid curve, for H = 1500 Oe
by a dashed curve, and for H = 1510 Oe by a dashed-dotted
curve. As is seen, the change in the external magnetic field
by 10 Oe shifts the region of the large wavenumber variation

on 30 MHz. Magnetic field tuning in a range of 500–2500 Oe
offers an opportunity to realize highly effective electric tuning
for any desirable frequency in a range from 3 to 9 GHz.

IV. CONCLUSION

Electrical tuning of the doubly hybridized SEW in all-thin-
film multiferroic multilayers was analyzed. Formation of these
waves by means of double hybridization of two pure spin-
wave modes with the electromagnetic mode was demonstrated.
A significant advantage of the investigated structures is a
possibility to achieve the large electric field tuning of SEW
wavenumber up to tens of rad/cm.

Influence of ferrite and ferroelectric film thicknesses on
the electric field tuning was investigated. It was shown that
a reduction in the ferroelectric thickness improves the tun-
ing efficiency. This opens up new perspectives for practical
application of thin-film multiferroics at microwave frequen-
cies. Namely, because of a decrease in the ferroelectric film
thickness, microwave devices based on proposed structures
would demonstrate large electric tuning of the phase shift with
low control voltage and high speed of operation.

A weakness of the proposed thin-film multiferroics is the
narrow frequency band, where effective electric field tuning is
realized. For example, the wavenumber variation larger than π
rad/cm is realized in bandwidth of 15 MHz. However, the band
of large wavenumber variation can be easily shifted by chang-
ing the external magnetic field. Therefore, the all-thin-film
multiferroic multilayers are preferable to the development of
tunable microwave devices.
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A general electrodynamic theory is developed for dispersion characteristics of spin-electromagnetic

waves (SEWs) propagating in multiferroic multilayers. The derivation is based on the full set of

Maxwell’s equations taking into account retardation effects. The multilayers are considered to be

composed of an infinite number of ferrite and ferroelectric layers having arbitrary thicknesses, as

well as arbitrary magnetic and electric parameters. As an example, spectra of SEWs are calculated

and analyzed for a heterostructure containing two thin ferrite films separated by a thin ferroelectric

film. An electric field tunability of the SEW dispersion characteristics at gigahertz frequencies

is shown, providing an efficient control of SEW wave-numbers important for applications.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4990991]

I. INTRODUCTION

For many years, ferrite films have attracted increased

research interest due to their possible application in micro-

wave electronics. Distinguished features of the ferrite-film

devices are low insertion losses and magnetic field tunability.

Performance characteristics of such devices are determined

by the dispersion of spin waves (SWs). In 1961, Damon and

Eshbach developed a theory for the spin wave spectrum of a

tangentially magnetized magnetic film.1 Then, a theory of

spin wave modes, in a perpendicularly magnetized ferrite

film, was developed by Damon and Van de Vaart.2 In both

cases, dispersion equations for SWs were derived taking into

account only the dipole interaction. Later, a theory of SW

spectrum taking into account both dipole and exchange inter-

actions was developed (see Refs. 3 and 4 and literature

therein).

A strong interest for fabrication and investigation of ferro-

magnetic multilayers emerged in the 1980s of the last century

owing to the development of thin-film deposition techniques.

In 1980, Gr€unberg extended the theory of Damon and Eshbach

to ferromagnetic double layer systems.5,6 From that time,

many theoretical and experimental works investigating mag-

netic multilayers were carried out (see e.g., Refs. 7–12). It is

worth mentioning that theories for spin wave spectra were

developed mostly with a magnetostatic approximation neglect-

ing the electromagnetic retardation. Exceptions are papers of

Barnas13–16 and some other works.17,18 In these works, ferrite-

dielectric superlattices were studied for identical parameters of

the magnetic layers. Dielectric layers between them were

assumed to be air or dielectric films with a relatively small

dielectric permittivity of about 10.

Increased demands for frequency-agile materials for

microwave devices have led to the appearance of artificial

multiferroics.19 Multiferroics are usually fabricated by a

combination of ferrite and ferroelectric (or piezoelectric)

materials so as to obtain micro- and nanostructures in the

form of multilayers, pillars, spheres, wires, and others.20,21 A

distinctive feature of the multiferroics is dual (electric and

magnetic) tunability of their physical properties. The tunabil-

ity is provided basically by two effects. The first one is the

magnetoelectric effect based on mechanical interaction

between the ferrite and the piezoelectric crystal lattices.22

The second effect is the electrodynamic coupling of SWs and

electromagnetic waves (EMWs) in the ferrite-ferroelectric

(FF) layered structures.23–25 The coupled excitations are

known as hybrid spin-electromagnetic waves (SEWs).

The general dipole-exchange theory for the spectrum of

SEWs propagating in multiferroic layered structures consist-

ing of one ferrite layer and one ferroelectric layer was devel-

oped by Demidov et al.24 The theory predicted that only

relatively thick ferroelectric layers (on the order of hundreds

of micrometers) provide effective hybridization of spin

waves and electromagnetic waves at microwave frequencies

and, consequently, effective electric field tuning of the SEW

dispersion. These findings were also confirmed by experi-

ments.25–27 Later, Grigorieva et al. extended this theory to

an arbitrary number of ferrite and ferroelectric layers.28 The

theories were developed with a tensorial Green’s function

method taking into account electromagnetic retardation.

However, an application of the extended theory for the

investigation of SEW modes in complex multilayered struc-

tures consisting of two or more magnetic layers is not pub-

lished so far. This is obviously due to computational

difficulties with finding the zeroes of an infinite matrix deter-

minant which represents the dispersion equation within the

Green’s function method. In this context, it is appropriate to

remember works of Barnas,13–16 which used a transfer

matrix method calculate spectra of retarded waves.

In this work, we have developed a theory to calculate

the spectrum of spin-electromagnetic waves propagating in

planar multiferroic multilayers consisting of multiple ferrite
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and ferroelectric layers using the method of transfer matrix.

In contrast to the works of Gr€unberg,5,6 our theory takes into

account electromagnetic retardation and is developed for

multiferroic structures having an infinite number of layers.

In contrast to works of Barnas,13–16 the theory is developed

for the case of different parameters of ferrite and ferroelec-

tric layers. As a result, we have derived a dispersion equation

based on which we have calculated and studied the spectrum

of a particular all-thin-film ferrite-ferroelectric-ferrite struc-

ture. Our findings demonstrate an effective electric field con-

trol of SEW wavenumbers using thin ferroelectric films.

The paper is organized as follows. Section II describes

the developed theory. Section III presents results of numerical

simulations of SEW spectra for three-layer thin-film multifer-

roic heterostructures consisting of two similar or different fer-

rite layers and one ferroelectric layer between them and

discusses electric field tuning of the dispersion characteristics

as well. Section IV provides summary and conclusion.

II. THEORY

The ferrite-ferroelectric structure is shown in Fig. 1. It

consists of 2Nþ 1 layers among which are N ferrite layers

and Nþ 1 ferroelectric layers. We introduce an order number

for each layer as “m” and for ferrite layers as “i.” We assume

that the ferrite layers are surrounded by ferroelectric (dielec-

tric) layers. Therefore, m¼ 2i for the ferrite layers and

m¼ 2iþ 1 for the ferroelectric layers. The structure is sur-

rounded by free space with numbers m¼ 0 and m¼ 2Nþ 2.

These denotations will allow us to distinguish easily formu-

lae for ferrite and ferroelectric layers.

We assume that each ferrite layer has a thickness of a2i

and a saturation magnetization M2i. The thickness of the ferro-

electric layers is a2iþ1. The magnetic properties of the magnetic

layers are described by the magnetic permeability tensors l_ 2i.

The dielectric properties of both magnetic and ferroelectric

layers are described by the scalar dielectric permittivities e2i

and e2iþ1, respectively. Note that we consider ferroelectrics

such as ceramic barium-strontium titanate (BST) which at

room temperature demonstrate a paraelectric phase and an iso-

tropic dielectric permittivity on the order of thousands.27

We assume the layers to be infinite in the xz plane and

that the wave propagates along the x-axis. The structure is

magnetized to saturation by a uniform magnetic field H0

along the z-axis. For the particular case of the single ferrite

layer, this geometry corresponds to the well-known Damon-

Eshbach configuration providing propagation of surface SWs.

For the described geometry, the magnetic permeability

tensor has the following form:

l_ 2i ¼
ld2i jla2i 0

�jla2i ld2i 0

0 0 1

0
B@

1
CA; (1)

where ld2i ¼
xH xHþxM2ið Þ�x2

x2
H�x2 ; la2i ¼ xxM2i

x2
H�x2 ; xH ¼ jgjl0H0,

xM2i ¼ jgjl0M2i; jgj ¼ 2:8� 1010 s�1�T�1 is the gyromag-

netic ratio of the electron, l0 ¼ 4p� 10�7 H�m�1 is the vac-

uum permeability, and H0 is the internal magnetic field.

It is well known that Maxwell’s equations can be

divided into two systems of differential equations describing

two fundamental sets of TE and TM modes.29 For the con-

sidered geometry shown in Fig. 1, TE and TM modes have

the following field structures: E 0; 0;Ezð Þ; H Hx;Hy; 0ð Þ for

TE modes and E Ex;Ey; 0ð Þ, H 0; 0;Hzð Þ for TM modes. As it

is shown in Ref. 25 for the ferrite-ferroelectric bilayer, the

surface SW mode of the ferrite layer has the strongest cou-

pling with the TE modes of the ferroelectric layer due to the

effective overlapping of their dynamic components of the

magnetic fields. Therefore, we will consider only TE modes

of the EMW spectrum.

The Helmholtz equations are derived from the

Maxwell’s equations for the electric field component Ez of

the TE modes for each layer. They have the following form:

@2Ez

@y2
þ @

2Ez

@x2
þ x2l0lme0emEz ¼ 0; (2)

where l2i ¼ l?2i for the ferrite layers (m¼ 2i) and l2iþ1 ¼ 1

for the ferroelectric (dielectric) layers (m¼ 2iþ 1), em is the

dielectric permittivity for each layer, and e0 ¼ 8.85 � 10�12

F�m�1 is the vacuum permittivity. Note that l?2i ¼ l2
d2i

�
�l2

a2iÞ=ld2i.

Solutions of the Eq. (2) are

Ez ¼ A2Nþ2e�j0ye�jkx; (3)

for the free space above the structure and

Ez ¼ A0ej0ye�jkx; (3*)

for the free space below the structure, where j0 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � x2l0e0

p
is the transverse wavenumber for the free

space, and k is the wavenumber of the carrier spin-

electromagnetic wave. Inside the ferrite and ferroelectric

layers, the solutions are

Ez ¼ Am sin jm y� Dmð Þ þ Bm cos jm y� Dmð Þð Þe�jkx; (4)

where j2iþ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2l0e0e2iþ1 � k2

p
is the transverse wave-

number for the ferroelectric layers (m¼ 2iþ 1), j2i ¼FIG. 1. Multiferroic multilayers.
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2l0e0e2il?2i � k2

p
is the transverse wavenumber for the

ferrite layers (m¼ 2i), and Dm ¼
Pm

s¼1 as is the total thick-

nesses of the layers. The transverse wavenumbers j2i are

imaginary in the frequency ranges corresponding to the sur-

face SWs spectra from x?2i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xH xH þ xM2ið Þ

p
to xH þ

xM2i=2 that embodies the surface character for the SWs in

the Damon-Eshbach configuration.

The connection between the magnetic field component Hx

and the electric field component Ez was found from Maxwell’s

equations for each layer. Finally, unknown coefficients (Am,

Bm) for all layers are connected through the electrodynamic

boundary conditions. Such connection between the coefficients

in adjacent layers could be expressed as follows:

Pi

Ai

Bi

" #
¼ Qi

Aiþ1

Biþ1

" #
; (5)

where Pi and Qi are matrices that connect unknown coeffi-

cients Ai, Bi and Aiþ1, Biþ1 in the adjacent layers with num-

bers i and iþ 1. These matrices will hereafter be referred to

as transfer matrices.

Finally, the substitution of the field components to the

electrodynamic boundary conditions for the interfaces

between the layers allows us to express the coefficient A0 by

the coefficient A2Nþ2. The derived system of equations has

the following form:

A0 ¼ T11 þ T12ð ÞA2Nþ2;

A0 ¼ T21 þ T22ð ÞA2Nþ2;

(
(6)

where T11, T12, T21, and T22 are the elements of the square

matrix T ¼
Q2Nþ1

m¼0 Pmð Þ�1 �Qm where

P0 ¼
�1 0

0 �j0

 !
; Q0 ¼

tan j1a1ð Þ 1

�j1 �j1 tan j1a1ð Þ

 !
; P2i ¼

0 �1
jf 2i

l?2i

kla2i

ld2il?2i

0
@

1
A;

Q2i ¼
tan j2iþ1a2iþ1ð Þ 1

�j2iþ1 �j2iþ1 tan j2iþ1a2iþ1ð Þ

 !
; P2iþ1 ¼

0 �1

j2iþ1 0

 !
;

Q2iþ1 ¼
tan jf 2iþ2a2iþ2ð Þ 1

kla2iþ2 tan jf 2iþ2a2iþ2ð Þ
ld2iþ2l?2iþ2

� jf 2iþ2

l?2iþ2

�kla2iþ2

ld2iþ2l?2iþ2

�
jf 2iþ2 tan jf 2iþ2a2iþ2ð Þ

l?2iþ2

0
BB@

1
CCA;

P2Nþ1 ¼
0 �1

j2Nþ1 0

 !
; Q2Nþ1 ¼ �1ð ÞP0:

Denote the determinant of the system (6) as f x; kð Þ
¼ T11þT12 � T21 � T22. The vanishing of the determinant

results in the dispersion relation

f x; kð Þ ¼ 0: (7)

The dispersion relation (7) describes the spectrum of the

spin-electromagnetic waves in the ferrite-ferroelectric struc-

tures with an arbitrary sequence of the ferrite and ferroelec-

tric layers. Note that this dispersion relation could be easily

modified for the case of the presence of metal screens below

and above the structure by change of matrices P0 and Q2Nþ1.

III. DISPERSION CHARACTERISTICS OF SPIN-
ELECROMAGNETIC WAVES IN MULTIFERROIC
MULTILAYERS

A. Spin-electromagnetic waves in coupled ferrite films

Let us apply the developed theory for numerical simula-

tions of the dispersion characteristics of spin-electromagnetic

waves propagating in the structure shown in Fig. 2. The struc-

ture consists of two ferrite layers contacted with dielectric

layers. These ferrite layers are separated by free space. This

topology corresponds to two thin magnetic films grown on

relatively thick dielectric substrates. Yttrium iron garnet

(YIG) films grown on gadolinium gallium garnet (GGG) sub-

strates by liquid phase epitaxy are brilliant examples which

already found practical applications.

Dispersion characteristics calculated for the identical

ferrite layers are shown in Fig. 3(a). We used the following

FIG. 2. All-thin-film multiferroic structure consisting of two ferrite layers

separated by a free space or a ferroelectric layer.
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parameters: a2¼ a4¼ 20lm, M2¼M4¼ 139 260 A/m

(1750 G), and e2¼ e4¼ 14 for the ferrite layers; a1¼ a5

¼ 500 lm and e1¼ e5¼ 14 for dielectric layers. These values

are typical for YIG-GGG structures. The distance between

the ferrites a3 was varied from 1 lm to infinity. The results

show that the waves manifest a hybrid spin-electromagnetic

nature for small wavenumbers up to 3 rad/cm as is shown in

Figs. 3(b) and 4(b). This is due to the small values of the

wavenumber k for the fundamental electromagnetic mode of

the considered structure in the microwave range. The short

dashed almost vertical line in the figures represents the

dependence x ¼ ck, where c is the speed of light in vacuum.

The electromagnetic retardation can be neglected for larger

wavenumbers. Therefore, the calculated dispersion branches

demonstrate the well known behavior in the magnetostatic

approximation. Indeed, the results for k> 3 rad/cm are similar

to those reported in Refs. 5–8. On the one hand, this confirms

the correctness of our theory. On the other hand, these results

will be useful for the treatment of the spin-electromagnetic

wave spectrum which will be investigated for a multiferroic

heterostructure in the next part of this section.

It is seen from Fig. 3 that the SWs propagate indepen-

dently in the ferrite layers for a3 !1. For the investigated

geometry, the surface SWs propagate along the bottom surfa-

ces of the ferrite layers. A decrease of the a3 leads to reconfig-

uration of wave fields and splits the dispersion characteristic

into two spin-wave dispersion branches (see Fig. 3). The

lower branch corresponds to spin wave which propagates

along the interface between the upper ferrite layer and free

space. The upper branch corresponds to spin wave which

propagates along the interface between the lower ferrite film

and bottom dielectric layer. A further decrease in a3 provides

a stronger interaction between these coupled modes in a wide

frequency range. The wave propagating at the interface

between the upper ferrite layer and free space slows down

due to this interaction. For the case of a3 ¼ 1 lm [dotted lines

in Fig. 3(a)], the upper dispersion branch almost coincides

with the SW spectrum for the ferrite film of double thickness.

For intermediate values of a3, the interaction between the

waves propagating in the different layers depends on the

wavenumber. Namely, the waves demonstrate strong coupling

for relatively small wavenumbers. An increase in the wave-

numbers leads to a decrease in the interaction. This is

explained by the dependence of the damping decrements of

the alternating fields outside the ferrite films on the wavenum-

ber.30 Therefore, waves having relatively large wavenumbers

propagate independently and their dispersion branches tend to

follow the dispersion of the separate ferrite film.

Dispersion characteristics shown in Fig. 4 were calculated

for spin-electromagnetic waves propagating in a structure con-

taining two ferrite films with different parameters: a2 ¼ 20 lm,

M2¼ 139 260 A/m (1750 G), a4¼ 6 lm, and M4¼ 142 443 A/

m (1790 G). All the remaining parameters were the same as for

the previous structure. The main distinguishing feature here is

that the dispersion branches for thin and thick ferrite layers

cross each other in the magnetostatic region for a3 !1. The

intersection of the dispersion branches arises from the different

FIG. 3. Dispersion characteristics of the SEWs calculated for a heterostruc-

ture consisting of two similar ferrite layers separated by free space (a) and

the same characteristics in expanded scale showing the influence of the elec-

tromagnetic retardation (b).

FIG. 4. Dispersion characteristics of the SEWs calculated for the hetero-

structure consisting of two different ferrite layers separated by free space (a)

and these characteristics in expanded scale (b).
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saturation magnetizations M2 and M4 and from the different

group velocities of the spin waves in magnetic films of differ-

ent thickness.30 The different saturation magnetizations

define also different frequencies when the wave-vector

approaches zero. In the considered case, the spin waves in

the upper thin film have a smaller group velocity than those

in the lower thick film. The region of relatively small wave-

numbers of k< 30 rad/cm will be under examination for mul-

tiferroic heterostructures in the next part of this Section. In

this region, the condition M2<M4 leads to the situation that

the upper dispersion branch corresponds to the spin waves in

the upper thin film and the lower branch describes the spin

waves in the lower thick film. We will use hereinafter these

denominations for the pure spin-wave dispersion branches.

A reduction in a3 leads to a coupling between the spin

wave modes due to the magnetodipole interaction. This

interaction manifests itself in the repulsion of the dispersion

branches around the point of the intersection of the

uncoupled spin wave modes. The repulsion becomes more

pronounced for smaller distances between the ferrite layers

because of an increase in the spin wave coupling. In contrast

to the symmetric structure for the considered one, the region

of the strong spin-wave coupling is around k¼ 30 rad/cm.

For k< 30 rad/cm, the upper dispersion branch describes the

coupled spin waves localized mainly in the upper ferrite

layer whereas the lower one corresponds to the spin waves

propagating mostly in the lower ferrite layer. This behavior

is reversed for k> 30 rad/cm, where the upper dispersion

branch describes the coupled spin waves localized mainly in

the lower ferrite layer whereas the lower one corresponds to

the spin waves propagating mostly in the upper ferrite layer.

Figure 4(b) demonstrates clearly that the coupling does not

affect the spectrum for k< 10 rad/cm.

B. Spin-electromagnetic waves in all-thin-film
ferrite-ferroelectric-ferrite heterostructures

We consider here a structure modified in comparison

with Subsection III A. Instead of a free space between the

ferrite layers, we will use a thin ferroelectric film. As a

result, we obtain an all-thin-film multiferroic heterostructure

consisting of two ferrite layers separated by a ferroelectric

layer as is shown in Fig. 2. The theoretical model described

in Sec. II was used to calculate the spectra of SEWs in such

a kind of structure.

As it was discussed above, the ferroelectric layer is

assumed to be a thin BST film. Therefore, it was modeled as a

dielectric with a large isotropic dielectric permittivity. During

our simulations, the following three parameters, namely, the

saturation magnetization M4 of the top ferrite layer, the ferro-

electric layer thickness a3, and its dielectric permittivity e3

were varied. All the remaining parameters were fixed. These

are a2¼ 20 lm, M2¼ 139 260 A/m (1750 G), a4¼ 6 lm,

a1¼ a5 ¼ 500 lm, and e1¼ e5¼ 14. The spectra were calcu-

lated for two opposite directions of the wave propagation.

Positive values of the wavenumber correspond to the SEW

propagation along the x-axis.

Solid curves in Fig. 5 show the spectra of the SEWs cal-

culated for e3¼ 1500 and different values of a3 and M4. It is

clearly visible that the SEW spectrum consists of three dis-

persion branches. We will refer to them as lower, middle,

and upper branches. Such a spectrum is formed as a result of

the electrodynamic interaction of the electromagnetic mode

TE1 with two spin-wave modes. Due to the narrow ferroelec-

tric layer, a magnetodipole interaction between the ferrite

layers considered in the previous part may also play a role in

the formation of the SEW spectrum for the particular set of

the heterostructure parameters. Consider possible situations

in details.

Figure 5(a) presents the case of a relatively large differ-

ence in M for a3¼ 25 lm providing the situation of negligi-

bly small spin-wave coupling for k< 30 rad/cm. It is easy to

FIG. 5. The spectra of the hybrid SEWs (solid curves) in the ferrite-ferro-

electric-ferrite thin-film structures calculated for different thicknesses of the

ferroelectric layer a3 and for varying saturation magnetization M4 of the top

ferrite layer. Dashed-dotted lines show the electromagnetic mode TE1 of the

structure. Dashed curves show the hybrid SEWs for coupled ferrite films

(i.e., for e3 ¼ 1). The short dashed line represents the dependence x ¼ ck,

where c is the speed of light in vacuum.
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see the hybridizations between one electrodynamic mode

and two spin-wave modes which manifests itself as repul-

sions between the SEW dispersion branches. The hybridiza-

tions become more pronounced in the vicinity of the points

where the dispersion branches of the electromagnetic mode

TE1 and the upper and lower spin-wave modes cross each

other. Strictly speaking, the hybrid SEWs that are controlla-

ble with both electric and magnetic fields exist around these

points. Far from these points, the SEW dispersion branches

tend to the branches of pure spin-wave or electromagnetic

modes. Similar to the coupled ferrite-film structure consid-

ered earlier, the upper and lower spin-wave modes describe

the spin-wave propagation in the upper and the lower ferrite

layers, respectively.

For positive wavenumbers, a relatively weak repulsion

takes place between the lower and middle SEW branches

around the lower point of the intersection of the modes that

are hybridized. At the same time, relatively strong repulsion

between the middle and upper SEW branches occurs around

the upper point. This is explained as follows. Dynamic mag-

netic fields of the spin waves propagating along the x-axis in

the lower and in the upper ferrite layers have weak exponen-

tial transverse distributions with maxima lying at the bottom

surfaces of the both layers. At the same time, the electromag-

netic wave fields change strongly in the cross section of the

structure. The maximum of these fields is localized close to

the middle of the structure and it is much smaller outside of

the structure. Therefore, an interaction between the spin and

electromagnetic waves is much stronger for the inner ferrite-

ferroelectric interface than for the outer interface between

the ferrite and dielectric substrate.

A completely different situation is observed for waves

propagating in the opposite x-axis direction, i.e., for negative

wavenumbers. The maxima of the spin-wave magnetic fields

are now located at the top surfaces of the both ferrite layers.

Therefore, a strong interaction between the spin and electro-

magnetic waves takes place only on the interface between

the lower ferrite layer and the ferroelectric layer. As a result,

the strong repulsion happens between the lower and middle

SEW branches.

A reduction in the ferroelectric layer thickness a3 does

not change principally the described behavior of the SEW

spectrum [see Fig. 5(b)]. Note only that this leads to an

increase in group velocity of the fundamental electromagnetic

mode TE1 of the layered structure and, therefore, the regions

of hybridization are shifted closer to the ordinate axis.

Consider now the case of a relatively small difference

in M. As it is shown in Fig. 5(c), the SEW middle branch

is clamped between the upper and lower SW branches.

Therefore, its group velocity changes significantly with a

reduction in the ferroelectric thickness a3. This can be clearly

seen by comparing the SEW dispersion characteristics shown

in Figs. 5(c) and 5(d). A direct influence of the spin-wave

coupling on the spin-electromagnetic hybridization takes

place only for the lower SEW branch with negative wave-

numbers shown in Fig. 5(c). This effect is absent for the other

hybridizations because of their relative weakness. As it was

shown in the previous part of this Section, the coupling affects

the spectrum for k> 10 rad/cm.

Let us now turn to the investigation of the electric field

tuning of the dispersion characteristics of the SEWs. As it is

well known, the application of an electric field to ferroelec-

trics results in a decrease of its relative dielectric permittiv-

ity. Therefore, we plot the dispersion characteristics for two

values of the ferroelectric layer permittivity e3 taken to be

700 and 1500 to demonstrate the electric field tuning of the

SEW dispersion. They are shown in Fig. 6 for different val-

ues of a3. A decrease in e3 shifts the regions of wave hybridi-

zation towards the ordinate axis and decreases the

wavenumbers of the SEWs for fixed frequencies. This phe-

nomenon is promising for applications of the all-thin-film

multiferroic structure as a phase shifter.

A detailed study of the influence of the ferroelectric layer

permittivity on the SEW spectrum also shows also changes in

the spectrum far from spin- and electromagnetic wave hybrid-

ization regions. Namely, outside these regions, the reduction

in e3 leads to a shift of the dispersion branches just like a

reduction in the thickness a3 of the ferroelectric layer and

increase the coupling between spin-wave modes of the ferrite

layers discussed in the previous part of this section.

The wavenumber variations versus frequency for SEWs

in both propagation directions were calculated for different

ferroelectric layer thickness a3 in the case if the ferroelectric

layer permittivity e3 was reduced from 1500 to 700. The

results are shown in Fig. 7 by solid, dashed, and dashed-

dotted lines for the lower, middle, and upper SEW dispersion

branches, respectively. The parameters were taken to be

the same as for Figs. 5(c) and 5(d). Figures 7(a)–(c) and

FIG. 6. The spectra of the hybrid SEWs in the ferrite-ferroelectric-ferrite

thin-film structures calculated for ferroelectric thicknesses a3 ¼ 25 lm (a)

and a3 ¼ 5 lm (b) and for different dielectric permittivities as indicated.

Short dashed lines represent the dependence x ¼ ck.
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7(d)–7(f) correspond to SEW dispersion branches for the for-

ward and the opposite propagation to the x-axis directions,

respectively. As it was mentioned above, the hybridization

of the spin- and the electromagnetic waves depends on the

propagation direction. Features of the wavenumber tuning in

the range of 6.175 GHz–6.25 GHz for the forward propaga-

tion shown in Fig. 5(c) are determined by the strong hybridi-

zation of EMW and SW in the upper ferrite layer. At the

same time, for the opposite propagation direction shown in

Fig. 5(d), strong hybridization occurs between EMW and

SW in the lower ferrite layer. It provides an increase in the

tuning of the SEW mode in the range of 6.15 GHz–6.25 GHz

in comparison with tuning of the electromagnetic mode.

Figure 8 shows the SEW phase shifts calculated for a

1 cm long structure based on different thicknesses of the fer-

roelectric film. It is seen that the phase shift for a 1 lm-thick

ferroelectric film at a frequency of 6.21 GHz is even larger

than for the 25 lm-thick film. A phase shift of more than 2p
can be accumulated in a frequency range of 5 MHz. In spite

of this relatively narrow frequency range, this phenomenon

can be tuned over a broad frequency range by variation of

the bias magnetic field. This feature demonstrates the yield

of the all-thin-film heterostructures.

IV. CONCLUSION

In this work, we derived the dispersion relation for spin-

electromagnetic waves (SEW) propagating in multiferroic

heterostructures composed of a large number of ferrite and

ferroelectric layers. The developed theory gives the possibil-

ity to investigate a wide range of problems connected with

hybrid SEWs in different ferrite-ferroelectric multilayered

structures. A comprehensive analysis of SEW spectra was

carried out in the case of a ferrite-ferroelectric-ferrite thin-

film structure. Nonreciprocity of the SEW spectrum for the

waves propagating in opposite directions was found.

The tuning of SEW dispersion characteristics is pro-

vided by two different mechanisms. The first is based on the

hybridization of an electro-magnetic wave (EMW) and a

spin wave (SW). A change in the permittivity tilts the EMW

dispersion characteristic and leads, thus, to the shift of the

hybridization point. A wavenumber variation determined by

this mechanism increases with the increase of the thickness

of the ferroelectric layer. The mechanism is known and was

investigated in detail in Refs. 24 and 31. The second mecha-

nism manifests itself only for the structures based on two fer-

rite layers at least. It is because two adjacently placed ferrite

layers, although separated by a thin ferroelectric divider,

interact through the electromagnetic field. An efficiency of

this mechanism increases with the thinning of the ferroelec-

tric film placed between the ferrite films. As an example, we

show here that the effective tuning of SEW wavenumbers by

an external electric field is possible, even in the case of a 1-

lm-thick ferroelectric film.

As it is well known, efforts for ferroelectric film thick-

ness reduction arise from demands to reduce the control

FIG. 7. Wavenumber variation of the lower, middle, and upper SEW dispersion branches versus frequency calculated for different ferroelectric layer thickness

a3 for the forward (a)–(c) and opposite to x-axis (d)–(f) propagation directions.

FIG. 8. Phase shift versus frequency for the lower SEW mode propagating

in the propagation direction opposite to the x-axis. Characteristics were cal-

culated for different ferroelectric layer thicknesses a3 as indicated.
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voltage producing ferroelectric polarization. The obtained

results show that the use of all-thin-film multiferroic hetero-

structures allows not only to reduce the control voltage, but

also to increase the phase shift of SEWs propagating in the

structure. Therefore, the studied structure looks promising

for practical applications, in particular, for the development

of thin-film microwave phase shifters.
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A theory of spin-electromagnetic wave spectrum has been developed for the thin-film ferrite-ferroelectric structure based on
a coplanar transmission line (TL). The dispersion relation was derived through analytical solution of the full set of Maxwell’s
equations utilizing a method of approximate boundary conditions. The theory was used for numerical simulation of the transmission
characteristics of the periodic multiferroic heterostructures containing the coplanar TL with a periodic variation of its width.
We named these heterostructures “electromagnonic crystals.” The transmission characteristics of the electromagnonic crystals were
calculated by the transfer-matrix method. The obtained results show that a high microwave signal rejection of more than 30 dB
appears in the electromagnonic crystals due to the Bragg reflections. The distinctive features of the proposed electromagnonic
crystals are the thin-film planar topology and dual tunability of the electromagnonic band-gap positions.

Index Terms— Coplanar waveguide, ferrites, ferroelectrics, microwaves, spin-electromagnetic waves (SEWs).

I. INTRODUCTION

INTENSE development of the telecommunication systems
requires tunable, reliable, and inexpensive components

based on the frequency-agile materials. The artificial mul-
tiferroic structures, i.e., the heterostructures combining fer-
romagnetic and ferroelectric phases, are promising for such
practical applications. They demonstrate dual (electric and
magnetic) tunability of their physical properties [1], [2]. One
of the possible mechanisms of the interaction between the
ferromagnetic and ferroelectric phases is realized through elec-
trodynamic coupling of spin waves (SWs) and electromagnetic
waves (EMWs). These coupled excitations are known as
hybrid spin-electromagnetic waves (SEWs) [3].

A strong research interest to the development and investi-
gation of the microwave devices based on the multiferroics is
determined by dual tunability of their performance character-
istics combined with small insertion losses and low power
consumption. Among such devices are the delay lines [4],
tunable microwave resonators [5], [6], phase shifters [7], and
multiband filters [8]. Besides, a new class of the microwave
devices, which combine multiferroic features and periodic spa-
tial structure, is attractive for the applications at microwaves.
In order to distinguish the periodical multiferroic structures
from known magnonic [9]–[13] and photonic [14] crystals,
we will name them as the artificial electromagnonic crystals.
This name justifies itself because quanta of SEWs can be
considered as electro-active magnons or electromagnons.
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The multiferroic periodical structures demonstrate electri-
cally and magnetically tunable band gaps in the SEW spec-
trum. Propagation of the electromagnons within the band gaps
is forbidden. The first prototype of the electromagnonic crystal
consisted of a thin-film magnonic crystal and a ferroelectric
slab was proposed in [15]. After that, a number of theoretical
and experimental works were carried out [16]–[20]. It is worth
noting that the investigated structures were fabricated with a
relativity thick (more than 100 μm) ferroelectric layer, in order
to provide effective hybridization of the SW and the EMW at
microwave frequencies. As a result, a relatively high control
voltage up to 1000 V was applied to multiferroic structures to
achieve an effective electric tuning of the SEW spectra.

All thin-film multiferroic heterostructures were suggested
for energy saving and down scaling of the multiferroic
microwave devices [21]–[27]. One of such structures con-
sisted of thin magnetic and ferroelectric films in com-
bination with narrow slot lines or coplanar transmission
lines (TLs) [21]–[23], [25]. Up to now, a research activity in
this field was mostly aimed to multiferroic structures based on
the slot TLs, while the ferrite-ferroelectric structures contain-
ing coplanar TLs were investigated only experimentally [22].
Therefore, the purpose of this paper is twofold:

1) to develop a theory of the SEW spectrum for multiferroic
heterostructures utilized a coplanar TL;

2) to investigate the transmission characteristics of the
electromagnonic crystals having a periodic variation of
the coplanar TL geometry.

The paper is organized as follows. Section II describes the
theory of SEW spectra in the thin-film multiferroic structures
based on a coplanar TL. Section III presents the results
of numerical simulation and analysis of the transmission

0018-9464 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Cross section of a coplanar TL with thin-film multiferroic
heterostructure.

characteristics for the proposed electromagnonic crystal. Sum-
mary and conclusions are given in Section IV.

II. THEORY OF SPIN-ELECTROMAGNETIC WAVES IN

PLANAR THIN-FILM MULTIFERROIC HETERO-
STRUCTURES BASED ON A COPLANAR

TRANSMISSION LINE

Fig. 1 shows schematically a cross section of a model
multiferroic heterostructure based on a coplanar TL, which
was used for the theory development. The TL consists of a
central metal strip of width h and two slots of width w. The
coplanar TL is placed between ferroelectric and ferrite layers.
The thicknesses and dielectric permittivities of the dielectric
nonmagnetic layers are denoted as L j and ε j , respectively.
Here, j is a layer number according to Fig. 1. Ferrite film
has thickness δ and dielectric permittivity ε f . We assume that
SEWs propagate along the coplanar TL in the multiferroic
structure tangentially magnetized along z-axis.

To treat the multiferroic structure with the coplanar TL as
a rectangular waveguide boundary-value problem, we intro-
duce perfect metal walls surrounding the layered structure.
It enables us to represent EMWs as a superposition of infinite
orthogonal sets of relatively simple rectangular waveguide
modes [28].

The EMW in the rectangular waveguide loaded with the
multiferroic heterostructure and the coplanar TL is a super-
position of the longitudinal-section magnetic (LSM) and the
longitudinal-section electric (LSE) modes. Therefore, the elec-
tric and magnetic field components in the dielectric nonmag-
netic layers of the structure can be found as a sum of the LSM
and LSE modes E j = ELSM

j + ELSE
j , H j = HLSM

j + HLSE
j .

The ELSE
j and HLSM

j fields are expressed through Hertzian

potentials as ELSE
j = −∇ × �h

j , HLSM
j = ∇ × �e

j , where �e

and �h are electric and magnetic Hertzian potential functions,
respectively.

In developing a theory of the SEW spectra in the thin-film
multiferroic structures based on a coplanar TL, two important
points should be noted. First, an approximate dispersion rela-
tion can be found through analytical solution of the full set
of Maxwell’s equations utilizing the method of approximate
boundary conditions [25]. Applicability of this method is
determined by a relatively weak exponential dependence of
the electric and magnetic field distributions on the transverse

coordinate for the long-wave dipolar surface SW in the thin
ferrite film with unpinned surface spins [29]. A high accuracy
of this method was shown in [25] for a planar all thin-film
multiferroic structure with a slot TL. Second, due to the sym-
metry of the fundamental coplanar TL mode the rectangular
waveguide problem is reduced to the equivalent approach
for a slot TL with “magnetic wall” boundary conditions:
(∂/∂z)�e

j = �h
j = 0 for z = 0 and z = ±d/2. Note that

in the calculations the distance between the sidewalls d was
chosen high enough to minimize the wall influence on the
electrodynamic process. Taking into account the above listed
assumptions, we derived the approximate dispersion relation
for the SEW in thin-film multifferoic coplanar TL following
the same algorithm like in our previous work [25] for a slot
TL. As a result, we obtained the dispersion relation from the
vanishing of the following matrix determinant composed by
the G elements:

Gm,s =
N∑

n=0

[
X11 · Y 11n,m,s X12 · Y 12n,m,s

X21 · Y 21n,m,s X22 · Y 22n,m,s

]
(1)

where X11, X12, X21, and X22 are the same elements of matrix
X as for the structure with slot TL (see [25])

Y 11n,m,s = (−1)1+m+s J2s(qn)
(2m + 2)J2m+2(qn)

qn
S

Y 12n,m,s = (−1)m+sϕn J2m(qn)J2s(qn)S

Y 21n,m,s = (−1)1+m+s (2m+2)J2m+2(qn)

qn

(2s+2)J2s+2(qn)

qn
S

Y 22n,m,s = (−1)m+sϕn J2m(qn)
(2s + 2)J2s+2(qn)

qn
S.

The following notations are used in (1):

ϕn =
{

1/2 at n = 0
1 at n �= 0,

J2m(qn)

and J2m+2(qn) are Bessel functions of the first kind; S =
sin2(an(h + w)/2); m, s = 0, 1 . . . M; n = 0, 1 . . . N ; values
of M and N are determined by the width of the slot gap w;
qn = nπw/2d; an = πn/d .

III. INVESTIGATION OF THE ELECTROMAGNONIC

CRYSTAL BASED ON THE COPLANAR

TRANSMISSION LINE

This section is devoted to the numerical simulations of the
transmission characteristics of the electromagnonic crystals
based on a coplanar TL. The calculations were carried out
in two stages. At the first stage, the dispersion relations for
the SEWs propagating in the regular multiferroic coplanar TL
were found according to the theoretical model discussed in
Section II. At the second stage, the transmission characteristics
of the periodic multiferroic structure were obtained according
to the transfer-matrix method [30]. This method allows one
to calculate the transmission characteristics of a finite-length
periodic waveguide taking into account its dispersion proper-
ties.

Following the first stage, let us consider the regular mul-
tifferoic coplanar TL. The set of the layers corresponds to
the structure described in t Section II with an assumption of
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Fig. 2. Influence of the (a) slot width w and the (b) strip width h on the
SEW dispersion characteristics.

zero thickness (L3 = 0) of the dielectric layer with number
j = 3. All the calculations are performed for the parameters
of the experimental structures typically used in multiferroic
microwave devices (see [1]). We assume that the structure
consists of an epitaxial yttrium-iron garnet (YIG) film on
a gadolinium gallium garnet (GGG) substrate, the coplanar
TL electrodes, and polycrystalline barium-strontium titanate
Ba0.5Sr0.5TiO3 (BST) film on a sapphire substrate. In accor-
dance with Fig. 1, the dielectric layer number j = 1
corresponds to the sapphire substrate with thickness and
permittivity L1 and ε1, respectively. The layer number j = 2
corresponds to the BST film with parameters L2 and ε2. The
parameters of the ferrite YIG film are thickness δ, dielectric
permittivity ε f , external magnetic field H , and saturation mag-
netization M0. The dielectric layer number j = 4 corresponds
to the GGG substrate with parameters L4 and ε4.

During simulations, the six parameters, namely, the YIG
film thickness δ, the BST film thickness L2, the BST permittiv-
ity ε2, the external magnetic field H , the widths of the central
electrode h, and the gap w are varied. All the rest parameters
are fixed. These are: ε f = 14, M0 = 1750 G (139.2 kA · m−1),
L0 = 0.1 m, L1 = L4 = 500 μm, ε1 = 10, ε4 = 14, and,
finally, the distance between metal walls d = 0.04 m. Note that
values of the parameters L0 and d were chosen to implement
the conditions of the multiferroic coplanar TL structure placed
in free space. Further increase of the L0 and d had no affects
on the calculation results but led to increase of N .

Fig. 2 illustrates the dispersion characteristics of the SEW
in the regular coplanar TL for various geometries of the
electrodes. The spectra were calculated for the following set
of the parameters: L2 = 2 μm, ε2 = 1500, δ = 10 μm, and
H = 1350 Oe (107.4 kA · m−1). Black solid lines calculated
for h = 50 μm and w = 50 μm in both Fig. 2(a) and (b)
represent the reference dependence. Fig. 2(a) shows an effect
of width of the gaps w for fixed h = 50 μm. Fig. 2(b)
shows an effect of the central electrode width h for fixed
w = 50 μm. A decrease in the w and h shifts
the dispersion characteristics toward higher wavenumbers
[see Fig. 2(a) and (b), respectively].

On the the second stage, we considered electromagnonic
crystal produced with periodic variation of the slot width w,
as shown in Fig. 3. The two values of the slot width were
chosen for the calculations: w1 = 25 μm and w2 = 75 μm.
The dispersion characteristics of the SEW in the regular

Fig. 3. Electromagnonic crystal based on a coplanar TL with periodic
modulation of the slot width.

Fig. 4. Transmission characteristic of the electromagnonic crystal containing
a coplanar TL.

coplanar TL with w1 and w2 are shown in Fig. 2(a) by the
red dashed and blue dotted lines, respectively.

In accordance with the transfer-matrix method, a transmis-
sion characteristic of the electromagnonic crystal was calcu-
lated and shown in Fig. 4. In the calculations, we assumed that
the lengths of the segments with narrow w1 and wide w2 slots
were equal �/2; the period of the electromagnonic crystal was
� = 1 mm; the number of periods was T = 10. The band gaps
in the transmission characteristics were formed according to
Bragg’s diffraction law k� = nπ/�, where n is a number of
a band gap. The first band gap (denoted by I in Fig. 4) of the
investigated electromagnonic crystal occurred near 5.86 GHz
that corresponded to the wavenumber kπ ≈ 31.4 rad/cm on
the SEW dispersion characteristic.

As can be seen from Fig. 4, the width of the first band gap
measured at a level of 3 dB from the maximum loss of 33 dB
is 24.6 MHz. The widths of the high-order band gaps and
the distance between them are decreased due to the reduction
of group velocity of the SEW for the higher frequencies
[see Fig. 2(a)].

The dispersion characteristics of the SEWs and, con-
sequently, the transmission characteristics of the electro-
magnonic crystal depend on a variety of the parameters, such
as the thicknesses of the ferrite or ferroelectric films, and
values of the applied magnetic or electric fields. These depen-
dences provide an opportunity to produce the electromagnonic
crystal with the desirable rejection efficiency and the required
band-gap bandwidth. To demonstrate this, the numerical simu-
lations were carried out for the various thicknesses of the YIG
and BST films. (see Figs. 5 and 6, respectively.)

An increase in the ferrite film thickness δ influences on the
slope of the spin-wave dispersion branches leading to a shift
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Fig. 5. (a) Spectra of the hybrid SEWs in the regular coplanar TL with slot
width w = 75 μm calculated for various YIG thicknesses δ. (b) Influence
of the YIG thickness on the bandwidth (black solid line) and frequency
(red dashed line) of the first band gap.

Fig. 6. (a) Spectra of the hybrid SEW in the regular coplanar TL with slot
width w = 75 μm calculated for various BST thicknesses L2. (b) Influence
of the BST thickness on the bandwidth (black solid line) and frequency
(red dashed line) of the first band gap.

of the dispersion characteristics and to a drastic change in
the SEW group velocity [see Fig. 5(a)]. Thus, for the Bragg
wavenumber (k� = �/� ≈ 31.4 rad/cm) corresponding to
the first band gap, the shift of the dispersion characteristics
leads to shift of the band gap toward higher frequencies
[see red dashed line in Fig. 5(b)]. From the other hand,
an increase in the group velocity broadens the band-gap
bandwidth [see black solid line in Fig. 5(b)]. A similar effect
is achieved when the BST film thickness L2 is increased
[see Fig. 6(a)]. As one can see, an increase in L2 provides
counter-directed effects. While the first band gap is shifted
to the lower frequencies [see red dashed line in Fig. 6(b)], its
bandwidth increases due to decreasing the SEW group velocity
[see black solid line in Fig. 6(b)].

Let us consider now the electric and magnetic tunability of
the transmission characteristics. An application of a control
voltage U to the coplanar TL electrodes with rectangular
modulation leads to a reduction of the ferroelectric film
permittivity ε2 and provides an electric tunability. Note that
due to different widths of the electromagnonic crystal slots,
the electric field is not equal for different segments and is
calculated as E1,2 = U/w1,2. The expression approximating
the dependence of the ferroelectric permittivity versus the
control voltage U has the form

ε2(E1,2) = ε2(0) − a · E2
1,2 (2)

where the following typical parameters for the BST film are
used: ε2(0) = 1500 and a = 0.194 cm2/kV2 [7].

In particular, an increase in a control voltage provides a
shift the band gaps toward higher frequencies. Fig. 7(a) shows

Fig. 7. (a) Electric and (b) magnetic tuning of the transmission characteristics.

a frequency shift of the first four band gaps calculated for the
various control voltages up to 200 V. Thus, the electric tuning
of the transmission characteristic for the first band gap reaches
values of 13.2 MHz for U = 200 V. Note that the electric
tuning range is decreased for the higher band-gap numbers
due to a weak interaction of SW and EMW at the frequencies
higher than the first band gap.

Turn now to the magnetic tuning role. The transmission
characteristics were simulated for different values of the exter-
nal magnetic field H [see Fig. 7(b)]. The following magnetic
fields were used: 1350 Oe (solid line), 1345 Oe (dashed line),
and 1340 Oe (dotted line). Fig. 7 shows that an increase in the
external magnetic field brings a change in a frequency position
of the band gaps due to a shift of the SW spectrum toward
higher frequencies.

IV. CONCLUSION

The dispersion relation for the SEWs propagating in the
thin-film ferrite-ferroelectric structures based on a coplanar
TL has been derived with the method of approximate bound-
ary conditions. Using the developed theory, the dispersion
characteristics of SEWs were calculated and analyzed. The
multiferroic heterostructure based on the coplanar periodi-
cal TL, the electromagnonic crystal, has been proposed and
described. It was found that a microwave signal rejection of
more than 30 dB appeared at the band-gap frequencies of
the electromagnonic crystals. Under a low control voltage,
a high-efficient electric tuning was achieved. In particular,
an application of the bias voltage of 200 V to the
2 μm-thick ferroelectric film led to the shift of the band
gap by 13.2 MHz. All these advantages make the investigated
electromagnonic crystals perspective for development of new
microwave devices.
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Abstract— Novel Mach-Zender-type interferometer based on thin-film multiferroic structure
has been proposed and described. The performance of the main element of such device, a tunable
phase shifter, has been analysed. The distinctive features of the proposed interferometer are high
efficiency and small device area in comparison with other spin-wave logic gates. We expect that
our results allow exploiting spin-electromagnetic wave phenomena for enhanced logic functionality
and efficient data transfer.

1. INTRODUCTION

An increased research interest for development of the energy efficient miniature computational
devices for modern information and communication systems is apparent. In particular, recon-
figurable elements are required for logic circuit construction [1]. There exist various platforms
including complementary metal-oxide-semiconductor (CMOS) [2], optical [3], molecular [4], and
magnonic [5] logic circuits. The latter have recently received a great attention as novel beyond the
CMOS platform that promises more efficient mechanism for information processing [6–8]. A general
idea of this mechanism is that a spin-wave quantum can be regarded as a state variable instead of
charge in conventional electronics [6, 9]. This approach allows one to transmit and process a bit of
information by exploiting wave phenomena.

The first spin-wave logic gate was a Mach-Zender type current-controlled interferometer based
on a ferromagnetic film [10]. After that, a number of theoretical and experimental work was carried
out. For example, a Mach-Zehnder-type spin-wave interferometer for universal logic functions [11],
an all-spin logic device with built-in memory [12], a micrometre-scale spin-wave interferometer [13],
a logic gate based on a dynamic magnonic crystal [14], a spin-wave majority gate [15] were devel-
oped. However, the key issues inherent to the above-mentioned applications are associated with
the energetic efficiency and scale of the device area.

In order to solve them, a magnetic waveguide can be replaced by a multiferroic structure, which
combines more than one ferroic properties [16]. One of the possible mechanisms providing an
interaction between the ferromagnetic and ferroelectric phases is realized through electrodynamic
coupling of the spin waves (SW) and electromagnetic waves (EMW). This coupling leads to a
formation of spin-electromagnetic waves (SEW) [17, 18] that was experimentally observed for the
ferrite-ferroelectric layered structure [19]. It was shown that advantages of the multifferoics in
comparison with the ferrites are powered by possibility of an electric-field tuning via control of a
ferroelectric permittivity. A great number of theoretical and experimental works in this area were
carried out (see, e.g., [20–22] and literature therein). As is seen from these works, multiferroic
structures have great success in development of microwave devices.

An application of multiferroics for logic circuits is promising for development of a new class
of elements such as magnetoelectric amplifiers [25] or multiferroic interconnects [26]. Also in our
recent work [27] we experimentally investigated a principle of operation of a novel logic gate based
on multiferroics structure with rather thick ferroelectric layer (200μm). This limitation was caused
by the necessity to provide an effective coupling of the SW and EMW at the microwave frequencies.
However, such thickness of the ferroelectric layer leads to high control voltages needed for an effec-
tive electric tuning of the SEW spectrum. A further progress of multiferroic logic gates is connected
with enhancing the tunability efficiency and decreasing control voltage. In order to release these
demands, we propose miniature interferometer based on the thin-film ferrite-ferroelectric-ferrite
structure. As it was shown earlier in our previous works [23, 24], these structures open up new
perspectives for practical application of thin-film multiferroics at microwave frequencies due to ex-
istence of a magneto-dipole interaction between the ferrite films, which is tunable by a control of
ferroelectric permittivity.
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2. THEORY

A schematic view of a typical Mach-Zehnder interferometer is shown in Fig. 1(a). It represents
a bridge circuitry with two branches. The first branch comprises a tunable phase shifter (TPS)
based on a thin-film ferrite-ferroelectric-ferrite waveguide. The second branch contains a variable
attenuator.

Consider a principle of operation of the TPS. It represents a thin-film multilayered structure
consisting of two ferrite layers (2) and (4) separated by a ferroelectric film (3) (see Fig. 1(b)).
Yttrium-iron garnet (YIG) films formed on dielectric substrates (1) and magnetized in z-direction
were chosen as a ferrite waveguides. We assume that a barium-strontium titanate Ba0.5Sr0.5TiO3

(BST) is ferroelectric, which demonstrates paraelectric phase and isotropic dielectric permittivity
on the order of thousands at room temperature [28].

Thin metal electrodes on the both surfaces of the BST film provide a possibility for application
of voltage for the reduction of the ferroelectric film permittivity ε3. The expression approximating
the dependence of the ferroelectric permittivity versus the control voltage U is used in the following
form [29]:

ε3(U) =
ε3(0) − ε3(∞)
1 + (U/U00)2

+ ε3(∞), (1)

where ε3(0) and ε3(∞) are ferroelectric film permittivities for zero bias voltage U and for U → ∞,
respectively; U00 = 3

2Seff En( ε00
ε3(0))

3/2. Here En and ε00 are phenomenological parameters that
depend on Curie temperature, Seff is an effective length of the electric field strength line. For the
considered case of a sandwich capacitor, this parameter is approximately equal to the ferroelectric
thickness (Seff ≈ L3). Note that the thickness of the electrodes is much smaller than the skin
depth at the operating frequencies. It means that the electrodes are supposed transparent to the
microwave electromagnetic fields and can be neglected in numerical simulations.

(a) (b)

Figure 1: (a) A schematic diagram of the Mach-Zehnder interferometer. (b) Tunable phase shifter based on
a thin-film multiferroic structure.

Turn now to the principle of operation of the miniature multifferroic interferometer. A microwave
signal is applied to the input and is splitted into two branches, as is shown in Fig. 1(a). In the first
branch (see Fig. 1(b)), the microstrip antenna (5) excites a SW in the YIG film (2). After travelling
a short distance in this film, the waves enter the multiferroic structure. This is the region where the
YIG film (2) is in the contact with the BST-YIG (3)–(4) layered structure. At the border of this
region, the SW transforms into the SEW. After passing the layered structure, the SEW propagates
through the YIG film (2), where it is transformed back to the SW and is received by the output
microstrip antenna. After passing different branches, the signals interfere in the combiner. The
power of the output signal can be calculated as follows:

Pout = Pout1 + Pout2 + 2
√

Pout1Pout2 cos(ϕ2 − ϕ1), (2)

where Pout1, ϕ1, Pout2, and ϕ2 are the powers and phase shifts of microwave signals in the branches.
The phase shift ϕ1 is determined as follows:

ϕ1 = kSW dSW + kSEW dSEW + ϕ0, (3)

where kSW and kSEW are the wavenumbers of the SW and SEW, respectively, dSW and dSEW are
the propagation distances (see Fig. 1(b)), and ϕ0 is the phase shift in the rest microwave circuit
of the first branch, which is assumed to be equal ϕ2. The wavenumbers of the SW were found
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according to the well-known dispersion relation for surface spin waves [30]. The wavenumbers of
the SEW in the ferrite-ferroelectric-ferrite structures can be obtained according to the theoretical
model describing wave processes in thin-film multilayered multiferroics [31].

3. RESULTS AND DISCUSSION

Numerical simulations of the interferometer characteristics were performed using the theoretical
model discussed in the previous Section. For the calculations, typical parameters of the experimen-
tal multiferroic structures based on YIG and BST films were used. In particular, the distance be-
tween the microstrip antennas was 3.75mm, which was originated from the sum of dSW = 2.75 mm
and dSEW = 1 mm. The thicknesses of the top and the bottom YIG films were L2 = 6μm and
L4 = 20μm, respectively. These materials had saturation magnetizations of M2 = 1713 G and
M4 = 1750 G with dielectric permittivity ε2 = ε4 = 14. The bias magnetic field H was 1500 Oe.
For the BST film the following parameters were used: L3 = 1 μm, ε3(0) = 1500, En = 40 V/μm
and ε00 = 300 [29].

This set of parameters was chosen to provide formation of the doubly hybridized SEW spectrum
as a result of intersection of the two spin-wave modes in YIG films with the pure electromagnetic
mode TE1 in BST film (see Fig. 2) [24]. The obtained spectrum consists of three dispersion
branches. A strong repulsion between all SEW branches is observed due to a strong magneto-
dipole interaction between the SW in the ferrite films. As a result, the group velocity of the SEW
bottom branch is reduced significantly, that enhances an electric-field tunability of the wavenumbers
in a relatively narrow frequency band.

Figure 3(a) demonstrates the SEW bottom branch calculated for U = 0V (solid line) and
U = 6.57V (dashed line). One can see that maximum tunability is achieved for the frequencies
corresponding to the minimal group velocity.

Figure 3(b) shows the dependence of the phase shift on the frequency by dashed line for U =
6.57V in 1-mm length TPS. The control voltage provides the phase shift of the signal in the first
branch of more than 180 degrees.

Figure 3(c) shows the amplitude-frequency characteristic (AFC) of the interferometer for U =
0V (solid line) and U = 6.57V (dashed line). As is seen, one of the maxima in the transmission
coefficient profile is observed at the frequency f0 = 6.1522 GHz for zero voltage. The application of

Figure 2: The spectra of the hybrid SEW (solid curves). Dashed line represents the dependence ω = ck,
where c is the velocity of light in vacuum.

(a) (b) (c)

Figure 3: (a) The spectra of the hybrid SEW in the TPS, (b) the phase difference of the interfering signals,
and (c) the AFC of the interferometer for different control voltage.
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(a) (b)

Figure 4: (a) The dependences of the phase difference of the interfering signals and (b) the transmission
coefficient of the interferometer on the applied voltage at the fixed frequency f0 = 6.1521 GHz.

6.57V leads to the phase shift of 180 degrees at the frequency f0, which provides the destructive
interference of the microwave signals and the minimum signal transmission.

In order to clarify an influence of the control voltage on the performance characteristics of the
proposed interferometer, Fig. 4(a) presents the dependence of the phase shift of interfering signals
on the applied voltage at the frequency f0. It is seen that an increase of the control voltage leads
to an increasing in the phase shift. At U = 13.6 V the phase shift attains the value of 360 degrees
that provides constructive interference and the maximum at the AFC, which is shown in Fig. 4(b).

A possible limitation of the proposed interferometer applications is due to the narrow frequency
band, where an effective electric-field tuning is realized. However, the frequency width of this band
can be easily tuned through changing the external magnetic field. Thus, a magnetic-field tuning
in a range of 500–500 Oe offers an opportunity to realize a highly effective electric tuning for any
desirable frequency in a range from 3 to 9 GHz.

4. CONCLUSION

This work shows that the use of the thin-film ferrite-ferroelectric-ferrite structures is promising
for miniaturization of the microwave Mach-Zehnder interferometers. In addition, these structures
provide a significant reduction in the control voltage down to unities of volts. Therefore, the devel-
oped interferomer could find application in spin-wave logic circuits. Note, that the studied device
represents the NO logic gate. The use of similar tunable phase shifters in the both interferometer
arms allows obtaining XNOR or XOR gates as was shown in [27]. For further reduction in size of
the interferometer, the magnetic micro-waveguides (e.g., made of Permalloy) could be used.

ACKNOWLEDGMENT

The work was supported by the Ministry of Education and Science of the Russian Federation
through the Project “Goszadanie”.

REFERENCES

1. Hafiz, M. A. A., L. Kosuru, and M. I. Younis, “Microelectromechanical reprogrammable logic
device,” Nat. Commun., Vol. 7, 11137, 2016.

2. Ferlet-Cavrois, V., L. W. Massengill, and P. Gouke, “Single event transients in digital CMOS
— A review,” IEEE Trans. Nucl. Sci., Vol. 60, No. 3, 1767–1790, 2013.

3. Xu, Q. and R. Soref, “Reconfigurable optical directed-logic circuits using microresonator-based
optical switches,” Opt. Express, Vol. 19, No. 6, 5244–5259, 2011.

4. Sun, H., J. Ren, and X. Qu., “Carbon nanomaterials and DNA: From molecular recognition
to applications,” Acc. Chem. Res., Vol. 49, No. 3, 461–470, 2016.

5. Khitun, A., M. Bao, and K. L. Wang, “Magnonic logic circuits,” J. Phys. D Appl. Phys.,
Vol. 43, No. 26, 264005, 2010.

6. Khitun, A., M. Bao, and K. L. Wang, “Spin wave magnetic nanofabric: A new approach to
spin-based logic circuitry,” IEEE Trans. Magn., Vol. 44, No. 9, 2141–2152, 2008.

7. Chumak, A. V., A. A. Serga, and B. Hillebrands, “Magnon transistor for all-magnon data
processing,” J. Nat. Commun., Vol. 5, 4700, 2014.

8. Csaba, G., A. Papp, and W. Porod, “Perspectives of using spin waves for computing and signal
processing,” Phys. Lett. A, Vol. 381, No. 17, 1471–1476, 2017.

1550
 



2019 PhotonIcs & Electromagnetics Research Symposium — Spring (PIERS — SPRING), Rome, Italy, 17–20 June

9. Wang, Q., “Voltage-controlled nanoscale reconfigurable magnonic crystal,” Phys. Rev. B ,
Vol. 95, No. 13, 134433, 2017.

10. Kostylev, M. P., et al., “Spin-wave logical gates,” Appl. Phys. Lett., Vol. 87, No. 15, 153501,
2015.

11. Lee, K.-S. and S.-K. Kim, “Conceptual design of spin wave logic gates based on a Mach-
Zehnder-type spin wave interferometer for universal logic functions,” J. Appl. Phys., Vol. 104,
No. 5, 053909, 2008.

12. Srinivasan, S., et al., “All-spin logic device with inbuilt nonreciprocity,” IEEE Trans. Magn.,
Vol. 47, No. 10, 4026–4032, 2011.

13. Fischer, T., et al., “Experimental prototype of a spin-wave majority gate,” Appl. Phys. Lett.,
Vol. 110, No. 15, 152401, 2017.

14. Nikitin, A. A., et al., “A spin-wave logic gate based on a width-modulated dynamic magnonic
crystal,” Appl. Phys. Lett., Vol. 106, No. 10, 102405, 2015.

15. Behin-Aein, B., et al., “Proposal for an all-spin logic device with built-in memory,” Nat. Nan-
otechnol., Vol. 5, No. 4, 266–270, 2010.

16. Vopson, M. M., “Fundamentals of multiferroic materials and their possible applications,” Crit.
Rev. Solid State, Vol. 40, No. 4, 223–250, 2015.

17. Anfinogenov, V. B., et al., “Hybrid electromagnetic-spin waves in contacting layers of ferrite
and ferroelectric,” Radiotekhnika i Elektronika, Vol. 34, 494, 1989.

18. Demidov, V. E., B. A. Kalinikos, and P. Edenhofer, “Dipole-exchange theory of hybrid
electromagnetic-spin waves in layered film structures,” J. Appl. Phys., Vol. 91, No. 12, 10007–
10016, 2002.

19. Anfinogenov, V. B., et al., “Resonant interaction of magnetostatic backward volume waves
with slow electromagnetic waves in ferrite-ferroelectric structures,” Soviet physics. Technical
physics, Vol. 35, No. 9, 1068–1069, 1990.

20. Srinivasan, G., “Magnetoelectric composites,” Annu. Rev. Mater. Res., Vol. 40, 153–178, 2010.
21. Morozova, M. A., et al., “Tuning the bandgaps in a magnonic crystal-ferroelectric-magnonic

crystal layered structure,” Phys. Solid State, Vol. 58, 273–279, 2016.
22. Zhu, M., et al., “Advances in magnetics epitaxial multiferroic heterostructures and applica-

tions,” IEEE Trans. Magn., Vol. 53, No. 10, 1–16, 2017.
23. Vitko, V. V., “Electric-field tuning of spin-electromagnetic wave dispersion in ferrite-

ferroelectric multilayers,” Proc. EuMC, 1073–1076, Paris, France, September 2015.
24. Nikitin, A. A., et al., “Dual tuning of doubly-hybridized spin-electromagnetic waves in all-thin-

film multiferroic multilayers,” IEEE Trans. Magn., Vol. 53, No. 11, 1–5, 2017.
25. Khitun, A., D. E. Nikonov, and K. L. Wang, “Magnetoelectric spin wave amplifier for spin

wave logic circuits,” J. Appl. Phys., Vol. 106, No. 12, 123909, 2009.
26. Khitun, A., “Synthetic multiferroic interconnects for magnetic logic circuits,” arXiv preprint

arXiv:1309.7399, 2013.
27. Ustinova, I. A., et al., “Logic gates based on multiferroic microwave interferometers,” Proc.

EMCCompo, 104–107, Russia, Saint-Petersburg, July 2017.
28. Ustinov, A. B., G. Srinivasan, and B. A. Kalinikos, “Ferrite-ferroelectric hybrid wave phase

shifters,” Appl. Phys. Lett., Vol. 90, No. 3, 031913, 2007.
29. Vendik, O. G., Ferroelectrics for Microwave Applications, Soviet Radio, Moscow, 1979.
30. Stancil, D. D. and A. Prabhakar, Spin Waves: Theory and Applications, Springer, New York,

2009.
31. Nikitin, A. A., et al., “Spin-electromagnetic waves in planar multiferroic multilayers,” J. Appl.

Phys., Vol. 122, No. 1, 014102, 2017.

1551
 





Publication V 

Frey, P., Nikitin, A. A., Bozhko, D. A., Bunyaev, S. A., Kakazei, G. N., Ustinov, A. B., 

Kalinikos, B. A., Ciubotaru, F., Chumak, A. V., Wang, Q., Tiberkevich, V. S., 

Hillebrands, B., and Serga, A.A. 

Reflection-less width-modulated magnonic crystal 

Reprinted with permission from 

Communications Physics 

Vol. 3(1), pp. 1-7, 2020 

© 2020, Springer Nature 





ARTICLE

Reflection-less width-modulated magnonic crystal
Pascal Frey1*, Aleksei A. Nikitin 2, Dmytro A. Bozhko 1,3,4, Sergey A. Bunyaev5, Gleb N. Kakazei 5,

Alexey B. Ustinov 2, Boris A. Kalinikos2, Florin Ciubotaru6, Andrii V. Chumak 1,7, Qi Wang 1,

Vasyl S. Tiberkevich8, Burkard Hillebrands 1 & Alexander A. Serga 1

The interest in artificial magnetic media such as magnonic crystals increased substantially in

recent years due to their potential applications in information processing at microwave fre-

quencies. The main features of these crystals are the presence of band gaps in the spin-wave

spectra, usually formed due to Bragg reflections of spin-waves on the artificially created

periodic structures. Here, we study spin-wave propagation in longitudinally magnetized

width- and thickness-modulated yttrium iron garnet waveguides by means of Brillouin light

scattering and microwave spectroscopy techniques. It is found that the width modulated

crystal does not manifest noticeable Bragg reflections, but still demonstrates a pronounced

band gap in its transmission characteristic. The phenomenon can be explained by the

destructive interference between different frequency-degenerated spin-wave modes excited

by the crystal. Such a reflection-less crystal is promising for future design of multi-element

magnonic devices.
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In recent years, propagation of spin waves (SWs) in ferro-
magnetic film structures attracts considerable attention in
connection with their applications in novel data transfer and

processing technologies1,2. This strong research interest is
determined by efficient mechanisms of signal transmission based
on the general idea that characteristics of SW quanta—magnons
—such as their phase and occupation numbers can be regarded as
state variables instead of charge in conventional electronics3–9.
Among different physical phenomena, which shape the main-
stream research directions of magnonics2, selective SW propa-
gation is one of the most promising tools for information
processing at microwave frequencies10–14. An SW spectrum can
be engineered using artificial magnetic media—magnonic crystals
(MC)—created by a spatial periodic modulation of a SW-carrying
magnetic material15. These structures have recently received a
great attention as promising building blocks of linear and non-
linear magnonics10,16–20. A distinctive feature of MCs is the
possibility to design a desired functionality for a given application
by variation of the magnon band structure10,11. Magnonic crys-
tals have been successfully utilized for the realization of various
microwave devices such as magnon transistors4, microwave fil-
ters21, phase shifters22, SW logic gates23, magnetic field sensors24,
memory cells25, for wavevector-dependent mode selection in SW
oscillators26, time reversal27, and other cases.

Magnonic crystals are produced using different types of mag-
netic materials: metals such as Ni and Co28,29, alloys such as
Permalloy (Ni80Fe20)

28,30–33 and CoFeB34,35, Heusler compounds
such as Co2ðFe0:4Mn0:6ÞSi36,37, and dielectrics like yttrium iron
garnet (YIG, Y3Fe5O12)

11,16,18,20–27,38,39. The main advantages in
choosing μm-thick single-crystal YIG films over nm-thick
metallic materials such as Permalloy or CoFeB is the small
magnetic damping40 and higher group velocity of dipolar SWs.
These two properties result in a long SW propagation length,
which is crucial for future spintronic and magnonic applications.
From the technological point of view, MCs based on epitaxially
grown YIG films possess essential advantages: (i) small out-of-
band insertion losses; (ii) deep rejection bands; (iii) conventional
methods of MC production, ranging from metal deposition,
chemical etching, ion implantation, or other methods that pro-
duce a periodic variation of a given magnetic parameter3,11,18,23.
Among various types of YIG-based MCs, geometrically structured
MCs produced by modulation of thickness or width of YIG SW
waveguides (see Fig. 1) are most promising candidates to gain
broad applications due to their high robustness, predictability of
characteristics, stability of parameters, and simplicity of
fabrication.

Typically, SWs in periodic magnetic structures undergo Bragg
scattering, resulting in the formation of spectral regions with
prohibited propagation known as SW band gaps by analogy to
photonic41,42 and phononic43,44 crystals. This band formation
mechanism has been investigated in detail and is well understood

for a variety of MCs with different physical properties and geo-
metries, including thickness-modulated YIG-based waveguides.
At the same time, it was predicted that for some cases band gaps
can arise due to peculiarities of the SW excitation mechanisms
inside an MC45.

In this article, we combine electrical and optical detection of
SWs in order to investigate SW propagation in a width-
modulated MC (Fig. 1a). We show that transmission character-
istics of such a crystal exhibit a single well-pronounced rejection
band, which, however, cannot be described in terms of a simple
Bragg scattering model. Contrary to a thickness-modulated
structure (Fig. 1b), the width-modulated crystal demonstrates
no resonant back-scattering of SWs at the central frequency of the
band gap. The formation of such unusual rejection band can be
associated with destructive interference of different spatial SW
components at the MC’s output antenna due to phase shifts
accumulated in the course of their propagation through the
crystal structure.

Results
Experimental set-up. Figure 1a, b shows spatially modulated
MCs comprising the longitudinally magnetized periodically
structured YIG-film waveguides and attached microstrip anten-
nas serving for inductive excitation and detection of SWs in the
GHz frequency range. The magnetization geometry is chosen in a
way allowing for the excitation of backward volume magneto-
static spin waves (BVMSWs)38 having reciprocal propagation
characteristics46 and demonstrating high scattering efficiency in
thickness-modulated MCs47,48.

The optical access to the YIG film was especially ensured for a
two-dimensional mapping of the magnon density distribution by
means of space- and time-resolved Brillouin Light Scattering
(BLS) spectroscopy49,50. The BLS measurements were performed
in backward scattering geometry by placing a dielectric mirror
below the samples51.

The YIG samples were fabricated in the form of 1.9 mm broad
stripes cut out from low-damping (ferromagnetic resonance
linewidth is about 0.5 Oe at 5 GHz) single-crystal YIG films,
epitaxially grown in the (111) crystallographic plane on a gallium
gadolinium garnet substrate. The thickness- and width-
modulated samples (see Fig. 1) were produced in Kaiserslautern
and St. Petersburg, respectively. Conventional photolithographic
and chemical etching techniques were used for the patterning in
both cases.

For the fabrication of the grooved (thickness-modulated)
crystal (see Fig. 1b) a 5.5-μm-thick YIG film was used. The
pattern consists of 10 parallel grooves with a width of 50 μm
spaced by 250 μm, so that the lattice constant is 300 μm. The
grooves were etched to a depth of 1 μm, controlled by a surface
profilometer.

The width-modulated sample is 26 mm long and 8.5 μm thick.
The length of the rectangular-modulated area in the middle of the
stripe is 6 mm (see Fig. 1a). The spatial modulation period and
depth are 600 and 400 μm, respectively.

The microwave stripline antennas with a width of 50 μm were
placed at distances of about 3 and 4 mm from the left and right
ends of the modulated film area, respectively. The antennas were
connected to a vector network analyzer (VNA) for continuous
wave (CW) measurements. A circuit consisting of a pulsed
microwave single frequency generator, a semiconductor detector,
and an oscilloscope was utilized for pulse-regime measurements.

Microwave measurements. Figure 2 illustrates the transmission
characteristics of the investigated samples measured by VNA.
Here, a bias magnetic field of 120 mT for the width-modulated

Fig. 1 Sample structures. Sketches of the experimental setups for the
width-modulated (a) and thickness-modulated (b) yttrium iron garnet
(YIG) structures grown on gadolinium gallium garnet (GGG). The sketches
also show orientation of the external magnetic field as well as the excitation
and receiving antennas.
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and 182mT for the grooved MCs was applied. The input
microwave power was �30 dBm that guaranteed a linear regime
of SW propagation.

The blue solid curves in Fig. 2 represent the transmission
characteristics of the structured waveguides, while the red dashed
lines show, for comparison, the characteristics of similar YIG
waveguides without periodic structures. One can clearly identify
several frequency regions with different SW dynamics in the
transmission characteristic of the periodic waveguides.

For the thickness-modulated crystal (see Fig. 2a), we observe
the formation of three magnonic band gaps, where the level of
attenuation sharply increases by roughly 20 dB. The width of the
central band gap is 10MHz measured at a level of 6 dB above the
maximum loss of −50 dB.

The width-modulated MC shows formation of only one
pronounced band gap at the center frequency f 1 ¼ 5:344 GHz,
which is marked by the orange line in Fig. 2b. The region of
enhanced microwave attenuation has a width of 5 MHz measured
at a level of 6 dB from the maximum loss of �46:5 dB (in our
analysis we neglected the fast oscillations of the transmission
characteristics caused by the interference of the SW signal and an
electromagnetic wave directly passed from the input to the output
antenna). In addition, there are regions around the band gap,
where BVMSW modes are transmitted with relatively low
attenuation. For example, the frequency f 2 ¼ 5:373 GHz with
loss level of �25 dB is marked by the green line in Fig 2b. The
frequencies marked in Fig. 2 by vertical lines are chosen for
further analysis of the SW dynamics for the different crystals and
different propagation regimes.

Brillouin light scattering measurements. In order to reveal the
SW dynamics within the crystal structures and to be able to

distinguish between individual responses of different parts of
these structures, we performed BLS measurements in a pulsed
microwave regime. To this end, we applied 30-ns-long microwave
pulses with a power of �10 dBm to the input antennas. Due to
the short pulse durations we were able to raise the power of the
SW excitation, and thus to increase the signal-to-noise ratio of
our optical measurements, without any visible influence from
nonlinear SW processes. The repetition rate was 1.5 μs to avoid
any spurious influence trough heating effects in the magnetic
material.

The used BLS technique allowed us to carry out the study of
the magnon density distribution with 25 μm spatial and 400 ps
time resolution. In these measurements, the intensity of the
inelastically scattered light is proportional to the magnon
occupation number, or, in other words, to the intensity of the
SW in the sample.

In Fig. 3, snapshots of the spatial distribution of the SW
intensity measured in the central rejection band (f 3 = 7.02 GHz)
of the grooved structure are shown. The pictures are plotted in a
linear color scale, and the SW intensity is normalized in each
frame. High SW intensities are indicated as red and low ones as
blue. The selected time frames illustrate how the SW packet
enters the grooved area, stops due to the Bragg reflection around
the fourth groove (grooves are indicated by the vertical gray lines)
and gets entirely reflected out of the crystal. The observed
behavior perfectly corresponds with the conventional SW
dynamics expected in the frame of the Bragg reflection model.

The same measurements were also performed for the width-
modulated crystal at the carrier frequencies that correspond to
the rejection band (f 1 ¼ 5:34 GHz) and pass band (f 2 ¼ 5:373
GHz). The resulting snapshots are shown in Fig. 4a for the
rejection band frames and in Fig. 4b for the pass band frames.
The color scale is the same as in Fig. 3.

The main feature of the measured SW intensity distributions in
the width-modulated waveguide is obvious: In contrast to

Fig. 2 Transmission spectra in continuous wave regime. Transmission
characteristics of the modulated (blue solid line) and regular (red dashed
line) waveguides for the grooved crystal (a) and the width-modulated
crystal (b). Orange and green lines indicate the frequencies, where the
Brillouin light scattering (BLS) measurements are performed:
f1 ¼ 5:344GHz, f2 ¼ 5:373 GHz, and f3 ¼ 7:02 GHz.

Fig. 3 Timeshots of the spin-wave propagation for the thickness-
modulated crystal at the rejection band. Two-dimensional plots of time-
resolved spin-wave intensity distributions for carrier frequency f3 ¼ 7:02
GHz in the thickness-modulated magnonic crystal. The positions of the
grooves are indicated by gray solid lines.
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conventional MCs, this crystal exhibits nearly zero reflected SW
intensity within both the rejection and pass bands (see Fig. 4a, b).

In the absence of any visible Bragg reflection, the physical
mechanisms responsible for the formation of the rejection band
in Fig. 2b might be related to, e.g., some non-resonant or resonant
SW decay caused by enhanced magnon–magnon scattering
processes in the rejection band frequency range. In order to
clarify this issue, the magnon decay was analyzed for both cases
presented in Fig. 4. The instantaneous spatial distributions of the
measured magnon densities were integrated over a moving
window containing the propagating SW packet and over the
whole YIG-film region accessible for the BLS probing. The
obtained integral data were fitted with an exponential decay
function.

It was found that the lifetimes of both SW packets are about 1.6
times shorter than the lifetimes of the secondary magnons (note
the spatially structured noise behind the SW packets in Fig. 4a, b)
generated due to scattering of these packets from the notched
waveguide edges. However, the lifetimes of the SW packets
propagating within the rejection and pass bands differ only by
11%, being equal to 73 and 82 ns, respectively. Such a small
difference in decay rates cannot explain the observed reduction of
the transmitted SW power within the rejection band. The
difference in group velocities and, respectively, in the SW
propagation times is also rather small (compare the measured
positions of the SW packets in Fig. 4): the experimentally
determined group velocities are 3:88´ 104 m s�1 in the pass band
and 3:65 ´ 104 m s�1 in the rejection band. Being the same both
in the MC and in unstructured parts of the YIG waveguide, these
values correspond well with theoretically calculated velocities

of the first width BVMSW mode in a regular 1.9-mm-wide
YIG waveguide (3:83 ´ 104 and 3:65 ´ 104 m s�1, respectively).
Together, the differences in the decay rates and group velocities
may account for only two-fold reduction of SW power within the
rejection band compared to the pass band, while the experimen-
tally observed reduction exceeds 20 dB (see Fig. 2b).

Comparison of BLS results and pulsed microwave measure-
ments. For further analysis of the pulsed SW dynamics in the
width-modulated MC and for comparison with the microwave
signals detected at the output antenna, we used the BLS data
shown in Fig. 4 to calculate the dependence of the SW pulse
energy (defined as an integral of the magnon density over the
waveguide width and magnon arrival time) on the propagation
distance. The results of this analysis are presented in Fig. 5. As
one can see, the spatial decay of SW pulses within both the pass
and rejection bands can be accurately described by a simple
exponential function (see solid lines in Fig. 5) with slightly dif-
ferent decay rates. Being extended to the position of the output
microwave antenna, these exponential fits provide the estimated
two-fold relative decay in the SW pulse within the rejection band
compared to the SW pulse within the pass band. At the same
time, the experimental microwave measurements of the output
pulses demonstrate much stronger (6 times; see data points at
13 mm in Fig. 5) decay. Note that the observed decay of the
microwave output from a pulsed 30-ns-long SW signal differs
from the decay of CW signals shown in Fig. 2 because of the finite
spectral width of the SW pulses used in the experiments. Thus,
our experiments clearly demonstrate the substantial difference in

Fig. 4 Timeshoots of the spin-wave propagation for the width-modulated crystal in pass and rejection band regime. Two-dimensional plots of the time-
resolved spin-wave intensity distributions in periodic width-modulated waveguides for the frequencies f1 ¼ 5:34 GHz (rejection band (a)) and f2 ¼ 5:373
GHz (pass band (b)). The dotted white lines show the motion of the center of the spin-wave (SW) packet excited within the rejection band. The positions
of the input and output microstrip microwave antennas are outside of the measurement area of the sample at 0 and 13 mm. The dashed red lines in the top
frames represent the virtual antennas used for later analysis of the SW pulse intensity by comparing a vector network analyzer and Brillouin light scattering
measurements.
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the output signal power within the MC’s rejection band measured
by the BLS and microwave techniques.

As a possible nature of this discrepancy we could assume a
destructive interference between different components of the SW
packet, namely, different frequency-degenerated width and
thickness SW modes co-propagating in the waveguide. The role
of the width-modulated crystal in this mechanism is to partially
transfer the SW energy from the lowest SW modes (which are
primarily excited by the input microwave antenna) to highest
ones and, also, to introduce additional phase shift between
different SW modes. The output microwave antenna integrates
the SW amplitude over the waveguide width (e.g., sums different
SW components with account of mutual phase relations) and, if
the phase relation between different SW modes is destructive, the
output microwave signal will be substantially attenuated. At the
same time, the spectroscopic BLS measurements are insensitive to
the phases of individual SW modes and measure the total SW
energy. Thus, this mechanism naturally explains appearance of a
rejection band in microwave measurements accompanied by the
absence of pronounced reflection or additional damping in the
BLS measurements.

The proposed mechanism of reflection-less formation of rejection
band lead to one additional unexpected consequence. Thus, higher-
order SW modes, created by the MC, propagate in the unstructured
portion of the waveguide with slightly different phase velocities. As
a result, mutual phase relations between different SW components
will change during propagation of the SW pulse and the rejection
frequency, measured by the microwave technique, should depend
on the position of the output antenna. We have verified this
prediction in an additional experiment with movable output
antenna, while keeping all other parameters of the microwave
measurement system the same. We observed the gradual shift of the
central band gap frequency (see orange line in Fig. 2b) up to 17
MHz as a function of the distance between antennas (see Fig. 6).
This result strongly supports the proposed mechanism and, also,

provides an additional way to control transmission properties of
this type of MCs.

Discussion
Based on the results of the BLS and microwave electric mea-
surements, we have found that the longitudinally magnetized
width-modulated MC does not manifest Bragg reflections, but
still demonstrates well-pronounced frequency band gaps in the
microwave measurements. The formation of such a reflection-less
rejection band can be explained by the destructive interference of
different frequency-degenerated SW modes excited by the MC. At
the same time, our results significantly differ from the results of
the experiments and the simulations presented in refs. 30,52,53 for
micro-sized width-modulated MCs, where the classical Bragg-
gaps were clearly observed. And there is a fundamental reason
behind it. The MC under consideration in this work is macro-
scopic. Relatively large width results in a very dense spectrum of
width modes, which are separated only by a few MHz. This fact
allows direct two-magnon scattering between these modes. This
process allows for both backward and forward scattering in
relation to the direction of original wave propagation. Since the
wavevector difference is also very small, the preferred scattering
direction is forward. A number of forward-scattered waves with
different phases and group velocities interfere with each other at
the output antenna, producing the observed rejection bands
without appearance of Bragg reflections. In the case of micro-
scopic MCs the frequency gap between neighboring width modes
is very large. Such a spectrum allows only back-scattering, which
results in the Bragg-type band gaps.

We believe, that the reflection-less SW propagation is a general
property of the macroscopic width-modulated MCs. As we
showed above, the appearance of the rejection bands is the result
of interference of different width modes. The spectral content of
the output SW packet strongly depends on mutual positions of
the scattering centers (period of width modulation) as well as on
scattering efficiencies. Thus, in general, the number and the depth
of the rejection bands should be described by some non-
monotonic function of the crystal geometry. Also, rejection band
positions of such width-modulated MCs depend strongly on the
position of the receiving antenna (see Fig. 6). The detailed study
of properties of width-modulated MCs falls outside of the scope
of this manuscript. However, we believe that it deserves to be a
subject for another research paper and we sincerely hope that our
paper will become a trigger for such studies.

Fig. 6 Band gap frequency shift. Relative shift of the band gap frequency as
a function of the distance between the antennas. The error in the band gap
shift is estimated as the full-width half-maximum value of the central
frequency in the rejection band, while the error of the antenna distance is
given through the measurement scale to 0.1 mm.

Fig. 5 Spin-wave intensity decay in width-modulated magnonic crystal.
The main panel shows the energy of the spin-wave (SW) pulses at different
positions along the magnonic crystal (MC). Solid circles and triangles—
experimental data as measured by the Brillouin light scattering (BLS)
technique; solid lines—exponential fits; the shaded area between the
dashed lines indicate the 3-sigma confidence interval of the decay fit
parameter. Solid squares at 13 mm correspond to the results of microwave
measurements. The errorbars in the x-dimension are given through the
measurement scale to 0.1 mm, while the error in y-dimension is given
through the noise in the signal, which is too small to be visible in the graph.
Inset: Temporal profiles of the SW pulses at the input and output of the
MC, as measured by BLS, in comparison with signals measured by the
output microwave antenna.
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From the practical point of view, such a reflection-less artificial
crystal looks very promising for cascading of magnonic-crystal-
based devices in magnonics circuits due to the significant
reduction of back-coupling between the contiguous cascades. The
position dependence of the effective rejection frequency can be
used for development of simple MC-based frequency multiplexers
and demultiplexers.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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Abstract: In recent years, the microwave processes in artificial multiferroic media such as electromagnonic crystals have
attracted increased research interest due to their potential applications for voltage-controlled spintronic devices. In contrast to
the conventional magnonic crystals, the artificially created periodic structures are characterised by electrically and magnetically
tunable band gaps in the wave spectrum where the propagation of the electromagnons is forbidden. In this study, an
experimental realisation of an electromagnonic crystal based on a ferrite–ferroelectric–ferrite multilayer has been proposed. The
authors have demonstrated for the first time a band-gap splitting, which arises from an interaction of three fundamental modes
of two ferrite films separated by a ferroelectric layer. This splitting manifested itself as an additional stop-band appearance in the
frequency response of the electromagnonic crystal. The obtained band structures are confirmed by numerical modelling using
the coupled-mode approach and the transfer-matrix method. The authors expect that their results allow exploiting the
electromagnonic crystal for enhanced logic control as well as for tunable microwave devices.

1 Introduction
Artificial magnetic materials with a spatial periodic modulation of
their physical properties or geometry, known as magnonic crystals
(MCs), are promising for a new microwave and spintronic devices
[1–4]. These MCs possess desirable band gaps that appeared due to
the Bragg reflection. Among different types of the magnetic
materials, the epitaxial yttrium-iron garnet (YIG) films are widely
used for MC fabrication due to certain essential advantages: (i)
small out-of-band insertion losses; (ii) deep rejection bands; (iii)
well-developed techniques of MC fabrication ranging from metal
deposition, chemical etching, ion implantation, or other methods to
produce a periodical variation of any magnetic parameter. As a
result, the MCs are successfully utilised for realisation of the
various microwave devices such as power limiters [5], magnetic
field sensors [6, 7], microwave oscillators [8, 9], spin-wave logic
gates [10], magnon transistors [11] and filters [12].

Further progress in the development of voltage-controlled novel
devices can be achieved by fabrication of the layered structures
based on MCs [13–25]. In particular, an electrodynamic interaction
between high-frequency electromagnetic and spin waves leads to a
formation of the hybrid spin-electromagnetic waves (SEWs) in the
ferrite–ferroelectric layered structures [26–33]. By analogy to
natural multiferroic solids, the quanta of these waves are
considered as electro-active magnons or electromagnons. The
multiferroic periodical structures, called electromagnonic crystals
(EMCs), demonstrate the electrically and magnetically tunable
band gaps, where propagation of the electromagnons is forbidden
[13, 14, 34–38].

The EMCs are usually fabricated as a combination of a spatially
periodic magnetic film with a ferroelectric slab into a layered
structure [13]. Advantages of the multiferroic periodic waveguides
in comparison with conventional MCs are due to their tunability
through an application of the electric field to a ferroelectric layer.
Thus, a dynamic EMC demonstrating a voltage-controlled depth of
the stop bands has been realised recently [38]. Promising
functionalities of this crystal arise from the desired band structure,
which originate from a spatial variation of dielectric permittivity of
periodically poled regions of a ferroelectric slab by an application
of a local electric field. Thin-film multiferroics provide an
opportunity for a reduction in the control voltage that is desirable
for exploiting the EMC [30, 39–41].

It has been recently shown that the regular waveguides made of
the ferrite–ferroelectric–ferrite three-layer structures enrich the
properties of multiferroics because of a magneto-dipole interaction
between spin-wave modes in the closely spaced ferrite films [30,
42–44]. These structures demonstrate an enhanced voltage-
controlled phase shift of SEW [45]. In this work, we report for the
first time on an experimental realisation of the three-layer EMC
composed of the ferrite–ferroelectric–ferrite spatially periodic
structure. We have carried out a theoretical analysis clarifying a
mechanism responsible for the band-gap formation in this EMC.
To treat the obtained results, we also consider a free-standing MC
as well as an EMC composed of the ferrite–ferroelectric bilayer.

2 Design of the EMC
The investigated structure was fabricated in the sandwich-type
configuration (see Fig. 1). The bottom ferrite layer was a 3-cm-
long and 2-mm-wide stripe made of the 5.5-µm-thick YIG film.
The top ferrite layer was the 4-mm-long and 2-mm-wide stripe
made of the 13.6-µm-thick YIG film. Each film was epitaxially
grown on the single-crystal gallium gadolinium garnet substrates of
500-µm thickness. The YIG films had a ferromagnetic resonance
linewidth ΔH = 0.5 Oe at 5 GHz frequency. The saturation
magnetisations for the top and bottom YIG films were 1800 and
1930 G at room temperature, respectively. In order to produce MC,
the thickness of the bottom YIG film was periodically modulated
to a depth of δ = 0.8 µm using the wet chemical etching. The
periodic pattern consisted of ten parallel grooves with a width of
L1 = 50 µm spaced by L2 = 250 µm, so that the lattice constant was
Λ = 300 µm (see inset in Fig. 1).

A ceramic barium strontium titanate (BST, Ba0.62Sr0.38TiO3)
slab, which at room temperature demonstrates a paraelectric phase,
was chosen as the intermediate ferroelectric layer. Among various
ferroelectrics, BST is considered as one of the most suitable
dielectric materials for voltage-controlled microwave devices. It is
caused not only by high dielectric permittivity on the order of
thousands at room temperature, but also by its low dielectric loss
[28]. Moreover, BST solid solutions do not exhibit any dispersion
of their dielectric permittivity in a vast frequency range from 102 to
1011 Hz [46].

The BST layer was fabricated by a conventional mixed oxide
route followed by sintering in the air. After that, a hydraulic press
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and subsequent annealing formed the BST slab. As a result, the
BST slab of a relatively large thickness was produced.
Characterisation of the BST slab was performed at the room
temperature and indicated the paraelectric nature and isotropic
dielectric permittivity of 2300 at 5 GHz frequency. Then, the BST
slab was polished down to a thickness of 110 μm. Finally, the slab
was cut into the stripes having the in-plane dimensions of 2 × 4 
mm2.

The MC was positioned in a way that the etched groove side is
in contact with the short-circuited microstrip antennas with a width
of 50 µm and a length of 2.5 mm. The distance between antennas
was 5.5 mm. The BST layer contacted the YIG film top and was
pressed symmetrically over the spatial periodic surface of the MC
to minimise a thin air gap between the two surfaces. Note that the
investigated effect manifests due to the electrodynamic coupling of
the electromagnetic fields in the layered structure. As far as the
relative magnetic permeability of the ferrites and the relative
dielectric permittivity of the ferroelectric significantly exceed
unity, a negligibly small intermediate layer of air has no impact on
the investigated effect. This was proved previously in work [47].
The total length of the sandwich MC–BST–YIG structure was 4 
mm. The composed layered structure was magnetised by a spatially
uniform bias magnetic field of 1599 Oe lying in the plane of the
structure in parallel to the MC grooves.

Let us consider the principle of wave propagation through the
MC–BST–YIG structure. The orientation of the magnetic field in
relation to the structure satisfies the condition for excitation of the
surface spin wave (SSW). The SSW is excited in the uncovered
bottom YIG film stripe by the input microstrip antenna. At the
border, where the YIG film is in contact with the BST–YIG
bilayer, the SSW transforms into SEW, which then propagates in
the layered structure and achieves the EMC region (see Fig. 1). The
SEW passes through the periodically modulated waveguide
structure and transforms back to the SSW at the output boundary of
the layered structure. After that, the SSW is received by the output
microstrip antenna. The microstrip antennas were fed by the
microstrip transmission lines of 50-Ω characteristic impedance. A
vector network analyser measured the transmission characteristics
of the structure.

3 Theoretical model of the EMC
The numerical simulation of the band structures of the EMCs was
carried out in several stages. In the first stage, the dispersion
relations for the waves propagating in the spatially periodic
waveguides were obtained by a coupled-mode approach [48]. In
this approach, a variation of the ferrite film thickness representing
a periodical sequence of sections of the regular transmission lines
is considered as a perturbation that leads to the coupling and
exchange of power among the guided modes. The resulting
dispersion relation for the periodic structure can be calculated by
the formula

cos(KΛ) = cos(k1L1)cos(k2L2)

− k1
2 + k2

2

2k1k2
sin(k1L1)sin(k2L2),

(1)

where K is the Bloch wave-vector; Λ is the period being the sum of
the groove width (L1) and the groove-to-groove distance (L2); and
k1 and k2 are the wave-numbers of the SSWs or SEWs in the
unstructured film with different thickness. Note that the SSW
wave-numbers for free-standing MC can be found according to the
well-known dispersion relation [49]. At the same time, the wave-
numbers of the SEW in MC–BST and MC–BST–YIG structures
can be obtained by means of the theoretical model for wave
processes in the thin-film multilayered multiferroics [33]. To
consider the propagation losses of the waves in the MC–BST–YIG
different sections, the elements of the permeability tensors and
permittivities of each layer are taken as complex quantities. As a
result, the complex dispersion relations ω ki + jαi  are obtained,
where αi is the spatial damping decrement of the wave in the
section with the number i.

In the second stage, the transmission characteristics of the
periodic structure are calculated according to the transfer-matrix
method. This method allows one to calculate the transmission
characteristics of a finite-length periodic waveguide. According to
the transfer-matrix method, both wave propagation in an
unstructured ferrite film and reflections from the junctions of the
consecutive sections are described by the T-matrices:

(i) Matrix T1 describes the propagation of the waves in the thick
unstructured ferrite film and has the following form:

T1(ω) = exp[( − jk1 + α1)L1] 0
0 1/exp[( − jk1 + α1)L1]

(2)

(ii) Matrix T2 describes the reflections of the waves for the front
edge of the grooved film and can be calculated by the formula:

T2(ω) = 1/(1 − G) G/(1 − G)
G/(1 − G) 1/(1 − G) , (3)

where G = (k1 − k2)/(k1 + k2) is the rejection coefficient at the
junction of the wider-to-narrower waveguide.
(iii) Matrix T3 describes the propagation of the waves in the thin
unstructured ferrite film and has the following form:

T3(ω) = exp[( − jk2 + α2)L2] 0
0 1/exp[( − jk2 + α2)L2]

(4)

(iv) Matrix T4 describes the reflections of the waves from the rear
edge of the grooved film and can be calculated by the formula:

T4(ω) = 1/(1 + G) −G/(1 + G)
−G/(1 + G) 1/(1 + G) . (5)

The final transfer matrix for the thickness-modulated ferrite film
with N periods is obtained by multiplying all T-matrices describing
the propagation of the wave within each period:

TΣ(ω) = (T1 × T2 × T3 × T4)N . (6)

According to the proposed theoretical model, the complex transfer
function for the spatially periodic structure was obtained as
1/TΣ(ω)1, 1. Thus, the power transmission characteristic of the
periodic structure has the following form:

S21(ω) = 20 ⋅ log10(1/ TΣ1, 1 ) . (7)

4 Experimental and theoretical results
In this section, the microwave measurements and numerical
simulations of the transmission characteristics of the spatially
periodic structures are presented. In order to clarify the band

Fig. 1  Scheme of an EMC based on the ferrite–ferroelectric–ferrite
multilayer and of the measurement setup used in the experiments
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structure of the proposed three-layer EMC, three types of
waveguiding structures were investigated. The first one was the
free-standing bottom MC without the BST–YIG bilayer (see
Fig. 2a). The second one was the EMC consisting of the MC–BST
bilayer (see Fig. 3a), i.e. the BST layer was added to the bottom
MC. The third one was the EMC composed of the complete MC–
BST–YIG multilayer (Fig. 4a). The first and the second
waveguiding structures are discussed in detail [5–14, 34–38] while
the third one was not investigated. The experimental and
theoretical investigations of transmission characteristics of the third
waveguiding structure validate the mechanism of the band
structure formation when compared with other structures.

The transmission characteristics of the proposed structures are
presented in Figs. 2–4 and can be summarised as follows. The
black solid line in Fig. 2b shows the calculated transmission
characteristic obtained with the proposed theoretical model [see
(7)] for the free-standing MC. As is seen, the band-gaps 1, 2, and 3
(the shaded grey areas in Fig. 2b) are formed at the frequencies
expected from the conventional Bragg analysis. Moreover, the
formation of these band gaps is in good agreement with the
experimental data presented by the red dashed line in Fig. 2b. A
small deviation of the experimental dependences from the
theoretical ones could be explained by different parasitic effects
such as small reflections from the film edges or weak random
inhomogeneity in the waveguiding structure that usually exists in
experiments.

For the case of the EMC consisting of the MC–BST bilayer, the
band structure is modified. As is seen from Fig. 3b, the band gaps
demonstrate a down-frequency shift in comparison with the band
structure of the free-standing MC. This behaviour of the
transmission characteristic will be explained in detail in the next
section. The theoretically obtained transmission characteristic is
shown in Fig. 3b by the solid black line and the experimental one
by the dashed red line. It is easy to see that the frequency positions
of the measured and calculated band gaps 1, 2, and 3 (the shaded
grey areas in Fig. 3b) coincide with a high accuracy.

The transmission coefficient of the complete EMC is shown in
Fig. 4b. Here, the solid black line represents the calculated
transmission characteristic, while the dashed red line shows the
measured data. Initially, the constituting characteristics were found
separately for the waves propagating as fundamental modes
existing in each ferrite film. The resulting transmission
characteristic was calculated as a superposition of the two
interfering waves.

In contrast to the previous configurations, the band structure of
the EMC composed of the MC–BST–YIG multilayer is more
complicated. According to the Bragg resonance condition, the first
band gap 1A should be observed at 6.6 GHz, which is less than the
cutoff frequency of the SSW for the bottom YIG film. As a result,
this band gap lies outside of the wave spectrum and cannot be
observed. The first visible band gap appeared near the 6.664 GHz
frequency in region 1B (see the shaded grey area in Fig. 4b). In
addition, one can clearly see the formation of the two closely
spaced band gaps 2A and 2B corresponding to the region of the
second Bragg resonance.

5 Discussion
In order to identify the band gaps observed in the previous section
and to understand the physical reasons for their formation, we
carried out a detailed theoretical analysis of the dispersion
characteristics of the periodic structures under investigation. The
numerical simulations were based on the solution of (1). The
validity of this approach is based on the following point. The
dispersion characteristics are uniquely related to the transfer
function. While the real part of the wave-number defines the phase
shift of the wave in the waveguiding structure, the imaginary part
describes losses. Thus, the frequency ranges, wherein the roots of
(1) are real, correspond to the passbands while complex roots
correspond to the band gaps. The application of the dispersion
characteristics for the description of the transmission
characteristics benefits for a visualisation of the transformation of
the wave spectrum in both MC and EMC structures.

Let us briefly outline the spin-wave spectrum for the free-
standing MC (see Fig. 5a) that later would be helpful for a
clarification of the band structure for the layered EMCs. As is seen,
the band structure of the thickness-modulated ferrite film is well
defined. Interaction among the waves in the periodical sequence of
the MC sections leads to the formation of the magnonic band gaps
1, 2, and 3 (see insets in Fig. 5a) at wave-numbers corresponding
to the Bragg reflection law KBn = nπ /Λ, where n is a band-gap
number.

Note that the real band gap with a finite frequency jump at the
border of the Brillouin zone can be formed only in an idealistic
loss-less artificial crystal. In a real-life lossy case, the dispersion

Fig. 2  Numerical analysis of the transmission characteristics for MC
(a) The sketch of the thickness-modulated MC, (b) The theoretical (black solid line)
and experimental (red dashed line) transmission characteristics of the MC

Fig. 3  Numerical analysis of the transmission characteristics for bilayer
EMC
(a) The sketch of the EMC consisting of the MC–BST bilayer, (b) The theoretical
(black solid line) and experimental (red dashed line) transmission characteristics of the
EMC
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characteristics remain continuous and zones of band gaps are
characterised by a steeper slope, which result in a local change in
the SEW group velocity [38].

Further, we will consider the EMC composed of the MC–BST
bilayer. The dispersion characteristic calculated for this structure is
shown in Fig. 5b. Here the coupled excitation of SSW mode (blue
dashed line) and electromagnetic mode TE1 (red dashed-dotted
line) leads to the SEW formation (see the black solid line in
Fig. 5b). The spectrum of this wave consists of two dispersion
branches. The band-gap positions are determined by the lower
dispersion branch. As one can see, the electromagnonic band
structure demonstrates a down-frequency shift in comparison to the
magnonic one. This phenomenon is caused by a strong repulsion
between SEW branches, which manifests itself around the point of
crossing of the pure electromagnetic TE1 and SSW modes (see
Fig. 5b). For example, the frequency shift of the first
electromagnonic band gap in comparison to the magnonic one is
about 28 MHz. This difference is reduced for the high-order band

gaps due to a decrease in the coupling between the magnons and
microwave photons.

Fig. 5c shows the dispersion characteristics of the SEWs in the
EMC composed of the MC–BST–YIG multilayer. It is clearly
visible that the wave spectrum in the frequency range under
investigation consists of three dispersion branches that are referred
to as the lower, middle, and upper ones (see the black solid lines in
Fig. 5c). Such a spectrum is formed due to the electrodynamic
interaction among the electromagnetic mode TE1 (red dashed-
dotted line) and two SSW modes (blue dashed lines) as well as due
to the magneto-dipole interaction between these SSW modes. Due
to these interactions, the SEW middle branch is clamped between
the upper and lower spin-wave modes. It provides the existence of
two closely spaced dispersion branches, which manifests itself as a
formation of additional band gap corresponding to the fixed Bragg
wave-number. Therefore, in contrast to the MC and MC–BST
structures, the appearance of an additional stop-band in the
transmission characteristic of the three-layer EMC is observed (see
Fig. 4b). For example, the first band gap at KB1 = 104.72 rad/cm is

Fig. 4  Numerical analysis of the transmission characteristics for multilayer EMC
(a) The sketch of the EMC consisting of the MC–BST–YIG multilayer, (b) The theoretical (black solid line) and experimental (red dashed line) transmission characteristics of the
EMC

Fig. 5  Numerical analysis of the dispersion for different configurations of the structures under investigation
(a) The spectrum of the spin waves in the MC. Insets here and below show peculiarities of the wave dispersion in the vicinity of the band gaps, (b) The spectrum of the SEWs in the
bilayer EMC. Dashed and dashed-dotted lines here and below represent the pure SSW and electromagnetic mode dispersion characteristics, respectively, (c) The spectrum of the
SEWs in the multilayer EMC
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splitted into two rejection regions 1A and 1B (shaded grey areas in
insets of Fig. 5c). The same behaviour is observed for the higher
order band gaps at KB2 and KB3. For the considered geometry, the
frequency distance between the band gaps satisfying the same
Bragg condition is reduced with increasing the wave-number.
Thus, the frequency difference between the band gaps 1A and 1B is
63 MHz; 2A and 2B it is 27 MHz; 3A and 3B it is 9 MHz.
According to the SEW spectrum, the higher order band gaps almost
coincide due to a decrease in the frequency difference among them.

As was already mentioned in the Introduction, the regular
waveguides based on the ferrite–ferroelectric–ferrite three-layer
structure demonstrate an enhanced voltage-controlled phase shift of
SEW. Thereby, it would be beneficial from a practical point of
view to estimate the band gap tuning ranges for the three-layer
EMC. Electric field tunability of a band structure of this waveguide
exists due to variation of the dielectric permittivity of ferroelectric
layer. An electric field of 1.74 V/μm value applied to the BST layer
decreases its dielectric permittivity by 1.7 times. Note that a rather
thick BST slab with a thickness of 110 μm was used in the
proposed EMCs. Therefore, the above-mentioned variation of the
BST permittivity requires the application of electrical voltage up to
191.4 V. According to the estimations, such a voltage provides an
electric tuning of the electromagnonic band gaps 1B, 2A, 2B, and
3A(3B) up to 4.03, 2.36, 1.53, and 1.07 MHz, respectively. As one
can see, an efficient electric tuning for these structures is achived
for the first band gap where the strong coupling between the
magnons and microwave photons is observed.

6 Conclusion
We have described and analysed the mechanism of formation of the
electromagnonic band structure in the ferrite–ferroelectric–ferrite
periodic waveguides. It has been shown that utilisation of the two
coupled ferromagnetic films separated by a ferroelectric layer
opens up a possibility to extend the functionality of conventional
MCs. Based on the proposed theoretical model, we have
demonstrated for the first time the mechanism of electromagnonic
band gap splitting due to the magneto-dipole interaction between
the spin-wave modes. This phenomenon is caused by the
interaction of the three fundamental modes corresponding to each
layer composing the EMC. Following the nature of the Bragg
resonance, a spatially periodic modulation of the waveguide
properties determines a set of the wave-number values, which
defines the band-gap positions in accordance with the dispersion
properties. Closely spaced dispersion branches allow for an
appearance of additional band gaps in the spectrum of the waves
propagating in the multilayered EMC.

Our estimates show that exploiting the hybrid SEWs in the
proposed periodic structures allows one to obtain the well-
pronounced electric field tuning of the band-gap positions via
control of the ferroelectric layer dielectric parameters. A further
reduction in the control voltage can be achieved by utilising the all-
thin-film ferrite–ferroelectric–ferrite structures. As was shown in
our previous work, the efficiency of electric tuning of wave spectra
in such structures is increased by reducing the thickness of the
intermediate ferroelectric layer [33], as well as by employing the
phenomenon of the double hybridisation of the pure
electromagnetic mode and two pure surface spin-wave modes [42].

The proposed EMCs offer promising technological features,
such as small size and low-energy consumption. In addition, these
crystals are compatible with conventional spintronic devices
enabling efficient data transfer and enhanced logic functionality.
As a result, the considered crystals look favourable for not only
investigations of the new physical phenomena but also for the
applications as a complimentary part to the traditional approach for
general computing and microwave signal processing.
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