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In this work, we explore the formation of transmission gaps in wave spectra of a ferrite

film covered by a thin vanadium dioxide (VO2) stripe with a single groove on its surface. It

was found that this waveguide does not manifest noticeable spin-wave reflections, but still

demonstrates rejection bands in its transmission characteristic. This is due to a finite drop of

spin-wave group velocity in a wide frequency range affected by the conducting VO2 layer with

a smooth profile inhomogeneity. The main feature of the proposed waveguides is a short groove

length required for formation of spectral regions with enhanced spin-wave signal rejection.

Namely, utilization of a groove with the length of 66 µm results in a pronounced rejection band

with the depth of 10 dB and the width of 19 MHz. To achieve these values in conventional

magnonic crystals, several millimeters of periodic array of reflectors are required. Therefore,

we believe that the obtained findings pave a clear way forward to microminiaturize the spin-

wave devices, where features of magnonic crystals are exploited.

I. INTRODUCTION

A vast variety of linear and nonlinear spin-wave (SW) phenomena, which are of

fundamental interest for data transfer and processing technologies, have been discovered in

yttrium iron garnet (YIG) films during the last decades. Owing to ultralow magnetic damping

and a long SW decay length, YIG films have become powerful testbeds for cutting-edge

research addressing the field of science known as magnonics. The latest high-level overviews

and achievements in this field are represented in recent roadmaps [1, 2]. This research interest

is determined by efficient signal transmission mechanisms based on the idea that spin-wave

quanta, magnons, can be regarded as state variables instead of a charge in conventional

electronics.

Within the field of magnonics, artificial magnetic media with periodically modulated

properties, known as magnonic crystals, are particularly promising. Their functionality arises

from a band structure engineering with permitted and prohibited frequency regions that is

caused mainly by SW Bragg reflections from periodic disturbances [3, 4]. In YIG-based

magnonic crystals, these disturbances are produced by periodic variations of their geometrical
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[5, 6], magnetic [7, 8], and electric [9, 10] properties. The most-efficient magnonic crystals

demonstrated until now were based on the YIG films with a thickness in the micrometer or

nanometer range. The length of these artificial structures is given by the lattice period and the

number of the formed periods of the periodic lattice. Typically, spin waves propagate in the

periodic part of the waveguide structure up to distances of several millimeters. This relatively

large distance is caused by the cumulative effect of SW scattering by the periodic array of

reflectors with a lattice constant of tens or hundreds of micrometers. In most of the experiments

with magnonic crystals, the reflection efficiency of the wave from a single reflector is rather

low and varies from 1% to 10% [11, 12] while the number of reflectors is usually limited to 20

due to increasing SW propagation losses. In this regard, one of the essential tasks in this field

is a drastic miniaturization of a periodic part of a magnonic crystal without losing an efficiency

of its band structure.

In this work, we report on a method for controlling SW dynamics in YIG films that paves

the way toward realization of new type of magnetic waveguides with pronounced transmission

gaps in wave spectra. Our approach controls the amplitude of spin waves allowing to achieve

a local minimum of the group velocity in a wide frequency range without any periodic

modulation of the waveguide properties. This behavior is realized by covering of the YIG

surface by a submicrometer-sized vanadium dioxide (VO2) film with a single groove on its

surface. In order to demonstrate a proof-of-principle, we develop a theory describing the

dispersion relation of surface spin waves in these structures. The theory enables one to

construct a numerical model for simulating the effect of single groove in a VO2 layer on SW

processes in the magnonic waveguide. In contrast to recent works [13-15], in which theoretical

modeling of SW dynamics was performed for structures containing a metal layer with constant

conductivity, the present work deals with spin-wave propagation in ferrite films covered by

variable-conductivity layers that undergo metal-insulator transitions (MIT).

II. THEORETICAL MODEL

In this Section, we derive the SW dispersion relation in a magnetic multilayered structure based

on ferrite, intermediate dielectric, and variable-conductivity layers by using rigorous

electrodynamic approach based on conventional exact boundary conditions [16]. Fig. 1 shows

schematically the magnetic multilayered structure surrounded by a free space. It consists of

three layers stacked along the y-axis and enumerated with index m: ferrite layer with thickness

t1 and saturation magnetization 4πMs; intermediate dielectric layer with thickness t2 and zero
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conductivity σ2; variable-conductivity layer with thickness t3, which undergoes a rapid change

in its conductivity σ3 due to the MIT effect. In addition, we denote the relative permittivity of

all layers as εm (m=1, 2, 3). According to Fig.1, the spin wave propagates along the x-axis. The

structure is magnetized to saturation by a uniform magnetic field H directed along the z-axis.

For the case of a single ferrite layer, this geometry corresponds to the Damon-Eshbach

configuration providing the propagation of magnetostatic surface spin waves (MSSWs).

Figure 1. Multilayered structure based on ferrite, dielectric and variable-conductivity layers.

To treat the ferrite film coated with a variable-conductivity layer as a rectangular

waveguide boundary-value problem, we duly take into account magnetic losses and finite

conductivity of these layers. Firstly, magnetic properties of the magnetic layer are described by

the complex permeability tensor:
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0 4 10    H·m-1 is the vacuum permittivity, 102.8 10    s-1·T-1

is the gyromagnetic ratio of an electron, ω is an angular frequency, and H  is the half width of

the ferromagnetic resonance curve. Note that H is the magnetic loss parameter and scales as

the Gilbert damping parameter. The magnetic losses have been introduced into the theoretical

model phenomenologically, as it is known [17] that the linearized Landau–Lifshitz–Gilbert

equation reduces to the linearised Landau-Lifshitz equation with a complex-valued value of the

applied field. Secondly, electric properties of nonmagnetic layers (m = 2 and 3) are described

by the complex permittivity:
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0 8.85 10 F m     is the vacuum permittivity; m  and m  are the scalar permittivity

and conductivity of nonmagnetic layers, respectively.
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The dispersion relation for waves in the layered structure is found by using an analytical

solution of the full set of Maxwell`s equations taking into account the electrodynamic boundary

conditions. It enables us to describe two fundamental sets of TE and TM modes as two

independent systems of differential equations [18]. For the considered geometry shown in Fig.

1, the TE and TM modes have the following field structures: (0,0, )E zE , ( , , 0)H x yH H  and

( , , 0)E x yE E , (0,0, )H zH , respectively. As it was shown in [19], TE modes of electromagnetic

waves and MSSWs exhibit effective overlapping of their dynamic components of the magnetic

fields leading to the strongest interaction between them. Therefore, only TE modes of

electromagnetic waves will be considered. Following this approach, the Helmholtz equations

are derived from Maxwell’s equations for the electric field component Ez of the TE modes for

each layer. These Helmholtz equations get the following form:
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where m is the order number for each layer; 2 2
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Solutions of Eq. (3) for each layer are shown below:
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(b) for the ferrite, dielectric, and variable-conductivity layers

(A sin ( ) cos ( )) .jkx
z m m m m m mE y D B y D e                          (5)

Here, 2 2
0 0 0k      , 2 2

1 0 0 1 k         and 2 2
2,3 0 0 2,3 k        are the

transverse wavenumbers for the free space, ferrite and dielectric/variable-conductivity layers,

respectively; k is the wavenumber of the carrier spin wave; 3
1m ssD t


 is the total thickness

of the layers. Note that the transverse wavenumbers 1  are imaginary in the frequency ranges

corresponding to the MSSW spectra from 2
H H M( )     to H M /2   that embody the surface

character for the SW in the Damon-Eshbach configuration.

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

Ez is found from Maxwell’s equations for ferrite film and other layers, respectively:
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Finally, the condition of continuity of the tangential components Ez and Hx across the

interfaces provides us with a system of eight homogeneous algebraic equations with eight

unknown coefficients. Hence, the exact dispersion relation can be written in the following

form:
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The vanishing of the determinant results in the complex-valued dispersion relation  k 

describing the spectrum of the MSSWs in the considered multilayered structure. Here,

k k jk    is the complex propagation constant, k   is the phase constant and k   is the

attenuation constant.

III. VALIDITY OF THE OBTAINED DISPERSION RELATION

In order to verify the applicability and effectiveness of the proposed theoretical model for

the problem addressed, first, we have compared our results with the group velocity of MSSWs

in tangentially magnetized ferrite films simulated with theories that were reported by Damon

and Eshbach [20], Seshadri [21], and Bongianni [22]. It is worth mentioning that these theories

for spin-wave spectra were developed with a magnetostatic approximation.

By differentiating the dispersion relation  k  with respect to k  , we calculated SW

group velocity Vg for three types of layered structures, shown in Fig. 2a. Here, the solid lines

show dependences of SW group velocity calculated according to the developed theoretical

model, and the symbols correspond to the results obtained by the theories [20-22]. The black
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line and open squares show SW group velocity in the uncovered ferrite film placed in the

external magnetic field of H = 119.366 kA/m (all layers except the ferrite have zero thicknesses,

t1 = 10 µm, ε1 = 14, and 4πMs = 139.261 kA/m). The red line and open circles correspond to SW

group velocity in the ferrite film covered by a perfectly conducting metal plane (t1 = 10 µm,

ε1 = 14, 4πMs = 139.261 kA/m, and σ3 → ∞). The green line and open rhombi, as well as the

blue line and open triangles correspond to SW group velocity in the ferrite-dielectric structure

covered by a perfectly conducting metal plane with the dielectric layer thickness of t2 = 60 µm

and t2 = 120 µm, respectively. Other parameters are t1 = 10 µm, ε1 = 14, 4πMs = 139.261 kA/m,

ε2 = 1, σ3→ ∞. Note, that the listed parameters are typical for real-life magnetic structures and

correspond to the parameters of YIG films on gadolinium gallium garnet substrates.

Figure 2. (a) Group velocity of MSSWs in the uncovered ferrite film (black line and open squares), the ferrite film

covered by a perfectly conducting metal plane (red line and circles), and the ferrite-dielectric structure covered by

a perfectly conducting metal plane (green line and open rhombi for dielectric thickness t2 = 60 µm, blue line and

triangles for dielectric thickness t2 = 120 µm). (b) Relative difference between SW group velocity simulated with

the derived dispersion relation and theories [20-22].

For a more detailed comparison, a relative difference between SW group velocities shown

in Fig. 2a was calculated as * / ,g g gV V V´ ´  where gV´  is SW group velocity obtained with theories

[20-22] and *
gV  is SW group velocity calculated with the derived dispersion relation. These

results are shown in Fig. 2(b). The observed deviation in the vicinity of 4.643 GHz (cut-off

frequency for MSSWs in the considered structures) is caused by an influence of the retardation

effect (finite light velocity of electromagnetic waves), which is taken into account in the

developed theory. For higher frequencies, the relative change of SW group velocity is not

exceeded 1% demonstrating good reliability of the developed theory for the problem addressed

in this paper.
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Next, we investigated SW dynamics in a multilayered structure ferrite/dielectric/ perfectly

conducting metal, where the intermediate dielectric thickness is varied. The validity of the

developed theoretical model was confirmed by very good qualitative and quantitative agreement

between the modeling results and experimental ones reported in Ref. [23]. In that work, a SW

linearly dispersive delay line with a 500 MHz bandwidth at 3 GHz was demonstrated. The

device utilizes a three-layered structure based on the 25-µm-thick YIG film. The spacing to

ground plane distance smoothly increased along the direction of the wave propagation from 516

µm to 13 mm at a distance of l = 6.79 mm. The delay time inserted by the proposed device was

reported in Ref. [23] and shown by the red dotted line in Fig. 3. For comparison, the similar

characteristic was calculated with the dispersion relation obtained with Eq. (7), given that the

delay time ( / gl V ) is proportional to l and inverse proportional to Vg. The result of modeling

is presented by the black solid line in Fig. 3.

Figure 3. Dependences of the delay time obtained with the proposed theoretical model (black solid line)

and results reported in Ref. [23] (red dotted line). The inset shows a sketch of the continuously variable

ground-plane delay line adapted from Ref. [23].

IV. THEORETICAL RESULTS AND DISCUSSION

In this Section, we apply the developed theory to analyze SW dynamics in a ferrite film

covered by a submicrometer-sized variable-conductivity layer. In doing so, we solve the

dispersion equation derived in Section II. The calculations were carried out taking into account

the following material parameters of the structure. Firstly, a single-crystal yttrium iron garnet

(YIG, Y3Fe5O12) film was chosen as a ferrite material owing to its low magnetic damping for

propagating spin waves. In the simulations, we use typical parameters corresponding to a high-

quality YIG film grown by liquid-phase epitaxy on a gallium gadolinium substrate. Namely, the
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YIG film saturation magnetization is 4πMs = 139.261 kA/m, the magnetic loss parameter for

the film is ΔH = 39.789 A/m (assumed to be a constant of frequency), the film thickness is t1 =

13.6 μm, the SW propagation distance is L = 4 mm. Additionally, the YIG film are assumed to

be dielectrics with zero conductivity and permittivity of ɛ1 = 14. The structure is magnetized to

saturation by applying a bias magnetic field of H = 159.155 kA/m across the YIG waveguide to

establish the condition for MSSWs. Secondly, according to our estimates, a thin intermediate

dielectric layer (less than 10 μm) in ferrite/variable-conductivity bilayer has negligible effect on

an efficiency of the reported rejection of the spin-wave signal. Therefore, this extra layer is not

introduced in further calculations. In experiments, a thin dielectric layer will be useful due to

two reasons: (i) thermal insulation of the ferrite film from variable-conductivity layer exhibiting

conducting state above room temperature; (ii) buffer layer providing a smooth surface for the

growth of variable-conductivity layers on ferrite films. Finally, a vanadium dioxide (VO2) film

exhibiting reversible electrical properties was chosen as a variable-conductivity material.

Among other counterparts, VO2 is the most interesting compound because its transition

temperature is around 340 K in bulk crystals. This temperature is often preferred in applications

because many devices based on transition metal oxides operable near room temperature wherein

the VO2 phase transition can be triggered by small thermal [24, 25], electrical [26, 27], stress

[28, 29] or optical [30, 31] perturbations. Under different physical stimuli, the conductivity of

the VO2 thin film changes by approximately four orders of magnitude, simultaneously

accompanied with a structure change from a monoclinic insulating phase to a tetragonal (rutile

structure) metallic phase. An impressive conductivity variation across the VO2 phase transition

couples with an ultrafast switching time. The timescale of the MIT is typically nanosecond or

faster [32], depending on a deposition technique, a thickness of the VO2 film, its crystalline

state, and other parameters. The listed unique properties make VO2 a compelling candidate for

our research. In the simulations, the assumed VO2 permittivity is ɛ3 = 1, while its conductivity

is σ3 = 30 S/cm and σ3 = 300 kS/cm for an insulating and conducting states of the film,

respectively. The abovementioned parameters are typical for high-quality VO2 films [33]. To

demonstrate the principle of transmission gap formation in proposed waveguides, the VO2

thickness is varied.

We analyzed the following five YIG/VO2 bilayers: (i) regular structure without any

groove; (ii) structure with a deep rectangular groove; (iii) structure with a shallow rectangular

groove; (iv) structure with a step-like groove; and (v) structure with a smooth groove. Using

numerical calculations, we obtained dispersion characteristics of waves propagating in the
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considered bilayers. Next, the phase constant k   obtained from Eq. (7) was used for calculation

of the group velocities, while the attenuation constant k   was used for calculation of the power

transmission coefficient 20log(exp( ))Hp k L   over a propagation path L of 4 mm. These

dependencies and sketches of investigated structures are shown in Figs. 4 and 5. In the standard

microstrip structure [34], the distance L corresponds to the distance between input and output

antennas serving for excitation and reception of spin waves (see Fig. 4 a, d, g, j, m). In addition,

the calculated transmission characteristics include only SW propagation losses. For the

proposed design, an experimental testbed would also include contributions from various

sources, such as reflections from YIG film edges, an inhomogeneity of a film, and the microstrip

antenna impedance mismatches. These additional losses usually do not exceed 10 dB.

Hereinafter, we provide a step-by-step explanation of the presented theoretical results and

discuss the main features of each of the investigated structures. Let us start with a regular

YIG/VO2 bilayer shown in Fig. 4a. In order to reveal the relation between material parameters

of the VO2 layer and SW dissipation, we investigated wave dynamics in the YIG film covered

by VO2 layers with different thickness of 0.2 µm, 0.3 µm, and 0.8 µm. The characteristics shown

by black solid lines represent the reference dependencies calculated for low VO2 conductivity

of σ3 = 30 S/cm. In this case, the VO2 layer exhibits an insulating state and, whatever its

thickness, has a negligible effect on the SW propagation in the bilayer inside the investigated

frequency range. Thus, all dependencies marked by black solid lines in Fig. 4 coincide and are

identical to MSSWs in the uncovered YIG film. The opposite situation is observed for the

dependences calculated for high VO2 conductivity of σ3 = 300 kS/cm and shown by colored

lines. Switching of the VO2 layer to a conducting state provides a change in the SW dispersion

shown in Fig. 4b. These characteristics can be divided into three wavenumber regions. For the

low-k region within k < 30 rad/cm, the dispersion characteristic of the MSSW coincides with

the dispersion characteristic of the waves in the YIG-film covered by a perfectly conducting

metal shown by the solid dark yellow line in Fig. 4b. After that, the calculated dispersion

characteristic demonstrates transient behavior for the intermediate-k region within 30 rad/cm <

k < 300 rad/cm. Finally, for high-k region within k > 300 rad/cm, the dispersion characteristic

of the wave in the proposed structure approaches the dispersion characteristic of the MSSW in

the YIG/insulating VO2 bilayer shown by the black solid line. This behavior relates to the SW

group velocity, shown in Fig. 4c.
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Fig. 4. Sketches of the investigated structures, numerical calculation of dispersion characteristics and group

velocities of the MSSW in the YIG/VO2 bilayers: (a-c) regular structure without any groove; (d-f) structure with

a deep rectangular groove; (g-i) structure with a shallow rectangular groove; (j-l) structure with a step-like groove;

(m-o) structure with a smooth groove.
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Fig. 5. Transmission characteristics of the MSSW in the YIG/VO2 bilayers: (a) regular structure without any

groove; (b) structure with a deep rectangular groove; (c) structure with a shallow rectangular groove; (d) structure

with a step-like groove; (e) structure with a smooth groove.

The value of the SW group velocity in the YIG/conducting VO2 bilayer, obtained slightly

above the cut-off frequency 7.67 GHz, is more than fivefold higher in comparison with the

YIG film covered by the insulating VO2. Nevertheless, in the case of conducting VO2, the

group velocity drops much faster and reaches the minimum at a certain frequency

corresponding to the inflection point on the dispersion characteristic. For example, when the

VO2 thickness is reduced from 0.3 μm to 0.2 μm, the minimum of SW group velocity is shifted

from 7.79 GHz down to 7.75 GHz. This has important implications for a formation of
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transmission gaps in the considered structures because the magnitude of the group velocity

determines the delay time and the shape of the transmission characteristic. It is worth

mentioning that the SW group velocity in the ferrite covered by a perfectly conductive plane

(see solid dark yellow line in Fig. 4c) is higher in comparison with any other ferrite/metal

structures inside the considered frequency range. Therefore, the damping decrement

corresponding to YIG/perfect conductor bilayer is minimal, that is confirmed by our

calculations presented in Fig. 5a.

Consider now transmission characteristics of the regular YIG/VO2 bilayers shown in Fig.

5a. As is seen, an effective transmission is observed at the frequency range in the vicinity of the

cut-off frequency 7.67 GHz, which is a function of external magnetic field and the YIG-film

magnetization solely [35]. In this region, the loss level of spin waves transmitted through the

YIG/conducting VO2 is lower than losses in the structure having the insulating VO2 film. This

is caused by the increase of SW amplitude at low-k region followed by greatly enhanced group

velocity. For example, the region of an effective transmission in YIG/0.8-μm-thick VO2 is about

0.1 GHz and gets narrow with a reduction of the VO2 thickness. Recently, similar behavior was

experimentally demonstrated for YIG/nonmagnetic metal heterojunctions [14]. Outside the

frequency region of an effective transmission, the SW group velocity in the YIG/conducting

VO2 bilayer drops, and the propagation loss grows.

Consider now YIG waveguides covered by the VO2 films with a rectangular groove.

The calculations were carried out for 0.8-μm-thick VO2 film. In the proposed configuration, we

assume that the VO2 thickness was modulated to a depth of 0.6 μm and 0.5 μm, as shown in

Figs. 4d and 4g respectively. To describe the SW dynamics in the proposed thickness-modulated

waveguides, we performed a three-step numerical procedure. Its first step is computing the

dispersion characteristics  1 k  and  2 k  of the bilayers containing conducting VO2 films

with thicknesses δ1 = 0.8 µm and δ2 = 0.2 µm for Fig. 4d or δ2 = 0.3 µm for Fig. 4g respectively.

The results are presented in Figs. 4e and 4h by the red dashed, green dotted, and blue dotted

lines respectively. The second step is modeling the SW group velocity 1,2 1,2/   gV k  for

waveguides with thick, δ1, and thin, δ2, VO2 films (see Figs. 4f and 4i). Note that an increase in

the thickness of conducting VO2 films leads to a larger group velocity in the considered

frequency range. The last step is obtaining the mean SW group velocity gV   in the bilayers with

a rectangular groove. To this end, we calculated the delay time 1,2 1,2 1,2/ gl V   for waveguides

with thick and thin VO2 films having the length of l1=3.96 mm and l2=0.04 mm respectively.
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This yields the total delay time 1 2    inserted by the thickness-modulated waveguides with

the total length L = l1+l2=4 mm. Given that /gV L   , we plugged the obtained group velocity

together in Figs. 4f and 4i, where the mean group velocities gV   are shown by the magenta solid

lines. Depending on the length of a groove l2 in the conducting 0.8-μm-thick VO2 film, the SW

group velocity can be varied from minimal values for l2 = L = 4 mm (see green dotted line in

Fig. 4f and blue dotted line in Fig. 4i) to maximal values for l2 = 0 (see red dashed line in Figs.

4f and 4i). Namely, the groove with the length l2 = 40 μm and the depth of 0.6 μm provides a

smooth decrease of SW group velocity from 535 km/s to 185 km/s in 200 MHz frequency range

with a sharp local minimum of 290 km/s appeared at 7.75 GHz (see magenta solid line in Fig.

4f). Therefore, instead of slow enhancement of a SW attenuation inherent to regular YIG/VO2

bilayers, the transmission characteristic of the considered structure has separate rejection band

associated with the finite drop of SW group velocity. This characteristic is shown by magenta

solid line in Fig. 5b. Decreasing the groove depth to 0.5 μm does not significantly change the

SW dynamics but shifts the frequency position of the rejection band by 40 MHz to 7.79 GHz

(see Fig. 5c).

Next, we illustrate SW dynamics in YIG/VO2 bilayers with a step-like groove shown in

Fig. 4j. In this configuration, the original 0.8-μm-thick VO2 film was modulated to a depth of

0.5 μm. The length of the obtained rectangular groove was Lg = 40 μm. To obtain a step-like

profile, the VO2 film inside the groove was thinned twice to 0.25 μm over the length of 26 μm

and then to 0.2 μm over the length of 13 μm. From Fig. 4k and its inset, one can see the expected

change in the slope of the SW dispersion characteristics in the YIG film covered by the VO2

layers with various thickness. This causes a formation of three frequency regions, where the

mean group velocity gV   of waves in the bilayer with the step-like groove is sharply dropped.

As is seen in Fig. 4l, minima of the velocity are observed at the frequencies corresponding to

the inflection points on the dispersion characteristics. Therefore, the transmission characteristics

of the considered bilayer exhibits three rejection bands at frequencies 7.75, 7.77, and 7.79 GHz

denoted by I, II, and III in Fig. 5d, respectively. At the same time, the effective increase of signal

damping (more than 10 dB) occurs near the edges of the rejection band in a narrow (2 MHz)

range around frequencies coinciding with the local minima of the spin-wave group velocity.

Moreover, there are certain technological constraints inherent to an etching of perfectly

rectangular grooves in VO2. The next type of YIG/VO2 bilayers naturally circumvents both

problems associated with narrow rejection bands and difficulties in surface patterning.
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The last structure to be discussed is the YIG/VO2 bilayer with a smooth groove shown

in Fig. 4m. In this configuration, we assumed that a groove depth D is 0.6 μm and the groove

widths at a level of 0.9D and 0.1D are equal to 55 μm and 66 μm, respectively. As is seen in

Fig. 4m, the VO2 thickness inside this groove is a gradual increased from 0.2 μm to 0.25 μm at

the width of 55 μm and then tended to initial 0.8 μm near the groove edges. For example, such

surface patterning can be formed by etching films using surface-discharge plasma [36, 37]. To

perform numerical modeling of wave dynamics, we divided the proposed bilayer with length of

L=4 mm into P = 127 rectangular regions. Here, the first region P = 1 corresponds to a structure

with the 0.8-μm-thick VO2 film over the distance l1 = 1.967 mm, regions from P = 2 to P = 126

with length of li = 528 nm describe the distribution of the VO2 thickness across the groove by a

step function, and the last region P = 127 is similar to the first region. This implies that the mean

SW group velocity in the bilayer can be found as /gV L   , where
1

/ ( / ) 
   P

ii i
l k  is the

total delay time inserted by the considered structure. Note that a further increase in the number

of regions P changes the result of the numerical calculation by less than 1% but provides a

sufficient increase in the calculation time.

According to our calculations, the proposed configuration of the YIG/VO2 bilayer

provides the condition for a velocity drop in the frequency range between 7.75 and 7.77 GHz

(see Figs. 4n and 4o). One can see that the values of the upper and lower limits of this range

satisfy frequency positions of the velocity minimum in the YIG film covered by VO2 layer with

the thickness of 0.2 μm and 0.25 μm, respectively. Consequently, the transmission characteristic

of the YIG/VO2 bilayer with the proposed groove exhibits the pronounced rejection band shown

in Fig. 5e. Note that narrow edges of the groove have a small impact on the resulting

transmission characteristic due to a short propagation path for MSSWs in these regions of the

considered bilayer. Moreover, the reported spin-wave signal rejection could be achieved for an

elevated area of VO2 by a proper choice of its thickness and length. This is possible because

such configuration also provides a drastic variation of spin-wave group velocity in a wide

frequency range that is the necessary condition for formation of transmission gaps.

Although the obtained findings suggest promising properties of the considered structures

in magnonic applications, there is a problem associated with a quick enhancement of insertion

losses with a frequency introduced by a conducting VO2 film. This is clearly visible from

Fig. 5e by comparing transmission characteristics of the bilayers, where VO2 film exhibits

insulating (black solid line) and conducting (magenta solid line) states. This implies that in a

real system, the formation of a rejection band will be accompanied with a suppressed frequency
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region, where MSSWs can be effectively excited. As follows from the theoretical analysis, this

problem can be solved by adjusting electrical properties or design of a covered VO2 film.

The efficiency of the reported effect in the YIG/ VO2 bilayers depends on a magnitude of

VO2 electrical conductivity variation subsequent to the insulator-to-metal transition. Obviously,

an increase of this this variation leads to reduction of SW loss inserted by conducting VO2 film

[38, 39]. Given that, a single-crystalline VO2 demonstrates more promising MIT properties than

its polycrystalline counterpart due to more prominent phase transition. Moreover, epitaxial VO2

films grown on a dielectric substrate demonstrate a MIT at a lower temperature in comparison

with bulk or polycrystalline materials [40]. Naturally, the structural features of epitaxial VO2

films can be controlled by variation in the concentration of reactive gas, the mass transfer rate

of the material, substrate temperature, and other parameters during technological processes.

Note here that small stoichiometric deviations destroy the MIT sharpness and increase the

hysteresis width. The latter provides an increase of the switching time between insulating and

conducting states, as well as the reset time back. Therefore, the oxygen deficiency, as well as

the presence of impurities in a VO2 film limits its applications in magnonics. Note that the

electrical properties of VO2 as well as the transition behavior are affected by several factors

mainly linked to the VO2 microstructure and also to the substrate. This is the reason why it is

crucial to carefully analyze the electrical properties of each VO2 sample to adapt future device

design to its specificity.

One way to further enhance the efficiency of the reported effect is by adjusting the

thickness and length of a VO2 layer covering a YIG film. As shown in Fig. 5a, the frequency

region of an effective SW transmission in the bilayer broadens with an increase in the VO2

thickness. Moreover, it is possible to achieve stronger metallic conduction as the film grows

thicker because VO2 becomes better ordered with larger grain sizes. Herewith, it is necessary to

take into account that growing thick films of phase change materials approaching several

micrometers remains a challenge due to the slow growth rates and demands of retaining the

single phase or stoichiometry. In addition, the MIT in a VO2 film usually occurs in the

temperature range between 280 K and 350 K, depending on its thickness [41]. A thinner VO2

film shows MIT at lower temperature and requires less time and energy for switching that is

often preferred in applications. Put differently, the maximum operation speed, as well as the

device structure miniaturization can be achieved by means of diminishing of VO2 film thickness.

However, this decreases efficiency of the described transmission gaps until the phase transition

turns out to be impossible below a certain VO2 thickness. Thus, the question of the VO2
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thickness is a trade-off between propagation losses and operation speed of the proposed

YIG/VO2 bilayers.

Consider now an influence of the length of a conducting VO2 layer on the results presented

in Figs. 4 and 5. As follows from these figures, a shape of the groove formed on the surface of

a variable-conductivity layer defines depth, width, and frequency position of a rejection band.

However, such a groove has a small effect on propagation losses due to its short length (66 µm

for the structure shown in Fig. 4m). One should recall that here the VO2 layer covers the total

length of the YIG film so that LVO = L = 4 mm. To reveal the effect of the VO2 length LVO on

the insertion losses, in Fig. 6, we plot the transmission characteristics of the YIG/VO2 bilayer

with a smooth groove, where LVO is varied from 4 mm to 0.2 mm. We carry out this simulation

for the same structure parameters as for Fig. 4m.

Fig. 6. Transmission characteristics of the MSSWs for the grooved bilayers with VO2 length LVO varied from 0.2

mm to 4 mm.

As seen from Fig. 6, a decrease in LVO has potential to broaden the frequency region of an

effective SW transmission and to further reduce insertion losses for the pass band at frequencies

higher 7.76 GHz. Namely, the bilayer design with LVO = 0.2 mm allows decreasing insertion

losses by two times (in dB scale) at the frequency f0 = 7.85 GHz in comparison with the reference

case, where LVO = 4 mm. Importantly, due to the fixed geometry of the groove, the proposed

decrease of LVO does not add a noticeable difference in the rejection band. This is because the

minimum of the SW group velocity remains almost the same. As a result, the investigated

YIG/VO2 bilayers demonstrate a pronounced rejection band with the width of 20 MHz. Note

that this value is comparable with band gaps in conventional magnonic crystals and their

dynamic analogues [6, 42-45].

In magnonic crystals, the formation of spectral regions with prohibited wave propagation

is caused by a reflection of waves from an artificially created periodicity. This band formation
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mechanism has been investigated in detail and is well understood for a variety of magnetic and

dielectric media with different physical properties and geometries, including YIG films with

periodic variations of metallization [46, 47]. However, the proposed magnetic structures differ

conceptually from the known magnonic crystals because considered YIG/VO2 bilayers lack a

periodic part of the waveguide structure, which can attain a length of several millimeters. In our

case, rejection bands in wave spectra arise due to peculiarities of the spin-wave propagation

inside an YIG film covered by an VO2 stripe with a groove. To gain more insight into the

physics, we made an additional investigation of SW scattering from VO2 stripes.

The general idea of this task takes its origin from the influence of thin metallic planes and

layers on the spin-wave scattering, which has been well studied earlier [48-51]. Recently, a

power-reflection coefficient for MSSWs from the 200-nm-thick and 100-µm-long VO2 stripe

was calculated in dynamic magnonic crystals [52]. It was shown that the insulating VO2 stripe

inserts a negligible power-reflection coefficient (|Γ|2 < 10-4) in the GHz frequency range, while

the conducting VO2 stripe provides an increase of |Γ|2 to 0.012 at the frequency where a band

gap can be formed according to the Bragg resonance condition. This value of the power-

reflection coefficient is not enough to realise a pronounced rejection bands in wave spectra of

an YIG film covered by a rectangular VO2 stripe. Thus, to realise a band structure caused by a

SW reflection, several consecutive rectangular VO2 stripes are required as reported in Ref. [52].

Note here that we carried out additional calculations to estimate the influence of VO2

stripes with a groove on the reflection and transmission coefficients of the YIG based bilayer.

To this end, we employed a theoretical approach described in Ref. [52]. This approach shows

that the problem of SW scattering from the VO2 stripes can be posed as a one-dimensional

scattering problem with an integral-equation formulation. By analogy to quantum mechanical

scattering of a particle from a potential well, scattering resonances can take place for certain

spin-wave wavelengths. If the well has smooth boundaries, as created in the VO2 stripe shown

in Fig. 4m, the resonance condition is not trivial. The detailed study of this scattering problem

falls beyond the scope of this manuscript and awaits our future research. However, taking into

account that scattering resonances for some kinds of smooth potentials provide a small

contribution or even are not formed at all [53], a smooth variation of the VO2 thickness inside

considered grooves can be neglected during theoretical modeling because a length of smooth

edges (11 μm in our case) is much smaller than a total length of the VO2 stripe (0.2 mm in our

case). Therefore, instead of the complex problem of reflections from smooth boundaries, further

we will consider scattering of MSSWs from the stripe with a rectangular groove as shown in

Figs. 4d and 4g. This allows us to solve this problem by using the same theoretical approach
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that was described in Ref. [52]. In the calculations, we assume that a depth of the groove a is

varied from 0 μm (rectangular VO2 stripe without groove) to 0.7 μm. The obtained dependences

of the transmission characteristics and SW power-reflection coefficients |Γ|2 (in logarithmic

scale) are presented in Fig. 7.

Fig. 7. Transmission characteristics (a) and power-reflection coefficients |Γ|2 (b) of the MSSWs for the YIG

waveguides covered by the VO2 films with a depth of the groove a varied from 0 µm to 0.7 µm.

As shown in Fig. 7a, an increase in a depth of the groove a leads to a shift of the rejection

band up in frequency and a rapid increase of its depth in decibels. This behavior is similar to the

results discussed above for the structure with a rectangular groove (see Figs. 5b and 5c). Even

though the structures with a < 0.5 μm are not suitable for applications due to a high attenuation

outside rejection bands, the selected range of a allows us to estimate an impact of the SW

scattering effects for structures with various depth of rejection bands. The calculated

dependencies of the SW power-reflection coefficients are shown in Fig. 7b. Firstly, we see that

a reflection coefficient for MSSWs from a VO2 stripe with a groove consists of a sequence of

maxima. For the investigated frequency range, only the first peaks of |Γ|2 for each structure is
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visible. The second peaks are caused by reflections of waves from the 0.8-μm-thick stripe and,

therefore, their frequency positions are equal for the considered YIG/VO2 bilayers with a

variable depth of groove a. In a particular case of a = 0, the power-reflection coefficient (red

dash-dotted line) smoothly increases and reaches maximum at frequency close to the upper

frequency limit for MSSW H M /2  , where a level of attenuation is significant. Secondly, the

frequency position of the first peak of |Γ|2 depends on the depth a. This shift can be understood

by recalling that in the well-known scalar case the reflection is proportional to the difference of

the wave vectors between the incident and the transmitted waves. Similarly, in our case when

the difference in characteristic scales of the incident and the transmitted waves increases, a part

of the incident SW is reflected from the boundary. As a result, the efficient and frequency

position of reflection maxima depends on various factors including the position of an inflection

point on the dispersion characteristic (see Fig. 4b). This is also the reason why the local

minimum of transmission coefficient coincides with the local maximum of reflection as clearly

visible from Fig. 7. Finally, one sees that SW scattering effects do not provide a dominating

contribution to the formation of rejection bands. For instance, for a = 0.6 μm (solid green line),

|Γ|2 = 0.014 in the vicinity of 7.76 GHz, where the dip in the transmission characteristic is

formed. In this case, only 1.4% of the incident SW energy is reflected from the conducting VO2

stripe with the considered groove. Therefore, YIG waveguides covered by conducting VO2

stripes with a single groove does not manifest noticeable SW reflections, but still demonstrates

well-pronounced frequency rejection bands in the wave spectrum.

V. CONCLUSION

In this work, we proposed and considered the design of a magnonic waveguide based on

YIG film and thin VO2 layer with a single groove on its surface. To this end, we developed a

theoretical model for modeling its performance characteristics. Our theoretical analysis

demonstrates that by using the proposed configuration it is possible to control the velocity of

the transmitted signal in the YIG/VO2 bilayer and to obtain pronounced spin-wave rejection

bands in its transmission characteristic. In contrast to conventional magnonic crystals, the

described approach allows one to engineer the transmission gaps by using a single groove

without any periodic modulation of waveguide properties. Namely, the utilization of a smooth

groove with the length of 66 µm results in appearance of the pronounced rejection band with

depth of 10 dB and the width of 19 MHz. By comparison, the same band gaps in conventional

magnonic crystals are formed due to reflections of waves from an artificially created periodicity
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with the length of several millimeters. Therefore, our approach naturally circumvents the

problem connected with large disturbance sizes in magnetic systems without losing the

efficiency of the spin-wave rejection.

In summary, the proposed structures have the potential for dynamic control of

waveguiding properties that allows for trigger disturbances of the structure. Similarly to

dynamic magnonic crystals, the frequency response of the investigated YIG/VO2 bilayer

switches from an original state, as in an uncovered YIG film, to a characteristic with

transmission gaps due to a phase transition of a thin VO2 layer from insulating to conducting

state. This transition can be triggered on fast timescales (picoseconds to nanoseconds) by a

variety of physical stimuli, including electrical and optical. Also, YIG/VO2 bilayers could be a

key element for spin-wave logic gates. For example, utilizing of the laser excitation with

sufficient energy or electric field-induced MIT may be an elegant way, which would provide

realization of an AND logic gate based on YIG/VO2 bilayer. Its operating principle is as follows.

The logic ‘1’ is represented by VO2 insulator sate and a logic ‘0’ – by conducting state, which

induces a rejection band in wave spectra as shown in Fig. 5e. The microwave pulses at the input

antenna represent clock pulses. The microwave signal at the output antenna serves as the logic

signal output. The operational frequency corresponds to the central frequency of the rejection

band, for example f0 = 7.76 GHz. Therefore, the presence of the rejection band (i.e., low power

level at the output) represents a logic ‘0’ and the absence of the rejection band (i.e., high power

at the output) represents a logic ‘1’. As a result, the proposed structures may find a variety of

applications in the domain of magnon spintronics. Apart from mentioned dynamic magnonic

crystals and spin-wave logic gates, another example could be microwave notch filters with a

stop-band frequency corresponding to the rejection band.
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