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Abstract
Introduction. The distinctive feature of a coplanar transmission line with thin ferrite and ferroelectric films is
the absence of undesirable irregularities in dispersion for relatively low frequencies when the wavelength approaches the thickness of ferroelectric layer, in contrast to the open ferrite-ferroelectric wave-guiding structure
without metallization.
Aim. The purpose of this paper is twofold: (i) to develop a theory of the wave spectra in the multiferroic structures based on the coplanar lines; (ii) using this theory to ﬁnd ways to enhance the electric tuning range.
Materials and methods. The dispersion relation for spin-electromagnetic waves was derived through analytical
solution of the full set of the Maxwell’s equations utilizing a method of approximate boundary conditions.
Results. A theory of spin-electromagnetic wave spectrum has been developed for the thin-ﬁlm ferriteferroelectric structure based on a coplanar transmission line. According to this theory, dispersion characteristics of the spin-electromagnetic waves were described and analyzed for different parameters of the structure.
The obtained results show that the investigated structure demonstrates a dual electric and magnetic field
tunability of wave spectra. Its efficiency increases with an increase in the thicknesses of the ferrite and ferroelectric films and with a decrease in the width of the central metal strip.
Conclusion. The distinctive features of the proposed coplanar waveguides are the thin-ﬁlm planar topology
and dual tunability of the wave spectra. All these advantages make the proposed structures perspective for
development of new microwave devices.
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Introduction. Recent advances made in the area
of thin film deposition techniques have resulted in
the application of the multilayered multiferroic structures that combine advantages of ferrite and ferroelectric materials. Ferroelectrics are widely used in the
modern microwave devices due to their dependence
of dielectric permittivity on the bias electric field.
This phenomenon allows to controle the operation
characteristic of such a device by means of changing

the electric field [1]. At the same time, distinguished
features of the ferrite material devices are the low
insertion losses and magnetic field tunability in a
wide frequency range [2].
An interaction between the ferromagnetic and
ferroelectric phases is realized through the electrodynamic coupling of the microwave spin waves (SW)
and electromagnetic waves (EMW). This interaction
leads to formation of the hybrid spin-electromagnetic
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wave (SEW) [3]. Owning to the dual tunability, the
multiferroic materials have been used to develop various microwave devices. The first experimentally
investigated devices based on the ferrite-ferroelectric
structures were resonators [4]. After that, a great
number of theoretical and experimental work in this
area was carried out (see, e. g., [5–8] and references
therein). As is seen from the literature, the multiferroic structures had a great success in development of
the microwave devices. Among them are the delay
lines [9, 10], the tunable microwave resonators [11,
12], the ferromagnetic resonance phase shifters [13–
15], and the multiband filters [16, 17]. Besides, an
increased interest to investigate a new class of microwave devices utilizing the periodic multiferroic
structures is evident [18–24].
A further development of the microwave multiferroic devices is connected with the planar thin-film
structures. Such structures allow one not only to decrease the sizes of the devices, but also to reduce drastically the control voltage, which is necessary for an
effective electrical tuning of the SEW spectra. In order
to provide an effective hybridization among the SWs
and the EMWs the different multiferroic structures
were suggested. These structures may be divided into
the two major families. The first one is the ferriteferroelectric-ferrite multilayers [25]. The main advantage of these structures is an existence of the magneto-dipole interaction between the ferrite films separated by a thin ferroelectric film. The second family is
the layered structures consisting of thin magnetic and
ferroelectric films combined with a slot or a coplanar
microwave transmission line (TL) [14, 26, 27]. In the
latter case, the SEWs are originated from the electrodynamic coupling of the EMW propagating in a slot or
a coplanar TL, with the SW existing in the ferrite film.
As follows from analysis of the published articles, a large part of the studies was devoted to the
multiferroic structures with transmission lines in a
slot-line geometry, while to the coplanar TL were
given a little attention. In our opinion, this was due to
the lack of a theory describing the dispersion characteristics of spin-electromagnetic waves in such a
structure. Therefore, the purpose of the present work
is to develop a theory of the wave spectra in the multiferroic structures based on the coplanar lines.
Analytical theory. The studied structure is
shown in Fig. 1. Here, a central metal strip of width h
and two metal ground electrodes are placed in the
z  0 plane between dielectric (or ferroelectric) and
ferrite layers (Fig. 1). The metal electrodes are transparent to the microwave electromagnetic field and so
56
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Fig. 1. Coplanar line cross section

can be 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 upper of the
electrodes, there are six homogeneous dielectric layers with the dielectric permittivities  j and thicknesses d j . Here j is a layer number according to Fig.
1. The thickness of the ferrite layer is δ and its permittivity is  f . We assume that the SEW propagates
along the coplanar TL. The ferrite layer is tangentially magnetized along z-axis.
As it was shown in [28], the electromagnetic wave
in the rectangular waveguide loaded with the multiferroic structure and transmission line is a superposition of
the longitudinal-section magnetic (LSM) and the longitudinal-section electric (LSE) modes. Using this, we
express the electric and magnetic field components in
the dielectric layers of the considered structure as the
sums
of
the
LSM
and
LSE
modes
E j  ELSM
 ELSE
j
j ,

H j  HLSM
 HLSE
j
j . These

fields are expressed through the Hertzian potentials
   Πhj  j ; H LSM
   Πej , where
as ELSE
j
j
Π e and Π h are the magnetic and electric Hertzian
potential functions, respectively.
To treat the multiferroic structure with the coplanar TL as a waveguide 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 the dispersion
equation for a symmetrical rectangular waveguide
loaded with a coplanar TL surrounded by perfectly
conducting metal walls (Fig. 1). This approach is
physically applicable because the electric and mag-
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netic fields of a coplanar waveguide with narrow
gaps w are symmetrical and are localized in the gaps
of the TL. Therefore, if the distance between the
metal walls is significant, then their influence on
wave processes is negligible;
– in the dispersion equation derivation, it will be
considered that the coplanar TL is surrounded by the
metal walls where the tangential components of the
magnetic field are equal to zero. This boundary condition
is called as "magnetic wall" and has the following form:

Πej 

 h
Π j  0;
z

(1)

– in order to simplify the theoretical derivation,
an approximate dispersion relation will be found by
using the method of approximate boundary conditions for the ferrite film. An 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 longwave dipolar surface SW in the thin ferrite ﬁlm having
the unpinned surface spins [2]. A high accuracy of this
method was shown in our recent work for a planar all
thin-ﬁlm multiferroic structure with a slot TL [29].
Considering the above listed comments and the
symmetry of the fundamental coplanar TL mode, the
rectangular waveguide boundary-value problem is
reduced to the equivalent approach for a slot TL with
the "magnetic wall" boundary conditions. In other
words, we derive the approximate dispersion relation
for the SEW in thin-ﬁlm multiferroic coplanar TL
following the same algorithm like in our previous
work for a slot TL [29]. As a result, we obtained the
dispersion relation from the vanishing of the following matrix determinant composed by G elements:
N  X11z11,
 n, m, s

 n, m, s 
X12 z12,
Gm, s   
, (2)


n 0 n X 21z21,n, m, s X 22 z22,n, m, s 

where X11 , X12 , X 21 , X 22 are the same elements
of matrix X as for the structure with slot transmis n, m, s   11m s J 2s  qn  
sion line (see [28]), z11,
 2m  2 J 2m 2 qn 
 n,m,s   1m s n J 2m qn  

S ; z12,
qn

 n,m,s   11 m s
 J 2s  qn  S ; z21,



 s  1 J 2s  2  qn 
qn

4 m  1J 2m 2 qn 
qn

 n,m,s   1m s n 
S ; z22,



 J 2m qn 

 2s  2 J 2s  2 qn 
qn

S . The following nota-

1 2 at n  0,
tions are used in (2): n  
J 2m  qn 
 1 at n  0;
and J 2m2  qn  are Bessel functions of the first

kind; S  sin 2 an  h  w 2 ; m, s = 0,1 ... M;
n = 0, 1 … N; values of M and N are determined by
nw
the width of the slot gap w; qn 
; an  n d .
2d
Note that the "magnetic wall" boundary condition affects only the elements of matrix z  in (2).
Let us consider in more detail a derivation of these
elements. As was mentioned above, the tangential components of the magnetic field equal zero outside the
slot-line gap. In this case, the potentials  e and  h
satisfy the condition (1) and have the following form:
Πej 
Π hj 











  Aejn  y  cos  an z  ei t kx e y ;

n 0


  Ahjn  y  sin  an z  ei t kx e y ,

n 0

where Ahjn and Aejn are the arbitrary coefficients for
the j layer; k is the wavenumber of spinelectromagnetic wave. In order to find these coefficients, a conventional electrodynamics boundary
condition was used. According to it, the tangential
components of vectors E and H are equal on the
layer boundaries. It allows to establish a relationship
among the arbitrary coefficients in the form:


w/2



 w/2
w/2

2
 x11 cos  an z  d n
n 0
2
  x12 cos  an z  n
d
n 0


2
 x21 sin  an z  d
n 0




g  z  cos  an z  dz 



f  z  sin  an z  dz  0;

 w/2

w/2



g  z  cos  an z  dz 

 w/2
w/2

2
  x22 sin  an z  n
d
n 0



(3)

f  z  sin  an z  dz  0,

 w/2

where g  z  and f  z  are unknown distributions of
the electric field normal components. Since these unknown distributions enter in (3) under integrals, their
solution can be written using the Galerkin method.
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For convenience of integration, the unknown distributions of the electric field normal components
inside the TL gap g  z  and f  z  are represented as
a function of the normalized coordinate ξ having zero
at the center of this gap. Therefore, the origin of the
z-axis can be transformed to the center of this gap,
which corresponds to z0   h  w 2 in Fig. 1. According to the new location of the coordinate system,
a new coordinate   z   h  w 2 can be introduced

cos  an z   cos  qn   cos  an  h  w  2  
 sin  qn   sin  an  h  w  2 ;
sin  an z   sin  qn   cos  an  h  w  2  
 cos  qn   sin  an  h  w  2 .

Taking into account the even character of the
Chebyshev polynomials in f  z  and the odd character of these polynomials in g  z  , we define:

and normalized to w 2 :

w/2

  2 w.



(4)

Note that the variable ξ varies on the width of the
gap in the interval  1, 1.

1  2U 2m1   cos  an z  dz 

 w/2
1

  sin  an  h  w  2  1  2 U 2m1   sin  qn   d ;
1

Following the Galerkin method, the Chebyshev
polynomials of the first T2m  and second

w/2

U 2m1 

kind were chosen as an orthogonal basis

 w/2 1  

for expanding f  z  and g  z  , respectively. As
functions of the normalized variable ξ these polynomials have the following form:

 sin  an  h  w  2

f  
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m 0

1  2

 tm
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;

(5)
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1

1

where tm and um are the unknown coefficients.
It is worth mentioning that the Chebyshev series
are used to take into account a finiteness of electromagnetic energy near an infinitely thin layer of perfect
metal [30]. By substituting (5) into (4), we obtain:
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functions of the first kind.
Taking in account (4)–(9), (3) can be written as:
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where J 2m  qn  and J 2m2  qn  are the Bessel

sin an z  dz  0;

sin  an h  w  2  



  x12 cos  an z  n 

sin an z  dz  0.

According to the fact that z     h  w 2 and
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T2m   

In accordance with [31], the integrals in the last
relations are calculated analytically:

2

m 0

(7)

n 0

M

m
  tm 1 J 2m qn  sin  an  h  w  2   0, (10)
m 0
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Using the Galerkin method, we multiply (10) and
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Similar mathematical manipulations, as for (4)–
(9), are performed for integration of (12) and (13).
After that we obtain:
N

 n , m, s 
  x11z11,

where

m s

 2s  2  J 2s  2  qn 
qn

n J 2m  qn  

sin 2  an  h  w 2 .

The (14) represents a homogeneous system of
linear algebraic equations. The vanishing of its determinant results in the dispersion relation:
 n,m,s
 X11z11,

 n,m,s 
X12 z12,
  0. (15)
 n,m,s n X 22 z22,
 n,m,s 
 n X 21z21,

The dispersion relation (15) describes the spectrum of the spin-electromagnetic waves in planar ally
thin-film multiferroic structures
containing a coplanar
transmission line. The following notations are used in
Dielectric
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Fig. 2. Coplanar transmission line based on ferriteferroelectric structure
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tric layer j  2 corresponds to the sapphire sub-

1  1500; w  50 m; and h  50 m. To demon-

strate with thickness and permittivity d 2 and 2 ,
respectively. The layer with number j  1 corresponds to the barium-strontium titanate (BST) film
with parameters d 1 and 1 that has the exceptionally high tunability, high breakdown field and relatively
low loss tangent at microwave frequencies [32].
In order to investigate a typical experimental case,
for which the ferrite film is in contact with metal electrodes of the transmission line, we assumed zero
thickness of the dielectric layer with number j  1
(see Fig. 2). In consistent with denotations introduced
in the previous Section, the parameters of the yttriumiron garnet (YIG) film are ,  f , H , and M 0 . The

strate the formation of the spectrum, we also show in
Fig. 3 the dispersion branches represented the dispersion characteristics of the surface spin waves in a
ferrite film (dash line) and of the main mode of the
electromagnetic waves (dash dot line) in a coplanar
transmission line with a ferroelectric film on a dielectric substrate.
It is seen from Fig. 3 that away from the ferromagnetic resonance frequency, the dispersion characteristics of the EMW and the SEW coincide. Near
this frequency, the SEW phase velocity decreases
due to the hybridization of the SW and the EMW. A
distinctive feature of the all-thin-film multiferroic
structure with a coplanar TL is an absence of undesirable irregularities in dispersion for relatively low
frequencies when the wavelength approaches the
thickness of ferroelectric layer, which is in contrast
to the open ferrite-ferroelectric wave-guiding structure without metallization [3].
Turn now to investigation of the influence of different parameters of the thin-film structure on the dispersion characteristics of SEWs. Fig. 4–7 show the
calculated dependences of the wave spectra versus the
gap width w, the thickness of ferroelectric ( d 1 ) and
of ferrite (δ) films, and the width of the central strip h.
Note that in this figure the solid black lines correspond
to the dispersion characteristic shown in Fig. 3.
As is seen from this figure, 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 d 1 , shifts the area of the maximum hybridization to the higher wavenumbers (Fig. 4–6). In this
case, the electrodynamic interaction of the SW in the
ferrite film and the EMW in the coplanar TL is enhanced. Further, the ferrite film thickness δ explicitly
influences on the slope of the SW dispersion branches leading to a drastic change in the SEW group velocity (Fig. 7).
Turn now to investigation of the electric and
magnetic tuning of the hybrid spin-electromagnetic
waves in the all-thin-film multiferroic structure with
a coplanar TL. Fig. 8 and 9 show the results of numerical simulation of the wave spectra for the different values of an external magnetic field H and a control voltage U. We note that in these figures the solid
lines correspond to the dispersion characteristic
shown in Fig. 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 effec-

dielectric layer with number j  2 corresponds to the
gadolinium gallium garnet substrate with parameters
d 2 and  2 . The layers with j  3 and j  3 are
assumed to be a free space.
During simulations, the five parameters, namely
the YIG film thickness , the BST film thickness
d 1 , the BST permittivity 1 , the external magnetic
field H, the gap width w, and the width h of the central metal strip were varied. Other parameters were
constant. The valuesy of the parameters
d3  d3  0.1 m and the distance between metal

d3 d3 0.04 m were chosenDielectric
walls
to implement the
Dielectric
d

2
2 of the multiferroic coplanar waveguide
conditions
w
 inf a free space. hThe other
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placed
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d
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Fig. 3. The spectrum of the hybrid SEWs in the all-thin-film
multiferroic structure with a coplanar TL
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tive hybridization of electromagnetic and spin waves
demonstrates an up-frequency shift too (Fig. 8). An
application of a control voltage U to the coplanar TL
electrodes leads to a reduction of the ferroelectric
film permittivity  2 and provides an electric tunability. The expression approximating the dependence of
the ferroelectric permittivity versus the electric field
E has the form:

Conclusions. The dispersion relation for the hybrid spin-electromagnetic waves propagating in the
thin-ﬁlm ferrite-ferroelectric structures based on a
coplanar transmission line has been derived with the
method of the approximate boundary conditions. Using the developed theory, the dispersion characteristics of SEWs were calculated and analyzed. The electric and magnetic tunability of the wave spectra were
investigated. It was found that the range of the electric tuning can be increased due to an EMW retardation that is realized by decreasing the gap and the
central metal electrode widths, as well as increasing
of the ferroelectric thickness. In summary, the distinctive features of the proposed coplanar waveguides are the thin-ﬁlm planar topology and dual
tunability of the wave spectra. All these advantages
make the investigated structures perspective for development of new microwave devices.

2
2  E1,2   2  0   aE1,2
,

where the following typical parameters for the BST film
are used: 2  0  1500 and a  0.194 cm2 kV2 [12].
As can be seen from Fig. 9, an increase in a control voltage provides an increase in the group velocity of the electromagnetic wave in the coplanar TL.
Therefore, the area of the maximum hybridization is
shifted to the lower wavenumbers.

Authors’ contribution
Aleksei A. Nikitin, development of the theory; numerical modeling; analysis of the theoretical data; preparation
of the paper text.
Alexey B. Ustinov, analysis of the theoretical data; discussion of the results; management of the work.
Andrey A. Nikitin, development of the theory and computer programs for numerical simulation analysis;

discussion of the results.
Erkki Lähderanta, discussion of the results; management of the work.
Boris A. Kalinikos, management of the work; preparation of the paper text.
Dispersion Characteristics of Spin-Electromagnetic Waves in Planar Multiferroic Structures
with Coplanar Transmission Line

61

Известия вузов России. Радиоэлектроника. 2019. Т. 22, № 6. С. 55–63
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 6, pp. 55–63

References
1. Setter N., Damjanovic D., Eng L., Fox G., Gevorgian S.
Ferroelectric Thin Films: Review of Materials, Properties,
and Applications. J. of Applied Physics. 2006, vol. 100,
pp. 051606. doi: 10.1063/1.2336999
2. Stancil D. D., Prabhakar A. Spin Waves: Theory
and Applications. New York, Springer, 2009. 348 p. doi:
10.1007/978-0-387-77865-5
3. Demidov V. E., Kalinikos B. A., Edenhofer E. Dipole-Exchange Theory of Hybrid Electromagnetic-Spin
Waves in Layered Film Structures. J. of Applied Physics.
2002, vol. 91, pp. 10007–10016. doi: 10.1063/1.1475373
4. Semenov A. A., Karmanenko S. F., Demidov V. E., Kalinikos B. A., Srinivasan G., Slavin A. N., Mantese J. V. FerriteFerroelectric Layered Structures for Electrically and Magnetically Tunable Microwave Resonators. Applied Physics Letters.
2006, vol. 88, iss. 3, pp. 033503. doi: 10.1063/1.2166489
5. Srinivasan G., Tatarenko A. S., Bichurin M. I. Electrically Tunable Microwave Filters Based on Ferromagnetic Resonance in Ferrite-Ferroelectric Bilayers. Electronics Letters. 2005, vol. 41, iss. 10 pp. 596–598. doi:
10.1049/el:20050925
6. Tatarenko A. S., Bichurin M. I. Microwave Magnetoelectric Devices. Advances in Condensed Matter Physics. 2012, vol. 2012, p. 1–10. doi: 10.1155/2012/286562
7. Sadovnikov A. V., Grachev A. A., Beginin E. N.,
Odintsov S. A., Sheshukova S. E., Sharaevskii Y. P., Nikitov S. A.
Spatial Dynamics of Hybrid Electromagnetic Spin Waves
in a Lateral Multiferroic Microwaveguide. JETP Letters.
2017, vol. 105, pp. 364–369.
8. Wang L., Bai Y., Lu X., Cao J. L., Qiao L. J. Ultra-Low
Percolation Threshold in Ferrite-Metal Cofired Ceramics
Brings Both High Permeability and High Permittivity.
Scientific reports. 2015, vol. 5, article number 7580. doi:
10.1038/srep07580.
9. Nan C. W., Bichurin M. I., Dong S., Viehland D.,
Srinivasan G. Multiferroic Magnetoelectric Composites:
Historical Perspective, Status, and Future Directions. J. of
Applied Physics. 2008, vol. 103, iss. 3, pp. 031101. doi:
10.1063/1.2836410
10. Fetisov Y. K., Srinivasan G. Electrically Tunable
Ferrite-Ferroelectric Microwave Delay Lines. Applied
Physics Letters. 2005, vol. 87, iss. 10, pp. 103502. doi:
10.1063/1.2037860
11. Zhu M., Nan T., Liu M., Ren W. Zhou Z., Sun N. X.
Voltage Tuning of Ferromagnetic Resonance and Linewidth in Spinel Ferrite/Ferroelectric Multiferroic Heterostructures. IEEE Magnetics Letters. 2015, vol. 6,
p. 1–4. doi: 10.1109/LMAG.2015.2425360
12. Popov M. A., Zavislyak I. V., Srinivasan G., Zagorodnii V. V. Coupled Magnetostatic and Electromagnetic
Oscillations in Hexaferrite-Dielectric Heterostructures. J.
of Applied Physics. 2009, vol. 105, iss. 8, pp. 083912. doi:
10.1063/1.3108895
13. Ustinov A. B., Srinivasan G., Kalinikos B. A. Ferrite-Ferroelectric Hybrid Wave Phase Shifters. Applied
Physics Letters. 2007, vol. 90, iss. 3, pp. 031913. doi:
10.1063/1.2432953
62

14. Leach J. H., Liu H., Avrutin V., Rowe E., Özgür Ü.,
Morkoç H., Wu M. Electrically and Magnetically Tunable
Phase Shifters Based on a Barium Strontium TitanateYttrium Iron Garnet Layered Structure. J. of Applied
Physics. 2010, vol. 108, iss. 6, pp. 064106. doi:
10.1063/1.3486463
15. Nikitin A. A., Ustinov A. B., Semenov A. A., Kalinikos B. A., Lähderanta E. All-Thin-Film Multilayered Multiferroic Structures with a Slot-Line for SpinElectromagnetic Wave Devices. Applied Physics Letters.
2014, vol. 104, iss. 9, pp. 093513. doi: 10.1063/1.4867985
16. Vopson M. M. Fundamentals of Multiferroic Materials and Their Possible Applications. Critical Reviews in
Solid State and Materials Sciences. 2015, vol. 40, iss. 4,
pp. 223–250. doi: 10.1080/10408436.2014.992584
17. Zhang J. S., Zhanga R. L., Hu Q., Fan R. H., Penga R. W.
Tunable Microwave Multiband Filters Based on a Waveguide with Antiferromagnetic and Dielectric Sandwiches.
J. of Applied Physics. 2011, vol. 109, iss. 7, 07A305. doi:
10.1063/1.3535440
18. Morozova M. A., Grishin S. V., Sadovnikov A. V.,
Romanenko D. V., Sharaevskii Y. P., Nikitov S. A. Tunable
Bandgaps in Layered Structure Magnonic Crystal–
Ferroelectric. IEEE Transactions on Magnetics. 2015,
vol. 51, iss. 11, pp. 1–4. doi: 10.1109/TMAG.2015.2446763
19. Sadovnikov A. V., Beginin E. N., Bublikov K. V.,
Grishin S. V., Sheshukova S. E., Sharaevskii Y. P., Nikitov, S. A.
Brillouin Light Scattering Study of Transverse Mode Coupling in Confined Yttrium Iron Garnet/Barium Strontium
Titanate Multiferroic. Journal of Applied Physics. 2015,
vol. 118, iss. 20, 203906. doi: 10.1063/1.4936320
20. Brandl F., Franke K. J. A., Lahtinen T. H. E., van
Dijken S., Grundler D. Spin Waves in CoFeB on Ferroelectric Domains Combining Spin Mechanics and Magnonics.
Solid State Communications. 2014, vol. 198, pp. 13–17.
doi: 10.1016/j.ssc.2013.12.019
21. Morozova M. A., Matveev O. V., Sharaevskii Y. P.,
Nikitov S. A. Tuning the Bandgaps in a Magnonic Crystal–
Ferroelectric–Magnonic Crystal Layered Structure. Physics of the Solid State. 2016, vol. 58, iss. 2, pp. 273–279.
doi: 10.1134/S1063783416020207
22. Brandl F., Franke K. J. A., Lahtinen T. H. E., van
Dijken S., Grundler, D. Spin Waves in CoFeB on Ferroelectric Domains Combining Spin Mechanics and Magnonics. Solid State Communications. 2014, vol. 198,
p. 13–17. doi: 10.1016/j.ssc.2013.12.019
23. Sadovnikov A. V., Bublikov K. V., Beginin E. N.,
Sheshukova S. E., Sharaevskii Y. P., Nikitov S. A. Nonreciprocal Propagation of Hybrid Electromagnetic Waves in
a Layered Ferrite–Ferroelectric Structure with a Finite
Width. JETP letters. 2015, vol. 102, iss. 3, pp. 142–147.
doi: 10.1134/S0021364015150102
24. Morozova M. A., Matveev O. V., Sharaevskii Y. P.,
Nikitov S. A. Tuning the Bandgaps in a Magnonic Crystal–
Ferroelectric–Magnonic Crystal Layered Structure. Physics of the Solid State. 2016, vol. 58, iss. 2, pp. 273–279.
doi: 10.1134/S1063783416020207

Dispersion Characteristics of Spin-Electromagnetic Waves in Planar Multiferroic Structures
with Coplanar Transmission Line

Известия вузов России. Радиоэлектроника. 2019. Т. 22, № 6. С. 55–63
Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 6, pp. 55–63
25. Nikitin A. A., Vitko V. V., Nikitin A. A., Kondrashov A. V.,
Ustinov A. B., Semenov A. A., Lahderanta E. Dual Tuning
of Doubly Hybridized Spin-Electromagnetic Waves in AllThin-Film Multiferroic Multilayers. IEEE Transactions on
Magnetics. 2017, vol. 53, iss. 11, pp. 1–5. doi:
10.1109/TMAG.2017.2714841
26. Semenov A. A., Beljavski P. Y., Nikitin A. A.,
Karmanenko S. F., Kalinikos B. A., Srinivasan G. Dual
Tunable Thin-Film Ferrite-Ferroelectric Slotline Resonator.
Electronics Letters. 2008, vol. 44, iss. 24, pp. 1406–1407.
27. Kim W. J. Electrically and Magnetically Tunable
Microwave Device Using (Ba, Sr) TiO3/Y3Fe5O12 Multilayer.
Applied Physics A. 2000, vol. 71, no. 1, pp. 7–10.
28. Collin R. E. Field Theory of Guided Waves. New
York, Wiley-IEEE Press, 1990, 864 p.

29. Nikitin A. A., Ustinov A. B., Vitko V. V., Semenov A. A.,
Belyavskiy P. Y., Mironenko I. G., Lähderanta E. Dispersion Characteristics of Spin-Electromagnetic Waves in
Planar Multiferroic Structures. Journal of Applied Physics.
2015, vol. 118, iss. 18, pp. 183901. doi: 10.1063/1.4935266
30. Meixner J. The Behavior of Electromagnetic
Fields at Edges. IEEE Transactions on Antennas and
Propagation. 1972, vol. 20, iss. 4, pp. 442–446. doi:
10.1109/TAP.1972.1140243
31. Gradshteyn I. S., Ryzhik I. M. Table of Integrals, Series,
and Products. 7th ed. USA, Academic Press, 2007, 1200 p.
32. Frey N. A., Heindl R., Srinat, S., Srikanth H., Dudney N. J. Microstructure and Magnetism in Barium Strontium Titanate (BSTO)–Barium Hexaferrite (BaM) Multilayers. Materials Research Bulletin. 2005, vol. 40, iss. 8,
pp. 1286–1293. doi: 10.1016/j.materresbull.2005.04.006

Information about the authors
Aleksei A. Nikitin, Master Degree on electronic and nanoelectronic and Master of Science (Technology):
Computational Engineering (2015), Assistant Professor (2019) of the Department of Physical Electronics and Technology of Saint Petersburg Electrotechnical University. The author of more than 15 scientific publications. Area of
expertise: microwave properties of ferrite/ferroelectric layered structures, ferrite-film-based and ferrite/ferroelectricstructures-based magnonic crystals, computer-aided design of spin-wave devices.
Address: Saint Petersburg Electrotechnical University, 5 Professor Popov Str., Saint Petersburg 197376, Russia
E-mail: aleksei.a.nikitin@gmail.com
https://orcid.org/0000-0001-6372-3220
Alexey B. Ustinov, Dr. Sci. (Phys.-Math.) (2012), Associate Professor (2010) of the Department of Physical
Electronics and Technologies of Saint Petersburg Electrotechnical University. The author of more than 200 scientific publications. Area of expertise: linear and non-linear properties of magnetic oscillations and waves in ferromagnetic films and layered structures on their basis; microwave devices, microwave photonics.
Address: Saint Petersburg Electrotechnical University, 5 Professor Popov Str., Saint Petersburg 197376, Russia
E-mail: Ustinov_rus@yahoo.com
https://orcid.org/0000-0002-7382-9210
Andrey A. Nikitin, Cand. Sci. (Phys.-Math.) (2011), Associate Professor (2015) of the Department of Physical
Electronics and Technology of Saint Petersburg Electrotechnical University. The author of more than 50 scientific
publications. Area of expertise: multiferroic materials in microwave electronics, microwave photonics.
Address: Saint Petersburg Electrotechnical University, 5 Professor Popov Str., Saint Petersburg 197376, Russia
E-mail: and.a.nikitin@gmail.com
https://orcid.org/0000-0002-4226-4341
Erkki Lähderanta, PhD (Solid State Physics) (1993), Professor in Physics (2004) of LUT School of Engineering Science of LUT-University. The author of more than 300 scientific publications. Area of expertise: spintronics,
magnetic materials, superconductivity, dendrimers.
Address: LUT-University, 34 Yliopistonkatu, Lappeenranta, 53850, Finland
E-mail: erkki.lahderanta@lut.fi
https://orcid.org/0000-0002-1596-2849
Boris A. Kalinikos, Dr. Sci. (Phys.-Math.) (1985), Distinguished Professor (2019) of Saint Petersburg Electrotechnical University. The author of more than 300 scientific publications. Area of expertise: microwave linear and
nonlinear processes in magnetics, as well as related phenomena; solitons, nonlinear wave dynamics and chaos; microwave microelectronics; microwave photonics.
Address: Saint Petersburg Electrotechnical University, 5 Professor Popov Str., Saint Petersburg 197376, Russia
E-mail: boris.kalinikos@gmail.com
https://orcid.org/0000-0003-4968-1225

Dispersion Characteristics of Spin-Electromagnetic Waves in Planar Multiferroic Structures
with Coplanar Transmission Line

63

