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INTRODUCTION

Multiferroics—materials in which the magnetic
and electric ordering coexist—are now attracting
increased attention from researchers. One reason for
this interest is the discovery of a new class of multifer�
roics in which ferroelectric regularity is induced by
magnetic ordering [1]. There is spontaneous polariza�
tion in such materials, owing to their modulated cyc�
loidal spin structure. The modulated magnetic struc�
ture is itself responsible for many features in the spec�
tra of electromagnetic, spin and elastic waves [2, 3].
However, the low temperatures of magnetic ordering
hamper the practical use of these materials. Being
promising in practical applications as well, supercon�
ductors suffer from the same problem associated with
the low temperature of this phenomenon. High�tem�
perature superconductor�based layered structures
have long been an object of study. The possibility of an
increased magnetostatic wave being generated by the
moving flux of Abrikosov vortexes in a ferromagnetic
superconductor structure was demonstrated in [4]. The
authors of [5] studied the impact of vortex pinning on
the propagation of surface magnetostatic waves. Fea�
tures of electromagnetic wave propagation in layered
structures like dielectric and metamaterial supercon�
ductors with negative refraction indices were studied in
[6, 7]. The properties of polaritons at superconductor–
dielectric and superconductor–ferromagnetic inter�
faces were studied in [8, 9]. However, the electrody�
namic properties of a layered structure of superconduc�
tor�multiferroic remain to be investigated. In this work,
we study the reflection of electromagnetic waves by the
layered structure of a high�temperature superconductor
and a multiferroic with cycloidal antiferromagnetic
structure. The superconductor Y1Ba2Cu3O7 and the
multiferroic TbMnO3 were chosen as examples.

ANALYTICAL APPROACH

Figure 1 shows the geometry of the problem. The
electromagnetic wave falls onto the multifferroic
superconductor’s layered structure at angle ϕ to the
normal. A layer of superconductor (1) with thickness l
lies on a layer of multiferroic (2) with thickness d and
cycloidal antiferromagnetic structure. The multifer�
roic is oriented such that the axis of modulation coin�
cides with the y axis and the spontaneous polarization
vector is directed along the z axis. Transport current J
flows inside the superconducting layer. External mag�
netic field H0 is directed along the y axis. We assume
that the thickness of the superconducting layer is con�
siderably less than wavelength λ of the incident radia�
tion; i.e., l � λ. We consider the presence of the super�
conducting layer by introducing special boundary
conditions [4]. One of these is the continuity of the
normal component of magnetic induction
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Fig. 1. Geometry of the problem: (1) superconductor,
(2) multiferroic.
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 where n is the magnetic vortex density

in the superconductor and  is a magnetic flux quan�
tum. The second boundary condition is obtained from
the law of conservation for the vortex flux during the
time of motion,

(1)

where υ is the velocity of the Abrikosov vortex grid. In
an inertialess approximation and without allowing for
the elastic stiffness of the vortex grid (which is valid in
a linear approximation), this velocity is determined by
the local value of the density current in the supercon�
ductor,

(2)

where  is the viscosity coefficient of the
magnetic vortex,  is the second critical supercon�
ductor magnetic field value, and  is the specific
resistance in normal state. Integrating the equation

 over the thickness of superconductor,
we obtain the relation between the current and the
jump in the tangential magnetic field component:

(3)

From (1)–(3), we obtain the boundary condition in
the linear approximation

(4)

The material equations for the multiferroic can be
written in the form

(5)

where  and  are the polarization and magnetiza�
tion vectors,  and  are the tensors of electric and

magnetic susceptibility,  = ( )* is a tensor of
magnetoelectric susceptibility (operation * denotes
complex conjugation). Lagrange’s method is used to
obtain the tensors. The ground state can be obtained
by minimizing the Ginzburg–Landau functional. To
obtain the susceptibility tensors of the multiferroic, we
must solve the set of Lagrange equations for quantities

  and  Solving the system of Lagrange equations
by means of small oscillations, and by linearizing it
and expanding the unknown quantities in a harmonic
series, we can obtain the components of the suscepti�
bility tensor. The components of the susceptibility ten�
sors for the multiferroic TbMnO3 were obtained in
[10] with various directions of the magnetic field. The
spectra of coupled waves in the multiferroic TbMnO3

were analyzed in [10]. When the external magnetic
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field was directed along the axis of modulation, the
tensors had the form

(6)

In (6), we used the notation  =  – 

 =   =  –   =

  =   for
the frequencies of the characteristic polarization oscil�

lations;  =  +   =

 +  for the frequencies

of ferromagnetic resonance;  =  +

 + αk4 +  ±  for
the eigen frequencies of oscillation of the antiferro�

magnetism vector;  =  +   =
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 for the spectra of coupled oscillations of the
corresponding components of polarization and the

antiferomagnetism vector;  =  +
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⎯2ω
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 +  w for the anisotropy con�
stant; a, u, β, λ1, λ2 for the constants of homogeneous
exchange; α, γ for the constants of inhomogeneous
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magnetoelectric interaction.  where z and
m are the charge and the reduced mass of an elemen�

tary cell with volume υc;  where  is
the static transverse magnetic susceptibility; g is the
gyromagnetic ratio; and M0 is the saturation magneti�
zation. In contrast to works [10, 11], interaction with
an elastic subsystem is not considered in the above
expressions.

To solve the problem of the reflection of an electro�
magnetic wave from a multiferroic superconductor
structure, we must solve a set of Maxwell equations
with allowance for boundary conditions (4) and mate�
rial equations (5) with tensor components (6). We used
the following parameters of the superconductor
Y1Ba2Cu3O7 (J = 106 A/cm2, η = 10–8 H s/cm2) and the

multiferroic TbMnO3 (  cm2,  cm4,

     

). The layer thicknesses were l = 50 nm, d =
100 nm, and the angle of incidence was ϕ = 0.01 rad.
The calculation results are shown in Fig. 2. We can see
that the frequency dependences of the reflection coef�
ficient for electromagnetic waves from the system
under consideration have resonances that coincide
with the frequencies of characteristic oscillations of
the subsystems. The low�frequency resonances corre�
spond to the excitation of spin waves in the structure.
Resonances with frequencies on the order of 1011 s–1

2 ,cm zλ = υ

2 2
08 ,g M⊥μ = χ ⊥χ

1410−

γ −∼

2810−

α ∼

100,a −∼ 0.1,u ∼ 10,w ∼ 100,β ∼ 0.4,b ∼

910 ,−

ν ∼

4
1,2 10−

λ ∼

correspond to antiferromagnetic resonances. The
sharp resonance with a frequency on the order of
1013 s–1 was caused by the excitation of the electric
dipole oscillations. The resonance position depends
on the external magnetic field applied to the structure.
Our investigations also show that the system under
consideration has weak amplifying properties, so the
transmission coefficient slightly exceeds a unit in all
frequency ranges where the reflection coefficient
equals zero. The amplification of a reflected wave is
observed in the region of resonances, due to the trans�
fer of energy from the moving lattice of Abrikosov vor�
tices to the electromagnetic wave. Since an electro�
magnetic wave easily passes through the layer of mul�
tiferroic in the range far from resonances when the
layer thickness of a superconductor is not sufficient for
reflection, the transmitted wave is amplified. At the
frequencies of resonances, an electromagnetic wave
does not pass through the multiferroic. Even though
the observed amplification is negligible, it could be
important in superlattices based on the considered
structure. The possibility of effective reflectivity con�
trol using a superconductor–multiferroic structure is
thus established.
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Fig. 2. Frequency dependence of the reflection coefficient
of electromagnetic waves from the Y1Ba2Cu3O7/TbMnO3
structure at different values of external magnetic field H0:
(1) 1–10 kOe, (2) 2–30 kOe, (3) 4–70 kOe.


