
ԳԻՏՈՒԹՅՈՒՆՆԵՐԻ ԱԶԳԱՅԻՆ ԱԿԱԴԵՄԻԱՅԻ ՏԵՂԵԿԱԳԻՐ

ÈÇÂÅÑÒÈß ÍÀÖÈÎÍÀËÜÍÎÉ ÀÊÀÄÅÌÈÈ ÍÀÓÊ ÀÐÌÅÍÈÈ

Մեխանիկա 74, � 3, 2021 Ìåõàíèêà

ÓÄÊ 539.3 Doi- http://doi.org/10.33018/74.3.4

HYBRID OF SURFACE SHEAR WAVES AT THE CONTACT

INTERFACE BETWEEN PIEZOELECTRIC AND ELECTRICALLY

CONDUCTIVE HALF-SPACES

Avetisyan Ara S., Gevorgyan A.V., Avetisyan L.V.

Keywords: piezoelectric, perfect conductor, surface shear wave, electro active wave, magneto active

wave, wave dispersion, Alfven velocity.

Ãèáðèä ïîâåðõíîñòíûõ âîëí ñäâèãà íà ãðà¬íèöå ðàçäåëà

ïüåçîýëåêòðè÷åñêîãî è ýëåê¬òðîïðîâîäÿùåãî ïîëóïðîñòðàíñòâ

Àâåòèñÿí Àðà Ñ., Ãåâîðêÿí À.Â., Àâåòèñÿí Ë.Â.

Êëþ÷åâûå ñëîâà: ïüåçîýëåêòðèê, èäåàëüíûé ïðîâîäíèê, ïîâåðõíîñòíàÿ âîëíà ñäâèãà, ýëåêòðî

àêòèâíàÿ âîëíà, ìàãíåòî àêòèâíàÿ âîëíà, äèñïåðñèÿ âîëí, ñêîðîñòü Àüëôåíà.

Àííîòàöèÿ: Ðàññìàòðèâàåòñÿ ñîâìåñòíîå ðàñïðîñòðàíåíèå ýëåêòðî-ìàãíåòî àêòèâíûõ, ïî-

âåðõíîñòíûõ âîëí óïðóãîãî ñäâèãà â äâóõñëîéíîì êîìïîçèòå. Êîìïîçèò ñîñòîèò èç ïüåçîýëåê-

òðè÷åñêîãî è èäåàëüíî ïðîâîäÿùåãî ïîëóïðîñòðàíñòâ, è ðàçìåùåí â ïàðàëëåëüíîì ïîâåðõíîñòè

ðàçäåëà ïîëóïðîñòðàíñòâ âíåøíåì ïîñòîÿííîì ìàãíèòíîì ïîëå. Ñôîðìóëèðîâàíà ìàòåìàòè÷å-

ñêàÿ êðàåâàÿ çàäà÷à. Àíàëèç ïîëó÷åííîãî äèñïåðñèîííîãî óðàâíåíèÿ ïîçâîëÿåò îïðåäåëèòü

óñëîâèÿ ñóùåñòâîâàíèÿ ëîêàëèçîâàííûõ ïîïåðå÷íûõ âîëí íà ãðàíèöå ðàçäåëà äâóõ ñðåä è õà-

ðàêòåð ëîêàëèçàöèé ìàãíèòîóïðóãèõ è ýëåêòðîóïðóãèõ âîëí. Ïîêàçàíî, ÷òî âîëíîâîé ïðîöåññ â

êîìïîçèòå ìîæíî îïòèìèçèðîâàòü, èçìåíÿÿ íàïðÿæåííîñòü ìàãíèòíîãî ïîëÿ. Íàëè÷èå ïàðàë-

ëåëüíîãî ìàãíèòíîãî ïîëÿ ìîæåò ïðèâåñòè ê óñòðàíåíèþ ñóùåñòâóþùåãî ãèáðèäà ïîâåðõíîñò-

íûõ ýëåêòðîàêòèâíûõ è ìàãíèòîàêòèâíûõ óïðóãèõ ïîïåðå÷íûõ âîëí èëè ìîæåò ïðèâåñòè ê èõ

âîçíèêíîâåíèþ.

Սահքի մակերևութային ալիքների հիբրիդ՝ պիեզոէլեկտրական և էլեկտրական

հաղորդիչ կիսատարածությունների ամրակցման միջերեսին

Ավետիսյան Արա Ս., Գևորգյան Ա.Վ., Ավետիսյան Լևոն Վ.

Հիմնաբառեր՝ պիոզոէլեկտրիկ, իդեալական հաղորդիչ, սահքի մակերևութային ալիք, էլեկտրաակտիվ ալիք,

մագնիսաակտիվ ալիք, ալիքի ցրում, Ալֆենի արագություն։

Դիտարկվում է երկշերտ կոմպոզիտում էլեկտրամագնիսական ակտիվ մակերևութային առաձգական սահքի

ալիքների համատեղ տարածումը։ Կոմպոզիտը բաղկացած է պիոզոէլեկտրական և կատարյալ հաղորդիչ

կիսատարածքներից և տեղակայված է կիսատարածությունների միջերեսին զուգահեռ արտաքին հաստատուն

մագնիսական դաշտում։ Ձևակերպված է մաթեմատիկական եզրային արժեքի խնդիր։ Ստացված դիսպերսիայի

հավասարման վերլուծությունը հնարավորություն է տալիս որոշելու երկու միջավայրերի միջերեսի մոտ տեղայ֊

նացված սահքի ալիքների առկայության պայմանները, ինչպես նաև մագնիսաառաձգական և էլեկտրառաձ֊

գական սահքի ալիքների տեղայնացման բնույթը։ Ցույց է տրված, որ կոմպոզիտում ալիքային գործընթացը
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կարելի է օպտիմալացնել՝ փոխելով արտաքին մագնիսական դաշտի լարվածությունը։ Զուգահեռ մագնիսական

դաշտի առկայությունը կարող է հանգեցնել մակերևույթի էլեկտրակտիվ և մագնիսաակտիվ առաձգական

կտրող ալիքների առկա հիբրիդի վերացմանը կամ կարող է հանգեցնել դրանց առաջացման։

Զուգահեռ մագնիսական դաշտի առկայությունը կարող է հանգեցնել մակերևույթի էլեկտրակտիվ և

մագնիսաակտիվ առաձգական սահքի ալիքների հիբրիդի առաջացման, կամ կարող է հանգեցնել առկա հիբրիդի

վերացմանը։

Abstract: The propagation of electro-magnetically active, surface elastic shear waves in a bi-

material composite is considered. The composite consists of the contacting piezoelectric and perfectly

conducting half-spaces. There is an external constant magnetic �eld parallel to the interface of

the half-spaces. A mathematical boundary value contact problem is formulated. An analysis of the

derived dispersion equation provides the conditions for the existence of surface shear waves localized

at the interface between two media. The e�ects and nature of the localizations of magnetoelastic

and electroelastic waves are discussed. It is shown that the wave process in the composite can be

optimized by changing the magnetic �eld intensity. It is shown also that the magnetic �eld can

eliminate the existing hybrid of surface electroactive and magnetically active elastic shear waves, or

can lead to their origin.

Introduction

In [1], 1911 Love A. E. H. showed that, unlike plane strain waves, localization of
the wave energy of pure elastic shear is possible in the near-surface zone of an elastic
half-space at the junction with a layer of softer material. In 1924, Lord Stoneley R.
[2], investigated the possibility of the existence of waves similar to Rayleigh waves
and Love waves, which propagate along the inner joints of the layers of the earth's
crust. In his work, he also investigated the circumstances under which a Love-type
wave can exist if a layer of constant thickness is bounded on both sides by very thick
layers of various materials.

In [3], 1968 Bleustein J.L. and in [4], 1969 Gulyaev Yu.V., are showed the possibility
of localizing the energy of an electroelastic shear wave near a mechanically free surface
of a piezoelectric medium of certain symmetry, under di�erent boundary conditions
for the accompanying electric �eld. After these primary sources, soviet and foreign
scientists solved a number of problems on the propagation of electroacoustic waves
in piezoelectric crystals and in electrically conductive media, a review of which was
given in books [5, 6] already in the eighties. The features of the localization of the
wave energy of a purely shear electroelastic wave of the Gulyaev- Bleustein type, in
multifunctional media, or in layered composites are still being studied. There are a
thousand works where the regularities of the propagation of electroelastic shear waves
in composite structures, or in media with complicated properties are investigated.

In modern electronics, inhomogeneous composite (in particular layered, piecewise
homogeneous) waveguides are widely used as converters, �lters or resonators of electro-
magneto-acoustic high-frequency wave signals with the use of piezoelectric crystals
[7�9], etc.

Qualitatively di�erent interests are represented by the cases when the electroacoustic
signal overcomes a transversely inhomogeneous layered structure [10], and when the
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electroacoustic signal �ows along the interface of homogeneous layers of the structure
[11]. In these works, the formation of a hybrid of electroactive waves of elastic shear
and elastic plane deformation in the case of non-acoustic contact between layers of
piezoelectric materials is investigated.

Naturally, a hybrid of an electroactive elastic shear wave and a magneto active
elastic shear wave in a layered composite of a piezoelectric and an electrically conductive
material (multifunctional composite material) can provide a peculiar interest. In this
case, di�erent surface conditions of mechanical �elds at the interface between layers
can allow di�erent hybridizations of elastic shear waves.

The proposed work studies the formation and propagation of a hybrid of electroactive
and magneto active surface elastic shear waves at the interface between contacting
piezoelectric and perfect conducting half-spaces, in an external constant magnetic
�eld parallel to the interface of half-spaces.

1 Formulation of the mathematical boundary value

contact problem

The composite medium of piezoelectric and electro conductive half-spaces is referred
to a rectangular Cartesian coordinate system 0x1x2x3. The coordinate plane 0x3x1

is the contact interface between half-spaces, the coordinate plane 0x1x2 is coincides
with the isotropy plane of a 6mm piezoelectric medium with hexagonal symmetry. The
coordinate axis 0x3 is parallel to the polarization axis of the piezoelectric crystalp̄6,
and the coordinate axis 0x2 is directed into the piezoelectric half-space (Fig. 1).

Fig. 1: Located in an external magnetic �eld H̃0(H01, 0, 0) a composite space
consisting of a piezoelectric medium and an perfectly conducting medium

Constant initial magnetic �eld H̃0(H01, 0, 0) is directed along the axis 0x1. The
magnetoelasticity equations for a perfectly conducting isotropic medium, in the general
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three-dimensional case, have the form [12]

G2∇2u⃗(2) +
µ(2)

4π

{
∇⃗ ×

[
∇⃗ × u⃗(2) × H̃0

]}
× H̃0 = ρ(2)

∂2u⃗(2)

∂t2
(1.1)

The coupled equations of elasticity and the equations of electrodynamics for a
dielectric piezoelectric medium and material relations have the form [5, 6]

∂σ̂
(1)
ij

∂xj
= ρ(1)

∂2u
(1)
i

∂t2
, (1.2)

∂2E
(1)
i

∂x2
k

− ∂2E
(1)
i

∂xi∂xk
=

µ(1)

c20
· ∂

2D
(1)
i

∂t2
,

∂D
(1)
i

∂xi
= 0. (1.3)

σ
(1)
ij = Ĉijklu

(1)
kl − emijE

(1)
m , D

(1)
i = eiklu

(1)
kl + εijE

(1)
j . (1.4)

In equations (1.1) ö (1.4), the indices i, j, k, l,m ∈ {1, 2, 3},G2 is the shear elastic
modulus of the conducting medium, ρ(1) and ρ(2) are the bulk densities of materials,

u⃗(n) =
{
u
(n)
i (x1, x2, x3, t)

}
are the vectors of elastic displacements, µ(1) and µ(2) are

the magnetic �elds permeability in piezoelectric and electrically conductive media,
respectively. Ĉijkl is a tensor of elastic constants, êmij is a tensor of piezoelectric
modules,ε̂ik is a tensor of dielectric constant of piezoelectric, and ûij = ∂ui/∂xj +
∂uj/∂xi is the tensor of linear deformation of piezoelectric medium.

Hereinafter, the permeability of the magnetic �eld of the piezoelectric will be
considered µ(1) = 1.

The superscripts (1) and (2) denote the quantities corresponding to the piezoelectric
half-space and perfect conducting half-space, respectively.

Since the electroactive elastic shear wave is possible in the sagittal plane 0x1x2 of
a piezoelectric material, the displacement �eld can be represented by two-dimensional
equations in the plane 0x1x2 in the half-spaces n ∈ {1, 2}.

Elastic displacements �eld of this type is permissible if, in the solutions of equations
(1.2) and (1.3), we put E(1)

3 (x1, x2, t) ≡ 0 taking into account the material relations
(1.4).

Then, an electric �eld is potential also in a piezoelectric medium E⃗(1)(x1, x2, t) =
−gradφ(1)(x1, x2, t). For piezoelectric half-space under consideration, we obtain the
following system of equations

c21∇2u
(1)
3 (x1, x2, t) =

∂2u
(1)
3 (x1, x2, t)

∂t2

∇2
[
u
(1)
3 (x1, x2, t)− (e15/ε11)· φ(1)(x1, x2, t)

]
= 0

(1.5)

Where, c1 =
√
G1/ρ(1) is the speed of the volume shear wave, G1 = C44(1 + χ2)

is the piezoelectrically sti�ened elastic shear modulus, χ =
√
e215/(ε11C44) is the

coe�cient of electromechanical coupling in piezoelectric medium.
For a magneto active elastic shear wave travelling in perfect conducting half-space,
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from equation (1.1) we obtain

(
c22 + a22

) ∂2u
(2)
3 (x1, x2, t)

∂x2
1

+ c22
∂2u

(2)
3 (x1, x2, t)

∂x2
2

=
∂2u

(2)
3 (x1, x2, t)

∂t2
. (1.6)

Here c2 =
√
G2/ρ(2) is the velocity of the bulk shear wave and a2 = H0/

√
4πρ(2)

is the speed of Alfven in a conducting medium.
Since the accompanying magnetic �eld is neglected in a piezoelectric medium,

and the accompanying electric �eld is neglected in a perfect conducting media, the
electroelasticity equations (1.5) in the piezoelectric media and the equation (1.6)
of magnetoelasticity in the perfect conducting media can be obtained in a rather
simpli�ed form.

Accordingly, they will be small of the order≈ 10−5.
The boundary conditions can be also simpli�ed. Taking into account that the

corresponding component of the Maxwell stress tensor is identically zero at the
interface, x2 = 0 we obtain

C44
∂u

(1)
3 (x1, x2, t)

∂x2
+ e15

∂φ(1)(x1, x2, t)

∂x2
= G2

∂u
(2)
3 (x1, x2, t)

∂x2
, (1.7)

u
(1)
3 (x1, x2, t) = u

(2)
3 (x1, x2, t), φ(1)(x1, x2, t) = 0. (1.8)

The condition (1.7) is obtained from the condition of continuity of mechanical
stresses. The conditions (1.8) are obtained from the condition continuity of elastic
displacements and the tangential component of the electric �eld at the interface of
the half-planes.

Since we consider the surface waves, the conditions of disturbances attenuation
for damping of disturbances over the depth of half-spaces must be satis�ed also

lim
x2→+∞

u
(1)
3 (x1, x2, t) = 0, lim

x2→+∞
φ(1)(x1, x2, t) = 0, lim

x2→−∞
u
(2)
3 (x1, x2, t) = 0.

(1.9)

2 Formation of the hybrid of the electroactive and

the magneto active SH elastic waves

Based on attenuation conditions (1.9), the solutions both of the equations (1.5)
and (1.6) can be represented as

u
(1)
3 (x1, x2, t) = A1 · exp(−kα1x2) · exp[ik(x1 − vt)],

φ(1)(x1, x2, t) = [B1 · exp(−kx2)− (e15/ε11 ) ·A1 · exp(−kα1x2)] · exp[ik(x1 − vt)]
(2.1)

u
(2)
3 (x1, x2, t) = A2 · exp(kα2x2) · exp[ik(x1 − vt)] (2.2)
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Here α2
1 = 1−v2/c21 > 0 and α2

2 = 1+a22/c
2
2 −v2/c22 > 0 are attenuation coe�cients

of waves in half-spaces, v(ω) = ω/k is the unknown phase velocity of a surface hybrid
wave localized at the contact interface of the adjacent half-spaces of the composite
media.

Substituting solutions (2.1) into boundary conditions (1.7) and (1.8), we obtain a
system of homogeneous algebraic equations for arbitrary constant amplitudes. From
the condition for the existence of nontrivial solutions to a system of homogeneous
algebraic equations, the dispersion equation is obtained(

1− v2(ω)/c21
)1/2

+ (G1/G2) ·
(
1 + a22/c

2
2 − v2(ω)/c22

)1/2
= χ2 (2.3)

The condition for the existence of real roots for the dispersion equation (2.3) is
v2(ω) < min{c21, c22 + a22}.

The left side of equation (2.3) is a monotonically decreasing function of the phase
velocity v(ω). This makes it possible to obtain the conditions for the existence of a
hybrid of surface waves depending on the ratio of the shear wave velocities in the
media and on the magnetic �eld intensity. Let's consider di�erent cases:

i) Let the speed of an elastic transverse wave in the piezoelectric medium be less
than the speed of an elastic transverse wave in the perfect conducting medium c1 ≤ c2.
Since the parameter on the right-hand side of Eq. (2.3) must be between the extreme
values of the function on the left-hand side of the Eq. (2.3). The condition for the
existence of surface waves in this case can be written in the following form

(G1/G2) ·
(
1 + (a22 − c21)/c

2
2

)1/2 ≤ χ2 ≤ 1 + (G1/G2) ·
(
1 + a22/c

2
2

)1/2
(2.4)

Since the coe�cient of electromechanical coupling of the piezoelectric medium is
less than unity 0 < χ2 < 1, the condition (2.4) can be reduced to the form

H0 ≤ 2
√

πρ(2) ·
[
[(G2/G1)

2 · χ4 − 1]c22 + c21

]1/2
(2.5)

It follows from this condition that in the absence of an external magnetic �eld,
(H01 = 0), the surface elastic shear waves of phase velocity v(ω) < c1, can exist in
the composite if χ2 ≥ (G1/G2) ·

√
c22 − c21/c2 < 1.

The weak external magnetic �eld, satisfying to condition (2.5) does not eliminate
the surface waves. The strong external magnetic �eld can lead to elimination of the
existing hybrid of surface shear waves, at the following values of the magnetic �eld
intensities

H0 > 2
√
πρ(2) · [c21 − (1− χ4G2

1G
−2
2 ) · c22]

1/2
(2.6)

ii) In velocity ratios c21 ≥ c22 + a22, the condition for the existence of a hybrid of
surface shear waves can be de�ned as(

1− (c22 + a22)/c
2
1

)1/2 ≤ χ2 ≤ 1 + (G2/G1) ·
(
1 + a22/c

2
2

)1/2
(2.7)

Obviously, in the absence of an external magnetic �eld, when H01 = 0, for
composite materials where c1 ≥ c2 the surface shear waves always exist. Such waves
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can be eliminated outside of the narrow interval of external magnetic �eld intensities

2
√
πρ(2) ·

[
(1− χ4) · c21 − c22

]1/2 ≤ H0 < 2
√
πρ(2) · (c21 − c22)

1/2
(2.8)

iii) When c22 < c21 < c22 + a22, instead of relation (2.7), the existence condition for
the surface shear waves can be written as

(G2/G1 ) ·
(
1− (c21 − a22)/c

2
2

)1/2
< χ2 < 1 + (G2/G1) ·

(
1 + a22/c

2
2

)1/2
(2.9)

In this case, in the absence of a magnetic �eld, the condition for of the surface
shear wave existence is (

1− c22/c
2
1

)1/2 ≤ χ2 ≤ 1 + (G2/G1) (2.10)

The external magnetic �eld can lead to the elimination of existing surface waves if

H0 < 2
√
πρ(2) ·

[
c21 − [1− (G2/G1)

2 · χ4]c22

]1/2
(2.11)

From condition (2.10) it follows, that in case of absence of an external magnetic
�eld, shear surface waves always exist.

In the cases both of a weak magnetic �eld, when H0 < 2
√
πρ(2) · (c21 − c22)

1/2

and a strong magnetic �eld, when H0 > 2
√
πρ(2) ·

[
c21 − (1− χ4G2

1G
−2
2 ) · c22

]1/2
, the

elastic surface shear waves disappears.
An external magnetic �eld can lead to appearance of waves, if

2
√
πρ(2) ·

(
c21 − c22

)1/2
< H0 < 2

√
πρ(2) ·

[
c21 −

(
1− χ4G2

1G
−2
2

)
· c22

]1/2
(2.12)

Numerical Analysis

For piezoelectric medium, we take the material Cadmium Sul�de CdS, with the
following material parameters: ρ1 = 4.82 · 103 kg/m3 - bulk density, c44 = 1.43 ·
1010 N/m2 - shear modulus, χ2 = 0, 047 - coe�cient of electro-mechanical coupling,
G1 = 1.4972 · 1010N/m2 - piezoelectrically sti�ened elastic shear modulus and c1 =
1.7625 · 103m/sec is the speed of bulk shear waves.

For perfect conducting medium we take the material Tin Sn, with material parameters:
ρ2 = 7, 29 · 103 kg/m3 is the bulk density and c2 = 1.7563 · 103m/sec are the shear
sti�ness of, and the velocity of bulk shear waves is G2 = 2.2487 · 1010N/m2 .

For this selected materials c1 > c2 and the condition for the existence of waves
(2.10) is also satis�ed. In the absence of an external magnetic �eld, the surface elastic
shear waves propagate in both of half-spaces. In the piezoelectric half-space, the
surface shear wave is accompanied by oscillations of the electric �eld, and in the electro
conducting half-space we have a purely elastic shear wave. For the weak magnetic �eld,
when H0 < 3.558 · 106a/m or strong magnetic �eld, when H0 > 3.797 · 106a/m , the
surface waves in the composite do not exist.

For the intensities of the external magnetic �eld satisfying to condition (2.12):
3.558·106a/m < H0 < 3.797·106a/m , there exist the hybrid both of the magnetically
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active surface elastic shear wave in electro conducting medium and the electrically
active surface elastic shear wave in a piezoelectric localized at the contact interface
of these media.

Conclusion

In a composite consisting of 6mm class of hexagonal symmetry piezoelectric medium
contacting with perfect conducting medium, in the absence of external constant
magnetic �eld the elastic shear surface waves are always exist localizing at contact
interface. In the piezoelectric medium, this wave is accompanied by oscillations of the
electric �eld. The presence of an external magnetic �eld parallel to the interface can
eliminate these surface waves.

At other values of the external magnetic �eld intensities, the hybrid both of a
magnetically active elastic surface shear wave in perfect conducting medium and an
electrically active elastic shear wave in a piezoelectric medium is exist localized at the
contact interface of these media.

This kind of compound composite makes it is possible, by means of changing
intensities of external magnetic �eld, to control propagation modes of electro-magneto-
elastic surface waves in composite devises.
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