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This short work copes with theoretical investigations of some surface wave characteristics for
transversely isotropic piezoelectromagnetic composites of class 6 mm. In the composite materials,
the surface Bleustein-Gulyaev-Melkumyan wave and some new shear-horizontal surface acoustic
waves (SH-SAWs) recently discovered by the author can propagate. The phase velocities Vj, of the
SH-SAWs can have complicated dependencies on the coefficient of the magnetoelectromechanical
coupling K2, (CMEMC) which depends on the electromagnetic constant a of the composites.
Therefore, the analytical finding of the first and second partial derivatives of the Vj,(a) represents
the main purpose of this study. It is thought that the results of this short letter can help for
theoreticians and experimentalists working in the research arena of opto-acoustoelectronics to
completely understand some problems of surface wave propagation in piezoelectromagnetics.

1. Introduction

Two-phase composite materials, which possess both the piezoelectric and piezomagnetic
phases, are very promising composites with the magnetoelectric effect. They are very inter-
esting for various applications in space and aircraft technologies. Several books concerning
composite materials are cited in [1-3]. The geometry of a two-phase composite material can
be denoted by the following connectivities: 0-0, 0-1, 0-2, 0-3, 1-1, 1-2, 1-3, 2-2, 2-3, and 3-3,
where 0, 1, 2, and 3 are the dimensions of piezoelectric-piezomagnetic phases. Some latterly
published papers concerning the magnetoelectric effect in different composite materials
can be found in [4-9]. For example, the composite structures [10] called (2-2) composites
represent laminated composite materials in which alternate layers of two different materials
are bonded together to form a stratified continuum. Also, [10-13] cope with some laminate
composites in which the popular Terfenol-D material is used as the piezomagnetic phase. For
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the study of the magnetoelectric effect, much work was described in the review paper [14]
by Fiebig.

It is thought that some of the main characteristics of piezoelectric, piezomagnetic,
and composite materials are the speeds of the shear-horizontal surface acoustic waves (SH-
SAWs). In 1998, Gulyaev [15] has written a review of SH-SAWs in solids. However, in the
beginning of this millennium, Melkumyan [16] has discovered twelve new SH-SAWs in
piezoelectromagnetic composite materials. In 2010, the author of this paper has additionally
discovered seven new SH-SAWs in the piezoelectromagnetic composites of class 6 mm, see
the book [17]. One of the new surface Melkumyan waves [16] written in the following section
was called the surface Bleustein-Gulyaev-Melkumyan wave [17]. Note that the classical SH-
SAWs in purely piezoelectric materials and purely piezomagnetic materials are called the
surface Bleustein-Gulyaev waves simultaneously discovered by Bleustein [18] and Gulyaev
[19] to the end of the last millennium. The new SH-SAWs discovered in [17] by the author of
this theoretical work depend on the speed of light in a vacuum and can represent an interest
for acoustooptics and photonics researchers. Also, some peculiarities of the new SH-SAW
propagation will be briefly discussed in the following section. This peculiarity allows one to
assume a restriction for the electromagnetic constant a of the complex piezoelectromagnetic
composite materials.

It is also noted that SH-SAWs can easily be produced by electromagnetic acoustic
transducers (EMATs), a nontrivial task for common piezoelectric transducers [20]. The
EMATSs can offer advantages over traditional piezoelectric transducers. Comprehensive mon-
ographs [21, 22] on the EMATSs collect the research activities on this topic. Therefore, it is
thought that this short theoretical work can be also useful as a small step towards new
applications of the EMATSs technologies. Indeed, it is believed that some characteristics of
the SH-SAWs in piezoelectromagnetic composite materials can be revealed by the utilization
of the electromagnetic acoustic transducers. Therefore, the following section describes the
analytical finding of the first and second partial derivatives of the phase velocity V,n with
respect to the electromagnetic constant a.

2. Theoretical Investigations

According to the recent work by Melkumyan [16] concerning wave propagation in piezo-
electromagnetic materials of class 6 mm, the velocity Vggm for the shear-horizontal surface
Bleustein-Gulyaev-Melkumyan wave can be written in the explicit form [17] as follows:

KZ 7 1/2
Vi =V 1- &n . 2.1
BGM tem [ <1 - K§m> ] ( )

In (2.1), the velocity Viem of the piezo-magnetoelectromechanical shear-horizontal bulk
acoustic wave (SH-BAW) and the coefficient of the magnetoelectromechanical coupling K2,
(CMEMCQ) are defined as follows:

Viem = w4(1 + K§m>l/2, (2.2)

pe* + eh?® - 2aeh
C(ep—a?)

K2, = (2.3)
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In (2.2), the velocity Vi of the purely mechanical SH-BAW is determined as follows:

‘/t4 = \/EI (24)
P

where p is the mass density. In (2.3) and (2.4), there are the following material constants:
the elastic stiffness constant C, piezoelectric constant e, piezomagnetic coefficient h, dielectric
permittivity coefficient £, magnetic permeability coefficient y, and electromagnetic constant
a. The material constants are described in the well-known handbook [23] on electromagnetic
materials.

Formula (2.1) for the surface Bleustein-Gulyaev-Melkumyan (BGM) wave corre-
sponds to the first case of the electrical and magnetic boundary conditions at the interface
between the composite surface and a vacuum. This case is for the electrically closed surface
(electrical potential ¢ = 0) and the magnetically open surface (magnetic potential ¢¢ = 0)
using the mechanical boundary condition of the mechanically free interface. The realization
of different boundary conditions is described in an excellent theoretical work [24]. In addition
to the first case, it is also possible to treat the second case of electrical and magnetic boundary
conditions for the mechanical boundary condition. This second case represents the continuity
of both the normal components of D3 and B; at the interface, where D3 and Bj; are the
components of the electrical displacement and the magnetic flux, respectively. This leads to
the following velocities for the SH-SAWs discovered by the author in the recent theoretical
work [17]:

~41/2
vov ks <K§m ~ K2+ a2C(e/€) (K%, — eh/aC) >2 03
newl — Vtem - ’ .
o = Ve (v Ka) (L /) |
K2 —K2 4 @C2 (o /) (K2 — eh/aC)\ 2]
\Va 2=V 1- em mTa L(,”O /4)( em — € a ) (26)
new fem (1+KZ,)(1+¢/eo) '

In expressions (2.5) and (2.6) there is already dependence on the vacuum characteris-
tics such as the dielectric permittivity constant ¢y = 107/ (4:11'Ci) = 8.854187817 x 10712 [F/m]
and the magnetic permeability constant yy = 477 x 1077 [H/m] = 12.5663706144 x 10~ [H/m],
where C; = 2.99782458 x 10° [m/s] is the speed of light in a vacuum:

C:=—. (2.7)

Also, expression (2.5) depends on the well-known coefficient of the electromechanical
coupling K2 (CEMC) for a purely piezoelectric material (see below), and expression (2.6)
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depends on the well-known coefficient of the magnetomechanical coupling K2, (CMMC) for
a purely piezomagnetic material:

2_ &

Ke_EC' 28)
1<2—h—2 |
m_‘uc'

Therefore, it is possible to obtain the first and second derivatives of the velocities Vggm,
Vhewt, and Vyew2 with respect to the electromagnetic constant a as the results of the theoretical
investigations for this short report. Note that these investigations were not carried out in the
recent book [17] due to some mathematical complexities. Therefore, this report continues
the theoretical investigations of the book [17]. These investigations are useful because it is
possible that the functions Vggm(a > 0), Vhewi(a@ > 0), and Viewz2(a > 0) can have some
peculiarities, namely, the SH-SAWs cannot exist for some large values of a> — ey when
K2, — oo; see formula (2.3). Note that papers [25, 26] studied some composites with the
electromagnetic constant & < 0, for which these peculiarities do not exist. Therefore, it allows
one to suppose that the right sign for the electromagnetic constant « is negative.

The first partial derivatives of the velocities Veom, Vaewt, and Vpewn with respect to the
constant a can be written in the following forms:

OVeom  Veom OViem  Vim K3, OKZ,

= Voo oa - Ve (1+K§m)3 o’ (2.9)
aVnewl _ Vhew1 aVtem _ bthzem %, (210)

alx ‘/tem aa Vnewl aa
a‘/neWZ _ Vr\ew2 a‘/tem _ bzvtzem %’ (211)

alx ‘/tem aa VnewZ aa

where
Vi 0K?2

Viem _ Vi OKem (2.12)

oa  2Vim Oa

In (2.9)—(2.12), the first partial derivative of the CMEMC K2, with respect to the electromag-
netic constant a is defined by

OK2, 2(aK2, - eh/C)
doa ep—a? ’

(2.13)
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Using (2.5) and (2.6), the functions b; and b, in (2.10) and (2.11) are determined as
follows:

b K%, - K2+ a’Ci(s0/€) (K2, — eh/aC)
L=

(1+ Kan) (1 + 1/ o)
_ Kén - K, +@°Ch (po/ 1) (Kin — e/ aC)
(1+KZ,)(1+¢/eo) ’

4

(2.14)

by

Therefore, the first partial derivatives of the b; and b, with respect to the constant a can be
expressed in the following forms:

oby _ [1-b1(1+p/po)] (0KZn/0) +2aCF (e0/ ) (K&, — eh/aC)
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(2.15)

The second partial derivatives of the velocities Vegm, Vnew1, and Viewz with respect to
the electromagnetic constant a read

0*Viom _ Vsom 0”Viem .1 0Vom OViem _ Vicm <5Vtem>2 ~ Vim K& 9Kl
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(2.16)

(2.17)
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a2‘/r1ew2 _ VnewZ a2Vtem ‘/t%em (abZ )2 b ‘/‘ém asz

oa? - Viem Oa? - View2 a 2‘/r\ew2 Oa?
(2.18)
—13p Vtem them % +b < Vtem )zavnewz%
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tem

In (2.16) and (2.19), the second partial derivative of the K2, with respect to the constant « is
defined as follows:

O?K2, 2KZ, +4a(0K2,/0ax)
S - . (2.20)

In (2.17) and (2.18), the second partial derivatives of the b; and b, with respect to the « are
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It is obvious that the first partial derivatives of the velocities Veom, Vnew1, and Vipew
with respect to the electromagnetic constant a have dimension of (m/s)? and can represent
some squares in the corresponding two-dimensional (2D) spaces of velocities. Analogically,
the second partial derivatives of the velocities with respect to the constant a can represent
some volumes with dimensions of (m/s)? in the corresponding 3D spaces of velocities.
Indeed, it is also possible to graphically investigate the complicated first and second partial
derivatives of the velocities obtained in formulae (2.9)-(2.11) and from (2.16) to (2.18).
However, this does not represent the purpose of this short report.
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3. Conclusion

This short theoretical report further developed the study of the recently published book [17].
In this work, on some wave properties of composite materials, the propagation peculiarities
of new shear-horizontal surface acoustic waves (SH-SAWSs) recently discovered in book [17]
were theoretically studied and briefly discussed. Therefore, the analytical finding of the first
and second partial derivatives of the phase velocity with respect to the electromagnetic
constant a represented the main purpose of this study. This theoretical work can be useful
for theoreticians and experimentalists working in the arena of acoustooptics, photonics,
and opto-acoustoelectronics. Also, the theoretical study of this short paper can be useful
for investigations of cubic piezoelectromagnetics like the researches carried out for cubic
piezoelectrics [27] and cubic piezomagnetics [28].
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