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Abstract. Fundamental modes of new dispersive shear-horizontal (SH) acoustic waves propagat-
ing in the (6 mm) piezoelectromagnetic plate are studied. These SH-waves can propagate when
the following boundary conditions are exploited for both the upper and lower surfaces of the plate:
(1) when the surfaces are mechanically free, electrically and magnetically closed and (2) when the
surfaces are mechanically free, electrically and magnetically open. The SH-waves depend on the
electromagnetic wave speed VEM = 1/

√
(εμ) and can only exist when the electromagnetic con-

stant α �= 0. The calculations (first evidence) were performed for the PZT-5H–Terfenol-D which is
a composite with a large value of α. The limit cases of large values of α (α2 = 0.5εμ, α2 = 0.9εμ,
and α2 = 0.99εμ) are studied because they satisfy the limitation condition of α2 < εμ.
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1. Introduction

The magnetoelectric (ME) effect characterized by the value of the electromagnetic con-
stant α can be large in ferroelectric (FE) and/or ferromagnetic (FM) materials and this
effect is not restricted to multiferroic materials [1–3]. The linear ME effect is usually
very small and can be observed in two classes of materials: single-phase multiferroics
possessing simultaneously both FE and FM properties and composites consisting of FE
and FM phases. The ME effect in the single-phase materials (Cr2O3, LiCoPO4, TbPO4

[2]) is small and arises from the long-range interaction between the atomic moments and
electric dipoles in ordered magnetic and FE sublattices. Indeed, none of the ME materials
can have combined large and robust electric and magnetic polarizations at room tempera-
ture, except for the Sr3Co2Fe24O41 Z-type hexaferrite [4] discovered in 2010. It is thought
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that such a single-phase hexaferrite with the realizable ME effect characterized by the
constant α can be already sufficient for practical applications. It is well-known that the
value of α must be restricted by the following inequality [1,2]: α2 < εμ, where ε and μ

stand for the dielectric permittivity coefficient and the magnetic permeability coefficient,
respectively. ε and μ are responsible for evaluating the speed of the electromagnetic wave
(VEM) in a solid: VEM = 1/

√
εμ < CL where CL represents the speed of light in vacuum,

CL = 1/
√

ε0μ0. In this short report, VEM and α are important parameters for the study
carried out below concerning the acoustic wave propagation coupled with both the electri-
cal and magnetic potentials (electromagnetic waves). This demonstrates some connection
between optics and acoustics. In the last decade there has been an explosion of activity in
ME materials and devices that can interconvert magnetic and electrical signals. The ME
coupling required for this purpose may arise in a single-phase material or at the interface
between two materials, for instance, piezoelectric–piezomagnetic (PE–PM) composites.
The piezoelectromagnetic (PEM) composite materials (magnetoelectroelastics possessing
the PE, PM, and ME effects) are known as a large class of ME materials which can exist
as bulk samples and thin films. These smart materials are multi-promising and as a result,
many reviews [1–44] are published in the literature on the ME materials and their possi-
ble applications in various technical devices. It is also possible to mention the left-handed
ME metamaterials (ε < 0 and μ < 0) [45,46] and even three-dimensional bulk materials
[46] that can be made into these films (plates).

Also, it is possible to review several studies of ME phenomena that can change the
values of the material parameters, such as the value of the constant ε, which affects
the wave parameter VEM mentioned above. Indeed, there is a rekindled interest in the
development of the ME materials with new multifunctional capabilities called multi-
ferroic systems which are characterized by the simultaneous presence of magnetic and
electric order parameters coupled with each other. New classes of artificially structured
composite materials that combine dissimilar magnetic and ferroelectric systems are being
developed to optimize order parameter coupling [47] that can open new vistas for devel-
oping novel ME devices. A variety of ME effects [48] can be observed in multiferroic
hexagonal RMnO3 with R = Sc, Y, In. Exploiting absorption and diffraction measure-
ments, Jung [49] has successfully detected the optical ME effect in the polar ferrimagnet
GaFeO3: the change of constant ε with the propagation direction of light. Using the den-
sity functional theory, Ju and Guo [50] have investigated magnetic ordering dependence
of linear and nonlinear optical responses in multiferroic Bi2FeCrO6. Arima [51] stated
that non-centrosymmetric ferromagnetic materials can actually demonstrate optical and
X-ray responses unique to magnetoelectrics. The ME effect has also been demonstrated
based on the composite of InGaN/GaN multiple quantum walls (MQWs) and FeCo thin
film [52]. The ferromagnetic layer under an external magnetic field can be deformed due
to magnetostriction. In the PE layers, this deformation induces electric polarization that
changes the strain and the built-in internal electric field in the MQWs. So, the optical and
acoustic properties of the MQWs change allowing them to be used in magneto-optical
and ME engineering.

This short report studies the new shear horizontal (SH) waves propagating in the PEM
transversely isotropic (6 mm) plates such as the PZT-5H–Terfenol-D which is known as a
PE–PM composite with a large value of α. These results are not given in [53]. The propa-
gation of these new SH-waves is coupled with both the electrical and magnetic potentials
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and therefore, they can interact with some of the optical ME phenomena mentioned above
and this interaction can generate new acousto-optic phenomena. It is obvious that the
SH-waves can be excited by the non-contact method called the electromagnetic acoustic
transducers (EMATs) [54–56].

2. Theory and results

It is very important to know the suitable propagation directions of the shear horizontal
(SH) elastic waves when they can be coupled with both the electrical and magnetic poten-
tials (electromagnetic waves). For the (6 mm) transversely isotropic material, the suitable
propagation direction is given in [57]. The propagating SH-waves are polarized along
the six-fold symmetry axis. This is the case of pure waves where the antiplane-polarized
SH-waves can be separately studied [58,59] from the in-plane polarized Lamb acoustic
waves. To study the SH-wave propagation, the quasistatic approximation [59] must be
used. In the case of pure SH-wave propagation, the corresponding tensor form of the
equations of motion for the PEM medium can be written [53,60,61]. Also, it is essential
to mention the following non-zero material parameters for this case: the elastic stiffness
constant C , piezoelectric constant e, piezomagnetic coefficient h as well as ε, μ, and
α introduced above. The mechanical, electrical, and magnetic boundary conditions for
this case are written for both the upper and lower surfaces of the PEM plate as follows:
the mechanically free (the normal component of the stress tensor is vanishing), electri-
cally closed (the electrical potential is vanishing), and magnetically closed (the magnetic
induction is vanishing) surfaces. However, they can also exist when the plate surfaces
are mechanically free, electrically open (the electric induction vanishes), and magneti-
cally open (the magnetic potential vanishes). The boundary conditions for various cases
are perfectly described in [62]. So, these boundary conditions result in the following
dispersion relation [53] that must be theoretically investigated in this short work:

√
1 −

(
Vnew6

Vtem

)2

tanh

⎛
⎝kd

√
1 −

(
Vnew6

Vtem

)2
⎞
⎠ − α2

εμ

K 2
em − K 2

α

1 + K 2
em

= 0. (1)

Dispersion relation (1) is valid for Vnew6 < Vtem and determines the velocity Vnew6 of
the sixth new SH-wave propagating in the PEM plate. In eq. (1), the velocity Vtem

represents the speed of the SH bulk acoustic wave (SH-BAW) coupled with both the
electrical and magnetic potentials: Vtem = √

C/ρ
(
1 + K 2

em

)1/2
, where ρ is the mass

density. Also, expression (1) depends on the coefficient of the magnetoelectromechani-
cal coupling (CMEMC). The non-dimensional CMEMC K 2

em and the parameter K 2
α are

defined by K 2
em = (

μe2 + εh2 − 2αeh
)
/C

(
εμ − α2

)
and K 2

α = αeh/Cα2 = eh/Cα,
respectively.

It is necessary to state that dispersion relation (1) is not the single equation that can be
found for the treated case of the boundary conditions. Following the numbering of book
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[53], the second dispersion relation for determining the velocity Vnew7 of the seventh new
SH-wave can be written as follows:

√
1 −

(
Vnew7

Vtem

)2

− α2

εμ

K 2
em − K 2

α

1 + K 2
em

tanh

⎛
⎝kd

√
1 −

(
Vnew7

Vtem

)2
⎞
⎠ = 0. (2)

Therefore, there are two dispersion relations, eqs (1) and (2), for further theoretical
investigations that will be carried out below. These dispersion relations are suitable for
Vnew6 < Vtem and Vnew7 < Vtem and can reveal dispersive SH-wave propagation velocities
Vnew6 and Vnew7 for the fundamental modes. Indeed, eq. (1) discloses the dependence of
the velocity Vnew6 on the dimensionless parameter kd, where k and d are the wavenumber
in the propagation direction and the plate half-thickness, respectively. In the same man-
ner, eq. (2) exhibits the dependence of Vnew7 on kd. It is apparent that dispersion relations
(1) and (2), which are quite complicated, can be studied only numerically. Also, one can
check that when kd → ∞, both relations (1) and (2) can reduce to the following formula
for the determination of the velocity of the SH surface acoustic wave (SH-SAW):

Vnewα = Vtem

√
1 −

(
α2

εμ

K 2
em − K 2

α

1 + K 2
em

)2

. (3)

Expression (3) is true because tanh(kd → ∞) → 1 occurs in relations (1) and (2). The
SH-SAW velocity Vnewα was recently discovered in [60]. However, this SH-SAW has a
peculiarity that this SH-SAW speed is slightly smaller than the SH-BAW speed Vtem. So,
the value of Vnewα can be significantly closer to the value of Vtem than the other SH-SAWs
discovered in [60] because the value of α is very small. It is also necessary to state that the
magnetoelectric effect is crucial for the existence of the sixth and seventh new dispersive
SH-waves because as soon as α becomes zero, the other new SH-waves given in [53] can
exist, except the case of dispersion relations (1) and (2). There is also a recent work [63]
that theoretically investigates the non-dispersive SH-wave defined by expression (3). It is
also blatant in expression (3) and relations (1) and (2) that the non-dispersive SH-SAW
velocity Vnewα and the dispersive plate SH-wave velocities Vnew6 and Vnew7 depend on
the speed VEM of the electromagnetic wave in a PEM solid. As a rule, the electromag-
netic wave speed VEM is slightly lower than the speed CL of light in vacuum. Also, the
value of the speed VEM is approximately five orders larger than the speed of elastic wave
propagating in a solid. This huge difference in the speeds is the reason for using the qua-
sistatic approximation [59,64] for the case. It is worth noticing that the propagation of the
elastic SH-BAW coupled with both the electrical and magnetic potentials can be slightly
increased by coupling with both the potentials. It is also clearly seen that SH-SAW speed
Vnewα is smaller than the SH-BAW speed Vtem = √

C/ρ
(
1 + K 2

em

)1/2
. The difference

between the speeds Vnewα and Vtem was graphically given in [63] as a function of α. It
is obvious in expression (3) that Vnewα = Vtem for α = 0. However, in [63] it is demon-
strated that the speed Vnewα can reach the speed Vtem for some large values of α restricted
by the inequality [1,2] α2 < εμ.
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This short report deals with the theoretical investigations of the fundamental modes of
the new dispersive SH-waves defined by dispersion relations (1) and (2). Formulae (1)
and (2) were first obtained in [53], but in this work, the investigation was not thorough
and therefore, some peculiarities were not demonstrated. This lacuna is partly filled with
the results obtained in this short theoretical work. For simplicity, this work treats the con-
crete PEM material such as the PZT-5H–Terfenol-D composite. The PZT-5H–Terfenol-D
material constants were compared with BaTiO3–CoFe2O4, another well-known compos-
ite (see table in [63]). The PZT-5H–Terfenol-D and BaTiO3–CoFe2O4 composites possess
very large and small values of α, respectively. One can find that the value of εμ for
BaTiO3–CoFe2O4 is more than an order larger than that for PZT-5H–Terfenol-D. This
means that the value of α can be significantly closer to the value of εμ for PZT-5H–
Terfenol-D assuming that the restriction [1,2] α2 < εμ is satisfied. This is the reason for
investigating PZT-5H–Terfenol-D. Table 1 lists the values of the SH-BAW and SH-SAW
velocities such as Vtem and Vnewα , respectively. The dependence of the velocities on the
value of α is tabulated for PZT-5H–Terfenol-D. It is convenient to introduce the α-value
as a part of the εμ-value in the first column of table 1. It is clearly seen in table 1 that when
the value of α is small (α2 � εμ and α2 ∼ εμ) the value of the SH-SAW velocity Vnewα

is a little less than the value of the SH-BAW velocity Vtem. For α2 > 0.5εμ, the difference
between the velocities Vtem and Vnewα becomes significant. For α2 = 0.99εμ, the value of
Vtem is already more than twice as much. It is worth noting that when α2 = 0.99εμ, the
optic (electromagnetic) contribution such as (εμ–α2) in the denominator of the CMEMC
K 2

em becomes dominant. It is obvious that when α2 is also closer to εμ than the case of
α2 = 0.99εμ, one can deal with the case of Vtem → VEM. However, when Vtem → VEM,
the value of the SH-SAW velocity Vnewα can be approximately one order smaller than the
value of the SH-BAW velocity Vtem and hence, the quasistatic approximation can be still
satisfied only for Vnewα . Therefore, it is possible to state that PEM (composite) materials
are good candidates for verifying the upper threshold of the applicability of the quasistatic
approximation. For α2 → εμ, this threshold can be demonstrated for Vtem → VEM. This
fact can be used as a bridge between optics/photonics and acoustics.

Figure 1 shows the fundamental modes of the new dispersive SH-waves propagating
in the PEM plate made of the PZT-5H–Terfenol-D material. Dispersion relations (1) and

Table 1. The material characteristics of the PZT-5H–Terfenol-D composite for
various values of α.

α2 (s/m) α (ns/m) K 2
em K 2

α Vtem (m/s) Vnewα (m/s)

→ εμ → (εμ)1/2 → ∞ eh/Cα → ∞ � Vtem
0.99εμ 139.2093747 15.12242913 0.3528795244 5244.327158 2209.379614
0.9εμ 132.7309308 1.837400471 0.3701031676 2200.061679 1947.258747
0.5εμ 98.93179469 0.7067604902 0.4965455047 1706.321365 1703.082705
0.1εμ 44.24364361 0.6976264992 1.110309503 1701.749420 1701.246523
0.01εμ 13.99106858 0.7875794053 3.511106936 1746.253178 1746.050487
0.0001εμ 1.399106858 0.8429878349 35.11106936 1773.110382 1773.107317
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Figure 1. The fundamental modes’ dispersion relations for several values of α2.
Vnew6/Vtem and Vnew7/Vtem in eqs (1) and (2) are shown by the thin grey and thick
black lines, respectively.

(2) were exploited to obtain the dependencies of the normalized velocities Vnew6/Vtem and
Vnew7/Vtem of the new dispersive SH-waves on the dimensionless plate thickness kd. The
figure compares the dispersion relations for α2 = 0.5εμ, α2 = 0.9εμ, and α2 = 0.99εμ.
The velocity Vnew6/Vtem defined by relation (1) is shown by thin grey lines. The velocity
Vnew7/Vtem defined by relation (2) is shown by thick black lines. It is clearly seen in the
figure that when the value of α increases, the fundamental modes corresponding to the
velocity Vnew7/Vtem (thick black lines) start with Vnew7 = Vtem at smaller values of kd.
When α2 = 0.99εμ, the value of kd ∼ 1 is still significantly larger than zero. It is also
apparent that for α2 � εμ, this fundamental mode will start with a very large value of
kd, namely kd 	 20 according to the figure. In contrast, the other fundamental modes
corresponding to the velocity Vnew6/Vtem (thin grey lines) commence with Vnew7 = 0 at
larger values of kd. When a fundamental mode commences when kd > 0, it is said that a
‘silence zone’ occurs because the corresponding SH-wave cannot be excited. It is thought
that for Vnew6/Vtem, this ‘silence zone’ can be negligible in the case of α2 � 0.5εμ

because already for α2 = 0.5εμ (see the figure) the fundamental mode dispersion relation
looks like a δ-function: the velocity Vnew6 is zero at kd → 0 and then the velocity Vnew6

rapidly approaches the SH-SAW speedVnewα , where Vnewα → Vtem occurs. Therefore,
it is expected that for α2 � 0.5εμ, the dispersion relation will approach the δ-function
behaviour. One can also find that for α2 = 0.99εμ, the velocity Vnew6 starts already at
a larger threshold value of kd than that for the velocity Vnew7. Also, this threshold value
of kd can be significantly larger when the value of α is closer to the value of εμ than
when α2 = 0.99εμ. So, these illuminated peculiarities discussed above can be used for
developing various new acousto-optoelectronic technical devices based on smart PEM
materials (sensors, filters, delay lines, lab-on-a-chip, etc.) when the optic and acoustic
wave phenomena is completely understood. Also, it is well-known that plates can be
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used for further miniaturization of technical devices and the plate SH-waves exited and
detected with the EMATs can be utilized for non-destructive testing and evaluation of thin
films (plates).

3. Conclusion

In this original study, it is possible to conclude that to deal with the PEM plate SH-
waves is preferable in comparison with the investigation of the SH-SAW because the
plate SH-wave velocity for a small value of kd can be significantly below the SH-BAW
speed. It is thought that the new dispersive SH-waves studied can be a useful tool for
various theoretical and experimental studies of optic and acoustic phenomena because
these acoustic SH-waves are coupled with both the electrical and magnetic potentials but
the Lamb waves in this case represent purely mechanical waves. However, it is necessary
to account for the peculiarities such that the fundamental modes of the new dispersive
SH-waves can commence at kd > 0 and therefore, ‘silence zones’ can occur. Constitution
of various new acousto-optoelectronic technical devices can be a natural consequence of
further investigations of the wave phenomena.
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