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On wave characteristics of piezoelectromagnetics
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Abstract. This report gives a discussion of a new wave characteristic as a material parameter for
a composite with the magnetoelectric effect. The new parameter depends on the material constants
of a piezoelectromagnetic composite. It can be implemented on: (A) mechanically free, electri-
cally and magnetically open surface and (B) mechanically free, electrically and magnetically closed
surface. These theoretical investigations are useful for researchers in the fields of acousto-optics,
photonics and opto-acousto-electronics. Some sample calculations are carried out for BaTiO3—
CoFe,04 and PZT-5H-Terfenol-D composites of class 6 mm. Also, the first and second derivatives
of the new parameter with respect to the electromagnetic constant « are graphically shown.

Keywords. Piezoelectromagnetics; PZT-5H and Terfenol-D; magnetoelectric effect; surface
SH waves.
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1. Introduction

According to ref. [1], all materials exhibiting magnetoelectric (ME) effect can be clas-
sified into single-phase materials and composite materials. The single-phase materials
have an ordered structure and require a ferroelectric/ferrielectric/antiferroelectric state.
In composite materials, the ME effect is realized by using the idea of average product
properties through various connectivities including any combination of p-g, p and ¢
running from O to 3 and representing the dimension of either phase [2-8]. For instance,
the ME effect in PZT-Terfenol-D 2-2 laminate composites is described in refs. [4,6]. This
2-2 laminate composite is of particular interest for this study. Most ferromagnetic materi-
als show magnetostrictive effect. In these materials, a magnetic field causes deformation
which is quadratically dependent on the magnetic field strength. This is completely dif-
ferent from the single-phase materials where the ME effect shows a linear dependence
on the magnetic or electric field. Also, the ME effect in these composites exhibits a hys-
teretic behaviour. As a result, it is difficult for such composites to be used in various
linear devices. Therefore, the non-linear ME effect of composite systems is the case for
bias magnetic field application to the system. A linear behaviour is usually observed by
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AC magnetic field application to the ME composite. The latest review [7] by Srinivasan
discusses recent advances in the physics of ME interactions in layered composites and
nanostructures and potential device applications. Magnetoelectric response of composites
is a product property of individual ferromagnetic and ferroelectric phases.

The ME response can be limited by the following relation [8]:

o < ep, (D)
where « is the ME constant, ¢ is the dielectric permittivity coefficient and p is the mag-
netic permeability coefficient. The main purpose of many experimental investigations on
the ME effect is to observe a possible maximum value of « for a composite. From eq. (1),
«? for one material can be significantly smaller than that for another material, but closer
to e for a very small value of a” due to the very small value of . The importance of
comparison of a? with e is briefly discussed in the following section. Also, negative data
for the magnetic permeability coefficient u have been experimentally measured or ana-
lytically predicted [9,10]. Also, negative and positive magnetic permeability coefficients
[11],i.e. © < 0 and u > 0, can contradict with each other. In certain cases, a negative
magnetic permeability results in a negative internal energy. Therefore, for a piezoelec-
tromagnetic (PEM) composite, it is reasonable to study the material average properties of
the piezoelectrics (PEs) and the PMs.

For a piezoelectromagnetic medium, the electromagnetic wave velocity Vey is Vi =
1/(epn). In a free space, the above speed reduces to the speed of light in vacuum:
C? = 1/(soit0) where &g and p are respectively the dielectric permittivity and magnetic
permeability coefficients in vacuum. These constants are the fundamental characteristics
used in optics, photonics, optoelectronics and acousto-optics. The purpose of this short
report is to continue the theoretical investigations carried out in ref. [12]. The follow-
ing section acquaints the readers with a new wave characteristic used for evaluating the
ME effect. The new characteristic naturally depends on both shear-horizontal surface and
bulk acoustic waves (SH-SAWs and SH-BAWSs) and reveals some coupling of bulk and
surface wave properties in piezoelectromagnetic composites. It is clear that BAWSs rep-
resent average wave characteristics for a piezoelectromagnetic composite (for instance, a
multi-layered structure) because each microscopic part of the composite structure partic-
ipates in such oscillations of the whole bulk material. In composite materials, both the
BAW characteristics and the ME effect are therefore realized by using the idea of aver-
age product properties through various connectivities described already. However, almost
all experimental and theoretical research works are focussed on investigations of the ME
effect in various composites. Therefore, this paper deals with the new wave characteristic
which contains the SH-BAW velocity. It is possible to state that this work proposes a new
parameter (wave characteristic) which can be used to classify the magnetoelectric (ME)
effect in piezoelectromagnetic (composite) materials.

2. Wave characteristics for the ME effect

The wave characteristic discussed here is given by [13]

A = Viem — View, (2)
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where Vi, is the speed of shear-horizontal bulk acoustic wave (SH-BAW) coupled with
both the electrical and magnetic potentials

Viem = Via(1 + K2)"2, 3)

K2 — we* + eh?> — 2aeh
M Clepn — a?)

; “4)

where K2, is the coefficient of magnetoelectromechanical coupling (CMEMC), V.4 is the
speed of SH-BAW when the CMEMC vanishes, i.e. V;4 = +/C/p, p being the composite
mass density. In expression (2), Vpey is the new SH-SAW velocity discovered by the
author in ref. [13]:

Vnew = Vtem\/ 1—b? (5)

o? K2 — (eh/aC)

b:
e 14+ K2,

(6)
Here, C, e, and h denote the elastic stiffness constant, piezoelectric constant, and
piezomagnetic coefficient, respectively.

Evaluation of inequality (1) for the CMEMC in expression (4) can also be useful for
composite systems because it is obvious that Vi, — 00 in expression (3) if o? —> e,
which means that Vi, can be significantly larger than the speed of light in vacuum. As
well known, SH-SAW velocities are significantly smaller than the speed of light. The case
of a? > g for which Viem < V4 due to K e2m < Ois also interesting. This can hold true for
i < 0. The usual situation is Viey, > Vi4 because Vienm(h = o = 0) = V;, > V4 for pure
piezoelectrics and Vi (e = o = 0) = V;,, > Vy4 for pure piezomagnetics. Therefore, it is
expected that Vi, > V4 can be true for some piezoelectric/piezomagnetic multilayered
structures (composites). However, some experimental works, see refs [14,15], reported
the studies of left-handed artificial materials (metamaterials) in the frequency region 1—
100 THz, and even above [14]. They have an interest in the region when u < 0 and ¢ < 0
(e > 0). Hence, it is also possible to compare o? with e in eq. (1) for the CMEMC in
eq. (4). Note that © < 0 and ¢ < O can result in Ve, < V4 for real values of e and 4 in eq.
(3), but can result in Viep, > V4 for imaginary values of e and & (or &> > ) in eq. (3).
Note that theoretical approaches exist which use complex material constants to describe
wave propagation in multilayered structures [16]. However, many experimental reports
like refs [14,15] do not provide the complete set of material constants for the investigated
unique composites. The following section analytically investigates the first and second
derivatives of the parameter A with respect to «.

3. The derivatives of the parameter A

The first derivative of the parameter A with respect to the magnetoelectric constant « for
a composite can be evaluated by

A Via K2 bViem 0b 3 Viem
— = em — — 1 =52 , 7
da  2(1+K2)? da * V1 =b2 da da @
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where
BKgm 2(aK§m —eh/C)
— - 8)
o g — o
and
ob . 2b b(E)Kezm/aoz) o? ((aKgm/aa) + (eh/aZC)) ©)

da 1+ K2, ep 1+ K2,

After obtaining the first derivatives of K2 and b with respect to &, one can find that A
has an extreme point when

avtem _ 8 VHCW

da  da (10)
Furthermore, one can obtain the following second partial derivative:
aZA 32Vlem 82Vnew 11
da2  9a? 0> an
where
2
PVem _ Vg 9K2, Vi K2, 1)
da? 41+ K2)3? \ O« 2(1+ K2 )2 a2
82an:w . mazvmm _ 2b 8Vtem% _ bvtem aZ_b
o2 o2 J1T = p2 0a da /1= b2 o
Ven (b
ESE (% . (13)

In eq. (7), the first partial derivative of the CMEMC [12] is defined by eq. (8) and the
second partial derivative of the CMEMC [12] is defined as follows:

9°KZ,  2KZ +4a(0KZ /o)

m

= 14

da2 ep — a2 (14)
In eq. (13), the first partial derivative of the function b(«) with respect to the electromag-
netic constant « is defined by eq. (9) and the second partial derivative of b(«) with respect
to o can be expressed as follows:

2  20b 2b 1 [0bdKZ,  8°K2
—_— — b
a2 ada o> 14+ KZ \da da do?

b IK2 \’ . o 0Ke VK
o
(1+ Kgm)z da en(l1+ K2) da da?

o? OK2 (K2 eh
en(l+K2)?* o da  a?C)’

5)
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An inflexion point of the function A(«) can be determined using the following equality:

2 2
a Vtem — 8 VHCW. (16)
da? da?

The parameter A in eq. (2) for the ME effect can be derived from the following bound-
ary conditions: (i) mechanically free, electrically and magnetically open surface and (ii)
mechanically free, electrically and magnetically closed surface. The realization of these
boundary conditions is described in ref. [17]. However, the SH-SAW velocity Ve in
eq. (5) is not the single characteristic for the above-mentioned two cases. Therefore,
the following section describes two alternative SH-SAW characteristics for the boundary
conditions.

4. The other SH-SAWs for the boundary conditions

For Case (i), the following velocity can be calculated:

12
K2 — K2\’
VemEsM = Viem |:1 - (%) :| (17)

which was first obtained by Melkumyan [18]. So, Vpymesm in eq. (17) is called the piezo-
magnetic exchange surface Melkumyan wave or PMESM wave. In eq. (17), the well-
known coefficient of the electromechanical coupling (CEMC) for purely piezoelectric
materials is defined by K2 = ¢?/eC.

For Case (ii), the following SH-SAW velocity is derived:

K2 k22 12
VeeEsm = Viem |:1 - (W) i| (18)
em

which was also obtained by Melkumyan [18]. Also, Vpggsm in eq. (18) stands for the
piezoelectric exchange surface Melkumyan wave or PEESM wave. The term K2, —
K2 in eq. (18) represents a subtraction of K2 for the purely piezomagnetic phase from
K2, of a coupled piezoelectromagnetic phase. In eq. (18), the coefficient of the magneto-
mechanical coupling (CMMC) for pure piezomagnetics is defined as K2 = h?/uC.

The following section provides some results of theoretical investigations and discussion
of the characterization of piezoelectromagnetic composites.

5. Results and discussion

Figure 1 shows A vs. « for the composites listed in table 1. Note that refs [19,20] did
not provide values of « for the composites. According to ref. [20], BaTiO;—CoFe,04
composite composed of piezoelectric BaTiOs inclusions and piezomagnetic (magne-
tostrictive) CoFe,O4 matrix represents a typical particulate composite. The material
constants for the two-phase composite material such as (2-2) PZT-5H-Terfenol-D com-
posite significantly differ from those for the single-phase bulk materials, namely PZT-5H
and Terfenol-D. It is apparent that a composite possesses its own unique set of material
constants {C, e, h, &, u, a}. Also, the material constants can strongly depend on the

Pramana - J. Phys., Vol. 79, No. 2, August 2012 279



A A Zakharenko

1E+18

Parameter A (1072 m/s)

1E+17

1E+16 Aing = A(Ctiny)

1E+15

1E+14
Apax = A(O(max)

1E+13
IE+l2(fs_{
1E+11 P
1E+10 B
1E+9
1E+8
1E+7
1E+6

1E+5

1E+4

1E+3
amax

<

1E+2
1E+1

\%k Onin
| \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HEM/\KZ\HH

1 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6
Electromagnetic constant Abs(o) (107 s/m)

0.1

Figure 1. A (pm/s) vs. |«| (ps/m) for the composites listed in table 1. The solid
line is for BaTiO3—CoFe;Oy4. o'max, @min, and ajys indicate the situations when A is
maximum, minimum, and infinite, respectively.

structure of piezoelectromagnetics, for instance, 0-3, 1-3, 2-2 composites. It is expected
that working modes, for instance, the direction of applied field or strain can also cause
significant changes in the constants.

It is also possible to expand figure 1 by adding two curves of A vs. «, namely two
suitable sample composites: the first with ep ~ 0.1ep (PZT-5H-Terfenol-D) and the

Table 1. The material constants for the composites used.

Composite 0 C, 1010 e h g, 10~10 uw, 107° g, 10-16
material (kg/m®) (N/m?) (C/m?)  (T) (F/m)  (N/A?)
BaTiO3—-CoFe,04 5730 4.40 5.80 275 56.4 81.0 4568.4
PZT-5H-Terfenol-D 8500 1.45 8.50 838  75.0 2.61 195.75
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second with eu ~ 10eu (BaTiO3—CoFe,04) because e (PZT-5H-Terfenol-D) ~ 0.1e
(BaTiO3—CoFe,04). The resulting graph can serve as a classification tool for composites
with & > 0 which possess the unique behaviour with clear extreme points shown in figure
1 and can be naturally divided into two groups: (1) those with 0 < o < oty and (2) those
with sqr(otmin) < & ~ &4 (Qmin < & < Ainp). For the first group &max < Emin IViNg Amax
which is probably the most interesting case in the group. A = Ap,x demonstrates the
largest possible instability of the SH-BAW propagation in such composites. The second
group can be restricted by the condition o < ajy¢, but not @ < oo. It is possible to restrict
this group because the sophisticated case of o > «jys is not treated in this report. In this
second group there is a very dramatic dependence of A on «, namely A is very quickly
changed from zero to infinity. This cannot be good for some applications but can be good
for others, for instance, for sensors. The problem is to reach such large values of «. It is
expected that this natural boundary A(e = o) = 0 is not strict because the value of
A is also very quickly changed just below the value of oy,,. Therefore, it is possible to
write & ~ oy, for the boundary between the two groups.

This classification is coupled with the wave properties contrary to the existing meth-
ods reviewed in refs [7,8] which evaluate only the single constant o for comparison of
different composite materials: the higher is the value of «, the stronger is the mag-
netoelectric coupling. Moreover, the review paper [7] ignored the well-known bulk
wave characteristic (3) of piezoelectromagnetic composites. According to figure 1, it
is thought that the evaluation of o can be enough for the same composite, but not so
when different composites are compared which have their own boundary values such as
o =0(A =0),¢ = tnmin (A = 0), and &> = et (A = 00). Indeed, it is not necessary
to create unique composites with the constant « as high as possible to distinguish the SH-
BAW and SH-SAW from each other (to get maximum A denoted by A, in figure 1) in
the phase velocity measurements. For this purpose, it is necessary to collect composites
with smallest values of e and corresponding values of o> just below the values of &y.
Also, the maximum A = A fOor o = omax < min can be significantly higher for com-
posites with smaller e (see figure 1 and table 1). Note that in this report only eq. (1) is
treated for simplicity, but not the sophisticated cases of «> = e and o® > . Itis clearly
seen in expression (3) that the case of o? = g when o = ajy creates infinite value for
the SH-BAW Vi.,,. Indeed, this phenomenon can be seen only in piezoelectromagnetics,
but not in pure piezoelectrics and pure piezomagnetics.

Table 1 lists the material properties of BaTiO3—CoFe,0s and PZT-5H-Terfenol-D
composites. From table 1, the value of eu for BaTiO3—CoFe,0, is approximately
one order larger than that for PZT-5H-Terfenol-D. Different positions of A, of the
function A(«) are shown in figure 1. As expected, the maximum of A(«) for PZT-5H—
Terfenol-D composite is approximately one order larger than that for BaTiO3—CoFe,O4
composite. Note that A — oo occurs when o> — eu. It is worth noticing that
Vaew (@ = @min) = Viem indicates that no SH-SAWSs can exist at a very large value of
o = omin Where a2, < a2, < eu. Indeed, View = Viem occurs when b = 0 for
K2 —eh/(aC) = 0in eq. (6), and a large value of & around oy decreases A to very
small values less than pm/s. However, large values of «> ~ eu were not reported. On
the other hand, o > apax is still possible. The composites with & > oax form a unique
class and will be found in the future when suitable piezoelectromagnetic composites with
e < 1071% and o ~ 1072 are experimentally found. The materials with & ~ oy, can
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be classified as those in which the SH-SAW propagation is unstable, but the SH-BAW
propagation is preferable due to the strong magnetoelectric effect. This cannot mean that
the magnetoelectric effect is missing for o ~ o, because « # 0. This can be unlike the
case of @ = 0. It is thought that both the cases of @ ~ i, and @ — 0 can be experimen-
tally compared. In general, for a small value of & < apa, A has an approximately linear
dependence on « (see figure 1). In refs [21,22], the ME constant « = —3.6 X 10-8 s/m
for laminated BaTiO3;—CoFe,O4 composite was used. For « < 0, A in eq. (2) has no
extreme points and Vi, (@ < 0) is never equal to Viep,. This means that for a < 0, such
SH-SAWs with V), in eq. (5) can always exist.

Indeed, A is very small and can be even significantly smaller than mm/s. It is obvi-
ous that A represents an indicator of the instability of the SH-BAW Vi;,. The simplest
case of the instability [23] is the classical surface Bleustein—Gulyaev waves [24,25] in
a purely piezoelectric (or piezomagnetic) monocrystal of class 6 mm. Also, A strongly
depends on the magnetoelectric constant «. It is well-known that the SH-BAW V., can
be unstable and reduce to the new SH-SAW V,..,, due to the coupling of the piezoelectro-
magnetic waves with the electrical and magnetic potentials. Probably, the SH-BAW and
SH-SAW can independently propagate, and some experimental problems to measure the
phase velocities (Vpn) with high accuracy occur. An improved optical method for mea-
suring both the phase and group velocities described in [26] allows one to measure Vj,
with an accuracy of ~2 m/s. Also, SH-SAWs can easily be produced by electromagnetic
acoustic transducers (EMATSs) [27]. The EMATSs have many advantages over traditional
piezoelectric transducers [28,29]. These experimental tools of the SH-SAW (SH-BAW)
propagation investigations in the piezoelectromagnetics can be used now itself. It is well-
known that SH-SAWSs can be used in sensors and for the non-destructive testing and
evaluation of the piezoelectromagnetics. The recent book [30] discusses many possible
applications of the materials possessing the magnetoelectric effect.

Figure 2 shows d A /o« vs. « for the piezoelectromagnetic composite materials listed in
table 1. dA /dw is equal to zero at the extreme points of A(«) in figure 1. The local min-
imum of the function A(e = opiy) corresponds to the least value on the whole domain.
In figure 2, the extreme points of 9A /da are observed at o = 15346.47 x 107! s/m
and 59717.73 x 102 s/m for PZT-5H-Terfenol-D composite, and at o = 54857.05 x
1072 s/m and 213187.84 x 10~!2 s/m for BaTiO3—CoFe,0, composite. These points
are also seen in figure 3 which graphically shows 3?A /da? vs. «. In figure 3, the extreme
points of 32A /da? are observed at & = 36000 x 1072 s/m for PZT-5H-Terfenol-D and
at o = 133980 x 10~'% s/m for BaTiO3—CoFe,0,. Indeed, the curves for the two com-
posites are quite similar in nature. The difference occurs in the locations of the maximum
and minimum values. In figure 2, both the solid and dashed lines have the extreme points.
However, the solid line is very smooth for the scale used. Therefore, the arrows demon-
strate the extreme points in figures 2 and 3. Also, figure 3 shows that « = 0 in figure 2
cannot represent an extreme point because equality (10) cannot be fulfilled.

Following ref. [12], it is also possible to briefly discuss A /da and 3?A /da®. The
first derivative d A /da has dimension of (m/s)? and represents some squares in the cor-
responding two-dimensional (2D) space of velocities. Therefore, extreme point values
of 0A /0a naturally represent possible extreme values for the 2D-space. Analogically,
92 A /da? has dimensions of (m/s)? and the extreme point values represent extreme vol-
umes for the 3D-space. Note that dA /d(a?) and d A /d(e ) have the same dimension, but
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Figure 2. (3A/da) x 10'2 (m/s)? vs. « for the composites listed in table 1. The solid
line is for BaTiO3—CoFe,04. The arrows show the positions of the extreme points for
which the exact values are given in §5.

different 3D-spaces of velocities. Indeed, e > a? for many cases, and one can investi-
gate the dependence of A on eu. In this case one deals with the extended set of material
constants such as {p, C, e, h, &, u, «, e¢} because the additional parameter eu defined
in eq. (1) represents f(e, u) = .

0.6

al i

oo’

04 i
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1\/‘[inima |
0 0.2 0.4 0.6
o, 107 (s/m)

Figure 3. (82A/8a2) x 1012 (m/s)3 vs. « for the composites listed in table 1. The
solid line is for BaTiO3—CoFe;O4. The arrows show the positions of the minima, for
which the exact values are given in §5.
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6. Conclusion

This report acquainted researchers with the wave characteristic of the difference between
the velocity Vien of the SH-BAW coupled with both the electrical and the magnetic poten-
tials and the velocity Vi of seven new SH-SAWSs recently discovered by the author in
ref. [13]. It can be used for characterizing piezoelectromagnetic (composite) materials.
The evaluation of the wave characteristic can be useful together with the evaluation of
measured value of «, because A depends on all the material constants of piezoelectro-
magnetics. It also strongly depends on the structure of piezoelectromagnetics (0-3, 1-3,
2-2 composites) and working mode, for instance, the direction of applied field or strain.
It was also discussed that the single characteristic such as V., can be used instead of
the two alternative characteristics Vpggsm and Vpvmpsm for the two sets of boundary con-
ditions. The relatively complex dependence A(w) as an indicator of the instability of
the SH-BAW V., was also discussed. It was shown that the sign of o can dramatically
change the dependence of A on o because the extreme points can exist only for o > 0.
Also, the first and second derivatives of A with respect to o were graphically investigated.
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