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Decomposition of Waveguides Propagating
in Piezoelectric Crystals subject to Initial Fields

Olivian Simionescu-Panait*

The present paper deals with the study of the coupling conditions for propagation of
planar guided waves in a piezoelectric semi-infinite plane (sagittal plane) subject to initial
fields. The piezoelectric material behaves linearly and without attenuation and the waveguide
propagates in a normal mode. We suppose that the material is subject to initial electro-
mechanical fields. If the sagittal plane is normal to a direct, resp. inverse dyad axis, we
derive that the fundamental equations’ system decomposes for particular choices of the
initial electric field. In this way we obtain mechanical and piezoelectric waves generalizing
the classical guided waves from the case without initial fields.

1. Introduction

The problems related to electroelastic materials subject to incremental fields
superposed on initial mechanical and electric fields have attracted considerable at-
tention last period, due their complexity and to multiple applications (see papers
[2, 3, 6, 20, 21, 22]). The basic equations of the theory of piezoelectric bodies subject
to infinitesimal deformations and fields superposed on initial mechanical and electric
fields, were established by Eringen and Maugin in their monograph [4].

In [1] the fundamental equations for piezoelectric crystals subject to initial fields
have been re-established and important results concerning the dynamic and static
local stability conditions of such media were obtained. In particular, the problem of
plane wave propagation in piezoelectric crystals subject to initial fields was considered
there. Sods and Simionescu studied in [18] the case of plane wave free propagation
in 6-mm type crystals subject to initial fields. This case is important, due to its
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complexity from theoretical point of view, and its practical applications. In [8, 9] we
obtained for 6-mm type crystals the plane wave velocities in closed form, analyzed the
directions of polarization, defined new electro-mechanical coupling coefficients, and
demonstrated the influence of initial fields on the shape of slowness surfaces. In [10] we
studied the electrostrictive effect on plane wave propagation in isotropic solids subject
to initial fields. In [11] we investigated the conditions of propagation of plane waves
in cubic crystals subject to initial deformations and electric fields. We generalized
the previous results, studying the problem of attenuated wave free propagation in an
isotropic solid subject to initial electro-mechanical fields (see [12, 15]). Recent results
on attenuated wave propagation along an edge, resp. on a face of a cubic crystal,
subject to initial fields, are described in [13, 14, 16, 17]. Our results generalize, in a
significant manner, the classical results presented in [5, 7, 19].

This paper deals with the study of the coupling conditions for propagation of
planar guided waves in a piezoelectric semi-infinite plane (called sagittal plane). The
piezoelectric material behaves linearly and without attenuation and the waveguide
propagates in a normal mode. We suppose that the material is subject to initial
electro-mechanical fields having small intensity. If the sagittal plane is normal to a
direct, resp. inverse dyad axis (i.e. the crystal is monoclinic in the class 2, resp. in the
class m), we show that the fundamental system of equations decomposes for particular
choices of the initial electric field. In this way we obtain mechanical and piezoelectric
waves generalizing the classical guided waves from the case without initial fields (in
particular, the Bleustein-Gulyaev wave).

2. Fundamental equations. Geometric hypotheses

The basic equations of piezoelectric bodies for infinitesimal deformations and
fields superposed on initial deformations and electric fields were given by Eringen
and Maugin in their monograph [4]. An alternate derivation of these equations was
obtained by Baesu, Fortuné and Sods in [1].

We assume the material to be an elastic dielectric, which is nonmagnetizable
and conducts neither heat, nor electricity. We shall use the quasi-electrostatic ap-
proximation of the equations of balance. Furthermore, we assume that the elastic
dielectric is linear and homogeneous, that the initial homogeneous deformations are
infinitesimal and that the initial homogeneous electric field has small intensity. To
describe this situation we use three different configurations : the reference configu-
ration Bg in which at time ¢ = 0 the body is undeformed and free of all fields; the

initial configuration 1% in which the body is deformed statically and carries the ini-
tial fields; the present (current) configuration B; obtained from B by applying time
dependent incremental deformations and fields. In what follows, all the fields related

o
to the initial configuration B will be denoted by a superposed “o”.
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In this case the homogeneous field equations take the following form:

pir=divy, divA =0,
(1)

rote=0 & e = —grad ¢,

where ;7 is the mass density, w is the incremental displacement from E} to B, X
is the incremental mechanical nominal stress tensor, A is the incremental electric
displacement vector, e is the incremental electric field and ¢ is the incremental electric
potential. All incremental fields involved into the above equations depend on the
spatial variable  and on time t.

We suppose the following incremental constitutive equations:

Ekl = lemn um,n+ Amk:l ©,m
(2)

o (e} o ]
Ak = Akmn un,m+ €kl €1 = Akmn Un,m— €kl P, 1-

In these equations Qxun, are the components of the instantaneous elasticity

[e]
tensor, Agmy, are the components of the instantaneous coupling tensor and gkl are
the components of the instantaneous dielectric tensor. The instantaneous coefficients
can be expressed in terms of the classical moduli of the material and on the initial
applied fields as follows:

o o o (e} (e} o o
Qimn= Qnmik= Ckimn+ Skn Otm — Clmn £1 —€nkt Em —Nkn BB,

(3)

[e]

o o o
Amki= emit + Nk B, €= €= 01 + i,

where cppnn are the components of the constant elasticity tensor, ejp,, are the com-
ponents of the constant piezoelectric tensor, €j; are the components of the constant

dielectric tensor, F; are the components of the initial applied electric field and Sk,
are the components of the initial applied symmetric (Cauchy) stress tensor.

From the previous field and constitutive equations we obtain the following fun-
damental system of equations:

o .. o o o ° N
P up =Qkimn um,nk+ Amki O mk Akmn Un,mk— €kn Pnk = 07 = 17 3. (4)

In what follows we shall describe the geometric hypotheses for our problem. The
crystal is assumed to be semi-infinite, occupying the region x5 > 0, and the waves are
supposed to propagate along x; axis. The plane z1z5 containing the surface normal
and the propagation direction is called sagittal plane. Furthermore, we suppose that
the guide of waves has the properties invariant with time ¢ and with x; variable. In
these conditions, if the material behaves linearly and without attenuation, the normal
modes will have the form:

uj(x,t) = ug(xg,xg)exp[i(wt —px1)], j=1,4 (5)
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Here w1, us,us are the mechanical displacements, while u, stands for the electric
potential . In the previous relations p represents the wave number, w defines the

frequency of the wave and i> = —1. Using these hypotheses the equations (4) become:
Qkimn um,nk+ Amki Pmk = — P (UQUl, Akmn Un,mk =€kn P,nk, = 17_3 (6)

We define the non-dimensional variable Xy, = pzs and we neglect the effects of
diffraction in x3 direction, so that 9/0x3 = 0. From the other hypotheses it yields
the derivation rules 9/0x1 = —ip and 9/dzs = pd/0Xs. Finally, we introduce the
phase velocity of the guided wave as V = w/p.

3. The study of coupling conditions for waveguide propa-
gation

To analyze the coupling of plane waveguide, using the previous hypotheses, we
introduce the differential operators with complex coefficients, as follows:

PG — Gzt o i(Cnat + Biat) =
il =—3243111 1221 8X22 121 3211 6X27
Si=Runt = Ko 2+ iRzt + o) — (7)
1=A11 221 0X2 121 211 X,
[e] [e] [e] 62 [e]
€=€11 — €22 8—X22 + 21 €19 X,

In these conditions, after a lengthy, but elementary calculus, we obtain that the
differential system (6) has the following form:

o o 2 o o o
-,V T2 I3 71 Uy
[e] ] o [e] 2 (e} o
512 T'22 - PV ) Fz?; i Zz Zz —o. (8)
I3 I'23 Tas —P V2 73 3
o o o o u
Y1 Yo V3 — € 4

Here the coefficients are defined by relations (7). The system (8) is a homogeneous
differential system of four equations with four unknowns, i.e. the components of the
mechanical displacement and the electric potential, having as coefficients complex
differential operators in non-dimensional variable X5. It generalizes the similar system
from the case without initial fields, derived in [7].

In what follows we shall analyze the coupling conditions of the guided plane
wave propagation in two particular cases.

3.1. Sagittal plane normal to a direct axis of order two

In this case, we suppose that the sagittal plane x1x2 is normal to a dyad axis
(x3 in our case). Then, the elastic constants with one index equal to 3 are zero (see
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[7] for details). After a short inspection of the coefficients of the system (8), using
Voigt convention, we find:

Prse —fers + i(ers + ea5) = — et ] By~ + 2ims e — maa ] P11
13= 15 14 25 X5 24 8X22 1 — [ 2 X, 7122 8X22 13,

o . B) 9% o .0 9% o o

Tas= —[e15 +i(e14 + e25) =—— | B2 —[m1 + 2ima s — 122 | E2Es -

oy —— =
X, Xz 09X, 9X2
. . (9)
We can easily observe that T'y3 and TI's3 does not depend on the initial stress field
components, but on the initial electric field components, only. Thus, I'13=T23= 0 if
E1=E>=0.

Moreover, if we suppose that the dyad azis is direct (this means that the sagittal
plane is normal to a direct axis of order two), it follows that the crystal belongs to the
class 2 of the monoclinic system (A || x3). In this particular case the piezoelectric

constants with no index equal to 3 are zero (as described in [7]). Therefore, we obtain:

9% o

82
3—)(22) E2. (10)

o o 6
8X22) E1, Y2= (m1 + 2ine 722

o . 0
V1= (1 + 22 55— — M22 X
2

0X2

[e] [e]
So, we obtain that %1:%2: 0if E1=FE>=0.
In conclusion, we derive the following result concerning the decomposition of
the fundamental system (8).

If the axis x3 is a direct dyad azis and if ﬁlzﬁgz 0, the system (8) reduces to
two independent subsystems, as follows:

e The first subsystem:

11— p V2 r u
( o o % 2><u1>=o. (11)
T2 o2 —pPV 2
It defines a non-piezoelectric guided wave, polarized in the sagittal plane x;x2,

which depends on the initial stress field, only. We shall denote it by ﬁg. These
characterizations are due to the form of the involved coefficients:

32

ax7’

o

o o . o 8
T11= c11+ S11 +2i(ci6+ 812)8—)(2 — (co6+ S22)

32

8—X2 - 0268—)(227 (12)

I'2= c16 +i(ci2 + ce6)

62

o o . o 0 o
T2o= ce6+ S11 +2i(c26+ S12) 55— — (c22+ 522)W'
3

0X2
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e The second subsystem:

] . (e} 2 o
T's3 - A% ”Yso ( us ) —0 (13)
V3 — € Us

It has as solution a transverse-horizontal wave, with polarization after the axis 3,
which is piezoelectric and electrostrictive active, and depends on the initial mechanical

and electrical fields. It is denoted by TH and generalizes the famous Bleustein-
Gulyaev wave (see [7], to compare). The components involved into this equation have
the form:

o 2

o o . o (9
I's3= cs5+ S11 +2i(cas+ 812)8—)(2 — (caat S22)W
3

9% o 0 9?02

. 0 .
—2[e1s +i(e1s + e25) | Es —[m1 + 2177126—X2 — 722 a—XQQ] Es,

X, MoxZ
(14)

Yas= €15 +i(ers + e )i—e 8—2+[ + 2i o 8—2]§
3= €15 14 25 X5 248X22 AN 77128)(2 77228X22 3,

a o 0? 0 0?

S | %ms—o — (1 <
0%, €22 + 11+ 2in12 ( +n22)8X22

e=eqy +2i¢
11 +21 €12 8X22 e

3.2. Sagittal plane parallel to a mirror plane

We suppose now that the sagittal plane 122 is normal to an inverse dyad axis
(z3 in our case) or, equivalently, if the sagittal plane is parallel to a mirror plane M.
It follows that the crystal belongs to the class m of the monoclinic system (M L x3).
In this particular case the elastic constants with one index equal to 3 are zero, as
well as the piezoelectric constants with one index equal to 3, which vanish (see [7] for

details).
Analyzing the coefficients of the system (8) in this case, we find:

Prsm —[en +i(ent + €16) o — e26=2] By —[ms + 2ia = — o] B

13= 11 21 16 X, 26 8X22 3 — (M 2 X5 122 8X22 11435
Pase —[e16 +i(ea6 + e12) =0 — e300 By —[m1 + 22— — mpa o] o

23= 16 26 12 X, 22 8X22 3 —|Th1 M2 X, 722 8X22 2113,

Sam (1 + 2ima—2 — 3_2) 2
3= (M1 2 X, 77228X22 3 -
(15)

It yields that T13=T'23= 0 and 3= 0 if F3= 0.

Thus, if the axis x3 is an inverse dyad axis and if Es= 0, the fundamental
system (8) splits into two parts, as follows.
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e The first subsystem has the form:

[e] [e] [e] o
I —pPV?2 T2 71 U
] o o ]
T2 Taa —PV?2 7y uz | =0. (16)
o o ° Usg
1 Y2 — €

It has as solution a guided wave with sagittal plane polarization, associated with
the electric field (via the electric potential uy = ¢), providing piezoelectric and
electrostrictive effects, and depending on the initial stress and electric fields.

It is denoted by Ps. The electric field, associated with this wave, is contained
in the sagittal plane, since E5 = d¢/0x3 = 0. This fact is consistent with the

[e] J——
hypothesis F3= 0. These features of P, wave are obtained from the analysis
of the corresponding coefficients:
02 o 02 0

1= ci1+ S11 —2e11 E1 —mi1 Eq +2i[ci6+ S12 —(e16 + €21) E1 —M12 El]ﬁ—Xg

o o 02 82
—(ce6+ S22 —2€26 E1 —1)22 El)a—xg”

(o) [e] [e]

I'2= ¢16 — €16 F1 —e11 F2 —1 E1E2 +i[c12 + ¢ — (e12 + e26) Fa

(01 + €16) B2 ~2m15 BaBa] = — ( B —ess o —on BaBa) 2
—(e e — — —(c26 — € —e — —
21 16) K2 —2m2 F1FE2 9X, 26 22 F'1 —e26 2 —M22 F1E2 Fyek
o (e} ] O2 . o o 02 6
Ta2= ce6+ S11 —2€16 E2 =11 Eq +2i[cas+ S12 — (€26 + €12) E2 =12 Eg]—aX
2
o o 02 82
—(ca2+ S22 —2e22 Fa —122 Eg)a—X%,
(17)
respectively:
o s By ilers + €1+ 2m10 )= — (a0 + a2 B1) 2
=€ (e € — — (€ g—
1 11 T 7M1 £1 16 21 2 L1 X, 26 T 1122 1 8X22’
5 bt Ba +ilers + €26 + 2ms Ba)—o — (c23 + %)62 (18)
=e i(e e — — (e —
2 16 T 11 L2 12 26 2 L2 X, 22 T 122 [V2 8X22’
o o o a o 82 a 62
€=€11 +21 €12 e €22 X2 + 111+ 177128)(2 ( +n22)8X22

e The second subsystem reduces to a single equation, as follows:

(1233 —p V)us = 0. (19)
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Its root corresponds to a transverse-horizontal wave, non-piezoelectric, and
o

influenced by the initial stress field, only. It is called T'H wave. In this equation:

62

o o . ) 0 )
I'sz= cs5+ S11 +2i(cas+ S12) 5 — (caat 5’22)@-
3

0%, (20)

In conclusion, in this paper we studied the coupling conditions for propagation

of planar guided waves in a piezoelectric semi-infinite plane (i.e. sagittal plane).
If the sagittal plane is normal to a direct, resp. inverse dyad axis, we derive that
the fundamental equations’ system decomposes for particular choices of the initial
electric field. In this way we obtain mechanical and piezoelectric waves generalizing
the classical guided waves from the case without initial fields. These results will
help us to determine the corresponding boundary conditions and to derive the guided
waves velocities.
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