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Influence of Uniaxial Pressure on Elastic Waves
Propagation in Piezoelectric Layered Structures
"Y-cut langasite/fused silica"
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The study of influence of external uniaxial mechanical stress on the dispersive characteristics and
anisotropy of elastic waves in such piezoelectric structures as “Y -cut LagGasSiO1a /fused silica” has
been conducted. The results of computer simulation taking into account the linear and nonlinear mate-
rial constants of materials have been presented. The comparison of elastic wave velocity changes under
the influence of an uniazial stress while a full set of nonlinear material constants of crystalline layer +
geometric nonlinearity, or only geometric nonlinearity of the layer induced by the static deformation of
a substrate has been fulfilled.
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Introduction

Due to extensive use of acousto-electronic devices, such as sensors, filters and frequency
transformers in industry and medicine, the study of external static fields influence (especially
uniaxial mechanical strain) upon the elastic waves’ characteristics in crystals attracts attention
of the devices’ designers, including those on the basis of the new advanced materials [1, 2].
Piezoelectric sensors, for example, are widely used for pressures measurement (100-200 MPa/V)
at frequencies from 40 kHz to 100 MHz [3].

Mechanical stress significantly changes characteristics of the piezoelectric device due to the
changes in both the material properties themselves and the sample’s geometrical dimensions.
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When studying or designing the acoustic wave sensor, it is assumed that the piezoelectric device’s
behavior will be linear. However, if the sensors are exposed to very strong external elastic field,
stress amplitude in the piezoelectric material becomes so large that non-linearity, which affects
stability and performance of piezoelectric sensors can no longer be ignored [4]. The results of
changes in the physical properties of crystal under the uniaxial mechanical pressure influence [5,6]
were used to stabilize the resonator’s frequency, especially for temperature compensation of the
resonators’ frequency escape on the basis of quartz crystals and langasite [7,8]. The analysis of
changes in SAW velocity induced by radial force and torque’s application to the resonator on
the basis of quartz and langasite crystals was obtained by the authors [9]. It is noted that third-
order crystal material tensors ignoring leads to considerable error in the resonance frequency
drift determination.

The general theory of ground wave propagation in a piezoelectric crystal under conditions of
uniaxial mechanical stress, as well as the theory of reflection and refraction of elastic waves at two
solid media’s interface surface exposed to the external field was developed in the papers [10,11].

Such structures as "layer /substrate" (dielectric or piezoelectric layer of definite thicknesses,
placed on a semi-infinite substrate from another material) are widely used for the acousto-
electronic devices development. The authors [12,13] studied the effect of initial stress on Love
waves’ characteristics in the structures of "piezoelectric layer /isotropic substrate" and "isotropic
layer /piezoelectric substrate" types. It is necessary to note that mostly tetragonal, hexagonal and
cubic crystals, as well as transversely isotropic medium are considered as piezoelectric medium.

Langasite crystal that belongs to the trigonal class, as well as its isomorphs are widely used
for various acousto-electronic devices manufacturing [14,15]. The most promising areas of SAW
propagation that combines high value of the electromechanical coupling coefficient (Ky ~ 0.5%),
near zero value temperature coefficient of frequency (TCF) and the minimum value of power flow
angle are found for a number of the rotated Y-cut langasite [16,17].

When calculating the parameters of a device on the basis of piezostructure under mechanical
stress influence, the developers face the following question: whether it is necessary to take into
account in calculations set of nonlinear piezoelectric material constants, i.e. how waves’ phase
velocity changes at that. Unfortunately, for the widely known crystals that are used as piezo-
electric films, such ZnO or AIN [18,19], nonlinear material constants are unknown. In this case,
valuation of the phase velocity changes under the stress influence can be associated only with the
geometric nonlinearity, such as changes in linear dimensions and volume distortion of the sample.

The article is dedicated to the study of the dispersion characteristics and anisotropy of the
most important characteristics of the elastic waves in the piezoelectric layered structure, such
as phase velocities, electromechanical coupling coefficient (EMCC), and phase velocities control
coefficients under conditions of uniaxial pressure. In addition, the main objective of the study is
to assess the impact of the material tensors of the third-order crystal on elastic waves’ parameters
in the Y-cut langasite based structures.

1. The theory of elastic wave propagation in a layered
piezoelectric structure under homogeneous uniaxial
stress influence

Suppose the X3 axis of orthogonal coordinate system is directed along the outer normal to
the surface of the layer, occupying the 0 < X3 < h space, and the X; axis coincides with the
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wave propagation direction, h is the layer thickness. Following the theory developed in [20],
let us write the basic equations describing the effects of homogeneous stress and dc electric
field simultaneously on the acoustic wave propagation in a piezoelectric medium. As a result of
such effects a homogeneous deformation of a crystal should be arisen. Referring to the initial
coordinate system, the small-amplitude wave equation of motion, the equation of electrostatics
and the state equations for the uniformly deformed acentric crystal, as well as electrostatic
equations would take the following form:

poUs = TAB,B + ﬁA,PQ TPQ;
Dy =0;

(1)

TAB = Capcop NMep — €yapE;
» % n * ~
Dy =eynEN + €yapnas.

In equation (1) the following values are used: pg is the crystal density in the undeformed
(initial) state, U, is the vector of dynamic elastic displacement, 745 is thermodynamic stress
tensor, 4 p is strain tensor, Ky and Dj; are vectors of electric field and electric displacement,
respectively. Here and elsewhere, the time-dependent variables are marked by the “tilde” symbol.
The comma after the subscript denotes the spatial derivatives and coordinate Latin indices vary
from 1 to 3. Here and elsewhere, the rule of summation over repeated indices is used. Taking
into account only the effect of static uniaxial stress as Tyyny = —7 Py Py (Pas is the unit vector of
force direction, and 7 is the stress magnitude), the effective elastic, piezoelectric, and dielectric
constants which are the linear functions of stress, should be defined as:

* _ E E E =
CABKL = CABKL — CABKLQRSQRMNPJVIPNTa
_ E =
€NAB = ENAB — eNABKLSkmNEMPNT; (2)
E —
8}‘\4]\[ = 8?\/[]\, — HN]VIABSABKLPKPLT~
Here, c5 1. enap, and €7, are elastic, piezoelectric, and dielectric constants of the second
order; SEBKL is the elastic compliance constant; CEBKLQR’ enaBiL, and Hyyap are the
nonlinear elastic, piezoelectric and electrostriction material tensors.
Substituting into (1) the solutions for the elastic displacements and electric potential in the
conventional form of plane monochromatic waves, one can obtain the linearized Green-Christoffel
equations with the following components:

e () — pow?dpc] ac = 0;
Tpe = [¢hpep + 2¢hiprnsipor +0800aM0DN) PrPNT] kakp; (3)

Loy = €packpka; Tuc =Tca+2earpshncrPuPnThakp; Ty = —epokrkq.

Here k4 is the wave vector components.
In general case, the elastic displacement and electric potential in both media have the form
of linear combination of the partial waves such as:

Uz' - 2051172)01,En) exp |:Z (klIl + kén)x;; — (,L)t):| ;
n

=Y a"Pal" exp {z (k‘lxl + kMg — wt)} : @

Here and elsewhere superscripts 1 or 2 denote the substrate and layer terms; a, and «; values
are the weight coefficients and partial wave amplitudes respectively. The wave vector component
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k1 = k:%") = w/v coincides with the direction of the elastic wave propagation, and the condition
Im(k;:(,,n)) < 0 should be satisfied within a substrate, which provides attenuation of the elastic
wave below the "layer-substrate" interface.

SAW propagation in a layered structure under the homogeneous stress must comply with
the relevant boundary conditions. So, the normal components of the stress tensor should vanish
on the free surface of the layer if the pressure is applied along all the directions orthogonal to
the free surface. Continuity of tangential component of the electric field should be provided
by the continuity of the electric potential at the "layer-vacuum" interface. In addition, at the
"ayer-substrate" interface when X3=0, the equality of normal components of the stress tensor
and elastic displacements, as well as continuity of the electric potential must be satisfied. All
these requirements can be written as follows:

(2) _ . (2) _ py(vac) (2) _  ,(vac) .
- o‘ . P =D : - :
T34 X3= 3 X3=h v v |X3:h (5)
1) _ (2 . 1) _ (2 . 1) — A2 . 1) _ 772
34 = T34 X3=0 ' D3 B D3 ’Xsio ' 30( '= 90( )|X3:0 ’ UA N UA ‘X?,:O

Superscripts 1 and 2 denote substrate and layer respectively.

In the case of mechanical stress application orthogonally to the free surface (ﬁ | Xg), elas-
tic properties of loading environment should be taken into account. Supposing that uniaxial
stress in such geometry is conducted without hard elastic contact with the free surface (e.g.
gas environment loading), and for this case mechanical boundary conditions can be written as
follows [21]:

F3s+ UsxTsx =0 (X3=0). (6)

After substituting the solutions (4) in the form of uniform plane waves into boundary condi-
tions (5) and taking into account expressions (1) and (2), one can obtain a system of equations
for calculating the parameters of acoustic wave propagation in the layered structures [22]. Cal-
culation of the elastic wave parameters can be fulfilled by the conventional method of partial
waves [23]. The condition of vanishing of the boundary conditions determinant allows us to find
the phase velocities of the elastic waves.

2. Dispersive dependences of elastic wave parameters in
layered piezoelectric structures

On the basis of expressions (1)—(6) that describe elastic wave propagation in the layered
structure the analysis of changes in characteristics of Rayleigh and Love elastic wave modes
due to the change in the effective symmetry of the crystallic piezostructure, exemplified by
"LazGasSiO14/fused silica" structure at different variants of uniaxial mechanical stress was con-
ducted. Changes of the elastic wave phase velocity in the layered structure under mechanical
stress influence would be more convenient to consider on the basis of the elastic wave phase
velocity control coefficient that looks as follows:

The magnitude of the electromechanical coupling coefficient (EMCC') was determined by the

following relation:
K? =2=—", (8)
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where v and v, are SAW phase velocities at free or metallized free surface of the piezoelectric
layer [24].

Dispersive dependences of the phase velocities, EMCC’s, and «, coefficients for Love and
Rayleigh waves propagating in the layered structure "[001](010) LagGasSiO14/fused silica"
(Fig. 1, a) depending on h x f value (h is the layer’s thickness, and f is the wave frequency) are
represented in Fig. 1. This direction was chosen for studing because Y-cut of LGS crystal is the
most popular for acoustoelectronics devices creation. Material constants’ value for linear and
nonlinear electromechanical properties were taken for the LagGasSiO14 (LGS) crystal from [25],
and for fused silica — from [26].
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Fig. 1. Dispersive dependences of acoustic wave parameters for the layered structure "[001](010)
LGS /fused silica": (a) phase velocities; (b) EMCC’s at X3 = h; a,, coefficients for Rayleigh (c)
and Love (d) modes at P || X1; v, coefficients for Rayleigh (e) and Love (f) waves at P || X5.
The QSSsub and QFSgyp, letterings are associated with the slow and fast bulk acoustic quasi-
shear waves in the substrate; Rayleigh wave in the layer is marked by the SAWygg letterings.
Solid lines are associated with FSN option, and dashed lines — with GNL option. Curves R; and
L; are associated with Rayleigh and Love modes of several orders

When acoustic waves propagate along [001] direction of the LGS crystal plane (010), the
two-fold symmetry axis lies orthogonally to the sagittal plane, thus, in this case pure modes of
Love and Rayleigh waves propagate, as in this case the Green-Christoffel tensor (3) is divided
into two independent parts.

For LGS single crystal in this direction Rayleigh surface wave (SAW) can propagate, but
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not Bleustein-Gulyaev wave (BGW). In [001](010) plane of the LGS crystal SAW phase velocity
equals 2855.74 m/s. Volume shift elastic waves are degenerated and phase velocity of FS wave
is equal to 3052.1 m/s.

It should be noted that in the layered structure "[001](010) LGS/fused silica" bulk acous-
tic waves can transform into non-dispersive surface elastic waves, which can be classified as
"Anisimkin Jr. mode" (AN) [27,28]. The AN mode has such basic properties as dominant
longitudinal displacement (U; > Us, Us; Uy &~ constant within the plate or layer), or a dom-
inant shear displacement for the shear-horizontal QSH (Us > Uj, Us), and the shear-vertical
QSV (Us > Uy, Us) waves [29]. Moreover, the approximate equality of phase velocities for the
BAW and AN modes should be observed. In the case under consideration QFS wave transforms
into QSH mode, but QSS wave transforms into QSV mode (Fig. 1). It should be noted that
transformation of bulk waves into AN modes in this case occurs linearly, i.e. without external
influence.

The h x f change was from 0 up to 10000 m/s. Variation range of Love wave phase velocities
is between the value of shear wave velocity for fused silica and slow quasi-shear wave (QSV) phase
velocity for LGS (2913.89 m/s) (Fig. 1, a). The dispersive curve for the Ry zero-mode Rayleigh
wave starts at Rayleigh phase velocity for fused silica (3405.23 m/s), passes through a minimum
at h x f=900 m/s, and gradually increases with h x f. The value increases, then coming up
to the phase velocity of Rayleigh SAW for langasite. Phase velocities for higher order modes of
Rayleigh wave are located between the shear wave velocity for fused silica and the velocity for the
fast quasi-shear wave (QSH) for langasite (2985.56 m/s). Only Love wave has low piezoelectric
activity. The EMCC calculation was performed under condition of top metallization on the
piezoelectric layer (X3 = h), and the maximal value of K2=0.15% at h x f=900 m/s is observed
for the Lo mode of Love wave (Fig. 1, b).

Application of external mechanical stress with effective symmetry co/mmm along elastic wave
propagation direction (P || X5 || [100]) according to the Curie symmetry principle, decreases
LGS initial crystal symmetry to monoclinous. As a result, modification of the crystal material
constants take place:

_ E .
chy = cip — (c222812 + C113513 + €224514) T

_ _ __E .
Chy = Cig = —ciy — (C124811 + €224512 — C134513 + Ci55514) T;

E —.
Chy = Cio = €15 — [C123811 + C113512 + C133513 — C134514] T;

iy = by — [c133 (811 + s12) + C333513] 75
chy = iz = —[c134 (511 — S12) + C344514] T;

_E =,
Chy = ¢4y — (c144511 + C155512 + €344513 + C444814) T

* _ KB —.
Chs = ciy — (C155511 + C144812 + €344513 — C444814) T;

_ _ E _
cte = Cis = 14 — (C156511 + C256512 + C134513 + C456514) T;

* E —
Che = Co6 — (C166511 + C266512 + €366513 + C124514) T

€55 = —e14 + (e124511 + €114512 + €134513 — €144514) T3
e5s = —e11 — (216511 + €226512 — €113513 — €156514) T;
ess = — [es1s (511 — 812)] T

€35 = 6:1158147_'; .

€216 = 1 (e111 +3e122); €226 = 1 (3e111 + €122) ;
_ . -

et1 = ¢y — (Hiisu + Higs12 + Hi3s13 + H14814) T3

€45 = s — [Hs1 (s11 + s12) + H3gs13) 7.
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Thus, the symmetry axis of the second order crystal orthogonally to the sagittal plane, and, as
it was mentioned above, in this case Green-Christoffel tensor (3) is divided into two independent
parts and its components, taking into account static Green’s tensor ap = dap + 2saBcDTCD,
look as follows:

i1 = [chy — 2 (c11812 — c1a514) T kT + (265, + 2 (2c14812 — (13 + caa) S14) T) k1 ks+
+ [chy — 2¢448127) k3;
D13 = [chy + 2 (c1a813 — c11514) T) k3 + [ch5 + iy + 2 (2c14514 — (€13 + caa) 513) 7] k1 ks+
+ [chy — 2¢448147) k3;
[31 = [chy + 2 (c14812 — caa814) T) k3 + [chg + ¢y — 2 (c13+ Caa) s127) k1ks+
+ [k, — 2c338147) K2, (10)
Too = [ci — 2c665117) k3 + [2¢is — 4cra8117) kiks + [cis — 2c448117] k35
Ta3 = [chy— 2 (caas13— c14514) T) K2+ [2¢5,— 2 (c13+ caa) $147] k1ks+ [c3 — 2¢335137) k3;
Doy = ebght + [e35 + e36] kiks + e35k3;
Lao = [es + 2e115117) kT + [e35 + €36 + 2e145117] k1ks + e35k3;

gy =— [Ei‘lkf + 5§3k§] .

It should be noted that in this case strong geometrical nonlinearity takes place, i.e. geometric
distortion of a layer, and, correspondingly, Green-Christoffel tensor (10) becomes asymmetric,
particularly the value of additional parts under stress influence at I';3 and I's; components differs
more than twice.

Under uniaxial mechanical stress application to fused silica that represent isotropic medium,
the initial symmetry also decreases to hexagonal with preferential direction along mechanical
stress application and indication of new effective elastic moduli. In particular, when application
of uniaxial homogeneous stress coincides with the direction of the elastic wave propagation,
effective elastic moduli can be represented in the following form:

cip = ci1 — (c111811 + 2¢112812) T
Chy = Cha = €11 — [c112511 + (c111 + c112) $12] T;
Ciy = Cfg = c12 — [c112511 + (€112 + C123)812] T3
chs = c12 — (c123511 + 2¢112512) T;
Ciy = Caa — (C144511 + 2¢155512) T;

* ko =
s = ¢l = Caa — [C155511 + (€144 + C155)812] T;

* — * — * — * — * — * — * J— * — * — * — >k J— * — .
Cly = (5 = Clg = Coy = Co5 = Cg = C3y = C35 = C35 = Cj5 = Cjg = Cpg = 0;

1
Cl44 = 5(6112 - 0123); C155 = 1(0111 - 0112)~

As a result, all the elastic moduli depend on the mechanical stress value, and some of them
were changed in accordance with the requirements for isotropic media. It is easy to obtain that
the relation c¢j, = % (c5o — ¢35) which is written for special orientation of axes is fulfilled for the
point group symmetry of co/m symmetry. In such media at variation of the phase velocities values
of longitudinal and shear waves, degeneration of the shire wave retains. But under conditions
of SAW propagation in the directions, orthogonal to the applied external pressure, degeneration
of shear wave takes place, but, at that, phase velocities of longitudinal and shear waves remain
isotopic.
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Let’s consider the mechanical stress influence on the layered structure, taking into account
only static deformation of a layer without physical nonlinearity. In this case, effective elas-
tic moduli (9) are equal to the corresponding linear moduli, but in Green-Christoffel ten-
sor (10) components still contain the terms, defined by static Green’s tensor, for instance:
F22 = [066 — 26668117_'] If% + [2014 - 4014811’7_'} klkg + [644 — 20448117_'] k%

In Fig. 1 dispersion characteristic of Rayleigh and Love waves’ «v,, cooefficients in the structure
"[001](010) LGS/fused silica" are represented. There are «, control coefficients for Rayleigh and
Love waves at P || X; and P || X, (Fig. 1, ¢-f). Solid lines are associated with c, values
obtained by uniaxial stress application taking into account the Full Set of Nonlinearities both
for the layer and for the substrate. Such option will be futher designated as FSN. Dashed lines
show the values of the control coefficients, calculated taking into account only static deformation
of the layer — Geometric Nonlinearity of the Layer, excluding nonlinear material constants of
LGS. Such option will be futher designated as GNL. But in the last case uniaxial mechanical
stress application for the substrate was taken into account with the full set of nonlinearities of
the crystal media.

The «, coefficients for quasi-shear acoustic wave (FS) and for Rayleigh wave in the LGS single
crystal, calculated according to the FSN option, are equal to —1.63-107!! and —1.35-107 Pa~!
respectively. The same coefficients calculated according to the GNL parametres have magnitudes
—1.6-1071'2 and —1.37-107'2 Pa~! respectively. Shear bulk wave in fused silica, as it was noted
above, retains the degeneracy.

Values of the phase velocities of elastic waves in a layered structure, as a rule, are in the
range from phase shear wave velocity in the substrate up to the value of SAW velocity for mode
Ry and up to a value of the QSH wave velocity for Rayleigh waves’ modes of higher order, and
up to the value of the QSV wave velocity for the elastic waves’ modes with transverse horizontal
polarization (SH-waves).

The behavior of dispersive dependences for the a,, coefficients for Rayleigh and Love elastic
waves’ modes under the condition external stress application along the direction of wave propa-
gation P || X1 is qualitatively similar for both variants of calculation (Figs. 1lc and 1d). Values
of the a, coeflicients at the calculations in the GNL mode are less for the first and zero Rayleigh

wave mode, as a rule o, = —1.37 - 10712 Pa~! for the SAWERL and for Rayleigh waves modes
of the higher order aim for value c, = —1.57 - 107'2 Pa~! wave QSHSGNé‘ The similar control
coefficients values for Love waves modes, a, = —1.6 - 10712 Pa~! aim for the value QSVEEE.

Under application of mechanical pressure along the axis of the second crystal, i.e. orthogonally
to the sagittal plane (P || X3), the shear wave degeneration dismissal in fused silica takes place,
i.e. splitting of shear wave to fast and slow waves for which «, coefficients are equal to the
2.35-107" and 1.28 - 10~ Pa~! respectively. In this case, also, reduction of the effective LGS
crystal symmetry to the monocline takes place, and the «,, coefficients for the fast and slow shear
waves in LGS single crystal are equal to 1.2 - 107" and —6.41 - 10~!2 Pa~! respectively. When
the h x f parameter increases, the «, coefficients for zero Rayleigh mode are equal to «, =
1.0-10~' Pa~! for SAW in a,, crystal for Love modes smoothly change from the values observed
in fused silica for the fast shear wave (o, = 2.35- 107 Pa=1) up to a, = —1.34 - 107! Pa~!
for QSV wave (Fig. 1, f).

If mechanical pressure is applied along the axis of the second, orthogonally to the sagittal
plane, and only geometric nonlinearity is taken into account (GNL option), the «, coeflicients
for the modes Love elastic waves change as well as in the above case but the limit value for
QSVS(%J is equal to 8.1-107!2 Pa—! (Fig. 1, f). It should be noted, that variations of the «,
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coeflicients for Rayleigh wave’s modes differ from the similar ones for SH-modes, as a consequence
of strong geometrical nonlinearity (Fig. 1, e). Values of the «, coefficients asymptotically aim
Ry wave modes to a, = —2.85- 10712 Pa~! for SAWEEL and for the higher order modes,
ay = —2.75- 10712 Pa~! for QSHEYY. Thus, if only static deformation measurement in this
case leads to "decrease" of the elastic wave phase velocity value, than measurement of all the
nonlinear material constants lead to "increase".

The results of this direction analysis are similar to those, received earlier for "[010](001)
LazGasSiOq4/fused silica" structure in [22]. Consequently, ignoring nonlinear material tensors
of LGS crystal during calculations also leads to significant error in calculations of Rayleigh and
Love elastic waves’ velocities.

Dispersive dependences of the phase velocities, EMCC’s, and «,, coefficients for Rayleigh and
Love waves in the "(0°, 138.5°, 26.7°) LagGasSiO14/fused silica" structure, determined by Euler
angles (0°, 138.5°, 26.7°), taking into account nonlinear material LGS tensors are presented in
Fig. 2. Such direction in langasite crystal is of interest for acoustoelectronics devices creation [17]
due to the presence of SAW thermostable properties, with relatively high EMCC value and zero
angle of energy flow deviation [16,30].

In the layered structure "(0°, 138.5°, 26.7°) LazGasSiO14/fused silica" transformation of bulk
acoustic waves in LGS crystal into the non-dispersive elastic wave of "Anisimkin Jr. mode" type
(QSH and QSV), even in the absence of mechanical stress also takes place.

Dispersion dependence of zero-mode Rayleigh wave velocity starts from Rayleigh SAW in
fused silica (3405.23 m/s), passes through a minimum at h x f=900 m/s, and then with the
increase h x f gradually increases to SAW value in langasite single crystal (2735.96 m/s) and
further with h x f=2500 m/s is practically non-dispersive. The interval of phase velocities chages
of all the other modes is between the values of shear waves phase velocities of fused silica and
QSV slow shear wave of LGS crystal (Fig. 2, a). Both Rayleigh and Love modes have piezoelectric
activity, and maximal value K?=0.54 % at h x f=600 m/s is obseved for the Ly mode of Love
wave (Fig. 2, b).

Fig. 2, c and 2, d show the «,, coefficients for Rayleigh and Love waves under the application
of uniaxial homogeneous stress along the axis of wave propagation P || X1, and the dispersive
dependences calculations are qualitatively similar for the both variants (FSN and GNL).

The values of «a, coefficients for the fundamental Rayleigh mode beginning with h x f =
2500 m/s are constant and equal o, = —1.99 - 10~ Pa~! of SAW in LGS single crystal.
The values of «, coeflicients for Love wave mode, as well as Rayleigh mode of the highest
order decrease from the value of silica’s shear wave (o, = 7.4 - 1072 Pa~") and strive down to
a, = —2.026 - 107! Pa~! slow shear LGS, in contrast to the case of clear mode propagation. It
should be noted that all the elastic waves’ modes in this case are weak dispersive, for example,
for Ry mode «,, coefficients also with h x f=5000 m/s practically do not change (v, = —2.026 -
1071 Pa~!). It is notisable, that the «, coefficients values for SAW and QSV elastic waves are
almost identical.

Values of the «, coefficients for Rayleigh modes under condition of GNL option are three

times less then usual, and asymptotically tend to «, = —1.78 - 10712 Pa~! for the SAWELL.
Similar values of the control coefficients for Love modes tend to o, = —2.2 - 107!2 Pa~! for
QSVEEY-

Figs. 2, e and 2, f show the «a,, coefficients for Love and Rayleigh waves when uniaxial homo-
geneous stress is applied orthogonally to the sagittal plane P || Xo. The a,, coefficient value is
constant only for the fundamental Ry mode, beginning with kA x f=3000 m/s, but an oscillating
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Fig. 2. Dispersion of acoustic wave parameters in the "(0°, 138.5°, 26.7°) LGS /fused silica"
layered structure: (a) phase velocities; (b) EMCCs at X5 = h; «, coefficients for Rayleigh (c)
and Love (d) modes at P || X1; a, coefficients for Rayleigh (e) and Love (f) modes at P || X5.
Solid lines are associated with FSN option, and dashed lines — with GNL option

behavior of the «, coefficients for all the other elastic waves’ modes is observed. The «, coef-
ficients for all the other elastic wave modes start from c, = 1.28 - 107! Pa~! of QSS wave for
fused silica.

If mechanical pressure is applied orthogonally to the sagittal plane, i.e. P | X2 at the GNL
calculation option, the «, coefficients values for Rayleigh and Love modes differ slightly. It
should be noted, that in this case, «, coefficients for all the modes have the opposite sign for
FSN and GNL options.

Values of a,, coefficients asymptotically tend to o, = —1.21- 1072 Pa=! for SAWEEL. Note
that if only static deformation is taken into account there is “decreasing” effect of wave’s phase
velocity, but in the case when physical and geometrical nonlinearities were involved, the “increase”
of wave’s phase velocity takes place (o, = 9.18-107!2 Pa~1!). Consideration of nonlinear material
tensors of LGS crystal leads to increase of a,, coefficient for ~ 1-107'* Pa~! for the fundamental
Ry Rayleigh mode, in comparision with GNL option. The difference between FSN and GNL
calculation options is more significant for the higher order Rayleigh modes (Fig. 2, e), as well as for
Love modes. Thus, behavior variations of «, coefficients for Rayleigh wave’s modes significantly
differ from SH mode as a consequence of strong geometrical nonlinearity. It should be noted that
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«, coefficients for Love waves’ modes change as in above mentioned case, but the limit value for
QSVEYL wave is equal to 1.34 - 10712 Pa~! (Fig. 2, f).

3. Anisotropy of elastic waves propagating in Y-cut
LGS /fused silica layered structure

Fig. 3 shows anisotropy of the basic characteristics of the principal (zero) and the first mode of
Rayleigh and Love acoustic waves in the structure "(010) LGS /fused silica" (Y-cut) at different
types of uniaxial mechanical stress applications for the three values of h x f=1000, 3000, 5000 m/s
parameter. Angle ¢ was measured from the direction [100]. The elastic waves’ phase velocities
are in the range between SAW velocity in langasite crystal and shear wave velocity in fused silica
(Fig. 3, a). The peculiarity of the elastic wave propagation in this structure is that the bulk
shear LGS waves are transformed into non dispersive surface mode of "Anisimkin Jr. mode"
(QSH and QSV) wave in almost all the directions.

In Fig. 3, b, ¢, d and e control coefficients of Rayleigh and Love elastic waves’ a,, modes under
condition of external mechanical stress application along the direction of the wave propagation
(P || X;) are represented. Influence of external mechanical stress on QSS and QFS bulk shear
waves’ phase velocity, as well as in the options studied above, in FSN and GNL option modes
acts in different directions, i.e., taking into account nonlinear material LGS tensors when cal-
culating, almost completely compensates geometric nonlinearity of the sample due to external
stress application. However, the effect of external mechanical stress on Rayleigh and Love elastic
waves’ phase velocity in FSN and GNL option modes varies depending on of h x f values. In
particular, «, coefficient for the fundamental Ry mode in the direction at an angle ¢ = 45°
is equal to —1.45 - 107! Pa=! and 2.21 - 107!? Pa~! when h x f=1000 m/s in FSN and GNL
option modes and —2.86-1071* Pa=!, —1.77-10713 Pa~! when h x f=5000 m/s respectively. For
the first mode of Love wave L; at h x f=3000 m/s consideration of nonlinear material tensors
LGS (FSN) changes «,, coefficient value only numerically, while the character of «, anisotropy
is qualitatively similar for the both modes of calculation (Fig. 3, d, e). The highest value of «,
control coefficients in the case of external mechanical stress application P || X; is observed for
R mode at h x f=5000 m/s and ) = 58° and constitutes —3.13 - 107! Pa~!, which is close to
SAW value at this point —3.18 - 107! Pa~! (Fig. 3, b).

When external mechanical stress is applied orthogonally to the sagittal plane, i.e. P | Xo,
maximum o, value also belongs to Ry mode and constitutes 2.03 - 107'* Pa~! when h x f =
5000 m/s and ¢ = 60°, which is close to SAW value at this point ., = 2.06-1071* Pa~! (Fig. 3, f).
Note that «, values for all the modes’ types taking into account FSN option in both cases of
stress application have the same order of magnitude (10~! Pa=!). The «, values taking into
account GNL option in both cases of stress application also have the same order of magnitude
(10712 Pa~'), but differ at P || X; u P || X, for 5 times.

Conclusion
Basic equations and boundary conditions describing acoustic waves’ propagation in piezoelec-
tric layered structures under condition of uniaxial mechanical pressure application are derived.

Dispersive character of acoustic modes in piezoelectric layered structures "Y-cut LGS/fused sil-
ica" due to changes in the crystals’ effective symmetry under condition of external mechanical
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Fig. 3. Anisotropy of acoustic wave parameters in the “(010) LGS/fused silica” layered structure
for hx f (m/s) (1) — 1000; (2) —3000; (3) — 5000: (a) phase velocities; «,, coefficients for Rayleigh
(b, ¢) and Love (d, e) modes at P || X1; a, coefficients for Rayleigh (f, g) and Love (b, i) modes

atﬁH X2

stress application was thoroughly analyzed. Dispersion characteristic of phase velocities, EMCC,
control coefficients as h x f parameter functions are calculated. Valuation of the contribution
of nonlinear material tensors of the third-order crystal and static deformation in the layer in
changing elastic waves’ characteristics due to external mechanical stress application was carries
out. It was noted that valuation of material tensors of the third-order crystal increases phase
velocities’ control coefficients, as a rule, for more than an order, even in the directions where
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mechanical stress influence is minimal. It is important to note that mainly, in the structures
under study, static stress effect and valuation of material tensors of the third-order crystal affect
phase velocity value oppositely, i.e. in this case, «,, coefficients for some modes have the opposite
sign for FSN and GNL options.

The study of anisotropy of acoustic wave propagation in "Y-cut LGS/fused silica" layered
structure was conducted. Depending on "thickness x frequency" value, nonlinear material LGS
tensors’ valuation at computation can both almost completely compensate geometric nonlinearity
of the sample and increase the change of the elastic wave phase velocity under condition of
external mechanical stress influence.
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Biusinue 0JHOOCHOrO MeXaHUYeCKOrO HAIIPSXKEHUsI Ha
paciipocTpaHeHue YIIPYroii BOJHBI B MIbe303JIeKTPUIECKNX
CJIOUCTBIX CTPYKTYypax ,, Y-cpe3 JIAaHTacuTa /IIaBJIeHbIH
KBapI‘

Cepreii 1. Bypkos
Oubra II. 3os0TOBa
ITaBea II. Typuun

IIposedero uccaedosanue 6AUANUA BHEULHEZ0 0OHOOCHO20 METAHUMECKO20 HANPANCEHUA HA OUCTLEPCUOH-
Hble TAPAKMEPUCTIUKY U GHUSOMPONUIO YNPYLUT G0AH 6 AKUT NbE30IACKMPUNECKUT CMPYKMYPAT, KAk
"Y -cpes Lag Gas SiO14 /naasaenvili xkeapy". Ipedcmasaenv, pe3yabmamo, KOMNBIOMEPHO20 MOOEAUPOGA-
HUA, BLINOAHEHHO20 C YUEMOM BAUAHUA NUHETHOIT U HEAUHETHLET MAMEPUAALHOT KOHCMARM, Cpedol.
Boinoaneno cpasrenue usmerenut ckopocmu ynpyzotl 80aHb. o0 SAUAHUEM 00HOOCHO20 HAMPANCENHUS
6 3A6UCUMOCTIU OM MO20, YYUMBLEANACA AU NPYU PACUENAT TNOAHT HAOOP HEAUHETHDIT MAMEPUAALHVLT
KOHCMAHM KPUCNAANULECKO20 CAOA + 2C0MEMPUMECKAA HEAUHETHOCMD UAU MOADKO 2€0MEMPUYUECKAA
HEAUHETUHOCTND CAOA, BLI3BAHNHAA CTAMUNECKOT dehopmarueti NOOAOHCKU.

Karoueswie ca06a: nbe3oanekmpuieckas caoucmas, cmpykmypa, soana Panes, soana Jlasa, odnopodroe
dasaerue.
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