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Abstract Propagation characteristics of Love waves in a layered structure composed of a piezomagnetic layer
attached to an elastic substrate exposed to a magnetic field and compressive stress are investigated theoretically
in this article. The effective elastic, piezomagnetic and magnetic permeability constants of a piezomagnetic
material can affect by a magnetic field and compressive stress. The effects of magnetic field and compressive
stress on the phase velocity, group velocity, mode shape, and magnetic potential of the Love wave are discussed
in detail. It is found that the number of modes increases as the intensity of magnetic field increases while this
tendency is reverse when applying compressive stress. As the intensity of magnetic field increases, the group
velocity decreases but the magnitude of surface displacement of a piezomagnetic layer increases. The findings
presented in this article are useful for improving the performance of surface acoustic wave (SAW) devices.

1 Introduction

SAW devices have been widely used in various electronic systems such as sensors, transducers, and delay lines.
The advantage of these devices is the high sensitivity to external disturbances because the acoustic energy is
concentrated near the surface within a few wavelengths [1]. Shear Horizontal (SH) waves, which include Love
waves [2] and Bleustein—Gulyaev (BG) waves [3], appear usually as surface acoustic waves (SAWs) in signal-
processing devices due to their high performance and simple particle motion [4]. To improve the performance of
SAW devices, researchers devote themselves to search various methods to tune the propagation characteristics
of SH waves in device structures.

Li [5] studied the optical effect on the velocity of BG waves and provided accurate formulas to evaluate the
acousto-optic interaction due to the piezoelectricity of the substrate. Jin et al. [6] investigated the propagation
of BG waves in layered piezoelectric structures. He found that the mechanical perturbation of the particles
only takes place in the layer and does not penetrate into substrate when the piezoelectric, dielectric constants
of the structures and the thickness of the layer satisfy a certain relationship. The advantage of this method
is to increase the sensitivity and performance of the SAW devices. Li et al. [7, 8] studied systematically the
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propagation of BG waves in the layered piezoelectric structure and functionally graded transversely isotropic
electro-magneto-elastic half-space. The effects of the imperfect interface between the layer and substrate as
well as the effect of the gradient coefficient in the half-space on the dispersion relation of BG waves were
discussed. They found that the electromechanical coupling factor of BG waves was substantially increased
improved efficiently by the imperfect interface and the gradient coefficient.

Compared with the BG waves, there are multiple modes of the Love waves at a certain wavelength [9].
This makes the Love waves to have potential advantages in SAW devices. In general, Love waves do not exist
in a homogeneous substrate. However, this existence condition is changed by designing the homogeneous
substrate as a functionally graded infinite half-space [10—12]. This provided an efficient approach to improve
the propagation characteristics of Love waves by tuning the gradient coefficient of the infinite half-space. By
depositing the waveguide layers on a substrate, the mechanical energy of Love waves could be trapped in the
layers [13] and the propagation characteristics could be tuned by additional parameters such as the thickness
and material properties of the layer [14—19] and the interface conditions between the layer and substrate
[20-22]. Besides the waveguide layer and interface conditions can affect the wave behavior, the propagation
characteristics of SH waves can also be tuned by applying external bias fields such as an initial stress and
electric field. These methods are easier to implement than changing the devices’ structures. Su et al. [23]
studied the propagation of Love waves in the layered piezoelectric media with inhomogeneous initial stresses
by the method of transfer matrix. It was found that both the middle layer and the initial stress in layers affect
the phase velocity, group velocity and electromechanical coupling coefficient obviously. Qian [24-26] and
Du [27, 28] systematically investigated the effects of the homogeneous and inhomogeneous initial stress on
the propagation of Love waves in layered piezoelectric/piezomagnetic structures. These studies demonstrated
that the initial stress not only increases the magneto-electric coupling factor but also decreases the penetration
depth of Love waves and stress concentration at the interface between the layer and substrate. Based on the
theory of nonlinear continuum mechanics, theoretical analysis of BG surface acoustic wave propagation in a
prestressed layered piezoelectric structure were described and an almost linear behavior of the relative change
in phase velocity versus the initial stress was obtained [29]. The phase velocity of BG waves in piezoelectric
semiconductors can be increased by applying the electric field along the propagation direction [30-34].

According to the authors’ best knowledge, there are few researches on the propagation characteristics
of SAWs affected by the external magnetic field. In order to improve the performance of SAW devices, the
effects of the magnetic field and compressive stress on the propagation characteristics of Love waves in the
layered piezomagnetic structure have been investigated in this article. The advantage of this method is that it
is convenient to apply and the significant change of the wave characteristics can be achieved by applying a
small external stimulation without changing the whole devices’ structure.

2 Statement of the problem

A layered piezomagnetic structure is shown in Fig. 1. The elastic substrate occupies the region x>0. A
piezomagnetic layer with the thickness 4 is deposited on the surface of the substrate. Love waves propagate
along the positive direction of the y-axis. The magnetic field and compressive stress are applied in the layer
are along z direction. The nonlinear constitutive relation of the piezomagnetic material is [35]:

As [ 3 1 Gij
&ij = E[(l +v)aoij — VOkkSij] + —Msz 3 iMj — MMy E(Sij + Z ,
~ 1
1 (M As 203 — (1(2, — 3110’)8ij M
Hi = = )8 — M,
kM M, noM? O

where ¢j; and o are the strain and the stress tensors, E and v are Young’s modulus and Poisson’s ratio, Hj
is the magnetic field intensity along the i-axis direction, Ag, M and o are the saturation magnetostriction,
magnetization and stress, respectively. k; = 3y / M is the relaxation factor, where y p, is the susceptibility in

the initial linear region. §;; is the Kronecker delta. M = / My My denotes the magnitude of the magnetization
vector M. 12 — 311, = 26i6ij / 3, where Gjj = 30ij / 2 — oy« 8ij / 2 is 3/2 times as much as the deviatoric stress
of ojj. f(x) = coth(x) —1 / x is the Langevin function and g = 4w x 10~7 H/m is the vacuum permeability.
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Fig. 1 Layered piezomagnetic structure

Using the engineering shear strain, the matrix forms of Eq. (1) shown in Appendix A can be put into the

linear forms of the constitutive relations in the piezomagnetic material [36]:

oij = cijk1(H,0)éex1 — qmij(H, ) Hy,
By = qn(H,0)exg + ponm (H, ) Hyy,

2)

where oy and B, are the components of the stress and magnetic induction, cjjxi(H, o), gmij(H, o) and
unm(H, o) are the effective elastic constants, piezomagnetic constants and magnetic permeability constants,
respectively. H and o are applied magnetic field vector and stress vector. The expressions of these material

constants are shown in Appendix B for brevity.

From Eq. (2) and parameters shown in Appendix B, the effective elastic constant c44, piezomagnetic

constant ¢15 and magnetic permeability constant 111 are obtained:
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where M, is the magnetization along z-axis, 6x = —0;/2, 6y = —0, /2,5, = 0y, and 0y = — (0, + 02 / 05).
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For Love waves propagation in the proposed structure shown in Fig. 1, the mechanical displacement
components and magnetic potential are described as follows
u=v=0 w=wkxyt), ¢=9Ky1), “)

where u, v, and w are the displacement components of Love waves along the x-axis, y-axis, and z-axis,
respectively, and ¢ is the magnetic potential. Because the matrix forms of the effective material constants in
the piezomagnetic material are the same as those in [36, 37], the governing equations of Love waves can be
expressed as [37]:
2 2 .
cuVow +q15Vp = pw, 5)
q15V*w — 111 Vi =0,

where c44, g15 and 1] are the elastic, piezomagnetic and magnetic permeability constants, respectively, p is
the mass density, V2= / ax% + 9 / dy? is the two-dimensional Laplacian operator, and the dot refers to time
differentiation. Following the Ref. [3], Eq. (5) can be written as the following form

Viw — (1/c§>i1') =0, ©
V2[€0 — (q15/ mi1)w] =0,

where ¢p = [(C44 + q125 / ,un) / ,o] 172 is the bulk shear wave speed in the piezomagnetic material.

For a metal substrate, let w’ denote the mechanical displacement in the z direction. The governing equation
for w' is [38]

Viw' — (1/ k)i =0, (7
where cm = (cjy/ 0') 172 5 the bulk shear wave speed in the metal material, with ¢}, and p’ representing the
shear modulus and mass density, respectively.

The wave propagation problem specified by Egs. (6) and (7) should satisfy the following boundary and

continuity conditions:
Mechanical boundary condition:

oy, =0 atx = —h; (8a)
Magnetic closed boundary condition:
By =0 atx = —h; (8b)
The continuity conditions at the interface between the layer and substrate at x = 0
w=uw, ox=o0, ¢=0, (8c)
The attenuation condition

w — 0 asx — +o0. (8d)

3 Solution of the problem

Based on the earlier researches [38, 39], the solutions of Love waves propagation in the piezomagnetic layer
and metal substrate can be expressed as:

w(x,y,t) = (Ale_bkX + Azebkx) exp[ik(y — ct)],

(9a)
P(X,y,1) = |:A3e_kx + Age®™ + qi(Ale—ka + Azebkx):| -exp|ik(y — ct)],
K11
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w' = Ase "% . exp[ik(y — cv)], (9b)

where A1, A>, A3, A4 and As are undetermined constants, k (= 27/A, A is the wavelength) is the wavenumber,
i2 = —1 and t is the time, ¢ is the phase velocity of the Love wave. Equations (6) and (7) should be satisfied

by Egs. (9a) and (9b), then
b =ib; :L/cz/cg—l, b =/1-c2/ck (10)

The stress component and magnetic induction needed for the boundary and continuity conditions are [39]:

oxz(X,y,t) = [E44bk(—Ale_bkX + Azebkx) + q15k(—Age_kX + A4ekx)] . exp[ik(y — ct)], (11a)
By(x,y,0) = —punik(—Ase ™ + A4e") - explik(y — ev)], (11b)
o, (X,y,t) = —cimb’kAse*b/kx -exp[ik(y — c1)]. (11c)

where c44 = c44 + qlz5 / w11 is the piezomagnetically stiffened elastic constant.
Equations (9a) and (9b) and (11a), (11b), (11c) are substituted into Eq. (8) to yields five linear homogeneous
algebraic equations for five unknown coefficients A1, Az, A3, A4 and As:

Al + Ay = As,
A3+ Ag+ (A1 + A2)qi5/m11 =0,
cauab(Ay — A1) +q15(Ag — A3) = —cjyb'As, (12)

Cagb(A2e™™ — A2e® M) +g15(Age ™ — A3e") = 0,

— A3+ Age™M =0

To obtain the non-trivial solutions, the determinant of the coefficient matrix in Eq. (12) must be equal to
zero, which yields the dispersion equation of Love waves propagation in the layered piezomagnetic structure

K2 tanh(27r H) + by tanh(b1 277 H) — cjyb'/Gas = 0, (13)

Where kf, = ‘1125 / [L11C44 1s the piezomagnetic coupling factor in the piezomagnetic layer, H = h/A is the
dimensionless wavenumber.
From Eq. (12) the unknown constants Aj—A4 can be written in terms of As as follows

1 eZkbh

As, Ay =

_ —415/M11€2kh
T 1 + ¢2kbh 1 + ¢2kbh

1+ ¢2h

—415/M11

Al 1 + o2k

As, Ay = As (14)

Substituting Eq. (14) into Eq. (9a) and (9b), the mode shapes for displacement and magnetic potential in
the thickness direction (the x-axis direction) of the piezomagnetic layer can be obtained as shown below

e Kbx | ,kbx+2kbh

U)(X, y’t) e A51+e—2kbh eXp[lk(y - Ct)]a (153)
( , A —kbx kbx+2kbh oKX 4 okx+2kh q1s [k( t)] (15b)
X,y,0) = - RTTR
X,y 5 1 + o2%bh 1 + ¢2kh TR

4 Numerical results and discussion

For the numerical calculation, Terfenol — D and metallic nickel are separately selected as the piezomagnetic
layer and elastic substrate. The material constants used for calculation are summarized in Table 1 [40, 41]. A
method to find the absolute minimum of the determinant of the coefficient matrix [42] is applied to solve the
dispersion equation of the Love waves.
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Table 1 Material constants of Terfenol-D [40] and Ni [41]

Terfenol-D Ni

p (kg/m?) 9200 Xm 20.4 o (kg/m?) 8905
E (GPa) 60 os (MPa) 200 ¢’44 (GPa) 80

v 0.3 woMs (T) 0.96

As (ppm) 1950

4.1 Effects of the magnetic field and compressive stress on the phase velocity of Love waves

Figure 2 shows the effect of the magnetic field H, on the dispersion relation of Love waves propagation in the
layered piezomagnetic structure when the compressive stress is o,/ = 0. The vertical coordinate ¢* = c/cp
is the dimensionless phase velocity of a particular mode of the Love wave. The ¢, and ¢y in each figure are
the bulk shear wave speeds under the different magnetic field H. For example: ¢p and ¢,y in Fig. 2a are under
H; = 0 and 0.1 kOe respectively; ¢, and ¢y in Fig. 2b are under H; = 0.1 and 1 kOe respectively; cp and ¢y
in Fig. 2c are under H, = 1 and 6 kOe respectively. The reason for choosing "Oersted" (Oe) not the SI unit
(A/m) as the unit of the magnetic field strength is that a very large magnetic field strength should be applied
on the magnetic material to reach the saturation magnetization state. So, "kOe" is adopted as the unit of the
magnetic field strength is more convenient than "A/m" in the article (10e = 80 A /m, 1 kOe = 1000 Oe). As
can be seen, the phase velocity of the Love waves ¢* (first mode) decreases from the bulk shear wave speed
in the substrate to that in the piezomagnetic layer. This is the typical phenomenon of Love waves propagation
in a layered structure [37], and so the numerical results obtained in the article are verified to a certain extent.
It is seen from Fig. 2a that the phase velocity ¢* decreases as the magnetic field increases. This is because the
piezomagnetically stiffened elastic constant c44 decreases with an increasing magnetic field, which decreases
the bulk shear wave speed in the piezomagnetic layer. As the magnetic field increases from 0.1 kOe to 1 kOe,
the phase velocity ¢ decreases greatly, and a new mode (The sixth mode) appears in the dispersion curves
shown in Fig. 2b. As can be seen, the phase velocities ¢ of the first five modes decrease obviously when
the magnetic field increases from 0.1 kOe to 1 kOe. This phenomenon explains that a great change of the
dispersion relation is caused by the small external magnetic field. As the magnetic field increases form 1 kOe
to 6 kOe as shown in Fig. 2c, the phase velocity ¢* decreases further. As seen in the Fig. 2, the propagation
characteristics of Love waves can be improved substantially by increasing the magnetic field form 0.1 kOe to
6 kOe.

The effect of the compressive stress on the dispersion relation of Love waves at H, = 1kOe is shown in
Fig. 3. The ¢y, ¢y, and cp+ are the bulk shear wave speeds in the piezomagnetic layer (at H, = 1 kOe) under
the compressive stress o,/05 =0, 0,/0, = —0.1, and 0 ,/o 3 = —0.5, respectively. As can be seen from Fig. 3,
the number of Love wave modes decrease as the compressive stress increases because the initial compressive
stress makes the magnetic domain to rotate to the hard magnetization direction, i.e., the magnetic field strength
is weakened by the compressive stress.

4.2 Effect of the magnetic field on the group velocity of Love waves

Figure 4 shows the phase velocity (c*) and group velocity (cz =c*+ Hdc* / dH ) of Love waves under

different magnetic fields when the compressive stress is o,/03 = 0. As can be seen, the phase velocity ¢* is
always greater than the group velocity ¢} of a Love wave mode. This illustrates that the phase velocity of a
Love wave mode is always greater than the velocity of the mechanical energy carried by a particular mode.
It should be noted that the starting point of the group velocity (the initial velocity of energy transport) of the
high order mode is lower than that of the low order mode.

The effect of the magnetic field on the group velocity c;‘ of the Love waves at o ,/0s = 0 is shown in Fig. 5.
It is seen that the group velocity ¢} decreases as the magnetic field increases at the same wavelength. In other
words, the magnetic field can prevent the energy from radiating into the surrounding medium. Consequently,
more energy is trapped in the piezomagnetic layer by applying the magnetic field. This result is extremely
important for the application of SAW devices.
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Fig. 2 Effect of the magnetic field on the dispersion relation of Love waves propagation in the layered piezomagnetic structure
when the compressive stress is 0,/0s =0: a H, =0 and 0.1 kOe; b H, = 0.1 and 1 kOe; ¢ H, = 1 and 6 kOe
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Fig. 3 Effect of the compressive stress on the dispersion relation of Love waves propagation in the layered piezomagnetic structure
at H, = 1kOe
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Fig. 7 Distribution of the magnetic potential of the first order mode in the piezomagnetic layer, a for selected dimensionless
wavenumber H at H, = 0.1 kOe; b for selected magnetic field H, at H = 0.2

4.3 Effect of the magnetic field on the mode shapes of the displacement and magnetic potential

The displacement w of the first order mode of Love waves in the piezomagnetic layer for selected dimensionless
wavenumber H and magnetic field H, is shown in Fig. 6. It can be seen from Fig. 6a that the displacement
w increases from the layer surface to the interface between the layer and substrate. As the dimensionless
wavenumber H increases, the displacement w decreases. Near the layer surface, there is a great difference
among the displacements w at different wavenumbers H but this difference is reduced in the region near the
interface. It can be seen from Fig. 6b that, as the magnetic field H increases from 0 to 0.2 kOe, the displacement
increases significantly. There is no obvious change of the displacement w when the magnetic field H, increases
from 0.2 kOe to 0.3 kOe. As can be seen, the displacement w at the layer surface can be increased by the
magnetic field H,, this is desirable in the SAW devices with high performance.

The magnetic potential ¢ of the first order mode of Love waves in the piezomagnetic layer for selected
dimensionless wavenumber H and magnetic field H, is shown in Fig. 7. It is seen from Fig. 7a that the magnetic
potential ¢ decreases firstly then increases with the dimensionless wavenumber H. The absolute value of the
magnetic potential ¢ at the layer surface is maximum and this value equals to O at the interface between the
layer and substrate. This is determined by the interfacial continuity conditions shown in Eq. (8c). The magnetic
potential ¢ increases with the magnetic field H, shown in Fig. 7b. The amplitude of the magnetic potential ¢
at the layer surface increases rapidly as the magnetic field H, increases. The increase of the magnetic potential
@ at the layer surface make the SAW devices suitable for designing sensors and transducers.
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5 Conclusion

Effects of the magnetic field and compressive stress on propagation characteristics of Love waves in the layered
piezomagnetic structure have been investigated theoretically in the article. The effective elastic, piezomagnetic
and magnetic permeability constants in the piezomagnetic material are changed efficiently by the magnetic
field and compressive stress. Numerical results show that the number of the modes increases as the magnetic
field increase and the strength of the magnetic field is weakened by the compressive stress. As the magnetic field
increases, the group velocity decreases but both the displacement and magnetic potential at the layer surface
increase. The advantages of the method for tuning the propagation characteristics of Love waves proposed in
the article are that the operation is easy and the device structure is not changed. The results obtained in the
article are of great significance for designing high performance magneto-elastic SAW devices

Acknowledgements The National Natural Science Foundation of China (Nos. 11962015, 11872194 and 11862012) and the
Natural Science Foundation of Shandong Province (No. ZR2020KA006) are gratefully acknowledged for their financial support.

Appendix 1

The matrix forms of Eq. (1)

The matrix forms of Eq. (1) are described as follows (using the engineering shear strain, i.€., ¥ xy = 2&xy;
G = ﬁ)

1/E —v/E —v/E 0 0 0
Ex —v/E 1/E —v/E 0 0 0 Ox
Ey Oy
e | —v/E —v/E 1/E 0 0 0 o,
Vyz 0 0 o 1/G o o ||
Vzx Tzx
Vxy 0 0 0 0 1/G 0 Tay
0 0 0 0 0 1/G
iy - - (AD)
1-6¢/o, —1/2—6x/o, —1/2—64/os 0 0 0
2
“12-d o 1=y o, —1/2-5/o, 0 0 0|
M
y
s -1/2-6,/0s —1/2-6,/0s 1-=6,/05 0 0 0 M2
2 9
Mit o 2z, /0, 2, /0, 2%,fo. 3 0 0| MM,
M, My
—27, [ o5 —27, [ o —2ixfos 0 3 0| pm,
—foy/crs —2fxy/as —foy/(rs 0 0 3
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Appendix 2

The effective material constants

The effective material constants of the piezomagnetic material can be expressed as follows:

cijki(H, 0) ZSU;II(H,G)
gnmij(H,0) = ciju(H, 0)
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