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In this work, we propose a theoretical and experimental investigation of the interaction of guided
pure shear horizontal (SH) wave within a uniaxial multilayered ThCoz/FeCo thin film deposited
on Quartz ST-90°X cut in a delay line configuration. We evaluate theoretically the evolution of
phase velocity as a function of magnetic field and experimentally the variation of Sg; transmission
coefficient (amplitude and phase). An equivalent piezomagnetic model based on pure magnetoelastic
coupling was used (developed allowing us) to calculate the elastic stiffness constants of the multilayer
as a function of the bias magnetic field. The model was also implemented for acoustic waves
dispersion curves calculation. We show that the evolution of the phase velocity with respect to
the bias magnetic field is dominated by the Cgg elastic stiffness constant as expected for the case
of shear horizontal surface acoustic wave. In the fabricated device, both fundamental and third
harmonic shear mode are excited at 410 MHz and 1.2 GHz, respectively. For both modes, the
theoretical and experimental results are in agreement. At 1.2 GHz the guiding of the acoustic wave
in the ferromagnetic thin film enhances the sensitivity to the bias magnetic field with a maximum
phase velocity shift close to 2.5 % and an attenuation reaching 500 dB/cm, for a sensitivity as high
as 250 ppm/QOe, which is better than what has been reported in literature so far. We also report
that, from a specific ratio between the thin film thickness and the acoustic wavelength, the bias
magnetic field can induce a breaking of the acoustic wave polarization, leading to an acoustic mode
conversion.

INTRODUCTION [6-8] which reflects bulk or shear modulus variation, re-
spectively. Typically, SAW devices are operated in a de-
lay line configuration [9-15] or in a resonator structure
with one or two ports [16-19]. SAW devices are pre-
ferred for RF applications since down-scaling and thus,
frequency increase, is much easier compared to magne-
toelectric based resonators. In the former case, coupling
between dynamic strain and magnetization was investi-
gated by various research teams through either resonant
or non-resonant interaction. In the latter, the magne-
toelastic coupling induces the shift of the acoustic wave
dispersion curves, whereas in resonant coupling, dynamic
strain is used to induce the magnetization precession cor-
responding to the crossing between magnon and phonon
dispersion curves. In previous studies reported in liter-
ature, non-resonant coupling was investigated with var-
ious ferromagnetic materials such as FeGa, Ni, TbFes,
TbCosz, FeCo or FeCoSiB using leaky or surface acous-
tic waves [11, 15, 20, 21] showing sagittal (including
Rayleigh waves) or transverse polarization with a pen-
etration depth reaching few to several wavelengths, re-
ducing accordingly the sensitivity. In particular, Li et
al. [11] reported the design of a magnetic field sensor
based on 500 nm thick FeGa film deposited on Quartz
ST-cut showing a maximum velocity shift of 0.64% at
158 MHz. Zhou et al. [15] conducted the experimen-
tal and theoretical study of a SAW delay line based on
multilayered ThCos/FeCo nanostructured thin film de-
posited on Y-cut LiNbO3. A very good agreement was
reached between theoretical predictions and experimen-
tal data, both for Rayleigh and shear mode with a max-

Magnetic field sensing is widely used for numerous ap-
plications ranging from navigation and positioning sys-
tems such as inertial units, magnetic anomaly detec-
tion, to electrical current sensors or biomagnetic sig-
nals sensors such as magneto-cardiography, magneto-
encephalography or hepatic iron concentration. In such
applications, common demands concerning the sensors
capabilities are: room temperature operation, compact
size for high spatial resolution or limited available space,
and low power consumption. For the past few years,
various approaches have emerged to fill the aforemen-
tioned criteria. Thin film/plate based magnetoelectric
resonators [1-5] show encouraging results but their lim-
ited frequency range due to down-scaling constraints re-
duces their potential. In the meantime, Surface Acoustic
Wave (SAW) based devices have emerged as a promis-
ing technology in magnetic field sensing with the use of
magnetostrictive materials being able to convert mag-
netic energy to mechanical energy and vice-versa. When
biased with a magnetic field, strain/stress is induced in
the magnetostrictive thin film due to the natural align-
ment of the magnetization along the external perturba-
tion leading to elastic strain. The modification of the
elastic properties of magnetostrictive composites with re-
spect to a bias magnetic field is known as AE/G-effect
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imum acoustic wave velocity shift close to 0.2%. Elhosni
et al. [20] investigated experimentally and theoretically
the use of Ni and CoFeB as sensing materials in a de-
lay line configuration on LiNbO3 YX-128° coated with
ZnO. A maximum sensitivity of 16 ppm/mT was reached
with CoFeB at 460 MHz. Kittmann et al. [10] presented
a FeCoSiB thin film coated Love type SAW device for
magnetic field sensing with a very low magnetic noise
level of 100 pT/vHz. SAW resonator structures were
also investigated and noticeable results were obtained:
Smole et al. [17] proposed a one port resonator in a Fe-
CoSiB/ZnO structure with a tuning range of about 1.2%
at 1.2 GHz. Kadota et al. [19] showed the first the ex-
citation of a pure shear horizontal surface acoustic wave
on Quartz ST-X90° cut to design resonators as magnetic
field sensor. A one port resonator composed of Ni IDTs
with a sensitivity to magnetic field close to 8 ppm/Oe
was designed. More recently, Liu et al. [18] reported
classic Love acoustic waveguide in a one port resonator
with SiO, layer and FeCoSiB as magnetostrictive layer
with a relative frequency shift of 0.5% at 220 MHz.

The coupling between dynamic strain and magnetization
is also interpreted as ferromagnetic resonance (FMR)
by some research teams [21-25]. Thevenard et al. [24]
showed the dynamic strain effect on a magnetic semicon-
ductor coated with a ZnO layer and obtained a velocity
shift close to 0.007% and an attenuation close to 1 dB/cm
at 549 MHz. Dreher et al. [21] investigated acoustic wave
driven FMR (ADFMR) in a Ni thin film using a SAW
delay line configuration on LiNbOgs at high frequency.
At 170 MHz, an attenuation close to 1 dB/cm was ob-
tained, reaching 160 dB/cm at 2.24 GHz. Labanowski et
al. also investigated ADFMR in a Ni thin film in a delay
line configuration on Y-cut LiNbOj3 and an attenuation
of 500 dB/cm at 2.5 GHz for a 20 nm thick thin film
was claimed by the authors. In these works, although
a resonant coupling between magnetization and dynamic
strain is claimed, the relative acoustic wave velocity shifts
observed with respect to the bias magnetic field remain
weak compared to non resonant coupling.

In summary, most of the studies concerning the cou-
pling between dynamic strain and magnetization focus
on leaky-type or surface acoustic wave to induce mag-
netization precession or pure magnetoelastic effect. The
study of the true nature of this coupling presents a major
challenge owing to the complex acoustic wave polariza-
tion generally used and the magnetization state of the
ferromagnetic thin film. The studies concerning resonant
coupling show a great interest in magnon-phonon inter-
action at a fundamental level, but the sensitivity with
respect to the magnetic field remains weak compared to
pure magnetoelastic coupling based devices for magnetic
field sensor applications. However, the latter devices have
also a limited sensitivity due to the evanescent nature of
the employed acoustic waves, a non negligible part be-
ing radiated into the substrate. With Love wave devices,
the confinement of the acoustic wave is better but only
a small part travels in the ferromagnetic layer coated on

the silicon dioxide. In order to enhance the sensitivity,
improving the confinement of the acoustic wave into the
ferromagnetic thin film is thus required. In this work,
we therefore propose to study the interaction of guided
pure shear horizontal (SH) wave within uniaxial multi-
layered TbCos/FeCo thin film (in-plane magnetization)
deposited on Quartz ST-90°X cut in a delay line config-
uration. In our case, the Love wave condition is fulfilled
thanks to the chosen ferromagnetic material showing a
very high density and softness. Besides enhanced sen-
sitivity, the purpose of this work is to fully understand
the SAW coupling occurring in such ferromagnetic thin
film which is rendered easier thanks to the pure shear
horizontal nature of the chosen acoustic wave.

The paper is structured as follows: the magnetoelastic
coupling between pure SH wave and a uniaxial nanos-
tructured multilayered magnetostrictive thin film is first
described through the equivalent piezomagnetic model
in Section I. Measurements performed on the fabricated
SAW devices are then reported in section II, as well as
the comparison with the theoretical data to validate the
piezomagnetic model.

I. THEORETICAL CONSIDERATIONS
A. SH surface wave in Quartz ST-90° X cut

The Quartz ST-cut is a popular piezoelectric mate-
rial used for decades to design SAW filters, sensors or
temperature stabilized SAW devices. SAW devices are
characterized by three main parameters: phase velocity,
electromechanical coupling coefficient (K2), and temper-
ature coefficient of frequency. These parameters usually
depend on the the substrate orientation and wave prop-
agation directionwhich is here referenced by the angle
W, arbitrarily chosen relatively to the x-axis. A numeri-
cal method that was developed in a previous work [26] to
compute the dispersion curves and mode shapes of elastic
waves in layered piezoelectric-piezomagnetic composites,
is used to obtain the phase velocity and the mode shapes
existing in Quartz ST-cut (Euler angles (0°, 132.75°, ¥))
depending on the propagation direction V.

The phase velocities of the pure SH mode (magenta)
and the Rayleigh wave (blue) are reported in FIG. 1 as
a function of the direction of propagation W.

In order to assess the predominant mode of propaga-
tion in such material depending on the in-plane direction
U, the electromechanical coupling coefficient K? is then
computed for both modes and is given by

: (1)

KQ — 21}00 — Vce
UCO
where v., and v.. are the phase velocities of the open
and short circuit boundary condition. K?(¥) is shown
in FIG. 2 for the Rayleigh wave (blue) and the pure
SH mode (magenta). The Rayleigh wave is propagat-
ing at 3158 m/s for ¥ = 0° with K* = 0.14%. For
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FIG. 1. Phase velocity of the Rayleigh wave (blue) and the
pure SH mode (magenta) as a function of the propagation
direction W.

¥ = 90°, the solely coupled mode is the pure SH mode
(magenta) and shows a phase velocity of 5000 m/s and a
K? = 0.15%. The relative displacement field (U, Uy, U.)
of this mode is computed along the propagation direction
¥ and reported in FIG. 3. It is evident that this mode
turns into a pure shear horizontal mode when ¥ = 90°,
the shear horizontal component U, being the only one
to exist. FIG. 4 shows that U, decreases almost to zero
within a depth of 3A. Thus, the SH mode is intrinsically
a guided surface acoustic wave, and most of the energy
is trapped on the propagation surface with no spurious
coupling.

Therefore, the SH mode is only carrying an in-plane
unidirectional shear displacement, perpendicular to the
direction of propagation. In the following section, the in-
teraction with a magnetostrictive material (multilayered
nanostructured ThCos /FeCo) is investigated through the
equivalent piezomagnetic model.

B. Equivalent piezomagnetic model

The equivalent piezomagnetic model was developed
previously by the authors to assess magnetoelastic cou-
pling in piezo-electro-magnetic composites (for further
details, see [15, 26]). The piezomagnetic equations are
obtained by considering a magnetoelastic wave in a fer-
romagnetic thin film deposited on a piezoelectric sub-
strate or membrane (see Fig. 5), and linearizing the cou-
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FIG. 2. Electromechanical coupling coefficient K? of the

Rayleigh wave (blue) and the pure SH mode (magenta) as
a function of the propagation direction W.
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FIG. 3. Displacement field of the SH mode as a function of
the propagation direction W.
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FIG. 4. Relative displacement amplitude U, and normalized
penetration depth for the SH mode (¥ = 90°).

pled equations for the mechanical and magnetic systems
(Newton’s equation of motion and Landau-Lifshitz equa-
tion) around a ground state position of the magnetization
(depending on the direction and magnitude of the bias
magnetic field). In the coordinate system described in
FIG. 5 the piezomagnetic equations are given by

2
0 Uy - aO'ij

p 3t2 a 6.15]' ’ (2)
axi (9%‘1 ’

where p is the density of the ferromagnetic thin film,
u; is the i*® component of the particle displacement, z;
denotes the Eulerian coordinates (Einstein’s summation
convention is used, #,7,k, and [ = 1,2,3 or equivalently
x,y,z) and

ou
0ij = (Cijrr + ACijkl)aixl; - quijhy, (4)
8uk
b; = %klaixl + ﬂzlhla (5)

with Cjj the elastic stiffness constants and where the
effective magnetic permeability p;; and elastic stiffness
constants corrections ACjji; are given by

it = pro(0ir + Xit)s (6)
ACyj51 = bijrmn (M2 @i + M Gnit) (7)
with b;;r;, the magnetoelastic constants (b1111 = b2

when using Callen’s notations [27]). The expressions of
the piezomagnetic constants ¢;;; and the magnetic sus-
ceptibility x;; can be found in [28].

In the following, we consider a uniaxial multilayered
25 x [TbCosy(3.7nm) /FeCo(4nm)] nanostructured thin film
sputtered under a bias magnetic field (C1; = 110.9 GPa,
Cus = 31.3 GPa, p = 9250 kg.m™>, E = 80 GPa, b2 = -
4.5 MPa, Hy = 200 Oe). The in-plane magnetization was
characterized using a Vibrating Sample Magnetometer
(VSM), when applying the magnetic field along the x and
y-axis. A clear uni-axial anisotropy is observed as shown
on FIG. 6. The x and y-axis are respectively the Hard
(red) and Easy (blue) magnetic axis. The anisotropy
field Hy is estimated to be around 200 Oe. In this study,

FIG. 5. System coordinates used in the piezomagnetic model
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FIG. 6. ThCoz/FeCo thin film magnetization characteristics
measured along the easy axis (blue) and the hard axis (red).

the bias magnetic field is applied along the hard axis,
while the acoustic wave propagates along the y-axis. The
magnetoelastic coupling induces anisotropy in the mag-
netostrictive thin film and thus, it cannot be considered
as isotropic. The magnetization is supposed to remain
always in the plane of the film. For calculations, the mag-
netic field is applied perpendicular to the easy axis of the
magnetostrictive thin film. Its effective elastic constants
Cijr1, piezomagnetic constants ¢;;; and relative magnetic
permeability constants p;;, are computed and reported in
Appendix, FIG. 7 and FIG 8, respectively.

The expressions of the elastic stiffness corrections
ACiji to Cyjiy due to AE-effect, are given in Table I.
In these expressions, b7°2 is the magnetoelastic coupling
coefficient of the isotropic thin film, and

Uéa = :U’OMS(HA(I - Sin2¢0) + HCOS(Q/)O - ¢) + Hme)a
Ugy = toM(Ha(1 — 2sin’¢o) + Heos(do — 1) + Hpe),
(8)

where Hp,. = (b72)2/(110MCy4) is the magnetoelastic
field, ¢9 and v the angle respect to the x-axis with mag-
netization and magnetic field, respectively. Therefore,
the elastic stiffness tensor of the magnetostrictive thin
film is modified when biased with a magnetic field and
the elastic stiffness constants are modified as follows



TABLE I. Non zero components of the effective elastic stiff-
ness correction tensor.

ACy, = —4(6""’2)2cc/)52¢osin2¢0 ACh s — w
11 Ty 16 7,
ACy = w ACys = w
06 oo
AC55 = W ACGG — w
00 »
Acll _Acll 0 0 0 AC16
—-ACy;; AC;; 00 0 —AC6
0 0 0 0 0 0 (9)
0 0 0 ACy ACi 0
0 0 0 ACsi ACss 0
ACi¢ —ACi 0 0 0 ACgs

The dependency of the overall elastic stiffness constants
Cijri with respect to the magnetic field is reported in
Appendix.

C. Analytical resolution for Shear Horizontal wave
in anisotropic media

In order to enhance the sensitivity of the surface acous-
tic wave to the magnetostrictive thin film strain when
biased with a magnetic field, there are essentially three
approaches: First, using bulk waves to exploit C1; or Cag
variations, through coating of thin piezoelectric plates,
or interaction with a Rayleigh wave, mainly sensitive to
C11. Second, manufacturing magnetostrictive thin films
with out-of-plane anisotropy to use C33 variations, which
is not considered here, since the magnetization remains
in-plane because of strong demagnetizing effects. Third,
using shear surface acoustic waves to take advantage of
the Cg¢ dependency with the magnetic field. The latter
option was retained, and Quartz ST-X90° cut was chosen
for its pure shear horizontal wave to exploit the induced
shear stress/strain of the magnetostrictive thin film.

The velocity dependency with a bias magnetic field
of the pure SH mode propagating in this piezo-electro-
magnetic composite can be easily obtained analytically
for anisotropic media considering that both the elastic
stiffness matrix of the substrate and ferromagnetic layer
are included in the monoclinic system case. The coor-
dinate system and geometry used in this study are de-
picted in FIG 9. For simplicity, the piezoelectricity is
neglected. The magnetostrictive layer (0 < z < h) is

designated as medium (1) with displacement ugl) (y,2,t),
density p; and elastic constants c;; and the half-space
(z > h) is designated as medium (2) with displacement

u?)(y,z,t), density p2 and elastic constants d;;. Con-
sidering a Love wave (uz = uz = 0) propagating in the
positive y-direction with a phase velocity ¢, and assum-
ing a e 7@t=k¥) dependence, the displacement field u;

can be expressed as
uy = f(z)ekW=et), (10)

The Christoffel’s tensor ruling wave propagation in
solid media is therefore reduced to

(T11 — pc®)u; =0 (11)

with p the material density, ¢ = w/k the phase velocity
and I'y; = c¢ijrnjni, nm being the components of the
unit vector in the wave propagation direction.

The overall equation ruling wave propagation in both
materials (condensed notation) is therefore given by

82u1 82u1 62’U1 82U1
—_— —_— 2 —_ 55—~ 4o
PL2 s (c;d)eo RIE +2(c, d)"’ﬁayaz + (¢, d)s5 5.2
(12)

The general solution of Eq. 12 for the medium (1) is
ugl) — (Ayektiz | B eikbaz)pikly—ct) (13)
where Ay, By are arbitrary constants and
b1 = (VA —cs6)/cs5,  ba= (VA+cs6)/cs55
A = cs5(p1c® — co6) + Cig (14)

(2)

Likewise, given lim, ,u;” = 0, the displacement

field u:(LZ) can be expressed as
u§2) = Agelkbszgik(y—ct) (15)
with

_ VB — dse

b ,
° dss

B = d55(d56 — /)262) — dgﬁ (16)

with $(b3) > 0 (i.e. B > 0). The boundary conditions
are

iy =0 at z = 0 (free surface), (17)
u§1> = u(lz) at z = H (displacement continuity), (18)
7'1(;) = 71(?2,) at z = H (stress continuity). (19)
But
ORI
= L 20
i3 = €565 + ¢s5 92 (20)
au(z) 8u(2)
73 = dsg o s (21)
(13) to (19) yield
Ay — B =0,

Ayedoih o B e=ikbzh — g cikbsh

. . B .
Ale]kblh _ Ble—]kbgh :] ZAQ jkbsh (22)
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FIG. 7. Magnetic field dependency of the piezomagnetic constant tensor when a bias magnetic field is applied along the hard
axis of a multilayered TbCoz/FeCo thin film on Quartz ST-X90° cut.
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Eliminating A;, By, and A, in (22) gives

tan 6§ = (23)
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FIG. 9. System coordinates used for the Love wave device.

with

2 dss
It can be shown that for Love waves to exist, A > 0,

B > 0. Therefore, using (14) and (16) the Love wave
dispersion relation may be written as

0= (24)

dssd
tan (yxikh) = || 22000 A2 (25)
C55C66 X1
with
2 _ G66 _ 2o , = s
cs5 C55C66 ds5dse
(26)
and the variables y; and o are given by
X1 = (27)




where Vi and Vs are the bulk shear velocity in both
media and are given by

/ /d,
vV, = cﬁ’ Vo = 4] =228
P1 P2
The conditions A > 0 and B > 0 imply

V-V <ec<V1—eV, (29)

In this paper, for the considered magnetostrictive thin
film, ¢ = 0, since cs6 = 0. Moreover, it can be no-
ticed (see Appendix) that it behaves as an elastically
isotropic material when saturated with a bias magnetic
field, the magnetization being stuck in a well defined
state, the elasticity remains unchanged. In order to take
the piezomagnetic effects into account in the analytical
Love wave dispersion relation, the elastic stiffness con-
stants are rewritten using (4) and (5) as

(28)

QpijNpTNqQqkl
HmnMmTn

Cli = Cgkz + (30)
where n; are the components of the wave vector. These
enhanced elastic stiffness constants can be used in the
Love wave dispersion relation to obtain the wave veloc-
ity dependency with respect to a bias magnetic field. Its
evolution will be discussed later, along the characteriza-
tion of the experimental device in Section ITC.

II. EXPERIMENTAL CONSIDERATIONS AND
DISCUSSION

A. Fabricated SAW delay line

The interaction of the multilayered magnetostrictive
thin film with pure shear surface acoustic wave was
also investigated experimentally. A SAW delay line
was retained as acoustic waveguide. As shown in
FIG 10 and FIG 11 (left), a 300 pm wide and 200 nm
thick (0.016)) 25 x [ThbCoy(3.7um)/FeCo(4nm)] nanostruc-
tured uniaxial thin film was deposited by RF-sputtering
onto a 500 um thick Quartz ST-cut substrate between
two single-electrode aluminum interdigital transducers
(IDTs) with a periodicity of 12 ym. The ferromagnetic
thin film was deposited under a bias magnetic field to
induce the preferred orientation for the magnetization,
as seen on FIG. 6. As stated before, the propagation di-
rection of the acoustic wave is along the Easy axis (EA)
of the ferromagnetic thin film. Transmission Electron
Microscopy on the multilayered nanostructured thin film
has been made on a TEM FEI Themis probe corrected,
and equipped with a SUPER-X-EDX detector. Imaging
was done on STEM mode with the High-Angle Annu-
lar Dark-Field (HAADF) detector, with which atomic
resolution imaging can be achieved (0.07nm). The re-
sulting picture is reported in FIG 11 (right), where each
TbhCos/FeCo bilayer can be clearly seen.

Ferromagnetic

thin film

FIG. 11. Photograph of the fabricated SAW delay line: the Al
IDTs and the ThbCosz/FeCo multilayered thin film in-between
(left). STEM picture of the multilayered TbCoz/FeCo nanos-
tructured thin film (overall thickness: 200 nm) deposited
on silicon for Transmission Electron Microscopy visualization

(right).

B. Device characterization and Methods

The complex forward transmission So; of the delay
line, was measured with a vector network analyzer (Ag-
ilent 8753ES) with an input power of P = 1 mW. The
acoustic signal resulting from the SAW transmission can
be isolated from spurious signals including electromag-
netic crosstalk and multiple transit signals using Fourier
transform and time gating, since the electromagnetic
crosstalk is propagating at light speed and the surface
acoustic wave five orders of magnitude slower. There-
fore, these signals can be separated in time domain. The
frequency response of the signal transmitted between the
IDTs after thin film deposition is shown in FIG. 12. The
first (SH1) and third harmonic (SH3) of the pure shear-
horizontal mode appear clearly on this electrical charac-
teristic at 410 MHz and 1.2 GHz, respectively. In order to
characterize the acoustic waveguide when the ferromag-
netic thin film is biased with a magnetic field, the magni-
tude and phase value of the S;; parameter are measured
at the frequency showing the lowest insertion loss at zero
field.

C. Study of the SH1 mode at 410 MHz
1. Bias magnetic field applied along the hard axis

In a first set of measurements, the Ss; frequency re-
sponse of the SH1 mode is measured as a function of the
bias magnetic field, applied along the hard axis. The
normalized phase and amplitude of the insertion loss are
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on Quartz ST-90° X cut after deposition of the TbCosz/FeCo
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FIG. 13. Complex S21 response (phase in blue, magnitude in
magenta) of the SAW delay line operated at 410 MHz as a
function of the bias magnetic field applied along the hard axis
of the multilayered TbCoz/FeCo nanostructured thin film.

depicted in FIG. 13. The amplitude shows a variation of
nearly 1 dB for 100 Oe variation whereas the phase shift
is around 25° for the same magnetic field range. Given
the width of the magnetostrictive thin film (300 um), the
attenuation reaches 30 dB/cm. The S3; amplitude varia-
tion can be explained by the modification of the acoustic
impedance Z = pc (with p, the thin film density and ¢
the wave propagation velocity), leading to a variation of
the insertion loss with respect to the magnetic field.

The Sy; phase shift is converted into a phase velocity
shift through the relation
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FIG. 14. Comparison between measured SH; phase velocity,
phase velocity shift obtained from Love wave dispersion rela-
tion and velocity shift obtained from FEM model when the
multilayered TbCoz/FeCo thin film is biased along its hard
axis at 410 MHz.

where v is the phase velocity and ® is the absolute phase.
In FIG. 14, the resulting Love wave velocity behaviour of
the SH1 mode (magenta dots) is compared to the Love
wave velocity shift obtained through the dispersion re-
lation (25) by including Cgs and Cj5 magnetic field de-
pendency (blue). One can notice the perfect agreement
between the velocity shift obtained with the established
Love wave dispersion relation and the experimental mea-
surements for the SH1 mode. The resulting velocity shift
of the Love wave is 0.3% at the fundamental frequency.

A numerical implementation of the equivalent piezo-
magnetic model was done in Comsol Multiphysics
through Partial Differential Equation (PDE) module.
The 3D unit cell, whose a 2D cut is represented in
FIG. 15, was constructed in Comsol and is composed of
a block of Quartz ST-cut (A wide and 10X high) coated
with a block of the ThCoy/FeCo ferromagnetic thin film
(200 nm thick). Continuity condition was applied along
the x and y directions and the bottom of the substrate
was supposed to be fixed. The behaviour of the ferromag-
netic thin film with respect to the bias magnetic field
was obtained from the equivalent piezomagnetic model
described in Section I B and implemented as a new ma-
terial. Therefore, the frequency of the shear eigenmode
of the proposed structure was computed as a function of
the bias magnetic field. The shear component of the dis-
placement field is depicted in FIG. 15 for the SH1 mode.
It is clearly shown that the coating with the ferromag-
netic thin film (right) enhances the confinement of the
acoustic wave in the upper layer compared to the bare
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computed with Comsol Multiphysics based on the equivalent
piezomagnetic model when the ferromagnetic thin film is sat-
urated.

Quartz ST-cut (left). The penetration depth is reduced
by 1:4 at 410 MHz. The induced acoustic wave velocity
shift with respect to the bias magnetic field is reported in
FIG. 14 and compared to its evolution obtained with the
analytical Love wave dispersion relation (25) and with
the experimental measurements. One may notice the
good agreement between both methods proving the vi-
ability of the FEM tool to deal with the magnetoelastic
coupling in more complex structures.

2. Influence of the bias magnetic field direction

Magnetic field sensor response to differing bias mag-
netic field directions relative to the easy axis was inves-
tigated. The Ss; parameter of the SH1 mode was mea-
sured for bias magnetic field direction ranging from -90°
to 90° with a step angle of 10° and a magnitude swing-
ing from -2000 Oe 2000 Oe. The phase shift is converted
into a velocity shift with the relation given in (31) and
the result is reported in FIG. 16 for the SH1 mode. As
highlighted in the inset, as the bias magnetic field orien-
tation gets closer to the hard axis, the velocity variation
shows an increasingly recessed ’valley shaped’ behavior.
This is clearly the signature of the AE-effect [8], the ve-
locity shift owing initial softening of elastic constants and
then stiffening as applied field is increased. This valley
shape is occurring around the anisotropy field of the mul-

2000 Bias field orientation

0 0 Q)

By, 2000 N 3
1as g, » 0 -2000 ,5{\6

FIG. 16. 3D view of the experimental phase velocity shift
shape depending on bias magnetic field orientation. The inset
shows overlaid cuts of the 3D figure for different orientations
of the bias magnetic field. For the measurements carried along
the hard and easy axis, the 3D figure is projected onto a plane
(shaded figures) to highlight the velocity shift sensitivity with
respect to the magnetic field.

tilayered ferromagnetic thin film close to 200 Oe. Indeed,
in multilayered TbCoq/FeCo ferromagnetic thin film ex-
hibiting in-plane uniaxial anisotropy, a high susceptibil-
ity to the external driving field can be obtained in the
vicinity of a field-induced Spin Reorientation Transition
(SRT) [29] when the static external bias magnetic field
is applied perpendicular to the easy axis with a magni-
tude equal to the anisotropy field Ha. Therefore, for a
bias magnetic field close to that value, the elasticity of
the magnetostrictive material becomes very soft due to
magnetic in-plane rotation, hence the ’valley shape’.

3. Considerations on Love wave guiding

Typical Love wave devices reported in literature [10,
18] usually comes with a silicon dioxide guiding layer
deposited on Quartz ST-cut to increase the wave con-
finement thanks to its lower shear velocity (close to 3764
m/s). In that case, the condition (29) for Love wave to
exist is fulfilled. In the proposed structure, the multi-
layered ThbCos/FeCo thin film acts itself as a very ef-
fective guiding layer, its shear velocity being close to
1800 m/s (28), offering a higher contrast with the sub-
strate shear velocity (close to 5000 m/s), compared to
silicon dioxide. A numerical method that was developed
in a previous work [26] to compute the dispersion curves
and mode shapes of elastic waves in layered piezoelectric-
piezomagnetic composites, is used to assess the effect of
the ferromagnetic thin film coating (200 nm) on Quartz
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linked to the hypothetical severe damping occurring in
such ferromagnetic thin film, preventing the magnetiza-
tion precession. Further investigations are required to
shed light on the true coupling between dynamic strain
and magnetization behaviour with respect to the mag-
netic field. As it stands, a pure magnetoelastic coupling
model is perfectly able to explain what is observed exper-
imentally in the proposed Love acoustic waveguide based

on a ThCoy/FeCo ferromagnetic thin film guiding layer.

D. Study of the SH3 mode at 1.2 GHz

1. Bias magnetic field applied along the hard axis

The frequency response of the acoustic waveguide with
respect to the magnetic field was also investigated for
the SH3 mode at 1.2 GHz. The normalized phase and
amplitude of the insertion loss are depicted in FIG. 18

0 10 20 30 40 50 O

Depth (um)

- - - without ferromagnetic layer

10 20 30 40 50
Depth (um)

— with ferromagnetic layer

FIG. 17. Comparison of the normalized displacement field
component U, of the SH mode with or without the ferro-
magnetic layer coating (TbCo2/FeCo) on quartz ST cut (if

present, 200 nm) at two distinct frequencies, 410 MHz (left)
and 1.2 GHz (right).

ST-cut. In FIG. 17, is reported the shear displacement
component of the SH1 and SH3 modes corresponding to
differing acoustic wave frequencies. The ferromagnetic
layer clearly tends to confine the acoustic wave at the
top of the structure. This is even more pronounced as
the frequency increases, since the penetration depth is
reduced to 1:4 at 410 MHz but 1:8 at 1.2 GHz. In com-
parison, the same effect is obtained with a 1.8 um thick
silicon dioxide coating for the same Love acoustic wave
velocity. Therefore, the wave energy is mainly confined
in the upper layer, improving the surface acoustic wave
interaction with the ferromagnetic thin film. Above all,

it confirms that the ferromagnetic layer acts as a guiding
layer for the acoustic waves.

These preliminary results carried on the SH1 mode
show a very good agreement between the Love wave dis-
persion relation including the equivalent piezomagnetic
model and the experimental measurements. As described
in Section 1B, this model considers the magnetoelastic
coupling occurring in ferromagnetic thin films and does
not take into account any resonant coupling between spin
wave and acoustic wave (known as ferromagnetic reso-
nance). The ferromagnetic thin film shows a giant mag-
netoelastic coupling inducing large wave propagation ve-
locity shift, but any evidence of the coupling between
spin wave and acoustic wave was observed neither for
the SH1 nor the SH3 mode. A possible reason may be

when the bias magnetic field is applied along the hard
axis. The amplitude shows a variation of nearly 15 dB
for 100 Oe variation whereas the phase shift is around
250° (middle) for the same magnetic field range. Given
the width of the magnetostrictive thin film (300 pm), the
attenuation easily reaches the value of 500 dB/cm (bot-
tom). As a recall, the same measurements performed for
the SH1 mode gave only 30 dB/cm of attenuation and
25° of phase shift. The S9; variations with respect to the
bias magnetic field are much more pronounced for the
SH3 mode, due to a better confinement of the acoustic
wave energy in the ferromagnetic thin film (as the fre-
quency increases, the wavelength shortens) and thus, a
more effective guiding leading to an increase in sensitiv-
ity. One may also notice that the evolution of the So; pa-
rameter with respect to the bias magnetic field is closely
related to the magnetization state of the ferromagnetic
thin film. Vectorial measurements carried on the Vibrat-
ing Sample Magnetometer show the full magnetization
behaviour when biased along the hard axis of the ferro-
magnetic thin film. As depicted in FIG. 18 (top) where
M, represents the magnetization along the bias direc-
tion (hard axis) and M, the simultaneous magnetization
along the 90° direction, the magnetization is relaxing to-
wards the easy axis from a saturated state along the hard
axis in a 'Stoner Wohlfarth’ fashion as it was discussed
by Klimov et al. [29]. As highlighted in FIG. 18 (black
dashed line), the hysteretic nature of the multilayered
ferromagnetic thin film is reflected in the Sy; amplitude
(bottom) and phase (middle). The minima are correlated
to the jump’ of the magnetization around zero field, both
with increasing or decreasing magnetic field. This ’jump’
occurring when the magnetization is relaxing from a sat-
urated state along the hard axis corresponds to a brutal
reorganization of the magnetization when crossing zero
field as it was discussed by Tiercelin et al. [30]. Besides,
it can be noticed that the fabricated SAW delay line is
behaving like a bipolar magnetic field sensor. Indeed,
the S31 magnitude shows a crossing with opposite slope
around zero field. Therefore, the SAW device is able to
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FIG. 18. TbCoz /FeCo thin film magnetization character-
istics along the hard axis (top). Normalized Insertion Loss
(S21) of the SAW delay line at 1.2 GHz (phase (middle) and
magnitude (bottom)). In both figures, the dashed line rep-
resents measurements from left to right and solid lines from
right to left starting from a saturated state.

sense the direction of small magnetic field without any
polarization.

2. Acoustic mode conversion / Limitations of the analytical
Love wave dispersion relation

The Love wave velocity shift obtained experimentally
or the SH3 mode is reported in FIG. 19 (magenta stars).
The maximum velocity shift reaches 2.5%, which corre-
sponds, as the film thickness is only 0.8% of the acoustic
wavelength, to a variation of the elastic properties of the
ferromagnetic thin film close to 100%. One may further
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FIG. 19. Comparison between measured SH3 phase velocity,
velocity shift obtained from Love wave dispersion relation and
velocity shift obtained from the numerical model when the
multilayered TbCoz/FeCo thin film is biased along its hard
axis at 1.2 GHz.

note that the ’valley shape’ around the anisotropy field
(Ha = 200 Oe) is less recessed compared to the SH1
mode. The comparison between the experimental mea-
surements and the velocity shift obtained with the Love
wave dispersion relation reported in FIG. 19 (blue curve)
shows that the analytical dispersion relation is not as ac-
curate as it was for the SH1 mode to depict the evolution
of the velocity with respect to the magnetic field close to
the anisotropy field H4 (200 Oe).

Precisely, the analytical Love wave dispersion relation
(25) was obtained assuming that pure shear horizon-
tal wave is propagating in the ferromagnetic thin film.
This assumption is true in Quartz ST-cut (intrinsic to
the material), but not completely when coated with the
anisotropic ferromagnetic material. Indeed, as depicted
in FIG. 20, the normalized displacement field components
of the studied acoustic wave depend on the magnetic
state of the ferromagnetic thin film and the frequency of
operation. More precisely, it is shown that the ferromag-
netic layer behaves as an isotropic layer when saturated
and thus, the acoustic wave is pure shear (left). When
the ferromagnetic thin film is not biased (zero field), its
anisotropy gives birth to a three-component displacement
field leading to a breaking of the acoustic wave polariza-
tion. As the frequency increases (middle and right), the
two additional components become non-negligible and
show more pronounced effect on the acoustic wave re-
sponse with respect to the bias magnetic field. Precisely,
for the SH3 mode, the contribution of the second com-
ponent U, plays a role in the magnetoelastic coupling
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FIG. 20. Comparison of the normalized displacement

field components of the SH mode for [Quartz ST-cut +
ThCoz/FeCo multi-layer (200 nm)] at two distinct bias mag-
netic field, saturation field (left) and anisotropy field at 410
MHz (middle) and 1.2 GHz (right).

through the (4o elastic stiffness constant, showing op-
posite behaviour compared to Cgg with respect to the
magnetic field around the anisotropy field (200 Oe) as
reported in Appendix. It may explain that the ’valley
shape’ is less recessed at 1.2 GHz, the C1o contribution
compensating the effect of the Cgg. The anisotropic na-
ture of the ferromagnetic thin film depending on the bias
magnetic field, the acoustic wave polarization is linked to
the bias magnetic field and therefore can lead to an acous-
tic mode conversion depending on the ferromagnetic thin
film thickness and the acoustic wave frequency.

Therefore, the complete displacement field vector must
be taken into consideration in order to depict the real
behaviour of the Love acoustic wave with respect to the
magnetic field. For that purpose, the implemented nu-
merical model in Comsol Multiphysics can be used to
compute the acoustic wave velocity shift as a function
of the bias magnetic field. The results obtained with
the numerical model are reported in FIG. 19, showing a
good agreement with the experimental data. One might
further note that the velocity is lower as the frequency
increases, proving that the acoustic wave is even more
guided in the upper ferromagnetic layer, the velocity get-
ting closer to the bulk shear velocity of the ferromagnetic
thin film. Therefore, a frequency increase by a factor of
three leads to an increase of the sensitivity by a factor of
roughly ten. This behaviour is explained by the disper-
sive nature of the Love wave as the frequency increases.
In order to assess the potential of the presented Love
acoustic waveguide in terms of velocity shift with respect
to the bias magnetic field (and thus, the sensitivity), the
analytical dispersion relation is used. Using (25), the
maximum Love wave velocity shift with respect to the
magnetic field is computed as a function of the ratio be-
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tween the ferromagnetic film thickness h and the acoustic
wavelength A. The maximum Love wave velocity shift is
assessed using the relation (32):

A max — Ymin
2V Umaz — Umin (32)

Vo Umax

1+ — Love wave dispersion relation

0 Il L
0 01 02

03 04 05 06 07 08 09 |1
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FIG. 21. Love wave velocity shift with respect to the magnetic
field as a function of the ratio between the ferromagnetic film
thickness and the acoustic wavelength.

The resulting sensitivity is depicted in FIG. 21. The
maximum relative Love wave velocity shift is close to 7%
for a ratio h/A close to 1. The fabricated Love wave de-
vice reported in Section II, shows only a ratio h/A close
to 0.016, leaving room for improvement to design highly
sensitive magnetic field sensor. The analytical approach
has the advantage of providing a complete understand-
ing of the physical coupling, but the need of the global
numerical model is required to take into account the true
nature of the wave polarization as the frequency increases
due to the anisotropic nature of the ferromagnetic thin
film. The validity of the proposed equivalent piezomag-
netic model proves to be satisfying even when working
with complex wave polarization.

CONCLUSION

We presented here a thorough investigation, both
theoretical and experimental, of giant magnetoelastic
coupling in Love acoustic waveguides. The existence of
guided acoustic waves in a ThCos/FeCo ferromagnetic
thin film on Quartz ST-90°X cut was demonstrated. The
use of guided acoustic waves shows an exalted sensitivity
by one order of magnitude compared to evanescent
waves in conventional piezoelectric substrates. At a
fundamental level, the proposed single-mode structure
allows a complete understanding of the magnetoelastic
coupling in such ferromagnetic materials and the de-
velopment of an equivalent piezomagnetic model based



on pure magnetoelastic coupling was used to assess the
induced velocity shift due to AE/G-effect. Measure-
ments performed on a SAW delay line coated with a
uniaxial multilayered ThCoz/FeCo nanostructured thin
film were compared with very good agreement to the
predictions of the model for the SH1 and SH3 modes. A
maximum velocity shift of 2.5% was reached for the SH3
mode. The attenuation induced by the ferromagnetic
thin film in this configuration easily reached 500 dB/cm.
The reported theoretical model and experimental results
are of tremendous interest for the development of
advanced devices for magnetic field sensing applications
as well as investigating magnon-phonon interaction at a
fundamental level. Finally, resonant coupling between
magnon-phonon was not observed in our structure but
may further improve the sensitivity.
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Appendix:

The evolution of the elastic stiffness constants Cj;z; of
the ferromagnetic thin film with respect to the magnetic
field is numerically computed using (7) and Table I and
is reported in FIG. 22. The magnetization state of the
ferromagnetic thin film is taken into account through ex-
perimental measurements and implemented in the model.
The reported results are obtained for a bias magnetic field
applied along the hard axis of the ferromagnetic thin film.
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