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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 TbCo,/FeCo thin film deposited on ST-X90°-
cut quartz in a delay-line configuration. We evaluate theoretically the evolution of phase velocity as a
function of magnetic field and experimentally the variation of Sy; transmission coefficient (amplitude and
phase). An equivalent piezomagnetic model based on pure magnetoelastic coupling is used (developed to
allow us) to calculate the elastic stiffness constants of the multilayer as a function of the bias magnetic
field. The model is also implemented for the calculation of acoustic waves’ dispersion curves. We show
that the evolution of the phase velocity with respect to the bias magnetic field is dominated by the Cege
elastic stiffness constant as expected for the case of shear-horizontal surface acoustic wave. In the fab-
ricated 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/Oe, which is better than what has been reported in the 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.
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I. INTRODUCTION

Magnetic field sensing is widely used for numer-
ous applications ranging from navigation and positioning
systems such as inertial units, magnetic anomaly detection,
to electrical current sensors or biomagnetic signals sen-
sors such as magnetocardiography, magnetoencephalogra-
phy or hepatic iron concentration. In such applications,
common demands concerning the sensors’ capabilities
are the following: 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 or plate-based magnetoelec-
tric resonators [1—5] show encouraging results but their
limited frequency range due to downscaling constraints
reduces 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
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magnetostrictive materials being able to convert magnetic
energy to mechanical energy and vice versa. When biased
with a magnetic field, strain and stress is induced in the
magnetostrictive thin film due to the natural alignment of
the magnetization along the external perturbation leading
to elastic strain. The modification of the elastic properties
of magnetostrictive composites with respect to a bias mag-
netic field is known as AE/G effect [6-—8], which reflects
bulk or shear modulus variation, respectively. Typically,
SAW devices are operated in a delay-line configuration
[9—15] or in a resonator structure with one or two ports
[16-19]. SAW devices are preferred for rf applications
since downscaling and thus, frequency increase is much
easier compared to magnetoelectric based resonators. In
the former case, coupling between dynamic strain and
magnetization was investigated by various research teams
through either resonant or nonresonant interaction. In the
latter, the magnetoelastic coupling induces the shift of the
acoustic wave dispersion curves, whereas in resonant cou-
pling, dynamic strain is used to induce the magnetization
precession corresponding to the crossing between magnon
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and phonon dispersion curves. In previous studies reported
in the literature, nonresonant coupling was investigated
with various ferromagnetic materials such as Fe-Ga, Ni,
TbFe;, TbCo,, Fe-Co, or Fe-Co-Si-B using leaky or
surface acoustic waves [11,15,20,21] showing sagittal
(including Rayleigh waves) or transverse polarization with
a penetration depth reaching few to several wavelengths,
reducing accordingly the sensitivity. In particular, Li et
al. [11] reported the design of a magnetic field sensor
based on 500-nm-thick Fe-Ga film deposited on ST-cut
quartz showing a maximum velocity shift of 0.64% at
158 MHz. Zhou [15] conducted the experimental and
theoretical study of a SAW delay line based on multilay-
ered TbCo,/FeCo nanostructured thin film deposited on
Y-cut LINbO;. A very good agreement is reached between
theoretical predictions and experimental data, both for
Rayleigh and shear mode with a maximum acoustic wave
velocity shift close to 0.2%. Elhosni et al. [20] investi-
gated experimentally and theoretically the use of Ni and
Co-Fe-B as sensing materials in a delay-line configuration
on LiNbO; YX-128° coated with ZnO. A maximum sensi-
tivity of 16 ppm/mT is reached with Co-Fe-B at 460 MHz.
Kittmann et al. [10] presented a Fe-Co-Si-B thin-film-
coated Love-type SAW device for magnetic field sensing
with a very low magnetic noise level of 100 pT/+/Hz.
SAW resonator structures are also investigated and notice-
able results are obtained: Smole et al. [17] proposed a
one-port resonator in a Fe-Co-Si-B/ZnO structure with a
tuning range of about 1.2% at 1.2 GHz. Kadota et al.
[19] showed the first excitation of a pure shear-horizontal
surface acoustic wave on ST-X90°-cut quartz to design
resonators as magnetic field sensors. A one-port resonator
composed of Ni interdigital transducers (IDTs) with a sen-
sitivity to magnetic field close to 8 ppm/Oe is designed.
More recently, Liu et al. [18] reported classic Love acous-
tic waveguide in a one-port resonator with a SiO, layer
and Fe-Co-Si-B as a magnetostrictive layer with a relative
frequency shift of 0.5% at 220 MHz.

The coupling between dynamic strain and magnetiza-
tion 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 er al. [21] investigated acoustic-
wave-driven FMR (ADFMR) in a Ni thin film using a
SAW delay-line configuration on LiNbO; at high fre-
quency. At 170 MHz, an attenuation close to 1 dB/cm is
obtained, 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 LiNbO;3 and an atten-
uation 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 nonresonant 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 being
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 multilayered
TbCo,/FeCo thin film (in-plane magnetization) deposited
on ST-X90°-cut quartz in a delay-line configuration. In
our case, the Love wave condition is fulfilled thanks to
the chosen ferromagnetic material showing a very high
density and softness. Besides enhanced sensitivity, the pur-
pose of this work is to fully understand the SAW coupling
occurring in such ferromagnetic thin film, which is ren-
dered 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
Sec. II. Measurements performed on the fabricated SAW
devices are then reported in Sec. 111, as well as the compar-
ison with the theoretical data to validate the piezomagnetic
model.

II. THEORETICAL CONSIDERATIONS
A. SH surface wave in ST-X90°-cut quartz

The ST-cut quartz 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 (K?), and temper-
ature coefficient of frequency. These parameters usually
depend on the substrate orientation and wave-propagation
direction, which is here referenced by the angle W, arbi-
trarily chosen relatively to the x axis. A numerical method
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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
ST-cut quartz [Euler angles (0°, 132.75°, W)] depending
on the propagation direction W.

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 a material depending on the in-plane direction
W, the electromechanical coupling coefficient K? is then
computed for both modes and is given by

K2 — 2vco - Ucc, (1)
Vco

where vco and vee are the phase velocities of the open
and short circuit boundary condition. K(W) is shown in
Fig. 2 for the Rayleigh wave (blue) and the pure SH mode
(magenta). The Rayleigh wave is propagating at 3158 m/s
for W = 0° with K> = 0.14%. For 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, U,, U:) of this mode is computed
along the propagation direction W and reported in Fig. 3. It
is evident that this mode turns into a pure shear-horizontal
mode when W = 90°, the shear-horizontal component U,
being the only one to exist. Figure 4 shows that U,
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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.

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
interaction with a magnetostrictive material (multilayered
nanostructured TbCo,/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 Refs. [15,26]). The piezomagnetic equations
are obtained by considering a magnetoelastic wave in
a ferromagnetic thin film deposited on a piezoelectric
substrate or membrane (see Fig. 5), and linearizing the
coupled equations for the mechanical and magnetic sys-
tems (Newton’s equation of motion and Landau-Lifshitz’s
equation) around a ground-state position of the magnetiza-
tion (depending on the direction and magnitude of the bias
magnetic field).

00
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Y _» k propagation direction
Y SH wave dominant
z
45°
Y
60°
75°
90°
0 0.05 0.1 0.15 0.2

KZ (%)

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.

In the coordinate system described in Fig. 5 the piezo-
magnetic equations are given by

%u;  doy

Y 2
Poa o, 2

9b; _ Ao (hi + m;)] 3)

8xi 8)6,' ’

where p is the density of the ferromagnetic thin film, u; is
the ith component of the particle displacement, x; denotes
the Eulerian coordinates (Einstein’s summation conven-
tion is used, i,j,k, and / = 1,2,3 or equivalently x,y,z)

Depth (1)

-3 . . . ‘ . . . . .
0 01 02 03 04 05 06 07 08 09 1
Relative displacement Uy

FIG. 4. Relative displacement amplitude U, and normalized
penetration depth for the SH mode (¥ = 90°).

Ferromagnetic
thin film

| Piezoelectric substrate

Yz
FIG. 5. System coordinates used in the piezomagnetic model.
and
8uk
0 = (Cyu + ACyj)) — — quij hus “4)
0x;
8uk
bi = qinn—— + Wi, (5)
ox;

with Cjy; the elastic stiffness constants and where the
effective magnetic permeability pu; and elastic stiffness
constants corrections ACjy are given by

wir = o (B + Xir), (6)
ACijr = bijn (M Gt + M2Goi0), (7
with b, the magnetoelastic constants (by11; = b?2 when

using Callen’s notations [27]). The expressions of the
piezomagnetic constants g;;; and the magnetic susceptibil-
ity xi can be found in Ref. [28].

In the following, we consider a uniaxial multilayered
25 x [TbCoy(3.7 nm)/FeCo4 nmy] nanostructured thin film
sputtered under a bias magnetic field (C;; = 110.9 GPa,
Cu4 = 31.3 GPa, p = 9250 kgm 3, E = 80 GPa, b"? =
—4.5 MPa, H; = 200 Oe). The in-plane magnetization
is characterized using a vibrating sample magnetometer
(VSM), when applying the magnetic field along the x and
y axis. A clear uniaxial 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, the bias mag-
netic field is applied along the hard axis, while the acoustic

—_

<
W
:

1
<
9

:

—— Y = Easy axis i
—— X = Hard axis

Normalized magnetization
o
:

-1

-1k -800 -600 —406 -200 0 200 400 600 800 1k
Bias field (Oe)

FIG. 6. TbCo,/FeCo thin-film magnetization characteristics
measured along the easy axis (blue) and the hard axis (red).
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FIG. 7.
a multilayered TbCo,/FeCo thin film on ST-X90°-cut quartz.

wave propagates along the y axis. The magnetoelastic cou-
pling induces anisotropy in the magnetostrictive thin film
and thus, it cannot be considered as isotropic. The magne-
tization is supposed to remain always in the plane of the
film. For calculations, the magnetic field is applied per-
pendicular to the easy axis of the magnetostrictive thin
film. Its effective elastic constants Cjj;, piezomagnetic con-
stants g;;x and relative magnetic permeability constants fi
are computed and reported in Appendix, Figs. 7 and 8,
respectively.

The expressions of the elastic stiffness corrections ACjj
to Cyu due to AE effect, are given in Table 1. In these
expressions, b”*? is the magnetoelastic coupling coefficient
of the isotropic thin film, and

Uyy = oM[Hy(1 — sin? ¢g) + H cos(¢o — V) + Hye),

Upy = HoM[Hy(1 —2sin® ¢o) + H cos(¢o — V) + Hu],
®)

where Hyge = (b"%)?/(11oM,Cas) is the magnetoelastic
field, ¢9 and i the angle with respect to the x axis with
magnetization 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:

AC;;  —=ACh O 0 0 ACg

—AC;; ACp 0 0 0 —AC
0 0 0 0 0 0 )
0 0 0 ACy ACss 0 )
0 0 0 ACs ACGCss 0

ACi e —AC, O 0 0 ACeg
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Magnetic field dependency of the piezomagnetic constant tensor when a bias magnetic field is applied along the hard axis of

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

C. Analytical resolution for shear-horizontal wave in
anisotropic media

In order to enhance the sensitivity of the surface
acoustic wave to the magnetostrictive thin-film strain when

—40
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5” O

-1 05 0 05 1
H (kOe)

(1r)ij =

150

100

50

FIG.8. Magnetic field dependency of the relative magnetic per-
meability constant tensor when a bias magnetic field is applied
along the hard axis of a multilayered TbCo,/FeCo thin film on
ST-X90°-cut quartz.
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TABLEI. Nonzero components of the effective elastic stiffness
correction tensor.
ACH = —4(b"?)? cos? ¢ sin” ¢y ACs = (b"2)? sin(4¢hp)
Uso 2Uyy
_(RY2)\2 i _(HY2\2 o
ACy = b )/ sin” ¢ ACys = ") Sl/n¢0 oS ¢
U0€ UOH
(B2 anc2 _(BY2N2 anc2
ACss = (b7°)" cos” ¢y ACes = (b7°)" cos” (2¢0)
U, U
00 2]

biased with a magnetic field, there are essentially three
approaches: first, using bulk waves to exploit Cy; or Cy,
variations, through coating of thin piezoelectric plates, or
interaction with a Rayleigh wave, mainly sensitive to Cj;.
Second, manufacturing magnetostrictive thin films with
out-of-plane anisotropy to use Cj3 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 Cgg
dependency with the magnetic field. The latter option is
retained, and ST-X90°-cut quartz is chosen for its pure
shear-horizontal wave to exploit the induced shear stress
and 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 stiff-
ness matrix of the substrate and ferromagnetic layer are
included in the monoclinic system case. The coordinate
system and geometry used in this study are depicted in
Fig. 9.

For simplicity, the piezoelectricity is neglected. The
magnetostrictive layer (0 <z < h) is designated as
medium (1) with displacement uil)(y,z, 1), density p;, and
elastic constants ¢; and the half space (z > 4) is desig-
nated as medium (2) with displacement u(lz) ,z,1), density
02, and elastic constants d;;. Considering a Love wave
(up = u3 = 0) propagating in the positive y direction with
a phase velocity c, and assuming a e/ %) dependence,
the displacement field u; can be expressed as

w =1 (2", (10)
Multilayered
TbCo,/FeCo X  Propagation direction

Propagation direction — 3>
& g—» h@ medium (1) =
>y
hy
medium (2)
Quartz ST
z
z

FIG. 9. System coordinates used for the Love-wave device.

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

(T — pc*uy =0, (11)

with p the material density, ¢ = w/k the phase velocity,
and I'y; = cjun;ng, n, 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

9%u

82u1 82u 1
oy0z + (¢, d)ss

1
P2~ = (C,d)esv + 2(c,d)s6

82u1
9z2

The general solution of Eq. (12) for the medium (1) is
uil) — (Alejkblz + Ble—jkbzz)ejk(y—ct)’ (13)
where A, B; are arbitrary constants and

by = (VA —cs¢)/css, by = (WA + cse)fess,

) 5 (14)
A = cs5(p1c” — ce6) + Ci6.

Likewise, given lim,_, uﬁz) = 0, the displacement field

ugz) can be expressed as
U = Ayttt o=en, (15)

with
/B — dsg
by = ]d—s, B = dss(dss — pac®) — d%,  (16)
55

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

D=0  atz=0 (free surface), (17)
ulV =u®  atz = H (displ inui
Vo= = placement continuity), (18)
D — 1@tz = H (stress continuit 19
13 = Y3 - y)- (19)
But
au(l) au(l)
) 1 1
T = s 20
3 Cs6 8y + Cs5 9z ( )
au(2) au(2)
) 1 1
@ =4 + dss——. 21
13 56 3y 5575 2D
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Equations (13)+19) yield

Ay — By =0,
kb1 h —jkbyh __ jkbyh
Ale’ —}—Ble —Azel 5 (22)
. . B .
Ale]kblh _ Ble—]kbzh zj\/;Aze]leh.
Eliminating A4, By, and 4, in Eq. (22) gives
tan 6 \/§ (23)
anf =,/ —
A’
with
b1 + by)kh A
o = 1+ b)kh £kh. (24)

2 dss

It can be shown that for Love waves to exist, 4 > 0,
B > 0. Therefore, using Eqs. (14) and (16) the Love-wave
dispersion relation may be written as

dssd,
tan (y k) = [ 2220 %2 | (25)
C55C66 X1
with
2 2
Ce66 C d
yz - €] = ia € = i (26)
Css C55C66 dssdss
and the variables x; and x, are given by
[ c? / c?
= |— —1+¢, = |1—¢——, 27
X1 V% 1 X2 2 7z (27)

where V| and V, are the bulk shear velocity in both media
and are given by

d
V1=,/%, V2=,/£- (28)
P1 02
The conditions 4 > 0 and B > 0 imply
V11—V <c<mV2. (29)

In this paper, for the considered magnetostrictive thin film,
€1 = 0, since c5¢ = 0. Moreover, it can be noticed (see
Appendix) that it behaves as an elastically isotropic mate-
rial when saturated with a bias magnetic field, the magne-
tization 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 constants are rewritten using
Egs. (4) and (5) as

9pij g9kl
Ciy = Cipy + 21, 30
o b Mmnim Ny ( )

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 velocity
dependency with respect to a bias magnetic field. Its evo-
lution is discussed later, along with the characterization of
the experimental device in Sec. III C.

III. EXPERIMENTAL CONSIDERATIONS AND
DISCUSSION

A. Fabricated SAW delay line

The interaction of the multilayered magnetostrictive
thin film with pure shear surface acoustic wave is also
investigated experimentally. A SAW delay line is retained
as acoustic waveguide. As shown in Figs. 10 and 11
(left), a 300-pum-wide and 200-nm-thick (0.0161)25 x
[TbCo2(3.7 nm)/FeCo4 nmy] nanostructured uniaxial thin
film is deposited by rf sputtering onto a 500-pm-thick
ST-cut quartz substrate between two single-electrode alu-
minum IDTs with a periodicity of 12 um. The ferromag-
netic thin film is deposited under a bias magnetic field to
induce the preferred orientation for the magnetization, as
seen on Fig. 6. As stated before, the propagation direction
of the acoustic wave is along the easy axis (EA) of the fer-
romagnetic 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 is done on STEM mode
with the high-angle annular dark-field (HAADF) detec-
tor, with which atomic resolution imaging can be achieved
(0.07 nm). The resulting picture is reported in Fig. 11
(right), where each TbCo,/FeCo bilayer can be clearly
seen.

B. Device characterization and methods

The complex forward transmission S,; of the delay
line is measured with a vector network analyzer (Agilent
8753ES) with an input power of P = 1 mW. The acous-
tic signal resulting from the SAW transmission can be

ST-cut Quartz

FIG. 10. Three-dimensional (3D) model of the fabricated
Love-wave device.
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FIG. 11. Photograph of the fabricated SAW delay line: the
Al IDTs and the TbCo,/FeCo multilayered thin film inbetween
(left). STEM picture of the multilayered TbCo,/FeCo nanostruc-
tured thin film (overall thickness: 200 nm) deposited on silicon
for transmission-electron-microscopy visualization (right).

isolated from spurious signals, including electromagnetic
crosstalk and multiple transit signals using Fourier trans-
form and time gating, since the electromagnetic crosstalk
is propagating at light speed and the surface acoustic wave
is 5 orders of magnitude slower. Therefore, 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 characteristic at 410 MHz and
1.2 GHz, respectively. In order to characterize the acous-
tic waveguide when the ferromagnetic thin film is biased
with a magnetic field, the magnitude and phase value of
the Sp; 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 S,; frequency
response 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
depicted in Fig. 13. The amplitude shows a variation of

1-75
1-80
1-85
1-90
1-95
-100
H-105
1-110

Insertion loss (dB)

)
200 300 400 500 60071100 1200 1300
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FIG. 12. Frequency response of the realized SAW delay line
on ST-90° X-cut quartz after deposition of the TbCo,/FeCo thin
film in the frequency range [200—1300] MHz showing the first
(SH1) and third harmonics (SH3) of the shear-horizontal mode
at zero magnetic field.
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FIG. 13. Complex S,; response (phase in blue, magnitude in
magenta) of the SAW delay line operated at 410 MHz as a func-
tion of the bias magnetic field applied along the hard axis of the
multilayered TbCo,/FeCo nanostructured thin film.

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 pwm), the
attenuation reaches 30 dB/cm. The S;; 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 S>; phase shift is converted into a phase velocity
shift through the relation

Av AD 1
v D GD
where v is the phase velocity and & is the absolute
phase. In Fig. 14, the resulting Love-wave velocity behav-
ior of the SH1 mode (magenta dots) is compared to the
Love-wave velocity shift obtained through the dispersion
relation (25) by including Ces and Css magnetic field
dependency (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 is done in COMSOL Multiphysics through
the partial differential equation (PDE) module. The 3D
unit cell, whose two-dimensional (2D) cut is represented
in Fig. 15, is constructed in COMSOL and is composed of a
block of ST-cut quartz (A wide and 10X high) coated with
a block of the TbCo,/FeCo ferromagnetic thin film (200
nm thick). Continuity condition is applied along the x and
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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 the FEM model when the
multilayered TbCo,/FeCo thin film is biased along its hard axis
at 410 MHz.

y directions and the bottom of the substrate is supposed
to be fixed. The behavior of the ferromagnetic thin film
with respect to the bias magnetic field is obtained from the
equivalent piezomagnetic model described in Sec. I1 B and
implemented as a new material. Therefore, the frequency
of the shear eigenmode of the proposed structure is com-
puted as a function of the bias magnetic field. The shear
component of the displacement field is depicted in Fig. 15
for the SH1 mode. It is clearly shown that the coating with
the ferromagnetic thin film (right) enhances the confine-
ment of the acoustic wave in the upper layer compared
to the bare ST-cut quartz (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 via-
bility 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 is investi-
gated. The S,; parameter of the SH1 mode is measured
for bias magnetic field direction ranging from —90° to 90°
with a step angle of 10° and a magnitude swinging from
—2000 to 2000 Oe. The phase shift is converted into a
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FIG. 15. Normalized shear displacement-field component com-

puted with COMSOL Multiphysics based on the equivalent piezo-
magnetic model when the ferromagnetic thin film is saturated.

velocity shift with the relation given in Eq. (31) and the
result is reported in Fig. 16 for the SH1 mode. As high-
lighted in the inset, as the bias magnetic field orientation
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 velocity
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 multilay-
ered ferromagnetic thin film close to 200 Oe. Indeed, in
multilayered TbCo,/FeCo ferromagnetic thin film exhibit-
ing in-plane uniaxial anisotropy, a high susceptibility to
the external driving field can be obtained in the vicin-
ity 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 magnitude equal to
the anisotropy field Hy. Therefore, for a bias magnetic
field close to that value, the elasticity of the magnetostric-
tive 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 the literature
[10,18] usually come with a silicon-dioxide guiding layer
deposited on ST-cut quartz to increase the wave confine-
ment 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 multilayered
TbCo,/FeCo thin film acts itself as a very effective guiding
layer, its shear velocity being close to 1800 m/s (28),

044001-9



AURELIEN MAZZAMURRO et al.

PHYS. REV. APPLIED 13, 044001 (2020)

2000

oo
S ‘{\6\6 ¢
o

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 out 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.

offering a higher contrast with the substrate shear veloc-

ity (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 ferromag-
netic thin-film coating (200 nm) on ST-cut quartz. Fig. 17
reports the shear displacement component of the SH1 and
SH3 modes corresponding to differing acoustic wave fre-
quencies. 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 comparison, 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 sur-

face 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 out on the SHI 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 Sec. IIB, this model considers the magnetoelastic
coupling occurring in ferromagnetic thin films and does
not take into account any resonant coupling between spin
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FIG. 17. Comparison of the normalized displacement-field
component U, of the SH mode with or without the ferromag-
netic layer coating (TbCo,/FeCo) on ST-cut quartz (if present,

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

wave and acoustic wave (known as ferromagnetic reso-
nance). The ferromagnetic thin film shows a giant magne-
toelastic coupling inducing large wave-propagation veloc-
ity shift, but any evidence of the coupling between spin
wave and acoustic wave is observed neither for the SH1
nor the SH3 mode. A possible reason may be linked to the
hypothetical severe damping occurring in such ferromag-
netic thin film, preventing the magnetization precession.
Further investigations are required to shed light on the
true coupling between dynamic strain and magnetization
behavior with respect to the magnetic field. As it stands,
a pure magnetoelastic coupling model is perfectly able
to explain what is observed experimentally in the pro-

posed Love acoustic waveguide based on a TbCo,/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 is also investigated for the
SH3 mode at 1.2 GHz. The normalized phase and ampli-
tude of the insertion loss are depicted in Fig. 18 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
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FIG. 18. TbCoy/FeCo thin-film magnetization characteristics
along the hard axis (top). Normalized insertion loss (S;) of the
SAW delay line at 1.2 GHz [phase (middle) and magnitude (bot-
tom)]. In both figures, the dashed line represents measurements
from left to right and solid lines from right to left starting from a
saturated state.

magnetostrictive thin film (300 wm), the attenuation eas-
ily reaches the value of 500 dB/cm (bottom). As a recall,
the same measurements performed for the SH1 mode gave
only 30 dB/cm of attenuation and 25° of phase shift. The
S, 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 ferromag-
netic thin film (as the frequency increases, the wavelength
shortens) and thus, a more effective guiding leads to an
increase in sensitivity. One may also notice that the evolu-
tion of the S,; parameter with respect to the bias magnetic
field is closely related to the magnetization state of the fer-
romagnetic thin film. Vectorial measurements carried out

on the vibrating sample magnetometer show the full mag-
netization behavior when biased along the hard axis of the
ferromagnetic thin film. As depicted in Fig. 18 (top) where
M, represents the magnetization along the bias direction
(hard axis) and M, the simultaneous magnetization along
the 90° direction, the magnetization is relaxing towards the
easy axis from a saturated state along the hard axis in a
“Stoner Wohlfarth” fashion as discussed by Klimov et al.
[29]. As highlighted in Fig. 18 (black dashed line), the hys-
teretic nature of the multilayered ferromagnetic thin film is
reflected in the S,; amplitude (bottom) and phase (middle).
The minima are correlated to the “jump” of the magnetiza-
tion around zero field, both with increasing or decreasing
magnetic field. This “jump” occurring when the magne-
tization is relaxing from a saturated state along the hard
axis corresponds to a brutal reorganization of the magne-
tization when crossing zero field as 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 S;; magnitude shows a crossing with
opposite slope around zero field. Therefore, the SAW
device is able to sense the direction of small magnetic field
without any polarization.

2. Acoustic mode conversion and 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
note that the “valley shape” around the anisotropy field
(H4 = 200 Oe) is less recessed compared to the SH1 mode.
The comparison between the experimental measurements
and the velocity shift obtained with the Love-wave disper-
sion relation reported in Fig. 19 (blue curve) shows that the
analytical dispersion relation is not as accurate as it is for
the SH1 mode to depict the evolution of the velocity with
respect to the magnetic field close to the anisotropy field
H, (200 Oe).

Precisely, the analytical Love-wave dispersion relation
(25) is obtained assuming that pure shear-horizontal wave
is propagating in the ferromagnetic thin film. This assump-
tion is true in ST-cut quartz (intrinsic to the material),
but not completely when coated with the anisotropic fer-
romagnetic material. Indeed, as depicted in Fig. 20, the
normalized displacement-field components of the studied
acoustic wave depend on the magnetic state of the ferro-
magnetic thin film and the frequency of operation. More
precisely, it is shown that the ferromagnetic 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
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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 mul-
tilayered TbCo,/FeCo thin film is biased along its hard axis at
1.2 GHz.

a three-component displacement field leading to a break-
ing of the acoustic wave polarization. As the frequency
increases (middle and right), the two additional compo-
nents become non-negligible and show more pronounced
effect on the acoustic wave response with respect to the
bias magnetic field. Precisely, for the SH3 mode, the con-
tribution of the second component U, plays a role in the
magnetoelastic coupling through the C), elastic stiffness
constant, showing opposite behavior compared to Cg with
respect to the magnetic field around the anisotropy field
(200 Oe) as reported in the Appendix. It may explain
that the “valley shape” is less recessed at 1.2 GHz, the
C1, contribution compensating the effect of the Cgg. The
anisotropic nature of the ferromagnetic thin film depending
on the bias magnetic field, the acoustic wave polariza-
tion is linked to the bias magnetic field and therefore can
lead to an acoustic 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
behavior of the Love acoustic wave with respect to the
magnetic field. For that purpose, the implemented numeri-
cal 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 fer-
romagnetic layer, the velocity getting closer to the bulk

Quartz ST
+ ferromagnetic thin film |
@H=H, and 1.2 GHz

Quartz ST
+ ferromagnetic thin film |
@ H=H, and 410 MHz

Quartz ST
0.9 || + ferromagnetic thin film |
*” | @ saturation and 1.2 GHz

Normalized displacement -field components

.
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FIG. 20. Comparison of the normalized displacement-field
components of the SH mode for [ST-cut quartz + TbCo,/FeCo
multilayer (200 nm)] at two distinct bias magnetic field, satura-
tion field (left) and anisotropy field at 410 MHz (middle) and
1.2 GHz (right).

shear velocity of the ferromagnetic thin film. Therefore,
a frequency increase by a factor of 3 leads to an increase
of the sensitivity by a factor of roughly 10. This behavior
is explained by the dispersive nature of the Love wave as
the frequency increases. In order to assess the potential of
the presented Love acoustic waveguide in terms of veloc-
ity shift with respect to the bias magnetic field (and thus,
the sensitivity), the analytical dispersion relation is used.
Using Eq. (25), the maximum Love-wave velocity shift
with respect to the magnetic field is computed as a func-
tion of the ratio between the ferromagnetic film thickness /
and the acoustic wavelength A. The maximum Love-wave

1r —— Love-wave dispersion relation

0 .
0 0.1

02 03 04 05 06 07 08 09 1
h/A
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.
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FIG. 22. Magnetic field dependency of the elastic stiffness constant tensor when a bias magnetic field is applied along the hard axis

of a multilayered TbCo,/FeCo thin-film ST-X90°-cut quartz.

velocity shift is assessed using the relation (32):

Av _ Umax — Umin (32)
Vo Umax

The resulting sensitivity is depicted in Fig. 21. The maxi-
mum relative Love-wave velocity shift is close to 7% for
a ratio i/ close to 1. The fabricated Love-wave device
reported in Sec. III, shows only a ratio 4/A close to 0.016,
leaving room for improvement to design a highly sensi-
tive magnetic field sensor. The analytical approach has the
advantage of providing a complete understanding 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 piezomagnetic model
proves to be satisfying even when working with complex
wave polarization.

IV. CONCLUSION

We present here a thorough investigation, both
theoretical and experimental, of giant magnetoelastic cou-
pling in Love acoustic waveguides. The existence of
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guided acoustic waves in a TbCo,/FeCo ferromagnetic
thin film on ST-X90°-cut quartz is demonstrated. The
use of guided acoustic waves shows an exalted sensi-
tivity by 1 order of magnitude compared to evanescent
waves in conventional piezoelectric substrates. At a fun-
damental level, the proposed single-mode structure allows
a complete understanding of the magnetoelastic coupling
in such ferromagnetic materials and the development of an
equivalent piezomagnetic model based on pure magnetoe-
lastic coupling is used to assess the induced velocity shift
due to AE/G effect. Measurements performed on a SAW
delay line coated with a uniaxial multilayered TbCo,/FeCo
nanostructured thin film are compared with very good
agreement to the predictions of the model for the SH1 and
SH3 modes. A maximum velocity shift of 2.5% is reached
for the SH3 mode. The attenuation induced by the ferro-
magnetic thin film in this configuration easily reached 500
dB/cm. The reported theoretical model and experimen-
tal results are of tremendous interest for the development
of advanced devices for magnetic field sensing applica-
tions as well as investigating magnon-phonon interaction
at a fundamental level. Finally, resonant coupling between
magnon-phonon is not observed in our structure but may
further improve the sensitivity.
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APPENDIX

The evolution of the elastic stiffness constants Cyjy; of the
ferromagnetic thin film with respect to the magnetic field
is numerically computed using Eq. (7) and Table I and is
reported in Fig. 22. The magnetization state of the ferro-
magnetic thin film is taken into account through experi-
mental 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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