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Sensing Mechanism of Surface Acoustic Wave Magnetic Field

Sensors Based on Ferromagnetic Films
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Member, IEEE, Michel Hehn, and Omar Elmazria®, Senior Member, IEEE

Abstract — Surface acoustic wave (SAW) sensors with
ferromagnetic materials are used to measure magnetic fields or
electric currents. The magnetic field sensitivities of SAW
magnetic field sensors are essentially influenced by various
factors. The sensing mechanism is complex due to the multi-
physics coupling of the magnetic field, solid mechanics, and
electric field. The magnetostriction effect, AE effect, and the
third-order material constants are taken into consideration. The
shape demagnetizing effect is reduced by increasing the length-
width ratio and length-height ratio of a ferromagnetic film on a
SAW resonator. The model is verified by experiments and
accurately predicts the magnetic field sensitivities of SAW
resonant magnetic field sensors. The factors affecting the
sensitivities are investigated from the perspective of the sensing
mechanism. A grooved sensing surface structure is explored for
an improved sensitivity. The results are beneficial to design
reliable SAW magnetic field sensors with an enhanced sensitivity.

Index Terms — Surface acoustic wave, magnetic field, sensing
mechanism.

. INTRODUCTION

AGNETIC fields are generally measured in scientific

researches and engineering applications. Magnetic field
sensors, such as Hall sensors, anisotropic magnetoresistive
sensors, giant magnetoresistive sensors, and fluxgate sensors,
need power supply that restricts their practical applications [1],
[2]. Wireless and passive surface acoustic wave (SAW)
sensors are popularly used in industrial applications for
detections, monitoring, and measurements [3]. With the rapid
and wide developments of ferromagnetic materials in the
fields of sensors, transducers, oscillators, and actuators [4],
SAW devices based on ferromagnetic films have been
attracted extensive interest in the developments of wireless
and passive magnetic field or electric current sensors [5]-[7].
The sensitivities of SAW magnetic field devices have been
investigated using different ferromagnetic materials [8]-[13].
A sensitivity of -6.75 ppm/mT is achieved on a ThFe,/LiNbO3
structure [9]. A SAW velocity change of 310 ppm is attained
using a CoCr film [10]. Magnetostrictive FeCo films are
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deposited on SAW sensors for magnetic field and electric
current measurements [11]. A SAW sensor based on a FeGa
film obtains a relative velocity change of 0.64% [12]. The
frequency responses and bandwidths of SAW delay line
magnetic field/ electric current sensors based on FeCoSiB are
studied [13].

As stated in these researches, properties of ferromagnetic
materials have crucial influences on the sensitivities. The
magneto-mechanical coupling sensitive effect contained in
ferromagnetic films can be combined with SAW technology
through the mechanical-electro coupling. Using a
ferromagnetic  film with both of AE effect and
magnetostriction effect, such as CoFeB, is beneficial for the
sensitivity improvement. Considering that AE effect and
magnetostriction effect are coupled with each other, it is
potential that the contributions of AE effect and
magnetostriction effect on sensitivities can be superimposed
under certain multi-physics coupling conditions. Therefore, a
multi-physics coupling model for SAW magnetic field
sensors with complex boundary conditions need to be
established. Sinha and Tiersten have developed a perturbation
theory for small acoustic fields superposed on a bias to
calculate the behavior of surface waves [14]. Considering that
the vibration frequencies of biasing fields, such as the
magnetic field and thermal field, are far lower than that of the
incremental field caused by SAW, dynamic characteristics of
biasing fields and SAW are hence processed separately. This
paper studies a SAW multi-physics coupling model to
investigate the inherent sensing mechanism of SAW magnetic
field sensors according to Tiersten's perturbation theory [15].
The influences of magnetic fields on SAW are transformed
into the form of stresses and strains in the model. The
nonlinear  piezoelectric  constitutive  equations  with
perturbation terms in multi-physics fields are established and
solved by weak form equations [16].

Two types of sensitive structures, where the ferromagnetic
material is either patterned as electrodes or used as a full film,
are discussed using the multi-physics coupling model to
explore methods for magnetic field sensitivity improvement.
The simulation results are compared with experimental results
from the literature, including our previous work. The factors
affecting the sensitivities are investigated. It is found that the
saturation magnetic flux density influences the measurement
range and the sensitivity. The reduced saturation magnetic
flux density of a soft magnetic film is beneficial to increase
the magnetic field sensitivity. Furthermore, the shapes of
ferromagnetic electrodes contribute to the magnetizations and
sensitivities. The impact of shape demagnetizing effect on
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sensor performance is studied. The full ferromagnetic film
SAW magnetic field sensor structure has the advantage of
physically reducing shape demagnetizing fields by increasing
the length-width ratio and length-height ratio. More SAW
energy concentrated in the ferromagnetic film also makes a
contribution to improving the sensitivity. A grooved sensing
surface structure is studied for an improved sensitivity due to
enhanced sensing areas and magnetostrictive displacement
deformations.

The remaining of this paper is organized as follows: in
section II, a SAW multi-physics coupling model and the
sensing mechanism of SAW magnetic field sensors are
investigated. In section III, the multi-physics coupling model
is verified by experiments, and the contributions of various
factors towards sensitivities of SAW magnetic field sensors
are studied. Conclusions are discussed in section I'V.

Il.  SENSING MECHANISM ANALYSIS

A SAW magnetic field sensor based on a ferromagnetic
film is composed of a piezoelectric substrate, interdigital
transducers (IDT), an isolating layer, and a ferromagnetic film,
as indicated in Fig. 1(a). The wave propagation is affected by
several factors in a SAW magnetic field sensor. Table. | lists
the descriptions of the magnetostriction and AE effect. These
properties of ferromagnetic films are taken into the multi-
physics coupling model to study the sensing mechanism and
to calculate the magnetic field sensitivity characteristics.

TABLE. | INHERENT PROPERTIES OF FERROMAGNETIC FILMS

Properties Descriptions

Magnetic field dependent magnetostriction-
induced strains
Magnetizations affected by applied stresses

Magnetic field dependent elastic constants

Magnetostriction

Inverse magnetostriction
AE effect

Magnetic field (H)
—_—
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W ——*Ha
Hy «&—

jerse magnetostriction
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Fig. 1. (a) The diagram of a ferromagnetic film based SAW resonator
structure (full film configuration) and the interaction between the
ferromagnetic film and SAW. (b) Multi-physics coupling relationships for
SAW magnetic field sensors.

SAW magnetic field sensors are electro/magneto/solid
mechanical/thermal multi-physics coupling systems. The
sensing mechanism of SAW sensor is investigated from the
perspective of multi-physics coupling. The
electro/magneto/solid  mechanical/thermal ~ multi-physics
coupling relationships for SAW magnetic field sensors are
illustrated in Fig. 1(b). The piezoelectric constitutive equations
include the direct coupling of electric and solid mechanical
fields. The multi-physics coupling equations are a combination
of the piezoelectric coupling, magneto-mechanical coupling,
magneto-thermal coupling, electro-magneto coupling and
thermal-mechanical coupling.

From the perspective of sensing mechanism, the magnetic
field affects the solid mechanics directly
through ferromagnetic films and then influences SAW
indirectly. The direct coupling of magneto-piezoelectric
equations requires effective material constants with unknown
values that increase the uncertainty of accuracy and
complexity of computations. Therefore, the magneto-
piezoelectric direct coupling is simplified to a weak coupling
of magnetic and piezoelectric fields according to the physical
mechanisms. The electric and magnetic fields are coupled by
Maxwell equations. Because the velocity of SAW in
piezoelectric materials is 10° times lower than that of
electromagnetic  waves, the coupling between the
electromagnetic wave and acoustic wave is weak. Therefore,
the quasi-static approximation and electrostatic field are
involved in the piezoelectric coupling. The impact of the SAW
induced electrostatic charge on the magnetic field is neglected
to simplify the model.

In SAW sensing applications, such as temperature and
pressure sensing, the thermal and mechanical fields work as
biasing fields influencing SAW velocities. The sensing
mechanism of SAW sensors is prominently determined by the
biasing fields. The behavior of SAW under biasing fields is
described by nonlinear piezoelectric constitutive equations for
infinitesimal incremental fields superposed on a finite bias.
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Assuming that the frequency of the small dynamic
perturbations caused by the magnetic field is much lower than
the SAW frequency, the magnetic field is considered as an
increment biasing field. A combination of direct coupling and
sequential coupling is established between the magnetic field
and piezoelectric field based on Tiersten’s nonlinear
perturbation theory in the Lagrangian description [15]. SAW
wave motion equations in multi-physics fields are defined as
follows:
o%u

V-K+p0f:p0¥ (1)

VeD =p,
where K, f, and D represent the stress tensor, mechanical body
force, and the electric displacement, respectively. u, po, and pe
are the displacement, mass density, and free charge density,
respectively. The nonlinear piezoelectric constitutive equations
with perturbation terms in multi-physics fields are defined as
follows:

Ky, =Gy, (TH. 8" W', 0)u,, -R,, (", w" E°,O)E,

Lyla

2

D, =Ry, (S".w",E®,@)u,, + N, (S",E°©)E, @
where G Rue Nu are the effective elastic constants,
effective piezoelectric constants, and effective dielectric
constants as a function of the magnetostrictive stress tensor TH,
magnetostrictive strain tensor S, the deformation gradients w"
generated by the magnetostriction effect, the initial electric
field E° and the temperature @, respectively. The
magnetostrictive stress tensor TH is imported into the effective
elastic constants with Tiersten’s perturbation method [15].
These parameters ultimately influence the SAW propagation
indirectly. Sequentially, the resonance frequency of the SAW
magnetic field sensor is influenced. The third-order elastic
constants, third-order piezoelectric constants, and third-order
dielectric constants are imported into the effective material
constants as nonlinear contributions. Biasing magnetostrictive
strains and geometry deformations are inhomogeneous.
Effective material constants are functions of the biasing fields
and are therefore various at different mesh nodes. The
nonlinear piezoelectric constitutive equations are accurately
solved using the finite element weak form method.

The interaction between the ferromagnetic film and SAW
is realized by the bidirectional coupling of the magnetic field
and solid mechanics, irrespective of the thermal exchange
between the solid mechanics and magnetic field. The
magnetostriction effect with nonlinear geometry deformations
and AE effect are added into the model where the magnetic
field and the mechanical field are coupled. The ferromagnetic
film converts the applied external magnetic field into
mechanical perturbations. The magnetizations have direct
impacts on the magnetostrictive strains. In many cases,
deposited ferromagnetic films exhibit a uniaxial anisotropy
due to deposition geometry or presence of magnetic fields. The
magnetostriction-induced strain is defined as follows:
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&SZ[MJZ —%(Mk2+ M,Z)} (J=a=k=l)

H H

S ©))
34
ZMZMJMa (J=a)

where s and M;s are the saturation magnetostrictive coefficient
and saturation magnetization, respectively. The subscript
symbols J, a, k, | =1, 2, 3 that represent the directions. As the
ferromagnetic film is magnetized, internal stresses are
generated inside the film due to magneto- mechanical coupling.
The effective elastic constants of a ferromagnetic film at an
applied magnetic field include the second-order elastic
constants, third-order elastic constants and AE effect induced
variations of the elastic constants Acjj. Because the Rayleigh
wave is a combination of longitudinal wave mode and shear
vertical (SV) wave mode, and the Love wave is shear
horizontal (SH) wave mode, they are mostly sensitive to the
variations of elastic constants ci1, Cas, and ces. Previous studies
have shown that the dependences of Aci1 and Aces are caused
by the AE effect when the applied magnetic field is along the
hard magnetic axis [17], [18]. The AE effect induced Aca
along the hard axis are defined as follows:
2
(34" (, 2)

_ =t (H<H,)

M (H +HS(1—F)+Hme) (4)

Acy, =

_ (_3]’5044)2 (H > H )
#M(H +H.) )

where Hs represents the saturation magnetic flux density. Hme
is the magneto-elastic field [17]. cas represents the second-
order elastic constant. uo is the vacuum permeability. Before
the magnetization saturation, the contribution of AE effect is
the major effect on the variations of effective elastic constants
and the sensing mechanism. The AE effect gradually becomes
weak as the magnetic field increases above the saturation
magnetic flux density. The magnetostrictive coefficient and
the saturation magnetization determine the maximum
variations of elastic constants. The magnetostriction effect
leads to the magnetostrictive strains in response to an
externally applied magnetic field, and AE effect causes the
changes of the elastic constants. The two effects, that occur
simultaneously, allow the transduction between magnetic and
mechanical energies. Combined with Eq. (3), the magneto-
mechanical coupling equations with the magnetostriction and
AE effect are defined as follows:

G [Mffl(MﬁMf)} (J=a=zkzl)
TH-GH sOLyda 2
Ly =

S, - =<
LydaSda Mz 5
3 ®)
S =MM, (J#a)
2
H H H H
GLyJu = cLyJa + ACLyJa + CLyJaABSAB + cLKJaWy‘K + CLyJKWa,K

where GMp,, is the effective elastic constant of the
ferromagnetic film. czus and Crueae are the second-order
elastic constant and the third-order elastic constant,
respectively [15]. If the magnetostrictive coefficient is
negative, the contribution of magnetostriction effect will be
the opposite of AE effect on sensitivities when the magnetic
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field is below the saturation magnetic flux density. On the
contrary, as the magnetostrictive coefficient is positive, the
contributions of magnetostriction effect and AE effect on
sensitivities are superimposed in SAW propagation direction
along the hard axis.

The magnetostriction effect and AE effect influence the
SAW propagation. In return, the SAW propagation impinges
additional stresses on the ferromagnetic film and thus
influences the magnetization of the ferromagnetic film due to
the inverse magnetostriction effect. Therefore, the
magnetization of the ferromagnetic film depends on the
applied magnetic field and SAW induced stress. The
nonlinear magnetization with demagnetizing effect of a
ferromagnetic film along the hard axis is quantified by the
Langevin function [19]:

3x|H, H
M =M, footh(CZLerly M.y Har
Ms 3Z|Heff |Heff (6)
Ho =H + 3’152ﬂv| +H,
HoM

where y is the initial susceptibility. Hetr represents the
effective magnetic field in the ferromagnetic film. M
represents the magnetization. H is the applied external
magnetic field. Hq is the demagnetizing field. T is the SAW
induced stress tensor. The equations explain the transduction
of the elastic stress to the magnetic state in the presence of
stresses from the SAW propagation. The contributions of the
external magnetic field, the magnetic field induced by stress,
and the demagnetizing field are considered in the effective
magnetic field. The combination of Eq. (5) and Eqg. (6)
realizes a bidirectional coupling of the magnetic field and
solid mechanics.

With the magnetization process, the demagnetizing field
appears inside the ferromagnetic film. The demagnetizing field
is in the opposite direction of the magnetization:

H, =—N,M O
where Ny is a demagnetization factor that describes the
strength of the demagnetizing field inside the film. Shape
demagnetizing effects weaken the effective magnetic field and
cause shape anisotropy. Assuming the ferromagnetic film is a
cuboid with the size of length (L), width (W), and height (h),
as shown in Fig. 1(a), the shape demagnetization factor along
the center axis in the ferromagnetic film is calculated
according to the method in Ref. [20].

In a ferromagnetic full film based SAW device
configuration, the ferromagnetic film covers the areas of IDTs
and reflection gratings. According to the size of a SAW
magnetic resonator, the width of the ferromagnetic film
approximates to the aperture and is much smaller than the
length. We set the film length: L=4 mm, width: W=0.5 mm.
Fig. 2 (a) and (b) show the shape demagnetization factor
distributions of ferromagnetic film in the x and y directions
versus film thicknesses. It is found that the shape
demagnetization factor reaches the minimum at the center of
the film. The shape demagnetization factor increases when the
position is close to the film edge. Ng is mainly within the range
of 104-10° in the x direction that is much lower than that of
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103-10* in the y direction. Therefore, the shape demagnetizing
field in the x direction is very weak inside the film and can be
neglected. Fig. 2 (c) illustrates the dependence of Ny on the
length-width ratio and length-height ratio. The shape
demagnetization factor in the x direction decreases with the
increase of the length-width ratio and length-height ratio. The
effective magnetic susceptibility increases correspondingly. A
reduced thickness of the ferromagnetic film and an increased
length-width ratio are beneficial for reducing the shape
demagnetizing effect within the film plane.

1 T . : T T

——h=100 nm
0.1 — — h=200nm
— = h=300 nm
0.01F
> 1E-3
1E-4
1E-5
1E-6 1 i I 1 L 1 1
20 15 10 -05 00 05 10 15 20
x (mm)
(®
1
——h=100 nm|
— = h=200 nm
0.1 —-— h=300 nm
—--—h=400 nm
. 001
=z
1E-3
1E-4 | 4
0.2 0.1 0.0 0.1 0.2
y (mm)
(b)
1.2x107 | . . - ' ;
a4 Length/width=8 |
101071 - - Lengthiwidth=4
5|\ —-— Length/width=2
8.0x107 -\ —-- = Length/width=1
_° 6.0x10°A \, i
AN
40x10°F N s _
AN
20x10°K "~ e Tl .
ol T m oo g
5000 10000 15000 20000 25000 30000 35000 40000
Length/height
(c)

Fig. 2. Shape demagnetization factor distributions of a ferromagnetic film (a)
in the x direction. (b) in the y direction. (c) the shape demagnetization factor
variations in the x direction versus the length-width ratio and length-height
ratio.
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The coupled electro/magneto/solid mechanical multi-
physics equations are defined with the combination of wave
motion equations Eq. (1), piezoelectric constitutive equations
Eq. (2), the magneto-mechanical coupling equations with the
magnetostriction and AE effect Eq. (5), magnetization
equations with demagnetizing effect Eq. (6), and Maxwell
equations. In this way, the magnetic field are coupled with the
SAW. The wave propagation properties and resonance
frequency of SAW are solved based on the simultaneous
solution of multi-physics equations. The measurement range is
usually expressed as the magnetic field range from 0 to the
magnetic field value of the magnetization saturation. The
expected dependence of the calculated magnetic response on
the frequency of the SAW mode is monotonous and nearly
linear. The sensitivity is defined as the maximum slope of
resonance frequency variations during the measurement range.
Therefore, the saturation magnetic flux density is a significant
factor that determines the measurement range and the
sensitivity.

IIl.  RESULTS AND DISCUSSION

The factors affecting the sensitivities are investigated from
the perspective of the sensing mechanism in this part. Two
configurations are considered: in the first, the ferromagnetic
material serves as electrodes, and in the second, the
ferromagnetic material is a full film on the top of a SAW
structure. To verify the accuracy of the theoretical model, the
simulation results are compared with the experimental ones
extracted from literature, including our previous work.

A. Ferromagnetic material as electrodes

1) Ni /41<YX-cut LiNbOgzstructure

Firstly, the magnetic field sensitivity of the Rayleigh wave
mode on the Ni electrodes/41<YX-cut LiNbOs resonator is
calculated. The structure is shown in Fig. 3. The third-order
material constants of LiNbOs are taken from Ref. [21]. The
material constants of Ni are as follows: pe=8900 kg/m?,
€11=224 GPa, c1,=156 GPa, c4=120 GPa, c111=-2104 GPa,
C112:-1345 GPa, 0123:59 GPa, C144:-180 GPa, C156:-757 GPa,
Cas6=-42 GPa, 1s=-40 ppm, Ms= 490 kKA/m [22]. The shapes of
the electrodes are built as cuboids in the electro/magneto/solid
mechanical multi-physics coupling model. The heights and
widths of electrodes are set using the finite element method.
An external magnetic field is applied along the hard axis. The
shapes of the electrodes contribute to the anisotropy. The
magnetization of the Ni electrode changes with the electrode’s
height and width, by the virtue of shape induced anisotropy.
Thus, the sensitivity of the device also changes accordingly.
Fig. 4 illustrates the calculated magnetization of Ni electrodes
with different metallization ratios (r). The thicknesses of Ni
electrodes are 50 nm. The wavelength is 6.5 pm. The
anisotropy field decreases and the effective magnetic
susceptibility increases when the metallization ratio increases
from 0.4 to 0.6. It is due to the varying shape demagnetizing
field by expanding the widths of electrodes. Thus, the shapes
of the electrodes also influence the sensitivity. Fig. 5
illustrates the calculated sensitivities of Rayleigh wave mode
on Ni electrodes/41°yX-cut LiNbOs with different
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metallization ratios. The sensitivity increases when the
metallization ratio increases from 0.4 to 0.6.

Ferromagnetic electrode

[ ] substrate

Fig. 3. The diagram of the ferromagnetic electrodes/substrate structure. The
ferromagnetic electrodes are deposited on the piezoelectric substrate.
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Fig. 4. Calculated magnetizations of Ni
metallization ratios (r) along the hard axis.

electrodes with different

0 T T

-5

-10

-16

-20

-25

Sensitivity (ppm/mT)

-30

351 ]

0.40 0.45 0.50 0.55 0.60
Metallization ratio

Fig. 5. Calculated sensitivities of Rayleigh wave mode on Ni
electrodes/41 <Y X-cut LiNbO3 with different metallization ratios.

The calculated frequency shifts of the Rayleigh wave
mode versus magnetic fields are illustrated in Fig. 6,
compared with experimental results adapted from Ref. [23].
The metallization ratio is 0.5, and the saturation magnetic flux
density is set as 8 mT. The contribution to the frequency-
magnetic field dependence from AE effect and the interaction
of magnetostriction effect and SAW are compared. The
Rayleigh wave mode is mainly sensitive to the ci; variations
of the ferromagnetic electrodes or films. If only the AE effect
sequential coupling is considered in the model, the curve
shape is similar to the experiment, but the calculated
frequency shifts will be far from the experimental results
when the magnetic field increases above the saturation
magnetic flux density, and the difference is noticeable. The
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simulation result of the multi-physics coupling model is in a
good agreement with the experimental data. Because of the
negative magnetostrictive coefficient of Ni, the frequency
variations are closer to the experiment data by taking account
of interactions among magnetostrictive strains, stresses, and
SAW. The agreement between the calculation and
experimental data confirms the importance of importing the
magnetostriction effect into the calculation.

100 |- --u--Experiment™ 1
— - — AE effect sequential coupling
50 Multi-physics coupling
3
g 0
< 50
-100 | ' E

20 15 10 -5 0 5 10 15 20
Applied magnetic flux density (mT)

Fig. 6. The calculated relative frequency shifts of Rayleigh wave mode on
Ni/41°Y X-cut LiNbOsas a function of the applied magnetic flux density when
the magnetic field is parallel to the hard axis.

2) (TbCo2/FeCo multi-layer)/128<YX-cut LiNbOg3 structure

The magnetic field sensitivity of nanostructured
magnetostrictive ThCo./FeCo multi-layered electrodes/128<
YX-cut LiNbO3 resonator is also calculated for studying the
sensing mechanism and model validation. The shapes of the
ThCo./FeCo multi-layer electrodes are also set as cuboids in
the multi-physics coupling model. The thicknesses of
ThCoy/FeCo multi-layered electrodes are 200 nm. The
wavelength is 6.5 pm, and the metallization ratio is 0.6. The
material constants of ThCo/FeCo are as follows: po=9210
kg/m®, ¢11=113.7 GPa, ¢12=51.1 GPa, c4=31.3 GPa, and Ms=
800 kA/m [17]. The coercive field is 5.95x10° A/m. The hard
axis is parallel to the SAW propagation direction. The
saturation magnetic flux density is close to 200 mT along the
hard axis when the magnetization reaches the saturation.
Although TbhCoy/FeCo is magnetically harder than Ni
electrodes, the shapes of ThCoz/FeCo electrodes still have an
impact on anisotropy and magnetization, as shown in Fig. 7.
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Fig. 7. Calculated magnetizations of ThCo,/FeCo electrodes with different
metallization ratios (r) along the hard axis.

Fig. 8 illustrates the simulated relative frequency
variations of the Rayleigh wave mode as a function of the
applied magnetic field that is parallel to the hard axis,
compared with the experimental data adapted from Ref. [24].
AE effect is the major sensitive effect in ThCo,/FeCo. The
turnover point is around the saturation magnetic flux density.
The magnetic field sensitivity is -0.27 ppm/mT from 0 to 200
mT. The resonance frequency decreases to the minimum at
200 mT. Then, the frequency increases to a saturation value
when the magnetic field is above 200 mT. It is found that the
increased  saturation  magnetic  flux  density s
counterproductive for the magnetic sensitivity. The agreement
between the simulation and experiment confirms the accuracy
of the SAW multi-physics coupling model.

0——FT T T T T T
t[z‘ﬂ.

--e--Experimen
20 + —— Simulation 4

Af/E) (ppm)

100 200 300 400 500

-80 ‘
-500-400-300-200-100 O
Applied magnetic flux density (mT)

Fig. 8. The calculated relative frequency shifts of Rayleigh wave mode on
(ThCo,/FeC0)/128°Y X-cut LiNbOsas a function of an external magnetic field
applied along the hard axis.

The shape demagnetizing factor distributions in
ferromagnetic electrodes are illustrated in Fig. 9. The
wavelength is 6.5 pm. The symbols r and h represent the
metallization ratio and the thickness of the ferromagnetic
electrode, respectively. The aperture length is set as 500 um.
The shape demagnetizing factors of ferromagnetic electrodes
in the x direction are 10° times larger than those of a
ferromagnetic film in Fig. 2(a). Compared with a
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ferromagnetic film, the shape demagnetizing effect is
significant in ferromagnetic electrodes due to the narrow
widths of electrodes.
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Fig. 9. Shape demagnetization factor distributions of ferromagnetic
electrodes in the x direction.

B. Ferromagnetic film as a layer

In this section, the approaches for improved sensitivities
are explored. In the above ferromagnetic electrodes/substrate
structure presented here, only a part of SAW traverses in the
ferromagnetic electrodes deposited on the substrate. As an
alternative, a ferromagnetic full film can be also used as an
active sensing layer, as shown in Fig. 10. The isolating layer is
added between the ferromagnetic film and electrodes. This
structure provides larger sensing areas compared to the
previous one mentioned above. Therefore, a ferromagnetic
film/isolating layer/substrate multi-layered structure is studied.
The isolating layer protects electrodes naturally. The
ferromagnetic film is deposited on the top surface of the
isolating layer to enhance the sensing areas and thus improve
the sensitivity.

3,

\w Ferromagnetic film
=\ Isolating layer

B Elcctrode
[ ] Substrate

Fig. 10. The schematic diagram of the ferromagnetic film/isolating
layer/substrate multi-layered structure.

1) Ni/Zn0/128<YX-cut LiNbOs structure

The frequency variations with the applied magnetic field
for the Rayleigh wave mode on the Ni/ZnO/128<YX-cut
LiNbOs are simulated, compared with experimental data
adapted from Ref. [25], and illustrated in Fig. 11. ZnO thin
film is used as the isolating layer. The wavelength is 24 um.
The ZnO thickness is 250 nm, and the Ni film thickness is 200
nm. The calculations match well with the experimental curves.
The model is validated in this multi-layered structure.
Compared with the Ni electrodes in Fig. 6, the Ni film
becomes magnetically harder. The minima point shifts to 150

http://dx.doi.org/10.1109/TUFFC.2021.3069382

mT using a full film instead of using Ni as electrodes. This is
because the Ni full film has a much larger saturation magnetic
flux density than the Ni electrodes. The saturation magnetic
flux density is the main factor that decides the magnetic field
where the minima is achieved. The saturation magnetic flux
density of the 200 nm Ni full film is around 150 mT in the
hard axis. The sensitivity of the fundamental mode is -0.4
ppm/mT using Ni as a full film lower than that of -10 ppm/mT
using Ni as electrodes in Fig. 6.

In Fig. 11, The magnetic field sensitivity of the third
harmonic Rayleigh wave mode is -1.32 ppm/mT that is three
times as large as that of the fundamental mode. This is because
the wave energy of the third harmonic mode is more
concentrated on the top surface than that of the fundamental
mode. The displacement distributions are shown in Fig. 12, it
is quite clear that the energy of the fundamental mode and the
third harmonic mode are mostly concentrated in the top
surface. Besides, compared with the fundamental mode, the
third harmonic mode enables much more energy trapping in
the ferromagnetic layer and thus offers a larger sensitivity.
Therefore, more SAW energy in the ferromagnetic film is
beneficial for a larger magnetic field sensitivity.

250 T T T T T T T T
200  ttttc Experiment fundamental mode
—— Simulation fundamental mode
150 + - . e
Experiment 3rd harmonic mode 1
100 | — - — Simulation 3rd harmonic mode
E
o
e
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-250 - .

-300
-250-200-150-100 -50 O 50 100 150 200 250
Applied magnetic flux density (mT)

Fig. 11. The calculated relative frequency shifts of Rayleigh wave mode on
Ni/ZnO/128< Y X-cut LiNbO; as a function of an external magnetic field

applied along the hard axis.
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Fig. 12. Displacement distributions of Rayleigh wave along the depth of
Ni/Zn0O/128<Y X-cut LiNbO; structure at the resonance frequency for (a) the

fundamental Rayleigh wave mode. (b) the third harmonic Rayleigh wave mode.

2) CoFeB /Zn0/128<YX-cut LiNbOgs structure

CoFeB is one of soft ferromagnetic materials that have a
near zero magnetic remanence and a negligible coercive field
80 A/m that is much lower than that of ThCo./FeCo. Hence
the hysteresis is negligible for CoFeB films. The material
constants of CoFeB used for a model are as follows: Young’s
modulus=160 GPa, Poisson’s ratio=0.37, Ms=954.9 kA/m
[26]. It has a lower saturation magnetic flux density around
5 mT along the hard axis than that of TbhCo/FeCo that allows
to get a higher sensitivity. Therefore, CoFeB is an ideal
material for improving sensitivities of SAW magnetic field
Sensors.

The calculated magnetizations of CoFeB films with
different shape demagnetization factors along the wave
propagation direction are shown in Fig. 13. As the shape
demagnetization factor increases from 10° to 10% the
magnetization curves and the anisotropy field change little.
Although the shape demagnetization factor affects the
anisotropy as it increases to 103, the anisotropy field and
saturation magnetic flux density shift slightly. Because the
shape demagnetization factors are nearly close to 0 in soft
magnetic films, the shape demagnetizing field is negligible and
therefore has only a minor impact on the sensitivity. It is one
of the advantages of the full ferromagnetic film configuration.

Normalized magnetization

-10 -5 0 5 10
pH (mT)

Fig. 13. Calculated magnetizations of CoFeB films with different shape
demagnetization factors Ngin the x direction.
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The magnetic field sensitivity of the Rayleigh wave mode
on the CoFeB/ZnO/128<YX-cut LiNbOs; structure is
calculated. The wavelength is 24 pm. The ZnO thickness is
250 nm, and the CoFeB film thickness is 200 nm. The
calculated frequency variations versus the applied magnetic
field are illustrated in Fig. 14 compared with experimental
results adapted from Ref. [27]. There is a relatively agreement
between the experimental and simulated results. The relative
frequency variation decreases to the minimum -67 ppm when
the magnetic field increases from 0 to 5 mT. The magnetic
sensitivity is -13.4 ppm/mT in this magnetic field range. It is
found that the lower saturation magnetic flux density is
beneficial to obtain the higher magnetic field sensitivity.

60 . — T ——
--e--Experiment |
Simulation

Afff, (ppm)

-100 1 I L
-15 -10 -5 0 5 10 15

Applied magnetic flux density (mT)

Fig. 14. The calculated relative frequency shifts of Rayleigh wave mode on
CoFeB/Zn0/128<Y X -cut LiNbO; versus applied magnetic fields.

3) Love wave mode on a grooved sensing surface

As mentioned above, more confinement of SAW energy on
the surface is beneficial for larger sensitivity. Love wave mode
is more suitable for this sensing mechanism, because the
acoustic velocity difference between layers favors the
concentration of wave energy into a thin ferromagnetic film. It
is also beneficial to the magnetic sensitivity of Love waves due
to the fact that they depend heavily on the variations of the
shear modulus that tends to be larger than that of the Young
modulus [28].

A grooved ferromagnetic film sensing surface based on
ST-quartz used in the X+90<direction is proposed for a high
sensitivity using the Love wave mode, as shown in Fig. 15.
ZnO thickness is 300 nm, and the SiO; is placed on the
polished flat upper surface of the ZnO layer. The SiO;
thickness is 250 nm. The upper surface of the SiO, layer is
grooved. CoFeB is placed over the grooves of the SiO, layer.
The upper surface of the CoFeB film is considered as polished
to be kept flat. The magnetostrictive displacement
deformations of grooved sensing surface structures in the
external applied magnetic field are shown in Fig. 16.
Compared with the flat film structure, grooved structures
enhance the sensing areas and magnetostrictive displacement
deformations. Moreover, the value of the maximum
displacement at the groove sensing surface increases as the
depth of groove expands from 50 nm to 150 nm. Effective
magnetic field intensity distribution regions are also increased
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in grooved sensing surface structures, as shown in Fig. 17. Fig.

18 illustrates the resonance frequency variations of Love
waves with different depths of the grooves. As the depth of
the groove is 50 nm, the maximum frequency variation is -
2102 ppm. As the depth of the groove is 100 nm, the
maximum frequency variation is -2664 ppm, and the magnetic
field sensitivity is -532.8 ppm/mT from 0 to 5 mT. When the
depth of the groove increases to 150 nm, the maximum
frequency shift is - 3208 ppm, the magnetic field sensitivity is
-641.6 ppm/mT, and the magnetic field resolution is 3.6
uT/kHz.

CoFeB
T sio,
= ZnO
. Electrode

[ ]Quartz

Fig. 15. The schematic diagram of a grooved sensing surface structure.

Fig. 16. Magnetostrictive displacement deformations of a flat film structure
and grooved sensing surface structures (a) a flat film structure. (b) the depth of
the groove is 50 nm. (c) the depth of the groove is 100 nm. (d) the depth of the
groove is 150 nm.

@ )

(d)

Fig. 17. Effective magnetic field intensity distributions of a flat film structure
and grooved sensing surface structures (a) a flat film structure. (b) the depth of
the groove is 50 nm. (c) the depth of the groove is 100 nm. (d) the depth of the
groove is 150 nm.
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Fig. 18. Calculated relative frequency variations of the Love wave mode on
the grooved CoFeB/SiO,/ZnO/ST+90< cut quartz as a function of an external
magnetic field applied along the hard axis.

IV. CONCLUSION

The sensing mechanism of SAW magnetic field sensors is
studied by the SAW multi-physics coupling model. The
magnetostriction  effect, AE effect, and nonlinear
magnetizations with demagnetizing effect are taken into
consideration for the interaction of magnetic field and SAW
propagation. The model provides a good agreement between
the simulation results and experimental results from the
literature. It is found that the more SAW energy on the top
surface helps obtain an improved sensitivity. A ferromagnetic
film with a reduced saturation magnetic flux density is also
beneficial for improving the sensor’s sensitivity. Increasing the
length-width ratio and length-height ratio of a ferromagnetic
film decreases the demagnetizing field. A grooved sensing
surface structure is proposed and exhibits a higher theoretical
sensitivity. The results are promising for the design of one-port
SAW magnetic field resonators as wireless and passive
magnetic field sensors.
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