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Surface-acoustic-wave- (SAW) based devices emerge as promising technology in magnetic field sensing
by integrating a magnetostrictive layer with the giant AE/AG effect. However, almost all SAW magnetic
field sensors require a bias field to obtain high sensitivity. In addition, the true nature of magnetoacous-
tic coupling still presents a major challenge in understanding and designing this kind of device. Here, a
dynamic magnetoelastic model for the AE/AG effect is established in consideration of the important role
of the dipole-dipole interaction. The model is also implemented in finite-element-method software to cal-
culate the resonance-frequency responses of multiple fabricated sensors with different ¢ angles between
the acoustic wave vector and the induced uniaxial magnetic anisotropy. The measured results are in excel-
lent agreement with the simulated ones. A strong resonance-frequency sensitivity (Srg) of 630.4 kHz/Oe
is achieved at zero bias field for the device with an optimized i angle. Furthermore, the Sgr measurements
along different directions verify its vector-sensing capability.
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I. INTRODUCTION

Magnetic field sensing is critical for many applica-
tions, including positioning, navigation, electrical current
monitoring, and biomagnetic field detection. Recently,
the AE/AG effect was used to detune cantilever [1-3],
surface-acoustic-wave (SAW) [4—15], or bulk-acoustic-
wave (BAW) [16—19] devices coated with a magnetostric-
tive film. The AFE effect is known as the modification of
the Young’s modulus with respect to a magnetic field.
The giant AE effect exists in amorphous magnetostric-
tive materials with high saturation magnetostriction and
low anisotropy [20]. Taking SAW devices, for example,
the phase velocity of the piezoelectric substrate becomes
dispersive upon depositing a magnetic layer onto [4—
8] or between [9—13] the interdigital electrodes (IDTs).
Similarly, replacing the nonmagnetic IDTs with magnetic
ones can also cause a phase velocity or frequency disper-
sion [14,15]. An ultrahigh dc magnetic field sensitivity
of 2.8 Hz/nT and a limit of detection of 800 pT were
reported by Li et al. using an AIN/Fe-Ga-B resonator
[17]. Additionally, a very low magnetic noise level of
100 pT/+/Hz and a bandwidth of 50 kHz were demon-
strated by Kittmann et al. [11] using a Love-mode delay
line. Even higher sensitivity was achieved by Schmalz et
al. [13] using a Love-mode SAW magnetic field sensor
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upon optimizing the pitch width of IDTs. This is because
the Love wave, also called a horizontal shear wave, prop-
agates parallel to the magnetic film plane and is thus
sensitive to changes of shear modulus (the AG effect),
which is more pronounced than the AE effect under a
magnetic field.

However, these attractive sensitivity values are real-
ized by applying certain bias magnetic fields (4 Oe for
Fe-Co-Si-B, 12 Oe for Fe-Ga-B, and even 400 Oe for
Terfenol-D) [11,17,21]. When used for navigation or bio-
magnetic applications, a precision range of only a few
Gauss or even lower is sufficient. A large bias field
inevitably makes a SAW sensor bulky and consumes more
power. Although self-biased magnetic sensors were previ-
ously reported by Liu et al. [5], the nonzero resonance-
frequency sensitivity (Srg) was attributed to the relatively
high residual magnetic moment and large coercive field,
contributing to the nonzero change of the Young’s modulus
at zero magnetic field. However, a large magnetic hystere-
sis causes poor sensing linearity. In addition, a true vector
sensor is characterized by a highly selective sensitivity to
one direction but not to the other vertical directions, which
is absent in Ref. [5]. Alternatively, the exchange-bias effect
can be employed to design self-biased sensors [3,22].
However, an antiferromagnetic layer can only effectively
pin a neighboring ferromagnetic layer below a certain
thickness (typically <100 nm), which clearly sets a limit
on magnetoacoustic coupling, and thus, the sensitivity of
the magnetic field sensors.

© 2023 American Physical Society
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FIG. 1. Schematic illustration of multilayered Love-mode
SAW resonator.

Here, we propose a self-biasing approach based on
a dynamic magnetoelastic model of the AE/AG effect.
Vector SAW magnetic field sensors are designed and fabri-
cated by adjusting the angle between the in-plane-induced
uniaxial anisotropy and the SAW propagation direction. A
very high Sgr 0of 630.4 kHz/Oe is demonstrated at zero bias
field.

This paper is structured as follows. In Sec. I, we provide
a dynamic magnetoelastic model for the AE/AG effect
(Sec. I A) and a magnetoacoustic finite-element-method
(FEM) model of a multilayered SAW structure (Sec. Il B)
to calculate the resonance-frequency response of SAW
magnetic sensors. Then, the methods of device fabrica-
tion and measurement are presented in Sec. III. Section
IV is devoted to a discussion of the experimental results
and the impact of dipole-dipole interactions on the magne-
toacoustic coupling (Sec. IV A), which is used to design
self-biased vector magnetic field sensors (Sec. IV B).

II. THEORY

Figure 1 shows the configuration of the SAW magnetic
field sensor. A ST-X90°-cut quartz is selected as the piezo-
electric substrate to generate a Love-mode surface acoustic
wave. The acoustic wave is excited by the IDTs deposited
on the piezoelectric crystal and resonates from reflections
of the short-circuited reflector on both sides. A ferromag-
netic Fe-Co-Si-B film is deposited over the entire IDTs and
reflector grating, with a SiO, waveguide layer.

As an important parameter for evaluating device perfor-
mance, the magnetic field sensitivity of a magnetic SAW
resonator can be described as

of  df v dc

=L (M
oH  0v dc 0H

FIG. 2. Schematic illustration of the Cartesian coordinates
used in the calculation.

where f, v, and ¢ are the resonance frequency, the phase
velocity, and the elastic modulus of the resonator, respec-
tively.

As can be seen, the Sgr is determined by three factors.
The foremost factor, dc/dH, represents the variation of
elastic modulus with an external magnetic field, which is
more familiar as the AE/AG effect. dc/dH arises from
magnetostrictive strain, and the static AE/AG effect is
modeled in previous works [23-27].

Upon applying an external magnetic field, the phase
velocity of the SAW changes due to the variation of
the effective elastic modulus of the magnetostrictive-
piezoelectric multilayer. The term dv/dc depends on the
ratio between the magnetostrictive-layer thickness and the
acoustic wavelength, the acoustic impedance of materials,
and the acoustic mode of the structure. In the current mul-
tilayered resonator, the Love wave propagates unevenly in
each layer, making it difficult to determine dv/dc by ana-
Iytical expressions, particularly when coupled with mag-
netic energy, which increases the complexity of the system.
Therefore, a magnetoacoustic coupling model is built in
Sec. II B, using the finite-element method.

Finally, the term df/dv is determined by the geomet-
ric period of the interdigital electrodes. Although mag-
netostriction also affects the wavelength and causes the
resonance-frequency shift, this effect is negligible [28]. So,
af/dv is equal to 1/ in subsequent calculations.

A. Dynamic magnetoelastic model of the AG effect

As shown in Fig. 2, a Cartesian coordinate system is
built to model the magnetoelastic wave in the ferromag-
netic film with the x axis parallel to the acoustic wave
vector, ksaw. Let us consider a spontaneously magnetized
ferromagnet,

M =mM,, with |m|=1, 2)
where M, is the saturation magnetization and m is the unit
magnetization vector. The internal energy per unit volume
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of a magnetic material can be written in the form [29]

1
Eot = —poH-M+K(1 — (m-D?) + SHo(N-M) - M
— tohgip - M+ Epg + Eo, (3)

where H is the external magnetic field, K is the first-order
uniaxial anisotropy, I = (cos v, sin i, 0) is the uniax-
ial anisotropy direction, and N is a 3 x 3 demagnetization
factor tensor. hgj, is the dipole-dipole interaction field
resulting from the inhomogeneous distribution of magnetic
moments in the space. Eyg and E,; are the magnetoelastic
coupling and the elastic energies, respectively, and given
by [29]

Eme = Bi(niim? + nyam3 + n33m3) + Ba(nipmim,

+ nizmyms + No3myms), 4)
1 ..
Eel = Eciqunijnpq L,j,p,q € {19293} (5)

Here, By and B, are the magnetoelastic coupling coef-
ficients, and By = B, for isotropic amorphous films. n;
and 7, are the strain tensors, and c;j,, are the tensors of
the elastic constants. In Eq. (5) and below, the repeating
indices (i, j, p, q) are assumed to be summed.

As we are interested in acoustic wave propagation,
we consider only small dynamic perturbations around an
equilibrium orientation of magnetic moment:

m = my + ém, (6)
with §m < my. In spherical coordinates,
cos 6y cos ¢g

cos 6y sin ¢y | , (7)
sin 90

my =

cos 6y cos ¢g
cos 6 sin ¢y
—sin 6, 0

im =

—sin 6 sin ¢ 50
sin 6y cos ¢ < ) (8)
dp )’

and the Landau-Lifshitz-Gilbert equation is as follows:

: ) =——12 )
sinfy o sin” 6y ) \ 52 oM, ﬁ
with damping factor « and gyromagnetic ratio y. (6y, ¢g)
defines the orientation of the magnetic moment in the equi-
librium state with minimum local energy. According to

the Stoner-Wohlfarth model [30], (6y, ¢9) can be calcu-
lated for any particular H by finding the zeros of dE/06

(o1 3E o1/ 0¢) for 3?E/06% > 0 (or 32Eyy/d¢? > 0). The
acoustic perturbation rotates the magnetization to a new
0 and ¢ orientation, where 6 = 6 + §6 and ¢ = @ + S¢.
860 and S¢ are the offset angles under the disturbance with
860 K 0, ¢ K @. Consider an infinite magnetic thin film
of thickness d with its normal parallel to the z direc-
tion (Fig. 2), the dipolar field can be approximated by its
average over the film thickness as [31-33]

ho_ MKI 1—e|kld>k-5m
dio = Ik|d G

| — e Ikid

t (10)

- 6m)2i| ,

with k = ksaw as the wave vector of the magnetoelas-
tic wave. The spontaneous strains of the ferromagnetic
film are considered to be zero because of the constraint
of the substrate. Then, Ey can be expanded around the
equilibrium position:

E E
Eiot = Eo + %592 + 57897 + Eggd03p

+ Egy; 8081 + Egy, S0 (11)
Eog, Egg, Eog, Epy;; , and E,,,. are the second-order deriva-
tions of Ey to 6, ¢, and n;;, respectively. Making a plane-
wave ansatz for offset angles 360 = vexp(i(kr — wf)) and
3¢ = Pexp(i(kr — wt)), Eq. (9) can be solved by 56 and
3¢ and written as

80 _ 1 (—tesin'e — i
% D % sin 6y + —2 — o

HoMs 14

JoMs
Egg
moMs

" - E
— " sinfy + B¢ )

he
X <h¢) s (12)
with
D= <ﬂ + Foo ) (iw—asinz% + Lvo )
Y oM, 14 poM;
2 EZ
- (9 sin60> S (13)
14 (MOMS)

As shown in Fig. 2, hy and h, are the equivalent driv-
ing fields of the strain, respectively, along the 6 and ¢

directions:
()=t ()
hy oM \Egn; ) Y

Now, we get the offset angles 60 and d¢ caused by an
acoustic wave under any initial condition. At this point,
a stress-strain constitutive equation of the magnetoelastic

(14)
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material needs to be found. The Piola-Kirchoff stress tensor
can be defined as [34]

8Etot 8Eel 8EME
O’l‘/‘ = =

= = = (Cijpg + ACiipg)Npo- (15)
i ony ony ony ijpq ijipq)pg

As can be seen, the extra magnetoelastic term, Eyg, is the
source of the AG effect, with

92EME

O OME (16)
91 g

Acijpg =

Equation (16) defines the relationship between the elastic
tensor and the magnetoelastic energy term. The shear mod-
ulus, G, is equivalent to Acjy;» (abbreviated as Acgg). If
m lies within the film plane (6 = 90°), we find the rela-
tionship between Acgg of the magnetic film and the local
internal energy:

Acgs = —

B3cos?2¢y <ia)a Epo ) (17
pMD \ y oM, /)’

In Eq. (17), terms above the quadratic are ignored. Three
independent parameters, w, H, and v, contribute to the AG
effect. For frequencies w < w; (w; represents the natural
ferromagnetic resonance frequency) and a low «, Eq. (17)
can be further reduced to

B3 cos® 2¢q

Aces(H, ) = z
00

, (18)
with

Egy = poH - M + 2K cos 2(po — V) + Epyy
1 — e lKld

+ poM; (1 T Td

) sin @p.  (19)

A similar expression to Eq. (19) was reported in Ref. [27],
except for the last term, which is critical to the AG effect.
In Sec. IV, we will discuss the variation trend of Acgg With
respect to H and v in detail.

B. FEM analysis of magnetoacoustic coupling

To illustrate coupling between the elastic wave and
the magnetization dynamics in a multilayer structure, a
frequency-domain FEM model is built using commercial
COMSOL Multiphysics simulation software, which includes
the micromagnetics, piezoelectrics, elastic dynamics, and
feedback of the magnetostrictive strain from the magnetic
system to the elastic system in a fully coupled manner.

ST-X90°-cut quartz is chosen as the piezoelectric sub-
strate with Euler angles (0°, 132.75°, 90°). Aluminum
electrodes of 150 nm, a 0.8-um SiO, waveguide layer,
and a 140-nm-thick Fe-Co-Si-B layer are subsequently

constructed on the ST-X90°-cut quartz. Simulation param-
eters for the ferromagnetic film come from Ref. [22,35],
whereas the rest are available in the COMSOL material
library. The length of the piezoelectric substrate is equal
to the SAW wavelength, A =10 um, and its thickness is
set as 3A. A perfectly matched layer and fixed constraints
at the bottom prevent interference of body-reflected waves
with SAWs. For simplicity, only one acoustic wavelength
scale is simulated, and periodic boundary conditions are
imposed on both sides of the SAW propagation direction,
which corresponds to extending the structure infinitely to
both sides.

The elastodynamic process describes the entire system
using Newton’s equations:

—,oa)zu =V.o, (20)

where p and u are the material density and the displace-
ment field, respectively. The behavior of ST-X90°-cut
quartz follows the linear piezoelectric equation:

o = CEn — eE,

D= eTnel + %_E, (21)

where D and E are the electrical displacement and elec-
tric field, respectively. CE, &, and e are the elastic stiff-
ness, permittivity tensor, and piezoelectric coupling tensor,
respectively.

In ferromagnetic films, the damped spin behavior in a
magnetic field can be described by micromagnetic Eq. (8).
Equations (12) and (14) describe how elastic strain affects
the magnetization state, as mentioned in Sec. II A. Further-
more, to determine how magnetization affects the elastic
behavior of a ferromagnetic film, Eq. (15) is substituted
into Newton Eq. (20) and we obtain

IE, IE
—ptu="V- D+v (Z22E) @2
an an

Equation (22) contains the contribution of magnetoelastic
stress, so the influence of magnetization on the properties
of the acoustic waves can be analyzed.

The theoretical formulas above are available in the
corresponding solid mechanic and piezoelectric modules,
while the micromagnetic equations are developed utilizing
weak-form partial differential equation modules, which are
coupled to the solid-mechanic modules. This model allows
us to analyze magnetoacoustic-electric coupling within
the multilayered structure. Additionally, the resonance fre-
quency, deformation, and admittance changes of the struc-
ture caused by the magnetic field can be extracted from the
eigenfrequency and frequency-domain calculations.
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FIG. 3.
spectra from 10 MHz to 5 GHz.

III. METHODS OF DEVICE FABRICATION AND
MEASUREMENT

Magnetic SAW resonators are fabricated on ST-X90°-
cut quartz substrates. Aluminum IDTs with a thickness of
150 nm are deposited by thermal evaporation and then
patterned by a photolithography lift-off process. All res-
onators consist of 100 pairs of IDTs and two sets of
60-clectrode reflectors on each end of the device with
a wavelength (1) of 10 um and pitch of 200A. A SiO,
layer is deposited onto IDTs and thinned to a thickness
of 800 nm by chemical mechanical polishing. A 140-nm-
thick Fe-Co-Si-B film is then deposited on the SiO; layer
by magnetron sputtering using a (FeggCo19)75S112B) tar-
get. An in situ magnetic field of about 200 Oe is applied
during sputtering to induce in-plane uniaxial anisotropy.
Six samples with different angles (¢ = 0°, 8°, 22.5°, 45°,
67.5°, and 90°) between the easy axis (EA) and the SAW
propagation direction are fabricated, denoted as devices
D1-Dé6.

Figure 3(a) shows the in-plane magnetization versus
external magnetic field (M-H) curves for the Fe-Co-Si-B
film measured by a vibrating sample magnetometer (BHV-
525, Japan). The sample shows a clear EA with an in-plane
saturation field, H;, of about 20 Oe and a low hard-
axis (HA) coercive field, H., of 1.7 Oe. To obtain the
high-frequency properties, we further measure the perme-
ability spectra using a shorted microstrip transmission-line
perturbation method [36], as shown in Fig. 3(b). The mea-
sured natural ferromagnetic resonance (FMR) frequency
is about 1.7 GHz, which is much higher than the operat-
ing frequency of SAW resonators. Fitting the imaginary
permeability spectrum yields an effective damping fac-
tor of @ =0.009, which ensures the low FMR loss at the
operating frequency.

The frequency response of the SAW resonators upon
applying an external magnetic field is measured by trac-
ing the S, scattering parameter using an Agilent network

Permeability

3000
(b) ‘ measured '
measured u"
L \
2000 | — — -fitted 4
A - — -fitted u"
1000 a
0
—1000
0 1 2 3 4 5
f (GHz)

(a) M-H curves of the Fe-Co-Si-B thin film along the easy axis and hard axis, and (b) measured and fitted permeability

analyzer (N5230A). A rotatable Helmholtz coil driven by
a current source (ITECH-6502A) is used to provide a uni-
form in-plane magnetic field, which is calibrated by a
Gauss meter (Lake Shore 425). A continuous magnetic
field sweep ranging between 4-80 and —80 Oe is sufficient
to magnetize the Fe-Co-Si-B film to saturation in any mea-
suring direction. All experiments are carried out at room
temperature.

IV. RESULTS AND DISCUSSION

A. Field-dependent magnetoacoustic coupling

Figure 4 shows that the §;; spectrum of a bare SAW
resonator with no magnetic overlayer exhibits a strong

-2}
—4r Freq = 447 MHz
. Freq =477 MHz
= ] .
— -—
m —6r = -
S & E
et @ =
= ) 2
v o_gl E 8
£ &
3 £
3
10 £
3
—— Without magnetic film
1t — With magnetic film
440 460 480 500
f (MHz)

FIG. 4. Measured S;; as a function of frequency from SAW
resonators with and without Fe-Co-Si-B film. Displacements at
resonance frequencies are obtained through COMSOL simulations.
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resonance peak at about 477 MHz. The presence of a 140-
nm-thick Fe-Co-Si-B layer with ¢ =0° (D1) significantly
downshifts the resonance frequency (f,) to about 447 MHz,
due to the lower shear-wave velocity of Fe-Co-Si-B
(2821 m/s, calculated by +/cs6/p) compared with those of
Si0, and ST-X90°-cut quartz, 3748 and 5047 m/s, respec-
tively. Meanwhile, the amplitude of the resonance peak
decays from 8 to 0.9 dB. This can be attributed to the large
extra capacitance between the magnetic film and the IDTs,
together with the power absorption by the magnetoacoustic
coupling [37,38]. FEM simulations show that the displace-
ments of both devices at the resonance frequency can be
assigned to the Love-mode resonance.

The magnetoacoustic responses of devices D1 and D6
are then measured upon applying a magnetic field along
the HA, as schematically illustrated in the inset of Figs.
5(a) and 5(d). A test cycle consists of three steps: initializa-
tion (magnetic field from 0 to 80 Oe), backward sweep (80
to —80 Oe), and forward sweep (—80 to 80 Oe). Despite a
small offset caused by hysteresis, the frequency responses
of the three sweeps almost overlap, so only the forward
sweep is plotted here. Figures 5(a) and 5(d) plot the
resonance-frequency shift of devices D1 and D6, respec-
tively, which clearly show the difference between the two
devices. A strong AG effect is observed for device D1 at
low sweeping fields from —15 to +15 Oe, corresponding
to a maximum frequency shift (Afm.x) of 3.9 MHz. The

for device D6 at low sweeping fields and only becomes
much stronger at high fields above +15 Oe. Afn.x is about
6.8 MHz and the highest df/dH reaches 775 kHz/Oe under
a field of —16.6 Oe. The frequency response of the for-
mer was reported in previous studies [11] and interpreted
from a magnetic mean field model, i.e., the angular disper-
sion of magnetic moments, arising from stray fields, local
stresses, or an intrinsic distribution of the easy axis. How-
ever, it cannot explain the frequency response or the AG
effect observed for device D6.

To understand the nature of the resonance-frequency
response, FEM simulations are carried out using the mag-
netoacoustic model in Sec. II. As shown in Figs. 5(b) and
5(e), the displacements and angular distributions of the
magnetic moment in the Fe-Co-Si-B film are extracted in
the case of ksaw || Mg and ksaw L Mj. Due to the smaller
wavelength of the magnetoelastic wave compared to the
film size, magnetic moments are nonuniformly perturbed,
leading to a nonzero phase relationship between adjacent
magnetic moments. In contrast to Fig. 5(b), a nonzero
phase distribution of the magnetic moment perpendicular
to ksaw in Fig. 5(e) yields a dipole field, Ag;,. Using Egs.
(8), (10), and (12), for w K wy, the in-plane component of
the dipole field parallel to 4, can be expressed as

. . ) —IKld
highest Sgr (or df/dH ) is about 634 kHz/Oe under an exter- hainy = —poM? sin“gp (1 —e 5 ) i (23)
. .. 1] - .
nal field of 3.3 Oe. However, the AG effect is negligible Py ' Eyy k| d v
(a) F&iﬁux‘:z‘im. (b) Om 1 y displacement (C) 1.0
451F - e 41200 —>  Magnetic moments =
X © < 05
<4501 ’1 < £
= ! . : )
Swi A9 | " g ' %} £ o0
= S ol 5| < - |
448 - (,,,// 1400 & N S _os|
& J — =
447}t s N 1o 7 Ksaw | Mo

—_
D
(=3
S

_

(L)

g

(d) —— FEM simulation
4—o— Measurements I 0 m
&

450 - 11200

m 1y displacement

— Magnetic moments

df/dH (kKHz/Oe)
f
f
/
f

N 448

E 1800

2 4464

& -
444} 1400 ™,

N
4}
~100-80 —60 —40 20 0 20 40 60 80
H (Oe)
FIG. 5.

Results for devices D1 and D6 along HA. (a),(d) Measured and simulated frequency responses as a function of magnetic

field. Insets illustrate the measurement setup, where My is parallel to ksaw for D1 but is perpendicular to ksaw for D6, and the
sweep field is perpendicular to My. (b) Simulated displacements and magnetic moment distributions at resonance frequency. (c),(f)
Calculated magnetoelastic driven field /,, in-plane dipole field Agi,,, and effective perturbation field A, + Agip,e, all of which are
normalized. Vertical axis on the right shows the variation of magnetic moment orientation as a function of applied field.
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FIG. 6. Measured (a),(c) and simulated (b),(d) frequency
responses of devices D1 and D6, respectively, upon applying a
field along the EA. Inset shows the amplified frequency response.

Therefore, Eq. (18) can be rewritten as

oM B, cos 2¢y
poH - M + 2K cos 2 (9o — V) + ENE
ma

AC66 = —

24

where A, + haip, is defined as the effective perturbation
field. Normalized 4y, , hgipy, and kg + hgip,, are calculated
as a function of magnetic field H using Egs. (14) and (23),
and plotted in Figs. 5(c) and 5(f), assuming a constant 7,.

As far as H is applied along the hard axis, there is a consis-
tent relationship between 4, and H for both devices D1 and
D6, but Agip, heavily depends on the angle (¢y) between
M, and ksaw. When ¢y is close to 90° [high-field region
in Fig. 5(c) and low-field region in Fig. 5(f)], |Adip,,| 1s sig-
nificantly enhanced, but when ¢, is close to 0°, |Agip | is
reduced to zero. In Fig. 5(f), the sum of A, and hgip, is
quite small, in the range of 0 to +20 Oe, leading to a sup-
pressed AG effect, according to Eq. (24). As seen in Figs.
5(a) and 5(d), our FEM simulation results (black solid line)
are generally in accordance with the experiments.

The measured frequency responses of devices D1 and
D6 are also significantly different from each other upon
applying a field along the EA. As shown in Fig. 6(a), dur-
ing both forward and backward sweeps, device D1 exhibits
almost a similar magnitude of Afyax to that in Fig. 5(a),
and f, jumps at small magnetic fields (£1.94 Oe). Both of
them can be explained by the term puoH - M in Eq. (24),
which is enhanced by parallel applied field H and reduced
by an antiparallel one. Meanwhile, magnetic moments flip
180° upon applying an antiparallel field, causing Acegg to
jump near the coercive fields [see Fig. 3(a)]. For device D6
with ksaw LMy, the initial magnetic moment orientation,
@0, 1s 90° and does not change with the applied field, which
corresponds to a large Agip . This makes the second term
(hy + hgip,,) in Eq. (24) very small, and thus, the AG effect
is attenuated. Figures 6(b) and 6(d) plot the simulated
results for devices D1 and D6 upon applying a magnetic
field along the EA. According to Fig. 6(d), the amplitude
of the frequency response of device D6 is around 2 orders
of magnitudes weaker than that of device D1, and thus,
is nearly buried by noise. Therefore, almost no frequency
response can be observed for device D6 [Fig. 6(c)].

In this section, a dipole field is used to explain the dif-
ferent frequency responses of devices D1 and D6, which
are in good agreement with the experimental results. The
deviation between the measured and simulated ones, espe-
cially between Figs. 6(a) and 6(b), may be attributed to
dispersed magnetic moments or magnetic domains, which
are not considered in the Stoner-Wohlfarth model. Fig-
ures 5(d) and 6(c) demonstrate that device D6 is a true
vector magnetic field sensor. However, notice that a bias
field of about 16.6 Oe is still required to obtain a high
SRF-

B. Angle-dependent magnetoacoustic coupling

We now turn to the resonance-frequency response of
devices D2, D3, and D4 (y =8°, 22.5°, and 45°, respec-
tively). The measured frequency responses upon apply-
ing a magnetic field along the HA are plotted in Figs.
7(a)-7(c). Compared to device D1, devices D2, D3, and
D4 show butterflylike frequency-response curves, and the
minimum resonance frequency (fmin) shifts to the right
(left) side during the forward (backward) sweep. A higher
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FIG. 7. Measured frequency responses of devices (a) D2, (b) D3, and (c) D4. (d) Three-dimensional (3D) plot of the calculated

dependence of Acgs on ¥ and applied field. (e) Calculated variation of Acge with H when 1 = 0° and v = 9.5°, respectively. At point
A, a magnetic field of 3.3 Oe rotates the magnetic moment orientation, ¢y , from 0° to 9.5°. At point B, magnetic moments are aligned
at @9 = 9.5° under zero bias field by setting 1 = 9.5°. All magnetic fields are applied along the HA.

Y angle leads to a larger fni, offset being seen in Figs.
7(a)-7(c). The steep frequency response at zero field
ensures the high sensitivity of these devices, even without
a bias field.

In Eq. (24), Acgs exhibits a pronounced ¢, dependence,
which is controlled by both H and /. In other words, spe-
cific magnetization orientation, ¢g, can be referenced to
different combinations of (H, v). Figure 7(d) further plots
the 3D dependence of Acgs on the Y angle and H field
along the HA. It is clear that, when i changes, the mini-
mum point deviates from zero applied field. According to
Fig. 5(a), the magnetic moment is rotated to a special ¢
angle (about 9.5°) by applying a 3.3-Oe magnetic field to
maximize df/dH. Likewise, this angle can also be achieved
by directly setting ¥ =9.5° during magnetic film depo-
sition. Figure 7(e) plots the calculated Acgs with applied
field along the hard axis for ¢ =0° and v =9.5°, respec-
tively. The change of v from 0° to 9.5° shifts the entire
curve from right to left, which is almost equivalent to a bias
field of 3.3 Oe, although the magnitude of Acgg is slightly

different. As a result, a nonzero Sgr can be obtained at zero
bias field.

One obvious strategy to improve the self-biased Sgr is to
select an appropriate 1 that maximizes df/0H |g—o. Next,
we calculate the relationship between df/0H |y—¢ and ¥ in
the range of ¢ € [0°, 90°]. As shown in Fig. 8, self-biased
Srr values can be obtained at almost any i angles, except
0°, 45°, and 90°, and the highest df/0H |;—¢ appears when
Y ~7°. As mentioned above, a large hg;p, suppresses the
AG effect when ¥ (¢ = ¢y in this case) is close to 90°.
This will deteriorate Srg, thus making it unsuitable to
select ¢ in the interval [45°, 90°]. We measure the Sk val-
ues of devices D1-D6 (¢ =0°, 8°, 22.5°, 45°, 67.5°, and
90°) at zero field, and these are marked in Fig. 8 as well.
Again, the measured results are in good agreement with
the simulated ones. It should be emphasized that the opti-
mal i angle with the maximum self-biased Sgr is strongly
affected by hgp. For different operating frequencies, mag-
netostrictive materials, layer thicknesses, or structures of
devices, the optimal ¢ angle must be recalculated. For
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FIG. 8. Simulated and measured v angle-dependent Sgp at

zero bias field. Measurement results are extracted from devices
D1-D6, with ¢ = 0°, 8°,22.5°,45°, 67.5°, and 90°, respectively.

example, a 20-nm-thick Fe-Co-Si-B film has an optimal
Y angle of 15° instead of 7°, according to our simulation.

Finally, the magnetic field sensitivity of device D2 is
measured along different directions. Figure 9 plots the cal-
culated df/dH and experimental results at zero magnetic
field. An “8”-like shape is clearly seen. The angles are
referenced to the maximum and minimum Sk located
at about 94° and 4°, respectively, slightly off the HA
and EA. The measured highest Sgr at zero field is about
630.4 kHz/Oe. This demonstrates the ability of our sensor
to identify vector magnetic fields. For example, an arbi-
trary magnetic field direction can be determined by com-
paring the frequency differences between three vertically

—— Simulation 90.0
Q@ Measurement

600 - 135.0
4007 4575 225
)
O 200
B
~ 04180.0 0.0
N
[,
o 200 1
400 202.5 337.5
600 - 225.0 315.0
247.5 270.0 292.5
FIG. 9. Simulated and measured Sgr results for device D2

at zero magnetic field. Experimental results are obtained by
applying an external magnetic field along different directions.

placed sensors, and thus, provides a solid foundation for
future array applications of SAW magnetic field sensors.

V. CONCLUSION

A dynamic magnetoelastic model of a thin magne-
tostrictive film on a piezoelectric substrate is established.
The magnetoacoustic coupling is evaluated by measuring
the resonance-frequency shift of Love-mode SAW sen-
sors. In comparison with traditional models, our dynamic
magnetoelastic model considers the importance of the
dipole-dipole interaction and can explain the distinct fre-
quency responses of SAW sensors with different i angles
between the acoustic wave vector and the in-plane-induced
anisotropy. Regulation of the dipole field is achieved by
setting an optimized v angle during magnetic film deposi-
tion, which yields a high Sgr of 630.4 kHz/Oe at zero bias
field. This approach enables a simple implementation of
self-biased SAW magnetic field sensors. Furthermore, the
FEM simulation model developed in this work can be used
for future investigations of the magnetoacoustic-electric
coupling of other types of SAW magnetic field sensors or
NEMS magnetoelectric antennas [39].
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