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High Magnetic Sensitivity at the Coercive Field Induced by
Shear Horizontal SAW in Polycrystalline FeGa Films

Juan Diego Aguilera, Rocio Ranchal, Fernando Gdlvez, Jose Miguel Colino, Isabel Gracia,
Stella Vallejos, Antonio Hernando, Pilar Marin, Patricia de la Presa,*

and Daniel Matatagui*

A Love wave device is designed to generate surface acoustic waves (SAWs)
with strong shear-horizontal polarization, interacting with a polycrystalline
Fe,,Ga,; magnetostrictive layer. The shear strain induced by these waves at a
frequency of ~160 MHz, coupled with magnetoelastic effects, leads to
domain magnetization oscillation, resulting in unique responses that are
particularly pronounced near the coercive field. Experimental results reveal
that the response of the sensor is highly sensitive to the angle between the
applied magnetic field and the wave propagation direction, with profiles that
can vary significantly depending on this angle, with some configurations
resulting in practically opposite responses. A particularly relevant case arises
when the magnetic field is aligned with the Love wave propagation direction.
In this case, the sensor response shows mainly a monotonic increase with the
magnetic field, except near the coercive field, where a sharp peak emerges
and then abruptly collapses, resulting in a magnetic sensitivity of ~5 Hz/nT
(0.031 ppm nT~"). This high sensitivity near the coercive field opens the door
to the development of high-performance sensors, simplifying electronics
while leveraging the key advantages of SAW technology, including low power
consumption, compact size, real-time response, and portability. A theoretical
model is also discussed to further understand the underlying phenomena and
optimize the design of next-generation devices, which hold significant

1. Introduction

In the near future, the era of Internet of
Things (IoT) is expected to reach its peak,
digitizing our environment and provid-
ing us with information through big data
while predicting events through Artificial
Intelligence (AI). Health monitoring,!!
process control in industry,?! structural
monitoring,3! robot adaptability.[! or en-
vironmental research.l’! are only a few
of the areas in which accurate sensing
of physical magnitudes (pressure, tem-
perature, light) or chemical information
(gas sensing, biosensing) has become
a crucial step for obtaining meaning-
ful results. The research and develop-
ment of advanced materials, along with
a deep understanding of their physi-
cal properties, play a fundamental role
in sensor innovation. These materials,
combined with carefully designed trans-
ducers, determine key factors such as
sensitivity, efficiency, and overall per-
formance. However, continued research

potential for sensor applications across various fields.

in the field of materials is essential to
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achieve a new generation of devices that are significantly more
efficient and capable of meeting increasingly demanding tech-
nological challenges.

Among the technologies based on the piezoelectric effect,
surface acoustic waves (SAWSs) have played a crucial role in
various technological advancements. In these devices, a me-
chanical wave propagates along the top surface of a substrate.
Their ability to precisely manipulate high-frequency signals
has made them essential in communication systems,!®! signal
processing,’] and sensing technologies.l®! Different stimuli as
temperature changes, mass loading or stress on the substrate,
can affect wave parameters such as amplitude or phase. Among
SAWs, we first find Rayleigh waves, the most common type,
which involve both vertical and horizontal longitudinal displace-
ment in an elliptical motion.[®*] These waves propagate along
the surface of a material, generating both compressional and
shear forces. However, in addition to Rayleigh waves, we also
find SAWs with shear-horizontal (SH) polarization, which have
demonstrated advantages in various applications, such as the
ability to operate in liquids with low attenuation.[’) To take it a
step further, multilayer structures that give rise to guided SH-
SAW waves, known as Love waves, can be used to confine en-
ergy at the so-called guiding layer surface. By carefully control-
ling the properties of the guiding layer, most of the energy of
the wave remains concentrated near the surface, resulting in a
higher amplitude in this region with purely horizontal shear mo-
tion. This confinement of energy at the surface enhances the sen-
sitivity of SH-SAW sensors(!% and allows efficient deformation of
any thin layer deposited on the guiding layer. In turn, any varia-
tion in this deposited layer will modulate the propagation prop-
erties of the wave, making Love wave devices highly effective for
sensing applications. Unlike Rayleigh waves, which involve both
vertical and longitudinal displacement, Love waves induce dis-
placements that are perpendicular to the propagation direction
but entirely confined to the horizontal plane. In summary, the
purely shear strain and the confinement of the wave energy of
Love waves are the characteristics that make them unique and
useful in many applications, and it is especially effective for de-
forming thin layers.

The exceptionally low bandwidth of the propagated wave in
Love wave devices has facilitated the development of highly sensi-
tive sensors, capable of detecting substances at the picogram level
through surface functionalization."! To achieve selectivity for
specific molecular targets, the substrate surface is modified us-
ing, for instance, polymer films,['?] antibodies,**! self-assembled
monolayers (SAMs).'"*l or nanomaterials like nanoparticles,!*>]
carbon nanotubes.!! or graphene oxide.['’]

In recent years, Love waves have been utilized to induce defor-
mation in nanostructured layers, enabling the characterization
of the elastic properties of nanoparticles. This approach also al-
lows for measuring variations in these properties when gases
at ppm levels interact with the nanoparticle layer."®! Consid-
ering the magnetoelastic effect, where mechanical stress influ-
ences the magnetic properties of a material, it seems ideal to
design a Love wave structure with a well-polarized wave. This
configuration will be particularly suited for modifying a mag-
netoelastic layer through shear deformation, with its response
expected to depend on the angle of the applied magnetic field.
When magnetic sensitivity is required, a natural approach is to

Adv. Mater. Technol. 2025, e00746 e00746 (2 0f11)

www.advmattechnol.de

use magnetostrictive coatings: these materials exhibit an elon-
gation (shortening) in the direction of magnetization M if the
magnetostriction constant A, is positive (negative). Conversely,
an applied stress generates a magnetic anisotropy that tends
to align M with (perpendicular to) the tension. Hence, if mag-
netization changes during the process, applied stress produces
an additional strain. Consequently, the effective Young’;s mod-
ulus — or shear modulus — varies: this phenomenon is known
as AE - or AG - effect. This connection between magnetiza-
tion and stress has been exploited in the development of mag-
netic sensors,!172% to acoustically stimulate ferromagnetic reso-
nance (FMR),[%) as theoretically suggested by Kittel,?%! and it has
also been shown to be able to modify the magnetization state of
nanostructures.!?!] or to modulate the necessary field to write or
erase magnetic states, described as acoustically assisted magnetic
recording.!??] The chosen materials for the coatings have mostly
been soft amorphous magnetostrictive alloys, favoring sensitiv-
ity to low fields. In magnetic materials, many of the most inter-
esting phenomena occur around the coercive field, where mag-
netization rotation and domain dynamics are most active. This
is particularly relevant in magnetoelastic effects, where the in-
terplay between magnetic and mechanical properties is strongly
influenced by changes in magnetization near this critical field,
enabling advanced sensing and actuation applications. When
subject to shear stress, these effects can be further enhanced
or modulated, leading to novel functionalities in magnetoelastic
devices.

Notably, galfenol alloys are highly relevant in material science
due to their magnetostrictive properties combined with corrosion
resistance, low cost, and machinability.[?*] In this paper, a Love
wave device with a magnetostrictive polycrystalline iron-gallium
(Fe;,,Gayg) layer is studied. Previous research has been mainly
focused on the alloy Feg,Ga,g, for which magnetostriction (4,4,)
shows a first maximum as a function of gallium content.[?* Al-
loys with high gallium content have not been extensively inves-
tigated, making this study, which explores the alloy Fe,,Ga,g in
the second peak of magnetostriction, particularly significant for
exploring their potential applications, even more in SH-SAW de-
vices, when this second magnetostriction peak can be caused by
an important softening of the tetragonal shear modulus.[?>] The
combination of Love waves with a polycrystalline magnetoelastic
material leads to novel phenomena near the coercive field, where
the interplay between elastic and magnetic properties becomes
highly nonlinear. In this regime, the coupling between shear-
horizontal wave propagation and magnetization dynamics can
give rise to unique effects, such as enhanced sensitivity to exter-
nal stimuli or unconventional magnetoelastic responses. Achiev-
ing ultra-high sensitivity in earlier SAW and magnetostrictive
layer integrations has typically required a pronounced in-plane
anisotropy axis: Hu et al. reached a sensitivity of 630.4 kHz/Oe
(0.014 ppm/nT) at zero field using a SAW device operating at
450 MHz, functionalized with a 140 nm thick FeCoSiB layer
whose easy axis orientation was controlled by the application of
a magnetic field during the sputtering process.*®! The miniatur-
ized system based on a 250 nm thick FeGaB film fabricated by
Li et al. yielded a sensitivity of 2.8 Hz/nT (0.012 ppm/nT) with a
limit of detection of 0.8 nT.?’] In the present work, a sensitivity
of 5 Hz/nT (0.031 ppm/nT) has been obtained with a FeGa layer
without remarkable anisotropy. Understanding the phenomena
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Figure 1. a) Schematics of the device and b) diagram describing the setup of the feedback loop circuit. c) Zoom on the Love wave device, showing the
RF input and output. « is defined as the angle between the in-plane applied field and the acoustic wave vector.

involved can open new possibilities for the development of ad-
vanced devices, enabling innovative sensing technologies and
novel functionalities that go beyond traditional magnetoelastic
applications.

2. Experimental Section

2.1. Love Wave Device Fabrication

The substrate of the sensors consists of a piezoelectric substrate
of ST-cut quartz with dimensions 4 X 9 X 0.5 mm. On top of this
layer, two symmetric aluminum interdigital transducers (IDT5)
with a thickness of 200 nm are patterned by photolithography
and act as emitter and receiver of the waves, which propagate
along the 90°X crystallographic direction. The period of the IDTs
is A = 28 um, the center-to-center separationis L, = 150 4 =
4.2 mm and the acoustic aperture, which is the length of the
strips, is W = 75 4 = 2.1 mm. Four strips per period were pat-
terned; this double (or split) electrode configuration is used to
reduce undesired reflections of the generated wave by destruc-
tive interference.[?®] The chosen substrate, crystal cut, and orien-
tation of the IDTs favor the excitation of shear horizontally polar-
ized SAW (SH-SAW) waves.[?] On top of the quartz substrate, an
amorphous SiO, layer with an optimized thickness of 3.1 pm.*®]
is deposited (Figure 1a) by plasma enhanced chemical vapor de-
position (PECVD), guiding the SH-waves due to its lower prop-
agation velocity, thus obtaining a Love wave device, with a fre-
quency ~160 MHz, and purely shear strain on the surface. This
two-port SAW device features a delay line configuration, enabling
measurement of phase and wave losses.

2.2. Polycrystalline Fe,,Ga,; Deposition

Once the Love wave device was developed, a thin layer of poly-
crystalline galfenol (Fe,,Ga,s) was deposited on the space be-
tween the two IDTs by sputtering. This precise Gallium-rich al-
loy was chosen due to its high magnetostriction.?*] In a previ-
ous manuscript, the magnetoelastic coefficient (B,) of sputtered
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Fe,,Ga,g thin films deposited under similar conditions on Mo
buffer layers was measured.?”) The cantilever beam technique
with capacitive detection was used to determine the evolution
of the magnetoelastic parameters as a function of the thickness,
ranging from 12 to 250 nm. In this study, three different values of
the FeGa thickness (t) have been analyzed: 50, 100 and 200 nm.
Whereas for 100 and 200 nm, an experimental B, of ~—7.5 MPa
is expected, that value can be increased to ¥—10 MPa for 50 nm. A
first layer of molybdenum (buffer) was deposited as an interface
between SiO, and galfenol to enhance adhesion, ensure proper
crystallization, to avoid oxygen diffusion from SiO, and to repro-
duce the experimental conditions of previous works.[**3!] while a
second molybdenum layer (capping) was deposited on top to pro-
tect the galfenol from air oxidation (Figure 1a and Table 1). The
magnetostrictive Fe,,Gayg thin films, with lateral dimensions 4
X 2 mm were deposited using a contactless mask from a target
with the same composition by DC magnetron sputtering, using a
growth power of 90 W at an Ar pressure of 1-10~3 mbar. Sputtered
Mo buffer and capping layers (5 and 20 nm) were also deposited
with a growth power of 90 W and an Ar pressure of 1-10~3 mbar.
The base pressure was 5-10~7 mbar in all cases.

2.3. Structural, Electrical, and Magneto-Optical Characterization

As the magnetostriction of iron-gallium alloys depends strongly
on the crystalline direction, the main structural parameters of the
coatings were studied by means of X-ray diffraction (XRD). Mea-
surements were performed in the Bragg-Brentano configuration
(6-260) in a D8 Bruker equipment using the Cu Ka wavelength
(Acuke = 1.54056 A). To do this, a 50 nm FeGa film, grown with
the same deposition parameters as the coatings presented in this
work, but on a glass substrate, was studied. By the application of
the Scherrer equation, the crystallite mean size was inferred.
The scattering parameters of the delay line device based on
SH-SAW with magnetostrictive FeGa were studied with a Vector
Network Analyzer (Agilent E8326B) as a function of frequency,
therefore determining its frequency of operation and associated
insertion losses. An oscillator based on a feedback loop circuit
was built by connecting both ports and introducing an amplifier
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Table 1. Thickness of the Mo/FeGa/Mo layered structure deposited on the Love wave device.

Thickness of the FeGa layer t

Thickness of the Mo buffer

Thickness of the Mo capping

[nm] layer [nm] layer [nm]
50 20
100 20
200 20

(Mini-Circuits MAR-8A+) that compensates for the losses pro-
duced in the delay line. This leads to resonant behavior, which
was characterized with a spectrum analyzer (Agilent N9010A) by
inserting a directional coupler (Mini Circuits ZFDC-20-4) in the
loop, which allows probing this signal without significant losses.
A band-pass filter (Mini Circuits RBP-220W+) was introduced to
eliminate the harmonics that may be introduced in the amplifi-
cation process. The components of the feedback loop and their
arrangement are represented in Figure 1b.

The response of the device consists of a resonant frequency
(f..s) shift, which is a result of phase changes of the delay line.[*?]
following the second Barkhausen criterion, only modes satisfy-
ing that the phase shift along the loop is a multiple of 2z can
be resonant; therefore, assuming that the rest of the circuit is
stable, f,, will shift accordingly to these phase changes in order
to fulfil this condition. Also, the first Barkhausen criterion must
be satisfied — loop gain must equal 1—, forcing f,,; to remain at
the transmission peak. The spectrum analyzer provides around
three complete traces per second, which are received by a custom-
made LabVIEW program that extracts the resonant frequency. A
variable attenuator (Mini-Circuits ZX76-31A-PPS+) is included
in the loop circuit (Figure 1b) so the power of the acoustic wave
traversing the sample can be varied.

To better understand the processes involved, the magnetic hys-
teresis loop M(H,,,) of the FeGa coatings was measured with lon-
gitudinal magneto-optical Kerr effect (L-MOKE) magnetometry
using a red (632 nm) polarized laser source. Two orientations of
the sample with respect to the applied field « = 0°, 45° were ex-
plored, where a represents the angle between the SAW wave vec-

tor ES y-saw and the applied field ﬁapp (see Figure 1c). These loops
were taken both with Love waves propagating along the sensor
and without any excitation.

2.4. Experimental Setup for Sensor Characterization

To test the response of the device under the application of an in-
plane magnetic field with variable intensity H,,, at different an-
gles a, three different systems were used as sources:

® Electromagnet: the device is introduced between the poles
of an electromagnet (Newport Instruments) and exposed to
cycles of in-plane applied field while the f, . of the circuit
is recorded. A custom-made LabVIEW program controls the
power supply that excites the electromagnet and stores the data
from the spectrum analyzer. This electromagnet was character-
ized with a magnetometer, Magnet Physik FH-55, so the volt-
age could be converted to field considering the remanence of

the ferromagnetic core.

Adv. Mater. Technol. 2025, 00746 €00746 (4 of 11)

® Solenoid: to apply moderate-low fields, the electromagnet is
substituted by a cylindrical multiturn coil, so no remanence of
the core needs to be considered. The excitation, control, and
calibration systems are the same as those used with the elec-
tromagnet.

® Permanent magnet: The directional response of the sen-
sor is obtained by exerting the field with a rotating Nd-
FeB magnet (4 X 2 X 1 cm), so the magnitude of the in-
plane field stays constant, but the angle a that it forms

with the wave vector %SH_SAW changes. The same magne-
tometer was used to calibrate the field measured at different
distances.

As it usually happens with SAW devices, temperature
variations affect the response of the sensor, although us-
ing ST (Steady Temperature) cut quartz minimizes the ef-
fect. All the measurements shown in this work have been
treated to subtract the thermal drift caused mainly by the
quartz substrate changing the velocity of SAWs and the
wavelength.

3. Theoretical Framework

3.1. Quasistatic Magnetoelastic Model

The proposed 2D model gives some important hints about the
AE effect — change of Young modulus E when a magnetic field
is applied to a magnetostrictive material- when an in-plane mag-
netic field and shear strain are simultaneously exerted on a mag-
netostrictive sample.

A monodomain isotropic ferromagnet, with uniform in-plane
magnetization M,, is subject to an external field I_:Iapp = H,, U,
(¢ = 0°for H,,, > 0). Shear stress is also applied on the sample,
which interacts with magnetization through magnetostriction,
characterized by a magnetostriction constant A, > 0. Shear stress
can be decomposed in a compression axis and a tension axis per-
pendicular to each other, with the same magnitude o, and form-
ing an angle 2 with the direction of propagation of the shear
horizontally polarized wave (see Figure S4 Supporting Informa-
tion). Therefore, the induced magnetoelastic anisotropy can be
expressed as k, = 34,0 in the direction of tension, as two per-
pendicular opposite anisotropies k,, = i%isa are acting at the
same time. In the absence of shear stress and H,,, > 0, the ideal

magnetic material shows a magnetization M = M, u,. The elon-

gation in the direction of tension would be (ATl)E = % Ascoszf - %

if no other than the applied field existed, but once k, enters into
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play, the magnetization must rotate an angle 6 to minimize the
total free energy per unit volume

F=F,+F,, =-puH,,Mcos6 + 3).0sin” <9 —a+ %) (1)

In first approximation, assuming that  « 1,

. 34,0 cos2a
sinf = ———— (2)
/'lOMsHapp

If the hysteresis of the ideal sample is considered, for example,
by introducing an anisotropy field H, = H,u; in the direction of
the applied field, then

31,0 cos2a

sin = ———
MOMS (Happ + Hk)

3)

Hitherto, the variation in space and time of magnetoelas-
tic anisotropy has not been considered. Tension and compres-
sion axes alternate in wave fronts at a distance equal to a half-
wavelength. Incorporating this idea into the model, if the ten-
sion angle is a — % in half the surface of the sample, then it will
be a + % in the other half. After performing the necessary sub-
stitutions in expression [2], it becomes clear that the rotation an-

) . . . 340082 o
gle @ remains unchanged: sin 6’ = sin § = 222>~ Including in
HoMHyy,

the analysis the varying magnitude of strain does not change the
equations, as the elastic and magnetoelastic deformations are lin-
early related to .

If the easy axis and the field are not collinear, more compli-
cated expressions must be derived to find 6. Nevertheless, the key
difference with the collinear case, important for our analysis of
experimental results and given by the Stoner-Wohlfarth model, is
the gradual deviation of M from the field axis as H opp decreases
and reverses. At a certain point, when the energy barrier vanishes,
M undergoes a reversal, settling closer to the direction defined by
ﬁlapp. However, if the measured hysteresis loops of the samples
are well approximated by square ones, the model with collinear
anisotropy axis and field can constitute a valid approximation.

In any case,

e, = <ATl>aJ = % A [cos2 (a— % —9) — cos? (a— %)]

=~ %150 cos2a (4)

is the magnetoelastic elongation, apart from the purely elastic
one, that the wave produces, and it is exclusively associated with
the rotation of M. In this approximation, it has been consid-
ered § < 1, and it can be seen from the Equation (3) that its de-
pendence on o is linear in that case, as that of the elastic defor-
mation e, = é where E,, denotes the Young modulus for static

magnetization.
The effective Young modulus of the sample E,y must take into
account the elastic and the magnetoelastic deformation:

)
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In a good approximation, the frequency of a wave in a solid

medium is proportional to \/E . This is the link between the
AE effect and the resonant frequency that we measure.

Four important observations, which will be revisited through-
out the text, can be drawn from this simplified model:

1) Following expressions [2] and [3], 8 and, in consequence, ¢,,,
are null for ¢ = 45°, 135°, 225°, 315°. When the tension axis
is parallel or perpendicular to the field direction, no deviations
of E,, are expected. Conversely, the deviation is maximum for
a = 0° and the equivalent directions.

2) If H,,, is arbitrarily high, Equations (2) and (3) show that the
orientation of the tension becomes unimportant, as tension
anisotropy is unable to deviate M from the direction imposed

by ﬁlapp, and then Ez~F,,

3) Although expressions [2] and [3] are not consistent with the as-
sumption § < 1 when H,,, — 0or when H,,, — —H, respec-
tively, they suggest that magnetoelastic elongation e,, given by
[4] is maximum when reaching those values, as M can rotate
more freely.

4) Following the previous idea, an important distinction can be
made between the infinitely soft material and the hard one
described by Equations (2) and (3), respectively. In the first
case, when magnetization reversal takes place (at H, 0),

app =
e,, is the same at H + AHand H,,, = — AH, as the

app = app

physical situation is symmetric. When H, is significant and
H,,, = —H, M deviation is maximum as H,,, and H, are
similar in modulus but opposite. Nevertheless, when H,,,

passes that value, M and H, change sign, and the modulus

of the effective field Flapp + H, increases from ~0 to ~ 2H,,

leading to a sudden decrease in 6.

3.2. Effects of SH-SAW on FeGa Magnetostriction

The most important aspect that the previous model does not take
into account is frequency dependence. If shear strain is the ef-
fect of a mechanical wave with a frequency as high as 160 MHz,
a quasistatic model cannot be expected to be totally precise: M
will not be able to rotate fast enough to reach the energy mini-
mum due to the opposing field generated by currents associated

to B field changes. Small precession angles, and therefore a lin-
ear relation of ¢ and ¢, are expected under any circumstance,
being this frequency far below the typical FMR frequency of iron-
gallium alloys.>*] Anyway, the ideas described remain true and
should help describe the phenomenon of SAW modulation.

When dealing with a polycrystalline sample, each grain will
have a well-defined anisotropy axis, and an intergrain exchange
interaction can be expected. Therefore, the field at which mag-
netic moments are free to rotate will vary between crystallites,
and in fact, exchange interaction and magnetostatic interaction
will restrict the rotation, so the effect described in observation
(3) might be weakened by these constraints. However, the model
reveals that for a crystal a key point at which E; varies signifi-
cantly is magnetization reversal. If the model is extended to a set
of crystals, this point will spread over a wider range of applied
fields, blurring the sharp step.
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C) Magneto-optical Characterization
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Figure 2. a) XRD diffraction pattern for a 50 nm-thick FeGa layer. b) Scattering parameter S,; (transmission) for each SAW device (red) and power
spectrum of the signal along the feedback loop circuit (t = 100 nm) c) Normalized magnetization loops of the three coatings obtained by L-MOKE at

angles a = 0°, 45°.

Finally, the measured frequency depends on the Young mod-
ulus of the magnetostrictive film, but also on that of the amor-
phous SiO, guiding layer, with a thickness of 3100 nm, which will
not change by itself under the application of a magnetic field. In
consequence, measured frequency variations will be significantly
lower than those calculated with Equation (5).

4, Results and Discussion

4.1. Structural, Electrical, and Magneto-Optical Characterization

The results of the XRD experiments are shown in Figure 2a. By
the observed diffraction peaks, it can be deduced that the tex-
ture of the FeGa layer is (110), the same is also applicable to the
molybdenum buffer and capping layers. By using the Scherrer
equation, a mean grain size of 7 nm was calculated for the mag-
netostrictive coating.

The characterization of the transmission scattering parameter
of the delay line S,, as a function of frequency is presented in
Figure 2b (red). Just an interval centred in162 MHz is shown, as
no higher harmonics are observed. The deposition of FeGa pro-
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duces a shift of the allowed frequency band toward higher values
that increases with the thickness of the film. It also induces ad-
ditional power losses, reducing the height of the peak. The fre-
quency spectrum in the feedback circuit depicted in Figure 1b is
shown in Figure 2b (blue): a peak centered in the resonant fre-
quency. The phase selection imposed by the Barkhausen crite-
rion gives origin to a narrow spectrum peak, with a FWHM (Full
Width at Half Maximum) below 50 Hz, that can be tracked in real
time as the external magnetic field varies in the scale of seconds
or minutes.

The results of the magnetic characterization of the magne-

tostrictive FeGa coatings for angles a = 0°, 45° between ITIW and

ESHf saw are shown in Figure 2c. The t = 50 nm sample shows a
much higher coercive field in both directions. A slight in-plane
anisotropy can be observed in the three samples, for instance, in
the different rates of change of magnetization during the magne-
tization reversal process.

The magnetization loops showed no changes when the acous-
tic waves’ power changed, so the magnetism of the FeGa layer is
not being significantly affected by the acoustic waves: deviation

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. Response (kHz) of the three (t = 50, 100, 200 nm) devices with @ = 0° a) and a = 45° with field sweeping from —H,,,, to +H ., withu, H . =
300 mT b), inset graphs are analogous, with i, H ., = 18 mT, only the t = 100 nm case is shown. c) and d) show different levels of zoom at the response

of the t = 100 nm device with a« = 0°.

angles 6 are small, and the interaction is only notably working
in the opposite way. More precise measurements would probably
show slightly lower coercive fields with SAWs traversing the sam-
ples, as the oscillation of local magnetization can help overcome
energy barriers, as was found before.[?]

4.2. Magnetic Characterization

The response of the three devices to varying field intensities,
starting at —u,H,,,,~—300 mT and taking the resonant frequency
at maximum field as zero reference, can be seen in Figure 3a,b
for @ = 0° and @ = 45°, respectively. The insets show the response
of the t = 100 nm device at lower field sweeps, for both increas-
ing and decreasing fields. These two values of a show very dif-
ferent qualitative responses at low fields, as published before,*]
and are selected as representatives of the variety of shapes that
the response of the three devices to magnetic fields can assume.

Adv. Mater. Technol. 2025, 00746 €00746 (7 of 11)

As shown in both figures, the frequency increases as the field
grows above the coercive field, with an apparent saturation-like
behavior. The lowest global frequency shift and fastest saturation
happen at « = 45°. This is coherent with observation (1) of Sec-
tion 2.1: this is the angle of magnetization at which shear waves
are least effective at displacing magnetization, as anisotropy re-
sults to be parallel or perpendicular to it.

The responses of the t = 100 nm device at angles a = 0°,
45° (Figure 3a,b, insets) deserve special attention: upward and
downward, respectively, frequency peaks appear ~5 mT, near
the coercive field, according to the magneto-optical characteri-
zation (Figure 2c). A sharp change in the frequency shift oc-
curs after reaching the maximum peak, with this drop being
more pronounced in the case a = 0°. With the aim of quanti-
fying this sensitivity — resonant frequency shift with respect to
the variation of the magnetic field —, finer measurements on the
t=100 nm device at & = 0° around the coercive field (Figure 3c,d)

were taken, since the abrupt variation of f ., due to the effects of
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Figure 4. Response of the t = 100 nm device to rotating fields of magnitudes between 2.5 and 288 mT. The angle of minimum frequency (taken as

reference zero) is a = 0°.

the interaction of the SH-SAW with the magnetostrictive poly-
crystalline FeGa layer can play a crucial role in the advancement
of magnetic sensor technology. For this study, the magnetic field
was increased in steps of 260 nT. The maximum frequency shift,
1.2 kHz, was observed just after the peak, and the calculated sen-
sitivity at that abrupt peak shown in Figure 3d is 4.92 Hz/nT,
in the same order of magnitude of FMR (28 Hz/nT). This fast
fall in frequency was measured repeatedly (Figure S5, Support-
ing Information). In order to find the keys of the mechanism of
interaction of SH-SAW and the FeGa polycrystalline layer and
evaluate the validity of the ideas extracted in Section 3, the re-
sponse —f,. shift- and the magnetization M of each device were
measured simultaneously under the application of variable mag-
netic field (Figure S1, Supporting Information). The frequency
minimum at & = 0° (or the maximum at « = 45°) appears just
before the magnetization starts its reversal process, and the fre-
quency shift decreases (increases) during the inversion, finally
recovering its smooth response to the field. The closeness of the
frequency peaks and the coercive field, and the upward peaks at
a = 0° and downward peaks at @ = 45° are features shared by the
three sensors. The comprehension of how frequency modulation
works in polycrystalline deposited layers can lead to the ability to
tailor sensors in which the slope at these peaks is maximized,
so exceptionally high sensitivity can be achieved at a particular
working point.

The response of the device with the steepest response at the
peak, t = 100 nm, was measured with varying « and constant
modulus of the field, for fields ranging from 2.5 to 280 mT
(Figure 4) to test if the frequency peaks can be attributed to the
fast rearrangement of domains suggested in Section 3, as ob-
served in the L-MOKE measurements taken simultaneously with
the resonant frequency shift. The behavior of frequency shift with
varying a is smooth. Although there is sensitivity to the direction
of the field, no abrupt jumps appear for any field intensity: there
is no fast reconfiguration of the magnetic moments, or it is too
gradual to be measured. The data have been presented in two sep-
arate graphs to improve visualization: maximum frequency shift

Adv. Mater. Technol. 2025, 00746 €00746 (8 of 11)

at rotation is reached at ~#7 mT, decreasing for lower (left graph)
or higher (right graph) fields. Another two important hints can
be derived from Figure 4:

® In the high field regime, the maximum difference in resonant
frequency for a fixed field intensity exerted in any direction
becomes lower the higher Ijlapp becomes, e.g. the maximum
frequency shift measured at H,,, = 288 mT is ~0.5 kHz, and 7

kHz at H,,, = 13 mT. The interaction between magnetization

M and the anisotropy generated by the strain k, associated with
acoustic waves tends to disappear as the applied field increases

and locks M parallel to Ianpp by dipolar interaction, hindering
the oscillation. This trend was suggested by the proposed the-
oretical model (Section 3.1, observation 2).

® For any applied field high enough to neglect the influence of

remanence (H,,, >7 mT), the maximum resonant frequency

is found for @ = 45°, 135°, 225°, 315°. This is, again, fully
coherent with observation 1 of the theoretical model: the de-
viation of local magnetization must be minimum when it is
parallel or perpendicular to the mechanically induced uniax-

ial anisotropy, which forms 45° with ic's Aw- Since the angle a,

formed by Es aw and ﬁ]app, and 180°+« are physically equivalent
—and symmetry in all measurements from positive to negative
field confirms it -, only the region 0° < a < 180° is explored
when measuring at a fixed angle. Similarly, due to the symme-
try found between angles « and 180°-a, only results for angles
0° < & < 90° are shown in fixed-angle measurements.

Figure 5a shows the response of the t = 100 nm device, at
angle a = 0° to consecutive field cycles, with maximum posi-
tive field y,H,,,, = +7 mT and varying in each cycle the maxi-
mum negative field -u,H,,,, converging to zero and starting at
—7 mT. In the case of Figure 5b the angle is « = 45°, and consec-
utive field cycles, with fixed maximum negative field y,H,,,, = -7
mT and varying at each cycle the maximum positive field u,H,,,,

converging to zero and starting at 7 mT. This difference in the
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Figure 5. Frequency shift measured from the t = 100 nm device when magnetic field cycles are applied with a fixed maximum field of yyH, ., = +7 mT
and decreasing maximum negative field. In red, hysteresis loops measured with L-MOKE at the same angles.

magnetic field application protocol was intentionally introduced
to simplify the observation of the relationship between the peaks
and the hysteresis loops, but has no effect on the results. In each
plot, in red, the measured magnetization loop in that direction
is shown. The frequency minimum at @ = 0° (or the maximum
at & = 45°) appears just before the magnetization starts its rever-
sal process, and the frequency shift decreases (increases) during
the inversion, finally recovering its smooth response to the field.
The changes observed when H,,,, crosses the range of maximum
slope are particularly interesting. The strong hysteresis observed,
and the simultaneous vanishing of the peaks, suggest a strong
link with magnetization reversal: the fast process corresponds
to the inversion of magnetic moments with respect to the local
anisotropy axis, which must be undone when returning to H,,,
= _Hmax'

The ideas exposed in Section 3 and the presented data shed
light upon the important and intriguing characteristic of upward
peaks at @ = 0°, 90°, and downward peaks at a = 45° due to the
interaction between SH-SAW and FeGa polycrystalline film. The
proposed origin is the local disorder of magnetization that ap-
pears at low fields: when a high positive field is applied at an
angle a, magnetic moments align with it. As I_:Iupp decreases, lo-
cal anisotropy dictated by the crystallographic orientation of each
grain or group of grains becomes more relevant, and important
local disorder appears when I_:Iapp approaches the coercive field.
If & = 0°,90° (& = 45°), this implies that the orientation of M be-
comes less (more) sensitive to the tension induced by Love waves
(see observation 1 in Section 3), leading to an increase (decrease)
in the effective Young modulus E,due to the lower (higher) mag-
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netoelastic elongation. In both cases, this effect is maximum just
before magnetization in each grain starts switching to the oppo-
site side, close to the coercive field, where the external and inter-
nal effective fields are approximately opposed. After reversal, the
magnetization vector will lie much closer to the axis of applica-
tion of the field (as happens in the Stoner-Wohlfarth model), and
the deviation effect will drastically reduce due to the internal ef-
fective field and the applied field becoming parallel. These results
suggest that peaks appear when domains are not so tightly bound
by the external field, particularly when inner effective fields and
the external field are of similar magnitude and point in opposite
directions, that is, when reaching the coercive field, before mag-
netization reversal.

Finally, Figure 6 shows the evolution of the response of the t =
100 nm device to field sweeps from negative values with u,H,,,,
=18 mT and « increasing from O(red) to 45 (blue). The reference
frequency shift at maximum field for each plot is obtained from
the measurements under rotating field (Figure 4). The evolution
of the first and second local minima (before and after magnetiza-
tion reversal) is highlighted by the arrows. The first one happens
earlier at « = 0°, as the effect of disorder (which increases f,),
opposing to the drop in effective field (which decreases f,) is the
greatest in this case, and evolves toward fields closer to the coer-
cive field, becoming the downward peak at @ = 45°. The second
minimum shows much less variation, as it corresponds to the
reorientation of the magnetic moments at the opposite side of
the anisotropy axis: disorder is much lower in this case, as the
external and internal effective field points in the same direction.

Finally, based on the results presented in Figure 4, where
the results at 0° and 90° are quite different to those at 45°, the
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Figure 6. Frequency shift of the t = 100 nm device for magnetic field cy-
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measurement range was extended from 0° to 90° in 5° intervals to
investigate whether the behavior follows a similar trend (Figure
S2, Supporting Information). At & = 0° and « = 90°, the peak is
consistently upward, with lower intensity at 90°, while it is down-
ward at @ = 45° and decreases in intensity as we move further
from this point for both larger and smaller angles. The specular
symmetry of the response with respect to the a = 90° direction,
observed across the three devices, suggests that the anisotropy in-
duced during growth is unlikely to be the cause of this difference.
Although in the formalism presented a = 0° and a = 90° are con-
sidered equivalent, a quantitative difference is observed, which
can be explained by two possible factors: (1) the appearance of
opposite components of magnetization at the latter angles, creat-
ing poles and thus generating a field opposing the magnetization
oscillation, or (2) an anisotropy that increases with the magnetoe-
lastic layer thickness, as described in Ref. [30], making the mag-
netization reversal process less collective (Figure S3, Supporting
Information) and leading to a blurring of the peak, as outlined
in Section 3.2. The second explanation would account for the in-
creasing difference between a = 0° and a = 90° observed with
thicker layers. This concludes that the optimal angle for opera-
tion is @ = 0°, where the wave propagation and magnetic field
are perfectly aligned, maximizing the system’s performance.

5. Conclusion

The use of waves with pure shear horizontal polarization has fa-
cilitated the theoretical approach presented in this study, which
connects applied tension to changes in the Young modulus of
the magnetostrictive layer. This suggests that polycrystalline ma-
terials, although magnetically harder than amorphous ones, may
exhibit higher sensitivity in specific field ranges (i.e., near the
coercive field) due to microscopic anisotropy.The angle of the
magnetic field regarding the wave propagation affects the peak
signal. At a = 0°, the peak is upward, whereas at a = 45°, the
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peak is downward. This behavior can be explained by the devia-
tion of magnetization in each grain or domain toward the local
anisotropy axis, with the ideal case being a collinear propagation
direction of the wave and the applied field. A more gradual mag-
netization transition results in a wider peak with a lower slope,
as demonstrated by the comparison between hysteresis loops at
angles @ = 0° and a = 45°. Since the grain size, estimated at
7 nm, is comparable to the expected exchange length, this en-
ables collective magnetization reversal.

The sensor responses were rigorously evaluated under varying
magnetic field intensities and angles, with the t = 100 nm sensor
showcasing an exceptionally promising response and a remark-
able sensitivity of 5 Hz/nT (0.03 ppm/nT) when the magnetic
field and wave propagation are aligned. These peaks occur near
the coercive field, specifically just before magnetization reversal,
when magnetization starts to decrease abruptly. The slope of the
response decreases once the inversion is complete, stabilizing the
magnetization. Key factors influencing these peaks include film
thickness, the angle of the applied magnetic field, and the mag-
netization reversal process.

The findings contribute to the development of sensors using
Love waves modulated by magnetostriction, offering ultra-high
precision sensing. These next-generation devices hold significant
potential for sensor applications across various fields.
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Supporting Information is available from the Wiley Online Library or from
the author.
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