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Modeling of High-Sensitivity SAW Magnetic Field Sensors
with Au-SiO, Phononic Crystals

Mohsen Samadi,* Jana Marie Meyer, Elizaveta Spetzler, Benjamin Spetzler,
Jeffrey McCord, Fabian Lofink, and Martina Gerken*

The development of high-sensitivity magnetic field sensors is crucial for
precise magnetic field detection. In this context, a theoretical model is
presented for a highly sensitive surface acoustic wave (SAW) magnetic field
sensor incorporating phononic crystal (PnC) structures composed of Au
pillars embedded within a SiO, guiding layer. Rectangular and triangular PnC
configurations are studied and their potential for improving sensor
performance are assessed. In the design, the PnC is integrated into the SiO,
guiding layer to preserve the continuous magnetostrictive layer, enhancing its
interaction with the SAW. Results from the simulations indicate that the
proposed sensor can achieve a nearly two orders of magnitude increase in
sensitivity compared to a continuous delay line of similar dimensions, and an
eightfold improvement over a previous sensor design with PnCs composed of
magnetostrictive pillars. This improved performance is attributed to the
enhanced interaction between the SAW and the continuous magnetostrictive
layer, driven by resonance effects within the PnC. These findings highlight the
significant potential of incorporating PnCs into SAW sensors for future

high-performance magnetic field sensing.

1. Introduction

Magnetic field sensors are essential tools for detection and accu-
rate measurement of magnetic fields in various applications.['-11]
In particular, magnetic field sensors based on surface acoustic
waves (SAW)[1215] have been employed to detect minute changes

in magnetic field through the AE effect,
where the stiffness tensor of a magne-
tostrictive material changes in response
to an external magnetic field.12% This
change induces modulation in the SAW
phase, which is measured to deter-
mine the magnetic field strength.[1-%]

Unlike sensing approaches based on
magnetoelectric cantilevers, which are
limited by narrow bandwidths ranging
from a few hertz to a few kHz, 12281 SAW-
based magnetic field sensors can detect
small amplitude magnetic fields over a
broader frequency range.?-2*] Recently,
detection limits of 2.4 nT/Hz!/? at 10 Hz
and 72 pT/Hz!/? at 10 kHz were experi-
mentally achieved with a thin-film SAW
magnetic field sensor, highlighting the
potential of this configuration for highly
sensitive magnetic field detection.[?>] The
sensor utilized a thin film of aluminum
scandium nitride (AIScN) as the piezo-
electric material on a silicon substrate.
A SiO, layer was deposited onto the AlScN layer to con-
fine acoustic waves near the surface, minimizing energy loss
into the substrate and enhancing the interaction between
the SAW and the magnetostrictive material. Additionally, the
SiO, layer was polished using chemical mechanical polish-
ing method to create a smooth surface for the deposition of
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the magnetostrictive FeCoSiB film, improving its soft magnetic
properties.

Compared to bulk piezoelectric substrates such as quartz!??!
and LiNDO, [®! which are commonly used, thin-film SAW
configurations offer reduced chip sizes and improved func-
tionality, providing a more compatible solution for comple-
mentary metal-oxide semiconductor (CMOS) and micro-electro-
mechanical system (MEMS) technologies.*% Thin-film Alu-
minum Nitride (AIN) is recognized as a highly promising piezo-
electric material due to its high acoustic wave velocity, thermal
stability, and CMOS compatibility enabled by low-temperature
deposition.31*1 Alloying AIN with transition metals such as
scandium improves its electromechanical coupling, making it
particularly suitable for high-frequency applications.[3¢37]

SAWs can drive magnetization dynamics in ferromagnetic
materials through spin-phonon coupling, a process enabled by
SAW-driven ferromagnetic resonance.®**! This phenomenon
allows for control over both spin and SAW dynamics, giving
rise to effects such as nonreciprocity of SAWSs.[*>-#] Periodic
structures further provide precise control over wave propaga-
tion and dispersion. For instance, photonic crystals manipu-
late electromagnetic waves to create peculiar phenomena such
as photonic bandgaps,¥*! resonant field enhancement and
localization, 52 and slow-light effects, 3% which have been
leveraged to achieve high sensitivities in PhC-based sensors.[>*->8]
Similarly, phononic/® and magnonicl® crystals enable the con-
trol of acoustic and spin waves, respectively. The ability to manip-
ulate waves has made these periodic structures a powerful tool for
improving sensor sensitivity by facilitating strong wave localiza-
tion and enhancing wave-material interactions.

Phononic crystals (PnCs) are periodic structures composed of
two materials with different acoustic impedance values.[>*¢1-64
By tailoring the geometry and material composition of PnCs,
precise control over the propagation and dispersion of acoustic
waves can be achieved.[%>%] A prior study!®’] demonstrated that
integrating carefully designed PnCs into SAW magnetic field sen-
sors significantly enhances their sensitivity to magnetic field vari-
ations. The PnC structure consisted of a 2D square array of Fe-
CoSiB pillars deposited onto a SiO, guiding layer. Nevertheless,
patterning the magnetostrictive layer results in a considerable
material loss, thereby reducing the interaction between the SAW
and the magnetostrictive material.

In this groundbreaking study, adopting a configuration similar
to that proposed in our previous research,[?] we leverage the re-
markable piezoelectric properties of AlScN thin films with an in-
tegrated PnC structure to present a design and theoretical model
for a thin-film SAW magnetic field sensor with a drastically im-
proved sensitivity. The PnC consists of a 2D lattice of Au pillars
embedded within a SiO, guiding layer, topped with a continuous
layer of magnetostrictive material. The resonant SAWs propagate
through the PnC, confined to the top surface of the guiding layer
that surrounds the PnC, thereby strongly enhancing the interac-
tion with the unpatterned magnetostrictive layer.

We evaluate the changes in the stiffness tensor of the mag-
netostrictive layer in response to small magnetic field variations
using a magnetoelastic macrospin model. The resulting data is
then used as input for the electromechanical model to estimate
changes in the phase velocity of the PnC modes and assess the
sensor’s sensitivity. Through precise alignment of the PnC reso-
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nant modes with the frequency of the input SAW, we demonstrate
that a small change in the applied magnetic field results in a sub-
stantial change in the phase velocity, yielding remarkably high
sensitivity.

The paper is structured as follows. Section 2 introduces the
novel sensor design, explaining the thin-film configuration and
the PnC structure. Section 3 describes the theoretical model, fo-
cusing on the electromechanical and magnetoelastic models as
well as the sensor’s sensitivity. Section 4 presents the results, di-
vided into subsections that examine the band structures of the
PnCs, the displacement of SAWs through the PnCs, and the use
of the AE effect as a mechanism for magnetic field detection. In
section 5 the results are discussed in a bigger picture. Finally,
the improvements in comparison to existing structures are high-
lighted in section 6.

2. Sensor Design

Figure 1a,b schematically display the 3D and cross-sectional
views of the sensor. A thick silicon substrate is coated by a 1
um-thick AlScN piezoelectric layer. Two interdigital transducers
(IDT) are devised on the AIScN layer to generate and detect a
Rayleigh wave at a center frequency of f = 250 MHz. A SiO,
layer is deposited onto the piezoelectric layer acting as a guiding
medium for the SAW. A rectangular or triangular lattice of Au pil-
lars is embedded within the SiO, guiding layer between the two
IDTs, as illustrated in Figure 1c,d. The pillars are of the same
thickness as the guiding layer (h, = hg; = 4.5 pm). The entire
PnC structure is then covered by a continuous magnetostrictive
FeCoSiB layer with a thickness of g = 200 nm.

The top views of the rectangular and triangular PnCs are de-
picted in Figure 1c,d. Rectangular supercells, marked by dashed
boxes, were selected in both configurations to calculate the PnC
band structures. This approach enables the construction of the
complete structures by repeating the supercells along the x- and
y-axes. To ensure a valid comparison, the primary lattice constant
a, defined as the distance between the nearest-neighbor pillars
along the x-axis, is identical in both PnCs. The secondary lattice
constant b along the y-axis was defined as b = 2aq for the rectan-

gular PnCand b = \/5 aq for the triangular PnC. Here, the tuning
coefficient q adjusts the lateral spacing between pillars relative to
their longitudinal distance to maximize sensitivity.

The main focus of this study is the design and theoretical mod-
eling of a SAW magnetic field sensor with integrated PnCs to
enhance sensitivity. However, a feasible fabrication process has
also been outlined based on the design parameters obtained from
simulations and is currently in progress. The fabrication pro-
cess begins with the sputtering of an AIScN layer onto a silicon
wafer. For the IDTs and the plating base, WTi/Au is sputtered and
structured using wet chemical etching. The SiO, guiding layer is
then deposited using plasma-enhanced chemical vapor deposi-
tion and patterned to create holes matching the dimensions of
the designed PnC pillars. Next, an electroplating process is used
to fill the structured holes with Au, forming the PnC pillars. A
thin passivation layer of SiO, is then deposited using PECVD
and smoothed via chemical mechanical polishing. Finally, the Fe-
CoSiB magnetostrictive layer is sputtered onto the PnC, complet-
ing the fabrication process.
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Figure 1. a) 3D and b) cross-sectional view of the SAW magnetic field sensor with Au-SiO, PnC. A rectangular or triangular lattice of Au pillars is
patterned within a SiO, guiding layer to build a PnC between the IDTs. Top views of the c) rectangular and d) triangular PnCs. Rectangular super cells
of the two PnCs are indicated by dashed lines. a and b denote the lattice constants of the PnCs along the x- and y-axis, while r, represents the radius of

the pillars.

3. Theoretical Model

3.1. Equation System

The sensor’s electromechanical response is characterized by solv-
ing a set of coupled differential equations through the finite ele-
ment method. The equation of motion relates the displacement
vector u to the divergence of the mechanical stress tensor ¢:(68]

V-0 = —po’u (1)

Here, p and w are the mass density and the angular frequency,
respectively. Assuming that free charges and eddy currents are
negligible, Maxwell’s electrostatic equation is expressed as!””)

V-D=0 2)
where D represents the electric flux density vector. The electric
field vector E is derived from the gradient of the electric potential
V:
E=-VV (3)
The mechanical equation of motion (Equation (1)) is coupled
to the electrostatic equation (Equation (2)) through the constitu-
tive piezoelectric equations in the stress-charge form:l7%71]
c=Ce—e'E )
D=ec—¢,E (5)
In these equations, € is the strain tensor, C is the mechanical

stiffness tensor, whileeand €, denote the piezoelectric coupling
and electrical permittivity tensors, respectively.

3.2. Modeling Approach
To investigate the AE effect, we employed a semi-analytical mag-

netoelastic macrospin model to estimate the magnetic field-
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dependent stiffness tensor of FeCoSiB. Details of this approach
are provided in another study.!?’] The resulting magnetic field-
dependent stiffness tensor was then used in Equation (4), as
input to the electromechanical model developed in COMSOL
Multiphysics!”?! to simulate the sensor’s response. The material
parameters used in the magnetoelastic model are given in Ap-
pendix A.

We employed COMSOL Multiphysics to calculate the band
structures of the PnCs, limiting our analysis to a single super-
cell, as indicated by the dashed rectangles in Figure 1c,d, to save
time and computational resources. Bloch-Floquet boundary con-
ditions were applied at the supercell boundaries to simulate infi-
nite periodicity in both x and y directions.[%*73] By varying the
wavevector along the I'-X direction of the first Brillouin zone
and solving the eigenvalue problem, we obtained the eigenfre-
quencies for each wavevector. These eigenfrequencies indicate
the acoustic modes permitted to propagate through the PnCs.

Moreover, we modeled PnCs with a finite number of period-
icities (n = 20) integrated into the delay line of a SAW magnetic
field sensor. We applied an alternating voltage to an IDT to gen-
erate a Rayleigh wave with a specific center frequency. The PnC
parameters were carefully designed to align a PnC mode with
the Rayleigh wave generated by the IDT. We calculated the aver-
age displacement across the top surface of the PnCs, which was
coated with an FeCoSiB layer, at different frequencies. To model
infinite periodic repetitions and sufficiently long IDT fingers, we
applied a periodic boundary condition along the y-axis. Addition-
ally, perfectly matched layers were imposed in both the x and
z directions to prevent unwanted reflections from the domain
boundaries.

3.3. Sensor’s Sensitivity
Magnetic sensitivity describes the variation in the stiffness ten-
sor of the magnetostrictive layer in response to changes in the

applied magnetic field magnitude. At a specific bias magnetic
field magnitude |H| = H, , a small field variation AH induces a
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change in the stiffness tensor C of the magnetostrictive material.
Since different components of the stiffness tensor C exhibit dis-
tinct responses to the applied magnetic field, magnetic sensitivity
is defined by a tensor S, of the same order and dimensions as
C. Each component of the magnetic sensitivity tensor represents
the rate of change of its corresponding stiffness tensor compo-
nent with respect to the magnetic field magnitude |H|, expressed
as Sy, = 0C;/0|H] .

Structural sensitivity quantifies how changes in the stiffness
tensor C induced by the magnetic field affect the SAW veloc-
ity v. It is strongly influenced by the design of the delay line
through which the wave propagates. For instance, increasing the
thickness of the guiding layer beneath the magnetostrictive ma-
terial in a delay line configuration has been shown to enhance
the structural sensitivity.?!] Additionally, a recent study demon-
strated that the structural sensitivity of a SAW magnetic field sen-
sor can be improved by replacing the continuous magnetostric-
tive layer with a periodic array of magnetostrictive pillars, form-
ing a PnC.[%] The SAW velocity vis influenced differently by each
component of the stiffness tensor C. Therefore, structural sensi-
tivity is expressed as a tensor S, of the same order and dimen-
sions as C, with each component S, ; = dv/dC;; representing the
derivative of the SAW velocity with respect to the corresponding
components of the stiffness tensor.

The combined effect of the magnetic and structural sensitiv-
ity is represented by a scalar value, referred to as the magneto-
structural sensitivity, S,,,_ - This scalar quantifies how the
SAW velocity varies in response to changes in the magnetic field
magnitude. It is calculated by summing the products of the cor-
responding components of the two sensitivity tensors, S nd
S, over all indices:

mag a

str?

ov
Smag—str = o [H| = ; Smag,ij ’ Sstr,ij (6)

where S, .. and S, ; denote the components of the magnetic
and structural sensitivity tensors and the summation is per-
formed over all indices i and j.

The phase ¢ of a SAW with a frequency fand a velocity v, de-
tected at the end of a delay line of length |, is given by:

0= 2nf 1 )

At a fixed frequency, any change in the SAW velocity induces
a phase delay in the output signal. The extent of this phase delay
per unit changes in the SAW velocity, referred to as the geometric
sensitivity S, is expressed as:

de !
geo = E = _Z”f]; (8)

The overall sensitivity of the sensor is determined by the prod-
uct of the magneto-structural and geometric sensitivity, quantify-
ing the sensor’s output phase delay in response to changes in the
magnetic field magnitude:

9 _ v 0@ _ S

S= = = : 9
P |H| F) |H| v mag-—str geo ( )
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Figure 2. Band structures of the rectangular PnC, as illustrated in
Figure 1c, with a = 6 pm, r, = 1.5 um, and different values of the tun-
ing coefficient: g =1,9g=12,q=14,9=16,9=18 and q = 2. The
lattice constant along the y-axis is expressed as b = 2agq for the rectangu-
lar PnC. All diagrams were calculated along the I'-X direction of the first
Brillouin zone. The grey-shaded area outlines the sound cone. Insets dis-
play the top views of the rectangular supercells used to calculate the band
structures.

4, Results

4.1. Band Structures of the PnCs

In this section, we calculate the band structures and analyze the
dispersion characteristics of PnCs with either a rectangular or
triangular arrangement of Au pillars embedded within a SiO,
guiding layer, as depicted in Figure 1. Band diagrams of the rect-
angular and triangular PnCs with a = 6 um, r, = 1.5 pym, cal-
culated along the I'-X direction of the first Brillouin zone, are
shown in Figure 2 and S1 (Supporting Information), respectively.
The gray-shaded area in the band diagrams represents the sound
cone. Acoustic modes that lie within this cone radiate into the
bulk material, whereas surface acoustic modes appear only out-
side the sound cone. The tuning coefficient is varied between g
=1 and q = 2 by a step size of 0.2, to investigate the effect of
lateral distance between pillars with respect to their longitudinal
distance.

To provide a clear understanding of each mode’s characteris-
tics, Figure 3 presents the band diagram of a rectangular PnC
with a fixed tuning coefficient of g = 2, with each mode labeled
by a number. The displacement profile of each mode is displayed
within a single supercell at a wavevector k near the edge of the
first Brillouin zone. The band diagram and modal displacement
profiles for a triangular PnC with a tuning coefficient of g = 2
are also presented in Figure S2 (Supporting Information). Based
on the displacement profiles, lower-order modes exhibit mostly
uniaxial oscillations, while higher-order modes induce combined
longitudinal and vertical surface displacements. Modes 1 and 2
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Figure 3. Band structure of the rectangular PnC with a = 6 um, ry = 1.5 um, and g = 2, calculated along the I'-X direction of the first Brillouin zone.
Distinct surface acoustic modes are labeled by numbers, with corresponding normalized modal displacements (|u|/u,,,,) displayed within a single
supercell at a wavevector k near the edge of the first Brillouin zone. Lower-order modes exhibit almost uniaxial oscillations: modes 1and 2 (blue) along
the z-axis, modes 3 and 4 (green) along the y-axis, and modes 5 and 6 (red) along the x-axis. In contrast, higher-order modes 7 and 8 (magenta) exhibit

coupled longitudinal and vertical oscillations in the x-z plane.

(blue curves) oscillate vertically along the z-axis, whereas modes
3 and 4 (green curves) generate shear-horizontal displacements
along the y-axis, representing Love modes. Modes 5 and 6 (red
curves) primarily induce longitudinal displacements along the x-
axis. In contrast, modes 7 and 8 (magenta curves) exhibit both
longitudinal and vertical oscillations in the x-z plane, correspond-
ing to Rayleigh modes. To enable SAW propagation through the
PnC, it is essential that the selected PnC mode matches in both
frequency and polarization with the Rayleigh wave launched by
the IDT. In the current PnC configuration, Rayleigh waves are
utilized due to their out-of-plane oscillations, which enable effi-
cient coupling with the continuous FeCoSiB layer on top of the
SiO, guiding layer, resulting in higher sensitivity. While Love
waves could be explored as an alternative, their purely in-plane
displacements pose challenges for efficient coupling with the top
FeCoSiB layer in this specific design. Accordingly, the following
sections of the paper focus on mode 7, a Rayleigh mode with a
center frequency of %250 MHz.

Integrating PnCs into a SAW magnetic field sensor can signif-
icantly enhance its sensitivity. To demonstrate this, we compared
the band diagram of a rectangular PnC with a tuning coefficient
of g = 2 to that of a continuous guiding layer with similar dimen-
sions, as shown in Figure S3 (Supporting Information). The band
diagram of the continuous guiding layer was calculated using a
supercell identical in dimensions to that in Figure 1c, but without
Au pillars. The band diagram of the PnC exhibits nearly flat bands
with extremely low group velocities near the edge of the first Bril-
louin zone (X point), in contrast to the continuous guiding layer,
where surface acoustic modes appear as linear bands with a fixed
group velocity for all wavevectors along the I'-X direction. The
slow-wave phenomenon in PnCs arises from the resonant cou-
pling of local modes between neighboring pillars at specific fre-
quencies, forming collective guided surface modes with reduced
group velocity. This leads to an effectively longer interaction be-
tween the SAW propagating through the PnC and the continuous
magnetostrictive layer covering the guiding layer’s top surface. By
fine-tuning the PnC design parameters, the edge of a PnC mode
can be precisely aligned with the frequency of the input SAW gen-
erated by an IDT. Consequently, small changes in the magnetic
field induce larger variations in the SAW phase velocity, signifi-
cantly enhancing the sensor’s sensitivity.

Adv. Sensor Res. 2025, 4, 2500008 2500008 (5 of 11)

In both rectangular and triangular configurations, an increase
in the tuning coefficient g, which corresponds to a larger lateral
distance between the pillars relative to the longitudinal lattice
constant a, reduces the slopes of all bands, including mode 7.
To illustrate this effect, Figure 4a and S4a (Supporting Informa-
tion) presents the dispersion curves of mode 7 near the edge of
the first Brillouin zone for the rectangular and triangular PnCs,
respectively. These curves are plotted for different values of the
tuning coefficients: g=1,9=12,q=14,q=1.6,q=18 and g
= 2. From these dispersion curves, the group velocity (v, = 2z~ ¥ 0
of mode 7 was calculated at a certain wavenumber k = 0 8rja or
each value of g. Figure 4b and S4b show the group velocity varia-
tions with g for the rectangular and triangular PnCs, respectively.
In both configurations, a noticeable decrease in group velocity
is observed as q increases. At q = 2, the group velocity reaches
~100 m s~! for the rectangular PnC and 150 m s~ for the trian-
gular PnC.

4.2. Displacement Across the PnCs

To model the propagation of SAWs through the PnCs, either a
rectangular or triangular PnC with ¢ = 6 pym, r, = 1.5 pm, g =
2, and finite number of periodicities (n = 20) along the x-axis
was integrated into the delay line of a SAW magnetic field sen-
sor, as shown in Figure 5b and S5b (Supporting Information). A
spatially alternating electric potential was applied to an IDT com-
posed of 12 pairs of Au split-finger structures with a periodicity
of 16 um, a finger width of 4 um, and a thickness of 150 nm to
generate a Rayleigh wave with a center frequency of 250 MHz.
The average displacement across the top surface of the PnCs,
coated with an FeCoSiB layer, was then calculated at different fre-
quencies. Without the PnCs, the average displacement spectrum
features a broad, barely-visible peak centered ~ 250 MHz (red
curves in Figure 5a; Figure S5a, Supporting Information). How-
ever, when a PnC is integrated into the delay line, the average
displacement spectra reveal sharp peaks, as shown by the blue
curve in Figure 5a and the green curve in Figure S5a (Support-
ing Information). These sharp peaks at certain frequencies are
attributed to resonance effects induced by the periodic arrange-
ment of pillars within the PnCs. Maximum values of #0.11 and
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Figure 4. a) Dispersion curves of mode 7 near the edge of the first Brillouin zone for the rectangular PnC at different values of the tuning coefficients: g
=1,9=12,9=14,9=1.6,9= 1.8 and g = 2. b) Group velocity variations with q for the rectangular PnC, calculated from the dispersion curves at k =

0.87/a.

0.05 nm, per unit of the electric potential applied to the IDT, are
achieved at the resonance frequencies of the rectangular and tri-
angular PnCs, respectively. Figure 5b and Figure S5b (Supporting
Information) depict the spatial displacement along each type of
PnC at their respective resonance frequencies, showing that both
PnCs allow Rayleigh waves to be resonantly guided, thereby am-
plifying oscillations across their top surfaces. At other frequen-
cies, however, PnCs block the incoming Rayleigh wave, leading
to minimal oscillations along the delay line.

4.3. AE Effect

We used the magnetoelastic macrospin model to calculate the
stiffness tensor components of the FeCoSiB layer under various

g .
€ 01 (a) No PnC ]
= Rectangular PnC
T
£
@ 0.05
o
o
73
e} 0 L — X
240 245 250 255 260
f (MHz)
gl

Displacement (nm/V)

[ - a
-0.3 0 0.3

Figure 5. a) Average displacement spectra across the top surface of the
delay line with the rectangular PnC with a = 6 um, r, = 1.5 ym, and q =
2 (blue curve). The average displacement spectra for a continuous delay
line without PnC is also plotted for comparison (red curve). b) The spatial
displacement along the rectangular PnC at its resonance frequency. The
displacement values are normalized to the amplitude of the AC electric
potential applied to the IDT. The PnC has 20 periodicities along the x-axis
(n =20) and the IDT comprises 12 pairs of Au split-finger structures with
a periodicity of 16 um, a finger width of 4 pm, and a thickness of 150 nm.
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magnetic field strengths. We assumed that the applied magnetic
field was oriented along the y-axis, aligned with the hard axis of
the FeCoSiB layer. Figure 6 presents the primary non-zero mag-
netic field-dependent components of the FeCoSiB stiffness ten-
sor, i.e., Cy;, Cyy, Cj and Cg, along with the derivatives of each
component with respect to the applied magnetic field. Other non-
zero components are excluded, as they either depend on and can
be derived from these four components (C,, = Cy;, C,; = Cy5,
Cq; = Cy4, Cqy = Cyg = — Cy) or remain invariant under an in-
plane magnetic field (C;; = C;; = C,; = C;, = 86.54 GPa, C;,
= 201.92 GPa and C,, = Cg5 = 57.69 GPa).?” These four com-
ponents, along with their dependent components, exhibit signif-
icant variations with the applied magnetic field. Among them,
C,; is zero in the absence of an external magnetic field (at |H| =
0). The other three components, C,;, C,,, and C, have non-zero
baseline values at zero magnetic field, to which a field-dependent
term, varying with magnetic field strength, is added.

The magnetic sensitivity of each stiffness tensor component
is highest when the derivative of that component with respect to
the applied magnetic field magnitude, dC;;/d|H|, is maximized.
For our analysis, we selected a magnetic field magnitude of H, =
0.7Hy ~ 1.65 mT, where dC,,/d|H| and 0C,,/d|H| reach their
maximum values and C,; is sufficiently small to be neglected.
Additionally, C is maximized at this field value, while dC /0| H|
remains negligible. This implies that small changes in the mag-
netic field around this specific value primarily affect the longi-
tudinal and transverse deformations, with negligible effects on
the shear deformations. The values of the primary stiffness ten-
sor components, C;;, C;,, C;, and Cg, and their corresponding
magnetic sensitivity (9C;;/0|H]) at the magnetic field of H, are
given in Table 1.

We applied a small magnetic perturbation of AH = 100 pT
over the bias magnetic field of H, and estimated the stiffness
tensor components for the magnetic field values H* = H, +
AH/2 and H™ = H; — AH/2. We subsequently computed the
band structure of the rectangular PnC for the stiffness tensors
corresponding to these two field values, given as C* and C~ in
Appendix A. Figure 7 presents the resulting dispersion curves
for the PnC mode m,, plotted near the edge of the first Bril-
louin zone. The dispersion curves for the other PnC modes (m,
to mg) are also computed and displayed in Figure S6 (Support-
ing Information). From these dispersion curves, the magneto-

structural sensitivity S,.,,_, of each mode was estimated as
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Figure 6. Non-zero magnetic field-dependent components of the FeCoSiB stiffness tensor, i.e., Cyq, Cy, Cqg and Cgg (solid dark blue curves), and their
derivatives with respect to the applied magnetic field magnitude, C;/d|H| (dashed light blue curves).

Table 1. Calculated values for the primary stiffness tensor components
(Gj) and their corresponding magnetic sensitivity (9C;;/d|H]) at the bias
magnetic field of Hy = 0.7H .

Gy Gy Cis Ces
C; (GPa) 184 104.4 0.2 57.7
o,
—— (GPa/mT) -19.5 19.5 —25.3 2

llall

the phase velocity change Av in response to a AH = 100 pT
variation in the magnetic field. The results are presented as
Smag_str(r:ln—/;) in Table 2. Generally, the higher-order modes exhibit
larger magneto-structural sensitivities due to their flatter profiles,
and therefore smaller group velocities, comparing to the lower-

251
my- —0.7H, +AH/2
250.5 0.7HK-AH/2
-
s 250 \
Y
249.5
249
0.9 0.95 1
ka/w

order modes. In particular, mode m, demonstrates the highest
sensitivity to magnetic field variations, with a value of 1588 (m—/TS),
which is 66 times higher than the sensitivity obtained for a con-
tinuous guiding layer without the PnC.

Furthermore, we calculated the resonance frequency of mode
m; at different magnetic field values around H, to analyze the fre-
quency shift of this particular mode under varying magnetic per-
turbation strengths. As depicted in Figure S7 (Supporting Infor-
mation), for perturbation strengths in the range of a few hundred
uT, the resonance frequency scales linearly and inversely with the
applied magnetic field, with a change rate of ¥1 MHz mT~!, shift-
ing to lower frequencies at higher magnetic field values.

For a rectangular PnC with 20 pillars along the x-axis, resulting
in a total length of [ = 120 um, as illustrated in Figure 5, our calcu-
lations yield a geometric sensitivity of S,., ~ —1.19 °s m™" at the

202

291

291.5 2908

20085
291 P P H
o2 o7 P

290.5 _0.7HK+AH/2

O.7HK-AH/2

wo PnC
290

0.9 0.95 1
ka/w

Figure 7. Dispersion curves of the rectangular PnC mode mj; displayed near the edge of the first Brillouin zone, at H* = 0.7Hy + AH/2 and H™ = 0.7Hy
— AH/2, with AH =100 uT. The dispersion curves of the lowest-order mode of a continuous delay line without PnCs are also provided for comparison.
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Table 2. Phase velocity change of the rectangular PnC modes m; to mg per unit change of the applied magnetic field, Smag,st,(Tn—/Ts), derived from the

data in Figure S6 (Supporting Information).

m, m, ms my

ms me my mg wo PnC

s m/s 219 220 365 625
mag—str F

563 720 1588 950 23

frequency f=250 MHz and the phase velocity v ~ 3017 m s~ for
mode m,. For this mode, an overall sensitivity of S ~ 1884 °/mT
can be achieved, which is nearly two orders of magnitude greater
than that of a continuous delay line of the same dimensions,
and over 8 times higher than the sensitivity limits reached in
our previous study using PnC structures composed of FeCoSiB
pillars,!®l normalized to the delay line length of the present study.

A comprehensive analysis of all geometric parameters, includ-
ing the periodicity and total length of the PnC, as well as the di-
ameter and thickness of the pillars, and their impact on sensor
sensitivity, requires a separate study. Here, we specifically inves-
tigate the effects of PnC thickness and periodicity on sensor sen-
sitivity. To assess the impact of PnC thickness, we estimated the
magneto-structural sensitivity of the rectangular PnC modes m,
tomg fora = 6 um, r, = 1.5 um, q = 2, and different thick-
nesses h = 2.5, 3, 3.5, 4, 4.5 and 5 um. The results show that
the magneto-structural sensitivity of modes m,; to m, decreases
as thickness increases. This reduction is partly due to the fact
that the sensitivity of PnC modes scales with their resonance fre-
quency, which shifts to lower values as thickness increases. Nor-
malizing the sensitivity of each mode to its resonance frequency
reveals that modes m, and m, remain unaffected by thickness
variations, whereas modes m, to m, exhibit reduced normal-
ized sensitivity for thicker PnCs due to the weaker interaction
of their predominantly in-plane oscillations with the top mag-
netostrictive layer (Table S1, Supporting Information). Higher-
order modes exhibit a different trend, with mode m, reaching
its maximum sensitivity at b = 0.5a (3 pm), suggesting an op-
timal thickness for maximizing sensor performance. To evalu-
ate the influence of PnC periodicity, we calculated the normal-
ized magneto-structural sensitivity of modes m, to mg for h =
4.5 um, r, = 1.5 pm, g = 2, and varying lattice constants along
the x-axis, a = 4,5, 6, 7 and 8 ym (Table S2, Supporting Informa-
tion). As the lattice constant a increases, PnC modes shift to lower
frequencies, while their normalized magneto-structural sensitiv-
ity increases. This increase is attributed to the larger rectangular
unit cell area, which results in greater mode interaction with the
overlaying magnetostrictive layer. However, a different behavior
is observed, particularly in higher-order modes, with mode m,
reaching its maximum sensitivity at @ = 7 pm and mode mg
peaking at a = 5 pum. Although higher sensitivity values could
be achieved with different geometric parameters, b = 4.5 ym
and a = 6 pm were selected in this study to precisely align PnC
mode m, with the 250 MHz Rayleigh wave excited by the IDT,
while still achieving a relatively high sensitivity.

5. Discussion

The band diagrams illustrate how adjusting the lateral distance
between pillars relative to the longitudinal distance, controlled
by the coefficient g, affects the band characteristics, such as

Adv. Sensor Res. 2025, 4, 2500008 2500008 (8 of 11)

slope and frequency, in both rectangular and triangular PnCs.
However, these two types of PnCs exhibit different responses to
changes in g due to their distinct lattice symmetries. In the rect-
angular PnC, increasing the lateral spacing reduces interactions
between the pillars along the y-axis. For sufficiently large values of
q (i-e., g>2), this configuration approximates a quasi-1D arrange-
ment of pillars, resulting in degenerate modes at the X-point. As
q is reduced, the coupling between the pillars along the y-axis
increases, leading to the splitting of these degenerate bands at
the X-point (Figure 2). Each mode’s sensitivity to changes in q is
closely related to its spatial displacement profile. As illustrated in
Figure 3, modes in which all pillars along the y-axis oscillate in-
phase, i.e., modes 1, 3, 6, and 7, indicated by solid curves, exhibit
minimal frequency shifts and slope variations with changes in q.
The in-phase oscillation of pillars across the lattice produces con-
sistent coupling between neighboring pillars that remains rela-
tively unaffected by lateral spacing changes. In contrast, modes
2, 4,5, and 8, indicated by dashed curves, undergo significant
frequency shifts and slope changes as g varies. In these modes,
neighboring pillars along the y-axis move in opposite directions,
making their interaction highly sensitive to lateral spacing. Un-
like the rectangular PnC, the band structure of the triangular PnC
exhibits greater robustness against variations in q. While slope
changes due to variations in g also occur in the triangular PnC,
degeneracy is preserved at the X-point for all q values shown in
Figure S1 (Supporting Information). This behavior is attributed
to the higher inherent symmetry of the triangular lattice com-
pared to the rectangular lattice.

The splitting of degenerate modes at specific g values in the
rectangular PnC creates extremely flat bands at the band edges.
Compared to the degenerate modes in the triangular PnC, these
non-degenerate flat bands yield lower SAW group velocities and
stronger resonance effects, as shown in Figures 4 and 5. More-
over, they exhibit relatively larger frequency shifts by altering the
lateral spacing of the pillars. Therefore, when rectangular PnCs
are precisely designed and fabricated, a PnC mode can be aligned
with the desired frequency, i.e., the frequency of the SAW gener-
ated by the input IDT. As a result, the SAW propagates through
the PnC with an effectively lower velocity, resulting in an in-
creased interaction between the SAW and the magnetostrictive
material.

In our study, we achieved a normalized overall sensitivity of
~15.7 °/mT per 1 um length of the delay line, which significantly
exceeds previously reported values. For example, Kittmann et al.
reported a sensitivity of 504 °/mT for a Love-wave SAW magnetic
field sensor.?!l With a 3.8 mm long delay line, this corresponds
to a normalized sensitivity of 0.13 °/mT-um. Later, Schell et al.
achieved a maximum sensitivity of 2000 °/mT by controlling the
magnetic anisotropy of FeCoSiB during the deposition process!’*
and developing an exchange bias stack of ferromagnetic and an-
tiferromagnetic layers.l””! With the same delay line length, their
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normalized sensitivity is 0.53 °/mT pum. Schmalz et al. reported
a sensitivity of 1250 °/mT using a 1.8 mm delay line, resulting in
a normalized sensitivity of 0.69 °/mT pm.!”) These comparisons
demonstrate that our modeled sensor’s sensitivity significantly
surpasses existing SAW magnetic field sensors, highlighting the
effectiveness of our design.

6. Conclusion

We demonstrate that the sensitivity of a SAW magnetic field sen-
sor can be substantially enhanced by adding PnC structures.
The presented design offers an eightfold improvement in over-
all sensitivity compared to a PnC composed of FeCoSiB pillars
and nearly two orders of magnitude improvement over contin-
uous delay line structures. These improvements arise from em-
bedding the pillars within the SiO, guiding layer, so that the
PnC thickness is equal to that of the guiding layer, rather than
being limited by the relatively thin FeCoSiB layer. As predicted in
an earlier study,!®’] thicker PnCs produce comparatively stronger
resonances. Additionally, in the present design, we avoid pattern-
ing the FeCoSiB layer in order to increase the interaction volume
between the SAW and the magnetostrictive material.

In conclusion, our study highlights the potential of PnC-based
designs to advance SAW sensor technology, paving the way for
next-generation magnetic field sensors with unprecedented sen-
sitivity and limit of detection. This advancement allows for more
precise magnetic field detection across applications from indus-
trial monitoring to medical diagnostics. While the simulation re-
sults demonstrate a significant sensitivity enhancement through
the integration of PnCs, experimental validation is essential to
confirm these findings. Future work will focus on fabricating the
proposed sensor design and conducting experimental measure-
ments to verify the predicted sensitivity improvements.

7. Material Parameters

In the model, Silicon was used as the substrate with E =169 GPa,
v=0.28 and p = 2329 kg m (%771 and Al,;,Sc, ,; N as the piezo-
electric material, whose material parameters are as follows:[7®]

335 154 119 0
154 335 119 0
119 119 270 0

oS O O O
S O O O O

Chisen = GPa 10
AIScN 0 0 0 109 ( )
0 0 0 0 109
0 0 0 0 0 9
0 0 0 0 -025 0

esen =| O 0 0 -025 0 O|Cm™ (11)
-0.6 -0.6 213 0 0 0

Paisex = 3278kgm™>,

95 0 0
Epsen =] 0 95 0 (12)
0 0 115

Adv. Sensor Res. 2025, 4, 2500008 2500008 (9 of 11)

www.advsensorres.com

Hrpisen = (13)

S O -
S = O
— o O

where Cugns €nsans and pusoy represent the stiffness ten-
sor, the piezoelectric coupling tensor, and the mass density of
Al ,,Scy 3N, respectively, while €, and p, sy are the rela-
tive electrical permittivity and relative magnetic permeability of
Al 778055 N.

As the magnetostrictive material, FeCoSiB was used with a
mass density of p = 7250 kg m~3, a Young’s modulus of E, =
150 GPa and a Poisson’s ratio of v = 0.3 at fixed magnetization.[5®]
For the magnetoelastic simulations, we set the saturation flux
density to u M, = 1.5 T and the saturation magnetostriction to 4,
= 35 ppm.[2%7] The first-order anisotropy constant was set to K
= 1400 J-m~3.3% The magnetization curve for the FeCoSiB layer,
obtained using the macrospin model,[?%! is presented in Figure
S8 (Supporting Information).

The stiffness tensors corresponding to the magnetic field val-
ues of H* and H* are given as:

183.30 105.16 86.54 0 0 —-0.94
105.16 183.30 86.54 0 0 0.94
86.54 86.54 201.92 0 0 0
Ct = GPa
0 0 0 57.69 0 0
0 0 0 0 57.69 0
-0.94 0.94 0 0 0 57.64
(14)
184.81 103.66 86.54 0 0 -1.19
103.66 184.81 86.54 0 0 1.19
86.54 86.54 201.92 0 0 0
C = GPa
0 0 57.69 0 0
0 0 0 0 57.69 0
-1.19 1.19 0 0 0 57.61
(15)

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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