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Abstract: In this theoretical study, we explore the enhancement of sensing capabilities in surface
acoustic wave (SAW)-based magnetic field sensors through the integration of engineered phononic
crystals (PnCs). We particularly focus on amplifying the interaction between the SAW and magne-
tostrictive materials within the PnC structure. Through comprehensive simulations, we demonstrate
the synchronization between the SAWs generated by IDTs and the resonant modes of PnCs, thereby
leading to an enhancement in sensitivity. Furthermore, we investigate the ∆E effect, highlighting the
sensor’s responsiveness to changes in external magnetic fields, and quantify its magnetic sensitivity
through observable changes in the SAW phase velocity leading to phase shifts at the end of the
delay line. Notably, our approach yields a magnetic field sensitivity of approximately S ~138

◦

mT
for a delay line length of only 77 µm in homogeneous magnetic fields. Our findings underline the
potential of PnCs to advance magnetic field sensing. This research offers insights into the integration
of engineered materials for improved sensor performance, paving the way for more effective and
accurate magnetic field detection solutions.

Keywords: magnetic field sensing; phononic crystal; surface acoustic waves; ∆E effect

1. Introduction

Magnetic field sensors play a crucial role in various applications, providing an accurate
measurement and detection of magnetic fields [1–7]. The use of surface acoustic wave
(SAW) sensors for magnetic field sensing has gained significant attention owing to their
high sensitivity and ability to detect small changes in magnetic fields [8–11]. A specific
sensing principle utilized in SAW magnetic field sensors is the change in the Young’s
modulus of magnetostrictive materials in the presence of an external magnetic field (∆E
effect) [12–16]. The magnetically induced change in the Young’s modulus leads to the
phase modulation of the propagating acoustic wave, which can be detected and measured,
providing information about the magnetic field strength.

Phononic crystals (PnC) [17–21], i.e., engineered materials exhibiting periodic arrange-
ments, allow for the manipulation of the propagation of acoustic waves. By tailoring the
periodicity and composition of PnCs, researchers have achieved precise control over acous-
tic wave propagation and dispersion characteristics [22,23]. The band structure of PnCs can
be actively tuned by modifying the elastic properties of the constituent materials via the
application of external stimuli. In particular, numerous studies have revealed significant
variations in the band structure of PnCs composed of magnetostrictive materials when
exposed to a magnetic field [24–30]. Here, we investigate the integration of accurately de-
signed PnC structures into SAW magnetic field sensors for advancements in sensitivity and
overall sensor performance, holding promise for unlocking novel applications in industries
where accurate and efficient magnetic field detection is of paramount importance.
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To do so, similar to what proposed in [31], we consider a thick silicon substrate covered
by a 1 µm thick AlScN piezoelectric layer [32–34]. As depicted in Figure 1, two inter-digital
transducers (IDTs) are introduced on the surface of the AlScN layer to stimulate and detect
the SAW via the piezoelectric effect. The dimensions of the IDTs are engineered to create
and capture a Rayleigh wave at the center frequency of f ~250 MHz. A PnC structure
composed of a 2D square lattice of FeCoSiB pillars is patterned between the two IDTs. A
SiO2 layer is deposited on top of the piezoelectric layer to confine the acoustic wave close
to the surface, thereby boosting the interaction between the SAW and the magnetostrictive
material. Moreover, this minimizes the surface roughness of the underlying layer, allowing
for an improved quality of the magnetostrictive layer.
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radius and thickness of the pillars, respectively.

The dimensions and arrangement of the pillars are precisely tailored to create a
resonant mode coinciding with the frequency at which the Rayleigh wave is initiated and
guided through the delay line. This approach ensures that the SAW generated by the IDT
efficiently couples with a resonant mode of the PnC. Consequently, this synchronization
amplifies the interaction between the SAW and the magnetostrictive material, resulting in
an enhanced sensor’s responsiveness to changes in the magnetic field. Here, we employ a
finite element analysis to illustrate the practical realization of this concept and elucidate its
potential impact on enhancing the sensitivity of magnetic field sensors based on SAW.

Various models have been utilized in prior research to describe the behavior of mag-
netostrictive materials [26,35–37]. In our model, we evaluate the impact of magnetic field
strength on the elastic properties of the magnetostrictive material and, as a result, the
velocity of SAWs propagating through the delay line. It is essential to note that our model
does not account for the direction in which the magnetic field is applied. Additionally,
it is worth noting that the shape of the magnetostrictive pillars can introduce magnetic
anisotropy, a factor that is not fully addressed in our current model. We recognize that these
limitations may potentially impact the accuracy of our predictions, especially when the
direction of the applied magnetic field is a crucial factor in the system under investigation.
What sets our model apart from previous research is our comprehensive approach. Rather
than solely focusing on band structure calculations for a single unit cell of the PnC, we
develop a full 3D model of an SAW magnetic field sensor with a delay line configuration
and an embedded PnC structure. This model enables us to thoroughly assess the influence
of the applied magnetic field strength on the dispersion and propagation characteristics of
the SAW as it travels along the delay line.

The paper is structured as follows. In Section 2, the theoretical model is described. In
Section 3, the results are presented. This section is divided into subsections that explore the
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band structure of the PnC, the transmission of SAWs through the PnC, and the use of the
∆E effect as a mechanism for detecting magnetic fields. Finally, conclusions are drawn in
Section 4.

2. Theoretical Model

The sensor’s functionality is characterized by solving a set of coupled differential
equations using the finite element method (FEM) [16,38]:

∇.σ = −ρω2u (1)

∇.D = ρc, (2)

∇.B = 0, (3)

where σ, ρ, ρc, ω, and u are the stress tensor, the mass density, the free charge density,
the angular frequency, and the displacement vector, respectively. D and B are the electric
and magnetic flux density vectors. The material properties are given in Appendix A.
The mechanical equation of motion (Equation (1)) is coupled to the electrostatic equation
(Equation (2)) and magnetostatic equation (Equation (3)) via the constitutive piezoelectric
equations in the stress–charge form:

σ = Cε− eTE, (4)

D = eε− εelE. (5)

Here, ε and C represent the strain tensor and the mechanical stiffness tensor, while the
piezoelectric tensor and the electrical permittivity tensor are denoted as e and εel. At low
frequencies, one can neglect the impact of eddy currents and express the electric field E as
follows [15]:

E = −∇V, (6)

where V is the electric potential.
In this study, we consider an isotropic magnetostrictive material and analyze its

characteristics using Hooke’s law:
σ = Cε, (7)

where the mechanical stiffness tensor C is determined by Young’s modulus (E) and Pois-
son’s ratio (ν). Applying an external magnetic field H to the magnetostrictive material alters
the Young’s modulus to an extent that can be quantified using the following formula [13]:

1
∆E

=
9
4

µ0λ2
s H2

K2 χ, (8)

where µ0, λs, and K are the magnetic vacuum permeability, the saturation magnetostriction,
and the first-order anisotropy constant, respectively. Within the frequency range inves-
tigated in this research, the differential magnetic susceptibility χ follows the quasi-static
approximation, and for |H| < HK, it can be regarded as equivalent to its static value χ0 [13].
Here, HK represents the effective anisotropy field and can be expressed by:

HK =
2K

µ0Ms
, (9)

with Ms denoting the saturation magnetization. The variation in the dynamic differential
susceptibility normalized to its static value (χ/χ0) is depicted in Figure 2a, showing a
good agreement with the findings presented in [13]. The final solution for the Young’s
modulus is achieved by the superposition of the purely mechanical component (E0) and the
magnetically induced component (∆E). When taking into account a hard axis magnetization
process, it yields:
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E f =

{(
1

E0
+ 1

∆E

)−1

E0

|H| < HK
|H| > HK

(10)
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Figure 2. (a) Normalized dynamic differential susceptibility χ/χ0 modeled using the quasi-static
solution at low-frequency regime. (b) The Young’s modulus of FeCoSiB (solid curve) acquired at
different values of applied magnetic field H normalized to the effective anisotropy field HK . For
comparison, we present the phase shift measurements derived from a SAW delay line comprising a
FeCoSiB layer with the same material parameters as those used in our calculations (dashed curve).

With the material parameters provided in Appendix A, we assessed the changes in
the Young’s modulus of FeCoSiB with respect to the applied magnetic field, denoted as
the ∆E effect (solid curve in Figure 2b). The magnetic field values are normalized to the
effective anisotropy field HK. As the magnetic field strength is increased, the Young’s
modulus exhibits a non-linear decrease, reaching a minimum of approximately 95.7 GPa
at the critical magnetic field of |H| = HK. However, when the magnetic field surpasses
the critical value of HK, the Young’s modulus adopts the value of its purely mechanical
component E0 = 150 GPa.

To provide a means of comparison, we overlaid the phase shift measurement results
obtained from an SAW delay line that incorporates an FeCoSiB layer with identical material
parameters to those employed in our calculations (dashed curve in Figure 2b). To acquire
the phase shift depicted in Figure 2b, the sample was characterized in a magnetically,
electrically, and acoustically shielded chamber inside a solenoid. The phase is analyzed as
a function of the DC bias magnetic field at a synchronous frequency of 251.3 MHz and a
power of 1 dBm. Further details regarding the fabrication and measurement methods can
be found in [31].

The magnetostrictive material parameters utilized in our study are acquired for a
continuous layer of FeCoSiB. It is important to note that these parameters would be slightly
different for FeCoSiB pillars of the same thickness. To construct a more precise model, one
has to take the geometry of the magnetostrictive material into consideration and use the
material parameters specific to the FeCoSiB pillars in simulations. To achieve this, one
would need to fabricate pillars of approximately the desired size and conduct measurements
to acquire the material parameters corresponding to these fabricated pillars. Subsequently,
the obtained parameters can be employed for calculating a more accurate susceptibility and
Young’s modulus values, which would then serve as the basis for fine-tuning the design of
the PnC.

The overall sensitivity of an SAW magnetic field sensor, which will be further elabo-
rated in subsequent sections, can be expressed as follows [9]:

S =
∂ϕ

∂H
=

∂E f

∂H
· ∂v
∂E f
·∂ϕ

∂v
= Smag·Sstr·Sgeo, (11)
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where Smag = ∂E f /∂H, i.e., the magnetic sensitivity of the magnetostrictive material, is
associated with the variation in the Young’s modulus of the magnetostrictive material E f
when subjected to an external magnetic field H. Based on the data presented in Figure 2b,
the Young’s modulus exhibits nearly linear changes within the interval of 0.6HK < |H| <
0.9HK, yielding a magnetic sensitivity of Smag~−31.9 GPa/mT.

The change in the SAW velocity with respect to variations in the Young’s modulus is
quantified by structural sensitivity Sstr = ∂v/∂E f . This sensitivity value depends on the
structure of the delay line through which the SAW propagates. It has been demonstrated,
for instance, that increasing the thickness of the guiding layer beneath the magnetostrictive
material in a delay line configuration can result in higher values of structural sensitiv-
ity [9]. In the following sections, we will show that an improved structural sensitivity
can be achieved by replacing the magnetostrictive layer with a periodic arrangement of
magnetostrictive pillars, forming a PnC.

A change in SAW velocity at a given frequency f induces a phase shift at the end of
the delay line with a length l. One can measure this phase shift to determine the external
magnetic field strength. The quantity representing the degree of phase shift per change in
wave velocity is known as the geometric sensitivity Sgeo = ∂ϕ/∂v. The overall sensitivity
is determined by multiplying these three sensitivity values, as previously mentioned.

3. Results

PnCs are the acoustic counterparts to atomic lattices in solid-state physics [39] or
photonic crystals in optics [40,41]. They are designed to manipulate the acoustic waves in
fluids or elastic waves in solids. They exhibit stop bands within their transmission spectra,
effectively blocking the propagation of acoustic waves either in a particular direction or in
all directions [18,42–45]. The precise location and width of the acoustic bandgaps are deter-
mined by factors such as the lattice structure, inclusion shapes, and constituent materials. In
addition to bandgaps, PnCs exhibit fascinating mode dispersion characteristics, giving rise
to peculiar phenomena such as slow wave propagation [46,47] or the formation of localized
modes [48,49]. By exploiting these phenomena, one can efficiently filter, confine, or steer
the acoustic waves in a desired fashion [50–55]. In the following section, we calculate the
band structure and demonstrate the dispersion of our proposed PnC.

3.1. Band Structure of the PnC

As depicted in Figure 1, we consider a 2D square arrangement of FeCoSiB pillars on
the surface of a thick silicon substrate covered by a 1 µm thick piezoelectric layer (AlScN)
and subsequently a 4.5 µm thick SiO2 layer. A unit cell of the PnC is displayed with more
details in the magnified view of Figure 1. The lattice constant of the PnC is denoted as a,
while the radius and thickness of the pillars are represented by rp and hp.

We employ COMSOL Multiphysics 6.1® to compute the band structure of the PnC. In
this approach, we limit our calculations to a single unit cell of the PnC. To mimic infinite
periodicities in both the x and y directions, we apply Bloch–Floquet conditions at the
boundaries of the unit cell [18,44]. By altering the wave vector within the first Brillouin
zone and solving an eigenvalue problem, one can determine the eigenfrequencies associated
with each wave vector. The acquired eigenfrequencies signify the allowed acoustic modes
that can propagate through the PnC.

The band structure calculated in the Γ-X direction for a PnC with a = 8 µm, rp = 2.8 µm,
and hp = 600 nm is presented in the right panel of Figure 3a, wherein Rayleigh and Love
modes are indicated by blue and red lines, respectively. The dispersion curve reveals the
presence of two bandgaps (indicated by purple-shaded areas) where the propagation of
Rayleigh modes in the x-direction is prohibited. However, a Rayleigh mode is evident
within the frequency range between the two bandgaps (f = 237–257 MHz). This observa-
tion confirms that the Rayleigh mode launched by the IDT, with the center frequency of
f ~250 MHz, is permitted to propagate through the PnC.
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in the Γ-X direction of the first Brillouin zone. The insets provide schematic representations of
the corresponding configurations. Rayleigh and Love modes are indicated by blue and red lines,
respectively. The grey- and purple-shaded areas outline the sound cone and the stop bands for the
Rayleigh modes. (b) Displacements of the first four modes, decomposed into the three components
ux, uy, and uz, calculated at a certain wave vector kx close to the point X of the first Brillouin zone, as
indicated by a dashed line in (a).

The left panel of Figure 3a illustrates the band structure of a comparable configura-
tion without the PnC structure. In this case, each band exhibits a nearly constant slope,
indicating a constant group velocity, across various wave vectors. It is evident that the
two Rayleigh modes, similar to the two Love modes, show degeneracy at the edge of the
Brillouin zone (at the X point), resulting in the closure of the bandgaps. The grey-shaded
area on the band structure represents the sound cone. Acoustic waves that are confined to
the surface and are guided through the PnC only exist in the areas of the band structure
that fall outside the sound cone. Other modes emerge at frequencies that fall within the
sound cone, resulting in their radiation into the bulk material.

In Figure 3b, we demonstrate the modal displacements of the first four bands at a
wave vector close to the X point of the first Brillouin zone, as indicated by a dashed line
in the right panel of Figure 3a. While eigenmodes 1 and 3 exhibit mostly sagittal (ux,uz)
polarizations with negligible uy values, the y-component of the displacement vector is
dominant in eigenmodes 2 and 4. The former correspond to Rayleigh waves, whereas the
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latter signify shear horizontal surface waves, namely Love waves. Note that consistent
scaling has been applied to all displacements.

3.2. Transmission through PnC

To study the transmission of the SAWs through the PnC, we employ the model
depicted in Figure 4a. In this configuration, an SAW wave with a specific polarization (ux,
uy, uz) is stimulated by applying a line source at one side of a PnC with finite number of
periodicities along the x-direction (n = 11). The transmission spectra are then obtained
via calculating the average displacements along a line at the opposite side of the PnC as
a function of frequency. We implement a periodic boundary condition in the y-direction
to simulate infinite periodic repetitions and an infinitely long line source. To prevent
undesired reflections from the domain boundaries, we impose perfectly matched layers
(PMLs) [56] in both the x and z-directions.
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Figure 4. (a) The schematic illustration of the model utilized for transmission calculations. An SAW
wave is triggered using a line source in front of a PnC composed of 11 FeCoSiB pillars along the
x-direction. A periodic boundary condition is applied along the y-direction to consider an infinite
periodic structure and a line source. PMLs are used in the x- and z-directions to prevent reflections
from the domain boundaries. (b) Transmission spectra of Rayleigh (blue) and Love (red) modes
acquired by calculating average displacements along a line at the end of the PnC. (c) Displacement of
Rayleigh waves stimulated by the line source at f 1 = 251 MHz (above) and f 2 = 270 MHz (below).
The same scaling is applied to both displacements.

One can manually set the line source to exhibit two distinct polarizations: (i) (ux,uz)
displacements capable of exciting sagittally polarized waves such as Rayleigh modes, or
(ii) uy displacements serving as a source for shear horizontally polarized waves, e.g., Love
modes. In each of the aforementioned cases, we compute the average of all displacement
components (|ux| + |uy| + |uz|) along a line at the opposite side of the PnC as a function
of the frequency. In Figure 4b, the acquired transmission spectra are depicted alongside the
band structure of the PnC within the same frequency range for a better comparison. The
red curve in the transmission spectra is calculated for a shear horizontally polarized line
source and, therefore, corresponds to Love modes. In the frequency range of 230–273 MHz,
corresponding to the bandgap of the Love modes, the transmission spectrum reveals
minimal values. Within this bandgap, Love waves experience significant attenuation as
they traverse the PnC. On the other hand, the blue curve is derived from a sagittally
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polarized line source, corresponding to Rayleigh modes. The transmission spectrum of the
Rayleigh modes demonstrates two attenuation frequency regions, matching the first and
second bandgaps in the band structure, marked by purple shading.

For a deeper exploration of Rayleigh wave propagation through the PnC, Figure 4c
shows the displacement of Rayleigh waves excited by the line source at two distinct
frequencies: f 1 = 251 MHz, where maximum transmission occurs, and f 2 = 270 MHz, located
within the second bandgap of the Rayleigh modes. In the former case, a Rayleigh wave
travels through the PnC structure, yielding a peak transmission due to resonant interactions
with periodic structures. Interestingly, at the latter frequency, the PnC efficiently hinders
the Rayleigh wave, resulting in minimal transmission.

The transmission peak of surface acoustic modes propagating through the PnC can be
finely tuned by modifying the dimensions of the pillars. This feature allows for the design
of PnCs that resonate at desired frequencies. In this context, we investigate the impact
of the thickness (Figure 5a) and radius (Figure 5b) of FeCoSiB pillars on the resonance
frequency of the PnC, while the periodicity is kept constant (a = 8 µm). At a fixed radius
(rp = 0.35a = 2.8 µm), increasing the thickness of the pillars (hp1 = 200 nm, hp2 = 300 nm,
hp3 = 400 nm, hp4 = 500 nm, hp5 = 600 nm, hp6 = 700 nm, hp7 = 800 nm, and hp8 = 900 nm)
results in sharper transmission peaks at lower frequencies. Furthermore, with an increase in
the thicknesses of the pillars, a noticeable widening of both the first and second bandgaps is
observed. An almost similar trend is evident when increasing the pillar radius (rp1 = 0.15a,
rp2 = 0.2a, rp3 = 0.25a, rp4 = 0.3a, rp5 = 0.35a, rp6 = 0.4a, and rp7 = 0.45a) at a fixed thickness of
hp = 600 nm. To ensure that the Rayleigh mode initiated by the IDT can propagate through
the PnC with minimal dissipation, it is crucial to match the resonance frequency of the
PnC with that of the Rayleigh mode initiated by the IDT, i.e., f ~ 250 MHz. To fulfill this
requirement, we select pillar dimensions of rp = 0.35a = 2.8 µm and hp = 600 nm.
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Figure 5. Transmission spectra of Rayleigh modes through a PnC with (a) a = 8 µm, rp = 0.35a = 2.8 µm
and various thicknesses of the FeCoSiB pillars hp1 = 200 nm, hp2 = 300 nm, hp3 = 400 nm, hp4 = 500 nm,
hp5 = 600 nm, hp6 = 700 nm, hp7 = 800 nm, and hp8 = 900 nm, and (b) a = 8 µm, hp = 600 nm and
various radii of the FeCoSiB pillars rp1 = 0.15a, rp2 = 0.2a, rp3 = 0.25a, rp4 = 0.3a, rp5 = 0.35a, rp6 = 0.4a,
and rp7 = 0.45a.
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To construct a more realistic model, we incorporate into the transmission setup an
IDT comprising 12 pairs of Aluminum split-finger structures with a periodicity of 16 µm,
a finger width of 4 µm, and a thickness of 150 nm, stimulating a Rayleigh mode with the
center frequency of f ~250 MHz. The complete simulation model is presented in Figure 6a.
The Rayleigh wave initiated via the IDT traverses the patterned delay line, giving rise to
a transmission spectrum characterized by a distinct and sharp peak, centered around the
frequency f ~250 MHz (blue solid curve in Figure 6b). In the absence of the PnC structure,
on the other hand, the transmission spectrum exhibits a broader peak, as indicated by the
red dashed curve in Figure 6b. This broadening of the transmission peak is attributed to
the absence of resonance effects typically induced by the PnC structure. It is important to
note that, in this case, the width of the transmission peak can be reduced by increasing the
number of fingers in the IDT.
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Figure 6. (a) Transmission model with IDT and PnC. The IDT consists of 12 pairs of Aluminum
split-finger structures with a periodicity of 16 µm, a finger width of 4 µm, and a thickness of 150 nm,
giving rise to a Rayleigh mode with the center frequency of f ~250 MHz that propagates through the
delay line in the x-direction. (b) Transmission spectra of the Rayleigh waves initiated by the IDT,
computed at the end of the delay line without (red dashed curve) and with (blue solid curve) the PnC
incorporated into the model.

3.3. ∆E Effect

To explore the magnetic field sensing capability of our proposed device, we initially
analyze the variations in the transmission peak frequency upon the application of an
external magnetic field. In Figure 2b, we demonstrate that the application of varying
magnetic fields results in observable changes in the Young’s modulus of FeCoSiB. Figure 7a
displays the transmission spectra obtained for PnC structures comprising FeCoSiB pillars
with varying Young’s modulus values. At E f =150 GPa, representing the Young’s modulus
of FeCoSiB in the absence of an external magnetic field, the transmission peak of the PnC
occurs at the frequency of f = 250.5 MHz. By altering the Young’s modulus of the FeCoSiB
pillars from 150 to 100 GPa through the application of a homogeneous magnetic field
ranging from 0 to H = 0.9HK, the transmission peak of the PnC shifts slightly towards
lower frequencies. It is evident form the figure that the transmission peak reaches a
minimum frequency of f ~249 MHz when E f = 100 GPa, corresponding to a homogeneous
external magnetic field of H = 0.9HK. These frequency shifts can be detected through
changes either in the amplitude or phase of the transmitted signal. In the former scenario,
the transmission amplitude is acquired for various Young’s modulus values at a specific
frequency, namely f = 250 MHz. The amplitude of the transmitted signal is determined
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by the Young’s modulus value and can therefore be correlated with the intensity of the
applied magnetic field.
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Figure 7. (a) Transmission spectra along the PnC with the Young’s modulus values varying in the
range of 100–150 GPa. Band structure of the PnC with parameters (b) a = 8 µm, rp = 2.8 µm, and
hp = 600 nm, and (c) a = 7 µm, rp = 2.45 µm, and hp = 700 nm, with the Young’s modulus values of
100 GPa (red dashed curve) and 120 GPa (blue solid curve). Only the second Rayleigh mode (mode 3
in Figure 3) is shown.

In the latter case, however, the phase of the transmitted signal is analyzed for different
Young’s modulus values at the given frequency of f = 250 MHz. The observed phase
shift is connected to variations in the Young’s modulus, and consequently, to the applied
magnetic field. In this study, we particularly concentrate on the latter scenario to determine
the sensitivity of the magnetic field sensor. To quantify the structural sensitivity of the
sensor, denoted as Sstr, we evaluate the change in the SAW phase velocity (∆v) when the
Young’s modulus of FeCoSiB is varied within the range of 100 Gpa < E f < 120 Gpa. These
values correspond to the applied magnetic field range of 0.6HK < |H| < 0.9HK. Within this
specified range, we observed maximal and nearly linear changes in the Young’s modulus
in response to variations in the magnetic field. We calculated the band structures of PnCs
composed of FeCoSiB pillars with two distinct Young’s modulus values: 100 GPa and
120 GPa. Figure 7b specifically exhibits the band diagram of the second Rayleigh mode
(mode 3 in Figure 3) within a narrow frequency range centered around f ~250 MHz. At
the fixed frequency of f = 250 MHz, a decrease in the Young’s modulus from 120 GPa to
100 GPa leads to a reduction in the phase velocity, defined as v = 2π f /k, from 3458 m/s to
3420 m/s. This yields a structural sensitivity equal to Sstr ∼ 1.88 m/s

GPa .
To improve the structural sensitivity, one can fine-tune the PnC geometry so that the

second Rayleigh band (mode 3 in Figure 3) intersects with the edge of the first Brillouin
zone at f = 250 MHz. Close to the edge of the first Brillouin zone, the band exhibits an
almost flat profile, resembling an SAW with a relatively small group velocity. As a result,
even a small change in the Young’s modulus in this region leads to a large alteration in
the phase velocity and, consequently, a noticeable phase shift. To demonstrate this, we
present the band diagram of a similar PnC with parameters a = 7 µm, rp = 2.45 µm, and
hp = 700 nm, centered around the frequency of f = 250 MHz, as shown in Figure 7c. With the
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same reduction in the Young’s modulus at f = 250 MHz, the phase velocity decreases from
3517 m/s to 3362 m/s, resulting in a structural sensitivity of approximately Sstr ∼ 7.75 m/s

GPa .
The phase of an SAW with a given frequency f and phase velocity v at the end of

a delay line with a length l is expressed as ϕ = 2π f l
v . The geometric sensitivity is then

defined as Sgeo = ∂ϕ/∂v = −2π f l
v2 . In our specific case, where the delay line consists of 11

pillars with a total length of l = 77 µm, we achieve a geometric sensitivity of Sgeo ∼ −0.56
◦s
m

at the frequency of f = 250 MHz and the phase velocity of v = 3517 m/s. The overall
sensitivity, which quantifies how responsive the phase of the SAW is to changes in the
external magnetic field, can be obtained by multiplying the three contributions, i.e., the
magnetic, structural, and geometric sensitivities. In this study, an overall sensitivity of
S ∼ 138

◦
mT is obtained. To provide a meaningful comparison with previous studies on

SAW magnetic field sensors, we scaled the sensitivity reported in [9] to match the delay line
length in our study, which is set at l = 77 µm. As a result, the normalized overall sensitivity
achieved in our research is approximately 15 times greater than what was reported by
Kittmann et al. [9].

Furthermore, we conducted a comparative analysis between the sensitivity of our
proposed device and that of a similar device where the PnC was replaced by an unpatterned
magnetostrictive layer with identical material properties. Our simulation findings indicate
that, when the Young’s modulus of the FeCoSiB layer is reduced from 120 GPa to 100 GPa
at f = 250 MHz, the phase velocity of the SAW traveling through the delay line decreases
from 3146 m/s to 3077 m/s. This results in a structural sensitivity of Sstr ∼ 3.45 m/s

GPa , a
geometric sensitivity of Sgeo ∼ −0.7

◦s
m , and an overall sensitivity of S ∼ 77

◦
mT .

4. Conclusions

In this study, we investigated the integration of a precisely engineered PnC structure
into an SAW-based magnetic field sensor. Our exploration focused on improving the
sensing capabilities by leveraging the potential of PnCs to manipulate acoustic wave
propagation. By tailoring the dimensions and arrangement of the FeCoSiB pillars within the
PnC, we achieved resonant modes that aligned with the surface acoustic modes generated
by the IDTs. This alignment led to an enhanced interaction between the SAW and the
magnetostrictive material, resulting in an improved sensor’s sensitivity.

Furthermore, we examined the ∆E effect, i.e., the effect of a change in the Young’s mod-
ulus of the magnetostrictive material due to an external magnetic field on SAW propagation.
Our simulations highlighted the sensor’s responsiveness to variations in magnetic field,
as evidenced by observable changes in the SAW phase velocity and consequently phase
shifts in the output signal. The proposed sensor configuration offers a higher sensitivity
compared to previously introduced SAW magnetic field sensors, making it a promising
candidate for various practical applications.

In conclusion, our study highlights the potential of integrating PnCs into SAW-based
magnetic field sensors with the aim of improving sensing functionality. As the demand for
accurate magnetic field detection grows across various industries, our approach offers a
pathway towards more effective and reliable magnetic field sensing solutions.
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Appendix A. Material Parameters

As the substrate, we use isotropic silicon with a Young’s modulus of ESi = 169 GPa, a
Poisson’s ratio of υSi = 0.28, and a mass density of ρSi = 2329 kg/m3 [38,57].

Al0.68Sc0.32N is exploited as the piezoelectric material, whose material parameters are
as follows [58]:

CAlScN =



307
133
123
0
0
0

133
307
123
0
0
0

123
123
230

0
0
0

0
0
0

110
0
0

0
0
0
0

110
0

0
0
0
0
0

87

 GPa,

ρAlScN = 3320 kg/m3,

eAlScN =

 0 0
0 0
−0.69 −0.69

0 0
0 −0.23

2.8 0

−0.23 0
0 0
0 0

 C/m2,

εr AlScN =

10 0 0
0 10 0
0 0 13

,

µAlScN =

0.4π 0 0
0 0.4π 0
0 0 0.4π

 µH/m,

As the magnetostrictive material, we consider isotropic FeCoSiB with a Young’s modu-
lus of E0= 150 GPa, a Poisson’s ratio of υ = 0.3, and a mass density of ρ = 7250 kg/m3 [16]. In
our ∆E effect calculations, we set the first-order anisotropy constant to K = 1400 J·m−3, the
static differential magnetic susceptibility to χ0 = 639, and the saturation magnetostriction
to λs = 35 ppm. Furthermore, the saturation flux density is µ0Ms= 1.48 T.

References
1. Lenz, J.; Edelstein, A.S. Magnetic Sensors and Their Applications. IEEE Sens. J. 2006, 6, 631–649. [CrossRef]
2. Sternickel, K.; Braginski, A.I. Biomagnetism Using SQUIDs: Status and Perspectives. Supercond. Sci. Technol. 2006, 19, S160.

[CrossRef]
3. Zhai, J.; Xing, Z.; Dong, S.; Li, J.; Viehland, D. Detection of Pico-Tesla Magnetic Fields Using Magneto-Electric Sensors at Room

Temperature. Appl. Phys. Lett. 2006, 88, 62510. [CrossRef]
4. Zuo, S.; Schmalz, J.; Özden, M.Ö.; Gerken, M.; Su, J.; Niekiel, F.; Lofink, F.; Nazarpour, K.; Heidari, H. Ultrasensitive Magnetoelec-

tric Sensing System for Pico-Tesla MagnetoMyoGraphy. IEEE Trans. Biomed. Circuits Syst. 2020, 14, 971–984. [CrossRef]
5. Murzin, D.; Mapps, D.J.; Levada, K.; Belyaev, V.; Omelyanchik, A.; Panina, L.; Rodionova, V. Ultrasensitive Magnetic Field

Sensors for Biomedical Applications. Sensors 2020, 20, 1569. [CrossRef]
6. Bichurin, M.; Petrov, R.; Sokolov, O.; Leontiev, V.; Kuts, V.; Kiselev, D.; Wang, Y. Magnetoelectric Magnetic Field Sensors: A

Review. Sensors 2021, 21, 6232. [CrossRef]
7. Elzenheimer, E.; Bald, C.; Engelhardt, E.; Hoffmann, J.; Hayes, P.; Arbustini, J.; Bahr, A.; Quandt, E.; Höft, M.; Schmidt, G.

Quantitative Evaluation for Magnetoelectric Sensor Systems in Biomagnetic Diagnostics. Sensors 2022, 22, 1018. [CrossRef]
8. Webb, D.C.; Forester, D.W.; Ganguly, A.K.; Vittoria, C. Applications of Amorphous Magnetic-Layers in Surface-Acoustic-Wave

Devices. IEEE Trans. Magn. 1979, 15, 1410–1415. [CrossRef]
9. Kittmann, A.; Durdaut, P.; Zabel, S.; Reermann, J.; Schmalz, J.; Spetzler, B.; Meyners, D.; Sun, N.X.; McCord, J.; Gerken, M.; et al.

Wide Band Low Noise Love Wave Magnetic Field Sensor System. Sci. Rep. 2018, 8, 278. [CrossRef]

https://doi.org/10.1109/JSEN.2006.874493
https://doi.org/10.1088/0953-2048/19/3/024
https://doi.org/10.1063/1.2172706
https://doi.org/10.1109/TBCAS.2020.2998290
https://doi.org/10.3390/s20061569
https://doi.org/10.3390/s21186232
https://doi.org/10.3390/s22031018
https://doi.org/10.1109/TMAG.1979.1060442
https://doi.org/10.1038/s41598-017-18441-4


Micromachines 2023, 14, 2130 13 of 14

10. Kittmann, A.; Müller, C.; Durdaut, P.; Thormählen, L.; Schell, V.; Niekiel, F.; Lofink, F.; Meyners, D.; Knöchel, R.; Höft, M.; et al.
Sensitivity and Noise Analysis of SAW Magnetic Field Sensors with Varied Magnetostrictive Layer Thicknesses. Sens. Actuators A
Phys. 2020, 311, 111998. [CrossRef]

11. Durdaut, P.; Müller, C.; Kittmann, A.; Schell, V.; Bahr, A.; Quandt, E.; Knöchel, R.; Höft, M.; McCord, J. Phase Noise of SAW Delay
Line Magnetic Field Sensors. Sensors 2021, 21, 5631. [CrossRef]

12. Ludwig, A.; Quandt, E. Optimization of the ∆E Effect in Thin Films and Multilayers by Magnetic Field Annealing. IEEE Trans.
Magn. 2002, 38, 2829–2831. [CrossRef]

13. Spetzler, B.; Golubeva, E.V.; Müller, C.; McCord, J.; Faupel, F. Frequency Dependency of the Delta-E Effect and the Sensitivity of
Delta-E Effect Magnetic Field Sensors. Sensors 2019, 19, 4769. [CrossRef]

14. Su, J.; Niekiel, F.; Fichtner, S.; Thormaehlen, L.; Kirchhof, C.; Meyners, D.; Quandt, E.; Wagner, B.; Lofink, F. AlScN-Based MEMS
Magnetoelectric Sensor. Appl. Phys. Lett. 2020, 117, 132903. [CrossRef]

15. Spetzler, B.; Golubeva, E.V.; Friedrich, R.M.; Zabel, S.; Kirchhof, C.; Meyners, D.; McCord, J.; Faupel, F. Magnetoelastic Coupling
and Delta-E Effect in Magnetoelectric Torsion Mode Resonators. Sensors 2021, 21, 2022. [CrossRef]

16. Cordier, C.; Dolabdjian, C. Modeling of Delta-E Effect Magnetic Field Sensors. IEEE Sens. J. 2023, 23, 2014–2020. [CrossRef]
17. Tamura, S.; Hurley, D.C.; Wolfe, J.P. Acoustic-Phonon Propagation in Superlattices. Phys. Rev. B 1988, 38, 1427. [CrossRef]
18. Khelif, A.; Aoubiza, B.; Mohammadi, S.; Adibi, A.; Laude, V. Complete Band Gaps in Two-Dimensional Phononic Crystal Slabs.

Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 2006, 74, 046610. [CrossRef]
19. Khelif, A.; Adibi, A. Phononic Crystals: Fundamentals and Applications; Springer Science and Business Media LLC: New York, NY,

USA, 2015; pp. 1–245. [CrossRef]
20. Liu, J.; Guo, H.; Wang, T. A Review of Acoustic Metamaterials and Phononic Crystals. Crystals 2020, 10, 305. [CrossRef]
21. Vasileiadis, T.; Varghese, J.; Babacic, V.; Gomis-Bresco, J.; Navarro Urrios, D.; Graczykowski, B. Progress and Perspectives on

Phononic Crystals. J. Appl. Phys. 2021, 129, 160901. [CrossRef]
22. Badreddine Assouar, M.; Oudich, M. Dispersion Curves of Surface Acoustic Waves in a Two-Dimensional Phononic Crystal. Appl.

Phys. Lett. 2011, 99, 123505. [CrossRef]
23. Oudich, M.; Gerard, N.J.; Deng, Y.; Jing, Y. Tailoring Structure-Borne Sound through Bandgap Engineering in Phononic Crystals

and Metamaterials: A Comprehensive Review. Adv. Funct. Mater. 2023, 33, 2206309. [CrossRef]
24. Robillard, J.F.; Matar, O.B.; Vasseur, J.O.; Deymier, P.A.; Stippinger, M.; Hladky-Hennion, A.C.; Pennec, Y.; Djafari-Rouhani, B.

Tunable Magnetoelastic Phononic Crystals. Appl. Phys. Lett. 2009, 95, 124104. [CrossRef]
25. Vasseur, J.O.; Matar, O.B.; Robillard, J.F.; Hladky-Hennion, A.C.; Deymier, P.A. Band Structures Tunability of Bulk 2D Phononic

Crystals Made of Magneto-Elastic Materials. AIP Adv. 2011, 1, 41904. [CrossRef]
26. Bou Matar, O.; Robillard, J.F.; Vasseur, J.O.; Hladky-Hennion, A.C.; Deymier, P.A.; Pernod, P.; Preobrazhensky, V. Band Gap

Tunability of Magneto-Elastic Phononic Crystal. J. Appl. Phys. 2012, 111, 54901. [CrossRef]
27. Ding, R.; Su, X.; Zhang, J.; Gao, Y. Tunability of Longitudinal Wave Band Gaps in One Dimensional Phononic Crystal with

Magnetostrictive Material. J. Appl. Phys. 2014, 115, 74104. [CrossRef]
28. Zhang, S.; Gao, Y. Gap Evolution of Lamb Wave Propagation in Magneto-Elastic Phononic Plates with Pillars and Holes by

Modulating Magnetic Field and Stress Loadings. J. Appl. Phys. 2018, 124, 244102. [CrossRef]
29. Hu, J.; Yang, G.; Shen, T.; Zhang, M.; Du, J. Bandgap Tunability of Surface Acoustic Waves in a Two-Dimensional Magneto-Electro-

Elastic Phononic Crystal. AIP Adv. 2021, 11, 65004. [CrossRef]
30. Hatanaka, D.; Yamaguchi, H. Mode-Sensitive Magnetoelastic Coupling in Phononic-Crystal Magnomechanics. APL Mater. 2021,

9, 071110. [CrossRef]
31. Meyer, J.M.; Schell, V.; Su, J.; Fichtner, S.; Yarar, E.; Niekiel, F.; Giese, T.; Kittmann, A.; Thormählen, L.; Lebedev, V.; et al.

Thin-Film-Based SAW Magnetic Field Sensors. Sensors 2021, 21, 8166. [CrossRef]
32. Fichtner, S.; Wolff, N.; Lofink, F.; Kienle, L.; Wagner, B. AlScN: A III-V Semiconductor Based Ferroelectric. J. Appl. Phys. 2019, 125,

114103. [CrossRef]
33. Wolff, N.; Fichtner, S.; Haas, B.; Islam, M.R.; Niekiel, F.; Kessel, M.; Ambacher, O.; Koch, C.; Wagner, B.; Lofink, F.; et al. Atomic

Scale Confirmation of Ferroelectric Polarization Inversion in Wurtzite-Type AlScN. J. Appl. Phys. 2021, 129, 34103. [CrossRef]
34. Yarar, E.; Meyners, D.; Quandt, E.; Fichtner, S.; Hayes, P.; Piorra, A.; Reimer, T.; Lisec, T.; Frank, P.; Wagner, B.; et al. MEMS-Based

AlScN Resonating Energy Harvester with Solidified Powder Magnet. J. Microelectromechanical Syst. 2019, 28, 1019–1031. [CrossRef]
35. Carman, G.P.; Mitrovic, M. Nonlinear Constitutive Relations for Magnetostrictive Materials with Applications to 1-D Problems. J.

Intell. Mater. Syst. Struct. 1995, 6, 673–683. [CrossRef]
36. Wan, Y.; Fang, D.; Hwang, K.C. Non-Linear Constitutive Relations for Magnetostrictive Materials. Int. J. Non Linear Mech. 2003,

38, 1053–1065. [CrossRef]
37. Zheng, X.J.; Liu, X.E. A Nonlinear Constitutive Model for Terfenol-D Rods. J. Appl. Phys. 2005, 97, 53901. [CrossRef]
38. Schmalz, J.; Spetzler, E.; McCord, J.; Gerken, M. Investigation of Unwanted Oscillations of Electrically Modulated Magnetoelectric

Cantilever Sensors. Sensors 2023, 23, 5012. [CrossRef]
39. Kittel, C. Introduction to Solid State Physics, 8th ed.; Wiley: Hoboken, NJ, USA, 2005.
40. Yablonovitch, E. Photonic Band-Gap Crystals. J. Phys. Condens. Matter 1993, 5, 2443. [CrossRef]
41. Joannopoulos, J.D.; Johnson, S.G.; Winn, J.N.; Meade, R.D. Photonic Crystals: Molding the Flow of Light, 2nd ed.; Princeton University

Press: Princeton, NJ, USA, 2008. [CrossRef]

https://doi.org/10.1016/j.sna.2020.111998
https://doi.org/10.3390/s21165631
https://doi.org/10.1109/TMAG.2002.802467
https://doi.org/10.3390/s19214769
https://doi.org/10.1063/5.0022636
https://doi.org/10.3390/s21062022
https://doi.org/10.1109/JSEN.2022.3227592
https://doi.org/10.1103/PhysRevB.38.1427
https://doi.org/10.1103/PhysRevE.74.046610
https://doi.org/10.1007/978-1-4614-9393-8
https://doi.org/10.3390/cryst10040305
https://doi.org/10.1063/5.0042337
https://doi.org/10.1063/1.3626853
https://doi.org/10.1002/adfm.202206309
https://doi.org/10.1063/1.3236537
https://doi.org/10.1063/1.3676172
https://doi.org/10.1063/1.3687928
https://doi.org/10.1063/1.4866364
https://doi.org/10.1063/1.5040768
https://doi.org/10.1063/5.0049717
https://doi.org/10.1063/5.0052150
https://doi.org/10.3390/s21248166
https://doi.org/10.1063/1.5084945
https://doi.org/10.1063/5.0033205
https://doi.org/10.1109/JMEMS.2019.2945550
https://doi.org/10.1177/1045389X9500600508
https://doi.org/10.1016/S0020-7462(02)00052-5
https://doi.org/10.1063/1.1850618
https://doi.org/10.3390/s23115012
https://doi.org/10.1088/0953-8984/5/16/004
https://doi.org/10.2307/j.ctvcm4gz9


Micromachines 2023, 14, 2130 14 of 14

42. Laude, V.; Wilm, M.; Benchabane, S.; Khelif, A. Full Band Gap for Surface Acoustic Waves in a Piezoelectric Phononic Crystal.
Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 2005, 71, 036607. [CrossRef]

43. Benchabane, S.; Khelif, A.; Rauch, J.Y.; Robert, L.; Laude, V. Evidence for Complete Surface Wave Band Gap in a Piezoelectric
Phononic Crystal. Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 2006, 73, 065601. [CrossRef]

44. Khelif, A.; Achaoui, Y.; Benchabane, S.; Laude, V.; Aoubiza, B. Locally Resonant Surface Acoustic Wave Band Gaps in a
Two-Dimensional Phononic Crystal of Pillars on a Surface. Phys. Rev. B Condens. Matter Mater. Phys. 2010, 81, 214303. [CrossRef]

45. Achaoui, Y.; Khelif, A.; Benchabane, S.; Robert, L.; Laude, V. Experimental Observation of Locally-Resonant and Bragg Band Gaps
for Surface Guided Waves in a Phononic Crystal of Pillars. Phys. Rev. B Condens. Matter Mater. Phys. 2011, 83, 104201. [CrossRef]

46. Page, J.H.; Sheng, P.; Schriemer, H.P.; Jones, I.; Jing, X.; Weitz, D.A. Group Velocity in Strongly Scattering Media. Science 1996, 271,
634–637. [CrossRef]

47. Yu, S.Y.; Wang, J.Q.; Sun, X.C.; Liu, F.K.; He, C.; Xu, H.H.; Lu, M.H.; Christensen, J.; Liu, X.P.; Chen, Y.F. Slow Surface Acoustic
Waves via Lattice Optimization of a Phononic Crystal on a Chip. Phys. Rev. Appl. 2020, 14, 064008. [CrossRef]

48. Sigalas, M.M.; Phys Lett, A. Defect States of Acoustic Waves in a Two-Dimensional Lattice of Solid Cylinders. J. Appl. Phys. 1998,
84, 3026–3030. [CrossRef]

49. Psarobas, I.E.; Stefanou, N.; Modinos, A. Phononic Crystals with Planar Defects. Phys. Rev. B 2000, 62, 5536. [CrossRef]
50. Khelif, A.; Choujaa, A.; Benchabane, S.; Djafari-Rouhani, B.; Laude, V. Guiding and Bending of Acoustic Waves in Highly

Confined Phononic Crystal Waveguides. Appl. Phys. Lett. 2004, 84, 4400–4402. [CrossRef]
51. Sun, J.H.; Wu, T.T. Propagation of Surface Acoustic Waves through Sharply Bent Two-Dimensional Phononic Crystal Waveguides

Using a Finite-Difference Time-Domain Method. Phys. Rev. B 2006, 74, 174305. [CrossRef]
52. Wu, T.C.; Wu, T.T.; Hsu, J.C. Waveguiding and Frequency Selection of Lamb Waves in a Plate with a Periodic Stubbed Surface.

Phys. Rev. B Condens. Matter Mater. Phys. 2009, 79, 104306. [CrossRef]
53. Oudich, M.; Assouar, M.B.; Hou, Z. Propagation of Acoustic Waves and Waveguiding in a Two-Dimensional Locally Resonant

Phononic Crystal Plate. Appl. Phys. Lett. 2010, 97, 193503. [CrossRef]
54. Zhou, X.; Assouar, M.B.; Oudich, M. Acoustic Superfocusing by Solid Phononic Crystals. Appl. Phys. Lett. 2014, 105, 233506.

[CrossRef]
55. Oudich, M.; Djafari-Rouhani, B.; Bonello, B.; Pennec, Y.; Sarry, F. Phononic Crystal Made of Multilayered Ridges on a Substrate

for Rayleigh Waves Manipulation. Crystals 2017, 7, 372. [CrossRef]
56. Berenger, J.P. A Perfectly Matched Layer for the Absorption of Electromagnetic Waves. J. Comput. Phys. 1994, 114, 185–200.

[CrossRef]
57. Gugat, J.L.; Krantz, M.C.; Gerken, M. Two-Dimensional versus Three-Dimensional Finite-Element Method Simulations of

Cantilever Magnetoelectric Sensors. IEEE Trans. Magn. 2013, 49, 5287–5293. [CrossRef]
58. Kurz, N.; Ding, A.; Urban, D.F.; Lu, Y.; Kirste, L.; Feil, N.M.; Žukauskaite, A.; Ambacher, O. Experimental Determination of

the Electro-Acoustic Properties of Thin Film AlScN Using Surface Acoustic Wave Resonators. J. Appl. Phys. 2019, 126, 75106.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1103/PhysRevE.71.036607
https://doi.org/10.1103/PhysRevE.73.065601
https://doi.org/10.1103/PhysRevB.81.214303
https://doi.org/10.1103/PhysRevB.83.104201
https://doi.org/10.1126/science.271.5249.634
https://doi.org/10.1103/PhysRevApplied.14.064008
https://doi.org/10.1063/1.368456
https://doi.org/10.1103/PhysRevB.62.5536
https://doi.org/10.1063/1.1757642
https://doi.org/10.1103/PhysRevB.74.174305
https://doi.org/10.1103/PhysRevB.79.104306
https://doi.org/10.1063/1.3513218
https://doi.org/10.1063/1.4904262
https://doi.org/10.3390/cryst7120372
https://doi.org/10.1006/jcph.1994.1159
https://doi.org/10.1109/TMAG.2013.2260346
https://doi.org/10.1063/1.5094611

	Introduction 
	Theoretical Model 
	Results 
	Band Structure of the PnC 
	Transmission through PnC 
	E Effect 

	Conclusions 
	Appendix A
	References

