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exposed to an external field within the yoke's air
gap (𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒 = 1800 kA/m), measured integrally via 
the Helmholtz coil with a fluxmeter, and locally
analyzed by a scanning Hall probe. This enables
both the integral measurement of the entire de-
magnetization curve (hysteresis curve) and de-
tailed local field mapping.

Fig. 2. General overview of concept 2.

Concept 3

Fig. 3. General overview of concept 3.

The third concept enables both rapid field 
changes and constant fields. It is based on a 
yoke made of electrical steel sheet, with excita-
tion coils generating external field strengths of up
to 1500 kA/m (Fig. 3). The sample can be heated
up to 250 °C and is measured using Hall probes
in the air gap between the sample and the yoke. 
This setup is designed for measuring demagne-
tization curves as well as time-dependent beha-
vior over short time frames. It enables the routine
determination of the magnetic viscosity parame-
ter 𝑆𝑆𝑣𝑣 for full-size samples.

Data acquisition

Fig. 4. General overview of the DAQ system
with concept-specific components indicated in
parentheses.

Measurement acquisition and process control
are managed by an ATmega 2560 microcontrol-
ler. Each setup includes a microcontroller with an
ADC (Analog-to-Digital Converter) for acquiring
measurement signals, such as Hall probe read-
ings and/or the magnetic moment from the flux-
meter (Fig. 4). This enables discrete data acqui-
sition and precise control of process parameters
(Tab. 1), including driving the current source via 
a DAC (Digital-to-Analog Converter) and control-
ling the motor drive. Additionally, Concept 2 in-
cludes a field mapping unit alongside the main 
acquisition and process control unit, synchroniz-
ing its stepper motor with the sample's rotation
for field mapping.
Tab. 1: Summary of measurement methods, process
parameters, and key results for all concepts.

Conclusions
The proposed testing framework enables a de-
tailed analysis of demagnetization effects in per-
manent magnets by combining integral and local
measurement techniques. Concept 1 allows
long-term monitoring of magnetic viscosity, con-
cept 2 provides in-situ field mapping, and con-
cept 3 determines viscosity parameters. These
approaches bridge the gap between material
testing and applications, improving the reliability
of magnet stability assessments.
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Summary:
In this study, we present a highly-sensitive SAW magnetic field sensor that utilizes phononic crystal 
structures with Au pillars embedded in a SiO2 guiding layer. The sensor’s sensitivity is considerably 
improved due to increased interactions between the SAW and the magnetostrictive material, facilitated 
by resonance effects within the PnC structure. Our proposed sensor thus demonstrates significantly 
enhanced performance compared to sensors with continuous delay lines.
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Introduction
Magnetic field sensors are crucial in various ap-
plications for accurate measurement and detec-
tion of magnetic fields [1-4]. Surface acoustic 
wave (SAW) based magnetic field sensors have 
been exploited to detect minute changes in mag-
netic fields by utilizing the ∆E effect, where the 
Young’s modulus of magnetostrictive materials 
changes under an external magnetic field, caus-
ing phase modulation of the SAW [5-8]. This 
modulation is detected and measured, providing 
information about the magnetic field strength. 
Phononic crystals (PnC), i.e., engineered mate-
rials with periodic arrangements, allow precise 
control over acoustic wave propagation and dis-
persion [9-15]. Integrating PnC structures into 
SAW magnetic field sensors enhances sensitiv-
ity and performance, promising advancements 
for applications that require accurate magnetic 
field detection [16].

Here, we model a SAW magnetic field sensor
with a PnC structure embedded within the guid-
ing layer. The proposed sensor is schematically 
illustrated in Fig. 1. A thick silicon substrate is 
coated by a 1 µm-thick Al0.77Sc0.23N piezoelectric 
layer [17]. Two gold IDTs are devised on the sur-
face of the AlScN layer to generate and detect a 
Rayleigh wave at a center frequency of approxi-
mately 250 MHz. A 2D square lattice of Au pillars 
is embedded within the SiO2 guiding layer be-
tween the two IDTs. These pillars are of the 
same thickness as the guiding layer (hp = hGL =
4.5 µm). The entire PnC structure is then coated
by a continuous FeCoSiB layer with a thickness 
of hMS = 200 nm.

Fig. 1. SAW magnetic field sensor with Au-SiO2 PnC. 
A magnified view of a unit cell of the PnC is shown
with further details. a and rp denote the lattice constant
and the radius of the pillars, respectively. hGL and hMS
represent the thicknesses of the guiding layer and the 
magnetostrictive layer.

Theoretical Model
To analyze the sensor’s performance, we solve
a set of coupled differential equations using the 
finite element method (FEM) [18,19]. For sim-
plicity, we consider an isotropic magnetostrictive 
material whose mechanical stiffness tensor is 
determined by the Young’s modulus (E) and 
Poisson’s ratio (ν).

Applying a magnetic field induces changes in the 
Young’s modulus of the magnetostrictive mate-
rial, denoted as the ΔE effect. The final value of 
the Young’s modulus (𝐸𝐸𝑓𝑓) is achieved by the su-
perposition of the purely mechanical component 
(E0) and the magnetically-induced component 
(∆E) [20]. When accounting for a hard axis mag-
netization process:

𝐸𝐸𝑓𝑓 = {(
1
𝐸𝐸0
+ 1

∆𝐸𝐸)
−1

𝐸𝐸0
|H| < H𝐾𝐾
|H| > H𝐾𝐾

(4)
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Here, H𝐾𝐾 denotes the effective anisotropy field 
and the magnetically-induced change in the 
Young’s modulus (∆E) can be obtained using the 
following formula: 
1

∆𝐸𝐸 = 9
4

𝜇𝜇0𝜆𝜆𝑠𝑠2H2

𝐾𝐾2 𝜒𝜒 (5) 

where 𝜇𝜇0, 𝜆𝜆𝑠𝑠, and 𝐾𝐾 are the magnetic vacuum 
permeability, the saturation magnetostriction, 
and the first-order anisotropy constant, 
respectively. Further details regarding the theo-
retical model and material parameters can be 
found in [16]. 

Results 
We employed the finite element method (FEM) 
to calculate the band structure of the PnC and 
conducted a series of parameter sweeps using 
COMSOL Multiphysics to determine the optimal 
dimensions of the PnC for precise frequency 
matching between one of the PnC resonant 
modes with the center frequency of the Rayleigh 
mode generated by the IDT, i.e., f=250 MHz. The 
details of the simulation model can be found 
elsewhere [16]. Fig. 2(a) presents the band dia-
gram calculated in Γ-Χ direction for a PnC with a 
= 5.6 μm and rp = 0.25×a = 1.4 μm. The PnC di-
mensions are adjusted so that the second Ray-
leigh mode (R2) meets the frequency matching 
condition near the edge of the first Brillouin zone. 
In this region, formation of flat bands results in 
slower wave propagation for frequencies close 
to the band edges. 

Fig. 2. Left: Band diagram of the PnC with a = 5.6 μm, 
rp = 1.4 μm and hp = 4.5 µm, calculated in the Γ-Χ di-
rection of the first Brillouin zone. Rayleigh and Love 
modes are indicated by blue and red lines, respec-
tively. The grey-shaded area outlines the sound cone. 
Right: Displacement profiles of the first three Rayleigh 
and Love modes calculated at the point X of the first 
Brillouin zone. 

To investigate the sensitivity of our sensor, we 
subjected it to an external magnetic field in the 
range of 0.6H𝐾𝐾 < |H| < 0.7H𝐾𝐾. Alteration of the 
magnetic field within this range induces a linear 
change in the Young’s modulus of the FeCoSiB 
layer, ranging from 120 GPa to 115 GPa. This 

leads to a change in the SAW velocity and a 
phase shift in the output signal, which is ana-
lyzed to quantify the magnetic field strength. 

The structural sensitivity of the sensor is defined 
as the change in the SAW phase velocity per unit 
change in the Young’s modulus of FeCoSiB 
(𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜕𝜕𝜕𝜕 𝜕𝜕𝐸𝐸𝑓𝑓⁄ ). Fig. 3(a) presents the band dia-
gram of the second Rayleigh mode (R2 in Fig. 2) 
for two different Young’s modulus values of 115 
and 120 GPa. At the frequency of f=250 MHz, 
the phase velocity of the Rayleigh wave changes 
by Δv~88 m/s, yielding a structural sensitivity of 
𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 ~17.6 𝑚𝑚/𝑠𝑠

𝐺𝐺𝐺𝐺𝐺𝐺. The Rayleigh mode propagating 
through the unpatterned guiding layer exhibits a 
phase velocity change of Δv~7.5 m/s in re-
sponse to the same variation in the Young’s 
modulus of FeCoSiB, resulting in a structural 
sensitivity of 𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 ~1.5 𝑚𝑚/𝑠𝑠

𝐺𝐺𝐺𝐺𝐺𝐺 (Fig. 3(b)). 

Fig. 3. Band diagrams of (a) the second Rayleigh 
mode of the PnC (R2 in Fig. 2) and (b) the Rayleigh 
mode propagating through the unpatterned guiding 
layer for the Young’s modulus values of 120 and 115 
GPa. v1 and v2 denote the phase velocity values 
acquired for 120 and 115 GPa, respectively. 

The significant enhancement in the sensitivity of 
the SAW magnetic field sensor is attributed to 
resonance effects within the PnC structure. 
These effects cause the SAW to propagate 
through the PnC with an effectively lower veloc-
ity, resulting in an effectively increased interac-
tion between the SAW and the magnetostrictive 
material, thereby improving the sensing capabil-
ity of our sensor. 
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Here, H𝐾𝐾 denotes the effective anisotropy field
and the magnetically-induced change in the 
Young’s modulus (∆E) can be obtained using the 
following formula:
1

∆𝐸𝐸 = 9
4

𝜇𝜇0𝜆𝜆𝑠𝑠2H2

𝐾𝐾2 𝜒𝜒 (5)

where 𝜇𝜇0, 𝜆𝜆𝑠𝑠, and 𝐾𝐾 are the magnetic vacuum
permeability, the saturation magnetostriction,
and the first-order anisotropy constant,
respectively. Further details regarding the theo-
retical model and material parameters can be 
found in [16].

Results
We employed the finite element method (FEM)
to calculate the band structure of the PnC and
conducted a series of parameter sweeps using
COMSOL Multiphysics to determine the optimal
dimensions of the PnC for precise frequency
matching between one of the PnC resonant
modes with the center frequency of the Rayleigh
mode generated by the IDT, i.e., f=250 MHz. The 
details of the simulation model can be found
elsewhere [16]. Fig. 2(a) presents the band dia-
gram calculated in Γ-Χ direction for a PnC with a
= 5.6 μm and rp = 0.25×a = 1.4 μm. The PnC di-
mensions are adjusted so that the second Ray-
leigh mode (R2) meets the frequency matching
condition near the edge of the first Brillouin zone.
In this region, formation of flat bands results in
slower wave propagation for frequencies close
to the band edges.

Fig. 2. Left: Band diagram of the PnC with a = 5.6 μm,
rp = 1.4 μm and hp = 4.5 µm, calculated in the Γ-Χ di-
rection of the first Brillouin zone. Rayleigh and Love
modes are indicated by blue and red lines, respec-
tively. The grey-shaded area outlines the sound cone.
Right: Displacement profiles of the first three Rayleigh
and Love modes calculated at the point X of the first
Brillouin zone.

To investigate the sensitivity of our sensor, we
subjected it to an external magnetic field in the 
range of 0.6H𝐾𝐾 < |H| < 0.7H𝐾𝐾. Alteration of the
magnetic field within this range induces a linear
change in the Young’s modulus of the FeCoSiB
layer, ranging from 120 GPa to 115 GPa. This 

leads to a change in the SAW velocity and a 
phase shift in the output signal, which is ana-
lyzed to quantify the magnetic field strength.

The structural sensitivity of the sensor is defined 
as the change in the SAW phase velocity per unit
change in the Young’s modulus of FeCoSiB
(𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜕𝜕𝜕𝜕 𝜕𝜕𝐸𝐸𝑓𝑓⁄ ). Fig. 3(a) presents the band dia-
gram of the second Rayleigh mode (R2 in Fig. 2)
for two different Young’s modulus values of 115
and 120 GPa. At the frequency of f=250 MHz, 
the phase velocity of the Rayleigh wave changes
by Δv~88 m/s, yielding a structural sensitivity of
𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 ~17.6 𝑚𝑚/𝑠𝑠

𝐺𝐺𝐺𝐺𝐺𝐺. The Rayleigh mode propagating
through the unpatterned guiding layer exhibits a
phase velocity change of Δv~7.5 m/s in re-
sponse to the same variation in the Young’s
modulus of FeCoSiB, resulting in a structural
sensitivity of 𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 ~1.5 𝑚𝑚/𝑠𝑠

𝐺𝐺𝐺𝐺𝐺𝐺 (Fig. 3(b)).

Fig. 3. Band diagrams of (a) the second Rayleigh
mode of the PnC (R2 in Fig. 2) and (b) the Rayleigh
mode propagating through the unpatterned guiding
layer for the Young’s modulus values of 120 and 115
GPa. v1 and v2 denote the phase velocity values
acquired for 120 and 115 GPa, respectively.

The significant enhancement in the sensitivity of
the SAW magnetic field sensor is attributed to
resonance effects within the PnC structure.
These effects cause the SAW to propagate
through the PnC with an effectively lower veloc-
ity, resulting in an effectively increased interac-
tion between the SAW and the magnetostrictive
material, thereby improving the sensing capabil-
ity of our sensor.
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