
Volume 18, Issue 4, 182453 (1-10)

Journal of Theoretical and Applied Physics (JTAP)

https://dx.doi.org/10.57647/j.jtap.2024.1804.53

Adjusting the operation frequency of cantilever based
magnetoelectric sensor

Meisam Haghparast1 , Mohammad Mehdi Tehranchi1,2,∗ ,
Seyedeh Mehri Hamidi1

1Laser and Plasma Research Institute, Shahid Beheshti University, Tehran, Iran.
2Physics Department, Shahid Beheshti University, Tehran, Iran.
∗Corresponding author: tehranchi@sbu.ac.ir

Original Research

Received:
23 May 2024
Revised:
9 July 2024
Accepted:
24 July 2024
Published online:
30 August 2024

© The Author(s) 2024

Abstract:
Magnetoelectric sensors, based on magnetostrictive-piezoelectric composites, exhibit the highest
sensitivity at electromechanical resonance frequencies. Consequently, adjusting the operation
frequency of these sensors for various applications becomes crucial. Using comprehensive simu-
lations based on the finite element method, different structures can be investigated to obtain the
operation frequency, magnetoelectric coefficient, and sensitivity. The structures used comprise
FeGa/AlN/Silicon sandwich composites in a cantilever-type configuration with the etched silicon
substrate. The thickness and etching method of the substrate exert an effect on the mentioned
parameters; hence, the operation frequency of these sensors can be adjusted by structural engineer-
ing.
Furthermore, this approach enables the identification of optimal structures for applications such as
biosensors and energy harvesting. The proposed structure of lower operation frequency exhibits a
magnetoelectric coefficient of 3622 V/cm.Oe at a resonance frequency of 965 Hz with a sensitivity
of 11.0 pT/

√
Hz. Subsequently, the superior proposed structure in terms of a magnetoelectric

coefficient has 5120 V/cm.Oe at a resonance frequency of 1783 Hz, demonstrating a sensitivity of
3.9 pT/

√
Hz.

Keywords: Magnetoelectric coefficient; Magnetic field sensor; Finite element method; Magnetostrictive material; Reso-
nance frequency

1. Introduction

Magnetic field sensors with high sensitivity, cost-
effectiveness, low power consumption, and small volume
are in greatly attend for magnetic field measurement from
DC to ultralow frequencies (0−100 Hz) [1, 2]. These mea-
surements are needed for various applications, including
detecting geomagnetic anomaly fields, exploring geological
and mineral resources, intelligent appliances, and biomed-
ical purposes such as magnetocardiography (MCG) and
magnetoencephalography (MEG) [3–10]. Using structures
with low working frequency for applications such as energy
harvesting is also suitable [11, 12].
Currently, there are various methods for detecting weak
magnetic fields, including giant magnetoresistance, the Hall
effect, atomic magnetometer, superconducting quantum

interference device magnetometer (SQUID), anisotropic
magnetoresistance, flux-gate meter, magnetoelectric (ME)
sensors [13–19]. While SQUID, flux-gate, and atomic mag-
netometer are highly sensitive, they are highly susceptible
to changes in the magnetic flux passing through them. As a
result, their sensitivity can be reduced significantly as the
sensor dimensions decrease. On the other hand, the ME
sensors are more sensitive to the susceptibility distribution
around the sensor and thus can be introduced as a high sen-
sitive sensor [20].
ME sensors exploit the magnetoelectric effect, which de-
scribes the coupling between the magnetic and electric prop-
erties of certain materials. This coupling allows these sen-
sors to transduce between magnetic and electric signals,
enabling the detection and measurement of magnetic fields.
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At the heart of an ME sensor is a magnetoelectric composite
material. These materials are typically made by combining
a magnetostrictive phase, which undergoes mechanical de-
formation in response to an applied magnetic field, and a
piezoelectric phase, which generates an electric polarization
when mechanically strained. The interaction between these
two phases gives rise to the magnetoelectric effect, where
an applied magnetic field induces an electric polarization,
or vice versa [21, 22].
The performance of the ME sensor is heavily dependent
on the properties of the constituent materials. The choice
of magnetostrictive and piezoelectric materials can signif-
icantly impact the sensor’s sensitivity, linearity, and fre-
quency response. Using galfenol alloy with Fe0.83 Ga0.17
structure due to its high magnetostriction coefficient and
AlN with its ability to be used in MEMS provides the re-
quired sensitivity and lower electromechanical resonant
frequency which works at room temperature. Factors like
the composition, microstructure, and interfacial bonding
between the magnetostrictive and piezoelectric phases all
play a crucial role in optimizing the ME coupling coeffi-
cient. Additionally, the geometry and dimensions of the ME
composite structure can be tailored to enhance the sensor’s
performance [19, 23–26].
The ME sensors, which rely on piezoelectric/ferromag-
netic composites, have garnered significant attention due
to their high sensitivity to magnetic fields, especially at the
electromechanical resonance (EMR) frequencies [27, 28].
These sensors hold immense potential for detecting low-
frequency magnetic fields, which is crucial for bio-magnetic
imaging [29]. Since these sensors are easily integrated, they
can be used in micro-electromechanical systems [30].
Recently, various researchers have been trying to reduce
EMR frequency and enhance the ME coefficient in the ME
sensors. When the frequency of the external AC magnetic
field is close to the EMR frequency of the sensor, the maxi-
mum ME conversion efficiency can be reached [31, 32].
ME sensors are affected by three crucial factors: piezomag-
netism, piezoelectricity, and the coupling between them. To
enhance the ME coefficient, appropriate materials must be
selected for both phases, and their junctions and coupling
mechanisms must be optimized. The elastic coupling be-
tween magnetostrictive and piezoelectric materials in com-
posite multiferroics results in the ME effect [33–35]. This
effect can be described as the change in electrical polariza-
tion of a sample due to a change in magnetization (known
as the direct ME effect), or conversely, the change in mag-
netization due to a change in electrical polarization (known
as the inverse ME effect) [36].
However, the resonance frequency of these sensors is usu-
ally in the range of several kilohertz, which is higher than
the desired low-frequency range. Furthermore, any devia-
tion from the operating frequency can significantly impair
the sensor’s sensitivity [37–39]. As a result, to measure
lower frequency magnetic fields with high accuracy using
these sensors, we need to reduce their resonance frequency.
Since the sensor’s resonance frequency is influenced by its
geometry, including parameters like length, area, and mass
distribution, we need to explore ways to adjust their oper-

ational frequency. Achieving this goal involves designing
structures with specific mechanical properties through tar-
geted engineering of the proposed configurations [6, 40, 41].
In this work, by using reliable and accurate simulations
based on the finite element method (FEM), we are trying to
find a suitable structure for the ME sensor with a high ME
coefficient and low operation frequency. By using simula-
tion, it is possible to try different structures and materials
while saving time and cost and without laboratory errors,
which paves the way for the experimental construction of
optimized sensors. We design magnetic field sensors based
on Galfenol alloy and Aluminum Nitride (AlN) that cover
the cantilever of traditional atomic force microscopes. Ad-
ditionally, by modifying the geometrical structure of the
magnetoelectric composite through silicon substrate etch-
ing, we have reduced its operational frequency while striv-
ing to maintain a high ME coefficient.
In contrast, for the development of the sensors mentioned
above, we use highly sensitive cantilever-type sensors,
which exhibit a significant enhancement in the ME coeffi-
cient at their EMR frequency. By adjusting the frequency of
these cantilever-type sensors, we can shift to specific opera-
tional region with the maximum values for both amplitude
of the resonance and thus the output voltage of the sensor.

2. Methods and materials
Considering that the ME structures generate electric po-
tential from the applied magnetic field, the ME coefficient
(αME) can be defined as Eq. (1) as a function of E, H,
and U as electric field, applied magnetic field, and voltage
across the thickness (t) of the piezoelectric layer respec-
tively [42, 43].

αME =
∆E
∆H

=
∆U

t.∆H
(1)

To adjust the operation frequency of the ME sensor, we
need to modify the mechanical properties of the structure.
For this purpose, we use reliable simulations, using Comsol
Multiphysics software based on the FEM technique, to iden-
tify the goal structure geometries via proposed chemical
etching and obtain the efficiency of them. To model these
structures, we need to employ various modules, including
Electrostatics, Magnetic Fields, and Solid Mechanics. As
illustrated in Figure 1, the ME structures comprise two pri-
mary layers: a magnetostrictive layer and a piezoelectric
layer. These layers exhibit elastic coupling between them.
Our structure utilizes two main layers: Galfenol alloy as
the magnetostrictive material and AlN as the piezoelectric
material, along with a poly-silicon substrate. For simulation,
in addition to the general characteristics of the materials,
we defined the piezomagnetic, stiffness, and piezoelectric
properties of the material in the software and the main head
of the sensor with AC and DC Helmholtz coil placed within
an airbox [19].
To achieve maximum sensitivity, the ME sensor is driven
to the most sensitive region using a DC bias magnetic field
(Hbias) that yields the highest value of the ME coefficient.
It is an established fact that this region exhibits a linear
response with the greatest sensitivity. Here, even small
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Figure 1. Schematic illustration of ME effect in a composite include magnetostrictive and piezoelectric layers, coupling
together with a strain mediation.

variations in the applied magnetic field lead to significant
changes in magnetostriction. Considering that the tip’s pri-
mary frequency depends on the penetration depth of the
magnetic field (and thus the structure’s thickness), we pro-
pose an etching process for the bottom silicon layer in the
Galfenol/AlN/Si configuration, defining two distinct cate-
gories.
The first category has a magnetostrictive layer with a length
and width of 20 mm and 5 mm, respectively. This layer
has a thickness of 500 µm. The piezoelectric layer has the
exact dimensions as the magnetostrictive layer. The silicon
layer used as the substrate has a 20 mm length and 5 mm
width, but its thickness varies for different structures. As
shown in Figure 2, a part of silicon with a thickness of 200
µm, length of 10 mm, and width of 5 mm was etched. The
resulting samples were designated as S1C1 through S6C1.

(Table 1).
The second category of studied structures has the same
materials, and the length and width are equal to the first
category. But the thickness of both magnetostrictive and
piezoelectric layers used in these structures is 250 µm and
the main etching region changed to a length and width of
10 mm and 5 mm, respectively, and 150 µm in thickness
and the final samples assigned to S1C2 to S6C2 (Table 1).

3. Results and discussion
Based on the performance of the ME sensors, we need a
bias DC magnetic field to reach the maximum sensitivity
of these sensors. To calculate this bias magnetic field, we
obtain the diagram of magnetization and displacement re-
sulting from applying an external DC magnetic field to the
structure for two categories (Figure 3 (a)). As shown in this

Table 1. Etching parameters of the structures according to Figure 2 (b). The green rows are
non-etched.

Structure X (mm) Y (µm) X1 (mm) X2 (mm)

S1C1 10 200 0 10

S2C1 10 200 2.5 7.5

S3C1 10 200 5 5

S4C1 10 200 7.5 2.5

S5C1 10 200 10 0

S6C1 0 0 10 10

S1C2 10 150 0 10

S2C2 10 150 2.5 7.5

S3C2 10 150 5 5

S4C2 10 150 7.5 2.5

S5C2 10 150 10 0

S6C2 0 0 10 10
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Figure 2. (a) Schematic of the ME structure and Helmholtz coil. (b) Side view of silicon and its etching parameters.

figure, the sensors of the first category with a layer thickness
of 500 µm, sweep the bending from 19.9 (S6C1) to 25.2 µm
(S1C1) in the magnetization saturation region. In this cate-
gory, considering that no etching has been done for the S6C1
structure, the ratio of the volume of the magnetostrictive
layer to the total volume of the structure is the minimum,
and more anchoring between the layers is an obstacle to
increasing the amount of bending of the sensor, so it has
the slightest bending. The second-category sensors with a
thickness of 250 µm show a bending between 39.8 (S6C2)
and 55.5 µm (S1C2), when they are in the magnetization
saturation range. Due to the lower thickness of this category,
they show less resistance to the external magnetic field, and
more bending is created in them than in the first category.
In this category, as in the C1 group, the first sample, which
has etching in the clamping part and has a higher weight
percentage in the free part, experiences the most bending.
By decreasing the weight percentage in the free area and
increasing it in the clamped part, the sensor’s tail bending
decreases as expected. Additionally, the non-etched struc-
ture exhibits less bending, approximately 39.8 µm, due to
the reduction in the magnetostrictive layer’s volume relative
to the total volume. The sensor’s tail bending values for all
samples are mentioned in Table 2.
However, if the thickness of the piezoelectric layer is the
same for both categories, more bending causes more volt-
age in the desired area, and we can rely on these structures
to make the sensor. But by changing the thickness of the
piezoelectric layer in the second category compared to the
first category, the received voltage and the sensitivity of the

sensors to the external magnetic field are studied. Therefore,
the achievable output voltage from the sensor was calculated
for different external magnetic fields until the magnetostric-
tive layer reached saturation magnetization (Figure 3 (b)).
The maximum electric potential of 85.3 and 45.6 volts was
obtained for S1C1 and S1C2 for two categories, respectively.
Both of these structures have etched on the clamped side.
According to this diagram, for the structures with the same
volume ratio of the layers (etched structures), As the etching
moves towards the free and oscillating point of the sensor,
the voltage received from the sensor decreases (Table 2).

From an application perspective, samples that exhibit
higher voltage values when subjected to a magnetic field
can be utilized for energy harvesting. Conversely, for sensor
application, we need the sensitivity in the magnetic bias
area of the structures. For this purpose, we calculate the
derivative of the voltage received from the sensor to the
applied magnetic field (Figure 3 (c)). According to the data
presented in this figure, the structures in the first and second
categories exhibit their highest sensitivity at DC magnetic
fields of 2.3 mT (1.8 kA/m) and 1.5 mT (1.2 kA/m), respec-
tively. These magnetic fields serve as the bias DC magnetic
field for the two categories of structures. The lower bias
magnetic field observed in the second category is attributed
to the thinner structure dimensions. Consequently, the mag-
netostrictive phase’s magnetic domains rotate more rapidly,
positioning them at their most sensitive point.
Considering that the ME coefficient is frequency-dependent,
there is a significant disparity between the ME response
in the EMR frequency regime and the off-resonance fre-
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Figure 3. (a) Displacement of the free part of the structures in two categories relative to changes in the applied magnetic field,
(b) The maximum achievable output voltage in the structures, (c) The ME structures sensitivity to the applied magnetic
field. The modified names in the guide column are the resonance frequency of the structures.

quency range. Using of Comsol Multiphysics software and
an Eigenfrequency study, we were able to determine the
bending resonance frequency, also known as the first-order
resonance frequency, for various structures. The resonance
frequency depends on factors such as the material, mass,
and geometrical shape of the structure. Using the dynamic
method, we accurately determined the EMR frequency and
mitigated bending effects resulting from the applied DC
magnetic field. The ME effect was simulated using this
approach, where a bias DC magnetic field was applied via a
Helmholtz coil, while the AC magnetic field was swept by
another Helmholtz coil at varying frequencies. The EMR
frequency for all structures is presented in Table 2. Ac-
cording to this table, silicon etching on the clamped side
and increasing the relative weight in the oscillating part re-
duces the resonance frequency. The resonance frequencies
of structures S6C1 and S6C2 differ from those of the oth-
ers, primarily due to the absence of etching and the altered
masses of the silicon substrate.
Through FEM analysis and applying 1 Oe.AC magnetic

field alongside a bias DC magnetic field, the value of the
ME coefficient of the magnetoelectric sensors obtains in
terms of volts per meter (Figure 4 (a) and (b)). The sam-
ples of the second category reach their maximum value at
lower frequencies like S1C2 with the ME coefficient of 3622
(V/cm.Oe) at 965 Hz.
However, we can see some equivalent the ME coefficients
in two categories like as S5C1 and S1C2, with ME coeffi-
cients 3713 and 3622 V/cm.Oe respectively, the effect of
the etching position from the clamped point onto free point
of the cantilever is dominate in the selection of the samples
for our main aim. This phenomenon arises from the relative
weight of the layers at the free point of the structure, which
can influence fluctuations when a magnetic field is applied,
impacting their overall performance. As a result, we can se-
lect the final structure depending on the customer’s ordering
in sensor or energy harvesting applications from different
categories based on our lab’s coating equipment.
In experimental work, the lock-in amplifier technique can
measure the magnetic field resolution. The experimental

2251-7227[https://dx.doi.org/10.57647/j.jtap.2024.1804.53]

https://dx.doi.org/10.57647/j.jtap.2024.1804.53


6/10 JTAP18 (2024) -182453 Haghparast et al.

Figure 4. The ME coefficient in EMR frequency for: (a) first category, (b) second category. The modified names in the
guide column are the resonance frequency of the structures in Hz.

voltage resolution of the lock-in amplifier is about 10 µV
when measuring the electric potential of the piezoelectric
layer. Using Eq. (2), the magnetic field resolution for the
simulated ME structures is listed in Table 2.

S =
E

αME.L
(2)

where S is the sensitivity of the ME sensor, E is noise
voltage density, αME is the ME coefficient, and L is the
thickness of the piezoelectric layer [44, 45].
As shown in the Table 2, optimizing the structure through
engineering and etching, along with frequency adjustments,
enhances the sensitivity of the ME composites. Notably,
within each category, the S1 samples with the same etching
type exhibit the highest sensitivity. According to the values

obtained in this table, these structures can be used as AC
magnetic field sensors in the lower frequency range.
Due to the etching performed on the silicon substrate, the
increase in the mass ratio in the oscillating part of the can-
tilever reduces the structure’s resonance frequency. On the
other hand, reducing the thickness of the magnetostrictive
and piezoelectric layers changes the bias magnetic field.
This reduction in thickness creates a lower electric potential
against changes in the magnetic field and reduces the sensi-
tivity of the C2 group.
For a better understanding of the simulations, it can be
compared with the experimental work done in this field.
This comparison provides a clearer perspective on the out-
comes we have obtained. Yang Qiu et al. reported that

Table 2. Simulation results for all investigated structures. The green rows are non-etched.

Sample EMR frequency Cantilever displacement Electric potential αME Sensitivity

(Hz) (µm) (V) (V/cm.Oe) (pT/
√

Hz)

S1C1 1783 25.2 85.3 5120 3.9

S2C1 2296 24.7 83.5 4918 4.1

S3C1 2413 23.6 80.5 4679 4.3

S4C1 2515 22.5 71.9 4131 4.8

S5C1 2584 21.5 67.8 3713 5.4

S6C1 2522 19.9 84.4 4865 4.1

S1C2 965 55.5 45.6 3622 11.0

S2C2 1216 53.6 45.2 3368 11.9

S3C2 1302 50.9 44.4 3269 12.2

S4C2 1380 48.1 41.3 3246 12.3

S5C2 1451 45.5 35.0 2864 13.9

S6C2 1414 39.8 45.3 3226 12.4
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Metglas/PVDF/Metglas laminates have sensitivity of 36
pT/

√
Hz at resonance frequency of 30 kHz [46]. Jingen Wu

et al. prepared a self-biased magnetoelectric sensor with a
ME coefficient of 48.8 V/cm.Oe at resonance frequency of
107.5 kHz and capacity of detect ac magnetic fields of 4.58
nT at 1 kHz and 10.43 pT at resonant frequency [47]. Fan Li
et al. reported that Galfenol/PZT/Galfenol magnetoelectric
sandwich devices have a ME coefficient of 55 V/cm.Oe,
which is suitable for energy harvesting [48].

4. Conclusion
In summary, the various structures resulting from silicon
layer etching allow us to adjust the magnetoelectric (ME)
structure for specific applications. The structures S1C1,
S2C1, and S6C1 are suitable for use as energy harvesters
due to their high electric potential value. S1C2 can be
used for sensors with low operation frequency so that its
resonance frequency is below 1 kHz and has a magnetic
field resolution of 11 pT/

√
Hz. S1C1 can be used in

applications where sensitivity is essential, the sensitivity of
this structure is below 4 pT/

√
Hz. This can be useful for

bio-magnetic sensors to detect small forces generated by
biological molecules or magnetic particles. All of these
simulations were conducted in both passive and active
modes. These results were compared with experimental
data, either to validate the simulation outcomes or to
mitigate environmental noise. These findings collectively
underscore the potential of tailoring composite structures to
achieve precise operational parameters, thereby opening
vistas for innovative applications in diverse technological
domains.
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[28] P. Hayes, M. Jovičević Klug, S. Toxværd, P. Durdaut,
V. Schell, A. Teplyuk, et al. “Converse magnetoelec-
tric composite resonator for sensing small magnetic
fields. ”. Scientific Reports, 9:16355, 2019. DOI:
https://doi.org/10.1038/s41598-019-52657-w.

[29] M. Peddigari, K. Woo, S.-D. Kim, M. S. Kwak, J. W.
Jeong, J.-H. Kang, et al. “Ultra-magnetic field sensi-
tive magnetoelectric composite with sub-pT detection
limit at low frequency enabled by flash photon an-
nealing. ”. Nano Energy, 90:106598, 2021. DOI:
https://doi.org/10.1016/j.nanoen.2021.106598.

[30] A. R. Will-Cole, A. E. Hassanien, S. D. Cal-
isgan, M.-G. Jeong, X. Liang, S. Kang, et al.
“Tutorial: Piezoelectric and magnetoelectric
N/MEMS—Materials, devices, and applications. ”.
Journal of Applied Physics, 131:241101, 2022. DOI:
https://doi.org/10.1063/5.0094364.

[31] J. Xu, C. M. Leung, X. Zhuang, J. Li, S. Bhardwaj,
J. Volakis, and D. Viehland. “A low frequency mechan-
ical transmitter based on magnetoelectric heterostruc-
tures operated at their resonance frequency. ”. Sensors,
19, 2019. DOI: https://doi.org/10.3390/s19040853.

[32] J. Ou-Yang, X. Liu, H. Zhou, Z. Zou, Y. Yang,
J. Li, et al. “Magnetoelectric laminate compos-
ites: an overview of methods for improving the
DC and low-frequency response. ”. Journal of
Physics D: Applied Physics, 51:324005, 2018. DOI:
https://doi.org/10.1088/1361-6463/aaced8.

[33] D. K. Pradhan, S. Kumari, and P. D. Rack. “Magne-
toelectric composites: Applications, coupling mech-
anisms, and future directions. ”. Nanomaterials, 10,
2020. DOI: https://doi.org/10.3390/nano10102072.

[34] X. Liang, H. Chen, and N. X. Sun. “Magnetoelectric
materials and devices. ”. APL Materials, 9:041114,
2021. DOI: https://doi.org/10.1063/5.0044532.

[35] R. Gupta and R. K. Kotnala. “A review on current
status and mechanisms of room-temperature magne-
toelectric coupling in multiferroics for device appli-
cations. ”. Journal of Materials Science, 57:12710–
37, 2022. DOI: https://doi.org/10.1007/s10853-022-
07377-4.

[36] Z. Chu, M. PourhosseiniAsl, and S. Dong. “Re-
view of multi-layered magnetoelectric composite
materials and devices applications. ”. Journal of
Physics D: Applied Physics, 51:243001, 2018. DOI:
https://doi.org/10.1088/1361-6463/aac29b.

[37] K.-H. Cho. “Effect of structural control on
the magnetoelectric characteristics of piezoelec-
tric–magnetostrictive laminate composite in res-
onance and off-resonance modes.”. Electronic
Materials Letters, 15:555–61, 2019. DOI:
https://doi.org/10.1007/s13391-019-00151-w.

[38] Y. Zong, T. Zheng, P. Martins, S. Lanceros-Mendez,
Z. Yue, and M. J. Higgins. “Cellulose-based magne-
toelectric composites. ”. Nature Communications, 8:
38, 2017. DOI: https://doi.org/10.1038/s41467-017-
00034-4.

[39] S. V. Chong and G. V. M. Williams. “Magnetoelec-
tric effect in magnetostrictive-piezoelectric compos-
ites containing magnetite nanoparticles. ”. Sensors
and Actuators A: Physical, 288:101–6, 2019. DOI:
https://doi.org/10.1016/j.sna.2019.02.003.

[40] F. Narita and M. Fox. “A review on piezoelectric,
magnetostrictive, and magnetoelectric materials and
device technologies for energy harvesting applications.
”. Advanced Engineering Materials, 20:1700743, 2018.
DOI: https://doi.org/10.1002/adem.201700743.

[41] A. Piorra, R. Jahns, I. Teliban, J. L. Gugat, M. Gerken,
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