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A Magnetoelastic Twist on Magnetic Noise: The Connection

with Intrinsic Nonlinearities

Elizaveta Spetzler,* Benjamin Spetzler,* and Jeffrey McCord

Intrinsic magnetic noise limits the functionality of all magnetic field sensors
and related devices using magnetic films as sensing elements. A novel origin
of magnetic noise due to ferromagnetic material’s magnetostriction is
revealed by implementing a comprehensive multi-level signal-noise model
and thoroughly validating it experimentally on magnetoelectric composite
AE-effect sensors. From electrical measurements and operando magnetic
domain visualization, magnetic contributions are shown to dominate the
noise floor and limit the overall performance of multi-domain magnetoelastic
sensors. The newly introduced noise contribution is correlated with the
nonlinearity of the magnetostrictive properties. The effect on sensor output is
particularly pronounced in magnetoelastic and magnetoelectric composite
devices, but the results generally apply to all sensor devices incorporating
magnetic materials. Therefore, the identified magnetic noise source makes a
significant contribution to understanding the limitations of magnetic sensors
and provides important guidelines for optimizing future magnetic sensors for

1. Introduction

Optimized soft magnetic materials and
films are based on low magnetic anisotropy
and near-zero magnetostriction.'3] On
the other hand, it has been shown that
nonzero magnetostriction can be benefi-
cial for achieving low values of magnetic
hysteresis in ferromagnetic films.[*3] Fer-
romagnetic thin-film-based devices, espe-
cially magnetic field sensors, have numer-
ous applications in the modern world, rang-
ing from navigation systems to medical di-
agnostics and data storage applications.[®!
These include magnetoresistive (XMR) sen-
sors based on the anisotropic (AMR),l’=]
the giant (GMR),1%*] and the tunnel mag-
netoresistive (TMR)!>- effects, mostly
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comprising magnetostrictive layer compo-
sitions for optimization of XMR effect
strength or feasibility of fabrication. Other
relevant sensor schemes are giant magne-
toimpedance (GMI)["®2% effect sensors and
magnetoelectric (ME) composite sensors.?'2¢] In this con-
text, supporting flux concentrator structures!?’-*°l and magnetic
shields**2] made of soft magnetic materials are also integrated
into magnetic sensor structures based on non-ferromagnetic
material, e.g., semiconductor-based Hall effect sensors.*}] For
highly optimized XMR, GMI, and ME sensors, detectivities
~1 pT/Hz"> have been demonstrated.'*3*3¢] However, the detec-
tivity is mostly limited to higher magnetic field frequencies with
limitations in the low-frequency or quasi-DC application regime.
These limitations are partly overcome by modulation schemes
to avoid the low-frequency flicker noise of the electronics.l*’~!
Yet, correlated magnetic or magnetomechanical excitations lead
to added performance limitations caused by additional intrinsic
magnetic noise in the magnetic layers.[*1=4]

Magnetic noise is a highly complex phenomenon, and un-
derstanding its origin has led to extensive research for various
systems.[*14540] [t has been shown that magnetic noise is strongly
influenced by the magnetic configuration and operation parame-
ters of the devices.[***"~*] Depending on these, different shapes
of, e.g., the voltage noise spectra have been observed,!*>>-2] gen-
erally following a 1/f” (0 < y < 2) trend,*3°%53] with fbeing the
frequency. In the most commonly experimentally observed case
with y & 1,#4%54 magnetic noise exhibits magnetic 1/for flicker
noise characteristics. Numerous computational techniques have
been used to simulate and explain the magnetic noise phenom-
ena. Among these, stochastic atomistic simulations are consid-
ered to be the most physically accurate as they involve the fewest
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Figure 1. a) Photograph and cross-sectional schematic of the example AE-effect sensor. b) Flowchart of the combined sensor system model. The three
main parts of the model are shown: the magnetoelectrical resonator model, the signal model, and the noise model. The corresponding sub-models
are indicated. The input properties are used for all parts of the model. The main output of the model is the resulting limit of detection (LOD) of the
sensor. Important intermediate results of the simulations are indicated, such as the sensitivity Sy and output voltage noise density Ny. (See Experimental

Section for details).

approximations.[>¢! This method requires a spatial and tem-
poral discretization on atomistic scales, accompanied by a big
computational effort.l’”*8] Therefore, linear macrospin models
based on the fluctuation-dissipation theorem (FDT)“+%-61 are
now widely used to approximate thermal magnetic noise. The pri-
mary assumption of such models is that magnetic noise is caused
solely by thermally activated fluctuations of magnetization.

Here, we provide evidence for the existence of an ad-
ditional magnetic noise mechanism related to the inher-
ent magnetostriction of the applied ferromagnetic materials.
The additional noise mechanism becomes particularly impor-
tant when dealing with magnetostrictive devices:(¢2¢3] such as
actuators,!® antennas 2665661 data storage elements,!®”%8 pres-
sure sensors,!®7! and magnetic field sensors.[>>7274] Magnetic
noise theory is applied to describe A E-effect sensors as an exam-
ple of modulated magnetoelastic magnetic field sensors.”>! The
extended theory is implemented in a comprehensive multi-level
sensor system model and thoroughly validated with measure-
ments. In particular, we demonstrate the critical influence of the
nonlinearity of magnetoelasticity on the sensor output noise for
magnetic thin-film-based devices.

2. Results and Discussion

2.1. Sensor Concept

The magnetic field sensor used here is a magnetoelectric com-
posite AE-effect sensor with a (Fey,Co,(),5Si;,B;, amorphous
magnetostrictive ferromagnetic sensing layer. A photograph and
the schematics of the sensor are shown in Figure 1a. The op-
erating principle of the sensor is based on the dependence
of the stiffness tensor C,; of the ferromagnetic layer on its
magnetic configuration.’’! During sensor operation, the can-
tilever is electrically excited at or near its mechanical reso-
nance frequency f, by applying the time ¢ dependent voltage
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U (1) = || sin (2zf,t) with frequency f,, & f; and base-to-peak
amplitude |u.,|. The excitation voltage u., and the current i () =
Yu,.(t) through the sensor element are connected via the electri-
cal admittance Y of the device, which is defined by the electrical,
mechanical, and magnetic properties of the sensor element. An
external and varying magnetic sensing field p,H, changes the
orientation of the magnetization M in the magnetostrictive sens-
ing layer, and therefore changes the stiffness of the cantilever and
its admittance Y. The change in admittance Y modulates the cur-
renti(t), which is then amplified with a charge amplifier allowing
for magnetic field detectability (limit of detection, LOD) down to
the 100 pT/Hz*® regime (a description of the sensor and its op-
eration is provided in the Experimental Section).[””]

2.2. Sensor Model

An overview of the full model to describe the signal and noise
performance of magnetoelastic AE-effect sensors is shown in
Figure 1b. The model covers all levels of the sensor system, from
the physical properties of the resonator to the electric circuit rep-
resentation of signal and noise. Only this approach makes it pos-
sible to relate the design and operating parameters to the device’s
performance in terms of signal, noise, and LOD of the sensor sys-
tem.

In the model, we simulate the magnetoelastic resonator
by combining magnetic macrospin and finite-element-method
(FEM) models. With the macrospin model, we calculate the stiff-
ness tensor Cy, of the magnetostrictive layer as a function of the
applied magnetic bias field u,H,. and stress . The obtained val-
ues of Cy; are then used for the FEM simulations. With these joint
models, we are able to describe the coupled magnetic, magnetoe-
lastic, and electromechanical properties of the cantilever, such as
Y(f.,) and f; (1, Hy ). In a further step, the resonator model is cou-
pled to an analytical signal model and an output voltage noise
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Figure 2. Magnetic and electrical properties of the sample. a) MOKE micrograph of the sample after demagnetizing along the x-axis. The MOKE sensi-
tivity axis (MOKE sens.) was aligned perpendicular to the applied field axis. The picture is composed of several separate images (as indicated). b) The
distribution of the differential magnetic susceptibility at yyHy. = — 0.125 mT across the sample extracted from local magnetization curve measurements
with a magnetic field yyHy. applied along the x-axis. c) Magneto-optically recorded magnetization loop and corresponding two magnetic domain config-
urations at pgHy. = 0.3mT and py Hy. = — 0.15mT, respectively. The magnetization curve and the domain images were recorded at the clamping region
of the cantilever, as shown. The external magnetic field ugHy. is applied along the x-axis. The MOKE sensitivity axis was aligned parallel to the applied
field axis for recording the magnetization loops. d) Measurement and FEM simulation of the change in the resonance frequency f, as a function of pgHye.
e) Measurement and FEM simulation of the sensor admittance magnitude |Y| as a function of the excitation frequency f,, at ygHgy. = — 0.125 mT.

model by combining equivalent-electrical-circuit and macrospin-
based models. The calculated sensitivity S, and noise(s) N are
then eventually combined to obtain the LOD of the sensor
system.

2.3. Sensor Performance
2.3.1. Magnetoelectrical Resonator: Experiment and Simulations

The local magnetic properties required for the resonator model
were extracted from magnetooptical Kerr effect (MOKE) mi-
croscopy measurements.”’] As visible from the magnetic do-
main structure in Figure 2a, the effective magnetic anisotropy
of the sample is mainly aligned along the short axis of the can-
tilever. However, the variation in domain width and misorien-
tation of the domain walls at the cantilever tips indicate a local
variation of magnitude and orientation of effective uniaxial mag-
netic anisotropy. To quantify the resulting distribution of effec-
tive susceptibility, we measured local magnetization curves along
the cantilever length. From this, we determined the local differ-
ential magnetic susceptibility y at bias fields from p H; = —
0.075 mT to puoHy = — 0.175 mT with a saturation magnetiza-
tion of y, Mg = 1.48 T’ The variation of the magnitude of y
along the length of the cantilever is shown in Figure 2b. In addi-
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tion to the slightly varying magnetic anisotropy, the susceptibility
drops at the edges due to the spatially increasing demagnetizing
field.’®

An example magnetization curve of the sample recorded at
the clamping region is plotted in Figure 2c. The magnetiza-
tion curve shows notable hysteresis openings in the positive
and negative magnetic field range characteristic for the inter-
mediate occurrence of a blocked narrow magnetic domain state
(HoHy = 0.3 mT)7%2 forming after saturation. During the
reversal, the metastable low susceptibility state breaks down
via a swift reorganization of the domain structure.®3] The sys-
tem transitions to a domain state close to its ground state
(MoHg. = — 0.15 mT). As a consequence, these domain processes
lead to a notably hysteretic and asymmetric resonance frequency
fi(moHy.) curve (Figure 2d). At pu,Hy. ~ 0.02 mT a discontinuity is
visible, correlating with the breakdown of the blocked state. Note
that the discontinuous domain-state transition is irreversible and
therefore the steep alteration of f, (¢, H,.) is not suitable for sen-
sor operation. For measurements and simulations, we use the
magnetic field values p,H,. < 0 mT (after saturation in the posi-
tive magnetic field).

Using a resonator model, we calculate the admittance char-
acteristics and the resonance frequency f; of the cantilever as a
function of u,H,. Using the obtained magnetic property and
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Figure 3. Comparison of measured and simulated signal and noise. a) Measured and simulated demodulated output voltage for a test magnetic field
signal pgH,. = 500 nT with f,. = 5 Hz applied externally at yoHy. = — 0.125 mT. b—e) Measured and simulated demodulated voltage noise density for
poHge = — 0.125 mT (b,c), ugHgy. = — 0.075 mT (d), and poHy. = — 0.1 mT (e) bias fields. The output-referred noise density from the non-magnetic
sources is calculated using the equivalent electrical circuit model presented earlier.[284] Magnetic noise is calculated with Equations 11 and 12 using

the sensitivity calculated with Equation 7 (see Experimental Section).

the mechanical data as an input, the simulations match the mea-
surements of f,(u,Hy.) around the operating point y,Hy = —
0.125 mT (Figure 2d) as well as the sensor admittance magni-
tude | Y] around f; in the whole frequency range (Figure 2e). From
these data, we can calculate the electrical and magnetic sensitivity
of the cantilever for the signal model.

2.3.2. Signal, Noise, and Limit of Detection

Signal and noise measurements of the sensor were performed
for varying excitation voltage amplitudes |u,,| and magnetic bias
fields pyH,.. Signal and noise measurements and simulations
performed at a small excitation voltage |u,,| =5 mV and p,Hy =
— 0.125 mT are shown in Figure 3a,b. Figure 3a shows that the
signal model based on the data obtained from the resonator
model reproduces the carrier and the signal peak very accu-
rately. A close agreement between measurements and simula-
tions is also observed for the noise data (Figure 3b). The simu-
lated amplitude noise densities of the considered magnetic and
non-magnetic noise sources demonstrate their individual contri-
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butions to the total noise floor (Figure 3b). At small |u,,| the elec-
tric noise sources dominate, resulting in an almost white noise
spectrum. The additional peak that is faintly visible in the mea-
surement curves is caused by internal distortions in the excitation
source and does not affect the overall noise floor.

The results of additional measurements and simulations for
two other magnetic bias fields as well as for a larger excitation
voltage amplitude of |u,| = 150 mV but with the same magnetic
bias field are shown in Figure 3c—e. Far from the carrier, the to-
tal noise spectrum Ny, is in all cases still dominated by the white
noise of the excitation voltage source. However, at smaller fre-
quencies close to the carrier, the noise floor varies with |u,,| and
HoHg.. In all three examples, low-frequency noise is dominated
by the carrier-mediated magnetic noise N, .

For the shown simulations, we assumed the maximum possi-
ble value of the thermal magnetic noise N,,, 4, (¥ = x'’ in Equa-
tion 10), which means that all energy introduced into the sys-
tem is immediately dissipated as heat. However, even consider-
ing such a boundary case, the large noise levels measured around
the carrier can only be explained together with the additional
carrier-mediated magnetic noise contribution (Figure 3d.e).

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOLULIOD 9AITE1D) 8{edl|dde 8y Aq peusenob a1e sejole YO ‘9SN J0 S9|nI Joj A%Iq1T 8UlUO A8|1M UO (SUOTHPUOD-PUR-SLLIBY WD A8 1M AR1q 1 BU1IUO//:SANY) SUORIPUOD Pue SWLB | 8U)1 89S *[6Z02/T0/2Z] U ARiqiT8uluo A8 (1M ‘BISIBAIUN-SIYIRIM | Y-UeisUYD Ad £9860€202 WIPe/Z00T OT/I0P/W0D A8 1M AIq 1 puljuo’psoueApe/sdny Wwo.j pepeojumod ‘6 ‘v20Z '8Z09TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

=

www.afm-journal.de

— Measurement __ Measurement at 799
‘®: Average of 5 measurements |ue]=0.01V
— Simulation _ Measurementat | __ 7.98
Nonmagnetic noise dominates |ue|=0.45V =
Nonlinear regime s:mBvDfit  eef = 7.97
Wy
4
(a.1) 88 (a.2) 7.96¢ o Fixed pioH, during | 1
31 -0.075 mT 8.2 | |ued=5mV measurements |
2 78 (-1 -0.5 0 0.5 1
1 poHyc [mT]
4 4 0.35 ———— 145
(b.1) (b.2)
3] -0.100 mT 8.2 —_
: — 0.30} 120 &
2 2 =
) 7.8 = =
, = 0.25¢ 095 3
— 4 8.6 22
3 (c.2)
N —
E z .VJE 8.2 0.20 | 4 Critical voltage / stress‘ 0.70
= ) = 738 (8) -0100 -0.125 -0.150 -0.175
Q
S 4 7.4 ) MOHdc [mT]
(d.1) (d.2)
3} -0.150 mT 8.2 102 L IA Ci11(011)/Cy11(0=0) ‘_
) ;
2 =)
7.8 100 f-g
1 k,,., o~ )
1l 98
4 8.6 &
3 (e.1) (e-2) Y :
-0.175 mT 8.2 % ro)
2 S o4} HoHy [mT] - _
7.8 O [ —— o
1 a ¢ 92} -0.175 -0.075 |
0.1 02 03 0.4 ‘5025 0 25 50 (M 15 -10 -05 0 05 10 15
|ued [V] foc f; [Hz] ou [MPa]

Figure 4. Contributions of different noise sources and nonlinearities to the LOD of the sensor. a.1-e.1) measured and simulated LOD over the excitation
voltage amplitude for various pugHy. and f,. = 5 Hz. a.2—e.2) Measured sensor admittance over the excitation frequency f, for two excitation voltage
amplitudes |ug,| = 0.01V and |u,| = 0.45 V. The data are fitted with the mBvD model.[*%:%3] f) Dependency of the resonance frequency £, of the cantilever
on the magnetic bias field uyHy.. The values of ugHy. used in the measurements (a—e) are indicated. g) Dependency of the critical excitation voltage
amplitude |ug, | and its corresponding critical stress amplitudes |oq; (| at which the third (nonlinear) operation regime starts as a function of the
magnetic bias field uoHy.. The parabolic fit provides a guide to the eye. h) Estimated dependency of the normalized Cy ;; component of the stiffness

tensor Cy, on the stress o along the X-axis for different values of pgHye.

Furthermore, to achieve a good match between the simulations
and the measurements, the pre-factor A in the carrier-mediated
noise (Equation 12) was considered to depend on the applied bias
field pyHy.. As shown in Figure 3c—e the values of A decrease
with decreasing p,H,.. For even smaller magnetic field ampli-
tudes, we observed an increase in A (not shown), which corre-
lates with the changing areas of the domain wall activity (Figure
S2, Supporting Information).

In the following, the dependence of the signal and the noise
on voltage amplitude is analyzed in more detail. For this, the
LOD at f,. = 5 Hz was measured and simulated for five dif-
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ferent magnetic bias fields p,Hy from —0.075 to —0.175 mT
(Figure 4a.1-e.1). At each bias field value, the excitation voltage
amplitude |u,,| was ramped up from 5 mV to 0.45 V. At each field,
the measurement was repeated 5 times (grey curves) and then
averaged (red curves). A general trend is visible in the LOD for
all five magnetic bias fields, and three different regimes can be
identified as a function of |u,,|. Atlow excitation voltages, the non-
magnetic noise sources dominate the noise floor. In this regime,
they are independent of the excitation voltage amplitude |u,|,
while the sensitivity S, increases linearly with |u,,| (Equations 5
and 7). This results ina LODx1/|u,,| dependence (purple regions
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in Figure 4a.1-e.1). For moderate |u,,| (white regions), magnetic
noise Ny, + N, . dominates. Since the magnetic noise and Sy,
scale linearly with |u,,| (Equations 11 and 12) the LOD remains
constant in this regime. In the third regime of high excitation
voltage amplitudes (blue regions), beyond a critical excitation am-
plitude |u,, .|, the noise floor starts to increase, leading to a degra-
dation of the LOD together with a significant scatter in LOD. Most
notably, as the magnetic bias field is reduced, the onset of the
third regime occurs at a progressively smaller |u, |, which cor-
relates with a change we observe in the admittance characteris-
tics. Figure 4a.2—e.2 shows the admittance curves of the sensor
at the small (|u,,| = 0.01 V) and high (|u,,| = 0.45 V) excitation
voltage amplitudes at the five different magnetic bias fields. With
increasing |u,,|, the admittance curves shift to lower frequencies
and become more asymmetric. This is a characteristic behav-
ior for nonlinear resonators. This becomes particularly evident
when the measured data are compared with the linear modified
Butterworth van-Dyke (mBvD) model.l**#] The deviations from
the model increase with decreasing magnetic bias field uy,Hg,
as the resonator becomes more nonlinear as the operation point
moves towards the minimum of the resonance frequency curve
(Figure 4f).

Overall, it can be noted that the simulations match the mea-
sured LOD in the first and second regimes of |u,,|, where the
resonator behaves linearly. In the third regime, the simulated
LOD remains constant and does not reflect the experimentally
observed degradation. This discrepancy is mainly due to a devia-
tion of the simulated noise (see Supporting Information) and not
due to a significant deviation of the signal model.

To gain insights into the microscopic origin of this noise
source, we performed operando time-resolved dynamic MOKE
microscopy measurements at the clamping region of the res-
onator, where the stress and its gradient are the largest. While
modulation of the magnetization and motion of the domain walls
are visible, no signs of domain rearrangements or domain wall
hopping were observed during device operation. The movement
of domain walls scales nearly linear with |u,,|. No onset or non-
linear magnetic domain wall activity with increasing |u,,| is found
from the active device imaging that could explain the measured
surge in the noise level (see Supporting Information).

2.3.3. Nonlinearity of the AE Effect

The nonlinearity results from magnetostriction, which is con-
firmed by additional admittance measurements in magnetic sat-
uration (see Supporting Information). The measurements also
show that other possible nonlinear effects are negligible. The
observed nonlinearity in our sensor is consistent with previ-
ous studies on magnetoelastic nonlinearities in magnetoelectric
resonators.[5%]

During excitation, time-dependent stress-induced magnetic
anisotropy alters the magnetic state of the magnetostrictive layer,
which, as a result, also changes the stiffness of the cantilever.
In our model, however, we assumed that the stiffness of the
resonator depends only on the magnetic bias field and that the
cantilever behaves like a harmonic oscillator. As shown by the
nearly perfect agreement of simulations and measurements, this
is a valid assumption for small and moderate excitation voltages.
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However, at higher excitation voltages, the nonlinear contribu-
tion of magnetostriction to the stress-strain curve must be con-
sidered.

As a measure of the nonlinearity, we calculate the dominant
component Cy, 1, (o) of the stiffness tensor as a function of the
stress component o, along the cantilever for the five magnetic
bias fields discussed in Figure 4a—g. The results are normalized
to Cy;11(0; = 0) and shown in Figure 4h within the stress range
that occurs during the oscillation of the resonator near the mid-
dle of the cantilever where the differential magnetic susceptibil-
ity y is at maximum and o, reaches its second maximum. The
critical stress amplitudes |oy; | at which the nonlinear regime
starts (from Figure 4a.1-e.1) are indicated. A significant change
in the normalized stiffness tensor component is evident for all
magnetic bias fields, with a more pronounced change at smaller
fields. The model proves an increasing nonlinearity as the mag-
netic bias field moves towards the minimum of the resonance
frequency curve in Figure 4f. This is consistent with the admit-
tance measurements.

The onset of nonlinearity is at approximately the same level
of Cy11/Cy11(o1; = 0) for all magnetic bias fields. It occurs at
about Cy 1,/Cy11(61; = 0) ® 3% change in the normalized stiff-
ness tensor component. The change of 3 % is reached at differ-
ent stress values o,;, and therefore, also different stress gradi-
ents Vo, in the magnetostrictive layer. The maximum change
of magnetization induced by the stress during the oscillation also
depends on the magnetic bias field and follows a clear trend (see
Supporting Information). The sharp onset of noise with |u.,| can-
not be traced back to a threshold in the stress-induced magnetoe-
lastic anisotropy, the amplitude of the driving forces for the mo-
tion of domain walls, or the induced change in magnetization.

3. Conclusion

A complete theory is used to describe magnetic noise in magnetic
film-based sensor systems. It also includes magnetomechanical
terms, and in particular, the magnetoelastic material properties
are taken into account. A A E-effect magnetic field sensor is ana-
lyzed as a representative system. The comparison of multi-level
simulations and measurements reveals that thermal-magnetic
noise is insufficient to describe the intrinsic magnetic noise of
the sensor. An additional magnetic noise source mediated by the
electromechanical excitation is needed to accurately describe the
performance of the multi-domain sample. The phenomenologi-
cal expression for this carrier-mediated magnetic noise is derived
and validated by the excellent match of measured signal, noise,
and limit of detection with simulations. By taking into account
non-magnetic and magnetic noise sources, the detailed analysis
reveals previously unrecognized sensor-intrinsic magnetic noise
sources that are fundamentally associated with the properties of
magnetoelasticity.

The carrier-mediated noise model is consistent with noise
measurements on similar sensors with a magnetostrictive
FeCoSiB/Cr multilayer stack as the magnetoelastic sensor
component.*’] There, the overall noise level of the multilayer
device is notably lower than in our single-layer sensor, which
is consistent with the different magnetic domain behavior in
the laminated stack. Closure domains present in the single-layer
sample increase the number of domain walls ny, compared to
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the magnetic multi-layer sample, and therefore, increase the
carrier-mediated magnetic noise N, . (Equation 12). Moreover,
domain wall parameters are significantly different in the lami-
nated multilayers.3%] Lower domain wall energy and the re-
lated change in domain wall width result in reduced domain
wall pinning,®! leading to magnetic noise reduction. This be-
havior is consistent with the analysis presented here. In addition,
the domain wall energy depends on the magnetic bias field, 3"
which is reflected in the observed change in the prefactor A in
the carrier-mediated noise simulations. Carrier-mediated mag-
netic noise is not responsible for the sudden increase in intrinsic
sensor noise at larger excitation voltage amplitudes. Sudden and
discrete rearrangements of the magnetic domain structures as a
mechanism can be ruled out for our measurements as operando
time-resolved MOKE microscopy shows no dramatic increase in
magnetic domain rearrangements during sensor operation.>*!
No Barkhausen noise-attributed jumps in the sensor output sig-
nal were observed. The results clearly indicate the presence of
a so-far unidentified magnetic noise source strongly connected
with magnetoelastic nonlinearity effects.

Our study provides robust theoretical and experimental ev-
idence for the origin of magnetic noise. Reducing carrier-
mediated noise through a strategic magnetic layer and domain
engineering and implementing techniques such as exchange-
bias schemes are expected to play a crucial role in improving
the performance of modulated film-based magnetic field sensors.
However, it is important to note that the nonlinear characteristics
of magnetostriction and the discovered influence on device prop-
erties impose significant limitations on functional devices that
rely on ferromagnetic thin films as their sensitive components.

To conclude, we present a magnetic noise theory for magnetoe-
lastic materials and reveal previously unrecognized noise sources
caused by the magnetoelasticity of magnetic layers. Significant
insights into the origin of the noise sources are gained with solid
evidence for a direct link to the intrinsic magnetoelastic nonlin-
earity. As such, this work makes a significant contribution to the
understanding of the inherent limitations of magnetoelastic sys-
tems and provides important guidance for future functional de-
vice optimizations.

4. Experimental Section

Sensor Preparation and Operation: A photograph and an illustration
of the structure of the AE-effect sensor used in this paper are shown
in Figure Ta. The cantilever was 7.5 mm long, 1 mm wide, and comprised
a 50-um-thick poly-Si substrate, a 2-um-thick AIN piezoelectric layer sand-
wiched between a bottom and four top 150-nm-thick Ta/Pt electrodes,
and a 500-nm-thick (FeqyCo14)73Sit2B1g amorphous magnetostrictive fer-
romagnetic layer (saturation magnetostriction A ~ 35 ppm).[%2] During
the deposition of the magnetic layer, a magnetic bias field of yoH ~ 10 mT
was applied to induce a uniaxial magnetic anisotropy along the short axis
of the cantilever. All measurements and simulations were carried out in the
second bending mode using the two long electrodes close to the clamp-
ing. These electrodes had a width of 0.3 mm and a length of 5 mm. Details
about the MEMS fabrication process and materials can be found in the
previous work.[40]

FEM Simulation of the Magnetoelectrical Resonator: A 3D finite ele-
ment method (FEM) model is set up in COMSOL Multiphysics v.6.0. to
describe the resonator’s electromechanical and magnetoelastic response.
The model coupled the linear mechanical equations of motion!®3! to the
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electrostatic equations!®] via the piezoelectric constitutive relations.[®°]
The sinusoidal excitation voltage u, (t) = |ugy| sin (27f.t) was applied as
a Dirichlet boundary condition for the potential at the top electrode, the
rear side electrode was defined as electrical ground, and fixed boundary
conditions were used for the displacement field at the cantilever clamp-
ing. The system of equations was solved in the frequency domain for the
mechanical displacement field and the electrostatic potential. The change
AC,, of the stiffness tensor of the ferromagnetic layer was included in
the model as a function of the magnetic bias field yyHy. and space to
consider magnetic inhomogeneities.[°®! For the calculation of the local
stiffness tensor, the x-dimension was discretized into 100 elements of dif-
ferent widths with a refined discretization at the clamping and tip of the
cantilever. Consequently, the components Cy ;(M(1oHgc X)) of the effec-
tive stiffness tensor were considered as functions of the applied magnetic
field, intrinsic magnetic anisotropy, stress-induced anisotropy, and loca-
tion along the cantilever. The same discretization was used for calculating
the spatially averaged thermal-magnetic noise density. The components
of ACy, were derived by linearizing the stress—strain relationship around
the equilibrium magnetization M.[%¢] From the simulations, we obtain the
sensor admittance Y(f,,,#oHg4c) as a function of the excitation frequency
fo and the magnetic bias field pyHy., as well as the resonance frequency
fi(1gHyc). Both functions are essential inputs for the signal model and the
noise model. The mechanical and electrical material properties used in the
FEM model are provided in Table S1and Equations S8 and S9 (Supporting
Information). For the stress—strain simulations in Figure 4h, an averaged
effective magnetic anisotropy constant of K, = 265 | m™ (|y| = 3300 at
o = 0) was used.

Electrical and Magnetic sensitivity:  From the FEM model, f, (1gHg4c) and
Y(f.,) were extracted to estimate the magnitude |Y| and phase angle arg{Y}
of the admittance as functions of the alternating magnetic flux density
HoH e (t). In small-signal approximation at the magnetic bias field pgHgy.
and the excitation frequency f,, it is

i d|Y ()]
|Y (MoHac (t))l ~ |Y (ﬂOHac' MOHdC)| * ”OT H =Hyc
toHye () =Yy + SamtoHac (£) Q)

arg {Y (uoHac (1)} ~ arg {Y (soHac, #oHac)} +

HOdH H =Hgc

HoHac (1) :=¢hg + spm/"OHac ® @

with the amplitude sensitivity S,, and the phase sensitivity S;,, which
can be expressed as

dif| dY (e

Sam = = ——|  *=Smag Selam 3
MOdH H=Hgc MOdH H=Hgc df;x Jex=f B ( )
o damlED| 4] des{v(}|
pm 1= = =
HodH H=Hgc HodH H=Hgc dex Jex=fe
Smag 5el,pm (4)

with the magnetic sensitivity S,;, the electrical amplitude sensitivity
Sel,am and electrical phase sensitivity S ;.1

Electrical Signal Model: The small alternating to-be-measured mag-
netic field puoH, (t) detunes the resonance frequency and shifts the ad-
mittance characteristic, which results in a modulation of the sensor’s ad-
mittance Y. f, (uoHgc) and Y(f,,) were extracted from the FEM model to
estimate the amplitude sensitivity S, and the phase sensitivity S,,. The
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modulated output voltage u?  (#) can then be calculated with the 1Q mod-
ulation schemel84]

“Zut (t) = _Zc (f;x) . I“exl : [YO + SamMOHac (t)] - €os (Z”fext + ¢0 + Spm”OHac (t)) (5)

Here, Z(f.) is the impedance of the charge amplifier. The cantilever is
a mechanical resonator with a finite quality factor Q and acts like a low-
pass filter, which can be modeled with a first-order Bessel filter for the case
fox =f 841 Then the final output voltage amplitude can be expressed as

Uout (“exrf;lc) =8 (f;cv Q) Uzut (“ex) (6)

with the frequency component Uy . (ue,) of the amplitude-demodulated
voltage u? . (t), and the magnitude response function g(f,,Q) of the first-
order Bessel filter. Then the voltage sensitivity Sy can then be written as

g (facr Q) Ugye (Uex)

Sv Wex foo) = —F——— ™
|”0Hac (fac)l

Output Voltage Noise Model:  An equivalent electrical circuit model of
the AE-effect sensor was used for calculating the voltage output noise.[34]
All the required parameters were extracted by fitting the modified But-
terworth Van Dyke (mBVD)[®] model to the simulated impedance curve
(Figure 2e). This equivalent circuit model includes voltage noise sources
to consider thermomechanical noise, Johnson—Nyquist noise of the piezo-
electric layer, quantization noise of the DA/AD converter, and noise from
the charge amplifier. Except for the quantization noise, all these noise
sources are independent of the excitation voltage. From the model, the
total output-referred amplitude spectral densities N, of the non-magnetic
noise sources were obtained. The thermal-magnetic noise was considered
with an amplitude spectral density N, 4, and a carrier-mediated magnetic
noise source with an amplitude spectral density N, - was introduced. The
total output noise density Ny then results from

Ny = /N2 + Ngﬁh +N2 8)

The magnetic noise sources were not embedded in an equivalent circuit
model and were treated differently.

Thermal-Magnetic Noise: The amplitude spectral density (ASD) of the
thermally excited fluctuations of magnetization M and the equivalent
fluctuating magnetic flux density poh is described using the fluctuation-
dissipation theorem:[60.97]

_ [4kgTug 1" (o)
MD%M_¢ Vo i)+ 27 (@) o

Here, kg is Boltzmann constant, Tis temperature, Vis the volume of the
sample, @ = 2zfis the angular frequency, y = ' + iy’ is the differential
magnetic susceptibility. A detailed derivation of the Equation 9 is provided
in the Supporting Information.

Derivation of Equation 9 is based on a macrospin approach assum-
ing homogeneous magnetic properties within the volume V. Here, this
equation was modified and an expression for spatially averaged thermal-
magnetic noise was obtained to consider spatial inhomogeneities of the
magnetic properties of the sample. The total volume V., of the magnetic
layer was discretized into N elements of volumes V; with )V, = V. Then,
the fluctuation of the magnetic moment M of each element was calcu-
lated using ASD (M) = V ASD(M). The power spectral densities (PSD =
ASD?) were then summed up and normalized to V.. From the resulting
spatially averaged ASD of the magnetization fluctuation, the correspond-
ing ASD of the equivalent fluctuating magnetic flux density was obtained

ZN: 4kgTuo Vi 1" (@) (10)

ASD (uoh) =
g Vie |y
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with the differential magnetic susceptibility y; of the i-th element and its
imaginary component ;(I.”. The fluctuating thermal magnetic field in Equa-
tion 10 acts the same as the external magnetic field yoH,. in Equation 5
and directly modulats the carrier. Therefore, the ASD (uyh) is related to the
output voltage via the voltage sensitivity Sy, and the amplitude spectral
density Ny, y, of thermal-magnetic noise can be expressed as

Nenth = Sy ([uec| . f) ASD (soh) (1

Carrier-Mediated Magnetic Noise: Mechanical excitation of the can-
tilever leads to additional carrier-mediated noise in the magnetic layer
connected with the induced motion of the domain walls. In this model,
it was assumed that the ASD of the carrier-mediated noise is proportional
to .I/\/f and depends on the spatial distribution of defects, temperature,
number, and energy of the magnetic domain walls, and the stress gradient
caused by the excitation. The stress gradient and the sensitivity S, (Equa-
tion 5) scales linearly with |ug,| within the approximations of the signal
model, which results in the following description of the amplitude spec-
tral density of the carrier-mediated noise Ny, .:

Nm,c =A (”dw' Edw' Pdef' T) SV (|uex|'f) /ﬁ (]2)

where A(ngy,Eqw,Pgerr T) is an effective parameter that depends on the
number of active domain walls ny,,, their energy Eg,, distribution of de-
fects Py. and temperature T.

Electrical Measurement Setup: All signal and noise measurements
were performed with a high-resolution A/D and D/A converter (Fireface
UFX+, RME, Chemnitz, Germany) at a sampling frequency of 192 kHz, us-
ing a low-noise JFET-based charge amplifier with a capacitance of 33 pF.[%¢
Knowing the amplifier’s capacitance allowed to calculate the sensor’s out-
put current and admittance. The magnetic bias field poHy. was created
using a solenoid and a commercial precision current source (6221, Keith-
ley Instruments, Solon, USA). The small alternating test magnetic field
HoH,. was applied parallel to the bias field with a second solenoid and a
second current source. The measurements were performed in a magneti-
cally, electrically, and acoustically shielded environment.[*°]

Signal and Noise Measurement Procedure: The signal and noise mea-
surements shown in Figure 3 and Figure 4 were performed in the pres-
ence of various magnetic bias fields applied along the long axis of the can-
tilever. Before the measurements, a positive static magnetic field of yoH =

6 mT was applied along the long axis of the cantilever and then slowly de-

creased to the first negative magnetic bias field value pyHy.. After finishing
the signal and noise measurement procedure at one fixed magnetic bias
field, the bias field was reduced to the next lower field value to repeat the
procedure. At each magnetic bias field, signal and noise measurements
were performed at various excitation voltage amplitudes (starting with the
smallest one). After setting the excitation voltage amplitude and before
the signal and noise measurements, the sensor admittance characteristic
Y(fx) Was measured to extract the resonance frequency f, from an mBvD
fit.[40.8] Then signal and noise were measured five times at f,, = f, before
increasing the excitation voltage amplitude.

For each signal measurement, a small sinusoidal test magnetic field
HoH,e with |ugH,| = 500 nT and a frequency of f,. = 5 Hz was applied
parallel to the bias field, and the sensor’s output voltage u,,, was recorded
for 20 s. For the subsequent noise measurement, the alternating test field
was turned off, and u,,, was recorded for 240 s. The amplitude spectrum
Uyt Was calculated from u, of the signal measurement demodulated to
the baseband. The sensitivity Sy of the sensor was calculated as

sV (f;lc) = Uout (f;lc) / |/40Hac| (13)

The amplitude spectrum density Ny of the output signal was obtained
from the noise measurement, and the limit of detection (LOD) was then
calculated with

LOD = Ny (fac) /Sv (fac) (14)
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Quasi-Static and Operando Time-Resoved Magnetooptical Imaging:
Magnetic domain images in Figure 2 and Figure S2 (Supporting Informa-
tion) were obtained with a home-built high-resolution bright-field magne-
tooptical Kerr effect (MOKE) microscope.l”’! Biasing field along the long
cantilever axis was created with calibrated electromagnets and a current
source. For the quasi-static MOKE micrographs shown in Figure 2, a back-
ground image was recorded at the magnetically saturated state of the sam-
ple and then subtracted from the images recorded at the biasing field of
interest. Images shown in Figure 2a were recorded after demagnetizing
the sample in a decaying sinusoidal magnetic field. The differential sus-
ceptibility shown in Figure 2b was calculated from locally recorded MOKE
magnetization curves like the one shown in Figure 2c.

For the dynamic MOKE microscopy measurements in Figure S2 (Sup-
porting Information), a stroboscopic imaging scheme was used. A pulsed-
diode laser unit (Cavilux Smart UHS, Cavitar LTD, Finland) with a pulse
width of 10 ns was used as a light source. Because the pulse width was
much smaller than the period of the cantilever’s oscillation (ca. 125 ps),
the magnetic state of the sample could be probed at each oscillation phase
by changing the phase ¢ between the light and the excitation signal. The
magnetic state was recorded at the phases ¢,,, and @, + 7 that corre-
sponded to the maximum and minimum induced stress in the magnetic
layer. The difference between these two states showed the maximal mag-
netic response during the oscillation. Each image was recorded by aver-
aging over ca. 50 000 cycles to achieve sufficient image quality in terms of
signal-to-noise ratio.

Prior to the measurements, a positive saturating magnetic field
HoHyc = 6 mT was applied along the long axis of the cantilever and
then slowly reduced to the bias field pgHgy., which was kept fixed during
the following measurements. Then, the cantilever was electrically excited
by applying a voltage to the top electrodes using a waveform generator
(DG4000, Rigol, USA). The bottom electrode was connected to the input
of the charge amplifier,[®®] which was, in turn, connected to the input of
an A/D converter (Fireface UC+, RME, Chemnitz, Germany). The dynamic
MOKE measurements were performed at various excitation voltage am-
plitudes (starting with |u.,| = 150 mV). Similar to the signal and noise
measurement procedure, the resonance frequency f, was measured be-
fore each MOKE measurement. After finishing the measurement at one
fixed magnetic bias field, the bias field was reduced to the next lower field
value to repeat the procedure.

Supporting Information

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