RESEARCH ARTICLE

'-) Check for updates

ADVANCED
ELECTRONIC

MATERIALS

www.advelectronicmat.de

Imaging of Love Waves and Their Interaction with
Magnetic Domain Walls in Magnetoelectric Magnetic

Field Sensors

Cai Miiller, Phillip Durdaut, Rasmus B. Holldnder, Anne Kittmann, Viktor Schell,
Dirk Meyners, Michael Hoft, Eckhard Quandt, and Jeffrey McCord*

The complex behavior of horizontally polarized surface shear waves in
magnetoelectric surface acoustic wave based magnetic field sensor devices

is revealed by time-resolved magnetooptical microscopy with picosecond
temporal and submicron spatial resolution. The imaging of the propagating
waves in the magnetoelectric composites is realized through the functional
soft-magnetic layer by coupled magnetoelastic interactions. Partial surface
wave reflections, wave front dephasing, and secondary wave generation
occur, which originate from structures and magnetic domain walls. Closure
domain structures bend and reflect the magnetic surface waves. Strain
stimulated magnetic domain walls display dynamic periodic expansions,
which propagate along the domain walls and change the magnetomechanical
response also in the surrounding regions. The revealed spatial and temporally
varying nondeterministic response restricts the noise performance of the
surface acoustic wave based magnetic field sensors and thus confines the
sensor’s limit of detection. Magnetic time-resolved optical imaging is shown
to be a powerful method for the operando characterization of magnetoelectric
devices and in-plane displacement surface acoustic wave fields that are not

accessible by other methods.

1. Introduction

Physical property and especially magnetic field measurements
are relevant to a wide range of applications.l!. Applied mag-
netic field sensing relies, e.g., on magnetoresistance and Hall
effect measurements.[3] Recent approaches for the detection
of low frequency biomagnetic signals depend on composite

magnetoelectric sensor devices, based on
a combination of piezoelectric-ferromag-
netic materials.*”! This includes devices
based on surface acoustic wave (SAW)
excitation that combine a low detection
limit, a high dynamic range, and a large
bandwidth.[>-8 SAWs are acoustic modes
that are confined to one surface of a
sample, concentrating the energy of the
wave near that surface. Devices based on
SAWs may utilize Rayleigh, shear hori-
zontal, Lamb, and Love waves.’ Love
waves are pure shear transverse polar-
ized waves and are used in a variety of
sensing applications, most often with an
additional functional thin film sensitive
to the desired stimulus.'> In general,
the functional layer reacts to changes of
the sensed physical quantity by which
the propagating wave becomes altered in
amplitude and in velocity. Magnetoelastic
delay line magnetic field sensors uti-
lizing SAWs make use of ferromagnetic
films with a high piezomagnetic con-
stant.> 8152201 Tn such piezoelectric-ferromagnetic structures,
ferromagnetic films coupled to SAWSs are used as tunable
magnetoelastic delay lines. The principle of the operation of
SAW magnetic field sensors is based on the magnetoelastic AE
effect, which transfers into a change of the effective mechan-
ical Young's modulus, respectively shear modulus of the wave
propagating medium depending on the magnetic state of the
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incorporated magnetostrictive layer.?!l Altering the orienta-
tion of magnetization with a magnetic field results in a field
dependent change of the SAW phase velocity and, as a result,
leads to a measurable phase shift in the delay line SAW devices.
By this, local variations in the orientation of magnetization in
the incorporated ferromagnetic films, which are a direct result
of the underlying magnetic domain structure, may impact the
magnetoelastic wave response of the magnetic field sensors.

Magnetic noise in magnetic sensors is often related to hys-
teretic magnetic domain wall activity,?>?%] magnetic anisotropy
dispersion?!l and, more general, is linked to magnetic losses
in the magnetic material. In the latter case, the fluctuation-
dissipation theorem!?’! addresses induced magnetization fluc-
tuation noise to the response of the magnetic system to small
perturbing forces.[2627]

So far, also SAW magnetic field sensors suffer from
inherent noise, whose origin is associated to the magnetic
losses that impact the sensor’s performance in terms of
achievable limit of detection (LOD), which is related to the
SAW sensor devices’ external magnetic excitation.l?®! With high
phase sensitivities in the range of Spy = 1000°/mT, magnetic
noise currently limits the LOD for low frequency magnetic
field signals to values around LODgyy = 100 pT/Hz%> 8282
This corresponds to the magnetic noise floor of the Love wave
delay line sensors that varies with the magnetic bias field,
magnetic field history, and applied electrical power.?!l Mag-
netic noise is also reported for other types of excited magne-
toelectric sensing devices.%3! The magnetic activation of the
SAW device is purely magnetoelastic and magnetic field free
in nature, where the magnetic processes are unidentified. Yet,
comparing electrical and standard quasistatic magnetic meas-
urements, a basic connection between magnetization reversal
details and phase noise could be established.?8! Especially,
magnetic domain processes were correlated to the manifold
occurring noise phenomena. Yet, the exact cause of phase
noise of magnetic origin in the non-saturated magnetic state
remains unclear as the actual link between the micromagnetic
domain features and the propagating SAWs is not known. To
obtain an insight, spatiotemporal investigations of the actual
surface wave behavior, including also the functional ferromag-
netic layer’s magnetic domain behavior at the frequency of
device operation, are essential.

In general, temporal analyses of the acoustic field have been
used to understand the complex dependence of SAW proper-
ties on, e.g., effects of anisotropic elasticity of media and inter-
actions with inhomogeneities of the material,?>33 but also for
insights in general SAW sensor and filter performance relevant
aspects. Methods employed for the characterization of the time
dependent acoustic wave field are interferometry,3# holog-
raphy,?? scanning probe microscopy,’”) and photoemission
electron microscopy (PEEM) in piezoelectric media.l¥3% Yet,
since for Love waves there is no strain normal to the surface
standard, out-of-plane displacement sensitive techniques like
Laser Doppler Vibrometry are only indirectly applicable.)
Only photoelastic methods have demonstrated the possibility of
imaging propagating shear waves. [**] Fundamental magneto-
dynamic phenomena in SAW based devices have been studied
by PEEM and magnetooptics.>* An overview of the various
techniques for the observation of surface acoustic wave fields
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is shown in Table T1 (Supporting Information). Some of these
studies are dealing with frequencies in the GHz regime. For
such high SAW frequencies manifold effects due to magnon-
phonon interactions are expected.*>8l

Here, the use of wide-field magnetooptical Kerr effect
(MOKE) microscopy*! with high temporal resolution to study
local effects of SAW propagation in magnetoelectric composite
structures is demonstrated. As we show, a time-resolved mag-
netic imaging approachP®*! allows for the investigation of
the acoustic wave field by means of the probed local magnetic
variations. In contrast to time-resolved scanning probe MOKE
microscopy,*? the wide-field imaging approach allows for easy
large field of view imaging and for the direct correlation with
the quasistatic magnetic domain structures that can be imaged
simultaneously in the same microscope setup. By this, we fur-
ther reveal that the propagating SAWs strongly interfere with
details of the micromagnetic spin structure in complex and
nonreproducible ways. The micromagnetic processes at the
domain walls are identified and connected to magnetic losses
and local irreversible magnetic processes. The revealed com-
plicated interactions result in a deterioration of magnetic field
sensor performance.

2. Results and Discussion

2.1. SAW Device and General Magnetoelastic Response
Characteristics

The overall device scheme is sketched in Figure 1a. It is based
on a ST-cut quartz substrate, where two interdigital transducer
(IDT) electrode pairs form a delay line. A SiO, guiding layer
together with an amorphous magnetostrictive ferromagnetic
(FegyCoyg)78SifyByg film provides a concentration of the wave
energy at the device surface. Details on the structure and the
modes of operation of the SAW based magnetic field sensor
device are described in ref. 8.

For a shear wave traveling in x-direction, with the corre-
sponding wave vector k as depicted in Figure la, the dominant
shear stress at the surface is 7. This relates to the shear strain

Yy @S
Ty =2Gy¥s M

with the shear modulus Gy of the guiding layer. For the given
SAW device, the Love wave reaches several micrometers in
depth (Supporting Information Figure S2). The wave propaga-
tion leads to a time-varying stress-induced magnetic anisotropy
contribution K in the magnetic surface layer and therefore to
a variation of the angle of magnetization ¢ relative to k, where
K, favors the alignment of magnetization M under an angle
@ = £7/4 relative to k. Together with an induced uniaxial ani-
sotropy K, and a magnetic field H acting on the ferromagnetic
layer a time-varying alignment of magnetization is defined. In
this regard, an orthogonal alignment of K, and the vector of
wave propagation k, together with H applied perpendicular to k,
the total magnetic energy density e is

e = Kosin® (m/4— @)+ K, sin® (¢) + toHM cos ¢ ()
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Figure 1. a) Scheme of the Love wave based surface acoustic wave delay line sensor device with an ST-cut quartz substrate, an amorphous SiO, guiding
layer, and a ferromagnetic magnetostrictive FeCoSiB film forming the delay line between the Au interdigital transducers (IDTs). Shear waves with a
wave vector k (red) are excited in the substrate and the guiding layer by the IDTs, propagating from the input (<€) to the output (») side. An example
zero magnetic field magnetic domain image from the entire ferromagnetic film is depicted. b) Scattering parameter S, of the SAW device measured
at a magnetic saturation field uoH = 10 mT. The passband of the SAW device centers around three times the Laser repetition rate, where the insertion
loss is Sy; = =18 dB. (For the scattering parameters of an equivalent device over a larger frequency range see Supporting Information Figure S1). c) lllu-
mination scheme of phase synchronous stroboscopic time-resolved MOKE microscopy with pulsed laser illumination (green) for operando magnetic
imaging (SAW synchronous frequency fs,,, = 150 MHz; fixed Laser repetition rate f., = 50 MHz) of a Love wave. The phase of the Love wave relative

to the Laser pulses is varied in time with a time delay t4.

The passband of the SAW magnetic field sensor is cen-
tered around fi,, = 150 MHz as seen from the insertion loss
data of the SAW device (Figure 1b). The measured insertion
loss is solely determined by the SAW device itself.[?8] Yet, the
contributing mechanisms from the magnetic layer are not
known. To shed light on the involved magnetic processes, a
frequency matching MOKE imaging set-up is adapted for the
visualization of the magnetoacoustic wave propagation. The
setup is based on a pulsed laser illumination source with a
repetition rate of f,., = 50 MHz.*] By synchronizing the elec-
trical signal at f;,,, = 150 MHz with the pulsed laser illumina-
tion and by varying the delay t,4. between the electrical signal,
respectively the occurring Love waves, and the laser pulses
(Figure 1c), stroboscopic magnetic imaging!*>>* of the func-
tional magnetic SAW device layer in operation is achieved.
The stroboscopic mode allows only for the imaging of repeti-
tive magnetic events in the piezomagnetic layer that occur
synchronous with the transduced signal excitation. By this,
non-deterministic hysteric and chaotic stochastic magnetic
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responses are not directly imaged in the stroboscopically aver-
aged time-resolved imaging.[>*

Time-resolved MOKE micrographs from the incoming and
outgoing plane wave fronts are shown in Figure 2a. No out-of-
plane Rayleigh-like wave response was detected for the SAW
device (Supporting Information Figure S3).

Corresponding wave profiles and wave propagation for dif-
ferent time delays are displayed in Figure 2b. The SAW wave-
length with the ferromagnetic layer Ag, is fitted with a sine
function to Ag, = 272 wm, which is a reduction from the IDT
periodicity of A;pp = 28.0 pm due to the influence of the magne-
tostrictive phase, respectively, the corresponding change in phase
velocity v,. The calculated velocity is v, = Agy foaw = 4080 m/s.
The time-resolved imaging data also allows for the independent
extraction of the wave phase velocity (see Supporting Video V1
and V2), which is determined to v* = 3985 m/s (Figure 2c) for
the wave in forward (+) direction, matching the calculated value
within the accuracy of determination. Obviously, the wavelength
and phase velocity are reduced to the ferromagnetic phase.
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Figure 2. a) Snapshots from the dynamic magnetization response Am, (=

AM,/M) at the edges of the magnetic film for the incident (side of input,

<) and emerging (side of output, ») shear wave. The direction of propagation of the SAW with a wave velocity v* is indicated. A bias magnetic field
WoH, =7 mT is applied to align the magnetization parallel to the k vector. b) Line profiles (positions indicated in a) from snapshots at various points
in time (t4¢ = 0-3.33 ns from top to bottom) obtained near the edges of the ferromagnetic film. c) Corresponding time difference of the propagating

waves. d) Time-evolution of Am,

at the spatial data points indicated in a) (<, ). e) Variation of surface wave amplitudes Am,,,, over time. The lines

correspond to calculated amplitude variations for an interference of forward and reflected waves (see text for details). For the measurements an elec-

trical input power Py =10 dBm was applied to the SAW device.

2.2. Wave Reflections

Details on wave propagation across the structured ferromag-
netic layer are discussed next. The overall local magnetic
response with time of the incident and the emerging wave of
the piezomagnetic active element, as indicated in Figure 2a, is
shown in Figure 2d. The magnetic input amplitude is slightly
higher than the output signal amplitude, indicating that the
traveling wave across the delay line damps slightly. Additionally,
the overall amplitude of the propagating wave is varying in time
at both sides of the patterned FeCoSiB film, which indicates
a superposition of two magnetoelastic surface waves of oppo-
site direction of propagation. The resulting wave interference
results in the observable amplitude modulation of wave contrast
in the time-resolved MOKE images (see Supporting Video V1

Adv. Electron. Mater. 2022, 8, 2200033 2200033 (4 0f11)

and V2). To quantify the magnitudes of the overlapping mag-
netic waves in the saturated device, we assume two propagating
sinusoidal surface waves with opposite wave vectors +k and —k
for the forward (+) and backward (-) wave propagation. The
time dependent amplitude of the surface wave then is

Am,(x,t) = Am,.cos (k-x — @-t) + Am,_ cos (—k-x — w-t) (3)

with the time and spatial varying total amplitude Am, and the
propagating wave amplitudes Am,, and Am,_. Comparing the
corresponding amplitudes of the incident and emerging waves
(Figure 2e), the loss of magnetic wave amplitude across the
magnetically saturated ferromagnetic film as well as the reflec-
tion and the transmission coefficients at the film edges, respec-
tively, an equivalent to the scattering parameters of magnetic
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Figure 3. a) Magnetization loops from the FeCoSiB film measured along the easy axis (e.a.) and hard axis (h.a.) of anisotropy of the SAW device
measured by MOKE magnetometry. b) Magnetic insertion losses Sp,o (= Sy — Spi5a) Of the SAW magnetic field delay line sensor for a complete
magnetization reversal with the applied magnetic field puoH approx. along the h.a. of anisotropy. c) Magnetic insertion losses for the magnetization
reversal along the e.a. of anisotropy together with insertion losses obtained with different e.a. and h.a. field history at zero magnetic field (rem: remanent
magnetic state; demag: demagnetized magnetic state). d) Magnetic micrographs at zero magnetic field after e.a. and h.a. magnetic field applications,
and magnetic domain evolution for increasing magnetic fields along the magnetic h.a.. The magnetic field values are indicated. (See also ref. 8 and 28
for comparison). Remanent magnetic states were obtained after e.a. and h.a. magnetic fields of yH = 10 mT. Demagnetized magnetic states were set

by degaussing in a decreasing sinusoidal magnetic field of f= 10 Hz starting from poH = 10 mT.

origin, are derived from the time-resolved imaging data. A
similar quantitative analysis by stroboscopic PEEM micros-
copy of the superposition of propagating SAWs in the piezom-
agnetic phase was performed in ref. 39. The relative magnetic
amplitude transmission across the magnetic film length is
Stmag,«» = 0.882 (= —1.1dB), respectively the transmission coef-
ficient being Sy, «» = 0.9656 mm™" (=-0.30 dB-mm™). These
values also represent the maximum conceivable loss in SAW
transmission across the length of the ferromagnetic film in
the saturated state. Moreover, the wave becomes reflected at
the end of the magnetic part of the delay line with the ratio
between transmitted and reflected wave Am,, /Am,_ = 8.44, cor-
responding to a transmission coefficient t5 = 0.88, respectively,
a reflection coefficient rgy = 0.12. The reflected wave naturally
leads also to an amplitude modulation at the incoming side of
the FeCoSiB film, where we obtain a relative amplitude ratio of
the forward and backward moving wave of Am,, /Am,_ = 11.8.
The time-varying magnetoelastic response will also be reflected
in the overall SAW characteristics.

2.3. Magnetic Reversal and Magnetic Losses

During the state of operation, the magnetic sensor is not
saturated, and magnetic domains develop. With the introduc-
tion of the accompanied magnetic domain walls in the mag-
netic delay line, additional loss mechanisms arise within the
SAW device. The general magnetic response along the easy
(e.a.) and hard axis (h.a.) of magnetization together with the
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corresponding loss and magnetic domain characteristics are
shown in Figure 3.

Comparing the overall magnetization response (Figure 3a)
along the magnetic h.a. with the corresponding loss charac-
teristics (Figure 3b), magnetic losses, also hysteretic in nature,
become visible in a rather large magnetic field regime. Com-
paring this to the scattering parameter of the magnetically
saturated device, a magnetic scattering parameter of at least
Smag = Sa1 = Sz15at = —6 dB to -8 dB is obtained in the low field
regime. Analogous results are attained varying the magnetic
field along the e.a. of magnetization, with the magnetic losses
scattered from S,,; = -3 dB to -6 dB at zero field (Figure 3c).
Various values of Sy, are obtained after different magnetic
field histories (as indicated) and are varying in a non-determin-
istic way. The comparative magnetic domain images display
also a varying and non-reproducible magnetic domain struc-
ture at and around zero magnetic field for and after h.a. and
e.a. field applications. Example domain structures are displayed
in Figure 3d (compare to Figure 3b and 3c). 180° magnetic
domain walls penetrating the complete magnetic delay line as
well as spike domains, entering the sample from the edges,
develop. Asymmetries in the magnetic domain structure evolu-
tion during h.a. field reversal are also reflected in the hysteretic
magnetic behavior of the magnetic losses. By this a connec-
tion between the occurrence of magnetic domain walls and the
increase of magnetic loss is evidenced. Despite the clear cor-
relation between the increase of losses around zero magnetic
field and the manifestation of magnetic domain walls, a further
correlation between the details of the actual exhibited magnetic
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Figure 4. a) Quasistatic zero field magnetic domain structure with a 180°-type magnetic domain wall. The main magnetization directions in the
magnetic domains are indicated. b) Time-resolved snapshot of Am, with the modulated central domain wall (see Supporting Video V3). c) Lateral
distribution of 7, with the subsequent modulated effective anisotropy distribution K, resulting in a modulation of magnetization m and a correspond-
ingly modulated magnetic domain wall. d) Time-resolved image of Am, with the undulated central domain wall for the same phase of excitation as
b) (see Supporting Video V4). e) Variation of domain magnetization together with modeled Am,. f) Overall magnetization response map [ amy(x,y)
(equivalent to Am,..) and g) variation of Am, s across the domain wall. h) Asymmetric domain wall response Am, (from a). The electrical input

power was set to Py =10 dBm.

microstructure at zero field and the actual degree of losses
could not be obtained. This points towards local domain wall
processes, the mechanism of which is revealed next.

2.4. General Magnetic Domain Wall Processes

The correlated magnetic domain wall activity at the synchronous
SAW frequency is then clarified by operando magnetic domain
observations, beginning with the investigation of a single mag-
netoelastically excited 180° domain wall. The magnetic domain
structure and an analysis of the operando dynamic magnetic
domain and domain wall response are shown in Figure 4.
The overall static magnetic structure and the corresponding
dynamic response characteristics in operation with the MOKE
sensitivity parallel to k in Figure 4a,b reveal a modulated mag-
netic domain wall response (see also Supporting Video V3)
from its static equilibrium position. With the time varying 7,
a propagating variation of K, develops, resulting in the timely
variation effective anisotropy K.g and alignment of magnetiza-
tion m(t) (Figure 4c).

To minimize magnetostatic energy contributions, the domain
wall orientation follows the twist in magnetization of the sur-
rounding magnetic matrix (magnetic domains).>¥ A vibrational
modulated 180° domain wall forms. For confirmation, the
modulation of magnetization is quantified from the Am(x,y)
magnetization response along the y-axis (Figure 4d; Supporting
Video V4). Due to the antiparallel magnetization of the mag-
netic domains a phase shift of 7 in Amy(x,y) occurs across the
180° domain wall (Figure 4d). The change in magnetization is
quantified to an amplitude of Am, = 0.13 in the center of the
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magnetic domains (Figure 4e) away from the domain wall.
This corresponds to a maximum rotation of magnetization by
Pmax = £75° inside the domains, which closely matches the esti-
mated maximum domain wall tilt @py ., = £8.5° of the undu-
lating domain wall seen in Figure 4b,d. Within the accuracy of
the measurements, this is in accordance with the arguments
laid out above, proving the vibrational domain wall mode is a
direct result from the strain-induced modulated magnetization
inside the magnetic domains with antiparallel but dynamically
modulated magnetization. With the synchronous frequency far
below the ferromagnetic resonance of the FeCoSiB film, the
amplitude of magnetization response is linear to the excitation
and can be obtained by a simple macro-spin modell>>>”) taking
the measured amplitude from the time-resolved magnetic
analysis into account (Supporting Information Sect. 1). With
A= 35 ppmP® and K, = 1330 J/m?, the latter derived from the
h.a. magnetization loop, and taking into account Am, from the
time-resolved MOKE data, we obtain a shear stress amplitude
T = 3.29 MPa. The resultant calculated change of magneti-
zation Am, with f,, is compared to the experimental value in
Figure 4e.

Despite the principle agreement of the domain wall response
with the central dynamic magnetic excitation, a general reduc-
tion of the imaged synchronous magnetization response in the
surrounding of the domain wall is observed in Figure 4d. This is
in contrast to the analysis of the modulated domain wall angle
presented above. Moreover, a minor lower wavelength magnetic
contrast modulation is observable at the magnetic domain wall
(discussed below). An analysis of the overall imaged dynamic
magnetic variation [|Am, |, corresponding to the root mean
square response, is shown in Figure 4f,g. From both the
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micrograph and the line plot across the domain wall a strong
reduction in magnetic contrast over several micrometers away
from the domain wall becomes visible. The findings indicate an
additional and partly nonreproducible response at the magnetic
domain walls. Hence, the drop in magneto-optical contrast of
the stroboscopically averaged images is directly attributed to
irreversible stochastic magnetization responses, which are out-
of-phase with the synchronous SAW frequency and the repeti-
tion rate of the laser pulses. From this it follows that a magnetic
noise signal is superimposed upon a comparable reproducible
magnetization response. On the other hand, the existence of
a full amplitude magnetization response is proved from the
maximum magnetic domain wall alignment discussed above.
This discrepancy is a further proof of domain wall mediated
magnetic noise. The drop in synchronous magnetic response
is asymmetric around the magnetic domain wall, which we
attribute to an unbalanced domain wall action due to the asym-
metric Bloch wall structure.’> The overall behavior indicates
the occurrence of magnetic domain wall resonances. For sim-
ilar amorphous magnetic filmsP®” and FeCoSiB films,**®! mag-
netic field driven domain wall resonance effects in the lower
hundreds MHz regime have been reported, also connected to

3.3ns

Ons 44ns

11ns| 5.5ns

: , . 6.6ns
25 pym 004 Am 0.04
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the magnetic losses. Eddy-current effects at the asymmetric
Bloch walls do not play a role for the given frequency and
FeCoSiB film thickness.®>%3 A further proof of the asymmetry
and of a fluctuation of the domain wall response characteris-
tics is shown in Figure 4h, displaying a snapshot of the likewise
asymmetric course of Am, across the magnetic domain wall
(compare to Figure 4b). One side of the domain wall is blurred
in the magnetization response images, furthermore indicating
irreversible or non-reproducible domain wall responses, and
by this contributing to magnetic (phase) noise during sensor
operation.

2.5. Magnetic Domain Wall Transitions

The origin of the additionally observed smaller wavelength
wave propagation at the domain wall from a magnetic domain
wall transition, a single magnetic Bloch line, is demonstrated in
Figure 5. Figure 5a shows the quasistatic magnetic domain struc-
ture and Figure 5b the dynamic magnetization response Am,.
Similar magnetization waves propagating along 180°
asymmetric Bloch domain wallsP® have been reported for

BL
DW +
°) B et e v e A R

0.6 ns

W%w1.1 ns

2.2 ns

Laglolal,

%

2.8 ns

A\.A%w 33ns
ﬁﬁﬁﬁw.&\.@% 3.9ns
%M 44ns

5.0ns

Am,(a.u.)

| PP P N P PO PN PO PO PP I P PO P P P P P P I

55ns

6.1 ns

%

position (um)

Figure 5. a) Quasistatic zero field magnetic domain structure with a 180° asymmetric domain wall and a Bloch line (BL) visible from the alteration of
the magnetic domain wall contrast. The main magnetization directions inside the magnetic domains and at the domain wall are indicated. b) Time-
resolved sequence of Am, (see Supporting Video V5). c) Line profiles from Fourier filtered domain micrographs at various points in time (t4¢ = 0-6.1 ns)
obtained in the vicinity of the magnetic domain wall with a Bloch line (investigated area indicated in Figure 5b, for the full process see Supporting
Video V6). The Bloch line position is indicated. The electrical input power was Py =10 dBm.
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magnetic field excited magnetic domain walls in almost iden-
tical FeCoSiB films.Yl There, the wave generation is related
to oscillating magnetic closure domain walls in magnetic
elements, which for topological reasons also exhibit at least
one Bloch line at the closure domain or within the magnetic
domain wall. Analogously, magnetic domain mediated mag-
netization wave generation, now magnetoelastic in origin,
occurs from the magnetic transition inside the wall as the
vortex-like Bloch line in the thin film imposes different mag-
netic boundary conditions in its vicinity and, thus, disturbs
the local magnetization response. The local effective magne-
toelastic field drives the inhomogeneous spin system, which
enables the generation of spin waves confined to the domain
wall structure.® We believe that any magnetic or structural
defect, and magnetic pinning sites will act in a similar way on
the domain wall as the Bloch lines.

Line plots of wave propagation obtained from band-stop fil-
tered images are displayed in Figure 5c (the region of extrac-
tion is indicated in Figure 5b at 0 ns). The waves propagate
oppositely from both sides of the Bloch line. A precise deter-
mination of the wave velocity is not feasible, but from the line
plots we approximate a magnitude of phase velocity below
vppw = 11000 m/s, a value which is significantly smaller than
the SAW phase velocity. The data suggests an additional strong
impact from magnetic domain walls and domain wall details
on SAW propagation.

2.6. Spike Domain Structures

The complex interactions of SAWs with more complex mag-
netic domain structures that naturally form at the edges of
the magnetic delay line in the magnetic unsaturated state are
shown in Figure 6 for incident and emerging SAWs.

The wave field distribution for the incoming waves shows
a strong impact from the magnetic domain structure on the
SAW distribution. Small wavelength excitations at the magnetic
domain walls as well as a strong reduction of the synchronous
wave inside the spike domains are revealed (Figure 6a, Sup-
porting Video V7). A shift and a tilting in the magnetoacoustic
wave front due to the tilting of magnetization inside the mag-
netic domains and due to the occurrence of the magnetic domain
walls appear (see also Supporting Information Figure S4).
The domain structure leads to a hindered synchronous mag-
netic response more than 100 pm away from the beginning of
the magnetic delay line. The quantitative analysis of the total
dynamic magnetic variation (Figure 6b) with the synchronous
amplitude reduction again points to irreversible magnetization
response at the magnetic domain structure. A similar magnetic
response reduction occurs in the vicinity of the central 180°
domain wall as discussed before. From the irreversible response
in the magnetic sensing layer, we again deduce a strong contri-
bution to magnetic noise. Similar response characteristics are
also found at the end of the magnetic delay line (Figure 6¢,d,
Supporting Video V8). The same conclusion as discussed above
can be drawn from the magnetic wave patterns, now for the
outgoing SAW. Yet, additional wave reflections from the spike
domain structure occur, e.g., detectable from a modulation of
the magnetic wave in time. Corresponding wave profiles and
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wave propagation for different time delays are displayed in
Figure 6e (from the region marked in Figure 6c).

The magnetoelastic response in front of the spike domain can
be fitted to a sine function with Ag, = 270 um, but with strongly
varying amplitude from Amyi, = 0.033 to Amy,, = 0.071,
which implies the interference of two magnetoacoustic waves
of opposing direction of propagation. Apparently, the wave
incident on the spike domain is partially reflected. For the
shown example, this corresponds to a transmission coeffi-
cient ty = 0.56, respectively, a reflection coefficient rgy = 0.44.
This reflection coefficient is significantly above the reflection
from the structural edge in the saturated magnetization state.
To demonstrate the differences in characteristics of a SAW
passing through and SAW reflections at a magnetic domain
structure, we investigated the very same domain structure for
an incoming (Figure 6f, Supporting Video V9) and outgoing
(Figure 6g; Supporting Video V10) SAW. The wave pattern is
nearly undisturbed for the case of v~ and wave transmission
(indicated by a straight line in Figure 6f). In contrast to that,
for the waves propagating with v* the reflections lead to a sig-
nificant modulation in magnetic wave amplitude, but also to
an additional wave distortion (indicated by the bended line in
the top domain in Figure 6g) that changes in time. The cor-
responding variations in phase with time for the region below
and close to the spike domain point are shown in Figure Gh.
The distortion and the amplitude variations are once more indi-
cating magnetic domain wall interactions, resulting in SAW
propagation disturbance that will contribute to uncorrelated
magnetic noise during sensor operation.

3. Conclusions

Using time-resolved magnetooptical microscopy, the principle
observation of purely in-plane Love wave propagation in mag-
netoelectric SAW devices on plane surfaces is demonstrated.
The wide-field method is based on the application of magnetic
layers and contrast generation through magnetic circular bire-
fringence, respectively, the magnetooptical Kerr effect. The
principle is adaptable to SAW devices without magnetic layers
with optical contrast generation and based on linear birefrin-
gence for the imaging of propagating shear waves.

In the SAW magnetic field sensor devices, we uncovered
strong interactions between details of the magnetic domain
structure and the propagating magnetoacoustic waves. The
magnetoacoustic shear waves display signatures of wave
bending and reflections on structural and micromagnetic fea-
tures, leading to spatially and temporally varying alterations of
the propagating waves. Additional complex vibrational domain
wall modes with extra wave propagation along the magnetic
domain walls are found, which are a direct consequence of
micromagnetic variations inside the magnetic domain walls.
The spatially distributed loss of wave amplitude in the syn-
chronous detection scheme is traced back to asynchronous or
stochastic dynamic magnetization responses, also indicating
magnetic domain wall resonance effects. We identify the addi-
tional and uncorrelated magnetization answer at and off the
domain walls as the main source of magnetic noise exhibited in
magnetic sensor operation.
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Figure 6. a) Time-resolved snapshot of Am, of the incident wave (input, €) of the magnetic film for the shear wave with magnetic spikes domains and
a180° magnetic domain wall structure (see Supporting Video V7). b) Overall magnetization response map [ | Am,(x,y)| corresponding to the process
shown in a). c) Snapshot of Am, of the emerging wave of the delay line (output, ») of the magnetic film for the outgoing shear wave (Supporting Video V8).
d) Magnetization response map [ | Amy(x,y)| corresponding to c). €) Variation of Am, with time in front of the spike domain (tg = 0-3.33 ns). The
region of data extraction is indicated in c). The wave amplitude is color coded for better visibility. f) Am, for the (now) incident wave (input, », v°)
(see Supporting Video V9) and g) the outgoing wave of the delay line (output, », v*) (see Supporting Video V10) for the same location and the equal
underlying magnetic domain structure. h) Relative phase variation in the bottom magnetic domain and in front of the spike domain structure. The

regions of wave analysis are indicated in g). The electrical input power was Py =10 dBm.

The obtained data points to the reduction or even elimi-
nation of spin textures for ideally performing future magne-
toelectric Love wave sensor devices. Introducing magnetic
multilayers for magnetic domain wall elimination, e.g., with
antiparallel exchange bias,®*! seems the most promising way
for such a sensor improvement. Eliminating magnetic clo-
sure domains by a non-colinear alignment of the magnetic
anisotropy relative to the edges or magnetic sensing modes
with non-colinear magnetic field applications should result in
a similar improvement in magnetic noise. Varying the struc-
tures to apply fundamental frequencies beyond the domain
wall resonance, will diminish the domain wall contributions.
From a structural point of view, introducing tapered edges

Adv. Electron. Mater. 2022, 8, 2200033 2200033 (9 of 11)

of the magnetic structure, wave reflections would be attenu-
ated. Furthermore, and most importantly, due to the cor-
respondingly accompanying reduction in the magnetostatic
energy contributions, the closure domain structures would be
reduced.

Overall, we show that the control of magnetic domains and
magnetic domain walls are key for improved magnetoelectric
magnetic field sensors with low limit of detection. The purely
magnetoelastic mechanisms of magnetic noise generations
are determined. Advanced spatial and time-resolved operando
characterization techniques for the identification of the mech-
anisms that limit device performances are most crucial for
sensor improvements.
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4. Experimental Section

SAW Device: The SAW device consists of a 4.6 mm long delay line on
top of a 500 um thick ST-cut quartz substrate (42° 45’ Y-cut) to excite the
shear waves, propagating orthogonally to the crystallographic x-axis.[®6l
The delay line is formed by two split finger interdigital transducer (IDT)
electrodes, each finger 3.5 um wide and with a periodicity p = 28 pum.
The split finger interdigital transducers are used to eliminate strip edge
reflections. The electrodes are formed from Cr/Au/Cr (12 nm/300 nm
/12 nm thick). The delay line and the IDT electrodes are covered by an
amorphous SiO, layer (4.5 um thick), which acts as a guiding layer due
to the lower shear velocity compared to the quartz substrate. Between
the IDT structures a soft-magnetic amorphous Ta/(FegyCo1q)73Sit2B1o/Ta
(10 nm/200 nm/10 nm thick) film is deposited by rf magnetron
sputtering. To induce a magnetic anisotropy along the axis of wave
propagation, a dc magnetic field (LoHgep = 10 mT) is applied during
film deposition.®"] The saturation magnetization of (FegC010)75Si12B1o
is LoM, = 1.5 TI%® and the saturation magnetostriction is A, = 35-10°.%]
The magnetic film is structured by lift-off lithography with a length
| = 3.8 mm along the wave vector.

Electrical Characterization: Two-port scattering parameters of the sensor
are measured with a calibrated vector network analyzer. To minimize
mismatch losses due to reflections at the electrical-acoustical interfaces,
an individual impedance matching to the system impedance (Z, = 50 Q)
was implemented using discrete inductors and capacitors.l] Magnetic
fields were applied along and perpendicular to the determined easy and
hard axis of magnetization for the magnetic domain experiments.

Quasistatic Magnetic Characterization: For the general magnetic film
characterization, magnetooptical Kerr effect (MOKE) magnetometry and
quasistatic magnetic domain imaging were performed with a home-built
large-view MOKE setup with telecentric lens optics.**3 The system
is equipped with Helmholtz coils and an electromagnet for magnetic
field application. Prior to the electrical characterizations with different
magnetic field history, the magnetic domain states were set in the MOKE
microscopy setup. After the electrical characterizations the magnetic
domain states were checked again by large-view MOKE microscopy.

In Situ Time-Resolved Magnetic Imaging: Time-resolved imaging
experiments are performed in a time-resolved wide-field magnetooptical
Kerr microscope, which utilizes stroboscopic magnetic imaging with a
pulsed laser that has a repetition rate of f,., = 50 MHz, a pulse width of
pw =7 ps, and a wavelength of 1 = 532 nm.3>#! The laser pulse width
corresponds to a bandwidth of bw = 50 GHz for the imaging system. The
spatial resolution limits the detection of SAWs to minimum wavelengths
of about 500 nm.

The illuminating pulsed laser is phase-locked to a signal generator
(Zo = 50 Q) exciting SAWs at a frequency of f,, = 150 MHz via the IDTs,
utilizing stroboscopic illumination for time-resolved microscopy. The
SAW device in operation is illuminated under perpendicular or oblique
plane of incidence, resulting in a polar (out-of-plane) or longitudinal
(in-plane) magnetooptical contrast.’®) To quantify the magnetic
response to an external excitation, the magnetization is saturated by
a static external field in different azimuthal angles and the resulting
image contrast is fitted to a sensitivity curve for calibration.l®51 During
the time-resolved imaging, variable magnetic bias fields under different
angles relative to the direction of wave propagation can be applied using
a freely rotatable electromagnet.

Supporting Information

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