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In prototype ferromagnet-antiferromagnet interfaces we demonstrate that surface acoustic waves can be used
to identify complex magnetic phases arising upon evolution of exchange springs in an applied field. Applying
sub-GHz surface acoustic waves to study the domain structure of the ferromagnetic layer in exchange-biased
bilayers of Ir,oMng-CogoFe,0B2g, we are able to associate the magnetoelastic resonance with the presence of the
exchange spin-spirals in both the ferromagnetic and antiferromagnetic layer. Our findings offer a complementary,
integrative insight into emergent magnetic materials for applications of noncollinear spin textures in view of

low-energy-consumption spintronic devices.
DOI: 10.1103/PhysRevB.105.144432

I. INTRODUCTION

An interplay between elastic properties of matter with
magnetism has been a realm of strong interest for a long time,
motivated both by practical aspects but also from the per-
spective of understanding the coupling between macroscopic
structural properties and most fundamental quantum effects
[1]. The magnetoelastic interaction of the so-called surface
acoustic waves (SAWSs) [2,3] within single-layer magnetic
thin films deposited on-chip and their acoustomagnetic res-
onant attenuation in magnetic materials is a phenomenon that
has received considerable attention in the past decades, owing
to the uniqueness of the insights into magnetic and structural
properties of the system that SAW attenuation can provide
[4-6]. Measuring the attenuation of SAW amplitude as a func-
tion of the external magnetic field in different geometries is
an effective tool to probe equilibrium magnetic structure [3].
Moreover, SAW-induced magnetic dynamics, such as domain
wall motion [7] or ferromagnetic resonance [3], provide infor-
mation about stability ranges of different magnetic phases and
orientation transitions induced by an external magnetic field.

Very recently, the generation of magnetoacoustic modu-
lations by launching surface acoustic waves on piezoelectric
single-crystal substrates coated by magnetic thin films of Fe,
Co, and Ni was achieved, simultaneously being imaged us-
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ing monochromatized circularly polarized synchrotron light
and x-ray magnetic circular dichroism photoemission electron
microscopy (XMCD-PEEM) [3,8-10]. While the behavior of
SAWSs in such simple magnetic materials is relatively well
understood, the interplay of SAWs with more complex mag-
netic structures presents a real challenge. A classical example
of such complex magnetic order is found in ferromagnetic
thin films that are exchange coupled to antiferromagnets or
hard magnetic ferromagnets [11] that were reported to show
rich phases of noncollinear structures in magnetization similar
to the helical magnetic structures and spin spirals found, for
example, in exchange spring magnets, domain walls [12],
and the magnetic vortices observed in nanodiscs [13,14]. In
such systems, understanding of the SAW spectra can provide
a unique means for accessing the details of magnetic phase
transitions, not accessible with other techniques.

In this work we demonstrate that the interaction of
SAWs with complex magnetism at the interfaces of fer-
romagnets and antiferromagnets can be reliably used to
probe the main features in the intricate magnetic phase
evolution of this prototype system arising in response to
an external magnetic field. By combining sub-GHz SAW
damping measurements based on a vector-network-analyzer
(VNA) with high-resolution XMCD-PEEM microscopy and
with superconducting-quantum-interference-device vibrating-
sample-magnetometry (SQUID-VSM), we investigate the
acoustomagnetic damping of surface acoustic waves within an
exchange-biased polycrystalline CoggFe,0Byg thin film. From

©2022 American Physical Society
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an analysis of the experimental data supported by the micro-
scopic theory model, we show that sub-GHz SAW prove to
be very sensitive to the spin textures in an exchange-biased
antiferromagnet-ferromagnet heterostructure, which exhibits
exchange spring spin spirals as a function of an externally
applied field. This method may play an important role for
novel magnetic devices on the basis of magnetoelastic effects
analogous to ultrafast magnetization dynamics.

II. SURFACE ACOUSTIC WAVE EXPERIMENTS

In the following we describe details of the surface acoustic
wave experiments applied in this work. The attenuation of
SAWSs by magnetoelastic coupling and spin wave excitations
prove advantageous in studying noncollinear magnetic spin
textures that are otherwise nontrivial to observe experimen-
tally.

As probe we used Rayleigh-mode SAWs generated
on single-crystal piezoelectric lithium niobate substrates
(LiNbOs, rot. 128 y cut), tapered substrate edges served to
prevent SAW back-reflection, resulting in interference effects
undesired in this experiment.

The exchange-biased CoFeB thin film of in-plane magneti-
zation was deposited by magnetron sputtering in zero field at
room temperature on top of a trilayer comprising a tantalum
adhesion layer of thickness 2 nm followed by 5 nm of permal-
loy NiygFego base layer to initiate antiferromagnetic ordering
of the 20-nm-thick Ir,oMngg. The stack of four layers yielded
an effective exchange-bias field of woHgg &~ 3 mT for the
20-nm-thick amorphous CoggFe,0B,¢ ferromagnetic thin film
[15,16]. The thin layer of permalloy is subject to an exchange
bias from the IrMn layer, however, with approximately 15 mT
much larger than the main ferromagnet CoFeB, also contribut-
ing only a much lower magnetic moment at a thickness ratio
1(CogoFea0Bao) /1 (NiggFego) of 4/1.

The Rayleigh-mode surface acoustic waves were launched
by interdigitated transducers deposited directly onto the
lithium niobate substrates by evaporating 5 nm of a titanium
adhesion layer and 20 nm of gold into microresist patterns
structured by optical lithography and a subsequent liftoff
technique. The lithographically defined SAW wavelength was
A =~ 30 um. A schematic of the sample layout is shown in
Fig. 1(a).

The damping of the sub-GHz SAW due to oscillations in
noncollinear spin textures within the magnetic domains has
a strong dependence on the magnetic field applied in-plane.
A stack of magnetic thin films consisting of CogyFey0Bg fer-
romagnet exchange-coupled to an antiferromagnetic Iry0Mng
(IrMn) base layer [17-19] generates in zero applied field a
net magnetization with direction parallel to the exchange bias
field of the antiferromagnet.

The on-chip damping measurements were performed using
a vector network analyzer (VNA), where the high-frequency
signal supplied by the VNA is fed into IDT,. For the mea-
surement of the SAW transmission S,; the detector port of
the VNA picks up the transmitted signal from IDT, measured
in relation to the original input signal given in logarithmic
relative units of decibel dB. The pulsed signal generation
was combined with a time-gated detection to prevent parasitic
effects. The inverse Fourier transform of the measurement is
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FIG. 1. Scheme of the on-chip SAW damping experiment (a) to-
gether with the interdigital transducers to launch SAWs. The wave
vector ksaw of the longitudinal SAW is parallel to the direction of
the exchange bias field Hgg. (b) The damping amplitude S;; (SAW
power Psaw = 0.8 mW) The field applied in-plane and perpendicular
to the direction of the exchange bias field. The hysteretic magnetiza-
tion curve for this geometry is shown in orange.

employed to gain the time-gated signal and a Fourier trans-
form back to the frequency domain results yields S,;. The
Kramers-Kronig relations are the basis for relating the phase
velocity of the SAW to AS,; = Z—? [20], where b, denotes the
wave emitted and a; represents the incoming signal, see also
the schematic in Fig. 1(a).

An incident SAW power of Psaw = —20 dB,, (equiva-
lent to 10 uW) was used and increasing the SAW power
up to Psaw = 10 dB,, (equivalent to 10 mW) did not alter
the recorded characteristic SAW attenuation parameter AS;.
Hence, in this power regime, SAW-driven switching of mag-
netization as demonstrated in the work described by Davis
et al. [21] can safely be ruled out.

In our experiments, on-chip generated SAWs at a higher
harmonic frequency of fsaw = 593 MHz, advantageous in
terms of signal-to-noise ratio, were transmitted and re-
ceived from a pair of interdigital transducers patterned onto
a single-crystal piezoelectric lithium niobate substrate [see
Fig. 3(a)] and as such used to probe the magnetic state of
the heterostructure. The SAW transmission parameter S,; is
extracted from a change in SAW phase velocity following
standard pulsed-source Fourier transform measurements [20].
We measured the field dependence of Sy; during the sweep
forward and backward from the saturation value using two
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FIG. 2. The field dependence of SAW damping AS,; corrected
for the background signal at high field to show the scale of the
damping amplitude (blue squares and red circles, AS,; ~ —0.15 dB
at a SAW power of Psaw = 10 wW) along with the magnetization
curve M (H) (solid orange line). Large dots mark the stability ranges
of M 11 Hgp (large red dots) and M | 1 Hgg (large blue dots) states.
Arrows show the direction of the field sweep. Both M(H) and
AS,(H) loops show the exchange-bias shift by woHgg = 2.9 mT
and the correlation between SAW peaks and domain formation
(dots).

geometries with the in-plane magnetic field H either per-
pendicular or parallel to the direction of the exchange bias
field Hgg. The results of the measurements are illustrated in
Figs. 2 and 3(b) and in combination with the magnetization
loops M (H ) obtained by SQUID-VSM measured in the same
geometry.

In the case of H L Hgp [Fig. 3(b)], the magnetization
hysteresis loop is centered at H = (O displaying critical fields
of woHi = —poH = 0.95 mT at which the switching of
the magnetization begins. The SAW signal shows a similar
behavior with the peaks located at H = H). .. We interpret
the SAW signal within the H,, < H < H, interval originating
from the spacial magnetic oscillations in a multidomain
state of a ferromagnetic layer. Moreover, each maximum of
damping in the measured SAW signal, exhibited as a dip in the
experimental data of Figs. 1(a) and 2, indicates the points of
field-induced nucleation/disappearing of the metastable states
[M 11 Hgp (large red dots in Fig. 2) and M |1 Hgp (large
blue dots in Fig. 2)]. We observe a similar correlation between
the position of maximal SAW damping and the critical fields
wH,. ~ 1.8 mT and uH,. = 3.8 mT for the parallel alignment
of the external and the exchange bias fields H||Hgg (Fig. 2).
However, in this case both the hysteretic loop and SAW signal
exhibit an expected shift by uHgg = 2.9 mT. The SAW signal
determined experimentally in both geometries indicates the
presence of noncollinear spin textures in the form of exchange
springs due to the antiferromagnet-ferromagnet interface.

III. MAGNETIC IMAGING BY XMCD-PEEM

To elucidate the link between the SAW signal and domain
structure the local magnetization of the exchange-biased mag-
netic thin film was investigated by high-resolution magnetic
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FIG. 3. (a) SAW damping AS,; versus applied magnetic field
together with XMCD-PEEM images (b) of the field-dependent mag-
netic state of CoFeB illustrate the magnetic domains. The circles in
the lower left corner of each image represents the orientation of the
net magnetization in the CoFeB thin film. Red color marks the fully
aligned ferromagnetic layer along the external field, while blue color
indicates a local deviation of magnetic spins in zero field and the
matrix of arrows maps the local direction of magnetization at the
surface of the ferromagnet.

imaging based on x-ray magnetic circular dichroism photoe-
mission electron microscopy (XMCD-PEEM). The images
were taken by the SPEEM instrument of the UE49-PGM
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microfocus beam line of the BESSY II facility [22,23]. To
trace the rotation of the net magnetization in the external
magnetic field we used the magnetic domain contrast as a
pointer. These domains, with an average width of approxi-
mately 300 nm, are stabilized due to the exchange bias field
and can be imaged by XMCD-PEEM.

The insets in Figs. 3(a) and 3(b) display XMCD-PEEM
images of the CogoFey0Byy magnetization for six different
values of the in-plane magnetic field H 1. Hgg, along with the
field dependence of the SAW amplitude damping parameter
AS,;. The CogpFey0Byp shows magnetic contrast arising from
nanowidth magnetic domains in zero field, the net magne-
tization follows the exchange bias direction. The magnetic
contrast due to magnetic domains vanishes at uH ~ 1 mT
which coincides with the critical field wH,. and maximum in
SAW signal, see Fig. 1(b). Further increasing the magnetic
field, the magnetization rotates gradually towards the field
direction until it reaches a parallel alignment to the external
field at uH = 16 mT as shown in Fig. 3(a) and in more detail
in Fig. 3(b), wherein a map of arrows illustrates the local
magnetization.

We observe a broadening of the XMCD signal (photoelec-
tron intensity asymmetry ratio from left versus right circularly
polarized incident light) for the magnetic domain state at
1 mT, which is attributed to a relaxation of the CoFeB and
its spin texture. The XMCD signal was recorded at the Co-L3
energy and originates from the escape depth of approximately
5 nm of the photoelectrons excited within the ferromagnet
by monochromatized circularly polarized soft x-rays. The
gradual rotation of the CoFeB thin film upon increasing the
magnetic field applied perpendicular to the established ex-
change bias field is accompanied by a narrowed histogram
of the field dependent XMCD signal shown in Fig. 4(a). The
CoFeB is fully aligned at 6 mT, which is also exemplified in
the inset to Fig. 4(a) showing the angle between the CoFeB
magnetization and the exchange bias field. Additionally, the
FWHM values of the field-dependent XMCD histogramms,
obtained from the experimental XMCD-PEEM images as
shown in Fig. 4(b) as a function of the magnetic field applied
perpendicular to the exchange bias field, reveal a maximum
at 1 mT matching the SAW damping characteristics in this
geometry well. The consecutively decreasing FWHM values
for larger applied fields also follows a very similar trend to the
SAW damping illustrated in Fig. 3(a) above.

The correlation between SAW signal and the domain struc-
ture is corroborated by an analysis of the XMCD-PEEM
images and the determined full width at half maximum
(FWHM) and position of XMCD maxima as a function of the
magnetic field [see Fig. 4(b)]. A broadening of the XMCD
distribution up to 1 mT is observed matching the position of
SAW peaks at Hi.,.. Upon further increasing the magnetic
field the position of XCMD peak shifts to higher values,
while the FWHM decreases, which corresponds to the gradual
rotation of the CoFeB magnetization combined with erasing
the domains completely.

IV. THEORETICAL MODEL

To interpret the experimental results, we build a theoretical
description of the SAW damping on the basis of Landau-
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FIG. 4. Histogram of the XMCD distribution recorded at mag-
netic fields applied perpendicular to the exchange bias field ranging
from O to 16 mT. The peak position represents the rotation angle
of the net magnetization. (b) The FWHM analysis of the XMCD
histograms reveals a maximal half width for an applied field of
1 mT, where also a maximal SAW damping value is observed for
this geometry. The inset illustrates the gradual rotation of the CoFeB
layer asymptotically approaching the saturation value of 90 angle
degrees between the direction of the net magnetization M and the
fixed direction of the exchange bias field Hgg.

Lifshitz-Gilbert equation, which allows us to reproduce the
magnetoelastic sub-GHz SAW resonance in the exchange-
spring magnet spin spirals of the IrMn-CoFeB heterostructure.
Within this model, we associate the observed critical field,
at which switching of the magnetization begins, with the in-
plane magnetic anisotropy that has magnetoelastic origin. We
assume that the spontaneous strains are formed at a saturation
field and fix the direction of the strain-induced easy magnetic
axis parallel to the external magnetic field H. The strain-
induced anisotropy does not change during the further field
cycling and stabilizes metastable states with M 1] H pro-
moting a multidomain state within H, < H < H,. interval.
The critical field Hic ., where the switching of magnetiza-
tion begins, corresponds to the point at which the frequency
of ferromagnetic resonance vanishes (see insets in Fig. 5).
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FIG. 5. Field dependence of the SAW AS,; (H ) signal calculated
from Eq. (1) (red solid line) assuming that &; oc H while H, < H <
H,. and H | Hgg. Experimental data are shown with red square
dots. The blue line corresponds to the fitting of our model to the
experimental data at large fields (H > |H|, H;.). The inset (a) on
the left shows the calculated projection of magnetization on the field
direction (orange line) and field dependence of wjpvr (red lines).
The inset (b) on the right shows vertical distribution of M (green
arrows) in the exchange spring pinned at the interface by the an-
tiferromagnetic moments (red and blue arrows). The peaks in SAW
amplitude can be associated with the frequency softening at the edges
of bistability region.

At these points the external magnetic field fully compensates
anisotropy.

By minimizing the free energy of a ferromagnetic layer we
calculate all possible equilibrium orientations of magnetiza-
tion (parametrized by the angles ¢; in xy plane) as a function
of the magnetic field for H||Hgg and H L Hgg (see insets in
Figs. 6 and 5). Remarkably, in both cases the magnetization
has a nonzero projection on both x and y axes. In the case of
H||Hgg the nonzero rotation of M from the H direction is due
to formation of the exchange spring within a ferromagnetic
layer with a vertical lengthscale of at least five nanometers,
comparable to the escape depth of the photoelectrons con-
tributing to the XMCD signal. Such a generic orientation of
magnetization favors an efficient coupling of the longitudinal
SAW with the magnetic system. Following the authors of
Ref. [3] we calculate the field dependence of SAW damping
as a superposition of partial contributions from different mag-
netic domains (labeled by j = 1, 2):

g;sin2¢;(H)

2 2
wipvr (H) — Ogay

ASo<Po<Z (D

where P is the power density of ferromagnetic oscillations,
&; is a fraction of the jth domain, wsaw, wrmr are the angular
frequencies of the incident SAW and ferromagnetic resonance
and ¢;(H) denotes the angle between ksaw and M in the jth
domain, respectively.

Next, we note that in a single domain region, H < H. or
H > H,., the FMR frequency is much larger than the fre-
quency of the SAW, w(H) > wsaw, and w(H) JH. Hence,
as follows from Eq. (1), the field dependence of the damping
amplitude should decay as AS « 1/(|H| + const.), a corre-

0.25
0.2

mo0.15
z

ASy

0.05

FIG. 6. Field dependence of the calculated SAW AS,; (H ) signal
(blue line) for H||Hgg. The red line corresponds to fitting of the
experimental data (points) at large fields (H > |H,|, H.). Inset (a):
Calculated SAW signal for increasing (blue) and decreasing (red)
field scans. The domain fraction &;(H) is proportional to experi-
mentally observed magnetization (orange line). Inset (b): Vertical
distribution of M in the exchange spring. In contrast to Fig. 5, the
exchange spring spans both magnetic layers and involves the rotation
of antiferromagnetic spins. One can observe that position of SAW
peaks coincides with the stability points at which magnetization flips.

sponding fitting is shown in Figs. 5 and 6. On the contrary, in
a bistablility region, Hi. < H¢H;., wpmr critically decreases
and vanishes at H = H. and H = H,. (see inset in Fig. 5).
In the vicinity of these points AS,; grows resonantly, corre-
sponding to the peak valleys in the measured SAW signal of
Figs. 5 and 6).

The experimentally observed position of SAW peaks
correlates well with the edges of stability extracted from
magnetization data; we can associate the observed peaks in
SAW amplitude with the frequency softening at the edges
of bistability region. Since we expect that in the bistability
region the sample is in a multidomain state so that both peaks
(for parallel and antiparallel domains) are observed in each
field run. According to our analysis, the magnetic response
of the ferromagnet indicates the formation of partial domain
walls (exchange springs) that mediate interaction between the
magnetic and elastic subsystems. Importantly, we also believe
that imperfections of the AFM/FM interface which usually
define the value of the exchange bias field play an important
role in the SAW attenuation mechanism. Even in the single
domain regions these imperfections create local tilting of
magnetization from x and y axes and enable coupling between
SAW and magnetization in a wide range of fields. We attribute
the minimal discrepancy between our model and the exper-
imentally observed SAW attenuation visible in Fig. 5 near
zero field to an increased in-plane alignment in the direction
of the established exchange bias field when approaching the
FM-AFM interface in the z-direction. Remarkably, our model
matches the XMCD FWHM dependence on the magnetic field
[Fig. 4(b)] very well.

We consider the exchange bias as an interfacial field Hgg
originating from the exchange coupling with an antiferromag-
netic layer acting on the magnetization M of a ferromagnet in
a small interfacial region 0 < z < &. To obtain the equilibrium
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FIG. 7. Magnetization component m = M /M, projected on the
direction of the magnetic field H L Hgp averaged over the thickness
of a ferromagnetic layer. Diamonds correspond to experimental data,
solid (dashed) lines are calculated for a single-domain state in an
exchange biased (free) layer. Inset (a) shows field dependence of
the FMR frequency (arbitrary units) in a single-domain state. Inset
(b) shows the SAW damping from a single-domain state.

state of a ferromagnetic layer the free energy density, written
as

1
F=—=

5 HET(m - u)? + 2MHS Ry D (V)

an
Jj=xy

M Hom? = My - m) — MHESEM3(), Q)
is minimized. Here &(z) is the Dirac delta function, M
is saturation magnetization (per unit volume). The second
term corresponds to the inhomogeneous exchange interaction
within the CoFeB layer, xpw is parametrizing the domain wall
width. H,, > HT denotes the out-of-plane anisotropy and
H[S is the exchange coupling at the interface. The experi-
mentally observed value of the exchange bias field is defined
by averaging over the film thickness, Hgg =~ Hé‘};é /tr, where
tr is the film thickness. We assume that the in-plane domains
of the CoFeB are rather large and solve the one-dimensional
problem assuming exchange spring spirals present merely
along the film normal (z axis).

We analyze the equilibrium states of the ferromagnetic
layer starting from the experimentally obtained hysteresis
loop shown in Fig. 7 (diamonds). In the case of the exter-
nally applied magnetic field H directed perpendicular to the
exchange bias field Hgg, the hysteresis loop is centered at
H = 0 and shows a switching field of H; =~ 0.95 mT. Upon
applying the field antiparallel to the exchange bias, H|Hgg,
the hysteretic loop exhibits a shift by 2.9 mT, as expected,
with an coercitivity of 1.7 mT.

Assuming an in-plane anisotropy (parametrized with the
effective field H,,; > 0) originating from spontaneous strains
that stabilize the equilibrium orientation of the magnetization
and introduce the coercitivity, the spontaneous strains once
formed are fixed and do not change upon applying a mag-
netic field. Moreover, the direction of the strain-induced easy
magnetic axis u depends on the initial state at large field
(|H| > HET) and is parallel to the external magnetic field H.

Figure 7 shows the magnetization loops calculated for the
H | Hgp geometry assuming that Hf = 2.6 mT.

Dashed lines correspond to homogeneous states in absence
of the exchange coupling (Hgg = 0), with magnetization ei-
ther parallel or antiparallel to the external field.

The region in which two states with opposite direction of
magnetization are stable is limited by the field values H,, =
—H;. = 0.95 mT, at which the frequency of FMR vanishes
[dashed lines in inset of Fig. 7(a)].

The solid line in Fig. 7 corresponds to the average pro-
jection of the magnetization on the direction of the magnetic
field calculated from the Eq. (2) with € = 1 nm, xpw = 10
nm, Hé‘g =95.6 mT, tg = 40 nm, Hgg = 2.9 mT. The ex-
change spring equilibrium state in which the magnetization
rotates from y axis (parallel or antiparallel to Hyp,) at the free
surface of the ferromagnet toward x axis (parallel to Hgg)
at the antiferromagnet-ferromagnet interface. In the interval
Hie < Hypp < Hy both exchange spring spirals with opposite
orientations of M at the free surface are stable. By compar-
ing the experimental and calculated magnetization curves we
conclude that equilibrium state of the CoFeB corresponds to a
single domain within the film plane incorporating an exchange
spring spiral along the z axis.

In conclusion, in a joint experimental and theoretical ap-
proach, we demonstrated that at ferromagnet-antiferromagnet
interfaces, surface acoustic waves experience damping due
to the pinning and formation of vertical exchange-spring
spin spirals. Taking the IrMn-CoFeB magnetic thin film het-
erostructure as an example, we developed a quantitative model
to microscopically understand the evolution of the vertical
spin spirals and associated domain walls in CoFeB based
on the Landau-Lifshitz equation reproducing our experimen-
tal SAW damping well for both geometries, i.e., H||Hgp
and H | Hgg. As a result, we could associate the SAW
damping maxima with the edges of a bistability region in
the magnetization of CoFeB, where a pronounced magnetic-
field-dependent drop in the FMR frequencies occur (FMR
frequency softening). Our work shows that SAWs can prove
very useful in probing complex magnetic structures possibly
providing a new way to probe novel emergent noncollinear
spin structures on-chip, which may prove indispensable in
view of low-energy-consumption spintronic devices.

Data associated with this paper are available from Research
Data Leeds [24].
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