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Current-controlled propagation of spin waves in
antiparallel, coupled domains

Chuanpu Liu®'2, Shizhe Wu??, Jianyu Zhang'*?, Jilei Chen'?, Jinjun Ding3"?, Ji Ma*'?, Yuelin Zhang?,
Yuanwei Sun®, Sa Tu', Hanchen Wang', Pengfei Liué, Chexin Li¢, Yong Jiang ©¢, Peng Gao®5,

Dapeng Yu®57, Jiang Xiao ©&°, Rembert Duine'", Mingzhong Wu?3, Ce-Wen Nan?, Jinxing Zhang?*
and Haiming Yu®™

Spin waves may constitute key components of low-power spintronic devices. Antiferromagnetic-type spin waves are innately
high-speed, stable and dual-polarized. So far, it has remained challenging to excite and manipulate antiferromagnetic-type
propagating spin waves. Here, we investigate spin waves in periodic 100-nm-wide stripe domains with alternating upward and
downward magnetization in La, ,Sr, ;;MnO; thin films. In addition to ordinary low-frequency modes, a high-frequency mode
around 10 GHz is observed and propagates along the stripe domains with a spin-wave dispersion different from the low-fre-
quency mode. Based on a theoretical model that considers two oppositely oriented coupled domains, this high-frequency mode
is accounted for as an effective antiferromagnetic spin-wave mode. The spin waves exhibit group velocities of 2.6 kms~" and
propagate even at zero magnetic bias field. An electric current pulse with a density of only 10° A cm~2 can controllably modify

the orientation of the stripe domains, which opens up perspectives for reconfigurable magnonic devices.

mation transmission that is free of Joule heating® and can be

reconfigurable”®. Antiferromagnetic (AFM) spin waves have
intrinsic advantages, such as high speed, dual polarization and
immunity to external field perturbation®. However, AFM spin
waves are very difficult to excite and to probe, let alone to inte-
grate on-chip for applications, due to their high frequency in the
sub-terahertz to terahertz regime'"'2. Synthetic AFM structures"’
may provide an opportunity to realize and utilize AFM-type spin
waves'*"®, and opening the bandgaps of artificial magnonic crystals
has been studied in AFM-order nanowire arrays using spin-wave
reflection spectra'®”. It is of great importance to realize current-
control propagation of spin waves for reconfigurable magnonic
devices'*"”. However, to excite AFM-type spin waves and to con-
trol their propagation with current remain a major challenge in the
fields of magnonics and spintronics.

La,,Sr);;MnO; (LSMO) thin films, with naturally formed peri-
odic 100-nm-wide stripe domains**', provide an ideal platform to
study AFM-type spin-wave propagation. In this Article we use inte-
grated coplanar waveguides (CPWs) with a 260-nm-wide signal line
to excite and detect effective AFM spin waves, that is, spin waves
in an artificial antiferromagnet where the coupled upward and
downward domains in the LSMO are regarded as two sublattices.
Transmission signals are detected for effective AFM spin waves in
the absence of a magnetic field. The group velocity is estimated to
reach 2.6kms™, substantially higher than the velocities of domain
wall motion (0.75kms™" or 1.7kms™)**** and skyrmion motion

E ; pin waves'™ may enable low-power-consumption spin infor-

(0.1kms™)*. The AFM-type spin waves propagate at high frequen-
cies (~10 GHz) in the domain volume, whereas ferromagnetic-type
spin waves propagate at lower frequencies (~2 GHz) in the domain
wall®. We experimentally demonstrate that the one-dimensional
AFM-order stripe domains acting as spin-wave channels can be
rewritten by a pulsed direct current and achieve reconfigurable
AFM-type spin-wave propagation.

Spin-wave propagation in 100-nm periodic domain stripes

Figure la shows spin-wave propagation in periodic multidomain
stripes of an LSMO film, which is perpendicularly magnetized
and antiferromagnetically ordered with a periodicity of ~220nm.
The 150-nm-thick LSMO film was grown on a LaAlO; (LAO) sub-
strate by pulsed laser deposition” (see Methods). Lattice mismatch
between the LSMO (cubic 3.86A) and LAO (cubic 3.80A) gives
rise to an out-of-plane magnetic anisotropy®. Figure 1lc presents
a high-angle annular dark-field image of the LSMO on LAO (see
Supplementary Fig. 1 for the lattice constant measurements). The
film was initially saturated by applying an in-plane field of 150 mT
for 1s. The field was then turned off and the magnetization in
the film relaxed to form periodic stripe domains with alternating
upward and downward domains. The domain stripes were found to
align along the orientation of the initial field. The micromagnetic
simulations indicate a vortex wall texture as shown in Fig. 1b, con-
sistent with those reported previously'”*. Figure 1d,e presents mag-
netic force microscope (MFM) data. The MFM results show that
the domain width is ~90 nm and the wall width is ~20 nm. Figure 1f
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Fig. 1| Nanostripe domain structures and spin-wave spectra measured by a VNA. a, Sketch of a perpendicularly magnetized LSMO thin film with

alternating upward (red) and downward (blue) domains. The CPWs are integrated on the top to excite and detect spin waves. The spin-wave wavevector k
is parallel to the domain stripes. The field H is applied along the domain stripes. b, Magnetic textures in the domain wall cross-section from micromagnetic
simulations. ¢, A high-angle annular dark-field image of the LSMO on top of the LAO substrate. Scale bar, 1nm. d, Out-of-plane magnetization mapped by

MFM at zero applied field. An external field H was initially set at 150 mT along the vertical orientation indicated by the dashed arrow and then removed

during the MFM measurement. e, Lineplot of the MFM results at the position

indicated by the white dashed line in d showing that the domain width is

~90 nm and the domain wall width is ~20 nm. f, Colour-coded transmission spectra S,; measured as the imaginary part from the VNA on the nanostripe
domain device shown in a. g, A single spin-wave spectrum extracted at zero magnetic field.

presents spin-wave transmission spectra S,; (spin waves excited
by CPW1 and detected by CPW2) measured by a vector network
analyser (VNA) as a function of the bias field. The field was applied
parallel to the wavevector k. The field was initially set to —150 mT to
saturate the film and then gradually increased. The stripe domains
were formed from around —50 mT (Supplementary Fig. 2). The field
was then swept from —50mT to 50mT in 1mT steps. Spin-wave
spectra (for example, Fig. 1g) were measured at each field and plot-
ted together as the colour-coded spectra in Fig. 1f. A clear spin-wave
phase oscillation is observed, indicating coherent spin-wave propa-
gation”’. The propagation distance is ~2 um. The spin-wave spec-
trum at zero magnetic field is shown in Fig. 1g. The peak-to-peak
frequency span Af suggests a phase delay A¢=2x, and therefore
the spin-wave group velocity is estimated to be ~2.6kms™ based on
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where [ is the propagation distance. A sharp frequency shift is
observed in the spin-wave spectra shown in Fig. 1f around 6 mT.
The micromagnetic simulations suggest a magnetization switching
at the core of the vortex domain wall*.

The spin-wave reflection measurements were conducted using
a conventional CPW flip-chip technique (see Methods). A high-
frequency mode is observed in the reflection spectra S,, (Fig. 2a)
on top of a low-frequency ferromagnetic resonance mode. To study

the origin of these different resonance modes, we performed micro-
magnetic simulations (see Methods) based on the object oriented
micromagnetic framework (OOMMEF)?. The field was applied in
plane and parallel to the domain stripe for both experiments and
simulations. Figure 2b shows the simulated reflection spectra in
the same field range of Fig. 2a. The high-frequency (HF) and low-
frequency (LF) branches are around 8 GHz and 2 GHz, respectively,
in the simulated spectra. The dynamic magnetization landscapes of
these two modes are shown in Fig. 2d,e at zero field. The HF spin
waves can propagate over a substantially longer distance than the
LF spin waves along the stripe domains, based on the simulation
results. For the experimental results shown in Fig. 1f, the distance
between two antennas is 2um, and therefore only the spin-wave
propagation of the HF mode is observed. The reflection spectra
for different locations of the multidomain film were simulated
(Fig. 2f-h). The simulation results are consistent with a recent
study on Fe-N films where multimodes are observed with a dis-
tinctive spatial localization in specific regions®. The LF spin waves
are observed both in the domain walls and at the domain surface.
However, the HF spin waves are observed only in the domain vol-
ume. These micromagnetic simulations reveal that the propagating
spin waves observed in Fig. 1f are primarily localized in the domain
volume. The simulation results are partially supported by the exper-
imental observations in Fig. 2a where the HF and LF modes exhibit
different field dependence, because the applied in-plane field is
along the easy axis for LF modes (mostly in-plane) and along the
hard axis for HF modes (mostly out-of-plane).
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Fig. 2 | Spin-wave reflection measurement and micromagnetic simulations. a, Colour-coded spin-wave reflection spectra S;, of an LSMO thin film
measured using the CPW flip-chip method showing both high-frequency (HF) and low-frequency (LF) modes. The field was swept from =50 mT to

50 mT with a field step of TmT. b, Simulated spin-wave spectra on the LSMO nanostripe domain sample as a function of external field. ¢, Simulated
micromagnetic landscape showing a horizontal alignment of stripe domains. The spin waves were excited by a ground-signal-ground (G-S-G) CPW. Red
and blue pixels correspond to +M, and —M,, respectively. d,e, Spatial mapping of propagating spin-wave intensity for HF modes around 8 GHz (d) and

LF modes around ~2 GHz (e). The colour scale in d and e represents the x component of the magnetization (m,). The excitation antenna is located in the
centre and has a width of 100 nm. f-h, Simulated spin-wave spectra analysed at the domain walls (f), domain surface (g) and in the domain volume (h).

Spin waves controlled by reconfigurable domain stripes

Figure 3a shows the MFM images of magnetic domain patterns.
One can rotate the stripe domain alignment by applying an exter-
nal magnetic field of 150 mT with different angle 8 (Fig. 3a-d)".
The spin-wave transmission spectra S,, at zero field are presented in
Fig. 3e-h with rotating domain stripe orientations. The spin-wave
transmission amplitude decreases dramatically when the domain
stripes rotate from 0° to 90° as shown in Fig. 3j (the method for
amplitude and frequency extraction from raw data is shown in
Supplementary Fig. 3). These observations indicate that spin waves
tend to propagate along domain stripes and are strongly attenu-
ated if k is perpendicular to the domain stripes**, which is also
supported by the micromagnetic simulations with tilted domain
stripes (Supplementary Fig. 4). The excitation efficiency with
respect to 6 is found to be slightly varied and is characterized by
the spin-wave reflection measurement S, (Supplementary Fig. 5).
The angle dependence of spin-wave transmission amplitude can be
explained as the variation of propagation distance while changing
the domain stripe alignment as /;=1/cos 8. The transmission signal
amplitude S,, can be written as S, = %Sllexp(—le/ld), where S|, is
the reflection signal amplitude and ; is the spin-wave decay length*
characterizing the exponential decay of the amplitude. The spin-
wave propagation distance /=2 pm. After normalization of the sig-
nal amplitude at = 180° as 100%, we fit the angle dependence of the
relative spin-wave amplitude (Fig. 3j) and derive a spin-wave decay
length of 830 nm, taking into account the angle dependence of the
excitation efficiency. Such behaviour enables the control of spin-
wave propagation by rotating domain stripes. The resonance fre-
quency also varies slightly with the stripe orientations and reaches
maxima when k is parallel to the domain stripes (Fig. 3k), showing
comparable spin-wave resonance frequency for S, at the excitation
region. The plane-wave band structures® show weak anisotropy,
in good agreement with the experimental results (Supplementary
Fig. 5). The frequency variation is understandable if we consider an
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effective wavevector k; along the domain stripe that is angle-depen-
dent, as shown in Fig. 3b, and therefore contributes differently to the
dispersion according to equation (7) (see later).

Magnetization measurements on the LSMO film were carried
out with out-of-plane (Fig. 4a) and in-plane (Fig. 4b) applied fields.
The ferromagnetic resonances (FMRs) were measured with an in-
plane field. The fitting in Fig. 4c yields an effective saturation mag-
netization M;=307 +29kA m~' and an absolute gyromagnetic ratio
|y/2m|=28.84+0.9GHzT-'. The anisotropy field y,H,,,=75mT is
extracted from magnetization measurements (Fig. 4a,b). The effec-
tive Gilbert damping parameter @ =0.034 is estimated by fitting the
frequency-dependent linewidth (Fig. 4d). The fine step at low fields
in both the in-plane and out-of-plane configurations (insets of
Fig. 4a,b) may be induced by core switching in the vortex
domain-wall texture®’. This observation indicates the presence of
Dzyaloshinskii-Moriya interactions (DMIs) in the magnetic tex-
ture”. A small DMI is estimated from spin-wave non-reciprocity
measurements® with an in-plane field perpendicular to the wave-
vector k (Supplementary Fig. 6). The DMI could then be respon-
sible for the slight deviation from 180° for both the amplitude
(Fig. 3j) and frequency (Fig. 3k). The origin of the DMI is probably
the substrate-induced strain at the LAO/LSMO interface that cre-
ates symmetry breaking in the out-of-plane orientation. The 10 GHz
spin-wave resonance frequency at zero magnetic field (Fig. le) is
high compared to the FMR mode of a film with a single domain,
which exhibits a resonance frequency of ~2 GHz.

Modelling of the effective AFM spin-wave mode

We now turn to a physical interpretation of the HF mode: spin
waves propagating in upward and downward domains are not inde-
pendent but are strongly coupled and therefore form a collective
spin-wave mode as shown in Fig. la. We start from a simplified
model to study spin waves along two coupled domains. We con-
sider two oppositely oriented domains with magnetization direction
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Fig. 3 | Control spin-wave propagation by rotating domain stripes. a-d, MFM imaging of an LSMO film with different domain stripe orientations 0° (a),
30° (b), 45° () and 90° (d). An external field of 150 mT was applied for 1s at the angle 6 and then turned off to reorient the stripe domains along the
field. e-h, Spin-wave transmission spectra S,, at zero magnetic field with 6=0° (e), 30° (f), 45° (g) and 90° (h). i, € is defined as the angle between spin-
wave wavevector k and the external magnetic field used to align the domain stripes. j, Amplitude of spin-wave transmission as a function of 6. The largest
amplitude is normalized as 100%. The red curve is a fit based on numerical calculation. Error bars indicate the uncertainty of relative amplitude of spin-
wave transmission. k, Spin-wave frequency f as a function of 6. Error bars are based on the uncertainty of frequency determination.

along the z axis, as shown in the inset (top view) of Fig. 4e. We take
into account an out-of-plane anisotropy so that the energy is
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where J is the ordinary exchange constant, K is the anisotropy con-
stant and J,, is the coupling between domains. Then the Landau-
Lifshitz-Gilbert equations are given by

om, B ) A
F_JmTXV m;+KmXm; z—J,m;xXxm

om,
+amT><—t
om 3)
Z —Jm, x V2m, 4+ Km, xm, 2—] X
oMV TR X 22 g T X Ty
om,
+am X —
ot

In the antiparallel configuration, we write

SA, 8B,
m,=|6A, |\ m=|5B, (4)
1 -1

We now linearize for small 6A and 6B, make a plane wave
ansatz, and solve the 4x4 matrix resulting from equation (3),
which yields

o= F VK +K 2], + Tk +K (5)

where k is the spin-wave wavevector. The detailed calculations are
presented in Supplementary Section H. We now take the positive
frequency solution and rewrite it with variables of the same units
studied in experiments as

szﬂO\/(Hani+MS/1exk2) (Hani+2HeTfEl+MS/1&xk2) (6)

where H,; is the anisotropy field, 1., is the exchange constant
of LSMO and H/i} is the effective coupling field between upward
and downward domains. This dispersion relation is similar to the
AFM resonance @ = yp | Hypi (Hop+ 2Hg) (ref. ) if one considers
the condition k=0, except that the H{ in the LSMO is the coupling
between upward and downward domains and Hj is the exchange
field between spins of two sublattices. In an actual antiferromagnet,
the modes are pushed up to high frequencies by the exchange inter-
actions, resulting in ‘exchange-enhanced’ frequencies. Here, it is the
interdomain coupling that pushes them up. Therefore, we refer to
this high-frequency mode as an effective AFM spin-wave mode.
Now, we use equation (6) to determine the spin-wave dispersion
and compare with experimental data. Considering the wavevector k
induced by CPW is in the range of a few rad um™, the dipolar spin-
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Fig. 4 | Magnetic characterization and spin-wave dispersion relations.

a,b, Magnetic hysteresis loops measured in a superconducting quantum
interference device (SQUID) with out-of-plane (a) and in-plane (b) fields

on the LSMO thin film. Insets, data at the low-field range. ¢, Ferromagnetic
resonance frequencies f as a function of in-plane applied field H. The red line is
a numerical fit to the Kittel formula. d, Ferromagnetic resonance linewidth AH
as a function of resonance frequency f. Error bars indicate the uncertainty of
the linewidth extraction from FMR spectra, as shown in the inset at 8 GHz, for
example. e, Spin-wave dispersion relations. Data points (black filled squares,
sample A; black filled circles, sample B) are extracted from transmission
spectra S, with wavevector k=k, cosf where =0°, 15°, 30° and 45°. Error
bars indicate the uncertainty of frequency determination. The red curve shows
the calculated dispersion relation based on the analytical theory on spin waves
along the coupled domains. Blue open squares (HF mode) and blue open
triangles (LF mode) are extracted from the micromagnetic simulations.

wave contribution to the spin-wave dispersion is not negligible.
Therefore, we add a forward-volume magnetostatic spin-wave term
in the dispersion***' and obtain

W=YHg (Hani + MS}\’exkz)
%

H,

ani

1/2
_—kd
+2H M+ Mgh k* + Mg -1 ked ]]
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Here, d is the film thickness. We take H,; and M from SQUID
and FMR characterization (Fig. 4a-d) and 4,,=1.37x107*m? from
ref. 7. The wavevector k (x axis in Fig. 4e) varies with 6 following
k=kycos0. Here, ky=6.1radpm™" (sample A) and 3.1radpm™
(sample B, Supplementary Fig. 7) are calculated from the Fourier
transformation of the CPWs®. The group velocities =32
extracted from the micromagnetic simulations are 1.36kms™ for
the HF mode and 0.19kms™! for the LF mode, which explains why
the HF mode can propagate further than the LF mode (Fig. 2d,e).
To fit these experimental results, we use equation (7) and take the
interdomain effective coupling field pOHeTf%=550mT. The dipolar
coupling is considered to be mainly responsible for the effective
coupling between neighbouring domains*. The frequency blue-
shift induced by interdomain dipolar coupling is estimated to be
~3.1 GHz without considering any dynamic exchange through the
domain-wall texture (Supplementary Section I). Because dipo-
lar interactions are proportional to the saturation magnetization,
materials such as CoFeB*** can reach even higher frequencies with
the same domain stripes. The effective AFM spin waves observed
in this work are in analogy to the spin waves studied in multilayers
with AFM couplings'*"*, but the in-plane periodic domains instead
of out-of-plane multilayers offer the possibility to rotate the domain
stripes with an electric current (Fig. 5) to achieve reconfigurable
magnonic devices.

Current control of spin waves in nanostripe domains

The studied device is shown in Fig. 5a, where the electrical con-
tacts for direct current were integrated on an LSMO crossbar. The
domain stripes were initially aligned in the x direction, as shown
in Fig. 5b, and the current pulse was also applied in the x direc-
tion. The MFM images of the domain stripe pattern are shown in
Fig. 5c—e after current pulses of 10ps with magnitude of 10maA,
20mA and 25mA, respectively. The domain stripes remained
unchanged up to 20mA, but were reoriented with an applied cur-
rent of 25mA. The domain stripes preferred to reorient perpendicu-
lar to the current direction. The current-switching mechanism may
originate from spin-transfer torque (STT)**** and spin-orbit torque
(SOT)** effects. From experimental results on an eight-terminal
LSMO device (Supplementary Fig. 9), the current-switching behav-
iour is found to be strongly anisotropic depending on the current
injection with respect to the crystalline orientations. Therefore, the
main switching mechanism in this planar geometry is considered
to be SOT, which may stem from the inversion asymmetry induced
by the strain® from the substrate at the LSMO/LAO interface, as
shown in Fig. 1c and Supplementary Fig. 1. Considering that an
applied field can align the domain stripes in analogy to the applied
current as shown in Fig. 3a-d, we assume that the field-like SOT*
may be mainly responsible for the observation. However, the STT
can also contribute when current is driven through the domain
texture. A full spin-wave transmission spectrum S,; is shown in
Supplementary Fig. 10. Sizable spin-wave transmission signals are
observed at the initial state, as shown in Fig. 5g, and maintain a
similar amplitude after current pulses of 10mA and 20 mA, where
the domain stripes are yet to switch. However, as soon as a current
pulse of 25mA is applied, the spin-wave transmission signal disap-
pears, as a result of the domain stripe reorientation. These results
demonstrate experimentally the possibility to switch the spin-wave
transmission from ‘on’ to ‘off” using a current pulse. The threshold
switching current density is only 1.7 X 10° A cm ™, which is approxi-
mately two orders of magnitude lower than magnetic multilayer
switching*>*. The ultralow current density needed for switching the
domain stripe alignment of the LSMO is consistent with the low
applied field needed to reorient the domain stripes—found to be
~40mT for LSMO?* (80mT for FeGa domain stripes™). This indi-
rectly supports the argument that the field-like SOT is the main
current-switching mechanism.
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Fig. 5 | Current switching of the stripe domains for reconfigurable spin-wave propagation. a, Optical microscopy image of the device for the current-
switching experiment. Scale bar, 100 um. b, Domain stripes were initially aligned by a magnetic field of 150mT applied in the x direction for 1s. The pulsed
current was then applied in the x direction. c-e, MFM images of a 4 um X 4 um region taken after 10 us current pulses of 10 mA (¢), 20 mA (d) and 25mA
(e). f, SEM image of the LSMO film with integrated spin-wave nano-stripeline antennas. The current pulse was applied in the x direction, parallel to the
spin-wave wavevector k. Scale bar, 200 nm. g-j, Spin-wave transmission signals S, (excited at antenna 1 and detected at antenna 2) were measured by the
VNA at the initial state (g), and after current pulses of 10 mA (h), 20 mA (i) and 25 mA (j). Domain stripes were switched along the y direction by a 25 mA

current pulse and as a result the spin-wave transmission was switched off.

Conclusions

We have observed the AFM-type spin-wave propagation in LSMO
thin films of periodically coupled nanostripe domains with per-
pendicular magnetic anisotropy. The high-frequency spin waves
can propagate at zero bias field over longer distances than low-
frequency spin waves. The micromagnetic simulations indicate that
these high-frequency spin waves mainly propagate in the domain
volume, rather than being localized in the domain wall. The group
velocity of the AFM-type spin waves is estimated to be 2.6kms™.
The spin-wave dispersion is theoretically modelled considering
spin-wave propagation along antiparallel coupled domains. Angular
dependence measurements indicate that such spin waves tend to
propagate along the domain stripes. The domain stripe alignment is
experimentally proved to be reprogrammable by applying an elec-
trical current. Our results demonstrate that the periodic antiparallel
nanostripe domains can be used to control spin-wave propagation
with an electrical current and hence offer great versatility and the
possibility to reconfigurable spin-wave devices".
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Methods

Sample preparation. LSMO thin films (~150 nm) were grown on a (001)-oriented
LAO single-crystal substrate by pulsed laser deposition, at an ambient temperature
of 780°C under 25 Pa oxygen pressure. A KrF excimer laser with a wavelength of
248 nm, repetition rate of 5Hz and energy density of 1.5] cm~ was used. After
deposition, the sample was annealed at 780 °C under 1 X 10° Pa oxygen pressure for
10 min, and then slowly cooled to room temperature at a cooling rate of 5°C min~".

Magnetic force microscopy. The magnetic domain structures of the sample were
observed by scanning probe microscopy (Variable Field Module 3 (VEM), Infinity,
Asylum Research), using a CoCr (50) coated magnetic tip with a force constant of
2N m™ and resonant frequency of 70kHz (ASYMFM, Asylum Research). We first
imaged the MFM micrographs at zero field, then imaged the domain patterns with
applied in-plane magnetic fields and finally took the MFM images again at zero
field to see the evolution of the domain structures.

Micromagnetic simulations. The simulations were conducted based on

the OOMMEF program (http://math.nist.gov/oommf). The simulated area

of the LSMO film was 4 pm X 1 pm (x X y) with thickness of 150 nm (z). We
assumed a saturation magnetization of M;=307 kA m~', exchange constant of
A =1.37X107"m?, effective magnetic anisotropy energy of K=—-1.5x10*Jm™>
and damping constant of @ =0.05. The unit cell (mesh) used in the simulations
was 5nm X 5nmX 10nm (xX yXz). A 100-nm-wide excitation area was set in
the middle of the LSMO film. An external static magnetic field was applied

in the x direction. The oscillating magnetic field for excitation is defined

as H;, sin(2mx 100 GHz(¢t—100.1 ps))/(2n x 100 GHz(t—100.1 ps)), where

H,=10mT and ¢ indicates time (in ps), and the minimized energy of the simulated
structure yields the magnetization ground state. The magnetization dynamics was
simulated with equal time intervals of 40 ps starting from the ground state. The
frequency-dependent results as shown in Fig. 2 were obtained after a fast Fourier
transform of the simulated time-domain magnetization oscillation.

Spin-wave spectroscopy. Spin-wave transmission was measured with two identical
CPWs integrated on top of the LSMO thin film for excitation and detection. An
in-plane external magnetic field was applied perpendicular to the CPWs while
the microwave current was injected from the VNA into the CPWs through the
microwave probes. Spin waves were excited in the LSMO film by the alternating
electromagnetic field induced by the signal line of the CPW's and propagated
from one CPW to the other. By extracting the S,; parameter from VNA, spin-
wave transmission can be obtained from CPW1 to CPW2, and S,, from CPW2 to
CPWI1. The spin-wave reflection measurements were conducted by placing the
LSMO thin film face down onto a large CPW prepared on a silicon wafer. The
CPW consisted of one signal line and two ground lines (50 um wide and spacing
of 50 um). Under the in-plane external magnetic field perpendicular to the CPW,
microwave current was injected from the VNA through a three-pitch microwave
probe. The wavevector k of the flip-chip CPW was almost zero (calculated by
Fourier transformation).
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