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Magnetization dynamics in synthetic ferromagnetic thin films
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Synthetic ferromagnets (SFMs) possess the same layer structure found in the widely studied synthetic
antiferromagnets. This consists of two ferromagnetic (FM) layers separated by a nonmagnetic (NM) spacer
forming the structure FM1/NM/FM2, but SFMs describe the case where the interlayer exchange coupling
promotes the parallel alignment of the magnetizations of the FM layers. The frequency and phase of the dynamic
response of these structures depends sensitively on the interlayer exchange coupling as well as on the individual
layer magnetizations. Through experiments and numerical simulations, we show that the dynamic response of the
two ferromagnetic layers has an orthogonal dependence on the difference in layer magnetization and interlayer
coupling allowing both parameters to be determined accurately. In addition, we are able to obtain the phases of
the resonant modes, a hitherto challenging measurement, and thus show that the conventional acoustic and optical
description does not fully capture the intricacies of SFM dynamics. These findings are directly applicable to the
creation of tailored SFMs for spintronic devices such as STT/SOT-MRAM where magnetization and interlayer
coupling are key parameters.

DOI: 10.1103/PhysRevB.104.014419

I. INTRODUCTION

The dynamic response of magnetically ordered materials
provides a sensitive method to probe fundamental magnetic
properties including saturation magnetization, anisotropy, and
exchange interactions [1–3]. Recently, there has been a con-
siderable interest in exploiting the high frequency dynamics
observable in ultrathin (sub-10 nm) magnetic films for spin-
tronic applications [4–6]. Research in this area has focused
upon material systems including thin ferromagnetic/heavy
metal bilayers [7,8], where a combination of the spin See-
beck and inverse spin Hall effect lead to broadband THz
emission of electromagnetic radiation and antiferromagnets
where intrinsically large exchange coupling leads to dynamic
responses in the 100’s GHz range [9–11]. An alternative
to natural ferromagnetic and antiferromagnetic materials are
magnetic multilayers, which offer a route to create advanced
atomically engineered high frequency material systems with
properties that can be tailored through the individual layers
and their magnetic interactions.

The phenomena of interlayer exchange coupling in such
artificially layered structures underpins many spintronic tech-
nologies and has been a rich area of investigation [2,12,13].
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An interlayer exchange interaction was demonstrated in
the mid-1980s independently by Grünberg [14] and Fert
[15] where antiferromagnetic coupling between Fe/Cr lay-
ers was observed, a discovery that is widely lauded as
the birth of spintronics [16,17]. The interlayer exchange
coupling strength (JIEC) is mediated by the oscillatory short-
range Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction
in trilayer structures of ferromagnetic (FM1)/nonmagnetic
(NM)/FM2 layers and promotes a FM (JIEC > 0) or antifer-
romagnetic (AF) (JIEC < 0) alignment depending on spacer
layer thickness as shown in Fig. 1 [18–21]. The presence of
an interlayer exchange coupling results in magnetic systems
with significantly different static and dynamic magnetic prop-
erties compared to those of the constituent layers [22]. To
date, much attention has been focused upon synthetic anti-
ferromagnets (SAFs) and the ramifications of AF coupling
on the dynamics of these systems [12,13,22–24], where the
resonance frequency is intermediate between natural ferro-
magnetic and antiferromagnetic ordered materials. Despite
having been widely utilized in quasistatic spintronic devices
[25,26], the underlying dynamics and resonant physics of
their synthetic ferromagnetic counterparts remains relatively
unexplored.

For a synthetic ferromagnet (SFM) it has been shown that
in the case where there is a difference in the magnetization
of the layers (�M = Ms,1 − Ms,2) and the presence of a weak
FM interlayer exchange coupling a double resonance is ob-
tained [2,25]. Reports have shown that the double resonance
consists of a lower frequency acoustic mode (AM) and a
higher frequency optic mode (OM) as shown schematically in
Fig. 1 (inset). The AM and OM describe the phase relationship
between the two precessing magnetic layers where for the AM
the layer magnetizations precess in phase and for the OM the
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FIG. 1. The evolution of JIEC for a FM1/NM/FM2 trilayer. JIEC

oscillates between promoting a FM or AF layer magnetization align-
ment with increasing NM layer thickness. Typically, the first FM
maximum occurs close to 1 nm with the magnetic layers decoupled
at approximately 3 nm. The inset shows the resonant dynamics of a
SFM system. An optic mode is seen in addition to the acoustic mode
only in cases where Ms,1 and Ms,2 are different.

layer magnetizations precess out of phase [2,23,27]. However,
there remains a significant deficiency in our understanding
of SFM dynamics beyond this observation. Specifically, the
effect of varying (i) the interlayer exchange coupling strength
and (ii) the difference in layer magnetization on the two
resonant modes of the SFM system has not been studied sys-
tematically. Moreover, the influences of these parameters on
the phase difference (��) of the two resonances has not been
explored until now. Indeed it was previously reported that in
a SFM it is necessary for the constituent FM layers to possess
significantly different magnetic properties for the detection of
an optic mode to be possible [26], hampering the range of
experiments that can be performed. This has been a severe
impediment to the exploration of SFM dynamics particularly
in the case where the desired system must possess similar FM
layer characteristics, a key technological requirement for a
range of devices such as spin transfer torque (STT) or spin or-
bit torque (SOT) magnetic random access memory (MRAM)
[26,28]. In these cases the determination of the JIEC is vital
due to its impact on the thermal stability factor and the critical
switching current density required [28,29]. In this work, we
address this long-standing gap in knowledge and demonstrate,
using a combination of measurement and simulation, that
not only can the coupling parameter and difference in layer
magnetization be accurately determined, but that a rich phase
relation exists between the resonances of the individual layers.

II. SAMPLE PREPARATION AND CHARACTERIZATION

The SFM samples were fabricated using magnetron
sputtering onto Si/SiO2 substrates (see Appendix A)
and are comprised of a multilayer structure Ta(2 nm)/
CoFeB(5 nm)/Ru(tRu)/CoFeB(5 nm)/Pd(4 nm). Ru was
chosen as the spacer layer material due to the strong JIEC

enabled by this element [13]. CoFeB is a widely used
magnetic film for spintronic devices including STT-MRAM,
future write heads, and wireless inductors [26,30]. Alloys

of CoFeB have a range of desirable properties including
a large saturation magnetization [30–32], high resistivity
[30], and high tunnel magnetoresistance values [33–35]. Ta
was used as a seed layer with Pd as the capping layer to
inhibit oxidization of the films. The layer structure of the
multilayers was determined using x-ray reflectivity (XRR)
where the data were fitted to a Fresnel model by means
of the Parratt recursive algorithm [36] using the GENX

software package [37] (for additional information regarding
the XRR measurements of the samples see Appendix B 1
and Ref. [22]). Multilayers exhibiting magnetic properties
consistent with a positive JIEC on the first FM coupling
peak were found in the case of tRu = 1.03, 1.07, and 1.10
nm, referred to as SFM1, SFM2, and SFM3 respectively. A
single CoFeB layer, with a structure Ta(2 nm)/CoFeB(9 nm)/
Pt(4 nm), was also fabricated and characterized and is referred
to as SL. The effects of pinholes on the interlayer coupling
in our SFM samples is deemed to be negligible given that the
first AF RKKY peak (which occurs at tRu = 0.6 nm) shows
strong AF interlayer coupling as demonstrated in our earlier
work [22].

The magnetic properties of the samples were examined us-
ing vibrating sample magnetometry (VSM) and a broadband
vector network analyzer- ferromagnetic resonance spectrom-
eter (VNA-FMR) for static and dynamic characterization
respectively. The samples were prepared using a Southbay
disk cutter to provide a 5-mm-diameter disk. VSM and VNA-
FMR measurements were undertaken with the magnetic field
applied in the plane of the films at room temperature (see
details in Appendix B 2 and B 3). The resonant adsorption
was obtained from the VNA S12 absorption parameter, which
we then used to determine the resonant frequency of the sam-
ples. Figures 2(a)–2(d) shows examples of individual spectra
measured using applied magnetic fields of 1, 4, and 7 kOe
for the SL, SFM1, SFM2, and SFM3 samples respectively.
Figures 2(e)–2(h) combine a series of S12 spectra to create 2D
maps of the resonance spectra as functions of applied field and
frequency.

These data demonstrate that both the lower frequency AM
and the higher frequency OM occur over a range of applied
fields. The field dependence of the resonances is consistent
across all samples. We observe in all cases that as the magni-
tude of applied field is decreased the OM reduces in amplitude
compared to the AM. In SFMs, the OM is formed due to the
influence of a FM JIEC and a difference in layer magnetization
[2]. The presence of a FM layer with reduced magnetization
is supported by the M-H loop measurements presented in
Figs. 2(e)–2(h) (bottom-left insets) where it is seen that the
samples possess a lower saturation magnetization compared
to the single CoFeB layer case of ∼1300 emu/cm3 for CoFeB
thickness of both 4 nm (single layer) and 9 nm (SL: total
magnetic layer). The saturation magnetization of each sample
is presented in Table I. It is notable that an OM which is
clearly separated from the AM is observed given the similarity
in thickness of the two magnetic layers. Examining the spectra
in detail shows that the frequency of the AM and OM differ
for SFM1, SFM2 and SFM3. despite the subatomic change in
Ru layer thickness. These data show the expected dependence
of the RKKY interaction on the Ru NM spacer layer thickness
and demonstrate the high sensitivity of the measurement. This
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FIG. 2. Resonant dynamics of the single CoFeB layer (thickness 9 nm) and synthetic ferromagnetic samples for a range of applied fields
(H). S12 absorption profiles for samples on the first FM maxima at varying applied field strength in the case (a) single layer, (b) SFM1, (c)
SFM2, (d) SFM3. (e)–(h) Corresponding 2D resonance spectra. The insets show the in-plane M-H hysteresis loops of each sample measured
by VSM at room temperature. In (e), the M-H loop of a single layer CoFeB film of thickness 4 nm is also presented (red).

extraordinary sensitivity to NM thickness is a key challenge
in sample fabrication, with the data demonstrating that a high
degree of control over the sample structure has been achieved.

III. MICROMAGNETIC SIMULATION OF SFM
RESONANT DYNAMICS

Motivated by the hysteresis loop data where a reduction
in saturation magnetization is observed relative to the single
layer case (as shown in Table I) we use simulation to study the
impacts of varying the difference in the layer magnetization

and JIEC on the dynamics of the SFMs. We reproduced the
FM1/NM/FM2 structure of the sample with a micromagnetic
model as shown in Fig. 3(a). Our simulations are implemented
in the finite-difference GPU-accelerated program, MUMAX3

[38]. In order to minimize the demagnetization effects from
the geometric edges, the dimension in the xy plane is set
to 128 nm × 128 nm with periodic boundary conditions
applied in the plane, and the overall system is discretized
into 1 nm × 1 nm × 0.5 nm cuboid cells. The magnetic
parameters were chosen to allow direct comparison between
the numerical simulation and the experimental CoFeB SFM
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FIG. 3. Simulated dynamics of synthetic ferromagnets (SFMs). (a) Schematic of the simulated SFM structure, consisting of a
FM1/NM/FM2 trilayer. The layer magnetization of FM1 (Ms,1) is fixed while the layer magnetization of FM2 (Ms,2) is varied. (b) Simulated
absorption spectrum of a SFM where �M = 100 emu/cm3 and JIEC = 0.1 mJ/m2 at a range of different fields. (c)–(f) Impact of �M and JIEC

at an externally applied field of 4 kOe on the resonance frequency of the (c) AM, (d) OM, and on �� of the resonances of the (e) AM and (f)
OM.

samples. The exchange constant (Aex) of the system was set to
Aex = 10–6 erg/cm and the saturation magnetization of FM1

was set to Ms,1 = 1300 emu/cm3 [22]. The resonant frequen-
cies were investigated for saturation magnetization of FM2

possessing a range of values between Ms,2 = 500 emu/cm3

and Ms,2 = 1200 emu/cm3, allowing OM dynamics as a func-
tion of JIEC to be explored. These parameters were chosen to

TABLE I. The saturation magnetization of the single layer
CoFeB and the SFM samples. In the single layer case, the Ms of
the 9- and 4-nm-thick samples were averaged.

Sample Ms(emu/cm3)

Average single layer CoFeB 1280 ± 60
SFM1 1240 ± 60
SFM2 1230 ± 60
SFM3 1180 ± 60

be similar to literature reports for CoFeB trilayer structures
[22,26]. We use the ringdown method [39] to extract the char-
acteristic frequencies from the ferromagnetic resonance. The
phase information of the system is determined by applying
a time-dependent sinusoidal excitation hexc(t ) possessing fre-
quency f with hexc(t ) = h0sin(2π f t ) with the time-resolved
magnetization in each FM layer then subsequently recorded
(see Appendix C for further details).

To treat this numerical simulation as representative of
the samples, we must assume that Ms,1 is identical to that
measured in single layer CoFeB while Ms,2 is reduced. This
is a reasonable hypothesis but deviations in the magnetic
properties of FM1 from single layer CoFeB cannot be com-
pletely excluded due to mechanisms such as interdiffusion
with the Ru layer [40,41]. Our XRR data demonstrate that
no significant changes in layer density occurs. However,
static measurements using vibrating sample magnetometry
do show that the saturation magnetization of the SFM sam-
ples are reduced compared to the single layer CoFeB case,
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FIG. 4. Extracted parameters for the studied synthetic ferromagnets (SFMs) with differing tRu. (a) Parameters matching the resonances of
SFM samples plotted on the same scale as Figs. 3(c) and 3(d) to allow direct comparison with simulated cases. (b) �� of the magnetic layers
of the AM and OM for each SFM as extracted from the numerical simulation.

thus supporting the modeling of a structure with reduced
magnetization [see bottom-left insets of Figs. 2(e)–2(h) and
Table I].

Figure 3(b) shows that the key features of the resonance be-
havior exhibited by the samples can be accurately reproduced
by the simulation with the formation of a double resonance
observed along with a significant reduction of the optic mode
intensity as the magnitude of the applied field is reduced.
From Figs. 3(c)–3(f), a general assessment of the impact of
the difference in layer magnetization and interlayer coupling
strength on SFM dynamics can be made. Strikingly, it is
shown that the resonant frequencies have orthogonal depen-
dencies on �M and JIEC. Specifically the AM resonance is
mostly dependent on �M while the OM resonance is governed
mainly by JIEC strength. Indeed, the greatest reduction in AM
resonance and enhancement in OM resonance is seen in cases
where there is a greater �M and a higher JIEC respectively.

The simulations also allow the phase difference between
the two resonating magnetic layers of each mode to be deter-
mined, as shown in Figs. 3(e) and 3(f). It is demonstrated that
this phase behavior is impacted by both �M and JIEC, which
contrasts with the dependence shown by the resonant frequen-
cies. The simulation also reveals that the conventional in phase
and out of phase understanding of the AM and OM does not
fully capture the intricacy of the rich dynamics supported by
a SFM system and that the resonances are better described
through acousticlike/opticlike labels. Notably, in all simulated
cases we do not achieve a truly out of phase (180 °) optic
mode. We see that the phase differences vary significantly
from the AM/OM description in the case where the SFMs
possess an extremely weak JIEC (0–0.04 mJ/m2) and simi-
lar layer magnetizations. The simulations clearly demonstrate
that the OM has a much greater sensitivity to these parameters
than the AM. This is particularly seen in the weak coupling
limit (∼0.01 mJ/m2) as shown by Fig. 3(f) where the ��

transitions from a high phase difference (∼180◦) quasioptic
mode to a low phase difference (<90 °) acousticlike mode.

IV. PARAMETER EXTRACTION

The simulations allow us to understand the experimental
data by comparing these numerical results with the measured
resonance frequencies of the OM and AM peaks. Such an

approach enables us to determine JIEC and �M corresponding
to our samples, as well as obtaining dynamic information on
their phase behavior. The JIEC and �M required to reproduce
the resonances of each experimentally measured SFM are
presented in Fig. 4(a) and Table II. We minimized the average
residual between frequencies of the measured and simulated
resonances for both modes to obtain the optimal parame-
ters for the AM and OM for each sample. We demonstrate
that the magnetization of the samples [bottom-left insets in
Figs. 2(f)–2(h) and Table I] is consistent with the �M required
to simulate the resonances of each sample, with SFM1 and
SFM3 displaying a low saturation magnetization compared
to SFM2. It is notable that although the magnetization dif-
ferences are significantly lower than those demonstrated in
the investigation performed by McKinnon et al. [26] we can
measure and model these resonances. Furthermore, the mag-
nitudes of the extracted JIEC (0.02–0.04 mJ/m2) are consistent
with literature expectations [26] and also exhibit a behavior
with Ru layer thickness that is consistent with that expected of
the first RKKY FM coupling peak. That is, the highest JIEC is
observed for SFM2 indicating that it is close to the maximum
of the first RKKY FM peak with SFM1 and SFM3 to either
side of the maximum.

The �M and JIEC values extracted from fitting to the res-
onant frequencies can be used to obtain the phase behavior
of the AM and OM mode for each SFM. The phase behavior
of the AM and OM as a function of Ru thickness is shown in
Fig. 4(b). In the case of SFM2 it is seen that despite possessing
a higher JIEC, the OM �� is lower than that seen in SFM1
and SFM3. This is a direct consequence of the lower �M
in the case of SFM2. This analysis demonstrates how phase
information from resonant modes can be obtained from VNA-
FMR laboratory based instrumentation and simulation. This

TABLE II. Parameters extracted from the numerical simulation
for the studied SFM samples.

Sample �M(emu/cm3) JIEC (mJ/m2)

SFM1 150 ± 25 0.026 ± 0.002
SFM2 100 ± 25 0.044 ± 0.002
SFM3 175 ± 25 0.024 ± 0.002
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offers opportunities for future comparison with synchrotron
techniques such as x-ray detected FMR [42] or reflectometry
FMR [43].

V. CONCLUSIONS

In conclusion, we have demonstrated the experimental
observation and numerical simulation of the resonant dy-
namics of synthetic ferromagnets (SFMs). We show that a
well separated double resonance can be observed in samples
with ferromagnetic layers of similar thickness, due to small
differences in their magnetizations. The simulations have
demonstrated a dependence of the acoustic and optic modes
on (i) the difference in magnetization of the ferromagnetic
layers and (ii) the interlayer exchange coupling. We show that
an orthogonal dependence exists, where the AM exhibits a
greater sensitivity to the magnetization difference while the
OM is more dependent on the coupling strength. Thus, by
comparing the measured resonance frequencies with simu-
lations we describe a technique to determine the interlayer
exchange coupling in these structures. Furthermore, using the
parameters obtained we can extract, by numerical simulation,
the phase behavior of the magnetic layers at each resonant
mode, a property that is difficult to obtain experimentally
other than via synchrotron techniques. We demonstrate that
the conventional acoustical and optical description does not
capture the intricacy of the dynamics exhibited by these struc-
tures. This work has direct application in the development
of future exchange coupled spintronic materials with tailored
properties for desired MRAM and high-frequency device
applications.

The data that support the plots and other findings of this
study are available from the corresponding authors upon rea-
sonable request.
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APPENDIX A: THIN-FILM FABRICATION METHOD

Fabrication of the samples was undertaken using an AJA
ATC 2200-V magnetron sputtering system. The substrates
used were Si/SiO2 where the oxide layer was 290 nm. No
deliberate substrate heating was used throughout deposition
or as an annealing step. The overall structure of the metal
layers was Ta/CoFeB/Ru/CoFeB with a Pd cap employed. The
deposition of the Ta, Co0.2Fe0.6B0.2, and Pd layers was carried
out using DC magnetron sputtering from either elemental or,
in the case of CoFeB, alloy targets. The Ta was present to
act as an adhesion layer. The Ta and CoFeB were deposited
at a power of 20 W, with the cap layer deposited at 100 W.

The Ru layer sandwiched in the middle of the CoFeB layers
was deposited through radio frequency (rf) sputtering at a
power of 75 W. The deposition time of the Ru layers were
90, 100, and 110 s for SFM1, SFM2, and SFM3 respectively.
This allowed the Ru layer thicknesses to be determined from a
calibration of thickness vs deposition time. The base pressure
prior to deposition was 10–8 Torr and no in situ magnetic fields
applied. The working pressure of the Ar+ gas was between 3
and 4 mTorr.

APPENDIX B: CHARACTERIZATION METHODS

1. Structure characterization

The structural properties of the layers were obtained us-
ing x-ray reflectivity (XRR). The measurements employed
a Rigaku Smart Lab system using a 3-KW copper K
alpha source. All measurements were performed over a 2θ

range 0.1–8.0 ° with a step size of 0.01. The data were fit-
ted to a Fresnel model by means of the Parratt recursive
algorithm [36] using the GENX simulation package [37]. The
fitting was undertaken until the reduced χ2 figure of merit
was optimized. These measurements provided information
on the thickness, roughness, and density of the constituent
layers. Figure 5 presents the fitting to the x-ray measure-
ments and the corresponding scattering length density (SLD)
for each sample.

2. Magnetic measurements

Magnetization vs applied magnetic field (M-H) loops were
measured by vibrating sample magnetometry (VSM) using a
Microsense Model 10 vector VSM. The samples were pre-
pared using a Southbay disk cutter to provide an 8-mm disk
for the VSM measurement. These measurements were done
using an in-plane applied magnetic field up to 20 kOe to en-
sure saturation of the magnetic domain structure. Background
correction was performed by performing a linear fit to the
saturated region of the hysteresis loop, with its gradient deter-
mining the diamagnetic response present in the measurement.

3. Ferromagnetic resonance measurements

The high frequency properties of the films were character-
ized using a vector network analyzer ferromagnetic resonance
(VNA-FMR) setup. This setup employed a picoprobe waveg-
uide and a Keysight VNA N5224A which supports frequency
measurements in the range 10 MHz–43.5 GHz. The probes
are contacted to a ground-signal-ground waveguide placed
within a magnetic field of up to 1.4 T provided by a GMW
electromagnet. The sample was placed face-down upon the
waveguide in a flip-chip manner for measurement, where a
natural air barrier was sufficient to prevent the shorting of the
waveguide. The operating principle of this method is that the
magnetic configuration of a film under test will be perturbed
by an rf magnetic field due to the electric signals traversing the
waveguide. When the frequency of the perturbing magnetic
field is equal to the resonant frequency of the thin film, a sig-
nificant absorption of this rf energy takes place which causes
the transmission of energy through the waveguide (measured
through the S12 parameter) to decrease [3,44]. This method
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FIG. 5. Structural characterization of synthetic ferromagnets per-
formed using XRR. The XRR data set and fit for Ru layer thickness
(a) SFM1 (tRu = 1.03 nm), (b) SFM1 (tRu = 1.07 nm), and (c) SFM3
(tRu = 1.10 nm). Corresponding SLD plots as derived from XRR
measurement as a function of distance from substrate (z) for (a)
SFM1, (b) SFM2, (c) SFM3. The overlaying colors represent the
different layers of the stacks namely Ta (orange), CoFeB (red), Ru
(blue), and Pd (grey).

was carried out by performing frequency sweeps for a range
of applied external fields as opposed to the conventional field
sweeps for set frequencies.

APPENDIX C: SIMULATION METHODS

Based on the micromagnetic model, resonate dynamics of
magnetization is characterized by solving the Landau-Lifshitz
equation [45]

∂m
∂t

= γ

1 + α2
{m × Heff + α[m × (m × Heff )]},

where m indicates the normalized magnetization in con-
stant magnitude Ms = M/m, with the damping parameter
α and the gyromagnetic ratio of the electron γ . The ef-
fective field Heff applied on the magnetization is defined
as Heff = −μ−1

0 δE/δM, which is based on the total en-
ergy E that comprises the symmetric exchange interaction,
the Zeeman coupling, the magnetostatic interaction, and
the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interlayer ex-
change coupling. In order to guarantee the accuracy of the
dynamic simulations, the Landau-Lifshitz equation is solved
by Runge-Kutta method (RK45) with a maximum time step
10–6 ns. In the dynamic simulations we use the damping pa-
rameter α = 0.01. Note that much smaller time steps and
different damping parameters in the underdamped range (0 <

α < 1) have been tested, and the results showed no difference
in quantity.

Our simulations are implemented by the finite-difference
GPU-accelerated micromagnetics program MUMAX3 [38]. Un-
less specified otherwise, the synthetic ferromagnet (SFM)
is described by a trilayer structure with FM1(5 nm)/NM
(1 nm)/FM2(5 nm). In order to minimize the demagnetiza-
tion effects from the geometric edges, the dimension in the
xy plane is set to 128 nm × 128 nm with periodic bound-
ary conditions applied in the plane, and the overall system
is discretized into 1 nm × 1 nm × 0.5 nm cuboid cells.
In the ringdown method [39] the system is initialized to a
field-polarized state, followed by a weak magnetic excitation
hexc applied for 10 ns to perturb it from its equilibrium, and
the magnetization dynamics is sampled and recorded with
a time step of 10−4 ns, where at least 100 steps are solved
between the recorded data points. Subsequently, a fast Fourier
transform (FFT) is used to obtain the amplitude spectrum of
the averaged magnetization, and the characterized frequency
is extracted from the measured time domain.
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