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Nonreciprocal spin-wave dynamics in Pt/Co/W/Co/Pt multilayers

Krzysztof Szulc ,1,* Simon Mendisch,2 Michał Mruczkiewicz,3,4 Francesca Casoli ,5

Markus Becherer,2 and Gianluca Gubbiotti 6

1Institute of Spintronics and Quantum Information, Faculty of Physics, Adam Mickiewicz University, Poznań,
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We present a detailed study of the spin-wave dynamics in single Pt/Co/W and double Pt/Co/W/Co/Pt
ferromagnetic layer systems. The dispersion of spin waves was measured by wave-vector-resolved Brillouin light
scattering spectroscopy while the in-plane and out-of-plane magnetization curves were measured by alternating
gradient field magnetometry. The interfacial Dzyaloshinskii-Moriya interaction induced nonreciprocal disper-
sion relation was demonstrated for both single and double ferromagnetic layers and explicated by numerical
simulations and theoretical formulas. The results indicate the crucial role of the order of layers deposition on
the magnetic parameters. A significant difference between the perpendicular magnetic anisotropy constant in
double ferromagnetic layer systems conduces to the decline of the interlayer interactions and different dispersion
relations for the spin-wave modes. Our study provides a significant contribution to the realization of the
multifunctional nonreciprocal magnonic devices based on ultrathin ferromagnetic/heavy-metal layer systems.
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I. INTRODUCTION

High demand for improvement in storage and comput-
ing devices and decrease of their power consumption leads
to continued interest in spintronic phenomena. Recently,
the interfacial Dzyaloshinskii-Moriya interaction (iDMI) [1]
brought the attention of the researchers as it permits us to
stabilize topological magnetic solitons, e.g., skyrmions and
radial vortices [2]. The iDMI is an asymmetric exchange
interaction and can be induced in ultrathin multilayer sys-
tems where the inversion symmetry is broken between both
interfaces of the ferromagnetic layer. It is induced by large
spin-orbit coupling between a ferromagnet and heavy-metal
atoms at one of the interfaces of an ultrathin ferromagnet.
The energy contribution of iDMI is minimized when spins
are aligned perpendicularly in a specific direction, described
by the equation EDMI = −∑

i, j Di j · (Si × S j ), where Di j is
the Dzyaloshinskii-Moriya vector. Therefore, the orientation
of the Di j determines whether right-handed or left-handed
rotation sense between neighboring spins is the configuration
of lower energy. Even if the iDMI favors noncollinear align-
ment of spins when it is strong, the single-domain state can
be achieved at high magnetic fields. Then, the chiral property
of the iDMI is exhibited in nonreciprocal spin-wave dynamics
[3–6] and can be used to tailor the magnon dispersion relation,

*krzysztof.szulc@amu.edu.pl

and thus used to extend the functionality of the magnonic
devices [7].

The iDMI value is one of the highest in Pt/Co systems,
which are also characterized by strong perpendicular mag-
netic anisotropy (PMA). Thus, many of the iDMI systems are
based on Pt/Co ultrathin films with broken inversion sym-
metry, e.g., Pt/Co/AlOx [8,9], Pt/Co/MgO [10] Pt/Co/Ta
[11], Pt/Co/(W,Ta,Pd) [12], Pt/Co-Ni/Ta [13], Ir/Fe/Co/Pt
[14], Pt/Co/Cu/AlOx [15], Pt/Co/Os/Pt [16], Pt/Cu/Co/Pt
[17]. In Ref. [18] the implications of asymmetric multilayers
[Pt/Co/Ir]5 with broken inversion symmetry on domain wall
chirality, skyrmion stability, and its dynamics were reported.
Interestingly, weak iDMI was also present in symmetric
Pt/Co/Pt multilayers [19] due to different quality of the Co
interfaces. The influence of the surface quality can also have
a significant impact on the anisotropy of the sample [20].

Most of the studies, also cited above, considered struc-
tures with sandwich multilayers, where the unit Pt/Co/X
was repeated n times, and magnetic parameters of Co layers
had negligible differences. Nevertheless, the stack of layers
with deliberately different magnetic properties of magnetic
materials across the thickness might also have interesting
properties especially related to the magnetization and spin-
wave dynamics, useful for applications in spintronics and
magnonics as indicated by recent studies. For example, in
the antiferromagnetic-exchange-coupled symmetric bilayer
CoFeB/Ru/CoFeB, the measured Ru thickness-dependent
nonreciprocity was related to the difference between
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TABLE I. Magnetic parameters of the SFL and DFL samples.

Abbrev. Sample MS (kA/m) [48] Meff (kA/m) Ku (kJ/m3) D (mJ/m2)

SFL1 Co(1.95)/W(0.95) 1100 28 741 0.74
SFL2 Co(1.6)/W(0.95) 1050 −235 848 0.84
DFL1 Co(1.6)/W(0.95)/Co(1.95) 1100 774 225 −0.64

1050 −194 821 0.72
DFL2 Co(1.6)/W(0.95)/Co(1.6) 1050 626 280 −0.49

1050 −246 855 0.84

perpendicular interface anisotropy of the bottom and top
CoFeB layer [21]. Thus, in this paper, we will investigate the
spin-wave properties in systems composed of two ferromag-
netic layers, i.e., double ferromagnetic layer (DFL) systems.

DFL systems with opposite sign of iDMI in the limit
of noninteracting layers shall exhibit two nonreciprocal
dispersion-relation branches that are mirror images at wave
vector k = 0. Therefore, having a dispersion resembling the
electronic Rashba splitting is expected [22–24]. Addition-
ally, the coupling strength between the layers can be tuned
by Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction or
dipolar interaction [25,26]. Also, interlayer DMI interaction
in the DFL system, competing with RKKY interaction, was
recently shown [27]. These works point out that magnonic
dispersion can be tailored in many ways in the DFLs and
multilayers with varied iDMI, magnetic properties of the sub-
layers, and the coupling strength between them.

The strength of iDMI can be quantified by several methods,
such as domain-wall velocity [28,29], asymmetric hysteresis
loop method [30], and magnetic force microscopy [31]. A de-
tailed review of the different techniques used to measure iDMI
in ultrathin films has been recently published by Kuepferling
et al. [32]. Among them, Brillouin light scattering (BLS)
spectroscopy has demonstrated to be a powerful and reliable
technique since it combines the high sensitivity to detect sig-
nals from spin waves in magnetic monolayers [33–40], and
the possibility to explore a wide range of wave vectors (0–25
rad/μm) and frequencies (1–500 GHz). The estimation of
iDMI constant from experimental measurements was studied
also for complex multilayers [41].

In this work we study Pt/Co/W/Co/Pt DFL systems and,
as the reference samples, the Pt/Co/W single ferromagnetic
layer (SFL) systems. Hysteresis loops were measured using
the alternating gradient force magnetometer (AGFM). BLS is
used to measure the dispersion relation of spin waves and to
extract the iDMI constant by measuring the frequency asym-
metry (� f ) between the spin waves propagating in opposite
directions. The numerical simulation in the time and fre-
quency domain provides an interpretation of the experimental
results and allows us to extract effective magnetization and
anisotropy constant of the Co layers. In particular, we found
that in DFL samples, the Co layers have an opposite sign
of iDMI due to the inversion of interfaces and significantly
different anisotropies due to a different order of the layers de-
position. With these properties we aim to demonstrate systems
with two, almost independent spin-wave dispersion relations
possessing nonreciprocal properties.

II. EXPERIMENTAL METHODS

The characterized thin films were deposited at room tem-
perature via confocal rf-magnetron sputtering (base pressure
<2 × 10−7 mbar) onto n− doped silicon (100) substrates with
an in-house grown thermal oxide (thickness ≈ 20 nm). Before
the deposition, residual water was removed from the samples
using a 300 eV Ar+ ion beam. All materials were deposited at
a constant argon pressure 4 μbar (≈ 3 mTorr) except for the
Ta adhesive, which was deposited at 2 μbar (≈ 1.5 mTorr).
The rf power applied to the 2-in. targets was identical for
all materials (40 W). To reduce contaminants the dead times
between elements during the automated deposition were gen-
erally kept below 1s. All multilayer stacks feature a standard
adhesive (1.5 nm Ta), seed (6 nm Pt), and capping (3 nm Pt)
layer. The stacks are, therefore, solely addressed by their mag-
netic layer compositions with thicknesses given in nanometers
[e.g., Co(1.6)/W(0.95)/Co(1.95)]. Single ferromagnetic Co
layers having a thickness of 1.6 and 1.95 nm have also been
grown on Pt films and used as reference samples. The set of
four fabricated samples is listed in Table I.

Hysteresis loops were measured by the AGFM, applying
a magnetic field up to 15 kOe in the directions parallel and
perpendicular to the film plane.

BLS spectra were recorded at room temperature in
the backscattering configuration using a (3+3)-tandem
Sandercock-type interferometer [42]. About 200-mW p-
polarized monochromatic light from a solid-state laser λ =
532 nm was focused onto the sample surface. An in-plane
magnetic field H was applied parallel to the sample surface
and perpendicular to the plane of incidence of light in the
so-called Damon-Eshbach configuration. A schematic repre-
sentation of the scattering geometry is represented in Fig. 1.
Due to in-plane momentum conservation, the wave vector k
of spin waves entering into the scattering process is given by
k = (4π/λ) sin θ . Spin waves traveling in the −x and +x di-
rections appear as peaks in the Stokes and anti-Stokes side of
the spectra, respectively. BLS measurements were performed
in two different configurations: (1) by changing the magnitude
of the external magnetic field applied in the sample plane at
normal incidence of light upon the sample surface (θ = 0◦),
i.e., k = 0; and (2) by sweeping the wave vector k in the range
from 0 to 20 rad/μm at fixed applied field H = ±5.5 kOe
[43]. Reversing the direction of the external magnetic field
from +5.5 to −5.5 kOe is equivalent to reverse the direction
of the propagating spin waves. The frequency asymmetry
induced by iDMI is proportional to the sine function of the
in-plane angle φ between the applied field and the wave vector
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FIG. 1. Schematic drawing of the BLS scattering geometry in the
Damon-Eshbach configuration. The incident light makes an angle θ

with respect to the sample normal. Measurements are performed in
the backscattering configuration, where the same camera objective
is used to focus laser light upon the sample surface and to collect
scattered light sent to the interferometer for the frequency analysis.
A magnetic field H is applied in the sample plane and perpendicular
to the incidence plane of light.

direction [5]. In the Damon-Eshbach configuration (φ = 90◦),
� f is maximum.

III. THEORETICAL AND NUMERICAL METHODS

Motion of the spin is described by the Landau-Lifshitz
equation:

∂M
∂t

= −γμ0M × Heff, (1)

where M = (mx, my, mz ) is the magnetization vector, γ is
the gyromagnetic ratio, μ0 is the magnetic permeability of
vacuum, and Heff is the effective magnetic field, which is given

as follows:

Heff = H ẑ + 2Aex

μ0M2
S

∇2M + 2D

μ0M2
S

ẑ × ∂M
∂x

+ 2Ku

μ0M2
S

myŷ − ∇ϕ, (2)

where H is the external magnetic field, MS is the saturation
magnetization, Aex is the exchange stiffness constant, D is the
iDMI constant, Ku is the PMA constant, and ϕ is the magnetic
scalar potential fulfilling Poisson-like equation

∇2ϕ = ∇ · M. (3)

In the DFL structures, the RKKY interaction is applied as
the boundary conditions on the inner interfaces of the ferro-
magnetic layers [44] along with the boundary condition for
the exchange interaction

0 = 2Aexẑ × ∂M1(2)(y)

∂y

∣∣∣∣
y=yin

1(2)

− J ẑ × [
M2(1) − M1(2)

(
yin

1(2)

)]
, (4)

where J is the RKKY constant and subscripts numerate bot-
tom and top layers in DFL samples. The boundary condition
on the outer interfaces consist only of the exchange interaction
term

0 = 2Aexẑ × ∂M1(2)(y)

∂y

∣∣∣∣
y=yout

1(2)

. (5)

Spin-wave dynamics are calculated numerically using
the finite-element method in COMSOL Multiphysics [45].
The system was implemented to a two-dimensional model
with Floquet boundary conditions to simulate an infinite
plane with finite thickness. Time-domain simulations were
used to simulate the hysteresis loops of the DFL system.
Frequency-domain simulations were carried out to calculate
the spin-wave dispersion relation of the DFL system. Eigen-
frequency problem employs a linear approximation of Eqs. (1)
and (3), i.e., assuming mx, my � mz ≈ MS . Triangular mesh
with a maximum element size of 1 nm inside the ferro-
magnetic layers and a growth rate of 1.15 outside of the
ferromagnetic layers was used.

In the SFL system, the spin-wave dispersion relation was
fitted using the analytical formula [46,47]

f = γμ0

2π

{√(
H + MS

d|k|
2

+ 2Aex

μ0MS
k2

)[
H + MS

(
1 − d|k|

2

)
+ 2Aex

μ0MS
k2 − 2Ku

μ0MS

]
+ 2D

μ0MS
k

}
. (6)

The frequency difference between the Stokes and anti-Stokes
peaks � f can be derived from Eq. (6) as

� f = f+k − f−k = γ

2π

4D

MS
k. (7)

The field dependence of the frequency was measured at
normal-incidence angle θ = 0◦, therefore, Eq. (6) simplifies

to the following formula:

f = γμ0

2π

√
H

(
H + MS − 2Ku

μ0MS

)
, (8)

which describes the sample saturated in the film plane.
The field dependence for the saturation out of the plane is
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FIG. 2. AGFM hysteresis loops measured in the in-plane configuration and out-of-plane configuration. The purple dashed lines represent
the fitting using the numerical simulations. In the inset plots, the zoom to low external fields is shown. On top of the figure, the schematic
representation of the samples is shown.

described by the formula

f = γμ0

2π

√(
MS − 2Ku

μ0MS

)2

− H2. (9)

Based on Eq. (8), the effective magnetization Meff can be
defined as

Meff = MS − 2Ku

μ0MS
. (10)

MS values are extracted from the out-of-plane magnetization
curves obtained by Mendisch et al. [48]. For Co(1.6) is MS =
1050 kA/m while for Co(1.95) is MS = 1100 kA/m.

IV. RESULTS

A. AGFM hysteresis loops

The AGFM hysteresis loops measured in the film plane
(green curves) and perpendicular to the plane (blue curves)
are shown in Fig. 2. The results were used to determine Meff

values of the layers in all of the samples. Hard-axis hysteresis
loops were fitted with the numerical simulations. The satu-
ration field values obtained from the simulations should be
consistent with the Meff values. The beginning of the magneti-
zation reversal process is sharp, so the extracted Meff values
are considered to be well defined. At this point, the effect
of the RKKY interaction between the layers is neglected. Its
effect is explained in Sec. IV C. Using the predefined MS from
Ref. [48], we also determined the PMA constant Ku using
Eq. (10). They are collected in Table I.

In the Co(1.95)/W(0.95) (SFL1) sample [Fig. 2(a)] the par-
allel loop has a square shape while the perpendicular loop has
the typical S-shape behavior characterized by an almost linear
dependence on the applied field, indicating an in-plane easy
axis. The magnetic saturation in the perpendicular direction
is reached in a field much lower than μ0MS , thus indicating
that a strong PMA is present in this sample, which competes
with the shape anisotropy. Ku is slightly lower than the value

required to get a change from an in-plane to an out-of-plane
easy magnetization axis, which is 760 kJ/ m3, and the sample
remains in the in-plane configuration in the remanence. In-
plane and perpendicular coercivity values are low, but both
loops close at higher field values, i.e., around 0.2–0.3 kOe.

The Co(1.6)/W(0.95) (SFL2) sample [Fig. 2(b)] shows
a clear PMA contribution, which dominates over the mag-
netostatic in-plane contribution, giving rise to an easy
magnetization direction perpendicular to the film plane. The
hysteresis loop measured with the field applied in the film
plane shows a transcritical shape with a saturation field around
3 kOe, low coercivity, but an open loop up to a higher field
(approximately 1.2 kOe). The latter feature might depend on
a secondary phase with a tilted easy magnetization axis. The
hysteresis loop measured in the perpendicular direction shows
a square shape with a larger coercive field compared to the
in-plane direction.

In the DFL samples [Figs. 2(c) and 2(d)], the PMA con-
tribution is evident. The hysteresis loops along the in-plane
and perpendicular directions clearly show the contribution
of two magnetic components: one with an easy magneti-
zation axis in the film plane and the other with an easy
magnetization axis perpendicular to the film plane. In the
Co(1.6)/W(0.95)/Co(1.95) (DFL1) sample [Fig. 2(c)], the
in-plane easy-axis part appears to have a larger magnetic
moment, indicating that it is associated with the Co(1.95)
layer, while the out-of-plane easy-axis is present in the
Co(1.6) layer. In the Co(1.6)/W(0.95)/Co(1.6) (DFL2) sam-
ple [Fig. 2(d)], the in-plane and out-of-plane parts carry the
same magnetic moment because of the same thicknesses of
the ferromagnetic layers. Also, comparing the magnetic pa-
rameters in the DFL and SFL samples, we can ascribe a larger
Ku value to the bottom Co layer and smaller Ku to the top
Co layer. We associate this effect with the order of the layers
deposition. Even though the Co layer has the same vicinity (Pt
and W), the effect on the magnetic parameters is different if
the material plays the role of the seed or capping layer [49] as
well as depends on the growth conditions [50]. Moreover, in
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FIG. 3. (a)–(d) The sequence of BLS spectra measured at k = 0 (θ = 0◦) and different magnitudes of the externally applied field for all the
investigated samples. (e)–(h) The spin-wave frequency measured by BLS in the function of the external field H and fitting with the theoretical
formula in Eqs. (8) and (9).

both DFL samples, the coercive-field values are larger in the
perpendicular direction.

B. Field-dependent BLS measurements

Figures 3(a)–3(d) present the sequences of measured BLS
spectra and Figs. 3(e)–3(h) present the frequency values plot-
ted as a function of H at k = 0 for all of the investigated
samples. BLS spectra were measured starting from H = 8
kOe and decreasing it down to zero, i.e., along the descending
branches of the in-plane loops in Fig. 2. For SFL samples,
only one peak is observed. For the SFL1 sample, it has a
monotonic dependence on H , while for the SFL2 sample,
it first decreases, reaching a minimum at 2.4 kOe, and then
increases again. For DFL samples, two peaks are visible on
both the Stokes and anti-Stokes sides of the spectra. Here the
field dependence is more complicated since the frequency of
high-frequency mode monotonously decreases with decreas-
ing H while the low-frequency peak first decreases, reaches a
minimum, and then increases. Since the spectra are measured
at k = 0, the frequency position of the peaks are symmetric
( fS = fAS) on both the Stokes and anti-Stokes sides of the
spectra. Based on PMA constants derived from the AGFM
hysteresis loops, we used Eq. (8) to determine the gyromag-
netic ratio γ of the analyzed samples. We reached satisfying
fitting for γ = 192 rad/(Ts), as shown in Figs. 3(e)–3(h) with

solid lines. These results, together with the values of the
saturation fields derived from the AGFM measured loops,
permit us to unambiguously affirm that above 4 kOe the
magnetization is saturated and aligned parallel to the sample
plane. Therefore, we performed the wave-vector-dependent
measurements for an externally applied field of ±5.5 kOe.

C. Role of RKKY interaction in DFL samples

The numerical simulations were used to check the presence
of the RKKY interaction in the DFL samples. First, Ku,1 and
Ku,2 were fitted to the hysteresis loops from Fig. 2 in the
function of the RKKY constant J . The results show that the
difference between Ku,1 and Ku,2 increases with the RKKY
constant. However, the hysteresis loop does not change its
character. The shape is identical to the shape of the loop
of the noninteracting layers. The possible cause is the large
difference between Meff. In the next step, the RKKY constant
(along with related to it Ku,1 and Ku,2) was fitted to the field
dependence of the frequency results obtained from the BLS
measurements shown in Figs. 3(e)–3(h). The gyromagnetic
ratio γ was used to fit the low-frequency mode, and the
RKKY constant was fitted to the high-frequency mode. The
value of the RKKY constant for DFL1 equals −100 μJ/m2

for γ = 195 rad/(Ts) and for DFL2 equals 20 μJ/m2 for
γ = 190 rad/(Ts). However, the best fit assuming the absence
of the RKKY is as far as 1 GHz from the satisfactory fit.
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FIG. 4. (a)–(d) Measured BLS spectra at k = 18.1 rad/μm (θ = 50◦) and for two different orientations of the external field: H = +5.5 and
−5.5 kOe. Black points represent the measured spectra, while red curves are the Lorentzian fitting of the peaks. (e)–(h) Dispersion relations
measured by the BLS spectroscopy in the external field of ±5.5 kOe and fitted using finite-element method simulations. (i)–(l) Frequency
asymmetry plots measured by the BLS spectroscopy with the linear regression fitting based on Eq. (7).

It lies within the error range, which considers the reading
of Meff from the hysteresis loops and instrument errors. In
general, the frequency shift is small even for a large value
of the RKKY constant (exceeding ±100 μJ/m2). Moreover,
the shape of the hysteresis loops and the field dependence
of the frequency with RKKY are identical to the case of the
noninteracting layers. Therefore, the presence of the RKKY
interaction cannot be confirmed when the difference between

Meff of the layers in the bilayered structure is too large, and
thus its effect is neglected in the analysis of the results.

D. Wave-vector-dependent BLS measurements

In order to derive the iDMI constant, we measured the BLS
spectra for different wave-vector values in the range from 0
to 20 rad/μm for H fixed at +5.5 and −5.5 kOe. Typical
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BLS spectra measured at these fields for k = 18.1 rad/μm
are shown in Figs. 4(a)–4(d) for all the investigated samples.
Because of the small sample thickness, both the Stokes and
anti-Stokes peaks, corresponding to spin waves propagating in
opposite directions, are simultaneously observed with slightly
different intensity. Frequencies of the spin-wave modes were
extracted by fitting the peaks in the BLS spectra [displayed in
Figs. 4(a)–4(d) by the red curves] with Lorentzian functions
and were plotted as a function of their respective wave vectors
k in Figs. 4(e)–4(h). It is noteworthy that on reversing the
direction of the applied magnetic field, the respective center
frequencies and intensities of the Stokes and anti-Stokes peaks
interchange due to the fact that reversing the magnetization is
equivalent to a reversal operation. For that reason, the follow-
ing discussion will pertain to the results in positive external
magnetic field. The dispersions were calculated by the finite-
element method simulations in COMSOL Multiphysics. We
set the exchange stiffness Aex = 15 pJ/m. The values of MS

and Ku used in simulations are written in Table I. The iDMI
constant D was the free parameter in the fitting procedure for
each sample separately.

In the SFL samples [Figs. 4(e) and 4(f)], the frequency
dependence is close to linear and has a positive slope. A
more detailed analysis of Eq. (6) allows explaining the char-
acter of the dispersion relation. First, the effect of the dipolar
interaction is significantly weakened by the PMA as MS ≈
2Ku/μ0MS and so Meff ≈ 0. In fact, when Meff < 0, the sur-
face wave propagates backward, and the dispersion relation
has a negative slope even with the absence of iDMI, until
the effect of the exchange interaction starts to dominate. The
small thickness of the layer leads to the additional flattening
of the dispersion. In the BLS range of the wave vector, the
effect of the exchange interaction is small, and so the disper-
sion relation is close to linear. The slope of the dispersion is
directly connected to the iDMI.

The dispersion relations of the DFL samples [Figs. 4(g)
and 4(h)] show two branches of a different character. Compar-
ing the dispersion relations with the systems of noninteracting
layers, the frequency is changing by less than 100 MHz,
indicating very weak dipolar coupling between the layers.
The lowering of the dipolar-coupling influence on frequency
is caused by the large difference between the PMAs of the
layers. Interestingly, it allows us to use the approximation
of the noninteracting layers, even for separations as small as
1 nm. The low-frequency mode is close to linear with the
positive slope. Its character is identical to the single-layer dis-
persion confirming the connection with the bottom layer. The
high-frequency mode is flat on the positive wave vectors’ side
and has a negative slope on the negative wave vectors’ side.
The flattening is the result of the compensation of dynamic
dipolar interaction by the iDMI.

Figures 4(i)–4(l) show the frequency difference � f be-
tween the Stokes and the anti-Stokes peaks measured as a
function of the wave vector k. The values for positive wave
vectors represents the measurements in the positive external
field and negative wave vectors—in the negative external field.
The frequency asymmetry exhibits a linear dependence as
a function of k, agreeing with the theoretical prediction of
Eq. (7). The frequency-difference plots were fitted using the
linear regression method based on Eq. (7), and the values

of iDMI constant D are collected in Table I. The values are
in agreement with values presented in the literature for the
similar thickness of Co layer [9], where the iDMI constant is
about 1 mJ/m2 for 1.6 nm Co thickness and lower for larger
thicknesses of Co.

In the DFL samples [Figs. 4(k) and 4(l)], the frequency
asymmetry always has a linear dependence on k, but for the
two modes, it has an opposite sign since the Co layers have Pt
as a bottom or top layer. However, the iDMI constants in the
layers differ. This effect can come from the different thick-
nesses of the Pt layers, as well as in the DFL1 sample [Fig.
4(k)], from the different thicknesses of the Co layers. The
sputtering order of the layers can also affect the iDMI constant
absolute value, as it is observed for the PMA constant.

V. CONCLUSIONS

We have studied the iDMI and spin-wave dynamics in
Pt/Co/W/Co/Pt DFL structures with the opposite arrange-
ment of Co and Pt layers and Pt/Co/W SFL samples. AGFM
hysteresis loops show a strong PMA contribution, leading to
a resultant out-of-plane easy magnetization axis in Co(1.6)
layer and in-plane easy magnetization axis in Co(1.95) layer
with small effective magnetization. Hysteresis loops of DFL
samples indicate both in-plane and out-of-plane anisotropy
contributions, also pointing at a significant difference between
the PMA constants of the Co layers. Field-dependent mea-
surements of the BLS spectra at normal incidence confirm
the presence of strong PMA in the Co layers. Numerical
simulations were made to check the presence of the RKKY
interaction through the W spacer. We find that AGFM and
BLS results can be fitted without this interaction taken into
account, which does not confirm the presence of the RKKY
interaction in the DFL samples.

Wave-vector-dependent BLS measurements were made in
a large external field of ±5.5 kOe to reach the in-plane
configuration of magnetization. The results show the iDMI-
dominated linear dispersion in SFL samples and two-mode
dispersion in DFL samples related to the two Co layers in
the studied system. The strong asymmetry between the Stokes
and anti-Stokes peaks is present. In the DFL samples, the
slope of the two branches and thus the signs of the iDMI
constant are opposite due to the opposite arrangement of Co
and Pt layers. The iDMI constant values vary between 0.49
and 0.84 mJ/m2, being in line with the values known from
the literature.

In DFL samples, the linear low-frequency mode is dom-
inated by iDMI and resembles the dispersions measured in
SFLs. The asymmetric high-frequency mode consists of a flat
branch for positive wave vectors and a strongly dispersive
branch for the negative wave vectors at the selected orien-
tation of the external magnetic field. A comparison with the
system of noninteracting layers points out a significant weak-
ening of the interlayer coupling via the dynamic dipolar field.
This uncoupling of spin waves between the Co layers sepa-
rated by only 0.95-nm-thick nonmagnetic spacer arises from
the significantly different frequencies of oscillations in both
layers, with the difference equaling 15.5 GHz at k = 0 for
both DFL1 and DFL2 samples. Such a significant difference
in frequencies in nominally very similar Co films is attributed
to the different PMAs originating in different deposition se-
quences for the bottom and top Co layers.
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To sum up, we design the system based on ultrathin lay-
ers composed of the same set of materials, operating at two
frequency ranges, both possessing nonreciprocal spin-wave
dispersion relations but with different characteristics. We
demonstrated that SWs in pair of closely-placed magnetic
layers can propagate without interactions due to difference in
anisotropy and opposite sign of DMI. Because of the differ-
ence in magnetic parameters, the effect of dipolar interaction
is lowered and communication between the SW channels is
negligible. The presented system, having two independent
nonreciprocal paths for the spin waves, is important for design
and miniaturization of 3D multilevel magnonic networks.
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