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Frequency non-reciprocity of wave phenomena describes the situation where wave dispersion de-
pends on the sign of the wave-vector, i.e., counter-propagating waves exhibit different wavelengths
for the same frequency. Such behavior has been recently observed in heavy-metal/ferromagnetic
interfaces with Dzyaloshinskii-Moriya coupling, and has also been known for coupled magnetic bi-
layers, where non-reciprocity is enhanced when the two layers are antiparallel aligned. Besides the
conventional uses of spin-waves, non-reciprocity adds further functionalities, such as its potential
applications in communications technologies and logical operations. In the current manuscript, we
thus examine the spin-wave non-reciprocity induced by dipolar interactions in a coupled bilayer con-
sisting of two ferromagnetic layers separated by a non-magnetic spacer. We derive an easy-to-use
formula to estimate the frequency difference provided by the non-reciprocity, which allows for choos-
ing an optimal system in order to maximize the effect. For small wave-numbers, non-reciprocity
scales linearly, while for larger wave-vectors the non-reciprocity behaves non-monotonically, with a
well-defined maximum. The study is carried out by means of analytical calculations that are com-
plemented by micromagnetic simulations. Furthermore, we confirmed our model by experimental
investigation of the spin-wave dispersion in a prototype antiparallel-coupled bilayer system. Since
the relative magnetic orientation can be controlled through a bias field, the magnon non-reciprocity
can be then turned on and off, which lends an important functionality to the coupled ferromagnetic
bilayers.

I. INTRODUCTION

The engineering of spin waves (SWs)—the elementary
excitations in magnetic systems with coupled electron
spins—in magnetic structures attracts a lot of attention
in the scientific community, motivated by applications
based on the field of magnon-spintronics [1], which also
provides a rich playground to study fundamental princi-
ples of magnetic wave phenomena [2–9]. Since SW fre-
quencies can vary from GHz to THz and can be externally
controlled by applying magnetic fields or by designing
the system architecture to create desired magnonic prop-
erties, devices for high-frequency applications and data
processing are envisioned [10–17]. In the context of data
processing, the non-reciprocity of spin waves, which can
appear in the phase, amplitude or frequency, is presented
as a powerful tool for possible applications in communica-
tions and logic devices [18–20]. Non-reciprocal phenom-
ena were in the focus of studies on photonic and electronic
structures as well, for which they were found to enable
fundamental operation modes in devices such as isolators,
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circulators or gyrators [21, 22]. Similarly, non-reciprocal
magnon transport yields these key functionalities as well
[18]. Consequently, achieving non-reciprocity in the spin-
wave dispersion up to a significant, ideally tunable, de-
gree is of high relevance for magnon-based applications.

Spin-wave non-reciprocity has been known since the
pioneering work of Damon and Eshbach [23], where it
was predicted that the magnetization precession ampli-
tude of the surface mode should be asymmetric with
respect to the propagation direction. Such behavior is
well known and has been experimentally measured by
several authors [24–26]. However, the amplitude non-
reciprocity itself does not imply non-reciprocity in fre-
quency. In our current bilayer case a symmetry break-
ing along the thickness will induce a frequency shift of
two counter-propagating waves. The spin-wave frequency
non-reciprocity has already been discussed in ferromag-
netic (FM) films with different magnetic anisotropies at
the surfaces [27–32], and films with interband magnonic
transitions [33]. It has been moreover theoretically
and experimentally demonstrated that the interfacial
Dzyaloshinskii-Moriya interaction (DMI) [34–37] induced
in ultrathin FM layers capped with heavy-metal films,
noticeably influences the SW spectra, generating a non-
reciprocity in the dispersion [38–54]. Additionally, non-
reciprocal properties in FM materials can be introduced
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by the intrinsic dipolar interactions. It was reported
that arrays of magnetic nanopillars coupled by dipo-
lar interaction [55], ferromagnetic nanotubes [56], sys-
tems composed by an FM film exchange-coupled to a
one-dimensional periodic structure [57, 58] and antifer-
romagnetic trilayers [59, 60] show SW non-reciprocity.
Although the physical properties of magnetic multilayers
were extensively studied in the past decades, the focus
was put on the celebrated giant change of magnetoresis-
tance with the relative magnetic orientation of adjacent
FM layers [61–63]. Interestingly, early studies of double-
and multilayers by Brillouin light scattering (BLS) al-
ready evidenced frequency non-reciprocity for antiparal-
lel alignment of the magnetic layers [64–68], in agreement
with theoretical works [18, 69–73]. However, a theory
with the potential of making specific predictions is so
far still missing, which hinders establishing advantages
and/or disadvantages of specific systems in comparison
to others.

In this paper, the spin-wave dynamics of a FM bi-
layer system is investigated using a theoretical model,
micromagnetic simulations and BLS experiments. By
analyzing both, the magnetic properties of each layer
and their equilibrium configurations, optimal conditions
for increasing the frequency non-reciprocity of counter-
propagating SWs in Damon-Eshbach configuration are
predicted and then confirmed with computer simulations
and BLS for a prototype Py/Ir/CoFeB sample. An ex-
plicit expression is provided for the frequency shift ∆f
of two counter-propagating SWs. In the long wave-
length limit (small wave-vector k), we find that SW non-
reciprocity scales linearly with k, so that an effective
DMI constant of dipolar origin can be defined. At in-
termediate values of k, there is a maximum in ∆f that
depends only on the thicknesses of the FM layers and
non-magnetic spacer, while for larger k, ∆f decreases ex-
ponentially. Thus, we demonstrate that the proposed bi-
layer systems exhibit remarkable properties as compared
to the widely discussed heavy-metal/ferromagnetic ultra-
thin systems. In particular, in bilayer systems with an-
tiparallel coupling and in fundamental contrast to DMI-
driven systems, non-reciprocity can be notably larger also
for thicker FM layers. This opens the possibility to cre-
ate reconfigurable non-reciprocal devices [18, 74, 75] by
controlling the relative magnetic orientation between the
coupled FM layers. In the proposed bilayer system, fre-
quency non-reciprocity can be turned on and off sim-
ply by switching from antiparallel to parallel magneti-
zation, without any rotation of the applied magnetic
field. Such switching can even be controlled and con-

veniently achieved by applying for example spin-transfer
or spin-orbit torques via a local critical current. More-
over, both states, parallel and antiparallel are well-known
from GMR and TMR applications and can be tuned to
have excellent stability at remanence. Therefore, the bi-
layer bears a remarkable advantage over other systems,
as DMI-driven systems, where reconfigurability can be
achieved by rotating the magnetization either in-plane,
from DE to backward-volume configuration, or by tip-
ping the magnetization out of the plane [41, 45, 46, 52].
Also, in interfacial DMI systems there is a noticeable in-
crement in magnetic damping due to the heavy metal,
which is avoided using a coupled magnetic bilayer. An-
other advantage is that the bilayer system is compatible
to standard deposition processes in the same manner as
GMR-stacks are fabricated, and can be integrated into
CMOS architectures.

II. THEORY AND SIMULATIONS

A scheme of the considered bilayer system composed
of two interacting FM layers (1) and (2) with in-plane
magnetization is shown in Fig. 1. Both layers are allowed
to exhibit different magnetic parameters and thicknesses
d1 and d2, while s denotes the separation between
them. The equilibrium magnetization of layer ν = 1, 2
makes an angle ϕν with the z-axis, which is chosen as
the propagation direction of the SWs with wave-vector
k = kẑ. As we shall see, the non-reciprocity is enhanced
in the Damon-Eshbach configuration, particularly in
the antiparallel state. Nonetheless, the theory approach
accounts for the general case where wave-vector and
magnetization may be oriented along an arbitrary
direction within the film plane, and moreover accounts
for the highly relevant magnetostatic fields created by
the dynamic magnetizations.

A. Theory

The LLG equation was linearized and solved with the
effective field contribution as explained in the supplemen-
tal material [76]. For the symmetric case of two identical
FM layers with the same thickness d1 = d2 = d, being
aligned along x but antiparallel (AP) to each other, an
analytic formula for the SW dispersion relation for small
external fields was derived and reads:

fm1 (k) =
γ

2π

{
g (k) +

√
[p (k)− g (|k|)] [q (k)− g (|k|)− 2CJ ]

}
(1)

fm2 (k) =
γ

2π

{
−g (k) +

√
[q (k) + g (|k|)] [p (k) + g (|k|)− 2CJ ]

}
(2)

where fm1 (k) and fm2 (k) correspond to the two modes,
namely the acoustic and optical modes, of the bilayer

system. In what follows, the mode analyzed will be the
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FIG. 1. Overview of the magnetic bilayer system. The static magnetization configuration is in the antiparallel (AP) state. The
spin wave is excited below the yellow region, traveling along positive and negative wave-vectors with different wavelength as
indicated by the different color of the waves.

low-frequency one that corresponds to fm1 (k). The in-
dividual terms are defined by:

g (k) = µ0Msζ(k)2e−|k|sk d/2, (3)

p (k) = µ0Hu + µ0Msk
2λ2

ex + µ0Ms[1− ζ(k)], (4)

q (k) = µ0Hu − µ0Hs + µ0Msk
2λ2

ex + µ0Msζ(k), (5)

with

ζ(k) =
sinh(kd/2)

kd/2
e−|k|

d
2 , (6)

and CJ = (Jbl− 2Jbq)/(Msd). Here, Jbl/Msd (Jbq/Msd)
is the bilinear (biquadratic) interlayer exchange field,
µ0Hu a possible uniaxial in-plane anisotropy field, Ms the
saturation magnetization, λex the exchange length and γ
the gyromagnetic ratio. Also, µ0Hs represents a surface
uniaxial anisotropy field, which competes with the static
dipolar field allowing to define an effective magnetization
µ0Meff = µ0Ms − µ0Hs. The general case, assuming two
different FM layers with different magnetic parameters,
being more complex, can be solved with the eigenproblem
presented in the supplemental material [76].

From Eqs. (1-3) it is clearly visible that it is the term
g (k) introducing the non-reciprocity. Only this term
changes sign as a function of wave-number k. All other
terms p (k), q (k) and ζ (k), are positive for both wave-
vector directions and even bound to 1 for ζ (k). Then,
considering the limit of small wave-numbers, yields

fm1
(k → 0) = fm1

(0)− γµ0

4π
Msd

(
k +

γµ0

2π

Hu

fm1
(0)
|k|
)
(7)

for the low-frequency mode, while the high-frequency
one, fm2

(k), follows a similar behavior (not shown).
Upon inspection one may realize that the magnon dis-
persion relation for the bilayer with antiparallel orien-
tation of both ferromagnetic layers in the limit of small

k resembles the well-known asymmetric dispersion of ul-
trathin magnetic films with DMI [41, 42, 52]. Indeed,
the frequency shift becomes ∆fAP ≈ µ0γ(Msd/2π)k,
which allows to introduce an effective Dzyaloshinskii-
Moriya constant, since the frequency shift in heavy-
metal/ferromagnetic interfaces follows the same linear
behavior with k. Thus, this effective constant induced
in the system is given by DDip = µ0M

2
s d/4. Due to the

dipolar nature of the non-reciprocity induced in the sys-
tem, the effective constant increases linearly with thick-
ness and quadratically with saturation magnetization.
Despite the simplicity of DDip, this expression is very
practical and useful, as it provides the relevant magnetic
parameters to optimize the non-reciprocal system in or-
der to reach the desired properties for application pur-
poses, where the non-reciprocity turns out to be rele-
vant for operations in communications and logic devices
[1, 13]. Also, it allows to identify if a bilayer is able to em-
ulate a heavy-metal/ferromagnet system with respect to
its non-reciprocal SW propagation. For instance, in bi-
layers of the type heavy-metal/ferromagnet, it has been
found that the Dzyaloshinskii-Moriya constant is around
DDM = 0.7 mJ/m2 for a ferromagnet of thickness 1.6
nm [46]. Here, we can show that similar properties (i.e.
DDM = DDip) can be reached for the same thickness of
the ferromagnet (1.6 nm) if a saturation magnetization of
Ms = 1190 kA/m is used. To further increase DDM it is
possible to decrease the film thickness to less than 1 nm
[48], which is analogous to increase DDip by increasing
the thicknesses of both FM layers. This, added to the
wide versatility of our system, allows us to establish that
a ferromagnetic bilayer is an excellent candidate for non-
reciprocal magnonic devices, which due to its simplicity
and scalability outperforms other systems proposed for
corresponding applications in magnon-based data pro-
cessing, where, for instance, the control of non-reciprocity
allows creating unidirectional caustic spin waves [50] that
are relevant for the suppression of cross-interference be-
tween devices within a magnonic circuit [57].

In the extended k-regime, we further obtain from
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Eqs. (1-2) the following analytical expression for ∆fAP

of two counter-propagating spin waves:

∆fAP =
2γ

π
µ0Ms sinh2(kd/2)

e−|k|(d+s)

kd
. (8)

Note that Eq. (8) is valid for modes fm1
(k) and fm2

(k),
in such a way that we predict that both modes present
asymmetric dispersion with the same magnitude of the
frequency shift. Eq. (8) shows that the interlayer ex-
change fields are not required for generating the non-
reciprocity, neither for small nor large wave-vectors. This
demonstrates that the effect is solely resulting from the
dynamic dipolar interaction. Interlayer exchange cou-
pling may, however, be used to (i) stabilize the AP align-
ment and to (ii) influence the accessible frequency range.

B. Micromagnetic simulations

To validate the results of the theory, micromagnetic
simulations were performed using the GPU-accelerated
code MuMax3 [79]. For this a long magnetic bilayer
stripe with length l = 20µm and width w = 80 nm was
considered. To mimic the thin magnetic film, periodic
boundary conditions were applied along the x- and z-
directions. The material parameters were chosen accord-
ing to the ones mentioned in the main text for systems
SI and SII. Using

h = h̃
sin (k0z)

k0z

sin (2πf0t)

2πf0t
ŷ (9)

as an external rf-field source, the spin waves are ex-
cited with a sinc-pulse in space with a cutoff wavelength
λ0 = 2π/k0 = 9.77 nm, and in time with a cutoff fre-
quency f0 = 50 GHz. The coordinate system is based
on the global coordinate system given in Fig. 1. To re-
construct the SW dispersion relation, the magnetization
configuration was stored every 10 ps for 12.5 ns and sub-
sequently Fourier transformed in 2D. Additionally, simu-
lations of the hysteresis loops of in-plane and out-of-plane
applied field have been performed. In this context, the
total energy and the torque were minimized stepwise at
subsequently varying applied field values.

III. EXPERIMENTAL DETAILS

A. Sample preparation

The layer stack Ta(5 nm)/Co40Fe40B20(5.7 nm)/Ir(0.6
nm)/Ni81Fe19(6.7 nm)/Ta cap was prepared on ther-
mally oxidized Si substrates by magnetron sputtering at
an Ar partial pressure of 0.35 Pa (2.62 mTorr) at room
temperature. The deposition rates of each individual ma-
terial were pre-calibrated by XRR. An underlayer of Ta
(4 nm) was used to improve the adhesion. Ferromagnetic
CoFeB and NiFe layers were deposited from alloy targets

with the composition of Co40Fe40B20 and Ni81Fe19 (in
at. %) respectively (at a deposition rate of 0.3 Å/sec).
The ferromagnets were separated by a (non-magnetic)
Ir spacer layer to achieve antiferromagnetic alignment at
zero field (via RKKY-type coupling). A Ta cap layer was
used to provide an oxidation barrier.

B. BLS measurements

To investigate the spin-wave non-reciprocity, Brillouin
light scattering (BLS) measurements were performed in
the Damon-Eshbach (DE) geometry, i.e. by applying a
bias magnetic field in the sample plane but perpendic-
ular to the plane of incidence of the laser beam. This
allows for probing the spin waves propagating along the
in-plane direction perpendicular to the applied field, i.e.
in the DE geometry where non-reciprocity in spin-wave
frequency is maximal at room temperature. BLS relies
on the inelastic light scattering process due to the inter-
action of the incident photons with magnons. Conven-
tional 180° back-scattered geometry was used along with
the provision of wave-vector selectivity to investigate the
spin-wave dispersion relation [80, 81]. Monochromatic
light (wavelength λ = 532 nm and power P = 65 mW)
from a solid-state laser was focused on the sample sur-
face. In the light scattering process, the total momentum
is conserved in the plane of the thin film. As a result,
the Stokes (anti-Stokes) peaks in the BLS spectra cor-
respond to the creation (annihilation) of magnons with
momentum k = 4π/λ sin θ, where λ is the wavelength of
the incident laser beam and θ refers to the angle of inci-
dence of the laser. Cross polarizations between the inci-
dent and the scattered beams were adopted in order to
eliminate any phonon contribution to the scattered light
and only the magnon contribution was measured. Sub-
sequently, the frequencies of the scattered light are an-
alyzed using a Sandercock-type six-pass tandem Fabry-
Pérot interferometer from JRS scientific instruments [82].
To get well defined BLS spectra for the larger incidence
angles, the spectra were obtained after counting photons
for several hours. Because of the low frequency in the AP
coupled region, the free spectral range (FSR) of 30 GHz
(20 GHz) for higher (lower) wave-vector and a 210 multi-
channel analyzer were used during the BLS measurement.
The frequency resolution is determined by estimating
FSR/210 ≈ 0.05 GHz (0.02 GHz) for higher (lower) wave-
vectors for the Stokes and anti-Stokes peaks of the BLS
spectra. The sample magnetization was first saturated
by applying a high enough magnetic field of -140 mT fol-
lowed by reducing the field slowly to the bias magnetic
field µ0H and BLS spectra were measured at that field
for different values of wave-vector. The maximum value
of wave-vector in our experiment is 20.4 rad/µm and the
resolution is 2.06 rad/µm. For the first few wave-vectors,
the Stokes and anti-Stokes peaks merge with the tail of
the elastic peaks and could not be resolved and hence,
we present the BLS spectra from k = 6.1 rad/µm. The
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non-reciprocity in the spin-wave frequency (∆f) was cal-
culated by taking the difference between the anti-Stokes
and Stokes peak observed in the BLS spectra. Note that
the BLS measurements were performed in conventional
way, i.e. by investigating thermally excited spin waves.
The effect on frequency non-reciprocity, however, relies
solely on the dispersion of the system and is thus not
influenced by the exact way of spin-wave excitation.

IV. RESULTS AND DISCUSSION

To illustrate the main findings of the paper, permal-
loy (Py) and cobalt (Co) layers will be first considered.
For Py [assumed as layer (1)], a saturation magnetiza-

tion M
(1)
s = 658 kA/m and exchange length λ

(1)
ex = 5.47

nm are used, while for Co [layer (2)] the saturation

magnetization is M
(2)
s = 1150 kA/m and λ

(2)
ex = 5.88

nm. Also, the gyromagnetic ratio is γ = 1.7587 × 1011

rad/Ts, for simplicity assumed to be the same for both
layers. Two kinds of bilayer configurations are addressed,
a Py/Py bilayer referred to as SI, and a Co/Py bilayer
denoted by SII, for which an uniaxial anisotropy field of

µ0H
(2)
u = 69.6 mT was assumed because of the hexagonal

Co layer.

In order to induce an AP alignment between both FM
layers, we introduce a s = 1 nm spacer, leading to an in-
terlayer exchange coupling constant of J = −1.5 mJ/m2.
The spin-wave dispersion relations calculated for differ-
ent thicknesses of the FM layers for systems SI and SII

are shown in Fig. 2 (a) and (c). Here, the frequency of
counter-propagating SWs is calculated as a function of
wave-vector k for AP magnetization. Micromagnetic sim-
ulations have been performed and are shown by the open
symbols. The main deviation between theory and sim-
ulation occurs for large wave-vectors, which corresponds
to wavelengths of the same order of magnitude as the
film thickness, so that the non-homogeneous profile of
the dynamic magnetization along the thickness will start
having a significant influence on the mode frequencies. In
effect, the profile will tend to lower the non-reciprocity,
so that the frequencies of the micromagnetic simulation
are lower than predicted by theory. In case of the non-
symmetric system SII the deviation for large thicknesses
occurs already at k = 0, because of the strong break
of symmetry of the effective field due to the two layers
having different magnetic parameters.

Our calculations and simulations for SI, in the case of
parallel orientation of both magnetizations yield a fully
reciprocal dispersion. We note, however, that this is
not the case for the asymmetric system SII, for which a
small non-reciprocity about 0.6 GHz (at k = 20 rad/µm)
remains even in the P case. Nonetheless, in both
cases the non-reciprocity for the antiparallel alignment
by far exceeds the one for the parallel alignment, so
that via switching between these two configurations
the non-reciprocal behavior for spin waves can be

turned on and off. This in turn allows for fabricating
a non-reciprocal magnonic device that relies solely on
the dynamic coupling of the spin waves in the FM bilayer.

In order to understand the physical mechanisms be-
hind the large enhancement of the spin-wave non-
reciprocity, the dynamic dipolar stray fields outside and
inside of the FM films are carefully analyzed. Figs. 3(a)
and (b) depict these fields created by the magnetic
charges in the bilayer system for the AP state, where
the big arrows represent the orientation of the dynamical
magnetization. The main feature of these configurations
is that the relative orientation of the dynamical stray
field and the dynamical magnetization depend on the
static magnetization alignment and the wave-number k.
Therefore, the dynamic dipolar interaction energy den-
sity εd = −(µ0/2)m·hstray differs for the presented cases.
Here, the distribution of the stray field hstray and the dy-
namical magnetizations for k > 0 and k < 0 are depicted
in Fig. 3. In the AP state with k > 0 [Fig. 3(a)] the
stray fields and the dynamic magnetizations are always
parallel, in such a way that εd becomes small. Thus, this
frequency represents a state of low energy that appears
only in the AP configuration. In the configuration shown
in Fig. 3(b) (k < 0), the stray fields are always opposite
to the out-of-plane dynamical magnetization, inducing a
higher εd as compared to the case presented in Fig. 3(a),
notably increasing the SW frequencies, and therefore in-
troducing non-reciprocity to the system.

In strong contrast to previously used DMI interactions,
the non-reciprocity effects presented here are strongly
tunable by the FM layer thickness d, which also affects
the maximum frequency difference. Furthermore, in the
case of system SI, it is easy to see that in the limits
d → 0 and d → ∞ this frequency asymmetry becomes
zero and, thus, there is a particular wave-vector for which
∆fAP is maximum, which can be determined from the re-

lation tanh
(
k∗d
2

)
= k∗d

1+k∗(d+s) . Consequently, only the

geometry parameters d and s determine the wave-number
k∗, for which the largest non-reciprocity is expected.
Moreover, it is noted that the maximum frequency shift
∆fAP(k∗) decays exponentially with the separation of the
layers s, and increases with the layer thickness d, due to
the dipolar nature of the induced non-reciprocity.

To further validate the presented theory, BLS experi-
ments were performed [6, 28]. Three representative Bril-
louin light scattering spectra for DE spin waves recorded
at selected wave-numbers under an in-plane bias mag-
netic field (µ0H = −5 mT) are shown in Fig. 4(a). Ac-
cording to the vibrating sample magnetometry (conven-
tional VSM) and SQUID-VSM loops, as shown in the
supplemental material [76], this corresponds to the an-
tiferromagnetically coupled region for the investigated
sample Co40Fe40B20 (5.7 nm)/ Ir(0.6 nm)/ Ni81Fe19 (6.7
nm), where the thicknesses were estimated from TEM
measurements [76]. In order to estimate the frequency
difference ∆f between counter-propagating spin waves
(anti-Stokes and Stokes peaks), the mirror curve of the
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FIG. 2. Non-reciprocal magnon spectrum for coupled ferromagnetic bilayers. (a) Non-reciprocal spin wave dispersion relation
for the Py/Py system SI and (c) for the Py/Co system SII. (b,d) Corresponding frequency shift ∆f of two counter-propagating
spin waves as a function of the wave-number, for the case of antiparallel equilibrium states of the bilayers. In all plots the open
symbols show the results of the micromagnetic simulation and the solid lines depict the theory. The material parameters are
given in the main text.

d (nm) µ0Meff (mT) µ0Hu (mT) Jbl (mJ/m2) Jbq (mJ/m2) s (nm)

Ni81Fe19 6.7 942.5 4.0
-0.195 -0.044 0.6

Co40Fe40B20 5.7 1442.9 0.0

TABLE I. Experimentally determined material parameters. The magnetic properties are determined by FMR, SQUID and
conventional VSM. The layer thicknesses and the spacer thickness are determined by cross-section TEM.

anti-Stokes peak has been shown by a blue dotted curve
in each spectrum. It is evident that ∆f increases with
increasing wave-number. The value of ∆f attains a max-
imum of 2.20 GHz at k = 20.4 rad/µm. Fig. 4(b) shows
the spin-wave dispersion relation measured at µ0H = −5
mT. The dispersion relation is asymmetric with respect
to the two oppositely propagating spin waves. Shown in
Fig. 4(c) is the variation of ∆f as a function of k for the
AP state.

In order to fit the theoretical model to the experimental

data, all the material parameters, besides the exchange
constant, were determined experimentally. Ferromag-
netic resonance (FMR) experiments were carried out to
measure all magnetic properties of the bilayer, such as the
effective magnetization µ0Meff , the bilinear (biquadratic)
interlayer exchange coupling constant Jbl (Jbq) and the
anisotropy field µ0Hu. As already discussed above, both
the spacer thickness s and the FM layer thicknesses d
are crucial parameters to describe the non-reciprocity.
These geometric parameters were determined by trans-
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FIG. 3. Dynamic stray fields induced by the surface and volumetric magnetic charges in a ferromagnetic bilayer. The big
arrows depict the orientation of the dynamic magnetization, while the static magnetizations are pointing along the ±x. The
distributions of dynamic magnetizations and stray fields are shown in (a) k > 0 and (b) k < 0, for an antiparallel equilibrium
state. In agreement with Fig. 2, the lower energy state is obtained for k > 0, shown in (a), where dynamic magnetization and
stray field are almost parallel.

mission electron microscopy (TEM). The experimentally
determined material parameters are listed in table I and
further details are provided in the supplemental mate-
rial [76]. The agreement between the theory and the BLS
experiments is good. In Fig. 4(b) it is visible that the
positive wave-numbers fit almost perfectly. However, for
negative wave-numbers the agreement is somewhat less
perfect. To exclude that the material parameters cause
this effect, also the spin-wave dispersion for the parallel
alignment was measured. The results are shown in the
supplementary material [76]. For the P case the agree-
ment is almost perfect. The deviation for the branch
at negative k with higher group velocity may be related
to the fact that in our system the in-plane anisotropy is
rather weak (about mT), so that some small tilting of
the two ferromagnetic layers away from the AP align-
ment is not unlikely, due to a non-vanishing biquadratic
coupling contribution. As shown in the supplementary
material [76] this scenario is confirmed by magnetometry
data. In any case, such small misalignment would lead to
a reduction of the non-reciprocity, in particular for higher
wave-vector values. A tilting angle of 25° would lead to
a reduction of the non-reciprocity of approximately 50%.

CONCLUSIONS

The dynamic magnetic properties of a coupled ferro-
magnetic bilayer system have been studied. By means of
a spin-wave theory, micromagnetic simulations, and Bril-
louin light scattering measurements, it is demonstrated
that the dipolar interaction produced by the dynamic
magnetizations between the FM layers is a notable source
of non-reciprocity in the spin-wave frequency, with the re-

markable property of reconfigurability that relies on the
control of the relative magnetic orientation of the inter-
acting FM layers. In the bilayer structures we can have
in-plane remanent stable states with a parallel as well
as an antiparallel configuration, as is well-known from
GMR and TMR applications. Therefore, one can recon-
figure the bilayer system reliably into a reciprocal and
non-reciprocal device just by the magnetic field history
or alternatively by applying a local torque to one of the
layers via a critical current density. The change from
non-reciprocal to reciprocal spin waves will be more dif-
ficult to obtain by switching the magnetization 90◦ in
the plane, or 90◦ out of the plane, as required in other
nonreciprocal systems. Also, in the small wave-vector
limit, we show that the bilayer system can emulate the
non-reciprocity produced by the Dzyaloshinskii-Moriya
interaction in FM/heavy-metal stacks, even for ultra-thin
ferromagnetic films. Thus, a bilayer system exhibits the
ability to mimic the extensively studied dynamic prop-
erties of FM/heavy-metal layers and, at the same time,
presents an easy way to control the magnitude of the
non-reciprocity by means of the geometry and the equi-
librium configuration. These findings open new routes
for the creation of nanoscale non-reciprocal magnonic de-
vices and motivate a deeper study of this type of systems,
in order to optimize their design according to the desired
application requirements.
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[73] J. Barnaś and P. Grünberg, “Spin waves in exchange-
coupled epitaxial double-layers,” J. Magn. Magn. Mater.
82, 186 (1989).

[74] N. R. Bernier, L. D. Tóth, A. Koottandavida, M. A.
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