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Spin-wave-based circuits and logic devices have been considered as an alternative to current electronic
devices as they approach the physical limit of miniaturization. Asymmetrical propagation of spin waves, also
known as nonreciprocity, provides an additional degree of freedom to these spin-wave-based devices, increasing
their flexibility. In thin films, nonreciprocity can be induced by the Dzyaloshinskii-Moriya interaction (DMI)
at heavy-metal/ferromagnet bilayers, and by the dipolar coupling in multilayers. Here, we show that in an
antiferromagnetically coupled multilayer with interfacial DMI, the frequency nonreciprocity induced by the
DMI is enhanced when both heavy metals are the same as long as the multilayer remains in an antiparallel state.
Furthermore, we show that the interplay between the dipolar and Dzyaloshinskii-Moriya interaction enhances
the nonreciprocity of one oscillation mode and reduces the nonreciprocity of the other. Which mode is enhanced
depends on the sign of the induced Dzyaloshinskii-Moriya interaction at the interfaces and the magnetic moments
of the layers. Finally, we show that it is possible to change the frequency nonreciprocity of Pt/Co/Cu/Co/Pt and
Pt/Co/Cu/Py/Pt multilayers by ~7 GHz when applying an in-plane magnetic field of 130 mT. This includes a
change in the sign of the nonreciprocity, which could be used to control the direction of the flux of information

in spin-wave devices.

DOLI: 10.1103/PhysRevB.102.184424

I. INTRODUCTION

During recent years, spin-wave (SW)-based circuits and
logic devices have been considered as an alternative to over-
come the fundamental physical constraints in the scaling of
current electronic devices [1-10]. Nonsymmetrical propaga-
tion of SWs provide an additional degree of freedom for
these devices, potentially increasing their flexibility and ap-
plicability, making the topic of nonreciprocity (NR) highly
thriving in the current research environment [11-31]. Typi-
cally two kinds of NR are observed in magnetic thin films
and multilayers: Amplitude NR and frequency NR. In am-
plitude NR the asymmetry is observed as a change in the
SW intensity when propagating in opposite directions (with
the same wave vector). It is typically observed in surface
SWs propagating perpendicular to the magnetization, con-
figuration typically known as Damon-Eschbach (DE), and
depends on the thickness of the layer in such way that disap-
pears for ultrathin films. Here, the SWs propagate in opposite
surfaces of a magnetic thin film, and the amplitude NR
arises due to the asymmetric localization of the dipole field
along the thickness [11,32]. On the other hand, in frequency
NR the asymmetry is observed as a change in the frequency
of the SWs that propagates in opposite directions, with char-
acteristics that depend on the contributions that induce the
NR. Some of these contributions are the Dzyaloshinskii-
Moriya interaction (DMI) [33—44], dipolar fields [45-53],
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interfacial perpendicular anisotropy [12,19,32], the curvature
of the system [54], and light radiation [55]. From these
contributions, the interfacial DMI (iDMI), induced when a
heavy-metal (HM) layer is in contact with a thin ferromag-
netic (FM) layer [56-60] is currently of particular interest
due to its capabilities to induce a magnetic texture with an
spatial chirality, which depends on the sign of iDMI constant
D [56,57]. This particular characteristic has been exploited
to induce skyrmions, bubble domains, chiral domain walls,
and biased hysteresis loops in magnetic structures [61-67].
It is in this spatial chirality where the origin of the iDMI-
induced frequency NR lies. In FM thin films, the SWs present
a spatial chirality that depends on the direction of propaga-
tion (given by the wave vector k) relative to the direction
of the magnetization. For example, in the DE configuration
the SWs propagating in opposite directions kT and K~ (with
frequencies f,:r and f,~, respectively) will have opposite chi-
ralities [40]. Thus, depending on whether the chiralities of the
iDMI and the SWs are the same or are opposite, the frequency
of the SW is reduced in one direction while it is increased
in the other direction, inducing an antisymmetric dispersion.
The induced frequency difference defined as Af = fk+ —fi
is typically referred to as frequency NR, and depends lin-
early with D and k [37-39]. Moreover, it also depends on
the thicknesses of the layers as the iDMI strength decreases
with the thickness of the ferromagnet [41], and increases

©2020 American Physical Society


https://orcid.org/0000-0002-8366-0973
https://orcid.org/0000-0002-0927-1419
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.184424&domain=pdf&date_stamp=2020-11-19
https://doi.org/10.1103/PhysRevB.102.184424

A. F. FRANCO AND P. LANDEROS

PHYSICAL REVIEW B 102, 184424 (2020)

FIG. 1. (a) Scheme of the antiferromagnetically coupled
Pt/Co/Cu/(Co or Py)/Pt multilayer and definition of the Cartesian
coordinate system. (b) Definition of the spherical coordinate system.

moderately with the thickness of the heavy-metal layer [44].
iDMI-induced frequency NR (iDMI-NR) is also observed in
multilayers, which offer additional flexibility on the material
combination and structure configuration, while conserving the
linear dependence with both D and k [62,68].

In addition to the iDMI, it has been shown that the inter-
layer dipolar coupling (IDC) also can induce frequency NR in
multilayer structures [45—47]. More recent studies have used
Brillouin light scattering measurements to show IDC-induced
frequency NR (IDC-NR) in structures composed of a Ni layer
antiferromagnetically coupled to a Py stripe magnonic crys-
tal [49], and have shown theoretically and experimentally that
this NR can be controlled by changing the relative direction
of the magnetization of the layers, providing the possibility of
having reconfigurable devices [51,69].

In this work we show theoretically an enhancement of
the iDMI-induced frequency NR in the antiferromagnetically
coupled Pt/Co/Cu/(Co or Py)/Pt multilayer shown in Fig. 1(a).
As this structure is composed by two magnetic materials, two
resonance modes are expected. We calculate the SW frequen-
cies f,:r and f,~ of these modes, the iDMI-NR, and showcase
the interplay with the IDC-NR. We show that their interplay
enhances the frequency NR of one resonance mode, while re-
ducing the frequency NR of the other. Moreover, we also show
that the contributions of opposite HM/FM interfaces com-
posed of the same materials have additive contributions to the
frequency NR when the multilayer has antiparallel magnetiza-
tion, opposite to what is expected from thin films [62,70,71].
Finally, we propose a configuration of the Pt/Co/Cu/Py/Pt
multilayer, which allows us to control the frequency NR by
applying a magnetic field, reaching changes in the frequency
NR of 7 GHz with fields of 150 mT by changing between
parallel (P) and antiparallel (AP) magnetization states, and
discuss the conditions under which such changes can be
obtained. These results allow for highly reconfigurable nonre-
ciprocal devices with frequency variations that can be tailored
by adjusting the respective iDMI and IDC contributions. Fi-
nally, note that in this work we focus on frequency NR, and
thus from this point onward frequency will be omitted and it
will be referred simply as NR.

II. SYSTEM AND METHODS

The spin-wave dispersion of these multilayers is calculated
using a model proposed in Ref. [72], in which the resonance

frequencies wres = 27 fres are calculated from the Landau-
Lifshitz-Gilbert equation. We start from the Hamiltonian of
the system (see Refs. [72—74] for detailed expressions), which
is then introduced in the Landau-Lifshitz-Gilbert equation.
After linearization of the resulting equations of motion, we
obtain a set of linear equations (two for each magnetic layer),
which can be solved by calculating the eigenvalues of the
matrix
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The fields H,,p, depend on the magnetic features of the
layers and the equilibrium direction of the magnetization,
where o, 8 = x, y, and i, j are the indexes representing each
individual layer. y = 1.76 x 10'! Ts~! is the gyromagnetic
ratio. We are interested in the magnetic states where both
magnetizations are along the X axis, either P or AP to each
other. The applied field H is also taken along the positive X
direction, and the anisotropy induced at the interfaces with the
Pt is perpendicular to the plane of the layer (Z direction). The
wave vector k= is taken to be in the plane of the layer, per-
pendicular to the direction of the magnetization (¢; = £m /2,
where ¢y is the direction of k* measured from the X axis,
i.e., DE spin waves). We provide expressions for this config-
uration, and expressions for the general case can be found in
Refs. [37,72-74] for the interlayer exchange coupling (IEC),
and in Appendix A for the interlayer dipolar coupling.

Similarly, in some cases we need to study the transitional
regime where the multilayer changes from antiparallel to par-
allel states (and viceversa). In order to study this regime, it
is necessary to calculate the equilibrium state of the magne-
tization M?. A description of how this equilibrium state is
calculated can be found in the Appendix B.

A. Individual layer contributions

For each individual ferromagnetic layer i with saturation
M;, the dynamical fields are given by Refs. [37,73,74]

H} = +H + M; — Hk, + Sik* — M;F (kt;)

H! = £H + Sk* + M;F (kt;) @)
I _ I iangbai
H! = -H! =Mkl

where k takes positive values for ¢, = /2 (k*) and negative
values for ¢ = —m/2 (k7). =+ is positive for magnetiza-
tion along +X, and negative for magnetization along —X.
The different terms in the first line of (2) represent, re-
spectively, the external field, the demagnetizing energy, the
uniaxial anisotropy, the exchange stiffness, and the intralayer
dynamical dipolar field. The iDMI contribution is included
in H} ~and H] . All subindexes i, j relate to the physical
parameters of the layer i, j, respectively. Hx, = 2K;/(joM;)
is the perpendicular uniaxial anisotropy field, and K; is the
magnitude of the anisotropy. S; = 2A;/(uoM;), where A; is
the exchange stiffness. F(x) =1 — (1 —exp[—x])/x, and ¢
is the thickness. The iDMI parameter A% . has length units

dmi
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and is defined as A} ; = 2D;/(uoM?), where D; is the volume
averaged effective iDMI, and is proportional to the strength of
the coupling induced at the HM/FM interface, and inversely
proportional to the thickness of the FM. The fields compos-
ing the matrix (1) are then given by H,p, = Héiﬁj + H({’ﬂ/ +
H o‘f B where the contribution from the IEC Ho{,- 8 and the IDC
Hg, are given below.

B. Interlayer exchange and dipolar interactions

When i # j, contributions from interlayer coupling start to
appear. In the general case, we have obtained the fields for
the IEC (see supplementary data in Ref. [72]) and the IDC
(see Appendix A). For P (and AP) magnetization and DE spin
waves, the IEC contribution is given by
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The summation over j refers to the neighboring layers i + 1
and i — 1. 0;; = 1 for P and 0;; = —1 for AP magnetization.
J elr]r is the effective exchange coupling constant between layers
i and j, and is positive for ferromagnetic coupling and nega-
tive for antiferromagnetic exchange, and represents the k = 0
contribution of the exchange coupling to the dynamics of the
multilayer. The interlayer exchange stiffness Ay contributes
to the £ # 0 dynamics, and is obtained by comparison with
the standard exchange stiffness A = (nS 2/a)J [75]. Using fcy
as lattice parameter, and n = 1, we obtain Aij = Jei?ftCu. Note
that it gives a contribution on k? to the dispersion relation of
the system, similar to the exchange stiffness of an individual
layer. Thus, NR contribution from the IEC is not expected.
The dynamical (k # 0) contribution of the IDC for thin
films (#;]k| < 1) is given by
H! = —M; dcij
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AZ; =17 - Z]|, and Z} is the Z coordinate of the layer i
measured at the center of the layer. sgn(x) is the sign function,
and ¢; is the in-plane deviation of M ; relative to the X axis.
We do not account for the kK = 0 contribution of the IDC
to the spin wave dispersion, as it is negligible in multilayer
systems with lateral sizes much larger than their thicknesses
(see Appendix B and Ref. [76]).

“
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FIG. 2. Dispersion relation of (a) Py(t)/Separator(1 nm)/Py(t)
and (b) Py(t)/Separator(l nm)/Co(t) magnetic bilayers with AP
magnetization, for thicknesses t+ =2 and 5 nm. Comparison be-
tween theoretical model and micromagnetic simulations from
Ref. [51].

With the objective of validating the model, in particular the
IDC contribution to the SW frequency, in Fig. 2 we show a
comparison between theoretical calculations from our model
and the simulations performed by Gallardo et al. [51] for
Py/Py and Py/Co magnetic bilayers with AP magnetization.
The physical parameters are the same used within the refer-
ence, excepting A{, which is taken as zero independent of the
value of J.;. In all cases a good agreement between the two
results can be observed, with slight deviation being observed
for high negative k in the case of t = 5 nm. This is expected, as
the expressions given in Eq. (4) assume thin films, and become
less precise as k and/or ¢ increases.

Before advancing with the obtained results, we will briefly
discuss the physical parameters used within this work, which
are included in the Table I from Appendix C. In particular,
it is necessary to differentiate between the Co/Pt interfaces
at opposite sides the multilayer, as they are not necessarily
identical [70,71]. Thus, throughout this paper Pt/FM refers to
the bottom interface, and FM/Pt refers to the top interface,
and their physical parameters are differentiated accordingly.
Moreover, in all cases the demagnetizing energy is stronger
than the perpendicular anisotropy, and thus in-plane magne-
tization is obtained. Additionally, and for easier reference,
Table II from Appendix C shows a list of abbreviations and
mathematical symbols commonly used throughout the discus-
sions within the paper.

III. FREQUENCY NONRECIPROCITY
IN THE COUPLED MULTILAYER

In this section we will calculate the frequency NR of a
Pt/Co(1.5)/Cu/Co(1.5)/Pt multilayer with AP magnetization,
where the thicknesses of the magnetic films are given in nm.
We focus first on the separate contributions of the iDMI-
NR and IDC-NR, and then on the interplay between them.
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FIG. 3. (a) Frequency nonreciprocity from interfacial Dzyaloshinskii-Moriya interaction and (b) total frequency nonreciprocity of Damon-
Eshbach spin waves in a antiferromagnetically coupled Pt/Co(1.5)/Cu/Co(1.5)/Pt multilayer as function of k. Interfacial Dzyaloshinskii-Moriya
interaction is induced in a single or in both Co interfaces, and identical Pt/Co and Co/Pt interfaces are assumed.

Furthermore, the contribution of the Pt/Co and Co/Pt to the
iDMI-NR are studied separately with the objective of bet-
ter understanding the observed behavior of the spin waves.
This is performed for two configurations of the multilayer:
First, an approach where the bottom and top interfaces are
identical, which allows us to observe an enhancement of
the iDMI-NR due to additive contributions of the iDMI at
opposite interfaces. Second, both interfaces are assumed non-
identical [70,71], and thus each has different contributions
to the magnetization behavior. Finally, and for completeness,
in Appendix D we discuss the behavior of the NR of a
Pt/Co(1.5)/Cu/Co(2)/Pt multilayer as function of the effective
IEC.

Before presenting our results, we will discuss briefly the
oscillation modes of antiferromagnetically coupled bilayers.
In the parallel state, the acoustic (uniform precession) and
optical (antiphase precession) modes have a higher and lower
frequency, respectively. If the system is in an AP state, the
relative precession of the layers depends on the applied field
and Jer [72,81], and it becomes difficult to characterize the
modes as either acoustic or optical based on their in-phase
or antiphase precession. Throughout this work we refer to
the low-frequency mode as optical and to the high-frequency
mode as acoustic regardless of the orientation of the magne-
tization. This is consistent with the well-defined in-phase or
antiphase precession observed for P magnetization. Further-
more, the frequency nonreciprocity of the optical and acoustic
modes will be referred to as optical NR and acoustic NR,
respectively.

A. Identical Pt/Co and Co/Pt interfaces

1. Nonreciprocity induced by the interfacial
Dzyaloshinskii-Moriya and dipolar interactions

Figure 3(a) shows the NR as function of k£ in a
Pt/Co(1.5)/Cu/Co(1.5)/Pt structure, assuming identical Pt/Co
and Co/Pt interfaces using the physical parameters presented
in Table I. We show the NR when iDMI is induced at a single
interface (red), or at both interfaces (black), and the isolated
IDC-NR (blue). Note that the same iDMI-NR is obtained

whether Pt/Co or Co/Pt is taken as both interfaces are identi-
cal. Figure 3(a) also shows an increase of the iDMI-NR when
iDMI is induced at both interfaces. It can be observed that the
iDMI-NR is double that in the single interface case, which
means that in a multilayer with AP magnetization, the posi-
tive and negative iDMI induced at opposite interfaces do not
cancel each other out (as it would be expected in single thin
films and bilayers with P magnetization), and have additive
contributions instead.

To explain this effect we use Fig. 4, which describes
schematically the effect of the relative orientation of the
magnetization and the sign of D on the frequency of SWs
propagating in opposite directions in a DE configuration. For
a single layer with negative D, f," decreases and f,~ increases,
leading to a negative NR [Fig. 4(a)]. This is the case of, e.g.,
Pt/Co bilayers [42]. If we stay in the same reference frame
and invert the direction of the magnetization, fk+ increases
and f,” decreases as long as D < 0, thus the sign of the NR
changes [Fig. 4(b)]. Changing the sign of D causes a second
change in the sign of the iDMI-NR, making it negative again
[Fig. 4(c)]. Finally going back to the original orientation of the
magnetization while keeping a positive D induces a positive
NR [Fig. 4(d)]. In the identical Pt/Co/Cu/Co/Pt multilayer,
the bottom Co has magnetization along positive X and neg-
ative D, thus is described by Fig. 4(a). Similarly, the top
Co has magnetization along negative X and positive D, and
thus is described by Fig. 4(c). This leads to a situation where
f,:r decreases in both layers and f;~ increases in both lay-
ers, inducing additive contributions from opposite interfaces,
effectively increasing the iDMI-NR of the whole structure.
Finally, Fig. 3(a) also shows that the optical and acoustic
IDC-NR have the same magnitude, but opposite signs (solid
and dashed blue lines).

2. Interplay between the interfacial Dzyaloshinskii-Moriya
and the dipolar interactions

Figure 3(b) shows the total NR (accounting for the con-
tributions of the iDMI and IDC) when iDMI is induced at a
single interface (red lines) or at both interfaces (black lines).
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FIG. 4. Effect of the relative orientation of the magnetization and the sign of D on the frequency of Damon-Eshbach spin waves propagating
in opposite directions (fki 1: frequency of k.. increases, fki J: frequency of k.. decreases) in a single film.

When comparing to the results shown in Fig. 3(a), an additive
interplay between both NR contributions can be observed.
Because the acoustic iDMI-NR and IDC-NR have opposite
signs, the total acoustic NR decreases in magnitude. On the
other hand, the optical iDMI-NR and IDC-NR are both neg-
ative, and thus the total optical NR increases in magnitude.
Changing the Pt to, e.g., Ir at both interfaces induces a D with
opposite sign [62,82], and changes the sign of the iDMI-NR,
enhancing the acoustic NR instead of the optical.

B. Nonidentical Pt/Co and Co/Pt interfaces
1. Governing layers of the oscillation modes

Taking into account that the Pt/Co and Co/Pt interfaces are
not necessarily identical [70,71], we also study the case where
the top and bottom Co layers in a Pt/Co(1.5)/Cu/Co(1.5)/Pt
multilayer differ in D and K. While D only affects the k 7 0
case, K does affects the base resonance frequency of the
layers. In particular, the resonance frequency of the Co thin
films depends on the difference M; — Hk, [first line of (2)].
This difference is smaller in bottom Co (240 kA/m) compared
to the top Co (1320 kA/m), and as consequence the bottom
Co has a lower natural resonance frequency than the top Co.
Moreover, as discussed previously, in an AFM coupled bilayer
the optical mode has a lower frequency than the acoustic
mode. In previous works we have shown that these modes
are governed by the layers with closest natural resonance

7 (Giy)
19 __::::" - sozic

Sreaaate .
71 (a) -'-Eq.-;,_%"_" £E2

10
8 m— DMI+IDC
G — iDMI

frequency, i.e., the low-frequency mode is governed by the
layer with lowest natural resonance frequency, and the high-
frequency mode is governed by the layer with highest natural
resonance frequency [72]. As a consequence, the optical mode
is mostly governed by the bottom Co (low frequency), and the
acoustic is governed by the top Co (high frequency).

2. Nonreciprocity of the optical and acoustic oscillation modes

Figure 5 shows the relation dispersion and the NR of
the Pt/Co(1.5)/Cu/Co(1.5)/Pt multilayer as function of k.
Figure 5(a) shows the SW dispersion, while Fig. 5(b) shows
the iDMI-NR, the IDC-NR, and the combination of both.
Figure 5(a) clearly shows NR in all presented cases. This NR
is better illustrated in Fig. 5(b), where the different contribu-
tions to A f can be clearly differentiated, and we can conclude
the following:

(i) The nonreciprocity induced by the interlayer dipolar
coupling again have the same magnitude for the optical and
acoustic modes, but opposite signs (solid and dashed blue
lines).

(ii)) The nonreciprocity induced by the interfacial
Dzyaloshinskii-Moriya interaction is negative for both
the optical and acoustic modes (red lines), but the optical
nonreciprocity is stronger.

Because D is stronger at the Pt/Co interface when com-
pared to the Co/Pt, we observe a stronger optical iDMI-NR

Af (GHz)
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FIG. 5. Frequency behavior of Damon-Eshbach spin waves in a antiferromagnetically coupled Pt/Co(1.5)/Cu/Co(1.5)/Pt multilayer as
function of k, accounting for nonidentical Pt/Co and Co/Pt interfaces. (a) Frequency of spin waves propagating in opposite directions and
effect of the interactions. (b) Frequency nonreciprocity from interlayer dipolar coupling, interfacial Dzyaloshinskii-Moriya interaction, and the

interplay between the two.
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FIG. 6. Frequency nonreciprocity of Damon-Eshbach spin waves
in an antiferromagnetically coupled Pt/Co(1.5)/Cu/Co(1.5)/Pt multi-
layer as function of k. Interfacial Dzyaloshinskii-Moriya interaction
is induced in a single or in both Co interfaces, taking into account
nonidentical Pt/Co and Co/Pt interfaces. (a) Frequency nonreciproc-
ity induced only by the interfacial Dzyaloshinskii-Moriya interaction
and (b) frequency nonreciprocity taking into account the contribu-
tions of the interfacial Dzyaloshinskii-Moriya interaction and the
interlayer dipolar coupling.

(bottom Co governs optical mode), and a weaker acoustic
iDMI-NR (top Co governs acoustic mode). When both inter-
actions are accounted for (black lines), additive contributions
are observed again, and thus the optical NR is enhanced
(iDMI-NR and IDC-NR have the same sign), while the acous-
tic NR is reduced (iDMI-NR and IDC-NR have opposite
signs).

3. Nonreciprocity induced by interfacial Dzyaloshinskii-Moriya
interaction in single interfaces

Figure 6 shows the contribution of the different Pt/Co and
Co/Pt interfaces to the iDMI-NR and total NR. Figure 6(a)
shows the iDMI-NR when the multilayer has iDMI at the
top, at the bottom, or at both interfaces. In order to better
understand the contribution of each interface, initially the
IDC-NR is not accounted for. When iDMI is induced only at
the bottom (red), the optical NR is similar to that of an individ-
ual Pt/Co(1.5) thin film, while the acoustic NR is practically
nonexistent. This is again because the bottom Co governs the
optical mode. The opposite behavior is observed when iDMI
is induced only at the top interface (blue), i.e., the acoustic NR
is strong while the optical NR is almost zero. Furthermore,
the acoustic NR is very similar to that of a single Co(1.5)/Pt
structure. However, note that both ferromagnetic layers are

precessing in all modes, hence the NR of each mode would
also be present in both layers. This means that it is possible to
induce a strong NR in a ferromagnetic thin film by coupling it
to a Pt/Co or a Co/Pt structure.

4. Contribution of both interfaces to the nonreciprocity

In Fig. 6(a), when iDMI is induced at both interfaces
(black), a strong NR is induced in both modes. Moreover,
these NRs increase slightly when compared to that of single
interfaces because now the weak contribution of one interface
is added to the strong contribution of the opposite interface.
Additionally, the NR of both resonant modes are very similar
to those of individual thin films (green).

Figure 6(b) shows the NR when IDC-NR is accounted
for. In all cases the optical NR became more negative and
the acoustic NR became more positive due to the additive
contribution of the IDC-NR to each mode.

Comparing these results with those shown in Fig. 3 for
identical Pt/Co and Co/Pt interfaces we can observe certain
similarities as well as some differences. First, in all cases the
total acoustic NR is more positive than the total optical NR.
However, the single interface contributions to the iDMI-NR
vary greatly. This due not only to the values of D, but also to
the natural (noninteracting) resonance frequencies of the lay-
ers. If the natural resonance frequency of both layers is equal
(or very similar), the interfaces tend to see the whole structure
as a single thin film of thickness #; + #, [68], thus obtaining the
same iDMI-NR when inducing iDMI at opposite interfaces
[Fig. 3(a)]. As the difference between the natural frequencies
increases, the layer neighboring the interface becomes more
relevant, while the opposite layer becomes less relevant, thus
reaching the results shown in Fig. 6(a), where the iDMI-NR is
closer to that of individual layers.

IV. RECONFIGURATION OF THE FREQUENCY
NONRECIPROCITY

Now that the contributions of the different interactions
and interfaces are understood, we will take advantage of the
antiferromagnetic interlayer exchange coupling to control the
nonreciprocity for different configurations of the multilayer.
An in-plane external magnetic field is applied to change re-
versibly the orientation of the magnetization, which in turn
induces variations of the NR. By designing appropriately the
interplay between the iDMI-NR and the IDC-NR, we show is
possible to obtain reversible variations of the NR as high as
~7 GHz with fields as low as 130 mT.

A. System-1: Pt/Co(1.5)/Cu/Co(1.5)/Pt
with nonidentical interfaces

1. Nonreciprocity as function of the applied magnetic field

Figures 7(a)-7(c) show the different dynamic behaviors
of an antiferromagnetically coupled Pt/Co(1.5)/Cu/Co(1.5)/Pt
multilayer as function of the in-plane external field, account-
ing for nonidentical anisotropies and DMI at the Pt/Co and
Co/Pt interfaces. Figure 7(a) shows the NR, Figure 7(b)
shows the frequencies for SWs propagating in both directions,
and Fig. 7(c) shows the equilibrium state of the magnetiza-
tion. In the latter we can observe that at weak fields, both
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FIG. 7. Behavior of the magnetization of (a)—(c) Pt/Co(1.5)/Cu/Co(1.5)/Pt and (d)—(f) Pt/Co(1.5)/Cu/Co(2)/Pt multilayers as function of the
in-plane applied field, with fixed wave vector k = 16.7 rad/um. (a), (d) Frequency nonreciprocity, (b), (¢) frequency of spin waves propagating
in opposite directions, and (c), (f) equilibrium orientation of the magnetization.

magnetizations are collinear with Izi, and thus both the
iDMI-NR and the IDC-NR are zero. As the field increases,
the NR of both modes also increases, stabilizing after the
multilayer saturates in the +X direction. In this case, we
observe a reversible variation of ~3 GHz in the optical NR
and ~1.5 GHz in the acoustic NR for fields between 0 and
140 mT.

This behavior is observed because at weak fields the com-
petition between the applied field and the AFM IEC aligns the
magnetization of the layers in a backward volume AP configu-
ration along the +Y directions (SWs propagate parallel to the
magnetization). Thus, the NR becomes zero because the SWs
and magnetization are collinear [37,51]. As the field increases
it overcomes the effect of the exchange coupling and aligns
both magnetizations along the +X direction, going back to
DE configuration and thus inducing a nonzero NR, originating
the observed variation.

B. System-2: Pt/Co(1.5)/Cu/Co(2)/Pt
with nonidentical interfaces

1. Nonreciprocity as function of the applied magnetic field

With the objective of enhancing the variation of the NR, we
increase the thickness of the top Co from 1.5 nm to 2 nm. The
results are shown in Figs. 7(d)-7(f), which show different fre-
quency behaviors of the multilayer as function of the in-plane
external field. Figure 7(d) shows the NR, Figure 7(e) shows
the frequencies for opposite wave vectors, and Fig. 7(f) shows
the equilibrium state of the magnetization. In the latter we can
observe three different regimes: (i) AP regime, (ii) AP < P
transition, and (iii) P regime. These three regimes can also be
clearly identified in the NR shown in Fig. 7(d). In the P and
AP regimes the NR of both modes tends to remain constant,
while the intermediate regime presents a smooth transition.
The acoustic NR shows a (reversible) variation of ~1.5 GHz
when going from AP to P state. On the other hand, the optical
NR shows a much higher variation of ~7 GHz, showcasing

the possibility of inducing strong changes in the NR with
applied fields as low as 130 mT.

2. Orientation of the magnetization as function of the applied field

In order to better understand the origin of the large vari-
ation of the optical NR, we first need to discuss the three
different field regimes and their related magnetization states.
At weak fields [regime (i)], the layer with higher magnetic
moment [Co(2)] remains aligned to the field. The antifer-
romagnetic IEC forces the other layer [Co(1.5)] to remain
against the applied field, thus reaching an AP state. For
intermediate fields [regime (ii)], the applied field starts to
overcome the effect of the IEC, and induces changes in the
orientation of the Co(1.5). These changes also induce slight
deviations in the orientation of the Co(2) because the antifer-
romagnetic IEC tries to avoid the P state. For strong fields
[regime (iii)], the system is saturated in a parallel state.

3. Giant variation of the nonreciprocity

Now we will discuss the ~7 GHz variation of the optical
NR shown in Fig. 7(d). With the objective of better under-
standing this behavior, we show in Fig. 8 the IDC-NR and
iDMI-NR as function of the in-plane external field for the
Pt/Co(1.5)/Cu/Co(2)/Pt multilayer.

a. Nonreciprocity induced by the interlayer dipolar cou-
pling. Figrue 8(a) shows the IDC-NR, where it is evident that
the two modes are symmetric around A f = 0 for all values
of the applied field. This is because the reciprocity theorem
applies to the dipolar interaction, i.e., the energy originated
from the dipolar field of the Co(2) acting on the Co(1.5) is
equal to the energy originated from the dipolar field of the
Co(1.5) acting on the Co(2).

b. Nonreciprocity induced by the interfacial Dzyaloshinskii-
Moriya interaction. Figure 8(b) shows the iDMI-NR, where a
nonsymmetric evolution of the optical and acoustic NR can be
observed. This is because the iDMI affects mostly one layer,
and its effect is then transmitted to the neighboring layers
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coupled Pt/Co(1.5)/Cu/Co(2)/Pt multilayer as function of the applied
field, and fixed wave vector k = 16.7 rad/um. Contributions from
(a) interlayer dipolar coupling and (b) interfacial Dzyaloshinskii-
Moriya interaction.

through the IEC. These resonance modes are mostly governed
by the layer with closest natural resonance frequency, i.e.:

(i) The optical mode is governed by the Co(1.5) due to its
lower natural frequency.

(i) The acoustic mode is governed by the Co(2) due to its
higher natural frequency.

Thus, the iDMI energy of each interface is reflected as
a different NR for each mode. As the field increases, the
optical iDMI-NR tends toward negative values because the
Co(1.5) is changing from an AP to P state. This changes
the sign of the optical iDMI-NR [associated mostly to the
Pt/Co(1.5) interface], and induces the steep change observed
during the transitional AP < P regime. Increasing the field
beyond poH = 122 mT stabilizes the NR of both acoustic and
optical modes. On the other hand, the acoustic NR remains
mostly constant because the magnetization of the Co(2) re-
mains mostly fixed in the +X direction.

c. Interplay between the interfacial Dzyaloshinskii-Moriya
and the dipolar interactions. Due to the relative orientation of
the magnetization and the sign of D at the Pt/Co(1.5) interface,
the optical iDMI-NR and optical IDC-NR are both positive
when the magnetizations are AP, and both negative when the
magnetizations are P, enhancing the optical NR in both cases.
This induces a large change in the NR when the magnetization
of the Co(1.5) changes orientation.

4. Optimization of the nonreciprocity variation:
Detailed discussion

To attain the most optimal variation on the NR, it is neces-
sary to ensure that the iDMI-NR and IDC-NR have the same
signs in both AP and P configuration.

a. Sign of the nonreciprocity induced by the interfacial
Dzyaloshinskii-Moriya interaction. The sign of the iDMI-NR
depends on the sign of D and the orientation of the magneti-

zation, as indicated in the discussion of Fig. 4, and taking into
account which mode is governed by each layer.

b. Sign of the nonreciprocity induced by the interlayer dipo-
lar coupling. The acoustic and optical IDC-NR in a magnetic
bilayer always have the same magnitude but opposite sign.
Assuming again DE SWs propagating in the £Y direction,
the IDC-NR of a given mode is negative (positive) if the
magnetization of the layer governing said mode is in the +X
(—X) direction. This rule will always be fulfilled by both
ferromagnets in a magnetic bilayer with AP magnetization.
However, when the bilayer is in P configuration, the condition
that the IDC-NR of both modes have opposite sign takes
priority, and thus the IDC-NR of one of the modes will have
opposite sign as expected because the other mode is dominant.

¢. Dominant mode of the interlayer dipolar coupling. The
dominant mode will be the one governed by the layer on
which a stronger interlayer dipolar field is acting. From (4),
we can see that this field is proportional to the saturation
of the other layer (M;), and inversely proportional to the
thickness of the current one (#;). This is equivalent to say that
the stronger field acts on the layer with lowest M;t; product,
thus becoming the dominant one. In the results presented in
Figs. 7(d) and 8(a), both layers have the same M, but the
bottom layer (which governs optical mode) is thinner, and thus
is the dominant one. Thus, at weak fields the optical IDC-NR
is positive (the governing layer points in the —X direction) and
the acoustic IDC-NR is negative (the governing layer points
in the +X direction). When the field increases and induces
switching of the magnetization of the (dominant) bottom Co
layer, and thus the sign of the optical IDC-NR changes. In
consequence, the sign of the acoustic IDC-NR also changes.

d. Interplay between both interactions. In the results pre-
sented in Figs. 7(d) and 8, the bottom Co has negative D and
points in the —X direction, which induces a positive optical
iDMI-NR at weak fields. Similarly, the bottom Co induces
a positive optical DMI-NR, thus ensuring that both optical
iDMI-NR and IDC-NR have the same sign (positive) at weak
fields, enhancing the total optical NR.

When the field increases and the magnetization of the
bottom Co layer switch towards the +X direction, inducing
a change of sign in both the optical iDMI-NR and the optical
IDC-NR, again enhancing the total (negative) NR for strong
fields, thus ensuring that NR contributions of both interactions
have the same sign for both AP and P orientations.

C. System-3: Pt/Co(1.5)/Cu/Py(1.5)/Pt
1. Nonreciprocity as function of the applied magnetic field

A different behavior can be induced if Py is used instead
of Co for the top magnetic layer. In this case, a weaker D of
opposite sign is induced. Figures 9(a)-9(c) show the obtained
results as function of the in-plane applied field. Figure 9(a)
shows the NR, and a variation of ~2.5 GHz has been induced
in the acoustic NR, while a maximum variation of ~2.2 GHz
is induced in the optical NR.

Figure 9(c) shows the equilibrium direction of the mag-
netization, where we can observe that at weak fields, the Co
stays aligned with the field while the Py stays antiparallel
due to the higher magnetic moment of the Co. Moreover,
Mpy, — H;y = 362 kA/m, thus the Py has a higher natural
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FIG. 9. Behavior of the magnetization of (a)—(c) Pt/Co(1.5)/Cu/Py(1.5)/Pt and (d)—(f) Pt/Co(1.5)/Cu/Py(8)/Pt multilayers as function of the
in-plane applied field, with fixed wave vector k = 16.7 rad/um. (a), (d) Frequency nonreciprocity, (b), (e) frequency of spin waves propagating
in opposite directions, and (c), (f) equilibrium orientation of the magnetization.

resonance frequency than the Co. This means that the Py
governs the acoustic mode while the Co governs the optical
mode. In this situation the iDMI-NR, the IDC-NR, and their
interplay behaves as follows:

(i) Because Dc, is stronger than Dpy, the sign of the non-
reciprocity induced by the interfacial Dzyaloshinskii-Moriya
interaction is given by the Co in both modes, and thus this
nonreciprocity is negative.

(i) The nonreciprocity induced by the interlayer dipolar
coupling is negative for the optical mode and positive for the
acoustic mode.

(iii) Due to the sign of the contributions of each interac-
tion, the total nonreciprocity of the optical mode is enhanced,
and that of the acoustic mode decreases.

Increasing the field causes the Py magnetization to switch
towards the +X direction, reaching a P configuration. In this
case, the following behavior is observed:

(i) The sign of the nonreciprocity induced by the inter-
facial Dzyaloshinskii-Moriya interaction does not changes
because the Co does not change direction.

(ii) The nonreciprocity induced by the interlayer dipolar
coupling of both modes changes sign because the dominant
layer (Py) changed direction.

(iii) The total nonreciprocity of the acoustic mode is en-
hanced (both contributions are negative), while that of the
optical mode decreases (both contributions have opposite

sign).

D. System-4: Pt/Co(1.5)/Cu/Py(8)/Pt
1. Nonreciprocity as function of the applied magnetic field

Figures 9(d)-9(f) show the results as function of the ap-
plied field after increasing the thickness of the Py layer to
8 nm. A similar behavior to that observed in Fig. 8 for the
Pt/Co/Cu/Co(2)/Pt structure is obtained. Figure 9(d) shows
the NR, where a variation of ~7 GHz can be observed in the

optical NR when the structure goes from AP to P configura-
tion (and vice versa).

Figure 9(f) shows the equilibrium orientation of the mag-
netizations, and it can be observed that the Co layer remains
against the field at weak fields, and switches towards the +X
direction for P configuration. This means that:

(i) The frequency nonreciprocity induced by the in-
terfacial Dzyaloshinskii-Moriya interaction (which is still
governed mostly by the Co) changes from positive to negative
when increasing the field.

(ii) Mpytpy > Mcotco, and thus the Co (which governs the
optical mode) dominates the nonreciprocity induced by inter-
layer dipolar coupling.

(iii)) From the previous point, at weak fields the nonre-
ciprocity induced by interlayer dipolar coupling is positive
for the optical mode, and negative for the acoustic. At strong
fields, the signs switch as the Co switches direction.

Consequently, both in AP and P configuration the optical
NR contributions have the same sign, while the acoustic NR
contributions have opposite sign, inducing an enhanced varia-
tion of the optical NR as the Co changes direction.

E. Typical configuration for optimizing the variation
of the nonreciprocity

As summary, we present here typical system configura-
tions, which present the large variation of the optical NR
observed in this work:

(i) The basic system is composed of two ferromagnetic
thin films separated by a paramagnetic layer.

(ii) Interfacial Dzyaloshinskii-Moriya interaction needs to
be induced in at least one ferromagnet. Better results are
obtained if it is induced in both ferromagnets. This interaction
is typically induced by including a heavy-metal thin film at
the external interfaces.

(iii) Thicknesses of the ferromagnetic layers should be
between 1-10 nm to maximize the effect of the interfacial
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Dzyaloshinskii-Moriya interaction, and to ensure homoge-
neous spin waves throughout the thickness.

(iv) Antiferromagnetic interlayer exchange coupling
should be induced between the ferromagnets. This can be
controlled by the thickness of the paramagnetic separator
(typically between 0—1.5 nm).

(v) Different saturationxthickness product (Mt) for each
ferromagnet.

(vi) The ferromagnet with lowest Mt should have a strong
negative interfacial Dzyaloshinskii-Moriya interaction.

(vii) The ferromagnet with lowest Mt should also have
the lowest natural (noninteracting) resonance frequency. This
frequency depends on M and the perpendicular anisotropy
induced at the interface with the heavy metal.

A system with these characteristics will have a positive
optical NR at weak fields, and a negative optical NR at strong
fields, which are the necessary conditions to obtain the large
change in the nonreciprocity. Additionally, it will also have
reversible parallel and antiparallel magnetization states, which
can be controlled with applied fields, thus making the change
in nonreciprocity controllable. For this system, Pt/Co is a
natural choice as the bottom layer with lowest Mt product due
to the strong negative iDMI induced at the interface.

V. CONCLUSIONS

In conclusion, we have calculated the frequency nonre-
ciprocity induced in propagating Damon-Eshbach spin waves
in antiferromagnetically coupled multilayers with interfacial
Dzyaloshinskii-Moriya interaction. We have found that the
nonreciprocity induced by the iDMI is enhanced in an an-
tiparallel Pt/Co(1.5)/Cu/Co(1.5)/Pt multilayer, opposite to the
tendency of canceling out the contributions of opposite in-
terfaces to the iDMI observed in Pt/Co/Pt structures. This
is due to the relative orientation of the magnetizations, the
direction of propagation of the spin waves, and the sign of
the iDMI, effectively adding the contributions of the latter
at both Pt interfaces instead of canceling each other out.
Furthermore, we have found that in these multilayers, the
interplay between the nonreciprocity induced by the iDMI and
the interlayer dipolar coupling enhances the nonreciprocity
of the optical mode, while decreasing that of the acoustic
mode. The opposite effect can be achieved if the Pt layers
are replaced with, e.g., Ir, which induces an iDMI of oppo-
site sign. Moreover, we have found that the nonreciprocity
of a Pt/Co(1.5)/Cu/Co(2)/Pt multilayer tends to stabilize as
the exchange coupling increases because the multilayer be-
haves as a single thin film with an effective magnetization.
We have shown that reversible changes in the nonreciprocity
of antiferromagnetically coupled multilayers can be induced
through an external applied field due to a transition from an-
tiparallel to parallel magnetization. By selecting appropriately
the materials and their thicknesses, we have shown that is
possible to induce changes in the nonreciprocity as high as
~7 GHz with fields as low as 130 mT. This is possible by
ensuring that the iDMI and dipolar coupling contributions to
the nonreciprocity of a given mode have always the same
sign, which changes when going from antiparallel to parallel
magnetization. We also provide a summary of typical system
configurations, which optimize this huge variation in the fre-

quency asymmetry. This change of sign could be of use to
invert the direction of the flux of information in nonreciprocal
magnonic devices.
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APPENDIX A: DYNAMICAL DIPOLAR FIELDS

In a magnetic multilayer system, the Hamiltonian arising
from the dipolar interactions is given by

Ho= — %Z/ Mi(F) - ) By(P)d’r
i IV j
- ¥ / (110 + 510 + 1] 3 RO
i Vi j

—%Z/M;”-Zﬁg“%,
i JVi j

where the second and third lines represent the second-order
expansion. I;ii(?) is the dynamic dipolar field generated by

(AD)

the layer j. M"™ and ﬁé’(n) are the nth-order terms of
the expansion of M;(7) and ﬁ;(?), respectively. For i = j,
the dynamical dipolar field is the internal dipolar fields of the
layer i, which has been calculated previously [72,74]. Further-
more, the energy density due to the static component of the
dipolar field %0),]' between two thin films tends to zero as their
size increases [76,83—-85]. As we are only interested in the
interlayer dipolar interactions (i # j), (Al) can be rewritten

as

. 1 - iy

i#j _ o= (D) =y 13

H = _EZ/V.Mi (7) - Zh{i (Fdr.
i i J#i
Following the same process described in Refs. [73,74], and

adopting the coordinate system used in Ref. [72], we calculate
the dynamical field //,(7) in the magnetostatic limit using

(A2)

RO =~V ), (A3)
where
V2OV (F) = oV - MV (F). (A4)
The potential can be written in the form
o) =Y oz explik - ), (A5)

k

where Z; = Z — Z? is the normal coordinate relative to the
center of the layer j. Z is the absolute perpendicular coordi-
nate shared by all the layers, and Z? is the value of Z for the
center of the layer j. From (A4) it can be found that

_ k2]¢i’“><zj> = £, (A6)

82
[3(2,-)2
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where f j(lz) is defined below. After taking typical boundary conditions for the magnetic fields, the following solution for the
potential is found [72-74]

' (Z,) = £ (0) (A7)
X i) = Yajexp(—|klZ;) + bjexp (|k|Z;) — 5= —1;/2 < Z; <1;/2>
Bjexp(|k|Zj) Zj < —tj/2

where the first line corresponds to Z;) < Z?, the second line to i = j, the third to Z;’ > 79, and
Aj = a; —bjexp ([klt;) + g;(k) exp (Iklt;/2)
Bj = —a;exp (lklt;) +b; — gj(k)exp (|k|t;/2)

1 R
aj = exp (= Ikltj/Z)[f’() gj(k)]

1 &)
bj =3 exp(= Iklt,/Z)[ . +g,(k)]
Mo 5
g;(k) = ;-2
J |k| J
£i®) = ik - i, (A8)
where we have used the low-precession angle approximation
7. ~ L i) + ()12, +
M; ~ Mj—ﬁ[(mx) + (ml)7] )2 + ;. (A9)

Here, /; = = mi%; i+ m} 9;, and Z; is parallel to the static component of M X; 'j and y; j form a plane perpendicular to Z;, with

$; lying on the plane of the layer forming an angle ¢; with the +X axis. m{ and m§ are the dynamical components of the

magnetization along the £; and §; direction, respectively.

We found that the cases with ZJQ <7 and Z? > Z? have almost identical solutions, and differ only in the sign of Z;
in a complex exponential. We focus on the solution for Z;) < Z?, and the solution for Z]Q > Z? is the complex conjugate.
This is reflected on the final equations as the sgn(Z? — Z;)) function accompanying the imaginary components of the fields.
Inserting (AS) into the first line of (A7) we find

tilk .k
oz = |1<| sinh (%) (ﬁqj Z—ip .ﬁzj>e"<zf (A10)
Inserting Eq. (A10) into (AS5), we obtain
tilk k .
@) = Z i St < J|2 |><’"’ S ﬁ-f)ek'Zfe‘k", (Al1)

Replacing into (A3), solving the integral (A2), and only keeping second-order terms of the dynamical magnetization, we find
the Hamiltonian for the dipolar field generated by the layer j acting on the layer i

iej _HoVi d d d d ik
H, :2_Mj (H”jm m] + HY, mm’—l—H mm’—}—H m\m§)e ) (A12)
r
where
x,x, =M; ;'d’ [cos B; cos B cos(gr — @;) cos(@x — @) — sin6;sinf; +1i (cos §; sin6; cos(gr — @;) + sinb; cos §; cos(gr—¢;))]

H;‘jyj = Mjgi’(’ii[cos 0; cos(gr — @;) sin(gx — ;) + i sgn(Z) — Z?) sin 6; sin(gx — ¢;)]

HY = M;i![ cos 0 sin(pr — @) cos(pr — ;) + i sgn(Z) — Z7) sin 6 sin(pr — 1))
H;fy,- = MjQiig sin(gx — @i) sin(gx — ;). (A13)
Here, we have used

i/2 -z}
L[ g, SO s,

(Al14)
14 —1i/2+47) 79 tilkl
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TABLE I. Physical parameters of the Co and Py thin films and their interface with Pt. Throughout this paper, the indexes Co and Py are

used to differentiate between both materials when necessary.

M (kA/m) A (pJ/m) t (nm) Interface K (kJ/m?) D (mJ/m?) Jeie (mJ/m?) A (pJ/m)
1.5 Pt/Co 1086 [78,79] —1.13 [42]
Co 1440 31 [77] 1.5 Co/Pt 108 [78,79] 0.57 [42,70]
2.0 Co/Pt 81 [78,79] 0.43 [42,70] —0.15[80] —0.14
1.5 Py/Pt 220 [20] —0.13 [20]
Py 6371401 10[20.40] 8 Py/Pt 41 [20] —0.02 [20]

which arises from taking the average contribution of the dipo-
lar field generated by the layer j on the layer i.

APPENDIX B: EQUILIBRIUM STATE
OF THE MAGNETIZATION

The equilibrium state of the magnetization 1\71? is obtained
by solving numerically the coupled system of dynamical
equations given by the Landau-Lifshitz equation

OM; Y i fi Y8
U+ M,

at = @ Mi X (M, X Héff),

(BI)

where g; is the Gilbert damping parameter, and M; is the
magnetization. /L()He"ff = —dH/(V;0M;) is the effective field,
and H is the Hamiltonian of the uniform magnetization given
by

M= =3 | ol i1+

i=1

1
+§ Z

j=i—LLit]

KV, - _ 2
-]

ek Sij " o

VS o . .
—M‘-M‘—E:—V»MwN‘»-M‘, ,
mm; j:lz” A

(B2)

where each term represents, respectively, the Zeeman energy,
the uniaxial anisotropy, the interlayer exchange coupling, and

the dipolar coupling. €k, is an unitary vector representing the
direction of the easy axis of the anisotropy (taken along the Z
direction), and V; is the volume. S;; is the area of the surface
between the layers i and j, and n is the number of magnetic
layers of the structure. N;; is a rank-3 demagnetizing tensor in
the XY Z reference frame, which relates the shape of the two
layers. It is composed of the demagnetizing factors of the layer
i when i = j, and in the case of thin films all N;; elements are
approximately zero, with exception of N%4 = 1. On the other
hand, the interlayer demagnetizing tensor (i # j) is very small
in multilayer systems with lateral sizes much larger than their
thicknesses [76], and thus the k = O contribution of the IDC
to the spin wave dispersion is negligible.

APPENDIX C: PHYSICAL PARAMETERS

Table I shows the physical parameters used in the calcula-
tions. Jegr and A are given for two Co thin films separated by
a Cu layer with 7¢, = 0.95 nm [80]. For simplicity, the same
tfcy and Jeir are used at the Co/Cu/Py interface. The volume-
averaged surface anisotropy constant is K; = K/ /t;, where K
is the surface anisotropy induced at the interface with Pt. Non-
identical Pt/Co (bottom) and Co/Pt (top) interfaces [70,71]
are taken into account as different D and K. Moreover, the
thickness of the bottom Co layer always is taken as t = 1.5
nm.

TABLE II. Commonly used abbreviations and mathematical symbols.

Abbreviation Meaning Symbol Meaning

HM Heavy-Metal i,J Indexes representing each individual layer

FM Ferromagnetic K Spin wave vector

P Parallel Ok Direction of k¥ measured from the X axis

AP Antiparallel k* Spin wave vector with ¢, = /2

SW Spin-wave ki Frequency of the spin wave with wave vector Kt

NR Nonreciprocity Af Nonreciprocity Af = fiF — f

iDMI Interfacial Dzyaloshinskii-Moriya interaction H Applied magnetic field

iDMI-NR Frequency nonreciprocity induced by the M Saturation
interfacial Dzyaloshinskii-Moriya interaction M Direction of the magnetization

IDC Interlayer dipolar coupling M° Equilibrium state of the magnetization

IDC-NR Frequency nonreciprocity induced by the 10 In-plane deviation of M relative to the X axis
interlayer dipolar coupling t Thickness

Acoustic NR Nonreciprocity of the acoustic mode D Volume averaged effective iDMI

Optical NR Nonreciprocity of the optical mode Hg Perpendicular uniaxial anisotropy field

DE Damon-Eschbach K Volume averaged magnitude of the anisotropy.

Jefr Effective interlayer exchange coupling constant
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Additionally, and for easier reference, Table II shows a list
of abbreviations and mathematical symbols commonly used
throughout the discussions within the paper.

APPENDIX D: INTERLAYER EXCHANGE COUPLING

1. Weak coupling

In this section we study the effect of the interlayer ex-
change coupling on the NR of a Pt/Co(1.5)/Cu/Co(2)/Pt
multilayer. Figure 10(a) shows the NR as function of Je.
Figures 10(b) and 10(c) show, respectively, the frequency and
equilibrium magnetization state. Following we provide a brief
description of the observed results, separating the ferromag-
netic and the antiferromagnetic exchange coupling:

(i) For antiferromagnetic coupling (Jeir < 0) the nonre-
ciprocity of both modes varies slowly as the strength of
the coupling increases, with the optical nonreciprocity being
stronger than the acoustic.

(i) For ferromagnetic coupling (Jet > 0) the nonreciproc-
ity tends to stabilize as the multilayer tends towards the
behavior of a single magnetic moment (strong Jeg) with an
effective magnetization Mo = (M 1) £ Maty)/(t) + 12).

(iii)) The acoustic nonreciprocity for weak ferromagnetic
coupling is stronger than in the antiferromagnetic case. How-
ever, it decreases rapidly as the interaction increases.

The last point in particular is in agreement with the re-
sults obtained by Bouloussa et al. [68], which show that at
weak IEC the NR of each mode acts independently if the
multilayer is composed of two ferromagnets FM; and FM,,
and that the optical NR tends towards the mean value A f =
2y D(t; + t)k /[ (M t; + Myt,)] for strong IEC.

2. Strong coupling

Although the observed behavior is similar to that shown
in Ref. [68], there are some key differences, which allow us to
provide additional information. In Ref. [68] only one interface
has iDMI when two different FMs are studied. This leads to a
monotonous decrease of the NR of the acoustic mode as the
IEC increases. This is not observed in Fig. 10(a) (the acoustic
NR becomes negative and increases in magnitude) due to the
additional contribution of the Co/Pt interface. Taking into ac-
count that for strong IEC, the bilayer behaves as either a single
ferromagnet (for ferromagnetic coupling) or ferrimagnet (with
antiferromagnetic coupling) with an effective magnetization,
the NR tends toward values given mostly by the iDMI contri-
butions, which are given by

Afis = ¥ o Hom, M1ty + Hpw, Mot
It g +Mt, £ Myt

for the low-frequency mode and

¥ o Hpw, M1ty + Hpy, Ma1o
M t; + Moty

for the high-frequency mode, with Hpy, = 4kD;/(1uoM;). The
= signs are again taken positive (negative) for magnetization

A for =
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FIG. 10. Behavior of the magnetization of a Pt/Co(1.5)/
Cu/Co(2)/Pt multilayer as function of the effective interlayer
exchange coupling with fixed wave vector k = 16.7 rad/um. (a) Fre-
quency nonreciprocity (inset shows the effect of strong interlayer
exchange coupling, shadowed region represents the range of Je
shown in the main figure), (b) frequency of spin waves propagat-
ing in opposite directions, and (c) equilibrium orientation of the
magnetization.

along the +X (—X ) direction. Note that when M t; = Mt,
these expressions fail in the antiferromagnetic case because
M. becomes zero.

For the Pt/Co(1.5)/Cu/Co(2)/Pt multilayer with ferromag-
netic IEC, the acoustic iDMI-NR tends towards A fir =
—1.2 GHz [green dotted line in Fig. 10(a)] and the optical
iDMI-NR towards Afif = —623 MHz (blue dotted lines).
Note that to reach these values, the iDMI-NR of both
modes cross each other at Jur ~ 1.1 mJ/m?. In the case
of strong AFM IEC, the optical iDMI-NR tends towards
A fir = 4.4 GHz and the acoustic iDMI-NR towards A fis =
—8.4 GHz. The inset in Fig. 10(a) shows the NR as function
of Jeg for very strong IEC, and it can be observed that the
total NR tends to increase, and will eventually stabilize at the
iDMI-NR values calculated here. However, typical values of
the effective coupling range between Jer = 0.1-2 (mJ/m?),
and the asymptotic values for AFM IEC are only reached well
outside of this range.
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