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OPEN |mpact of layer count and thickness

on spin wave modes in multilayer
synthetic antiferromagnets

J. Jiménez-Bustamante?, N. Vidal-SilvaZ, A. Kakay?, S. Wintz* & R. A. Gallardo®**

In this study, the spin-wave spectrum in multilayer synthetic antiferromagnets is calculated. The
analysis focuses on the effects of varying both the thicknesses and the number of ferromagnetic
layers within these structures. The results reveal that a non-reciprocal spin-wave dispersion occurs

in structures with an even number of layers, while a reciprocal dispersion of two counterpropagating
waves is observed for systems with an odd number of layers. As the number of layers and their
thickness increase, the study identifies the distinctive presence of bulk and surface modes, with the
latter being strongly affected by dynamic dipolar interactions. In multilayers with an even number of
layers, such surface modes exhibit nonreciprocal behavior, maintaining their surface character only
in one propagation direction. Conversely, in odd-layer systems, the symmetric counterpropagating
surface modes have similar properties. Additionally, the bulk modes for both even and odd numbers
of layers converge towards similar dynamic behavior as the thickness and number of layers increase.
As the thickness of the ferromagnetic layers increases, the surface modes in multilayers with an

odd number of layers remain localized at either the top or bottom, depending on the sign of the
wave vector. In contrast, for the even case, the surface modes appear in both the top and bottom
ferromagnetic layers when the layers are thin or ultrathin. However, as the ferromagnetic layer
thickness increases, these modes gradually become predominantly localized at either the top or
bottom of the multilayer. Finally, the study explores the application of an external magnetic field,
demonstrating that surface chiral modes are absent in the saturated state, resulting in a reciprocal
spin-wave dispersion. This establishes a magnetic field-mediated control over non-reciprocal localized
surface modes.

Synthetic antiferromagnets (SAFs) are engineered magnetic materials designed to possess distinctive and
highly adjustable static and dynamic magnetic properties'2. Unlike natural antiferromagnetic materials, where
adjacent magnetic moments inherently align oppositely, SAFs are constructed by sandwiching two or more
ferromagnetic (FM) layers with a thin non-magnetic spacer layer. By precisely tuning the properties of the spacer,
adjacent ferromagnetic layers can align their magnetic moments antiparallel to each other, reducing overall
magnetic stray fields'. This antiparallel alignment is mediated by an interlayer exchange interaction, whose
strength is influenced by the thickness and composition of the spacer layer’~°, which can comprise metallic”,
semiconducting’, and insulating'® materials. Additionally, electric fields can alter the interlayer coupling,
enabling transitions between ferromagnetic and antiferromagnetic states in the bilayer'!, as experimentally
demonstrated in magnetic tunnel junctions'?. The controllable properties of SAFs can also be exploited to
stabilize spin textures>!3. Recent studies have showcased the stabilization of antiferromagnetic skyrmions at
room temperature in synthetic antiferromagnets composed of (Pt/Co/Ru) multilayers, where perpendicular
magnetic anisotropy, antiferromagnetic coupling, and chiral order play a crucial role in this stabilization!*.
Besides, by increasing the total number of magnetic layers, the thermal stability of antiferromagnetic skyrmions
can be favorably enhanced!*. Consequently, such SAF structures hold promise for various applications in
spintronics, magnetic storage, and sensor technologies>!>1.

From a dynamic perspective, spin waves (SWs) within synthetic antiferromagnets exhibit significant
nonreciprocity induced by dipolar interactions'’-%*. The antiparallel alignment breaks the system’s symmetry,
causing counterpropagating waves to exhibit different wavelengths at the same frequency when traveling
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perpendicular to the antiparallel equilibrium magnetizations. This nonreciprocal effect is typically amplified in
thick ferromagnetic films, particularly when the FM film thicknesses exceed several times the intrinsic exchange
length of the magnetic material'”?2. Recently, Girardi et al. employed time-resolved magnetic laminography
to visualize the distribution of SW modes within the volume of a SAF structure, unveiling unexpected depth-
dependent profiles arising from interlayer dipolar interactions®’. They discovered intricate three-dimensional
interference patterns generated by the superposition of spin waves with non-uniform amplitude profiles.
The characteristics of these patterns can be manipulated by adjusting the composition and structure of the
magnetic system. Magnon-magnon coupling has been observed in synthetic antiferromagnet systems under
ferromagnetic resonance (FMR) conditions*>?°. The different magnetic and geometrical properties of the
coupled ferromagnetic layers inherently break symmetry, preventing the crossing between in-phase and out-of-
phase resonance modes. Thus, the frequency branches exhibit hybridized phases near the anti-crossing points,
resulting in an indirect gap in FMR frequencies. This coupling between in-phase and out-of-phase modes can be
intensified by introducing an interlayer Dzyaloshinskii-Moriya interaction (DMI), which breaks the rotational
symmetry in synthetic antiferromagnets when the DMI vector is nonorthogonal to the external magnetic field*.

The spin wave propagation in multilayered magnetic structures has been an essential topic in condensed
matter physics, with significant advancements spanning several decades. These systems exhibit unique
dynamic properties due to the interplay of dipolar and exchange interactions, leading to complex spin-wave
dispersion relations and novel excitation modes. Early theoretical investigations established the fundamental
behavior of spin waves in multilayered systems. For instance, long-wavelength surface spin waves in uniaxial
antiferromagnets, incorporating exchange interactions within a mean-field approximation, were studied at the
beginning of the 80’s>.. The study revealed the nonreciprocity of surface modes, where spin waves propagating
in opposite directions exhibit different frequencies. Shortly after, a general formula for magnetostatic spin-
wave branches in finite and infinite multilayer structures was derived, demonstrating the formation of well-
defined spin-wave bands with calculable edges and density of states®’. Further advancements in the theoretical
treatment of multilayers introduced new perspectives on spin-wave excitations. Authors in Ref. 3* identified
two key features of layered structures: a spin-wave band resulting from interacting surface spin waves and a
localized surface mode within the stack, emphasizing the role of dipolar interactions while omitting exchange
for simplification. An effective medium approach was used later to study a semi-infinite multilayer, where the
dipolar fields are averaged across film thicknesses. This macrospin approach provided a simplified yet insightful
framework for analyzing superlattice dynamics*. The inclusion of both dipolar and exchange interactions
in multilayered systems became more prominent in subsequent studies. Spin-wave calculations for various
layered structures, incorporating interlayer exchange coupling, surface/interface anisotropies, and collinear
magnetization orientations under an external field, were realized®. A new type of collective spin waves was
observed, reminiscent of dipolar collective spin-wave excitations in magnetic/nonmagnetic multilayers®. A
more rigorous theoretical framework was later formulated>®, where Green's function techniques were employed
to integrate dipolar fields over multilayered structures, further refining the effective-medium description.
Expanding on these methodologies, Ref. 37 developed a microscopic theory to determine surface and interface
exchange interactions from spin-wave frequencies. Additionally, an entire-cell effective-medium approach was
introduced, treating dipolar interactions through a macrospin perspective. The study, however, focused only
on one propagation direction, limiting its exploration of counterpropagating waves. A broader treatment of
magnetization dynamics in thin films and multilayers was later provided?®, where dispersion relations for bulk
and surface spin waves were derived by solving Maxwell’s equations. As reported previously’!, the study revealed
that surface modes exhibit nonreciprocity under an external magnetic field, distinguishing their behavior from
bulk excitations. The role of spin-wave dynamics in revealing the static and dynamic properties of multilayers
was further elaborated in Ref. ¥. The authors analyzed spin waves in different magnetic regimes, including
antiferromagnetic, spin-flop, and saturated states, establishing a clear distinction between surface and bulk
modes in the FMR limit. In more recent studies, an analytical model was developed in Ref. *° to describe the
SW properties of synthetic antiferromagnetic composed of two coupled ferromagnetic layers with a significant
thickness (several times the exchange length of the materials). The dynamic matrix method was posteriorly used
to address a similar system but including bulk anisotropies'®.

This paper investigates the spin-wave dynamics in multilayered synthetic antiferromagnets, where the
ferromagnetic layers interact via dipolar and interlayer exchange interactions. The theoretical framework
utilizes the dynamic matrix method*!, an extension of the macrospin model, which allows for the treatment of
ferromagnetic layer thicknesses exceeding the intrinsic exchange length of the magnetic material. Consequently,
the intra- and inter-layer dipole-dipole interaction is intensified for thick ferromagnetic films, influencing the
bandstructure of SWs. The study reveals that the spin-wave bandstructure is symmetric under wave-vector
inversion for an odd number of layers. In contrast, the SW dispersion becomes asymmetric for an even number
of layers. With increasing layers, energy gaps are opened between the bulk modes, and in-gap energy modes
emerge as surface ones. This behavior resembles the topological properties of magnonic systems mediated by
dipole-dipole interaction. In the case of an even number of layers, unidirectional surface modes with chiral
properties emerge, being magnetic excitations localized at the top or bottom of the multilayered structure. The
SW dispersions are further analyzed under the influence of an in-plane external field, which induces a transition
from antiferromagnetic to ferromagnetic states in the equilibrium magnetizations. It is shown that the chiral
surface modes are suppressed in the saturated equilibrium configuration.

Theoretical model

The system under study is shown in Fig. 1. The multilayer structure consists of /Ny, ferromagnetic layers with
antiparallel in-plane magnetizations. Each ferromagnetic layer has a thickness denoted as dr, and is separated by
a spacer layer of thickness s. Each ferromagnetic layer is divided into multiple sublayers, each with a thickness
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Number of ferromagnetic layers

Fig. 1. (a) Schematic representation of the multilayered synthetic antiferromagnet. This structure consists

of N, ferromagnetic layers, each with a thickness dr, separated by a spacer layer of thickness s. The
ferromagnetic film is divided into sublayers of thickness d,,. The sublayers are exchange-coupled with Jinter
if they are at the interfaces in contact with the spacer and with Jintra if they belong to the same ferromagnetic
film. (b) Definition of the local reference system (X, Yy, Z»), where Y, = ¥ is normal to the multilayer and
X, lies in the film’s plane. The coordinate Z,, points along the equilibrium magnetization (M) of the n-th
ferromagnetic layer.

dn, and the sublayers are exchange-coupled by means Jinter if the sublayers are at the interfaces in contact
with the spacer, and Jintra if the sublayers belong to the same ferromagnetic film. The total thickness of the
structure is given by dr = Nrdr + (N — 1)s. The spin waves are assumed to propagate along the in-plane z-
axis, with y and x lying, respectively, in the normal and plane of the films. A local reference system (Xn,Y,Zn)
is defined, where Y,, = y is normal to the multilayer and X, lies in the film’s plane. The Z,, axis is aligned with
the equilibrium magnetization M;? of the n-th ferromagnetic layer. The dynamic matrix method (DMM) is
employed to obtain the spin-wave spectra in the synthetic antiferromagnet. This method divides the film into
different sublayers or slabs connected through dipolar and exchange interactions*!. The SW dispersion relation
is calculated using a convergence test to ensure the correct dynamic description of a continuous film.

The time dependence of the magnetization is described by the Landau-Lifshitz (LL) equation of motion*?,
which for the n-th sublayer reads

My, (r,t) = — YoMy (r,t) X Hy (r, ), (1)

where My, (r, ¢) is the magnetization of sublayer n, v is the magnitude of the gyromagnetic ratio and H,, (r, t)
is the effective field. The damping term is omitted here because it is a perturbative factor that minimally
affects the spin-wave band structure. Assuming small spin deviations around the equilibrium (linearization
approach), both the magnetization and the effective field can be written as M (r,t) = M3? 4+ my,(r, ) and
Hn(r,t) = Hy, Zn +h, (r t), respectively. Here, M1 = M, Z,, correspondsto the equilibrium magnetlzatlon
of the n-th EM film, with M, s, being the saturation magnetization of n-th sublayer. Also, H corresponds
to the static Z,-component of the effective field, while my (r,t) and h,(r,t) are the dynamlc parts of the
magnetization and effective field, respectively. By assuming a harmonic time dependence and monochromatic
SWs, dynamic magnetization can be expressed as m, (r, ) = my, (r)e™ " with m, (r) = m,e***. Thus, the LL
equation becomes

—i(w/ypo)mx, =—my, Hz, + M, hy,, )
—i(w/ypo)my, =mx, Hy, — Ms, hx,. 3)

Here, h,(r,t) includes the influence of all sublayers since the long-range dipolar interaction is fully taken
into account. Also, it has been assumed that the collective spin waves are set to propagate along z, and hence,
the wave vector is given by k = k2 [refer to Fig. 1(a)]. Egs. (2) and (3) can be written as ¢wm, = fypoAmn
Once the matrix elements of A are obtained, the system can be solved as an eigenvalue problem. It should be
noted that the coefficients m,, depend on the normal direction y. This dependence is taken into account in the
dynamic matrix method, which solves the dynamics of each sublayer located at different values of y. Equations
(2) and (3) also contain the equilibrium condition HY Y, = = HY X,, = 0. On the one side, Hy =0 im glmates
that the equilibrium magnetization is in the plane. Addltlonally, ‘the in- plane equilibrium condition H X, =
determines the angle (,,, which defines the ground state of each sublayer. Such a static component is given by
(see Supplementary Information*®)

Jny Sin — Pu
HY%, = Hexesin(on — ) + Z #, 4)
<V> n Sn

where Hext is the external field, and ¢m.,, is the angle that the field makes with the z axis. The
term Jn, corresponds to the exchange constant strength, and d, is the thickness of n-th sublayer.
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Note that the symbol (v) denotes summation over nearest neighbors, which can be written as
ZM Jnw $in(on — o) = > Jnusin(en — @u) (On41 + 6;,—1), where 87 is the Kronecker delta function

(6] =0fori # jand §] = 1fori = j).If nand v correspond to the same FM layer, the exchange term becomes
Jnv = Jintra. In the case that n and v correspond to the sublayers separated by the spacer s, then Jn. = Jinter,
where Jinter is the interlayer exchange constant [see inset in Fig. 1(a)]. Because several divisions are needed
to achieve the continuous variation of magnetization along the thickness dr, of the ferromagnetic layer, the
results are analyzed based on a convergence criterion. Thereby, the number of divisions is truncated once the
convergence of the results is reached. Besides, as the number of divisions is significant, it has been shown that
Jinter = 2Aex/ dnt, wh_g:re Acx is the exchange constant defined in the micromagnetic approach.

Elements of matrix A for the ferromagnetic resonance case (k = 0) were reported in Ref.*%. In this work,
such expressions are extended to a finite wave vector limit. Calculations also constitute a generalization of the
ones realized in Refs.'”!822, where two coupled ferromagnetic layers were considered. The matrix elements are
shown in section II of the Supplementary Information®®. In addition, part of the results are compared with
numerical simulations, which are made with the open-source finite-element micromagnetic package TETRAX °.
The propagating-wave dynamics-matrix approach, based on the linearized Landau-Lifshitz equation in the
vicinity of a stable equilibrium state, implemented in this software directly yields the eigenfrequencies and the
eigenvectors (mode profiles), allowing for a fast calculation of the spin-wave spectrum even for a multilayer
system with a large number of layers, without the need for post processing?®. In TETRAX, the dipolar field is
obtained from the magnetic potential, which is calculated using the hybrid finite-element and boundary-element
method for propagating waves developed in Refs.*o4.

Results and discussion
The following parameters are used for the calculations: saturation magnetization Ms = 800 kA/m, exchange
constant Acx = 10 pJ/m (exchange length fc = 4.46 nm), and spacer thickness s = 0.3 nm. The interlayer
exchange constant is Jinter = —0.1 mJ/ m?2. Convergence of the modes is achieved with 20 divisions in each FM
layer for all cases.

Figure 2 shows the SW dispersion for a different number of layers (Nz) and a fixed thickness of each FM
film (dz = 5 nm). The case depicted in Fig. 2(a) (N = 2) corresponds to the typical synthetic antiferromagnet
composed of two FM layers. The nonreciprocity obtained in the SW dispersion is consistent with the results
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0
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Fig. 2. Spin wave dispersion as a function of Nz . The calculations are evaluated for dz = 5 nm and a zero
external field. (a) illustrates the case of N, = 2, where the frequency shift is defined A f = | f(—k) — f(k)|.
Highlighted modes (blue and green curves) show the two most non-reciprocal modes, namely the ones with
alarge A f. Bulk (BMs) and surface (SMs) modes are identified in the SW bandstructure illustrated in (e) and
(f). Surface modes have chiral properties in the case of even N1, [see figures (a), (c), and (e)], while for odd
Np, these modes behave reciprocally under the inversion of the wave vector [see figures (b), (d), and (f)]. In
(c) and (f), calculated modes are compared with TETRAX simulations depicted by open circles, obtaining a
perfect agreement between both methods. The solid squares and circles represent highlighted modes evaluated
at k = 0, which are discussed in Fig. 3.
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observed in Ref. 17, where both optic and acoustic modes have an asymmetric SW dispersion. This nonreciprocity
arises from dipolar interactions, as the dynamic dipolar energy is reduced exclusively in one propagation
direction, where the stray fields and dynamic magnetizations establish a flux-closure dynamic state!”. The case
with Nz = 5 shown in Fig. 2(b) illustrates a reciprocal bandstructure where the number of modes is the same as
Nt due to the degree of freedom of the system. Such reciprocity in the bandstructure characterizes the cases with
an odd number of layers, as shown in Fig. 2(d) and (f). In contrast, in the cases with an even number of layers,
the SW dispersion is always asymmetric, as seen in Fig. 2(a), (c) and (e). The observed reciprocity in systems
with odd N1, and nonreciprocity in those with even Nz can be intuitively understood through a simple picture
that involves a 180° rotation around the equilibrium magnetization axis. As illustrated by the inset in Fig. 2(a),
when considering propagation towards the —z direction (or —k in the SW dispersion), this is equivalent to
rotating the system by 180° and then allowing wave propagation in the original positive wave vector direction.
For systems with even Ny, this rotation results in a configuration where the propagation characteristics for
—k and +k differ, indicating nonreciprocity as shown in Fig. 2(a). Consequently, as depicted in the inset of
Fig. 2(b), for systems with odd Nz, the 180° rotated system is identical to the unrotated system. Therefore, the
propagation for positive and negative wave vectors remains unchanged, leading to the reciprocal behavior of the
SWs. This symmetry under rotation highlights the fundamental difference between systems with even and odd
numbers of layers, explaining the observed propagation characteristics.

As the number of FM layers increases (for even N1), the low- and high-frequency modes tend to have
Af — 0, while two modes, highlighted with blue and green colors, have a notable nonreciprocity. For a large
Nr, the low- and high-frequency modes (in the calculated frequency range) behave similarly for even and odd
numbers of layers, evidencing a tendency toward a symmetrical SW dispersion, as depicted in Fig. 2(e) and (f).
Such modes with high and low frequencies are concentrated into two densely populated branches, which are
best appreciated for a large Nr. Due to the significant excitation observed throughout the entire thickness (see
Fig. 5 for further details) at a finite wave vector, these branches will be referred to as bulk modes (BMs)3*48-50,
An energy gap appears between the BMs, and in-gap surface modes (SMs) can be identified>*%. These modes
have a completely different nature depending on whether Nz, is even or odd. If Nz, is even, the SMs behave
nonreciprocally, as shown in Fig. 2(e). In this case, and for a large value of N1, the SMs behave as bulk modes
for positive wave vectors (k > 0), while for £ < 0 they behave as genuine surface modes, as discussed below. If
Nt is odd, as depicted in Fig. 2(f), the SMs describe a symmetric dispersion, having the same dynamical energy
for £k.

From Fig. 2, it is observed that for even Ny, the surface modes correspond to two distinct modes, whereas
for odd N, only a single surface mode is present. As | k| increases, the two modes for the even Ny, case become
increasingly degenerate, eventually decoupling for short wavelengths. The frequencies of SMs are similar for
both even and odd N, but only for negative wave vectors. However, for & > 0, their behavior differs. Fig. 3
illustrates the SMs (squares) and the surrounding modes (filled circles) evaluated at £ = 0 as a function of
Nr.. One particularly interesting feature is the frequency of the blue surface mode in Fig. 3(a). This mode (blue
square) remains nearly independent of the number of layers, whereas the other modes exhibit a clear dependence
on Ny. Still, for N = 2, its frequency remains constant at approximately 6.5 GHz, as shown in Fig. 2(a) (blue
square). This behavior can be understood by analyzing the dynamic magnetization profiles, as shown in the
insets of Fig. 3(a). In the case of N1 = 6, the magnetization oscillations within each coupled layer exhibit an
in-plane (IP) out-of-phase oscillation. Given that the IP dynamic magnetization component is dominant, the
interlayer exchange coupling has little influence on these oscillations, causing the coupled layers to oscillate
almost independently. As a result, their dynamical energy remains similar to that of two antiferromagnetically
coupled layers [see the inset of Fig. 3(a)]. Naturally, as interlayer exchange coupling increases, the modes
become more coupled, leading to variations in the blue square-labeled mode as Ny, increases. For instance, if
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Fig. 3. Surface modes (squares) and the modes around them (filled circles) are shown as a function of Nz,. The
limit & = 0 is considered in the evaluation for the cases of even (a) and odd (b) N.. In (a), the insets illustrate
the magnetization oscillations for the cases N = 2 and Nz = 6. In (b), the inset shows the magnetization
oscillations evaluated at Nz, = 5. The time goes from zero to the period as the color goes from yellow to red,
respectively.
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the interlayer exchange is increased by an order of magnitude (Jinter = —1 mJ/m?2), the frequency variation of
this mode is only about 1 GHz between Nz = 6 and Nr = 30( not shown), which remains relatively small. In
contrast, the SM behavior for the odd N1, case follows a different trend, as illustrated in Fig. 3(b). The inset of
this figure shows that for N = 5, only the central layer exhibits an IP out-of-phase oscillation with the rest of
the layers, making this SM notoriously dependent on N,. Note that the mode profiles shown in the insets of
Fig. 3 do not exhibit surface characteristics because they are evaluated at & = 0, where no dynamical dipolar
interaction occurs between the FM layers. The surface nature becomes evident at finite wave vectors, where, due
to the dipolar interaction, magnetization oscillations become more concentrated at the surfaces of the multilayer
system.

In order to enhance the influence of the dynamic dipolar interaction, multilayered SAFs composed of N; =
30 and 31 are considered, where the FM thickness of each layer is dz. = 30 nm. Fig. 4(a) shows the case N =
30, where the inset magnifies the behavior of the surface modes at small wave vectors. In this dispersion, the
low-frequency bulk modes become concentrated within a narrow frequency range. This behavior is particularly
pronounced at large wave vectors, where these bulk modes tend to have the same frequency. This behavior can
be anticipated since the mode quantization due to the confinement along the thickness becomes irrelevant for
a large thickness of the multilayer system. Indeed, in a standard physical picture, the perpendicular standing
modes with open boundary conditions exhibit different frequencies due to a term of the form k, = nw/d>!,
where # is an integer number and d is the film thickness. Thus, as d increases, the frequencies for different values
of n tend to be similar. In contrast, the surface modes are still clearly identified in the bandstructure. For the case
shown in Fig. 4(a), the chiral behavior is enhanced with the increase of the multilayer thickness. Additionally,
higher-order SMs are also present for a high-frequency range, evidencing a similar behavior reported in other
systems®2~>4. In the case N1, = 31 [Fig. 4(b)], the surface modes are also present, but in this case have reciprocal
properties. By comparing Fig. 2(a) and (b), one can observe that a similar SW spectrum is obtained for N, = 30
and 31 at negative wave vector (k < 0), while for 4k, only bulk modes are present for Nz, = 30.

To illustrate the surface and bulk characteristics of the modes, spin-wave profiles are calculated for a fixed
wave vector. In Fig. 5(a), an illustration of two antiparallel magnetizations is shown, where the equilibrium
magnetization component points along +x, and m.( my) represents the in-plane (out-of-plane) dynamic
magnetization component. Fig. 5(b-h) show selected modes evaluated at kK = —30 rad/pm, N = 30, and
dr, = 30 nm (see geometric markers in Fig. 4), as a function of the normal distance y. The in-plane component
m. of the two lowest frequency modes is depicted in Fig. 5(b) and (c) [see circle in Fig. 4(a)]. In these calculations,
a small variation of the dynamic magnetization inside each ferromagnetic layer is observed, while the overall
modulation of the magnetization along the entire structure follows the typical quantization structure®.
Specifically, the low-frequency mode tends to be uniform, while the second mode has a node at the center of
the multilayer. Due to the significant thickness of the multilayer d = Npdr + (N — 1)s = 908.7 nm, the
dynamical energy, or frequency, of these two bulk modes is quite similar, as shown in Fig. 4(a) (see yellow circle),
where the first fourteen low-frequency modes have a similar frequency at £ = —30 rad/um. In Fig. 5(d), the
seventeenth mode [see yellow square marker in Fig. 4(a)] is plotted. This mode, together with the next thirteen
modes, corresponds to those with one node inside each ferromagnetic layer. This is observed in Fig. 5(d), where
within each FM film, the magnetization component m_ has negative and positive values. Because such modes
are excited throughout the entire thickness of the system, they are also referred to as bulk modes.

Regarding the surface modes for Nz = 30, there are no such modes for positive wave vectors, as shown
in Fig. 4(a). Therefore, the low- and high-frequency surface modes are evaluated for the negative wave vector
k = —30 rad/um. Fig. 5(e-f) shows the low-frequency surface modes, which are degenerate in frequency,
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Fig. 4. Spin-wave dispersion for d; = 30 nm. In (a), the case with N1, = 30 is illustrated, while in (b), the
number of layers is Nz = 31. Bulk modes are shown on a color scale from black to red, and the surface modes
are highlighted in blue and green. Note that some of the surface modes can acquire bulk properties depending
on the parity of Ny, and the sign of the wave vector. The insets in (a) and (b) provide a magnified view of the
modes within a small wave vector range, where the peculiar behavior of the surface modes can be appreciated.
Circles, squares, and stars highlight the dynamic states evaluated at |k| = 30 rad/pm, which are discussed in
Fig. 5.
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Fig. 5. In-plane dynamic magnetization component m. as a function of the normal coordinate y. Calculations
are realized for the bulk and surface modes highlighted by markers (circles, squares, and stars) in Fig. 4. In

(a), a schematic representation of the magnetization oscillations is depicted. In (b-h), the case with Nr = 30,
dr = 30, and k = —30 rad/pm is shown, where the bulk (b-d) and surface (e-h) modes are plotted as a
function of the multilayer thickness. In (i-1), the system with Ny, = 31 and d;, = 30 is considered. Panels (i)
and (1) show the bulk modes, evaluated at k = —30 rad/pm, against the thickness of the structure. In (j) and
(k), the low-frequency surface waves are depicted for k = —30 rad/pm and k = +30 rad/pm, respectively.

as shown in Fig. 4(a) (see yellow star). As observed in Fig. 5(e-f), these modes are strongly localized at the
top or bottom of the nanosystem with similar dynamic magnetization profiles. It is noted that the dynamic
magnetization inside each FM layer changes along the normal direction but always with an in-phase oscillation.
For the high-frequency surface mode [see orange star in Fig. 4(a)], similar properties of the surface modes are
obtained, as illustrated in Fig. 5(g-h). Nonetheless, the magnetic oscillations within each ferromagnetic layer
are now out-of-phase, with a node close to the center of the FM film. Therefore, with increasing frequency,
additional surface modes are expected to appear following the standard node distribution. For the positive wave
vectors, as mentioned before, such surface modes do not exist. Specifically, these modes exhibit a unidirectional
nature, which is a relevant property from both a fundamental and practical point of view.

The spin-wave profiles for the case N, = 31 and dr. = 30 nm are shown in Figs. 5(i-1). Figure 5(i) shows
the low-frequency mode [see cyan circle in Fig. 4(b)], which has a similar magnetization distribution to the
one shown in Fig. 5(b). For this reason, the low-frequency bulk modes are quite similar in the cases Ny = 30
and N1 = 31. This similarity is also observed for the high-frequency bulk modes, as shown in Fig. 5(d) and
(1). Concerning the surface modes, it is noted that the surface mode evaluated at k = —30 rad/pm [see cyan
star in Fig. 4(b)] is completely similar to the one obtained in Fig. 5(f), while the surface mode calculated for
a positive wave vector k = +30 rad/um [green star in Fig. 4(b)] is similar to the one calculated in Fig. 5(e).
Consequently, under an external excitation in the frequency range of these surface modes, the case Ny = 31 will
exhibit two counterpropagating surface modes (with propagation along +z), one localized on top and the other
at the bottom of the system. Nevertheless, for Nz, = 30, surface modes will propagate only along —z due to the
magnetochiral effects induced by the dipolar interaction and will localize at the top or bottom of the system.
The strong localization of in-gap chiral surface modes mediated by the dipolar interaction might suggest the
possible topological nature of such modes. Indeed, it has been previously reported in Refs. *>% that topological
spin waves emerge naturally in ferromagnetic and antiferromagnetic materials due to the dipolar interaction.
However, the apparent topological properties of nonreciprocal spin-wave modes in SAFs reported here should
be formally demonstrated by calculating the corresponding topological invariant or winding number, which is
beyond the scope of the present work. Nevertheless, the features presented here raise the possibility of exploring
topological signatures of spin waves in SAFs as a future and promissory work.

From Fig. 5, one might be tempted to define the localization properties of surface modes in a general way
for both even and odd Nr. However, in the case with an even number of FM films, their localization strongly
depends on the thickness of the ferromagnetic layers. For an odd number of layers, the localization of SMs
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remains unchanged as the FM layer thickness increases. Specifically, these modes are always concentrated at
the top of the multilayer for negative wave vectors (k < 0), while for k¥ > 0, they become more localized at
the bottom. In contrast, the behavior for even IV, is more intricate. Depending on the FM layer thickness, the
surface modes can either be distributed across both outer layers simultaneously or confined to a single FM
film at the top or bottom. This behavior is illustrated in Fig. 6, where, for thin or ultrathin films, the modes
appear in both the top and bottom FM layers. However, as the thickness dr, increases, they gradually shift
to being localized predominantly at either the top or bottom of the multilayered synthetic antiferromagnetic
system. Capturing these localization properties accurately requires considering the variations in magnetization
oscillations along the FM thickness. This is inherently accounted for in the dynamic matrix method described in
this work, highlighting its crucial role in understanding the complex behavior of SMs in multilayered systems.

An important aspect of the previous results is the need for antiparallel alignment of the ferromagnetic layers,
where the dipolar interaction creates chiral surface modes. Unlike natural antiferromagnets, the FM layers in
synthetic antiferromagnets can be forced to align parallel by applying a moderate in-plane external field. In
this case, the chiral properties of the system are lost due to the lack of symmetry breaking along the thickness,
making these nonreciprocal and localization properties reconfigurable. This is shown in Fig. 7(a), where the
equilibrium magnetization angles ¢, of each FM layer are calculated as a function of the external field for
Nr = 8and dr = 5 nm, with the external field applied along the z axis, namely ¢ .., = 0( see Supplementary
Information??). As the external field increases, the magnetizations transit from antiparallel to parallel, reaching
such a parallel state at a critical field H.. For Hext < Hc, spin flop states are observed, as illustrated in Fig. 7(a).
The SW dispersion for equilibrium states P1, P2, P3, and P4 [Figs. 7(b)-(e)] shows that the chiral surface mode
becomes reciprocal when the layers align parallel. The surface property also vanishes, and all modes are excited
throughout the thickness of the structure when ¢, = 0( not shown). In Fig. 7(e), most modes have a minimum
frequency at zero wave vector, while the mode highlighted by a dashed line in Fig. 7(e) shows a symmetric
mode with a minimum at a nonzero wave vector. The trend of such a dashed curve corresponds to the backward
volume mode, which is characterized by having negative group velocity at small wave vectors. Because such a
mode presents an in-phase magnetization precession along the thickness, it is observed at high frequencies due
to the negative interlayer exchange (Jinter < 0).

From an experimental point of view, the predicted SW phenomena could be measured via time-resolved
x-ray tomo-ptychography®®-¢. Here, ptychography would allow for a spatial resolution of the order of 10 nm
and probing of thick samples (~ 1pm) in phase contrast. On the other hand, tomography would provide three-
dimensional imaging and by that separation of individual ferromagnetic layers of 30 nm thickness and below.
Furthermore, distinct magnon surface modes would be readily detectable by local conventional tunneling
magnetoresistance sensors or the use of magnetometry based on single nitrogen-vacancy centres in diamond®'.
Spin-wave nonreciprocity paves the way for diverse applications in magnon-based technologies. One of the
principal uses is in the design and implementation of devices such as circulators and isolators, which are essential
components for controlling signal flow in magnonic circuits®. Nonreciprocal spin-wave propagation also
enables unidirectional signal transmission, making it possible to create magnonic diodes and other components
crucial for next-generation spintronic and magnonic communication systems>.
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Fig. 6. Spin wave profiles of the surface modes for the case Nz = 30. (a—c) corresponds to the surface

mode highlighted by blue in Fig. 4, while (d-f) corresponds to the green one. The dynamic magnetization
components are evaluated at K = —30 rad/pum, while the thickness of the ferromagnetic layers are d;, = 5 nm,
dr = 15 nmand dr = 25 nm. For better visibility, the SW profiles for ferromagnetic layers 1, 5, 10, 15, 20,

25 and 30 are illustrated. The time goes from zero (¢ = 0) to the period as the color goes from yellow to red,
respectively.
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Fig. 7. (a) equilibrium in-plane angle ¢ as a function of the external field, which is applied along the z axis.
The angle ¢ is measured from the z axis, so that ¢ = —90°( ¢ = 90°) means that the magnetization is
oriented along the —x( x) axis. Points P1( pto Hext = 5 mT), P2( ptoHext = 40 mT), P3( proHext = 90 mT),
and P4( po Hext = 100 mT) denote the equilibrium states used in the calculations of the dispersions illustrated
in (b-e), respectively. The backward volume mode is highlighted in (e) with a thick dashed line.

Conclusions

This research provides significant insights into the complex spin-wave dynamics in multilayered synthetic
antiferromagnets, revealing a significant interplay between the number of ferromagnetic layers (Nz) and
their thickness, which influences the nonreciprocity of spin-wave modes. The clear distinction in dispersion
behavior between systems with even and odd Np, where even N induces nonreciprocal dispersion due to
dynamic dipolar interactions and odd Ny results in a reciprocal behavior, highlights a crucial symmetry
aspect of these structures. The emergence and clustering of bulk modes within a narrow frequency range for
a given wave vector, as N, increases, highlights the impact of system thickness on the frequency distribution
of bulk modes. The observed chiral properties of surface modes in systems with even Nz, add complexity and
enhance the functional potential of these multilayer systems. Finally, the revealed tunability of these magnetic
properties through external fields, enabling transitions from antiparallel to parallel alignment, demonstrates the
reconfigurability and adaptability of synthetic antiferromagnets, paving the way for advanced applications in
magnonic devices.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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