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Spin-wave nonreciprocity at the spin-flop transition region in synthetic antiferromagnets

0. Gladii®,' R. Salikhov®,! O. Hellwig®,"2 H. Schultheiss,-* J. Lindner,' and R. A. Gallardo ®*
' Helmholtz-Zentrum Dresden-Rossendorf, Institute of Ion Beam Physics and Materials Research,
Bautzner Landstrasse 400, D-01328, Germany
2Institute of Physics, Chemnitz University of Technology, Reichenhainer Strasse 70, D-09107 Chemnitz, Germany
3Technische Universitiit Dresden, 01069 Dresden, Germany
4Deparl‘amento de Fisica, Universidad Técnica Federico Santa Maria, Avenida Esparia 1680, Valparaiso, Chile

® (Received 8 September 2022; revised 20 February 2023; accepted 28 February 2023; published 20 March 2023)

We investigate the frequency nonreciprocity in CoFeB/Ru/CoFeB synthetic antiferromagnets near the spin-
flop transition region, where the magnetic moments in the two ferromagnetic layers are noncollinear. Using
conventional Brillouin light scattering, we perform systematic measurements of the frequency nonreciprocity
as a function of an external magnetic field. At near zero magnetic field, where the antiparallel alignment of the
magnetic moments in the two layers is established, we observe a significant frequency nonreciprocity of up to a
few GHz, which vanishes when the relative magnetization orientation switches into the parallel configuration at
a large magnetic field. For the intermediate values of the magnetic field, where the system transitions from
the antiparallel to the parallel orientation, a nonmonotonous dependence of the frequency nonreciprocity is
found, with a maximum frequency shift around the spin-flop critical point. This nontrivial dependence of the
nonreciprocity versus field is attributed to the nonmonotonous dependence of the dynamic dipolar interaction,
which is the main factor that causes asymmetry in the dispersion relation. Furthermore, we found that the sign
of the frequency shift changes even without switching the polarity of the bias field. These results show that one
can precisely control the nonreciprocal propagation of spin waves via field-driven magnetization reorientation.
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I. INTRODUCTION

Spin-wave nonreciprocity, where the wave characteristics
depend strongly on the inversion of the propagation direc-
tion, attracts a particular interest due to its high technological
relevance. Inspired by this effect, concepts of magnon logic
devices [1], diodelike spin-wave emitters [2—4], and unidi-
rectional caustic beam generators [5] have been proposed.
Furthermore, by employing magnetoelastic coupling, the
spin-wave nonreciprocity can be converted to acoustic nonre-
ciprocity, resulting in acoustic isolators and circulators [6-9].
The spin-wave nonreciprocity requires magnetic materials or
artificial systems with a broken space-reversal symmetry. For
example, chiral magnets can host nonreciprocal spin waves
due to Dzyaloshinskii-Moriya interaction (DMI) [10,11]. On
the other hand, the symmetry breaking at the surface/interface
between a ferromagnetic material and material with a strong
spin-orbit coupling gives rise to interfacial DMI [12-14].
Although the amplitude of interfacial DMI-induced nonre-
ciprocity is typically one order of magnitude larger than that
induced by bulk DMLI, its contribution rapidly decays within a
few nanometers away from the surface.

The classical dipole-dipole interaction can also induce
spin-wave nonreciprocity in certain types of nanostructures,
such as magnetization-graded films [15], curvilinear magnetic
shells [16-21], arrays of nanopillars [22], coupled ferromag-
netic bilayers [23-33], and magnonic crystals [34,35]. In the
case of antiparallel coupled bilayers [synthetic antiferromag-
nets (SAFs)], a highly nonreciprocal spin-wave propagation
has been observed, where the nonreciprocity is induced by
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an interlayer dipole-dipole interaction resulting in asymmetric
mode profiles [27,31,32]. In contrast to interfacial DMI-
induced frequency shift, which is present only in ultrathin
magnetic films, the dipole-induced nonreciprocity increases
with the film thickness and thus is more notable in thick films.
The advantage of using thick ferromagnetic layers is the possi-
bility to achieve large spin-wave group velocities occurring as
the film thickness increases and, respectively, large spin-wave
propagation lengths, which considerably facilitate the study
and control of spin waves in magnetic systems. Moreover, the
use of a magnetic SAF system provides an additional degree
of freedom in the manipulation of spin waves, namely switch-
ing its reciprocal character from strongly nonreciprocal to
completely reciprocal depending on the relative magnetization
orientation of the magnetic layers [27].

While the origin of the spin-wave nonreciprocity in
synthetic antiferromagnets, which is the dynamic dipolar
interaction between the adjacent ferromagnets, was eluci-
dated in Ref. [27], the present work addresses a simple but
fundamental question about the impact of dynamic dipolar
interaction on the spin-wave nonreciprocity in a noncollinear
magnetization state. To answer this question, we properly
designed our samples, utilizing the control of magnetic
parameters, and we investigated the field-dependent nonre-
ciprocal propagation of spin waves in in-plane SAF trilayer
systems using Brillouin light scattering. We demonstrate that
the frequency nonreciprocity exhibits a nonmonotonous de-
pendence in the transition region from antiparallel to parallel
alignment of the magnetic moments with a maximum nonre-
ciprocity around the spin-flop critical point. Our experimental
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FIG. 1. Magnetic hysteresis loops measured with a magnetic field applied parallel to the film surface for (a) CFB13 and (b) CFB17 samples.
The insets show an enlarged view of the corresponding hysteresis loops at small magnetic fields.

finding is supported by numerical calculations, which addi-
tionally demonstrate that the origin of such nonmonotonous
dependence stems from the nonmonotonous dependence of
the dynamic dipolar interaction as we vary the relative ori-
entation of the static magnetizations. Thereby, the present
work provides a handle to accurately control the nonreciprocal
propagation of spin waves via the field-driven magnetization
reorientation within the SAF. Our concept can be potentially
extended to any noncollinear magnetic texture in multilayers
(for example, domain walls), which can be used as a spin-
wave medium [36,37].

II. SAMPLES AND EXPERIMENTAL TECHNIQUE

To study the spin-wave nonreciprocity near the spin-
flop transition region, as prototype systems, we use SAFs,
which possess two CogoFesoBso (in at. %) ferromagnetic
layers with easy-plane anisotropy. The antiferromagnetic
(AF) coupling between the two ferromagnetic layers is
stabilized by Ruderman-Kittel-Kasuya-Yoshida (RKKY) in-
teraction using a 0.58-nm-thin Ru spacer. The Ru thickness
is optimized as a compromise between the AF coupling
strength and reduced biquadratic contribution to the inter-
face coupling [38]. The biquadratic coupling term decreases
when increasing the Ru layer thickness [39,40]. We con-
sider two types of SAFs: (i) with symmetric stack, where
the thickness of the two CoFeB layers is identical #; =
tp =13 nm; and (ii)) asymmetric stack, where #; =17
nm and # =9 nm. The full stack of our samples reads
Ta(5 nm)/CoFeB(13 nm)/Ru(0.58 nm)/CoFeB(13 nm)/Ta
(2 nm) and Ta(5 nm)/CoFeB(17 nm)/Ru(0.58 nm)/CoFeB
(9 nm)Ta(2 nm), which we refer to as CFB13 and CFB17,
respectively. The 2-nm-thin Ta layer is used as a cap layer
to protect the magnetic stack from oxidation. The 5-nm-thin
Ta seed layer serves for better adhesion. In addition, we find
in the symmetric stack that the biquadratic coupling term is
reduced at 5 nm Ta seed, while it is still quite strong for a
3 nm Ta seed.

All samples are fabricated at room temperature by
dc-magnetron sputter deposition at 0.4 Pa (3 mTorr) Ar at-
mosphere in a high-vacuum system (ATC 2200, from AJA

International Inc.). We use Si substrates with a 100-nm-thick
thermally oxidized (SiO;) layer. During the deposition, the
substrate is rotated at about 60 rpm. All target guns are in-
clined at an angle of 30° with respect to the normal of the
substrate. The thickness of all layers is controlled by depo-
sition time. Prior to the sample fabrication, the sputter rate of
each material was calibrated using x-ray reflectivity. Magnetic
properties of the samples are characterized at ambient condi-
tions using a commercial Microsense EZ7 vibrating sample
magnetometer (VSM), equipped with a 1.8 T electromagnet.

The spin-wave propagation in magnetic SAF trilayers has
been studied using wave-vector resolved BLS in backscat-
tering geometry. A schematic illustration of the sample is
sketched in Fig. 2(d). The sample is illuminated by a laser
beam of wavelength A = 532 nm, where the angle of the
incident light 6 is fixed to 45°, which allows exciting spin
waves with a wave vector of k = (4 /A)sin(@) = 16.7 pm~".
The magnetic field is applied in the film plane and per-
pendicular to the wave propagation. The BLS spectra are
recorded for different values of the applied magnetic field
(£ 160 mT) to establish a field-dependent variation of the
resonance frequency. The frequency nonreciprocity is quanti-
fied by comparing the BLS spectrum at positive and negative
magnetic fields.

III. RESULTS AND DISCUSSIONS

A. Magnetic properties

In-plane magnetic hysteresis loops for the studied systems
are presented in Fig. 1. Both loops display an “S-shape”
behavior due to a remaining contribution of the biquadratic
coupling term [39,40]. The saturation magnetization of both
samples is measured to be My = 1100 kA/m. The nonzero
remanence in the CFB13 symmetric sample, seen in the
inset of Fig. 1(a), indicates that the two CoFeB magnetic
moments are not fully antiparallel at zero field. Considering
a simple macrospin model, we calculate the angle of 175°
between the two directions of the magnetic moments. Ac-
cording to Refs. [39,41,42], we estimated the bilinear (J;) and
biquadratic (J;) coupling terms from the hysteresis loops to
beJ; = —0.41 4+ 0.04 mJ/m? and J, = —0.07 & 0.02 mJ/m?
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FIG. 2. (a)—(c) BLS spectrum measured in CoFeB(17 nm)/Ru(0.58 nm)/CoFeB(9 nm) film at different values of applied magnetic field.
The variation of the resonance frequency of optic (O) and acoustic (A) modes and the change of their amplitudes as a function of the
magnetic field are depicted. The frequency nonreciprocity (A f) of a given mode is measured as the difference between the peak positions
at positive and negative fields, as exemplarily shown for the optic mode in (a). The circle in (b) highlights the convergence of acoustic and
optic mode amplitudes. (d) Schematic of the studied sample, illustrating the nonreciprocal spin-wave propagation in the SAF. The orientation
of magnetizations M; and M, illustrates the states in the spin-flop region.

for the CFB13 symmetric sample, and J; = —0.6 = 0.06
mJ/m? and J, = —0.08 & 0.03 mJ/m? for the CFB17 asym-
metric sample. These experimentally extracted values were
also used as input parameters for the dynamic calculations,
which we present and discuss below. At this point, we con-
clude that due to the significant biquadratic contribution, the
alignment of magnetizations at an external magnetic field
is not fully antiparallel and, therefore, the spin-flop region
extends from almost zero field to the field at saturation, thus
allowing us to systematically study the spin-wave nonre-
ciprocity for different magnetic moment configurations of the
two ferromagnetic (FM) layers (from almost antiparallel to
almost parallel) by varying the external field. Finally, we find
a small growth-induced in-plane uniaxial anisotropy, which is
evident by comparing the hysteresis loops measured along a
hard (blue curve) and easy (black curve) magnetization axis
as shown in the inset of Fig. 1(a). This anisotropy results
from the oblique deposition with the easy magnetization axis
being perpendicular to the atomic flux direction [43,44]. Ac-
cordingly, the easy magnetization axis can be predefined by
experimental geometry. Note that the field-dependent BLS

measurements are performed with the external field applied
parallel to the easy magnetization axis.

B. Spin-wave frequencies

Figures 2(a)-2(c) present the BLS spectra of the CFB17
sample for different magnetic field directions and strengths.
Each spectrum composes four peaks, where the two peaks
with negative (positive) frequencies correspond to Stokes
(anti-Stokes) modes. The two Stokes or two anti-Stokes peaks
are attributed to different modes in the coupled trilayer struc-
ture: optic mode, which involves the out-of-phase precession
of dynamic magnetizations in the two ferromagnetic films,
and acoustic mode, which represents their in-phase preces-
sion. Note that the categorization of the modes (optic and
acoustic) is based on the theoretical model described in Ap-
pendix A, where the magnetization orbits are calculated. At
a magnetic field of 4.7 mT [Fig. 2(a)], the low-frequency
mode with a higher signal amplitude corresponds to the acous-
tic mode, and the high-frequency mode with a lower signal
amplitude corresponds to the optic mode. By increasing the
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FIG. 3. Stokes frequency dependence on applied positive magnetic field measured in CFB13 (a) and CFB17 (b) films. Experimental
data are shown by symbols, while the solid lines show the numerical calculations. The arrows indicate the frequency jump of the optic and

acoustic modes from the high-frequency branch to the low one and

vice versa. Differently colored areas indicate the three magnetic states:

antiferromagnetic (AF), spin-flop, and ferromagnetic (FM). (c) Schematic representation of optic and acoustic modes in the three different
magnetization states and their transition from one state to another. For details, see the main text.

magnitude of the bias field, both the peak position and the
peak amplitude change. At 23 mT, the optic and acoustic
modes move towards each other, and their amplitudes become
comparable [Fig. 2(b)]. Then, at a higher field [Fig. 2(c)], the
modes move away from each other, and the low-frequency
mode becomes the one with lower amplitude (so it becomes
an optic mode), while the high-frequency mode becomes the
mode with higher amplitude (it becomes an acoustic mode).
The variation of the peak positions, i.e., the variation of
the BLS frequencies as a function of the applied magnetic
field, is plotted in Figs. 3(a) and 3(b) for both samples, where
the experimental data are represented by symbols, and the
lines correspond to the calculated modes (see Appendix A
for details). At a sufficiently high magnetic field, the FM
state is established, where the magnetization in both layers is
aligned towards the direction of the applied magnetic field.

The schematic representation of optic and acoustic modes
in the FM state is illustrated on the right side of panel (c).
In this state, the acoustic mode is characterized by the in-
phase precession of both in-plane (IP) and out-of-plane (OOP)
components of dynamic magnetization, while the optic mode
represents their out-of-phase precession [note that for simplic-
ity and for further comparison with magnetization precession
in the AF state, the OOP components only are sketched in
Fig. 3(c)]. In the FM region, the frequencies of both modes
decrease by lowering the magnitude of the applied magnetic
field, which is related to a reduction in Zeeman energy. At
some point (70 and 100 mT for CFB13 and CFB17, re-
spectively), the frequencies of the optic modes reach their
minimum and then start to increase again, while the frequen-
cies of the acoustic modes gradually decrease by decreasing
the magnetic field.
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Then, an interchange of the precession phases occurs,
and the optic mode “jumps” to the high-frequency branch,
while the acoustic mode “jumps” to the low-frequency one
[shown by arrows in Figs. 3(a) and 3(b)]. The observed field-
dependent variation of the resonance frequencies is related to
the fact that the magnetic moments in the two FM layers are no
longer collinear since the amplitude of the applied magnetic
field is not sufficient anymore to counterbalance the interlayer
exchange interaction and, hence, the angle between the mag-
netic moments of both layers becomes field-dependent.

The rotation of magnetic moments from ferro- to antiferro-
magnetic alignment occurs in the so-called spin-flop transition
region, where the maximum of the low-frequency mode corre-
sponds to an orthogonal orientation of the magnetic moments
[45,46]. The interchange of the mode phases at this critical
point can be understood from the illustration presented in the
middle panel of Fig. 3(c): an in-phase precession of dynamic
magnetization transforms to an out-of-phase precession as
soon as the projection of M, on the field axis (Hy) changes its
sign. Therefore, the acoustic mode becomes the optic mode
and vice versa. In the spin-flop regime, magnetization M,
presents opposite in-plane local orientations. This transition
occurs because M, has almost zero precessional angle in the
intermediate transient state. With a further increase of Hy, the
precessional angle increases again together with a 180° phase
shift.

By further lowering the magnetic field, the magnetic mo-
ments in the two layers tend to align antiferromagnetically.
Contrary to the FM state, in the AF state, the acoustic and
optic modes are defined exclusively by the OOP compo-
nent’s relation [as shown on the left of panel (c)]: their
in-phase precession describes the acoustic mode and their
out-of-phase precession describes the optic mode [6]. Such
a definition allows us to explain the energy of both modes
in a quasi-AF state, which is reached in the CFB13 trilayer
for an external field below 10 mT [Fig. 3(a)]. However,
due to the strong elliptical precession of magnetization, the
deflection angle of the precession is very different within
the film plane as compared to the out-of-plane case, where
such an out-of-plane magnetization component corresponds
to the minor axis of the elliptical precession. Therefore,
the acoustic mode is considered as a low-frequency mode,
since the out-of-plane magnetization projections are parallel
while the in-plane components are antiparallel. On the other
hand, the out-of-phase oscillation of the out-of-plane magne-
tization components (mgpp) implies an in-phase oscillation
of the in-plane components [see the left panel in Fig. 3(c)],
indicating a higher dynamic coupling energy of the system,
and thus the mode with higher frequency is classified as
“optical.”

The measured frequency dependencies on the applied
magnetic field were fitted using the theory developed in
Ref. [27], where the dynamic dipolar interaction between
the FM layers is considered. A good agreement between the
theoretical and experimental data was found, where the fitted
parameters of the symmetric CFB13 sample are as follows:
M; = 1070 kA/m, anisotropies in both layers poH,; =0
and uoH,» = 5.5mT, interlayer exchange J = —0.35 mJ /mz,
and biquadratic term J, = —0.07 mJ/m?. This last term
was necessary to reproduce well the experimental results.

On the other side, the magnetic parameters used for the
asymmetric CFB17 sample were M, = 1100 kA/m and
Mg, = 1070 kA/m. Here, subscript 1 (2) corresponds to
the CoFeB layer of 17 nm (9 nm) thickness. This small
difference in the saturation magnetizations was considered
to explain the finite frequency shift observed at high fields,
which will be shown below. In addition, woH,; = 1 mT and
woH,, =5mT; J; = —0.22 mJ/m?, and J, = —0.22 mJ/m?.
In addition, a perpendicular anisotropy field uoH; = 150 mT
was used. It is worth mentioning that for sample CFB17,
the biquadratic term is much larger than for CFB13, as well
as comparing to the value extracted from the magnetometry
measurements. We suspect that the disagreement is related to
a twisted magnetization state in the 17-nm-thick layer. Indeed,
this thickness is comparable to the characteristic exchange
length of the CoFeB, which can lead to magnetization twist-
ing (the magnetization at the two interfaces within the layer
thickness is not strictly collinear in the spin-flop transition
region). At the same time, the interface roughness (which
contributes to the dipolar interaction between the ferromag-
netic layers) may also play a crucial role in the magnetization
dynamics and lead to a difference between magnetometry and
BLS data. Therefore, instead of introducing further parame-
ters (exchange stiffness and its in-depth variation, asymmetric
pinning parameters at the Ta and Ru interfaces, interlayer
roughness, etc.), we simulated the data by varying the ex-
isting parameters in our macrospin model. However, these
parameters may not reflect the exactly correct experimental
values anymore. In addition, a perpendicular anisotropy field
was introduced in order to improve the fitting. The calcula-
tions also confirm the mode interchange, as follows from the
phase difference calculated at the resonance frequency of each
mode.

C. Nonreciprocal spin-wave propagation

We will now analyze the evolution of the frequency
nonreciprocity for different magnetic states. We define the
frequency nonreciprocity A f as the frequency shift between
the corresponding resonance modes recorded at positive and
negative fields of the same amplitude, so Af = fou(+H) —
fo/a(—H). In Fig. 4, the dependence of the frequency non-
reciprocity on the external magnetic field is shown for both
samples. As one can see, in both cases, the frequency
nonreciprocity varies nonmonotonously as we increase the
amplitude of the external magnetic field. For the CFB13 sam-
ple, a large nonreciprocity of about 1.5 GHz is measured
at a small magnetic field, where a quasi-AF alignment is
present, while a zero frequency nonreciprocity is detected for
ferromagnetic alignment. This observation is consistent with
previously reported data, where the same behavior of spin-
wave propagation was found in exchange-coupled magnetic
bilayers [27]. The large Af in the AF alignment was at-
tributed to a different dynamic dipolar interaction for positive
and negative k, which occurs as a result of different rela-
tive orientations of the dynamic stray field and the dynamic
magnetization in the SAF with opposite static magnetization
alignments. In fact, this dipole-dipole interaction also plays a
significant role in the nonmonotonous frequency nonreciproc-
ity, which will be discussed below.
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state, peak formation in the spin-flop region, and zero nonreciprocity for ferromagnetic alignment. Vertical dashed lines indicate the magnetic

field where A f becomes zero.

In the case of the asymmetric CFB17 sample, the AF
alignment cannot be fully achieved, and a moderate Af is
measured even at the smallest applied magnetic field. As in
the previous sample, a nonmonotonous variation of Af is
found in the spin-flop regime, but, contrary to the symmetric
sample, the frequency shift is not zero at large applied fields,
indicating a breaking of symmetry along the thickness at such
fields. We attribute such a finite A f to a slight difference in
the saturation magnetization of the layers, which implies that
a small nonreciprocity remains for both layers being parallel.

Let us now concentrate on the nonmonotonous variation
of the frequency nonreciprocity in the spin-flop region, which
is the main finding of this study. In general, we may expect
that the nonreciprocity Af changes from a finite value to
zero when transitioning from the AF state to the parallel
state. However, this is not the case since a nontrivial non-
monotonous behavior is observed due to the dynamic dipolar
interaction between the ferromagnetic layers. Indeed, in both
samples, a sign reversal of the frequency shift is observed
when the magnetization in both layers starts to rotate from AF
to FM alignment, indicating the redistribution of the energy
in the system. In other words, the spin waves propagating
in a given direction with high energy (high group velocity)
transform into waves with low energy when the relative mag-
netization switches from one canted state to another. While
the sign reversal of the nonreciprocal frequency shift was
previously demonstrated for different canted magnetization
states obtained at different field polarities [29], in the present
case the sign reversal occurs at the same field polarity, where
different canted states are formed in the spin-flop regime.

The nonmonotonous dependence of the frequency nonre-
ciprocity was also confirmed numerically, as shown by solid
lines in Fig. 4. An excellent agreement was found for the
CFB13 sample, and a reasonable agreement was reached
for the CFB17 sample. The discrepancies observed between
the model and the measurements for sample CFB17 [see
Fig. 4(b)] can be attributed to a twisting of the magnetization

around the film’s surface normal, which is feasible at a low
external field (spin-flop region) in thicker samples. Upon
increasing the thickness of the ferromagnet, as observed in ex-
change spring magnets [47,48], the magnetization is twisted,
resulting in a noncollinear magnetic moment at the two in-
terfaces of the ferromagnet. Nevertheless, the calculations for
both samples, as the measurements, show that the frequency
nonreciprocity exhibits a maximum A f,,x at the precession
phase interchange region. To gain more insight into the non-
monotonous nonreciprocity, the dynamic dipolar interaction
of the low-frequency mode is calculated (see Appendix B for
details). In Fig. 5(a), this dynamic interaction, ¢,(k), is plotted
for positive and negative k as a function of the magnetic field
(see the dashed lines), while the solid line illustrates the dipo-
lar interaction difference ¢,(4+k) — e4(—k). As the magnetic
field increases, the angle between the magnetic moments of
the FM layers changes, and the dipolar interaction increases
for one direction of k and decreases for the opposite k. At
the interception point, the difference in the dipolar energy
for counterpropagating waves becomes zero, which explains
a zero-frequency nonreciprocity at this field [see the vertical
green line in Fig. 5(a)]. By further increasing the external
magnetic field, the dipolar interaction steadily decreases for
k > 0, while it approaches a maximum and then decreases
for k < 0. Naturally, the difference in the dipolar energy for
counterpropagating waves will exhibit a minimum and then
gradually increase until reaching a constant value for paral-
lel alignment of the magnetic moments. This dependence of
the dynamic dipolar interaction on the magnetic field clearly
reproduces the nonmonotonous dependence of Af shown in
Fig. 4. It is worth mentioning that in the case of the high-
frequency mode, similar behavior is obtained, but in this
case, £4(+k) — 4(—k) exhibits a maximum close to uoH =
23 mT.

The dipolar origin of A f suggests a strong dependence on
the layer thicknesses. As one can see from Fig. 4, the maxi-
mum of the frequency nonreciprocity in the spin-flop regime
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A fmax 1S almost the same for both samples, demonstrating
that the amplitude of Af depends on the total thickness of
the magnetic layers 7 = t; + f,. Moreover, the dipolar nature
implies that the amplitude of A f scales linearly with the total
thickness of the ferromagnetic layers, as shown in Fig. 5(b) by
the solid line for the case of the symmetric SAF. Interestingly,
by considering the asymmetric stack, the linear dependence
transforms into a hyperbolic one, as can be seen from the
calculations for the case of the fixed thickness of one of the
layers and various thicknesses of the second layer.

IV. CONCLUSION

In this work, spin-wave dynamics were studied in symmet-
ric as well as asymmetric in-plane CoFeB-based SAFs, where
the relative orientation of magnetic moments in the two layers
was tuned by an externally applied magnetic field along the
in-plane easy axis. Using the Brillouin light-scattering tech-
nique, it was found that the frequency nonreciprocity, which
occurs in the system due to the dipolar interaction between
the layers, exhibits a nonmonotonous dependence in the spin-
flop regime. This nontrivial dependence is explained by the
nonmonotonous chiral dynamic dipolar interaction when the
static magnetization transitions from the antiferromagnetic to
the ferromagnetic state. Moreover, we have demonstrated that
the frequency nonreciprocity can even change the sign without
switching the polarity of the external magnetic field. These
results extend the options within magnonic devices based on
the nonreciprocal dynamic nature of spin waves by making
use of the nonmonotonic field dependency effect.
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APPENDIX A: THEORY FOR THE SPIN-WAVE
PROPAGATION IN SYNTHETIC ANTIFERROMAGNETS

The magnetization dynamic is obtained by using the
Landau-Lifshitz (LL) equation of motion,

M® = —poyM® x H™, (A1)

where y is the absolute value of the gyromagnetic ratio,
M® is the magnetization of layer v (being v = 1,2), and
H*™ is the effective field. Because the magnetizations of
each layer can have different orientations, two coordinate
systems are considered: (i) An orthogonal coordinate sys-
tem (x,y,z), where y is along the normal of the system,
and x is along the in-plane easy axis. (ii)) A local frame
given by (X,,Y,,Z,) wherein Z, is along the equilibrium
magnetization of layer v and Y, = y. If there are small os-
cillations of magnetization around the equilibrium state, the
magnetization vector and the effective field can be written
as M™ = M,,Z, + m and H*™ = HZEPZV + h°. Here, m =
vaXv —i—mva,, is the dynamic magnetization, while h® is
proportional to m. Thus, assuming that m = m(z)e”, with
w being the angular frequency, and neglecting second-order
terms in m(z), the equations of motion by components read

i(@/poy Imy, (2) = —my, (DHS + Myh§, (2)  (A2)
and
i(w/ 1oy Ymy, () = my, ()Hg — My, h; (2). (A3)

Note that the z-dependence on the dynamic magnetization
is related to the fact that the spin-wave propagation is
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assumed to be along z so that m(z) = mye’**, with k being the
wave vector. Also, equilibrium considerations establish that
Hy® = Hi = 0. Equations (A2) and (A3) can be written as
an eigenvalue problem, namely

Amy = i(/poy )my. (Ad)

The matrix elements of A depend on the energetic interactions
of the bilayer system. In the current case, such interactions are
Zeeman, demagnetizing, perpendicular anisotropy, in-plane
uniaxial anisotropy, and interlayer terms. The interlayer ener-
gies are associated with the bilinear interlayer exchange (with
strength J;), the biquadratic term (with strength J,), and the
dipolar interaction induced by both surface and volumetric
dynamic magnetic charges in the opposite layer. The energy
density of the bilinear and the biquadratic terms is given by

(A5)

MOM® MOM®N\ 2
g =—J - 2( )

MslMSZ MslMs2

where J; and J, are the bilinear and biquadratic coupling
parameters, respectively. If J; dominates and if J; < 0, then
M® and M® become antiparallel. On the other side, if J,
dominates and is negative, then M) and M® tend to be
perpendicular to each other.

Matrix elements can be found in the supplementary ma-
terial in Ref. [27]. Here, the matrix elements are given by
completeness:

X
A¥ =0,

2
Ay = —Mq¢(k, 1) — Mg 2]k — H? — HY,

kt
AY, = iMasingy = (k108 (k, )M,

k|t
A);zl :Mlﬁf(k )¢ (k, 1)e™ KIS

Ji 4+ 2J5 cos(er — ¢2)
ti Mg '

. 2
AY = Mg sin® @i [1 — ¢ (k1)) + Mo A&

2J,

— Hy cos” ¢y + H) — sin® (g1 — @2),

11 poMsi
Ay =0,

Y, . . |k|t2 —|k|s
Ay = Mg sin ¢ sin <P27§(k» 1)¢(k, 1r)e

X>

_ Jicos(ga — ¢1) + 2J5 cos[2(¢1 — ¢2)]
oMz ’

kt ‘
AIY;Z = —iMj; sin ¢, 72;(](, 1) (k, tr)e s,

X, . . ktl —|kls
Ay, = —iMy squ]?C(k, 1)g (k, 1)e” ",

|kl _ Ji + 275 cos(p1 — ¢2)
sz — Ms2_§(k, tl){(k, lz)e |k|s + ’
} 2 fapoMsy
X,
AX; =0,
2 2 e
AP = —Mog (k) — MoK — HY + H®;

. . . |kt [kl
A)’;—] = My, sin ¢ mmple{(k, t1)¢ (k, )e X

_Jicos(gr — ¢2) £ 2J5 cos[2(¢1 — ¢2)]

t oMs)

. . kt s
Ay, = iMysin wzjli(k, 1)¢ (k, ty)e s,

A?z = My sin® o[ 1 — ¢ (k, 12)] + Msz[)»g()]zkz — Hy cos® ¢
2J .
FHY — = sin’(¢) — ¢2),
fpoMs
2 =0
with
inh (|1, /2)eK1"/2
(k1) = SR 2)e (A6)
k|t /2
and

HZCP = H cos(gn — ¢,) + H sin’ @,
| Jicos(r = ¢2) +24 cos’(¢; — @)

IUMOMS(V)

t, is the thickness of layer v and angle ¢, corresponds to the
angle between the z-axis (wave propagation) and the equi-
librium magnetization of layer v. One can note that when
the equilibrium magnetizations are antiparallel, the angles are
given by ¢; = ¢, + m, while in the parallel case ¢; = ¢;.
Nevertheless, in the spin-flop region, the angles are differ-
ent (¢; # ¢;) so that they have to be found by utilizing the
equilibrium conditions, which establish that the in-plane static
effective field must be null (H;? = 0). For the current system,
it can be shown that

Ji sin(¢p, — %)
typoMs,
- Huv Sin(‘pv) COS(%L

Jo sin[2(p, — ¢y)]
1y oMs,
— H sin(pg — @)

e0
HY =

(AT)

where if v =1 (v = 2), then n =2 (n = 1). Thus, once the
equilibrium angle ¢, is obtamed from Eq. (A7), it is included

in the matrix elements A " to finally obtain the dynamics of
the system.

APPENDIX B: NONRECIPROCAL DYNAMIC DIPOLAR
INTERACTION

The interlayer dynamic dipolar interaction is a complex
term, but its nature can be separated into two quantities: those
that depend on the wave-vector sign (nonreciprocal terms)
and those that do not. The nonreciprocal terms induce the
nonreciprocity in the spin-wave dispersion; therefore, one can
focus on such nonreciprocal dynamic dipolar interaction to
analyze the frequency nonreciprocity. By analyzmg Egs. (A2)

and (A3) together with matrix elements (Ag ), it can be
shown that the effective dynamic fields associated with the
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dipole-dipole energies are
d 7 ke —lkls
hy, = (=1)"imx, sm<p,,7§(k,tv)§(k, tye (B1)
and
d 0 .kt —Ikls
hx, = (—=1)"imy, Sln%?é“(k,tv)é“(k,tn)e ,  (B2)
where if v =1 (v = 2), then n = 2 (n = 1). One can see that

under a change of sign in the wave vector, the dipolar fields
also change their sign since they are proportional to the wave

vector k, while function ¢ (k, ¢,) depends on the wave-vector
magnitude [see Eq. (A6)]. With the dipolar fields in hand, the
dipolar interaction is given by

£q 0 Yy mih (B3)
123

where £ = X, Y and v = 1, 2. Note that the energy in Eq. (B3)
is proportional to m; hgv because an explicit expression does
not make sense here since, once that the matrix A is diago-
nalized, the magnetization components mg, are calculated in
arbitrary units.
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