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We investigate the nonlinear coupling between acoustic (ac) and optical (op) modes in the coupled
magnetization dynamics of synthetic antiferromagnets, utilizing current-driven resonance spectroscopy. A
clear spectral splitting is evident in the ac mode when strongly excited by the radio frequency current at a
driving frequency half that of the op mode resonance. The Landau-Lifshitz phenomenology aligns with the
experimental observations, affirming the coupling of the radio-frequency-excited ac and op modes through
three-magnon mixing. The nonlinearity enables a Rabi-like splitting in an in-plane magnetized synthetic
antiferromagnet without breaking its natural symmetries. This discovery holds potential for advancing our

understanding of nonlinear antiferromagnetic dynamics.
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The coupling between two harmonic oscillators has
garnered considerable attention and has been extensively
investigated in classical [1] and quantum systems [2,3], as
well as in hybrid systems [4,5]. In quantum mechanics,
when two degenerate resonators with the mode frequency
@, undergo mode coupling, they exhibit two resonance
frequencies w = wy £ dw. The resultant mode splitting,
26w, is referred to as the Rabi splitting in quantum physics.
This phenomenon has been thoroughly discussed from both
classical and quantum mechanical perspectives [6,7] to
date. In particular, strong coupling involving magnons has
attracted recent interest for coherent manipulation of spin
degrees of freedom [8—18].

Significant research is also underway to explore the
coupling physics in synthetic antiferromagnets (SyAFs)
[Fig. 1(a)]. In SyAF structures, two magnetic layers are
separated by a thin nonmagnetic spacer, with their magne-
tizations antiferromagnetically coupled via electronic spin
polarization within the spacer layer. In the context of
antiferromagnetic spintronics [19,20], it makes them an
attractive alternative to elemental antiferromagnets for their
tunability and amenability to well-established ferromagnetic
resonance (FMR) techniques [21,22]. The system possesses
two spatially uniform magnon eigenmodes: the in-phase

“Contact author: shigemi.mizukami.a7 @tohoku.ac.jp
Present address: Department of Materials Physics, Nagoya
University, Nagoya 464-8603, Japan.

0031-9007/25/ 134(24)/246704(7)

246704-1

[acoustic (ac)] mode resembling ferromagnetic behavior and
the out-of-phase [optical (op)] mode with characteristically
antiferromagnetic properties. Additionally, magnons in
SyAFs propagating in plane and perpendicular to the
magnetization of the magnetic layers exhibit nonreciprocal
dispersion, as detailed in recent studies ([23,24]). The
resonance frequencies w,., w,, of the respective modes
can be widely tuned by adjusting the strength and direction
of an externally applied static magnetic field H. While there
exists a field range where @, ~ @, the resonance spectrum
does not necessarily show the anticrossing behavior char-
acteristic of coupling of the two modes. In the linear regime,
itrequires breaking of a symmetry S (twofold rotation about
the field direction followed by interchange of the two
magnetic layers), by either exciting obliquely propagating
waves [25], tilting the field out of plane [26,27], or using
inequivalent top and bottom magnetic layers [28,29].

Here, we pursue an alternative path to achieve the coupling
of ac and op magnon modes [Fig. 1(b)] without breaking
the symmetry S, by exploiting nonlinearity of magnon
dynamics. For H directed in the plane and under certain
modeling assumptions, one may readily derive from the
perturbative expansion of Landau-Lifshitz equations for
SyAF (see Supplemental Material (SM) [30] for details of
derivation),

dby,.
dt

i

= (wac - iKac>bac + 2ig3bzcbop + Tacs (1)
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(a) Schematic illustration of synthetic antiferromagnet (SyAF) sample consisting of two ferromagnetic (FM) layers. The

magnetizations m; and m, are canted upon application of an external magnetic field H. (b) Schematic of the three-magnon confluence
and splitting processes between ac (@w;) and op (2w,) magnons with three-magnon mixing g;. When the input excitation power P
becomes very large, the ac magnon spectrum exhibits two peaks w_ _y due to the nonlinear coupling as shown in (c).

by _

dt - (wop - iK0p>bop - ig3b§c + Tops (2)

where by, b,, are the complex amplitudes of ac and op
magnon eigenmodes, Kyc(op), and T e(op) denote the damping
rate and external radio-frequency (rf) torque for the ac (op)
mode, and the coefficient g3 represents three-magnon mixing.
The three-magnon mixing processes include frequency
down-conversion (splitting) and up-conversion (confluence),
as depicted in Fig. 1(b), and have been experimentally studied
using both low-damping magnetic insulators and metallic
ferromagnets [38—43]. Throughout the Letter, the magnon
modes by, by, refer to spatially uniform modes. All the terms
contained in Egs. (1) and (2) describe the ac and op magnon
modes, in particular b3 b, and b2., transform under the odd
and even irreducible representations of S, respectively. One
observes that ig;b,. acts like a linear coupling between b,
and b, and can anticipate a Rabi-like splitting in the spectrum
when b,. acquires a sufficient amplitude such that |g3b,.| =
Kae» Kop [Fig. 1(c)]. While the equations are formally identical
to those studied in the nonlinear cavity photonics and
optomechanics [44-50], SyAF magnons offer advantages
over photons in their tunability and the large coupling g5 that
turns out to be of order w,., ®,, when |b,e|? is normalized to
represent the number of excited ac magnons per spin.
Nonlinear antiferromagnetic dynamics has been a subject
of fundamental importance, although its progress has been
hindered, partially due to the lack of materials with accessible
resonance characteristics [51-53]. In this Letter, we aim at
advancing the understanding of antiferromagnetic nonlinear-
ity by leveraging the unique properties of SyAF magnons. We
experimentally proved the presence of the nonlinear fre-
quency splitting in Sy AF. Using state-of-the-art spectroscopic
techniques, we measured the response of SyAF under various
conditions to identify the signatures of nonlinear frequency
splitting. By analyzing the frequency spectra, we were able to
observe clear evidence of nonlinear interactions that had not

been previously documented in SyAF. The present finding
demonstrates SyAF as a promising platform for exploring
nonlinear mode coupling phenomena.

We employed the previously established excitation and
detection scheme for ac and op magnon dynamics in SyAF,
as illustrated in Fig. 2(a) (see the details in Ref. [54]).
The SyAF sample utilized in this study comprised
Si/Si0,/Ta(5)/NiFe(5)/Ru(0.5)/NiFe(5)/Ta(5) layers
(with thicknesses specified in nm), fabricated via ultrahigh
vacuum magnetron sputtering. An amplitude modulated rf
current was applied to the SyAF through a coplanar
waveguide and rf probe [Fig. 2(a)]. Magnetization dynam-
ics was excited by fieldlike and dampinglike torques
induced by the rf current and detected as a rectified voltage
using a lock-in amplifier under an in-plane magnetic field.
Note that the present setup probes only modes spatially
uniform in the in-plane directions while perpendicular
standing spin waves are of much higher frequencies than
several GHz for such small film thicknesses.

In the absence of field H, the SyAF demonstrates
collinear, antiparallel, and in-plane magnetizations due
to the interlayer antiferromagnetic exchange coupling
represented by the exchange field, H.,. Upon the appli-
cation of an in-plane magnetic field (H < 2H.,), these
magnetizations become canted, as depicted in Fig. 1(a),
with the two magnon mode resonance frequencies

expressed as w,. = yuoH+\/1+ (M/2Hc) and o, =

ZVMOHex\/<Ms/2Hex>[1 - (H2/4ng)}’ where Vs Ho> and
M, represent the gyromagnetic ratio, vacuum perme-
ability, and the saturation magnetization of the ferro-
magnetic layer, respectively. As H increases, @, linearly
rises, while w,, gradually decreases. This progression
leads to the fulfillment of double resonance condition
2w, = w,p at a specific magnetic field strength, H. =

2H . /+\/5+ 8H. /M, as illustrated in Fig. 2(b).
Figures 2(c) and 2(d) depict the rf spectra observed
experimentally under various magnetic field strengths
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FIG. 2. Experimental setup used for the measurements. A microwave rf current J; at frequency @ and power P is injected into the bar
with width 10 pm through a bias tee and rf probe. Here, ¢ denotes the angle between the direction of injected current and the applied
field, uoH. The rectified voltage signal V is then detected via lock-in amplifier. In linear regime the frequencies for ac and op mode show

different H dependence as indicated in (b). At double resonance condition 2w,. = o

op> Which occurs at field denoted by H, a gap is

seen in the ac mode spectra. (c) shows the rectified voltages obtained as a function of field and frequency for different input power, P at
¢ = 45°. A splitting is seen in the ac mode spectra around 3 GHz, which is more apparent at higher P. (d) shows the enlarged version of
(c). The arrows in (d) indicate the splitting at H, (indicated by red vertical lines).

and incident power, P. The ac and op magnon resonances
are identified with the contrast changes along the nearly
straight lines and almost a quarter circle, respectively. We
specifically selected a magnetic field angle of 45° with
respect to the current direction to ensure the excitation and
detection of both modes [54]. At lower power levels,
approximately below 12 dBm, linear dynamics is
observed, as shown in the top panels of Figs. 2(c) and
2(d). In contrast, when the power exceeds approximately
12 dBm, the ac mode begins to exhibit splitting at
H = H_. This splitting becomes increasingly pronounced
with higher power levels, as demonstrated in the bottom
panels of Figs. 2(c) and 2(d).

For a more quantitative analysis, we determine the
splitting and other relevant parameters by fitting the
experimental data using the symmetric and antisymmetric
Lorentzian function(s) as detailed in SM [30]. Figures 3(a)
and 3(b) show the power dependence of the extracted
resonance frequencies for the ac and op modes and the gap
observed in the ac mode spectrum, respectively. These
values were obtained at pyH_. of around 29.0 mT, where
uoH, slightly increases with increasing P, up to 29.5 mT
[30], likely due to Joule heating. As illustrated in Fig. 3(b),
the observed gap (w, — w_)/2x reaches 0.45 GHz, where,
@ (w_) is the frequency of upper (lower) branch split from
the ac mode as shown in Fig. 3(a). The gap observed at high
P is larger than the ac mode damping rate k,./2z of
0.225 GHz, and comparable to that of the op mode
damping rate k,,/27z of 0.470 GHz evaluated from the
frequency-dependent linewidth of the field-swept FMR at
P =4 dBm, low enough to neglect the nonlinear effects
(see SM [30]). The observed gap exceeds the relaxation rate
of the acoustic mode and approaches that of the optical
mode, indicating that the system is approaching the so-
called strong coupling regime. Let us now identify the

origin of the gap from theoretical perspectives. To facilitate
the interpretation of the spectral gap using Eqgs. (1) and (2),
we restrict our attention mainly to the double resonance
condition 2w, = w,,. Substituting the ansatz b, =
Cocl ™ by = Cope ! Ty = FeT ! 7, =0 with con-
stant ¢y, Cop, T and excitation frequency w yields

W — Wy + Ky G* Cac 7 3)
G  — a)ac—i—lK"" 2¢4p ~\o/’

where G = igsc,.. Note that G depends on @ through c,. so
that this is not a linear eigenvalue problem. For the time
being, however, we proceed as if G were a constant. Setting
the left-hand sides zero yields

i Kop Kop \ 2 5
w:wac_z Kac"’?i Kac_T _4|G| . (4)

The splitting of ac mode occurs when the condition
[kac — (Kop/2)]* —4|G|* < 0 is satisfied, namely at the
exceptional point within the realm of non-Hermitian
physics [55,56]. This condition can also be written as
|bac| > [Kae = (Kop/2)|/|g3|, which can be compared with
the threshold for three-magnon instability |b,,| > K, /]93]
[57]. The comparison highlights not only the similarly
small amplitudes of magnons required to observe the
respective phenomena, but also the fundamental difference
between them in that the conditions refer to different
magnon modes. As explained in the context of photonics
[44], the conventional threshold refers to the onset of
parametric instability while what we pursue here is a
second harmonic generation that has no threshold. Its
observation via nonlinear spectral splitting, however,
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(a) The resonance frequency for the ac and op modes obtained from the FMR spectrum in frequency domain at H = H, via

least-square fitting of Lorentz curves. The splitting in ac mode occurs near 3.0 GHz and shows upper @ and lower w_ branches. (b) Gap
in the ac mode spectra as a function of input power P, obtained from the difference of w, and w_. Curves are theoretically obtained
values with different 7. Note that we plot the data with linear scales for horizonal axes in (a) and (b). (c) The theoretical simulation of the
voltage for an #;, of 1.3 as a function of frequency and field with different microwave input powers.

requires sufficiently large |b,.|, which happens to be
virtually zero in our sample due to k,. ~ kop/2. For by

normalized such that |b,|> equals the number of ac
magnons excited per microscopic spin site, the three-
magnon coefficient is given by [30]

P L H*  JyugM,
3 8 4HZ, @op
x (20)017 + yinHz 2Hexwac>.
YoM

2H, ex@ac W"OH :
While H., varies with the rf current J ¢, g3/27 ~ 1.5 GHz
depends only weakly on H. across the experimental
|

(5)

conditions. This implies we start seeing the gap when
|cac| = 0.1, which means only one magnon per 100 spin
sites is excited and the perturbative picture is justifiable.

For further understanding, we conducted numerical
simulations, using the parameters determined through a
multiple step fitting procedure detailed in SM [30]. As
already discussed, |G| is proportional to the ac mode
amplitude |c,.|, which in the linear response regime is
proportional to J; applied to the sample, that is,
|G| ~ g3|cac| x V/P. However, this relationship does not
hold true in our current study. In the nonlinear regime of our
investigation, |c,.|> at H = H, is determined by solving
Eq. (3) for ¢, which yields the following third-order
algebraic equation:

o1 2 KacKop ) 20 2 Kop ) > 2 4 2 2 Kop =12
g3|Cac| +T + g3|Cac| + Kac_T (a)—wac) +(w_wac) |Cac| = (a)_wac) +T ‘T| . (6)

This expression indicates that the amplitude of the ac mode
exhibits linear behavior in the external torque 7 only when
the condition |c,.| < kyckop/203 is met. By taking account
of the current-induced Oersted field as well as the damp-
inglike spin-orbit torque [30], 7 can be written as

N 1 H* Jy  [yuoH?
T=- - —
7Ho 4H2 4w \| Ho o,

( ”j heSH — 277hI{exwac) (7)
epoM (dpydr, YHoH : ’

where Ogy is the spin Hall angle, 7 is the reduced Planck’s
constant, e is the elementary charge, and w, dgy;, dt, are the
width of the bar and thickness of the ferromagnetic and

I
heavy metal layer, respectively. The dimensionless param-
eters 7;, 17, depend on the current distribution across the
film stack and are taken as effective fitting parameters that
also account for other possible mechanisms of the damp-
inglike and fieldlike 1f torque contributions. A simple
model for the current distribution is given in SM [30] to
demonstrate that #;, 7, are typically of order unity.

We solved Eq. (6), and then Eq. (3) for H = H, to obtain
¢, as a function of f and P. The theoretical estimate for the
gap was obtained by fitting 6V o J[c,.|J;s with the same
double Lorentzian function as in the experimental data
analysis, which is presented in Fig. 3(b). We used the
parameters of y/2z = 29.5 GHz/T, My = 720 kA/m, and
uoH . = 36.2 mT extracted from the field-swept FMR data
at4 dBm that also shows that the antisymmetric Lorentzian
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component dominates over the symmetric one [30] and
justifies setting n;0sy = 0 for simplicity [58], leaving 7, as
the only free parameter in the model. For quantitative
comparison, we calibrated J; as a function of P by the
bolometric method [30]. The order of magnitude of the
observed gap is consistent with 7, ~ 1, while the exper-
imental gap saturates more quickly. This type of discrep-
ancy is expected as the perturbative study is meant to
capture only the onset of nonlinear effects. The observed
power dependence of resonance frequencies and linewidths
appears too weak to cause the saturation, which also occurs
away from the double resonance as presented in SM [30],
leaving its origin an open question. Figure 3(c) illustrates
the example of variation of the ac magnon mode spectrum
computed with different powers, in which we used 7, = 1.3
that fits the experimental gap well in the low power regime
in Fig. 3(b). It reproduces the splitting at poH. ~ 30 mT
with increasing J; as observed in the experiment. The
result validates the interpretation of the ac mode spectral
splitting in terms of nonlinear magnon-magnon coupling
via three-magnon mixing. Note that 7, = 1 indicates an
additional source of fieldlike torque other than the Oersted
field, whereas more quantitative modeling is beyond the
scope of this Letter not least because of the lack of direct
access to the experimental rf current distribution.

We stress that we have observed a clear Rabi-like
splitting arising from nonlinear magnon-magnon coupling
despite the relatively large damping k,./w,. of roughly
10%. This is in contrast to the strong coupling observed in
cavity-photonics devices, where ultralow loss cavities with
a quality factor Q of about 10°-10° were employed [47,48].
It is down to the common origin of linear and nonlinear
terms in the magnon Hamiltonian for SyAF, both governed
by H, and M,. Combined with the ample room for
parameter tuning and optimization, our findings suggest
SyAF as a promising platform for exploring a broader
range of nonlinear phenomena. g; corresponds to y(?)
nonlinearity in photonics, which was generated effectively
through a higher-order nonlinearity [47,48]. Upon
increasing the amplitude beyond the Rabi-like splitting,
7% is known to cause instability of the second harmonic
fixed point studied in the present work that evolves
into a self-pulsing behavior [59-62]. The onset of the
transition is characterized by the critical value [44],
|G| = \/[kac(Kae +Kop)/2]. The sample employed in
the present study does not quite reach but is tantalizingly
close to this point. Lower damping rates k,. and k,, along
with higher three-magnon mixing coefficient ¢;, are
achievable by carefully selecting ferromagnetic and non-
magnetic materials and optimizing stacking structures.
While the present study provides the first evidence of
nonlinear strong coupling in SyAFs, yet unexplored
dynamics may emerge from nonlinear magnon-magnon
interactions, and potentially be extended to quantum
magnon physics through cryogenic experiments.

In summary, we realized the strong coupling regime of ac
and op magnon modes in SyAF by a second-order non-
linear coupling between them, specifically, through coher-
ent three-magnon processes. By directly injecting rf current
into SyAF, we generated sufficiently large amplitudes of ac
magnons, enabling us to achieve a Rabi-like spectral
splitting despite the presence of sizeable damping rates.
The experimental results closely match our theoretical
model, which thoroughly accounts for three-magnon mix-
ing, supporting our interpretation. The present findings
open an array of possibilities in advancing our under-
standing of nonlinear dynamical phenomena through
material choices and structural optimization of SyAF.
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