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Pump-induced magnon anticrossing due to three-magnon splitting and confluence
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We present a plausible mechanism for achieving a magnon-magnon level repulsion spectrum originating from
the oscillation between the splitting and confluence in a three-magnon scattering process. When a magnetostatic
mode on a YIG sphere is pumped by a microwave signal near the magnon resonance frequency with an increasing
amplitude, the generated magnon condensate at half of the pumping frequency exerts a backaction to the
original magnon mode. Such a strong nonlinear coupling manifests a striking feature of a “bending effect”
of the magnetostatic mode spectra, akin to the anticrossing observed in a strongly coupled magnon-photon

system.
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Introduction. Hybrid magnonics is an emerging interdisci-
plinary field that explores coherent interactions of magnons
with other types of excitations such as photons, phonons,
spins, and magnons themselves [1-3]. The mode hybridiza-
tion is usually achieved by a strong coupling of magnons
with another resonant mode, manifesting a mode anticrossing
in the frequency spectrum [4-10]. The capability of main-
taining phase coherence has led to the realization of many
novel and interesting physical phenomena with magnons, such
as level attraction [11], nonreciprocity [12,13], exceptional
points [14,15], and Floquet engineering [16]. They benefit
from the high controllability of the magnon system, including
frequency tunability with magnetic field and coupling control
by changing the spatial location [17]. These phenomena open
opportunities in magnon-based coherent information process-
ing and offer new potentials in quantum magnonics [18-21].

One unique property of magnons is their nonlinearity,
which is at the heart of magnonics from both the fundamental
understanding and the technological leverage [22,23]. When
the population of a magnon eigenmode is excited above a
threshold value, the mode will start to overlap with other
eigenmodes, leading to a finite coupling due to magnetic
dipolar and exchange interactions [24—27]. This amplitude-
dependent nonlinear coupling leads to energy redistribution
among different magnon eigenmodes by three-magnon or
four-magnon scattering [28-31], which is referred to as the
Suhl instability [32]. The process usually results in additional
energy loss and decoherence of the system. A controlled
and coherent energy redistribution process has rarely been
explored for coherent addressing of magnons. The only ex-
ception to date is the Bose-FEinstein condensation of magnons
[33-36]. However, creating a coherent magnon condensate re-
quires the magnon thermalization to be faster than the magnon
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relaxation, thus limiting the application in low-amplitude, co-
herent magnon engineering.

Recently, an interesting finding of a pump-induced magnon
mode suggests that the nonlinear magnon interaction can
be harnessed for controlling coherent energy transduction
[37-39]. Using a strong microwave pump, the excited magne-
tostatic (MS) magnon mode manifests an anticrossing feature,
in which the pump power controls the level splitting. However,
the microscopic origin of such a process is yet unexplored,
limiting the further engineering of such a phenomenon for
coherent magnon control.

In this work, we show that this pump-induced magnon an-
ticrossing is due to the coupling between the MS mode and the
magnon condensate via a coherent three-magnon splitting and
confluence process [28,40]. Using a comprehensive analytical
model, we show that the coupling strength is proportional to
the population of the magnon condensate that is generated via
the nonlinear magnon scattering, in which the power threshold
for observing the magnon anticrossing matches well with the
power threshold of a single-tone, nonlinear magnon broaden-
ing. In addition, we reveal that a cutoff frequency exists for
the pump-induced magnon anticrossing for each MS mode
including the high-order ones. The cutoff frequency is closely
linked to the selection rule of three-magnon scattering: above
the cutoff frequency, there is no available magnon mode due
to the required energy conservation, and the three-magnon
scattering is therefore forbidden. Our results open up addi-
tional avenues for coherent magnon interaction with nonlinear
magnonic processes.

Experiments. Our experimental setup is illustrated in
Fig. 1(a): A YIG sphere with a diameter of 1.0 mm
is placed on top of the signal line of a coplanar
waveguide (CPW). The external magnetic field, H,
is applied in-plane (xy) and along the signal line,
corresponding to the perpendicular excitation geometry
(H L hy). The system response is monitored by a weak
microwave probe signal when a strong microwave pump (f;)
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FIG. 1. (a) Schematics of the experimental setup. The counterpropagating (enabled by a pair of broadband circulator) pump and probe
signals interact with the YIG sphere on the CPW. The spin wave excitations are detected by field-modulation FMR using a microwave diode
and a lock-in amplifier. The magnetic field H is applied along the signal line, satisfying the perpendicular excitation and pumping geometry.
(b) Illustration of the three-magnon splitting and confluence, forming a “Rabi-like” process giving rise to coherent coupling between the
condensate state and the magnetostatic mode and the avoided level repulsion. Three representative magnon dispersions are exemplified taking
the first magnetostatic mode m = 1: H = 1071.0 Oe (blue), 1142 Oe (green), and 1321 Oe (red), corresponding to different pump frequencies,
fa = 3.0 GHz, 3.2 GHz, and 3.7 GHz, respectively. Above the frequency threshold of the three-magnon scattering (red), the requirement of
magnon frequency of % fa 1s not satisfied for the magnon wave vector k # 0. (c) The color map of the intrinsic frequency f of the magnon in
the spherical axes of the wave vector amplitude and the polar angle 6. The intrinsic frequency is degenerate in the azimuthal angle ¢, thus not
illustrated. The intrinsic frequency at %‘: 1.5 GHz is plotted in the egg-shaped contour line (white dashed line) corresponding to the multiple
degenerate k # 0 modes (|k|, 8, ¢), an extension to (b) with magnetostatic frequency f;=3.0 GHz in the blue line.

is applied, which induces the magnon condensate through
perpendicular pumping; see Fig. 1(b). This condensate
is different from the Bose-Einstein condensate [33] in
parametric pumping: a microwave photon creating two
primary magnons and thermal relaxation of primary magnons
to a quasiequilibrium distribution of thermalized magnons
in four-magnon scattering. The magnetostatic mode and the
condensate mode dominate our system, shown in Fig. 2(b),
while the three-magnon scattering involving both splitting
and confluence occurs solely between these dominant
magnons, introducing the intensity of the dominant modes far
deviating from their thermal level. Thus, this system is not in
quasiequilibrium and the chemical potential is not adopted
to describe this Rabi-like system. Multiple MS modes are
present in our experiment, as will be discussed later.

The pump and probe signals propagate in opposite direc-
tions in the CPW by using a pair of broadband circulators at
each end of the CPW. The pump path is terminated with a
50-%2 resistor to eliminate reflection. The probe signal trans-
mitted through the device is sent to a microwave diode and
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FIG. 2. (a), (b) The first magnetostatic mode, m = 1 (centered
around H = 1115.0 Oe), measured at different frequencies in the
situation where a pump (f; = 3.0 GHz) is off (a), or on (b). MS:
magnetostatic.

detected by a lock-in amplifier using the field-modulation
ferromagnetic resonance (FMR) technique [41], where a ref-
erence signal from the lock-in amplifier is amplified and fed
to a modulation coil and modulates the external field with the
reference frequency. The microwave diode signal is lock-in
amplified at this frequency. The output of the lock-in amplifier
is then proportional to the field derivative of the transmitted
microwave power [42].

Results and discussion. In our system, the three-magnon
splitting and confluence take place under the strong mi-
crowave pump; see Fig. 1(b). Each MS mode excited at f;
splits into a pair of magnons in the spin wave modes at the
half frequencies f;/2 with opposite wave vectors, and they re-
combine to form an f; mode following an oscillating fashion,
akin to a “Rabi-like” oscillation in strongly coupled systems.
For a lower frequency of MS mode, the magnon dispersion
satisfies f;/2 at specific wave vectors. Upon increasing the
frequency of the MS mode through enhancing the correspond-
ing resonance magnetic field based on the Kittel equation,
such condition breaks at a threshold frequency where only
a pair of opposite wave vectors meet the frequency require-
ment of f;/2. Above this frequency threshold, three-magnon
scattering is disabled fundamentally due to no wave vector
in the magnon dispersion satisfying the frequency f;/2. The
Hamiltonian of such splitting and confluence process can be
described as

H3m = %Zk(g‘kcocic*_k + ;scéckcfk)s (])

where ¢ denotes the wave vector k = 0 MS spin waves, ¢, the
parametrically generated k # 0O spin waves (which eventually
form the magnon condensate), and ¢k = fiy M, sin(26)/4 is
the three-magnon coupling coefficient, where 7 is the reduced
Planck constant, y is the gyromagnetic ratio, M, is the magne-
tization saturation, and 6 is the angle between the wave vector
k and the applied magnetic field; thus the maximum coupling
occurs at 6 = 45° when fulfilling the conditions of three-
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FIG. 3. (a) Magnon spectra measured at 3.0 GHz at different input microwave power and at a broad magnetic-field range covering at least
six identifiable MS modes. (b)—(e) The f-H dispersion spectra scanned near the pump frequency (f; = 3.0 GHz) and at selective input power
levels (b) 15 dBm, (¢) 7 dBm, (d) —10 dBm, and (e) no pump. (f) The extracted anticrossing “gap” and condensate “range” versus the input
power for the 1st MS mode. A gap cannot be clearly identified for powers below 0 dBm. Lines are theoretical fits. (g) The frequency-dependent
linewidth and signal amplitude of the 1st MS mode in response to a 15 dBm pump at 3.0 GHz.

magnon scattering. Simultaneously, ¢ is a real number in the
sphere system, where ¢ = {x. Note that the three-magnon
dispersion of the YIG sphere is slightly different from that of
the YIG film [28,30]. The color map of the intrinsic frequency
f of the magnon in the spherical axes of the wave vector
amplitude and the polar angle 6 is illustrated in Fig. 1(c).
More details on this theoretical aspect are included in the
Supplemental Material [43] (see also Refs. [44—48] therein).

When the pump is weak, the magnon splitting and accord-
ingly the intensity of the induced condensate are insignificant.
However, as the pump amplitude increases, two emergent
observations arise: (i) The magnon spectra broaden signifi-
cantly with much suppressed susceptibility due to the onset of
the three-magnon scattering [49], and (ii) the confluence (ac-
cordingly, the backaction to the MS magnon mode) becomes
prominent and effectively introduces an additional damping
channel to the MS mode.

As an example, Figs. 2(a) and 2(b) show the fundamental
MS mode (centered around H = 1115.0 Oe) measured at
different frequencies in the situation where a pump (f; =
3.0 GHz) is either off (a) or on (b). Due to the field-modulation
FMR technique and lock-in detection, the susceptibility of the
whole system can be captured. When the pump is off, the
signals at different frequencies correspond to the MS mode
and are of similar amplitude with no amplitude offset with
respect to zero. But, once the pump kicks in, the signal (at
the same selected frequencies) is superimposed on a broad
plateau, i.e., the continuous spin wave band due to the onset
of the three-magnon scattering. In addition, as the MS mode
gets near to the pump frequency (3.0 GHz), its amplitude de-
creases and the line shape broadens, caused by the additional
damping channel by its nonlinear coupling to the magnon
condensate.

The same effect takes place for multiple MS modes, which
can be measured by expanding the sweeping range of the bias
magnetic field, as shown in Fig. 3. These modes are identified
as the MS modes with mode order (m, m,0), where m =
1,2, 3, ... is the angular mode number, and the fundamental
mode (m = 1) corresponds to the FMR mode. The evolu-
tion from a common MS mode to a condensate state by the
pumping power is well exemplified by the two-dimensional
(2D) contour plot in Fig. 3(a), measured at 3.0 GHz: at lower
power level (below —2 dBm), individual, sharp resonances
with narrow linewidths can be identified, which correspond
to the genuine MS modes. However, as the power further
increases, the three-magnon process becomes significant with
much broadened linewidths and suppressed resonance ampli-
tudes. From Fig. 1(b) it is clear that the possible wave vectors
of the scattered magnons are not discrete, but instead they
can take a range of values within a broad spin wave con-
tinuum. Therefore, the scattered magnons form a continuous
spin wave band (the condensate), whose field span (range,
AH) can be measured and characterized directly from the 2D
contour plot.

The level of formation of such condensate has a direct
impact on the MS mode by its backaction: Figures 3(b)-3(e)
show the f-H relation contour plots measured (using a —10
dBm probe) at a fixed pump of f; = 3.0 GHz and at selective
power levels. When the pump is absent, Fig. 3(e), linear dis-
persion of the MS modes is observed. When a small pump is
applied (—10 dBm), Fig. 3(d), the backaction of the conden-
sate to the MS mode emerges: One can observe both a finite
spin wave band (the “range”) and the MS modes, but they are
almost only linearly overlapped (weakly coupled). As power
further increases, Figs. 3(c) and 3(b), first, the “range” further
expands, and second, the backaction of the condensate to the
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MS mode becomes prominent, resulting in the “bending” of
the MS mode spectra, akin to an anticrossing “gap” centered
around the pump (f;). Notably, such a “bending effect” only
lives up to the extent confined by the condensate “range”
and sharply cuts off at the boundary. This is in stark contrast
with a conventional anticrossing feature observed for common
hybrid photon-magnon systems, where such bounds do not
exist for a conventional anticrossing feature.

We develop a semianalytical model to accurately describe
the nonlinear dynamics of magnon scattering through the
equation of motion, which is derived from a Ist-order Hamil-
tonian including the self-energy of the magnons, and the
scattering between the MS (k = 0) and spin wave (k # 0)
magnons. The scattering process includes both the forward
creation process, i.e., the annihilation of one MS magnon with
the creation of two spin wave magnons, and its inverse effect,
the backward confluence process, i.e., the creation of one MS
magnon with the annihilation of two spin wave magnons. The
scattering occurs at a long timescale, e.g., submicrosecond,
compared to the short timescale of the magnetization preces-
sion in magnons, e.g., subnanosecond. The scattering process
can be described by the dynamic equations [40]

¢o = —10Co — {kCp + Vhg, 2)
Ck = —nrck + LkCock, 3)

where cg (cx) and ng (1;) are the intensity and relaxation rate
of the MS (spin wave) magnons, respectively. ¢ is the ex-
change strength between MS and spin wave magnon modes. v
is the capability of the driving force A, of the microwave field

to create k = 0 magnons, where the force h, = % /dcpw

is determined by the microwave power P,, the load resistance
Rioad, and the width of the coplanar waveguide dcpw.

The constraints for these wave vectors k follow the laws of
energy (fx + f-kx = fk=0) and momentum conservation: The
magnon pair of £k are created or annihilated spontaneously.
The initial condition of the dynamic equations is the intensity
of the thermal magnons, where their levels follow the Bose-
Einstein distribution ~e~ /&7  \where kg is the Boltzmann
constant and 7 is the temperature.

The fixed point for the linear regime corresponds to

co = vha/no, 4)
Ck = 0. (5)

In the linear regime, only k = 0 is present and the magne-
tization undergoes uniform precession. Thus the intensity cg
in the linear regime is proportional to the microwave driving
force h,. This force is insufficient in amplitude to excite the
three-magnon scattering, where cx = 0 until this force en-
hances to the threshold hg = nonk/(Lkv), i.e., reaching the
Suhl instability. Above this threshold, the magnon scattering
is triggered and a pronounced c is activated.

Mathematically, the nonlinear regime’s fixed point yields
the magnon intensity ¢ and cy,

co = M/ %k ©)

o= [vh, — ’7077k/§k. @
Ck

Expressing the spin wave magnon intensity in Eq. (7) within
the threshold Ay yields

ck=\/§—i<ha—hs>~\/@—m. ®)

In the nonlinear regime, the spin wave magnon presents a
significant amount, much larger than its original thermal level,
due to the three-magnon scattering. Thus this amount re-
flects the power-tuned coupling between MS and spin wave
magnons, and experimentally fingerprints the gap size in
Fig. 3(f), where the fit yields a threshold power Ps = 0.6 mW
(—2.2 dBm). Correspondingly, the three-magnon (conden-
sate) linewidth (range, AH), denoted as AH = 2Awy/y =
2AHy+/P,/Ps — 1, is shown and fitted in Fig. 3(f), yielding
a generic magnon linewdith AHy = 5.71 Oe.

Reciprocally, the backaction induces additional damping
of the MS mode and attenuation of its amplitude, which
are both confirmed in the experiment and summarized in
Fig. 3(g), as an example of the 1st MS mode: The peak-
to-peak linewidth (8H) increases and the signal amplitude
decreases both rapidly as the MS mode frequency is closer
to the pump.

Finally, additional strong evidence to our proposed mech-
anism comes from the concurrent frequency cutoff for both
the anticrossing gap and the nonlinear broadening. Because
the principles demonstrated above also apply to high-order
MS modes (m > 1) which are observed in our experiment,
we can examine their distinct frequency thresholds for ac-
tivating such a nonlinear coupling. According to the theory
of three-magnon scattering [30,32,40,49], above a certain fre-
quency threshold, the three-magnon process will be prohibited
due to absence of magnon bands at the half frequency, il-
lustrated in Fig. 1(b). In order to determine the threshold
frequency for each MS mode, comprehensive power spectra
were obtained at frequencies between 3.0 to 4.7 GHz at a
step of 0.1 GHz (see the Supplemental Material [43]). The
threshold frequency for invoking the three-magnon process is
determined as 3.6 GHz (1st),4.2 GHz (2nd), 4.4 GHz (3rd),
4.6 GHz (4th), and 4.7 GHz (5th). Figures 4(a)-4(d) show the
power scan contour plot at selective frequencies, (a) 4.0, (b)
4.2,(c)4.5, and (d) 4.7 GHz. It is obvious that as the frequency
increases, the magnon bands (“ranges”) for each mode pro-
gressively disappear (starting from the 1st), after passing the
respective threshold frequencies. This leads to a direct voiding
of the corresponding “bending effect,” revealed by the f-H
relation measured near the cutoff frequency, in Figs. 4(e)—
4(h): The anticrossing “gap” progressively disappears after
reaching the cutoff frequencies. Such an observation corrob-
orates the strong correlation between the anticrossing “gap”
and the condensate formation via three-magnon splitting and
confluence.

Summary. In summary, we report an additional type of
nonlinear coupling between a magnon condensate and mag-
netostatic modes in a YIG sphere, activated by the energy
pumping from a waveguide. We show that the magnon
condensate can be excited via the nonlinear three-magnon
splitting processes, and its backaction to the magnetostatic
mode via the confluence process is significantly enhanced
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FIG. 4. (a)—(d) Power scan contour plots at selective frequencies: (a) 4.0, (b) 4.2, (c) 4.5, (d) 4.7 GHz. A line-scan trace at a pump power
of 9 dBm is shown for each contour plot. MS: magnetostatic mode. CS: condensate mode. The MS and CS modes are identified for each
plot. (e)—(h) f~-H dispersion contour plots measured at a fixed pump power (9 dBm) and at selective frequencies: (e) 4.0, (f) 4.25, (g) 4.5,
(h) 4.75 GHz. A line-scan trace at the pump frequency (center of anticrossing gap) is shown for each contour plot.
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by the presence of a strong pump signal, which leads
to a “bending effect” of the MS mode spectra, akin to
an anticrossing “gap” in the strongly coupled magnonic
systems. Our mechanism opens another direction for develop-
ing engineerable magnonic systems leveraging coupled spin
wave phenomena.
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