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Hybrid magnonics has recently attracted intensive attention as a promising platform for coherent
information processing. In spite of its rapid development, on-demand control over the interaction of magnons
with other information carriers, in particular, microwave photons in electromagnonic systems, has been long
missing, significantly limiting the potential broad applications of hybrid magnonics. Here, we show that, by
introducing Floquet engineering into cavity electromagnonics, coherent control on the magnon-microwave
photon coupling can be realized. Leveraging the periodic temporal modulation from a Floquet drive, our first-
of-its-kind Floquet cavity electromagnonic system enables the manipulation of the interaction between
hybridized cavity electromagnonic modes. Moreover, we have achieved a new coupling regime in such
systems: the Floquet ultrastrong coupling, where the Floquet splitting is comparable with or even larger than
the level spacing of the two interacting modes, beyond the conventional rotating-wave picture. Our findings
open up new directions for magnon-based coherent signal processing.
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Introduction.—Floquet engineering, which refers to
temporal modulation of system parameters by periodic
drives, has been known as an effective approach for
controlling the dynamics of a given system. In recent
years, it has been implemented in a large variety of systems
ranging from cold atoms [1-6] and quantum dots [7,8] to
integrated photonics [9] and Josephson junction devices
[10,11], enabling a diverse variety of novel functionalities.
Aside from practical applications, Floquet-driven systems
have also significantly advanced fundamental research,
leading to the experimental observation of novel non-
equilibrium phenomena such as discrete time-crystalline
phases [12—14] or Floquet spin-glass phases [15].

Among all coherent information systems, magnonic
systems have been emerging as a highly promising plat-
form because of their unique properties. In magnonic
systems, magnons—quasiparticles of spin waves—are used
as the information carrier. Their coherent interactions with
a broad variety of other systems have been demonstrated
recently [16-27]. For instance, magnons, with their
frequencies in the gigahertz range, naturally interact with
microwave photons through magnetic dipole-dipole inter-
actions. Most importantly, the coupling strength is signifi-
cantly enhanced by the large spin density in the magnon
medium and can reach the strong coupling regime. As of
today, such hybrid cavity -electromagnonic systems
have been experimentally demonstrated in both classical
[16-19,26,27] and quantum [28-30] regimes, becoming
the most intensively studied hybrid magnonic systems.
With unique magnon properties such as large tunability and
time reversal symmetry breaking, novel functionalities can
be achieved in these systems [31-35].
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However, unlike in systems such as optomechanics
[36—40] that employ parametric coupling, the direct mag-
non-photon coupling in a given hybrid electromagnonic
system is usually difficult to manipulate. Although mag-
nons naturally possess great tunability, fast tuning of the
coupling is extremely hard to achieve, making the dynamic
control of coherent signals highly challenging. This poses a
tremendous obstacle in the broad applications of hybrid
electromagnonics. In this Letter, we show that, by intro-
ducing Floquet engineering into cavity electromagnonics,
in situ tuning of the magnon-photon interaction is, to the
best of our knowledge, achieved for the first time. In our
Floquet cavity electromagnonic system, a driving field
induces mode splitting that is analogous to the Autler-
Townes splitting (ATS) in atomic physics, where the
coupling strength between two energy levels is determined
by the strength of the Floquet driving field. The system
response is studied in both the frequency and temporal
domains. More interestingly, our system supports a new
coupling regime—Floquet ultrastrong coupling (FUSC),
which has not been observed previously in existing Floquet
systems. In this regime, the mode splitting exceeds the
energy level spacing of the two interacting modes, dis-
tinguishing it from the conventional ultrastrong coupling
where the coupling strength is a significant fraction of the
bare frequencies of the uncoupled systems. We further
show that, in this regime, the rotating-wave approximation
(RWA) no longer holds and the counterrotating terms in the
Hamiltonian start to exhibit non-negligible effects on
the system response. All these findings point to a new
direction for advancing magnon-based coherent informa-
tion processing.
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FIG. 1. (a) Device schematics. A YIG sphere is placed under-
neath a dielectric resonator inside a copper housing, with a bias
magnetic field H along x direction. The coaxial probe loop is for
microwave excitation and readout; the drive loop provides the
Floquet driving field along x. (b) Simulated magnetic compo-
nents (h field) of the cavity field for the TE(; mode of the
dielectric resonator. Color, field intensity; arrows, field direction.
(c) Measured cavity reflection at various magnetic fields (con-
trolled by magnet position). Two avoided crossings correspond to
the strong coupling between the cavity photon mode (¢) and two
magnon modes (i, and 7). Freq., frequency. (d) Cavity
reflection measured at x = 21.75 mm with different dc bias
conditions applied to the drive loop. Curves are shifted vertically
for clarity. (e) Energy level diagram. /7, magnon mode; ¢,
microwave photon mode; dw, magnon detuning; g.,, magnon-
photon coupling strength; Eli, upper (lower) hybrid mode; Aw,
energy separation between two hybrid modes; Aw,t, Autler-
Townes splitting. A driving field is applied to enable the
transition between hybrid modes d_ and d. .

System description.—Our system [Fig. 1(a)] consists of a
cylindrical dielectric resonator (DR) supporting a trans-
verse electric mode TE; 5 at . = 27 x 8.5 GHz with its
microwave magnetic fields along z [Fig. 1(b)]. The DR is
hosted inside a copper housing to eliminate radiation
losses. Together with its low dielectric loss, it supports
resonances with quality factors as high as 10 000 at room
temperature (see Supplemental Material [41]). A loop
antenna is placed above the DR with its loop along z
direction to excite and probe the cavity photon mode.

An yttrium iron garnet (YIG) sphere is placed close to
the bottom surface of the DR. With a permanent magnet
outside the cavity housing to provide a bias magnetic field
at a strength H, the YIG sphere supports a uniform magnon

mode at frequency w,, = yH, where y ~ 2z x 28 GHz/T is

the gyromagnetic ratio. The bias field is applied

perpendicular to z (along x) to maximize the interaction

between magnons and cavity photons [16]. By changing

the x position of the bias magnet, the bias field strength can

be changed, which in turn tunes the magnon frequency.
The system is described by the Hamiltonian

H = hw &te + ho,,it i+ hge, (T +em™) + Hp, (1)

where 7 is the reduced Planck’s constant, ¢ and ¢ (" and
m) are the creation and annihilation operators for the cavity
photon (magnon) mode, g, is the beam-splitter-type
coupling strength, and Hp is the Floquet driving term.
Under strong coupling condition g, > k./2,k,,/2, where
k. and k,, represent the energy dissipation rates of the
cavity photon and magnon mode, respectively, the two
modes hybridize and coherent information conversion is
enabled. This condition is confirmed by the extracted
coupling strength g, = 27 x 14.0 MHz, which largely
exceeds both «k./2=27xx10 and «,/2=27X
2.2 MHz [41]. Strong coupling is also evident from the
avoided-crossing features in the cavity reflection spectra
measured when w,, is swept [Fig. 1(c)], even though
backgrounds such as cable losses are not removed from
the data. Although two magnon modes 7, and /m; are
observed, only 71y will be used in the discussion hereafter.

Floquet driving is realized in our system through
frequency modulation of the magnon mode. A small coil,
which has previously been used only for gigahertz readout
or control [44], is looped tightly around the YIG sphere to
modulate the bias magnetic field (see Supplemental
Material [41]). The loop is aligned along the bias field
direction (x direction) and has only three turns to reduce the
inductance to ensure fast modulation. The effect of the
driving coil is confirmed by the shifted magnon resonances
when dc drives are applied [Fig. 1(d)]. With a sinusoidal
drive, the Floquet term of the Hamiltonian reads

Hp = hQin' i cos(wpt), (2)

where Q and wp are the strength and frequency of the
driving field, respectively.

Magnonic Autler-Townes effect.—When the magnon and
photon modes are on resonance (6w = w,, — w, = 0), two
hybrid modes d, = (¢ =+ )/ V2 form at frequencies
w4 = w, £ g.,. Using dy as the new basis and applying
RWA [41], the system Hamiltonian can be rewritten as

N PN PPN Q ~A A
HRWA:Td_d_——d1d++z(did++d_d1), (3)

where dwp = Aw — wp. Here Aw = w, —o_ = 2g,, 1S
the level spacing between the two hybrid modes. This
Hamiltonian shows that the Floquet field drives the
transition between the two hybrid modes. As a result, each
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FIG. 2. (a)~(c) Measured cavity reflection (|S;,|) spectra versus
the bias magnetic field at a 10-V peak-to-peak driving amplitude
for three frequencies: wp = 27 x 5, 15,28 MHz, respectively. In
addition to the avoided crossing caused by the strong coupling
between the cavity photon mode (¢) and magnon mode (1),
sidebands are created by the ac driving fields. (d) Measured
cavity reflection spectra as a function of driving frequency at
x =21.762 mm when 6w = 0. The dashed lines correspond
to conditions for (a)-(c). (e) Measured cavity reflection
spectra as a function of driving amplitude, with dw = 0 and
wp =27 x28 MHz. (f) Extracted Autler-Townes splitting
(Awpr) for both d_ (square), d , (circle) modes in (e) as a
function of the driving voltage. Solid line is from the numerical
fitting. SB, sideband; Mag. pos., magnet position.

hybrid mode splits into two energy levels with a spacing
Awpr that is determined by the driving strength, resem-
bling the ATS in a laser-driven two-level system [Fig. 1(e)].
The cavity responses under a Floquet drive are plotted in
Figs. 2(a)-2(c), which are enlarged to show the avoided
crossing between the magnon (1) and cavity (¢) modes.
Two hybrid modes (Eli) are visible, each with two side-
bands created by the Floquet drive. As the driving fre-
quency wp increases, the inner sideband of one hybrid
mode approaches the other hybrid mode, eventually leading
to the ATS when wp = Aw = 2z x 28 MHz [Fig. 2(c)].
The on-resonance (6w = 0) response of the system as a
function of the driving frequency is shown in Fig. 2(d). The
most prominent feature is that the upper (lower) sideband of
d_ (21+) mode moves closer to the other mode d i (Zi_)
as the driving frequency increases and eventually
crosses that mode with an avoided-crossing feature at
wp = Aw =27 x 28 MHz, which corresponds to the
ATS. Although the modulation creates two sidebands for
each hybrid mode at w; £ wp, the lower (upper) sideband

for d_ (&’+) rapidly disappears as wp increases because it
does not couple with the other hybrid mode. Note that all
these features are independent of the phase of the Floquet
drive [41].

Analogous to laser-driven two-level systems, the ATS
observed in our system is also determined by the driving
strength Q, which is controlled by the signal voltage sent
into the driving coil in our experiment. A larger driving
strength results in a wider ATS, as shown in Fig. 2(e),
where the on-resonance cavity reflection is plotted
as a function of the driving voltage at a driving frequency
wp = 27 x 28 MHz. According to Eq. (3), the ATS is
linearly proportional to the driving strength: Aw,r = Q/2.
This is confirmed by the numerical fitting of the extracted
ATS [Fig. 2(f)].

In addition to modifying the equilibrium spectra, the
Floquet drive also opens up new possibilities for manipu-
lating the electromagnonic dynamics, which has been a
grand challenge limiting most of previous demonstrations
to quasistatic controls [16,34,45]. Figures 3(a) and 3(c) plot
the measured and calculated cavity reflection signals
after a 20-ns-wide rectangular microwave pulse centered
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FIG. 3. (a),(b) Measured cavity temporal response under differ-

ent driving frequencies after a rectangular pulsed excitation
(center frequency, 27 x 8.52 GHz; width, 20 ns; peak-to-peak
amplitude, 10 V) at time zero when the Floquet drive is on and
off, respectively. (c),(d) Calculated cavity temporal response with
and without the Floquet drive, respectively. (e),(f) Enlarged line
plot of the theoretical (solid line) and experimental (grayed area)
temporal responses at Floquet driving frequencies as indicated by
the vertical dashed lines in (a)-(d) (wp = 27 x 28 MHz for the
theoretical calculation, while wp, = 27 x 31 MHz for experiment
results, which is slightly higher because of magnon nonlinearity
effects induced by the strong microwave input) with and without
the Floquet drive, respectively. Norm. refl., normalized reflection.
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at 2z x 8.52 GHz is sent into the cavity (see Supplemental
Material [41]). Since the cavity reflection is proportional to
the amplitude of the electromagnetic field inside the cavity,
it reveals the dynamics of cavity photons such as their
dissipation (exponential decay envelops in the reflection)
and the coherent energy exchange with magnons (periodic
oscillations). At low driving frequencies where the
Floquet effect is weak because wp # Aw, the system
dynamics is dominated by the intrinsic magnon-photon
coupling which leads to Rabi-like oscillations with a period
T =2r/2g,., = 36 ns. This is more clearly visible when
the Floquet drive is completely turned off [Figs. 3(b)
and 3(d)], and it is evident that the amplitude
of the oscillating signal monotonically decreases as a
result of dissipation. When the Floquet drive is turned
on and, in particular, when the driving frequency
matches the spacing between the two hybrid modes
(wp =0, —w_ =27 x28 MHz), coherent coupling
between the hybrid modes is enabled and, consequently,
the temporal response of the system is substantially
modified. As shown in Fig. 3(e), the oscillation amplitude
first rapidly decays into a minimum at around 120 ns and
then increases again at around 200 ns, with the time interval
matching the ATS (27/2Awr ~ 80 ns for a 10-V Floquet
drive). Note that in the time-domain measurements the
cavity dissipation becomes larger (k. =27 x 4.2 MHz)
because the external coupling rate is adjusted to optimize
the reflected signal, which agrees with the exponential
decay rate in Fig. 3(f). Since such Floquet-drive-induced
coherent interaction can be controlled by the amplitude of
the drive, it provides new opportunities for complex real-
time manipulations of the magnon-photon coupling using
electrical pulses.

Floquet ultrastrong coupling.—In the above analysis,
the Floquet drive is relatively weak, yielding small ATS
Awar < Aw. However, in the strong-drive regime where
the ATS is comparable with or even larger than the level
spacing between Zii (AwprR Aw), the RWA Hamiltonian in
Eq. (3) is no longer sufficient to describe the system. This
corresponds to a novel coupling regime: the FUSC regime.
Here, the counterrotating terms need to be included [41]
and the Hamiltonian becomes

o QN npn N
+ Gom > I (—) [did, e'ren) + d_d' e~inon)],
n=odd
(4)

where n is the sideband order, and J,,(x) is the nth Bessel
function of the first kind.

The last term in Eq. (4) is the summation of interactions
between different sidebands of d, modes. The Floquet
drive generates a series of sidebands at frequencies
w4 *+ nwp. Multiple sidebands and their interactions with

the other hybrid mode are clearly visible in Fig. 2(d)
when @p is small. Specifically, the individual coupling
strength of the nth sideband of mode d, with mode ZJJF
is determined as g, = g.nJ,(Q/wp). Apparently, this
coupling strength is determined by the intrinsic magnon-
photon coupling strength g,.,,, but can be controlled by the
frequency and strength of the Floquet drive. Interestingly,
only sidebands with odd n values have nonzero coupling
strengths. This is confirmed by the experimental observa-
tion in Fig. 2(d), where only the first and third sidebands of
d. cross cAl:F with an avoided crossing (at 2z x 28 and
27 x 11 MHz, respectively), while the second sideband
does not. The vanished coupling strength for even side-
bands can be explained by the cancellation of the coupling
strengths via different coupling paths (see Supplemental
Material [41]). When the Floquet drive is relatively small,
the ATS can be determined as Awar = 2g,,. But this does
not apply for strong drives, where the effects from multiple
sidebands need to be considered.

In general, experimental investigation of the strong-drive
regime is very challenging because the maximally achiev-
able driving strength is limited. Alternatively, it can be
achieved by reducing the level spacing Aw to make it
comparable with or smaller than the ATS Awpt. This is
realized with a reduced intrinsic magnon-photon coupling
strength g, by increasing the gap between the YIG sphere
and the DR surface. Figure 4(a) shows the measured cavity
reflection spectra as a function of the driving frequency
with a reduced magnon-photon coupling strength
Gem = 27 x 1.825 MHz, where ATS is observed at
0p = 2Gem = 27 X 3.650 MHz for both d_ and d,. This
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agrees with the results calculated using the Floquet scatter-
ing matrix derived from the full Hamiltonian in Eq. (1), as
shown in Fig. 4(b). As a comparison, the calculated cavity
reflection spectra based on the Hamiltonian with RWA in
Eq. (3) are plotted in Fig. 4(c), which exhibit severe
deviation from the experimental results, showing the
significant effects of the counterrotating terms.

Similarly, the measured cavity reflection spectra under
different driving strengths are plotted in Fig. 4(d), which
match the theory calculations based on the full Floquet
Hamiltonian [Fig. 4(e)] and largely deviate from the
calculations using RWA [Fig. 4(f)]. Compared with the
RWA results, the RWA breaking has two major effects:
first, the outer two branches become much weaker than the
inner two branches in both wp- [Figs. 4(a)-4(c)] and
Q-dependent [Figs. 4(d)—4(f)] cavity reflections; second,
the inner two branches merge and form a much deeper dip.
These spectral features are attributed to the fact that
multiple driving photons (in contrast to a single photon
for weak drives) are involved in the interaction between a
d_ and a d. excitation in the FUSC regime.

Conclusion.—To conclude, this Letter demonstrates a
Floquet cavity electromagnonic system that provides con-
trollable hybridization between magnons and microwave
photons. The Floquet engineering technique provides a
versatile approach for manipulating hybrid magnon states
and enables the observation of on-demand ATS. The
measurement results in both the frequency and temporal
domains agree with our Floquet driving model and the
corresponding scattering matrix. More importantly, this
approach leads to a new coupling regime—FUSC—for
hybrid magnonics, where RWA breaks down and new
phenomena are observed. This technique can be readily
applied as a general approach to a broad range of magnonic
systems that have been lacking the essential controllability,
producing not only new functionalities but also novel
nonequilibrium magnon dynamics. For instance, more
complicated spectral control can be obtained if the driving
strength can be further enhanced. Besides, temporal
manipulations such as Rabi or Ramsey pulse sequences
will be allowed, in particular, when system parameters such
as dissipation rates and driving strength are further opti-
mized, enabling practical applications such as mode swapp-
ing or storage [9]. It is worth noting that such a Floquet
driving scheme is not exclusive for our dielectric resonator
but can be generalized to various cavity electromagnonic
systems. Although our experiments are carried out at room
temperature in the classical regime, the principles demon-
strated here also directly apply to quantum operations,
where hybrid magnonics has shown great potentials for
applications such as quantum transduction [46—49].
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