On-Demand Magnon Resonance Isolation in Cavity Magnonics

Amin Pishehvar,! Zhaoyou Wang,? Yujie Zhu,® Yu Jiang,! Zixin Yan,! Fangxin

Li,2 Josep M. Jornet,! Jia-Mian Hu,? Liang Jiang,? and Xufeng Zhang

1,4, %

! Department of Electrical and Computer Engineering,
Northeastern University, Boston, MA 02115, USA
2 Pritzker School of Molecular Engineering, University of Chicago, Chicago, IL 60637, USA
3 Department of Materials Science and Engineering,
University of Wisconsin - Madison, Madison, WI 53706, USA
4 Department of Physics, Northeastern University, Boston, MA 02115, USA
(Dated: January 20, 2025)

Cavity magnonics is a promising field focusing the interaction between spin waves (magnons) and
other types of signals. In cavity magnonics, the function of isolating magnons from the cavity to
allow signal storage and processing fully in the magnonic domain is highly desired, but its realization

is often hindered by the lack of necessary tunability on the interaction.

This work shows that

by utilizing the collective mode of two YIG spheres and adopting Floquet engineering, magnonic
signals can be switched on-demand to a magnon dark mode that is protected from the environment,
enabling a variety of manipulation over the magnon dynamics. Our demonstration can be scaled
up to systems with an array of magnonic resonators, paving the way for large-scale programmable

hybrid magnonic circuits.

Dark mode [1] in electromagnetic devices is a phe-
nomenon where a mode is isolated from the environment
due to destructive interference or suppressed coupling.
These modes often exhibit extended lifetimes because of
reduced radiation emission into the environment, lead-
ing to important applications across a wide variety of
platforms. For instance, in integrated photonics, dark
modes are implemented in metasurfaces to achieve super-
cavity lasing [2—4]; in optomechanics, dark mode allows
phonon-mediated quantum coupling between two opti-
cal resonators without requiring the mechanical resonator
cooled down to its quantum mechanical ground state [5—
8]; while for superconducting qubits or cold atoms, dark
mode is used to protect delicate quantum states [9, 10].

In the emerging field of cavity magnonics [11-17],
dark mode also finds important applications. Cav-
ity magnonics studies the interaction between magnons
and microwave photons in hybrid devices [18-24], with
promising potential in coherent and quantum informa-
tion processing [25-29]. Thanks to the large spin den-
sity in magnonic resonators, the magnon-photon coupling
strength can exceed their individual dissipation, bringing
the system into the strong coupling regime, where infor-
mation is exchanged between magnon and photon modes
multiple times before decaying to below the noise level
[18, 30-32], enabling critical signal processing function-
alities [33]. When multiple magnonic resonators couple
with a single microwave cavity, collective magnon dark
modes can form, which isolate magnons from the cav-
ity [30, 34], allowing the information to be stored in the
magnonic domain and fully processed using magnonic ap-
proaches.

To harness the full potential of magnon dark modes,
on-demand dark-bright mode conversion is required.
However, such mode conversion is a fundamental chal-

lenge on all physical platforms, considering the isolated
nature of the dark modes. It is worth noting that such
on-demand conversion is fundamentally different — and
thus should be differentiated — from the fixed dark-bright
mode coupling which is relatively easy to achieve [35-
39]. Thus far, on-demand dark-bright mode conversion
has only been demonstrated on very few systems, such
as integrated photonics [40] and optomechanics [41]. In
this work, we show that, for the first time, on-demand
dark-bright mode conversion can be achieved on a mag-
netic platform. By applying Floquet engineering [42] to
a multimode magnonic system, the magnon dark and
bright modes can be coupled with a coupling strength
determined by the amplitude and phase of a driving sig-
nal. This capability enables on-demand isolation of the
giant spin ensemble from the microwave cavity, paving
the way for advanced magnonic signal processing.

Our device comprises a three-dimensional (3D) mi-
crowave cavity supporting a TE19; mode at w. = 27 x 8.3
GHz with a quality factor of 2500 [Fig. 1(a)]. The cavity
is probed by a coaxial probe via reflection measurement
(S11) using a vector network analyzer (VNA). Two iden-
tical yttrium iron garnet (YIG) spheres (diameter: 0.4
mm) are positioned at the bottom of the cavity, each
supporting a Kittel mode at frequency w, = vH,,, where
H,, is the bias magnetic field for the n-th (n = 1,2) YIG
sphere provided by a permanent magnet, and v = 27 x 28
GHz/T is the gyromagnetic ratio. To introduce Floquet
drives to the magnon modes, a 10-turn flat coil is placed
inside the cavity underneath each YIG sphere, with the
coil axis parallel to the bias field direction (z direction).

This multimode Floquet cavity electromagnonic sys-
tem can be described by the Hamiltonian H(t) = Hy +
Hp(t). The first term represents the conventional cavity
electromagnonic system, which in the rotating frame of
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FIG. 1. (a) Device schematics. Two YIG spheres are placed
at the center of two flat coils inside a copper cavity. The coils
are parallel to the bias magnetic field to applying the Flo-
quet drive. The coaxial probe is for microwave excitation and
readout. (b) Energy level diagram. m4(7h2), first (second)
magnon mode; ¢, cavity mode; g, magnon-photon coupling
strength; d+, upper (lower) hybrid mode; do, center hybrid
mode; a4d, energy level difference of do with d+; b+, upper
(lower) Floquet hybrid mode; b(), center Floquet hybrid mode;
0, energy level difference between two Floquet hybrid modes.
(c) Reflection spectra of the microwave cavity. Top: three
modes (do and dz+) from the hybridization of one cavity mode
and two magnon modes from the two YIG spheres; bottom:
the center mode (dg) becomes a dark mode and disappears
when A = wy, — we = 0.

the cavity mode can be represented as

=1y [a

n=1,2
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where A, = w, — w. is the frequency detuning of the
n-th magnon mode, g, is the coupling strength between
the n-th magnon mode and the cavity mode, ¢ and ¢
(7] and m,) are the creation and annihiliation operators
for the cavity (n-th magnon) mode, respectively. Unless
explicitly mentioned, we assume ¢g; = go = g and A; =
—As = A > 0 throughout our analysis. The second term
H r(t) represent the Floquet interaction

fI =h Z €,, COS QFt—i—(bn)rh M (2)

n=1,2

where €, and ¢,, are the amplitude and phase of the Flo-
quet drive applied to the n-th YIG sphere, respectively.
Qp is the frequency of the Floquet drive, which are as-
sumed to be identical for both YIG spheres for simplicity.

The system can be illustrated by the energy level dia-
gram in Fig.1(b). The magnon modes (Kittel modes)

of the two YIG spheres couple simultaneously to the
same cavity mode, rending the two spheres an effec-
tive giant spin ensemble. In the absence of the Floquet
drive, the two magnon modes form two ensemble modes
ﬁ’LB = (ml + Thg)/\/ﬁ and ThD = (ml - TATLQ)/\/? When
both magnon modes are on resonance with the cavity
(A = 0), mp does not couple with the cavity mode ¢
(thus referred to as the magnon dark mode [30]), leading
to the final dark mode cZO = mp, which cannot be ob-
served in the cavity reflection spectrum; while mp is cou-
pled to the cavity mode é (accordingly referred to as the
magnon bright mode), forming two new normal modes
dy at we £ Qg [Fig. 1 (¢)]. Under this condition, the cou-
pling of a single magnon mode with the cavity mode can
be extracted from the splitting g/27 = Qy/2v21 = 12.6
MHz. When the magnon modes are detuned (A # 0),
the magnon dark mode becomes “less dark” and gradu-
ally shows up in the cavity reflection spectrum.

When a Floquet drive with a frequency Qp = () is
applied, it facilitates the interaction between the hybrid
modes, as indicated by the Floquet Hamiltonian in the
rotating frame of Ho

Hp = 8di(ady + Bd_) = 6d}dg, (3)

where a and S are the mixing coefficients [43]. Here
dg = ach + Bd_ originates from the superposition of
cz+ and d_, which is referred to as the Floquet bright
mode because it couples (assisted by the Floquet drive)
to the center mode dy with a nonzero coupling strength
9, forming two new hybrid modes by. In contrast, the
orthogonal superposition mode dp = * d+ — a*d_ does
not couple with the do mode, and thus is referred to as the
Floquet dark mode. The Floquet bright (dark) mode can
also be viewed as the result of constructive (destructive)
interference between the Floquet couplings from the czi
to the do mode. As a result of these interactions mode
do splits into two levels associated with by which are
separated by 2§ (assuming o = 8 = 1 for simplicity but
without losing generalicity), while the third level bo = dp
disappears from the spectrum because of the cancelled
coupling. Similarly, dy also each splits into two levels
associated with bi with a separation of 25. However, the
coupling of dy with dy (or d_) does not cancel for d,
mode (or d_), and therefore it can still be observed [bg
modes in Fig. 1(¢c)].

Figure 2 plots the measured cavity reflection spectra
from a device with a nonzero magnon detuning (A > 0).
Three hybrid modes are observed at 8.32103 GHz (d_.),
8.30365 GHz (do), and 8.28434 GHz (d_). When a Flo-
quet drive is applied to both YIG spheres, Autler-Townes
(AT) splittings show up on all the three modes. As the
drive frequency is tuned to match the level separation
(QF = Qo = 27 x 18.55 MHz), the Floquet brlght mode
dp is fully hybridized with the center mode do Here the
center mode dj splits into two hybrid modes (bi), and no
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FIG. 2. (a),(b) Measured and calculated cavity reflection

spectra as a function of driving frequency when both YIG
spheres are driven, respectively. (c¢) Line plot of the measured
cavity reflection (circles) and the numerical fitting (black
line), together with calculation results with reduced linewidth
(red). (d) Calculated cavity reflection spectra using reduced
linewidth.

modes can be observed at the original frequency of the
do mode, because the Floquet dark mode dp completely
decouples with the do mode. Once the drive frequency
shifts away from €y, the two hybrids are further apart,
and a center mode gradually shows up because the Flo-
quet dark mode is no longer completely “dark”.

All the experimental observation in Fig.2(a) agrees
very well with our numerical modeling (see Supplemen-
tal Materials [43] for details), as shown by the calculated
spectra in Fig.2(b). The parameters used in the calcu-
lation is obtained through numerical fitting (details see
Ref. [43]), which shows excellent agreement with the
measurement results [Fig.2(c)]. Our numerical fitting
reveals that the Floquet drive on Sphere 2 is 40% weaker
than on Sphere 1, indicating that Sphere 2 is mounted at
a larger distance from the surface of the driving coil. This
can also explain the dissipation rates (k2/2m = 3.1 MHz
< k1/2m = 6.3 MHz) obtained via the same numerical
fitting: Sphere 1 suffers from higher losses due to closer
proximity to the metallic coil. The spectra calculated us-
ing the same parameter set except for a five times reduc-
tion for all dissipation rates are also plotted [Fig.2(d)],
revealing more spectral details for the multi-mode Flo-
quet coupling. For example, the three modes split from
dy become clearly visible. In addition, it also shows that
the Floquet drive creates several high-order sidebands
for each mode, which induce more anti-crossing features
when crossing the other modes. Direct coupling between
the (fi modes without involving dy mode at around a
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FIG. 3. (a)-(b) AT splitting as a function of the drive ampli-
tude (here €1 = €2) and magnon detuning, respectively. (c)
Measured cavity reflection spectra at different values of the
phase difference ¢ between the two Floquet drives. (d) Ex-
tracted AT splitting as a function of the phase difference ¢.

drive frequency of Qp/2m = 38 MHz is also observed but
with much smaller splittings.

Under the dual-drive condition, the Floquet coupling
strength obtained from our model is [43]

9\/(5% +€3)(g2 + A2) — 2¢1€292 cos(9)
2(2g% + A?) ’

5:

(4)

where ¢, is the driving strength for the n-th sphere,
¢ = ¢1 — ¢ is the phase difference between the two Flo-
quet drives, respectively. The AT splitting between the
b modes equals 20. According to Eq. 4, the AT splitting
exhibits a linear dependence on the driving amplitude e.
This is confirmed by the extracted AT splittings at dif-
ferent driving amplitudes, as shown in Fig. 3(a). When a
maximum driving amplitude (4 dBm) is applied, the AT
splitting reaches 6.8 MHz. This value exceeds the dissi-
pation rates of the the interacting modes (ko/27m = 2.6
MHz, k4 /27 = 3.4 MHz, k_ /2r = 2.55 MHz), indicating
that the Floquet-drive-induced coupling has reached the
strong coupling regime. The 3-mode Floquet interaction
also depends on the detuning (A) of the magnon modes.
As the detuning reduces, the two hybrid modes dy be-
comes closer in frequency, and accordingly it requires
smaller drive frequencies. In the meantime, a larger AT
splitting is achieved [crosses in Fig.3(b)], which agrees
with the theoretical prediction obtained using Eq.(4)
[solid line in Fig. 3(b)].

In our experiments, the measured AT splitting shows
a strong dependence on the relative phase ¢ of the two
Floquet drives for the two YIG spheres [Fig. 3 (¢)]. When
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FIG. 4. (a) Measured cavity photon (¢ reflection spectra at different magnon detunings: A = 13.2,11.6,9.5,0 MHz, respectively.
(b) Calculated spectra of the cavity photon (¢) and magnon dark mode (rp) using the analytical model, respectively. (c)
Effective energy diagram of the system. (d) Dynamical phase-field simulation results of the pulse response of the actual system
in (a) with A = 0 and Qr = Qo. The system is initially set to mp state at time 0. The top square waves show the Floquet
drive pulses. (e) Magnon bright and dark mode amplitude obtained from the dynamical phase-field simulation at different
drive detuning: (Qr — Q0)/27 = 10, 15,20 MHz, respectively. The signal is extracted after the application of a Ramsey pulse
sequence and plotted as a function of the delay between the two /2 pulse sequence. Red squares: dark mode from simulation;
blue circles: bright mode from simulation. Solid lines are from analytical calculation.

the two drives are out-of-phase (+m), do exhibits maxi-
mum AT splitting, corresponding to the constructive in-
terference of the coupling with the two modes d;, where
the coupling of do with cii are in phase and add up to
a stronger coupling. As ¢ decreases, the AT splitting
becomes smaller, which reaches to a minimum when the
two drives becomes in phase (¢ = 0). In this case, the
coupling of czo with a?i are out of phase and cancel each
other, leading to diminished coupling. Such phase de-
pendence can be conveniently explained by our model in
Eq. (4). The calculated splitting is plotted as a function
of ¢ [solid line in Fig. 3(d)], which shows good agreement
with the experimental results. The nonzero minimum
splitting at ¢ = 0 can be attributed to the nonzero de-
tuning of the magnon modes.

Based on the dual-mode Floquet coupling demon-
strated above, controlled dark-bright mode switching can
be achieved. In the spectra shown in Fig. 2(a), the detun-
ing of the two magnon modes is not zero, and thus the
center mode czo is not a pure magnon dark mode mp and
thus can be observed. When the magnon detuning de-
creases, the center mode gradually disappears, as shown
in Fig.4(a). As A reaches zero, the center mode dy be-
comes the magnon dark mode mp and thus completely
disappear from the spectrum [Fig. 4(a)(iv)]. However, its
interaction with dAi still exists, as indicated by the AT
splitting in the lower and upper levels. Although the AT
splitting in the center mode cannot be directly measured,
it can be revealed by our numerical modeling, as shown in

Fig. 4(b)(ii), where a splitting is clearly visible in the cen-
ter mode of the calculated spectra for the magnon dark
mode mp. The validity of our model is verified by the
calculated cavity reflection spectra [Fig. 4(b)(i)] which re-
produced the experimental results in Fig.4(a)(iv) with
high accuracy.

In fact, under the zero detuning condition A = 0,
mode dg equals 7hig, and accordingly Eq. (3) reduces to
Hp = 57?2}57%3. Therefore, the effect of the Floquet drive,
which induces coupling between the center mode (17,0 and
the two modes di, is equivalent to inducing the coupling
between the magnon dark and bright modes [Fig. 4(c)].
In this picture, the system consists of a cavity mode ¢,
a magnon bright mode mp, and a magnon dark mode
mp. The interaction between the cavity and magnon
bright modes is constantly on (with a coupling strength
of \/ﬁg), while the interaction between the magnon dark
and bright modes has a strength d(e) which is controlled
by the Floquet drive e. Therefore, this enables the on-
demand bright-dark mode switching, allowing the isola-
tion of the magnon modes in the two YIG spheres from
the cavity as needed using an electronic signal.

To demonstrate this capability, we performed a se-
ries of time-domain dynamical phase-field simulations
based on coupled Maxwell-LLG equations [44, 45], which
eliminated the practical limitation of the finite magnon
lifetimes. The validity of the numerical simulation is
confirmed by comparison with the calculated spectra.
The simulation results for a dual-sphere system with



20 /27 = 102 MHz [which is different from Fig. 4(a)-(b)]
and A = 0 are plotted in Fig. 4(d), and more simulations
details can be found in the Supplemental Materials [43].
When a continuous-wave Floquet drive is applied (0-130
ns), the switching between the magnon dark and bright
modes is constantly on, causing the Rabi-like oscillation
between them after the dark mode is excited at ¢t = 0.
The rapid oscillation between ¢ and mg is due to the con-
stantly on coupling between the two modes. When the
system is in the magnon bright mode (130-160 ns), the
application of a 7 pulse (at 160 ns) switches the system
to the magnon dark mode. The system stays in the dark
mode, until another 7 pulse (at 200 ns) switches it back to
the magnon bright mode. Although the constant é-mp
coupling interferes with the magnon dark-bright mode
switching, our numerical calculation shows that by prop-
erly selecting the coupling strength and Floquet drive, it
is possible to completely suppress this effect [43].

Moreover, the response of the system to Ramsey pulse
sequences (i.e., two 7/2 pulses with a varying delay )
is also simulated. By adjusting the detuning (Qp — Qo)
of the drive frequency in the Ramsey sequence, different
interference fringes are observed [Fig.4(e)]. As the de-
tuning increases, the interference period becomes shorter,
agreeing with the relation T' = 27/(Qr — Qp). In conven-
tional Ramsey interference experiments which typically
involve two interacting modes, the system experiences
a relaxation period between the two /2 pulses. But
in our three-mode system, there exists a constant inter-
action between the bright mode and the cavity mode.
Consequently, the system stays for a shorter time in the
mp mode than in the mp mode [43], exhibiting different
interference fringes [Fig. 4(e)].

To conclude, this work demonstrates a controlled ap-
proach that can isolate the magnon modes from the mi-
crowave cavity. Taking advantage of the collective mode
in the effective giant spin ensemble formed by a dual-YIG
sphere system, magnon dark mode can be switched on us-
ing a RF drive through the Floquet process, which has
been recently introduced to hybrid magnonics but limited
to hybrid modes only prior to this work. Such a mecha-
nism can be used to isolate and retrieve magnon signals
from the cavity, which is one of the key functionalities
that have been missing for coherent information process-
ing in cavity magnonics. Our approach can be scaled up
to more complex systems with multiple magnonic reso-
nances, pointing to a new direction for achieving large-
scale, programmable integrated magnonic circuits.
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