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Electromagnonics—the hybridization of spin excitations and electromagnetic waves—has been recognized as
a promising candidate for coherent information processing in recent years. Among its various implementations,
the lack of available approaches for real-time manipulation on the system dynamics has become a common
and urgent limitation. In this work, by introducing a fast and uniform modulation technique, we successfully
demonstrate a series of benchmark coherent gate operations in hybrid magnonics, including semi-classical anal-
ogy of Landau-Zener transition, Rabi oscillation, Ramsey interference, and controlled mode swap operation.
Our approach lays the groundwork for dynamical manipulation of coherent signals in hybrid magnonics, and

can be generalized to a broad range of applications.

With the ever-growing complexity of modern signal pro-
cessing techniques, there are rapidly increasing interests
nowadays in integrating different physical platforms, accord-
ingly different types of information carriers, onto a single de-
vice. Such systems, often referred to as hybrid systems [1],
can enable comprehensive functionalities that are otherwise
challenging to achieve on any individual physical platforms.
Among various hybrid systems, hybrid magnonics [2—6] has
been attracting intensive attention recently because of its dis-
tinct advantages. In hybrid magnonics, information is pro-
cessed by the coherent interaction between magnons — quanta
of collective spin excitations known as spin waves — and other
forms of information carriers such as microwave photons
[7-12], optical photons [13—17], and mechanical phonons
[18, 19]. Hybrid magnonic systems based on magnetic insula-
tor yttrium iron garnet (YIG) exhibit a series of unique prop-
erties such as large frequency tunability, enhanced coupling
strength, excellent compatibility, etc., offering great potential
for coherent information transduction.

The most well-developed hybrid magnonic system to-
day is electromagnonics, which focuses on coherent in-
teractions between coupled magnonic and microwave res-
onators [7-12]. Magnon-microwave photon strong coupling
achieved in such systems enable novel phenomena and ap-
plications in both classical and quantum regimes, including
non-reciprocal signal routing [20-22], non-Hermitian physics
[23, 24], microwave-to-optical transduction [17, 25], quantum
magnonics [26-28], dark matter detection [29, 30], etc. Nev-
ertheless, in these demonstrations the electromagnonic inter-
action can only be tuned by changing the geometric configura-
tion of the device, which typically occurs on a time scale much
longer than the signal lifetime. The lack of fast tuning mech-
anisms makes it extremely challenging to apply any gate-
control protocols [31-42] for real-time manipulations on the
magnon-photon interaction dynamics which is highly desired
for practical signal processing, severely limiting the broad ap-
plication of electromagnonic systems.

In this Letter, we demonstrate that by introducing a novel
pulse sequence [43] gated electromagnonic interactions are
achieved, to the best of our knowledge, for the first time.
Our gate design ensures fast response time to the control

pulses, which is hardly achievable in previous demonstrations.
This allows the control of the on, off, and duration of the
magnon-photon interaction to realize a series of gated dynam-
ics, including semi-classical analogy of Landau-Zener (LZ)
transition, Rabi oscillation, Ramsey interference, and con-
trolled swap. Upon further optimization to extend the finite
magnon/photon lifetimes and magnon detuning range, more
complicated operations are expected. Our proof-of-principle
demonstration opens a new avenue for dynamically manipu-
lating electromagnonic systems.

Figure 1 (a) shows the schematics of our device, consisting
of a cylinder-shaped dielectric resonator (DR) hosted inside a
large copper housing (not shown for clarity). The DR supports
a well-defined photon mode (TE(; § mode) at . =27 x 8.517
GHz with a small dissipation (quality factor around 10,000)
thanks to the low dielectric loss as well as the radiation shield-
ing from the housing. The resonator volume (diameter: 6
mm; height: 4 mm) is much smaller than metallic three-
dimensional cavities [7, 8, 10] at similar frequencies because
of its high dielectric constant (¢ = 30). One coaxial loop an-
tenna (the “probe”) is placed on top of the DR to excite cavity
microwave photons. This antenna also reads out the coher-
ent information encoded on the amplitude and phase of cavity
photons, either by steady-state cavity reflection spectra under
a continuous wave (CW) RF excitation, or via cavity dynami-
cal responses under a pulsed excitation.

A 400-um-diameter sphere made of single crystal YIG is
placed close to the end surface of the DR along its axis. A per-
manent magnet is placed outside the cavity housing to provide
a bias field along z direction to magnetize the YIG sphere. The
bias field direction is perpendicular to the microwave mag-
netic field of the DR TE(§ mode [dashed lines along y di-
rection in Fig. 1 (a)], inducing the coupling between magnon
resonances in the YIG sphere and the evanescent field of the
cavity resonance. The bias field strength H is controlled by
the permanent magnet position. In our experiment, only the
fundamental magnon mode is considered, which has a fre-
quency determined as @y = YH, where Y = 21 x 28 GHz/T
is the gyromagnetic ratio.
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FIG. 1. (a) Device schematics. A spherical YIG magnonic resonator
is placed underneath a cylindrical dielectric resonator (DR) inside a
copper housing (not shown for clarity). An external magnetic field H
is applied along z by a permanent magnet. The probe loop is for mi-
crowave excitation/readout; the gate loop around the YIG sphere pro-
vides control fields along z using pulsed DC currents. The gate loop
is optimized to three turns in the real device, but only a single turn
is plotted for clarity. The colormap and vertical dashed lines show
the amplitude and direction of the microwave magnetic (/) fields of
the DR TE(; s mode. (b),(c) Measured cavity reflection (S11) spectra
when the bias magnetic field and gate voltage is swept, respectively.
(d) Pulse response of the on-resonance cavity reflection when a train
of 800-ns, 10-Vp, DC pulses with a repetition rate of 200 kHz is
applied to the gate.

Our system can be described by the Hamiltonian
H = hoct'¢ + howm i+ hg (¢'m+ém') 4]

where 7 is the reduced Planck’s constant, g is the magnon-
photon coupling strength, ¢ and &' (77 and s#") are the annihi-
lation and creation operators for the photon (magnon) mode,
respectively. In our experiment, strong magnon-photon cou-
pling is achieved [Fig. 1 (b)] thanks to the large spin density
in YIG as well as the photon recycling in the DR near reso-
nance, allowing coherent information conversion between the
two modes. The lower and upper branch correspond to hybrid
modes where the magnons and photons are in-phase and out-
of-phase, respectively, which give d.. = (¢=i)//2 at zero
detuning (®. = oy ) with the +(—) sign for the lower (upper)
branch. Strong coupling is confirmed by the extracted param-
eters, with a coupling strength g = 27 x 2.25 MHz exceeding
both the photon and magnon dissipation rates (k. =27 x 0.96
MHz and K, = 27 x 1.20 MHz), which correspond to a life-
time of 166 ns and 133 ns, respectively.

A unique feature of our device is a gate antenna [44] wrap-
ping around the YIG sphere, allowing bias field tuning with
a DC current [Fig. 1 (¢)]. The loop has a small diameter (900
Um) to enhance the tuning field, and with only three turns its
inductance is also small, allowing fast responds to short cur-
rent pulses. During their “on” times, such pulses can detune
the magnon resonance and are therefore referred to as detun-
ing pulses. For example, when a 10-Vpp pulse train (pulse
length: 800 ns, repetition rate: 200 kHz) is sent to the gate,
the measured cavity reflection of a CW tone at 27 x 8.5185
GHz is modulated into a pulse train [Fig. 1 (d)]. Therefore,
dynamical control of the system response becomes feasible.

The transient response of the system is characterized using
a pulse sequence shown in Fig. 2 (a). The gate current is first
set to zero by a 0-V gate voltage and the permanent magnet is
tuned to have the magnon mode on resonance with the cavity.
This is followed by a —5-V gate voltage to bring the magnon
mode off resonance. Then a 100-ns RF pulse centered at @
is sent to the probe to excite the system. Since the RF probe
only couples with the cavity mode, the system is excited into
a nearly pure photon state. After that a detuning pulse brings
the bias voltage from —5 V to 45 V, sweeping magnons across
the cavity resonance with a +27 x 5.75 MHz detuning range.
Cavity reflection is read out right after the rise edge of the
detuning pulse, which is a direct indication of the cavity mode
amplitude. During the readout, the DC bias stays at +5 V
for 500 ns to keep the system in the steady state. The pulse
repetition time (2 us) is much longer than the pulse sequence.

In the strong coupling regime, the cavity photon and
magnon mode hybridize into two normal modes with one
upper and one lower branch that are separated by an anti-
crossing [Fig. 2 (b)]. In our measurement, the transition time
1z for the gate voltage to change from —5 V to +5 V is tuned
from 6 to 200 ns, determining different evolution paths for the
system initial state. For a large # 7, the initial state undergoes
an adiabatic transition (Path P;) and stays in the upper branch,
during which cavity photons gradually convert to the magnon
mode. While for a small 717, the initial state experiences a
diabatic transition (Path P,) and jumps from the upper to the
lower branch, allowing cavity photons to remain in the pho-
ton mode. For other transitions that fall between these two
limits, cavity photons will take both paths with a probability
of remaining in the photon mode

—ng?

P, = eSomiiz, @

which is analogous to the LZ transition in atomic physics [45].
In our system, the magnon detuning at both the initial and final
states satisfies [A®y| = |om — @] =27 x 5.75 MHz > g/2,
validating the adoption of the LZ formula [46].

The cavity mode amplitude is characterized by measur-
ing the cavity reflection as a function of the LZ transition
time. The cavity reflection is proportional to the strength of
the electromagnetic field inside the cavity, thus directly indi-
cates the intra-cavity photon dynamics. The finite microwave
photon lifetime has to be taken into account considering it
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FIG. 2. (a) Schematics of the pulse sequence used for measuring the
Landau-Zener (LZ) transition. A 10-Vp,;, detuning pulse with a rise
edge #1 7 and peak duration 500 ns is applied right after the 100-ns
input microwave pulse. Cavity reflection is read out right after the
detuning pulse rise edge (red arrow). (b) Measured normal mode
frequencies of the hybrid magnonic system. Sy is the initial state af-
ter the pulsed RF excitation, Py 5 and Sy » are the possible transition
paths and the corresponding final states, respectively. (c) Normal-
ized amplitude (norm. amp.) for the cavity mode measured after
the detuning pulse as a function of 71 7 with (circles) and without LZ
transition (squares), respectively. Solid and dashed lines are the cal-
culation results for these two situations, respectively. Bottom panel:
Measured (triangles) and calculated (solid line) ratio of the ampli-
tudes with and without the LZ transition.

is on a time scale similar to the LZ transition time. Con-
sequently, the normalized cavity mode amplitude is given as
A = P.e” ¥z Figure 2 (c) shows both measured (red circles)
and calculated (red solid line) cavity mode amplitudes, which
show great agreement with each other. As a comparison, Fig-
ure 2 (c) also plots the measured (black squares) and calcu-
lated (dashed line) photon decays resulting solely from the
cavity dissipation when magnons are detuned far away from
cavity resonance, which show a much lower exponential de-
cay rate and are therefore distinctively different from the LZ
transition case.

The bottom panel of Fig. 2 (c) shows that the derived proba-
bility P, also agrees with the calculation based on Eq. (2). For
longer transition times, the probability for the photons to stay
in the cavity resonance is low, e.g., P. = 0.57 for .z = 200
ns. However, for rapid LZ transitions the system condition
can be abruptly changed (e.g., magnons to be quickly tuned
on/off-resonance) without affecting existing states. For in-
stance, photons have a high probability . = 0.98 to stay in the
microwave resonance after the transition for #; z = 6 ns. In our
system, the device can be first excited into a pure photon state
y(0) = |at), |0),,,, where |o), and |0),, are coherent states for
the photon (amplitude: &) and magnon (amplitude: 0) mode,
respectively, by a RF pulse centered at @. when magnons are
far off resonance (|Awn| > g/2). Without detuning pulses,
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FIG. 3. (a) Schematics of the pulse sequence for measuring the Rabi
oscillation. A 10-Vpy, rectangular-shaped Rabi pulse is applied after
the 100-ns microwave input pulse. The detuning pulse has a rise/fall
edge of 6 ns, with a varying pulse length 7g. Cavity reflection is
read out right after the Rabi-pulse. (b) Red (black) line shows cavity
reflection spectrum at the pulse peak (bottom), where magnons are on
(off) resonance with cavity photons. (c) Measured (red open circles)
and calculated (black solid line) time trace of the cavity reflection
signal as a function of the Rabi pulse length R, respectively. Inset
shows the Bloch sphere representation of the system state evolution
after a 56-ns (left) and 111-ns (right) pulse which serve as a 7/2- and
a m-pulse, respectively. « is the initial photon mode amplitude.

the system dynamics is simply an exponential decay. When a
detuing pulse with a short rise/fall time and proper amplitude
is applied, the initial photon state stays intact but the magnon
mode can be abruptly tuned to be on-resonance with cavity
photons during the finite pulse length #,. This enables the in-
formation conversion between photons and magnons within
the pulse duration, and consequently the system state evolves
to

W(tp) = [etcos(gty), rsin(sty) 3

Therefore, by properly tuning the pulse length the system final
state can be controlled. For instance, if 7, = Tp /2 where Tg =
1 /g is the Rabi period, the final state of the system becomes
|0), |et),, if the dissipation is neglected. Such a pulse swaps
the magnon mode with the cavity photon mode, and therefore
corresponds to a T-pulse. Accordingly, a 7r/2-pulse can be ob-
tained if the pulse length becomes #, = Tr /4, which converts a
pure photon state into a hybrid state |ot/v/2), [0t/ v/2),,, [44].
Our experimental realization of gate controls is depicted in
Fig.3 (a). First the system is initialized with a —5-V gate
signal, and the bias magnet is adjusted to detune the magnon
mode from the cavity resonance by 27 x 11.5 MHz [Fig.3
(b)]. Then a 100-ns, rectangular-shaped microwave pulse cen-
tered at @, is sent in and excites the system into a photon
mode. When the microwave pulse ends, a detuning pulse with
a rise/fall edge of 6 ns is applied immediately to abruptly
increase the DC bias to +5 V, bringing the magnon mode
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FIG. 4. (a) Measured Ramsey fringe using the pulse sequence shown
in the inset with two 10-Vy,, 7/2-pulses separated by 7. (b) Mea-
sured cavity reflection signal after a mode swap operation using the
pulse sequence shown in the inset with two 10-Vp, 7m-pulses sepa-
rated by 7. In both measurements, the first detuning pulse is applied
immediately after the 100-ns RF excitation pulse, and the cavity re-
flection is read-out (at red arrows) right after the second pulse.

on-resonance with cavity photons [Fig.3 (b)]. The detun-
ing pulse lasts for #, before the bias returns to —5 V, after
which the cavity reflection is read out. When the detuning
pulse length #,, varies, a Rabi oscillation is observed [red open
circles in Fig. 3 (c)], which agrees well with theoretical pre-
diction (black solid line) based on Eq. (3). From these results
a Rabi period of TR = 222 ns can be extracted, which per-
fectly matches the measured coupling strength g = 27 x 2.25
MHz. Consequently, a 56-ns and a 111-ns pulse correspond to
a m/2- and a 7-pulse, respectively, as indicated by the Bloch
sphere representation [Fig. 3 (c), inset].

Based on the effective 7/2- and m-pulses, complex elec-
tromagnonic gate controls can be realized using multi-pulse
sequences. For instance, Ramsey fringes, which have been
widely adopted for characterizing dephasing processes, can be
measured using a pair of 7/2-pulses [Fig. 4(a)]. First the sys-
tem is prepared with the magnon mode detuned by 27 x 11.5
MHz at a —5-V bias voltage, followed by a microwave pulse
exciting the system into a pure photon state. The first 7/2-
pulse (amplitude: 45 V) is then applied to convert microwave
photons into the hybrid mode |0t/v/2), |t/ v/2),,. After a de-
lay 7 in which the hybrid mode undergoes a free evolution, the
second 7r/2-pulse is applied. Cavity reflection is immediately
read out after the second pulse, which shows an oscillation as
a function of 7 with a period (79 ns) close to the theoretical
prediction TRamsey = 27 /A, = 87 ns. An exponential fitting
of its envelop gives a lifetime of 136 ns, slightly smaller than
the expected decay time (147 ns) determined from the hybrid
mode damping rate Ky = (ke + Km)/2 = 27 x 1.08 MHz, in-
dicating that for the hybrid modes the dephasing process is
comparable with but slightly faster than their damping.

In addition, controlled magnon-photon mode swap can be
obtained using a 7-7 pulse sequence [Fig.4(b)]. This is in

sharp contrast to most previous demonstrations where the
magnon-photon swap is constantly on without any controls.
With the system initially prepared in a pure photon state as
in the Ramsey fringe measurement, it is swapped into the
magnon state by a m-pulse. As the pulse ends magnons are
tuned off-resonance, leaving the information in the magnon
state. The second m-pulse after a delay 7 enables a sec-
ond swap, converting the information back to the photon
mode. The converted signal amplitude experiences an expo-
nential decay [Fig. 4(b)], which is determined by the magnon
damping. Limited by the finite magnon detuning that we
can achieve, the magnon-photon interaction is not completely
turned off after the m-pulse, which explains the slight oscilla-
tory deviation from ideal situations (dashed line) in the mea-
sured signal. Although it may not be ideal for memory ap-
plications because of the finite magnon lifetime, the demon-
strated principle can be used for on-demand mode conversions
that are long desired in many other applications.

To conclude, we have achieved the first real-time gate con-
trol of coherent magnon-photon interactions. Using a tuning
mechanism that supports fast pulse responses, we success-
fully obtained the proof-of-principle demonstration for several
benchmark gated magnon-photon operations. Our demonstra-
tion points to a new direction for hybrid magnonics where
magnon-photon couplings have been long limited to be static
or quasi-static, opening new possibilities for a broad range of
applications in coherent information processing. Upon further
optimizations to extend the finite photon/magnon lifetimes
and detuning ranges, our room-temperature, classical demon-
strations can be readily applied to low-temperature, quantum
measurements.
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