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We reveal the cooperative effect of coherent and dissipative magnon-photon couplings in an open cavity
magnonic system, which leads to nonreciprocity with a considerably large isolation ratio and flexible
controllability. Furthermore, we discover unidirectional invisibility for microwave propagation, which
appears at the zero-damping condition for hybrid magnon-photon modes. A simple model is developed to
capture the generic physics of the interference between coherent and dissipative couplings, which
accurately reproduces the observations over a broad range of parameters. This general scheme could inspire
methods to achieve nonreciprocity in other systems.
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Introduction.—Reciprocity is ubiquitous in nature, but
sensitive signal detection and processing, especially in the
delicate quantum regime [1], requires nonreciprocal oper-
ations. The case of greatest interest is electromagnetic
nonreciprocity [2], which focuses on the nonreciprocal
propagation of electromagnetic fields ranging from micro-
wave [3–6], terahertz [7], and optical [8–12] to x-ray
frequencies [13]. In addition, acoustic [14,15] and pho-
nonic [16,17] nonreciprocities have been reported and have
their own applications. Nonreciprocity may be achieved
using different mechanisms, such as Faraday rotation
[18–22], optomechanical interactions [4,5,8,12], reservoir
engineering [11,23], and parametric time modulation
[9,24]. However, in practice, achieving large nonreciprocity
with flexible controllability remains a demanding issue,
especially in the linear response regime [2,25].
Recently, cavity magnonics has attracted a lot of attention

[26–33]. Such hybrid systems show great application
prospects in quantum information processing, acting as
either a quantum transducer [34–40] or quantum memory
[41]. A versatile magnon-based quantum information
processing platform has taken shape [42]. However, in
conventional cavity magnonics systems governed by coher-
ent magnon-photon coupling, nonreciprocity is missing
[43]. Last year, an intriguing dissipative magnon-photon
coupling was discovered [44,45], which has quickly been
verified as ubiquitous [46–52]. Microscopically, dissipative
coupling results from the traveling-wave-induced [51]
cooperative external coupling [23,52,53]. The interference
of coherent and dissipative magnon-photon couplings
makes it possible to break time-reversal symmetry, which
we demonstrate in this Letter. Furthermore, we show that
such a unique scheme of nonreciprocity has flexible

controllability, which enables a high isolation ratio accom-
panied by low insertion loss. Our results provide an a priori
reference for exploring nonreciprocity at different frequen-
cies based on the interference of coherent and dissipative
couplings in other systems.
System and model.—The experimental setup is sche-

matically shown in Fig. 1(a), where a yttrium iron garnet
(YIG) sphere (1-mm diameter) is placed close to a cross-
line microwave circuit. The circuit is designed to support
both standing and traveling waves [54], forming an open
cavity where the external coupling is much larger than the
intrinsic damping rate, and it may even become comparable
to the cavity eigenfrequency. The YIG sphere is glued on
the end of a displacement cantilever, enabling 3D-position
control. A magnetic field of a few hundred millitesla is
applied perpendicular to the cavity plane, controlling the
magnon mode frequency ωm. The cavity mode at the
frequency ωc contributes to the coherent magnon-photon
coupling (with the coupling rate J). The traveling wave
causes the dissipation of magnons through radiation damp-
ing to the environment [51], inducing an effective dis-
sipative coupling (with the rate Γ) between the cavity and
the magnon modes [23,52,54]. In our setup, both J and Γ
can be drastically changed when moving the YIG sphere.
Furthermore, according to Ampére’s law, the phase of the rf
field of the traveling wave at the YIG position differs by π
by reversing the propagation direction. Hence, the relative
phase Θ between the coherent and dissipative couplings
differs by π for microwave signals loaded from port 1 and
port 2. As we will show below, these ingredients, i.e., the
cooperation of coherent and dissipative couplings and their
direction-dependent relative phase, govern the physics for
the new scheme of nonreciprocity.
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To describe such an open cavity magnonic system, we
construct the following non-Hermitian Hamiltonian that
takes into account the loading configurations [54]:

Ĥ=ℏ ¼ ω̃câ†âþ ω̃mb̂
†b̂þ ðJ − iΓeiΘÞðâ†b̂þ b̂†âÞ: ð1Þ

Here, ω̃c ¼ ωc − iβ, ω̃m ¼ ωm − iα, â ðâ†Þ and b̂ ðb̂†Þ are
the photon and magnon annihilation (creation) operators,
respectively, and α and β are the intrinsic damping rates of
the magnon and cavity modes, respectively. Without losing
generality, we choose Θ ¼ 0 and π for microwaves loaded
from port 1 and 2, respectively.
The eigenvalues of Eq. (1), ω̃� ¼ ½ω̃c þ ω̃m �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðω̃c − ω̃mÞ2 þ 4ðJ − ieiΘΓÞ2
p

�=2, correspond to two
hybridized modes that have intriguing properties. In parti-
cular, their intrinsic damping rates Imðω̃�Þ may go to zero,
which we define as the zero-damping condition (ZDC)
[54]. For example, when J ¼ Γ > α, β, and for Θ ¼ 0,
ZDCs appear when ωm¼ωc−2JΓ=α and ωm≈ωcþ2JΓ=β.
For Θ ¼ π, the ZDCs appear when ωm ¼ ωc þ 2JΓ=α and
ωm ≈ ωc − 2JΓ=β. Peculiar transmission properties emerge
at ZDCs, which we discover by calculating the trans-
mission coefficient of the system using input-output
theory [1,54]:

S21ð12Þ ¼ 1þ κ

iðω − ωcÞ − ðκ þ βÞ þ −½iJþΓeiΘ1ð2Þ �2
iðω−ωmÞ−ðαþγÞ

: ð2Þ

Here, Θ1 ¼ 0, Θ2 ¼ π, and κ and γ are the external
damping rates [54] of the cavity and magnon modes,
respectively.
Noticeably, a term of −2iJΓeiΘ1ð2Þ arises in Eq. (2) due to

the interference of coherent and dissipative couplings. This
term produces nonreciprocity. Most remarkably, we find
that [54], for ZDCs at ωm ¼ ωc � 2JΓ=α,

jS21ðω−Þj ¼ jS12ðωþÞj ¼ 0; ð3aÞ

jS12ðω−Þj ¼ jS21ðωþÞj > 0; ð3bÞ

where ω� ¼ Reðω̃�Þ are the frequencies of the hybridized
modes and S21ð12Þ is in the linear scale. Similar symmetry
applies for the other pair of ZDCs at ωm ≈ ωc � 2JΓ=β.
Equation (3a) predicts unidirectional invisibility of micro-
wave propagation at ZDCs through the open cavity
magnonic system. Together with Eq. (3b), it implies a
nonreciprocity that is mirror symmetric with respect to the
cavity mode frequency. We highlight such striking effects
in Figs. 1(b) and 1(c). In the following, we experimentally
verify them.
Experimental results.—First, we present results mea-

sured by placing the YIG sphere at the position with a
balanced coupling (J ¼ Γ). We focus on the cavity mode
ωc=2π ¼ 4.724 GHz. Figures 2(a) and 2(b) show, respec-
tively, the mapping of jS21ðωÞj and jS12ðωÞj, which
are plotted as a function of the frequency detuning
(Δc ¼ ω − ωc) and field detuning (Δm ¼ ωm − ωc). The
intrinsic damping rates of two hybridized modes are
fitted from jS21ðωÞj and jS12ðωÞj spectra and plotted
as green circles in Figs. 2(c) and 2(d), respectively.
Theoretical eigenvalues, calculated from Eq. (1) using
J=2π ¼ Γ=2π ¼ 7.9 MHz, α=2π ¼ 1.1 MHz, and β=2π ¼
15 MHz are plotted for comparison [54]. The real part
eigenvalues Re(ω̃�), plotted as the black dashed lines in
Figs. 2(a) and 2(b), agree well with the measured
dispersion. The imaginary part eigenvalues jImðω̃�Þj,
plotted as black solid curves in Figs. 2(c) and 2(d), agree
well with the measured damping rates. Two pairs of ZDCs
predicted by Eq. (1) are observed, as marked by the arrows
in Figs. 2(c) and 2(d).
Unidirectional invisibility is also confirmed. Choosing the

side ZDCmarked by the blue arrow as an example, Figs. 2(e)
and 2(f) show the measured jS21ðωÞj and jS12ðωÞj spectra,
respectively. An ultrasharp dip in jS21ðωÞj is observed at
ω=2π ¼ ω−=2π ¼ 4.615 GHz. The calculated result using
κ=2π ¼ 880 MHz and γ=2π ¼ 0.071 MHz, based on fitting
Eq. (2) to the measured spectrum [54], is plotted as the thin
curves for comparison. These spectra show that microwave
transmission from port 1 to port 2 is completely blocked at
this frequency. Similarly, unidirectional invisibility is found

(a)

(b)

(c)

FIG. 1. (a) Schematic diagram of the experimental setup. The
cross-line cavity supports both standing cavity modes and trav-
eling waves. AYIG sphere is glued on the end of a displacement
cantilever. The cantilever can be adjusted in 3D space precisely.
The spectroscopy is measured with a vector network analyzer
through ports 1 and 2. (b),(c) Schematic diagram showing
magnon-photon coupling and nonreciprocal microwave trans-
mission at the ZDCs.
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at ω=2π ¼ ωþ=2π ¼ 4.833 GHz, as shown by the jS21ðωÞj
and jS12ðωÞj spectra plotted in Figs. 2(g) and 2(h), respec-
tively, which are taken at the ZDC marked by the magenta
arrow. Together, as highlighted in Figs. 1(b) and 1(c), results
of Figs. 2(e)–2(h) verify the mirror symmetric nonreciprocity
that is summarized by Eq. (3).
Next, we study the nonreciprocity with different combi-

nations of coherent and dissipative coupling rates. The
difference between the forward (S21) and backward (S12)
transmission amplitudes is extracted in the decibel scale
(defined as 20 � log10jS21=S12j), and we take its absolute
value as the isolation ratio (iso). For the situation of J=2π ¼
Γ=2π ¼ 7.9 MHz discussed in Fig. 2, the measured iso-
lation ratio as a function of the working frequency ω and
the field detuning Δm is plotted in Fig. 3(a). Four peaks
appear at the two pairs of ZDCs, which we classify as

central isolation peaks (2 and 3) and side isolation peaks
(1 and 4). Away from the ZDCs, the isolation ratio
gradually decreases following the dispersion of the hybrid-
ized modes. The theoretical calculation shown in Fig. 3(b)
is in good agreement with the experimental result. Here, at
balanced coupling, the dispersion plotted in solid curves
indicates that the magnon and photon modes are simply
crossing. This is consistent with our previous study [44].
Changing the position of the YIG sphere to adjust the
coupling strengths, we find that the competition between
coherent and dissipative couplings shapes the appearance
of the isolation ratio. When J < Γ, the pattern of the
isolation ratio reveals level attraction as shown in Fig. 3(c).
In the J > Γ case, it shows level repulsion [Fig. 3(e)].
In both cases, the calculated results shown in Figs. 3(d)
and 3(f) agree well with the measured data. The small
isolation peak above 4.8 GHz in Figs. 3(c) and 3(e) is
attributed to the effect of coupling between the cavity mode
and a higher-order magnetostatic mode [42,43], which we
ignore in the calculation.
Apparently, this scheme of isolation is fundamentally

different from the conventional nonreciprocal response
utilizing either Faraday rotation or ferromagnetic resonance
[18–22], where large ferrites and complex port design
(involving resistive sheets, quarter-wave plates, etc.) are
needed, making it bulky for integration. In our case, the
YIG sphere is only 1 mm in diameter. The isolation is
the result of a synergetic contribution of the cavity mode,
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marked by the magenta arrow. Thin curves in (e)–(h) are
calculated from Eq. (2).
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the magnon mode, and the interference between their
coherent and dissipative interactions. The distinction is
most clearly seen from the fact that the nonreciprocity
disappears when either J ¼ 0 or Γ ¼ 0 [54].
Such unique nonreciprocal dynamics enable flexible

controllability. In addition to the detuning that we have
shown, the coupled system has a series of other control
parameters. Taking a working frequency of ω=2π ¼
4.620 GHz as an example, Fig. 4(a) shows the isolation
ratio near the side peak as a function of intrinsic damping
rates α and β, which is calculated by fixing the coupling
strengths J=2π ¼ Γ=2π ¼ 7.9 MHz. The black and red
dashed lines are the contour lines of 20 and 30 dB of
isolation, respectively. In this case, the isolation ratio is
more sensitive to α than β, because the side isolation is
governed by the magnonlike hybridized mode. Similarly,
isolation can be controlled by tuning the coupling rates J
and Γ, as shown in Fig. 4(b) by fixing α=2π ¼ 1.1 MHz

and β=2π ¼ 15 MHz. In this case, again, an isolation ratio
above 30 dB can be achieved by adjusting the YIG position
to control the coupling rates.
Finally, we note that, for practical applications, another

crucial performance index is the insertion loss (IL). The
most desirable performance is achieved with a high
isolation ratio and low insertion loss, which can be
optimized in our system by choosing suitable external
damping rates κ and γ, for the cavity and magnon modes,
respectively. Setting α=2π ¼ 1.1 MHz, β=2π ¼ 15 MHz,
and J=2π ¼ 7.9 MHz, the isolation ratio and insertion loss
as a function of κ and γ are shown in Figs. 4(c) and 4(d),
respectively. The green dashed curve in Fig. 4(c) is the
contour curve for 20 dB of isolation ratio, and the red
dashed curve in Fig. 4(d) is the contour curve for −4 dB of
insertion loss. The horizontal lines in Figs. 4(c) and 4(d) are
replotted in Fig. 4(e), showing the general trade-off
between isolation ratio and insertion loss. The two contour
curves in Figs. 4(c) and 4(d) are replotted in Fig. 4(f), where
we can clearly find an optimized region with small insertion
loss (jILj < 4 dB) and considerably large isolation ratio
(jisoj > 20 dB) simultaneously.
Conclusion.—By designing an open cavity magnonic

system to harness the cooperative effect of coherent and
dissipative magnon-photon couplings, we demonstrate a
new scheme for realizing nonreciprocal microwave trans-
mission in the linear response regime. Zero-damping
conditions for hybridized modes are realized, at which
unidirectional invisibility of microwave propagation is
discovered. These effects are well explained by a model
that takes into account the direction-dependent relative
phase between coherent and dissipative magnon-photon
couplings, which breaks the time-reversal symmetry for
microwave propagation. These nonreciprocal dynamics
have flexible controllability and enable optimized perfor-
mance with large nonreciprocity and low insertion loss. The
key physics of the interference between coherent and
dissipative couplings is general and may be applied to
other systems without any external magnetic field, such as
superconducting circuits in which coherent and dissipative
couplings may be implemented and controlled by coupling
the systems to the environment.
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