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We report dissipative magnon-photon coupling caused by the cavity Lenz effect, where the magnons in a
magnet induce a rf current in the cavity, leading to a cavity backaction that impedes the magnetization
dynamics. This effect is revealed in our experiment as level attraction with a coalescence of hybridized
magnon-photon modes, which is distinctly different from level repulsion with mode anticrossing caused by
coherent magnon-photon coupling. We develop a method to control the interpolation of coherent and
dissipative magnon-photon coupling, and observe a matching condition where the two effects cancel. Our
work sheds light on the so-far hidden side of magnon-photon coupling, opening a new avenue for
controlling and utilizing light-matter interactions.
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The recent discovery of coherent magnon-photon cou-
pling has spawned the rapid development of cavity-spin-
tronic technologies [1–16], lying at the crossroads of
quantum information and spintronics. On one hand, it
has enabled a gradient memory architecture [7], single
magnon detection [13], and dressing of magnon dressed
states [14]. All of these could be exploited for magnon
based quantum information applications. On the other
hand, it has led to the generation of spin current from
the cavity magnon polariton [6,10], which has created
novel spintronic applications at room temperature, such as
nonlocal spin current manipulation [15].
The physics of coherent magnon-photon coupling can be

understood, either quantum mechanically as spin-photon
entanglement [1,2], or classically as mutual coupling
between electrodynamics and magnetization dynamics [6].
Consistent with the correspondence principle, both pictures
equally explain the characteristic coupling features such as
level repulsion, damping exchange, and Rabi oscillations.
Despite its broad impact [1–16], coherent coupling is just
the tip of the iceberg of magnon-photon hybridization.
Here, we reveal a dissipative magnon-photon coupling,
whose distinct coupling features have so far been hidden.
Let us first explain the central idea by using a textbook

example and a gedanken experiment.
As schematically shown in Fig. 1(a), the descent of a

magnet dropping inside a metallic pipe is impeded by the
induced current, which gives rise to a magnetic backaction
that opposes the change in original magnetic flux. That is
Lenz’s law. In a gedanken experiment if we replace the
moving magnet with the precessional magnetization, and
the pipe with a microwave cavity as shown in Fig. 1(b),
then the backaction of the induced current shall impede
the magnetization dynamics, so that the magnons shall be

coupled with the induced cavity current via the dampinglike
Lenz effect. This we refer to as dissipative magnon-photon
coupling, in contrast to the coherent coupling effect where
the cavity current drives the magnetization dynamics [6].
Such a cavity Lenz effect has never been observed [17].

Instead, recent experiments [2–16] with a magnet in a
cavity measure the combined Ampère and Faraday effect,
which lead to coherent magnon-photon coupling as we’ve
explained [6]. Now, considering the cavity Lenz effect, and
using a similar approach as in Ref. [6] by combining the
RLC and Landau-Lifshitz-Gilbert equations for the cavity
current j and dynamic magnetization m, respectively, we
get the following eigenvalue equations [18]:

�
ω2 − ω2

c þ i2βωcω iω2KF

−iωmðKA − KLÞ ω − ωr þ iαω

��
j

m

�
¼ 0; ð1Þ

where ωm ¼ γM0 is proportional to the saturation mag-
netization M0, and γ is the gyromagnetic ratio.
Equation (1) describes the coupling between the magnon

mode at ωr and the cavity mode at ωc, which have an
intrinsic damping rate of α and β, respectively. TheKF term
stems from Faraday’s law [6]. It describes the effect of the
dynamic magnetization m on the rf current j. The KA term
comes from Ampère’s law. It shows that the current j
produces a rf magnetic field, which drives the magnetiza-
tion via a field torque [6]. The cavity Lenz effect appears in
the KL term, which has the opposite sign of the KA term,
since the backaction from the induced rf current impedes
the magnetization dynamics, instead of driving it [18].
Ignoring the cavity Lenz effect by setting KL ¼ 0, the

eigensolution [18] of Eq. (1) reproduces the coherent
magnon-photon coupling [6], characterized by level
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repulsion and damping exchange, as shown in Fig. 1(d).
The coupling strength gA ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ωcωmKFKA=2
p

determines
the Rabi splitting. On the other hand, by setting KA ¼ 0,
the eigensolution of Eq. (1) reveals the dissipative magnon-
photon coupling characterized by level attraction [24] and
damping repulsion, as shown in Fig. 1(e). The coupling
strength is given by gL ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ωcωmKFKL=2
p

, which deter-
mines the damping splitting [18]. With both Ampère and
Lenz terms, level repulsion and attraction appear when
KA − KL > 0 and KA − KL < 0, respectively. These two
regimes of magnon-photon coupling are separated by a
matching condition at KA − KL ¼ 0, where the magnons
and photons appear as decoupled.
It is clear, therefore, that revealing the cavity Lenz effect

requires suppressing the torque related to the Ampère term
KA, on which we base the design of our experiment.

Our setup is shown in Fig. 1(c). We connect a Ku-band
circular waveguide with circular-rectangular transitions to
form a 1D Fabry-Perot-like cavity. Such a special cavity
offers excellent mode profile controllability, as we dem-
onstrated in Ref. [25]. The inner diameter of the circular
waveguide is 16.1 mm. Magnon-photon coupling is studied
by placing a 1-mm diameter yttrium iron garnet (YIG)
sphere (μ0M0 ¼ 0.178 T) approximately 3 mm from the
inner edge at the middle plane of the waveguide. The
magnon mode with α ¼ 7.60 × 10−5 follows the dispersion
ωrðHÞ¼γðHþHAÞ, where γ¼2π×27μ0GHz=T, μ0HA ¼
6 mT is the magnetocrystalline anisotropy field and H is
the static bias magnetic field applied perpendicular to the
cavity axis.
To suppress the Ampère term we use the TE11 mode of

this cavity at ωc=2π ¼ 13.205 GHz. The intrinsic damping
rate of this mode is β ¼ 1.50 × 10−4 (Q ¼ 3300). When
loaded with the YIG sphere and connected for measure-
ments, the damping rate increases to βL ¼ 8.49 × 10−3.
Without inserting the YIG sphere, as calculated by
Computer Simulation Technology (CST) in Fig. 1(c), the
TE11 mode at the middle plane of the waveguide has a
maximum (position A) in the microwave magnetic field
amplitude, h, where the Ampère term KA is large. This is
where coherent magnon-photon coupling is usually mea-
sured [2–16]. The TE11 mode also has an h node (position
B) with smallKA. This is the position where we set the YIG
sphere to explore the level attraction induced by the cavity
Lenz effect.
Using a vector network analyzer (VNA) we measure the

microwave transmission S21 of the magnon-photon system.
With the YIG located at the h antinode, position A in
Fig. 1(c), we observe conventional level repulsion of the
hybridized modes. Here, a mapping of jS21j is plotted in
Fig. 2(a) as a function of the frequency and field detuning,
Δω ¼ ω − ωc and ΔH ¼ ωrðHÞ − ωc. From the Rabi
splitting [26] we obtain a coupling strength of gA=2π ¼
39 MHz. Strikingly, when the YIG sample is placed at the
h-node position B, we no longer observe level repulsion,
but instead discover level attraction as shown in Fig. 2(b).
We measure a coupling strength of gL=2π ¼ 17 MHz.
The spectral contrast between level repulsion and level

attraction is shown in Figs. 2(c) and 2(d). Here we plot S21
as a function of ω for several values of the field detuning
ΔH. The level repulsion behavior is shown in panel (c). At
ΔH ¼ 0 two equal amplitude resonances are observed and
as jΔHj increases these two modes move apart with one
mode slowly decreasing in amplitude, consistent with the
observed modes anticrossing. In contrast, as shown in panel
(d) for level attraction, a sharp peak is superimposed on a
broad resonance, and at ΔH ¼ 0 both appear at the same
frequency ω ¼ ωr ¼ ωc. An even more striking contrast
can be observed by examining the phase ϕ21 for S21
measured at ΔH ¼ 0. In the case of level repulsion as
shown in panel (e), we observe two π-phase shifts at each of

FIG. 1. (a) The Lenz effect. The motion of a magnet falling
down a conducting pipe is impeded by the induced magnetic
field. (b) Magnon-photon coupling mechanisms including the
cavity Lenz effect that impedes the magnetization dynamics.
(c) Experimental setup, with a VNA measuring the microwave
transmission through a waveguide loaded with a YIG sphere. The
simulated h field amplitude for the TE11 mode at the middle plane
of the empty waveguide. A and B denote the h antinode and node
positions for loading YIG sphere. (d),(e) The hybridized mode
frequency (Δω ≡ ω − ωc) and line width (Δω) are plotted as a
function of the field detuning [ΔH ≡ ωrðHÞ − ωc], for level
repulsion and attraction predicted by solving Eq. (1) at KL ¼ 0
and KA ¼ 0, respectively. Sample parameters are given in the
Letter.
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the distinct hybridized modes [27]. However, in the case
of level attraction shown in panel (f), we observe a single
2π-phase jump, confirming the fact that two hybridized
modes have coalesced at ω ¼ ωr ¼ ωc.
Having verified the presence of both level repulsion and

level attraction, we now turn to the other key prediction of
Eq. (1): an experimentally accessible competition between
the two competing magnon-photon coupling mechanisms,
which leads to a matching condition separating the two
coupling regimes. This we demonstrate by using a specially
designedwaveguide insert,which allows us to systematically
tune the angular position θ of the YIG within a 1° precision,
as shown in Fig. 1(c). This insert increases the length of the
circular waveguide by 8.5 mm, resulting in a 3.6% redshift
of the cavity frequency (ωc=2π ¼ 12.725 GHz) and a
slightly changed cavity damping of βL ¼ 6.54 × 10−3.
The transmission spectra at different θ are shown in

Fig. 3, all measured at ΔH ¼ 0. The corresponding full
mappings are plotted in the right panel. At both θ ¼ 0
and 180°, level repulsion is observed. At θ ¼ 90°, level

attraction is observed. As we change θ, two matching
conditions are found near θ ≃ 65° and 115°, where the
coupling strength is very small, resulting in level crossing
as shownby the jS21jmapping.Overall, aswill be analyzed in
detail below, we find that within the range 0° < θ < 180°,
level attraction appears in the region of 65° < θ < 115°,
which is separated from the other regions of level repulsion
by the matching conditions.
Thus far, based on Eq. (1), we have explained the

physical origin of coherent and dissipative magnon-photon
coupling on the equal footing of classical electrodynamics.
And we have shown that the two competing coupling
mechanisms lead to two distinct types of mode hybridiza-
tion: level repulsion and level attraction. Note that Eq. (1)
stems from two linearly coupled harmonic oscillators [26].
In light of the Ehrenfest theorem, we further develop a
quantum picture by constructing the Hamiltonian:

H ¼ ℏωca†aþ ℏωrb†bþ ℏgða†bþ eiΦb†aÞ; ð2Þ
where a† (a) and b† (b) are the creation (annihilation)
operators for cavity photons and ferromagnetic magnons
respectively. Here, the coupling phase Φ describes the
competing effect of two forms of magnon-photon coupling,
and g is the net coupling strength.
Equation (2) places the physics of magnon-photon

coupling in a broad context: when Φ ¼ 0 the coupling
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FIG. 2. Experimental transmission spectra mappings as a
function of Δω and ΔH for (a) level repulsion and (b) level
attraction. The YIG sphere has been placed at positions A and B
to observe level repulsion and attraction, respectively. Individual
transmission spectra at different field detunings are shown for
(c) level repulsion and (d) level attraction. (e) The phase behavior
of level repulsion and (f) level attraction measured at ΔH ¼ 0.
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FIG. 3. Transmission spectra at various angular positions θ,
demonstrating the change from level repulsion to level attraction.
Thick black curves are experimental data and thin green curves
are calculations. The corresponding Δω − ΔH transmission map-
pings are shown on the right.
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term describes the ubiquitous coherent coupling that forms
quasiparticles such as polaritons [2,26] and polarons [28];
with Φ ¼ π the coupling term resembles the dissipative
coupling [29] recently realized in cavity optomechanical
systems [30,31]. The eigenfrequencies of Eq. (2) are

ω� ¼ 1

2

h
ωc þ ωr �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðωr − ωcÞ2 þ 4eiΦg2

q i
: ð3Þ

At Φ ¼ 0 and π, Eq. (3) agrees very well with the solutions
of Eq. (1) plotted in Fig. 1(d) and 1(e), respectively, by
setting g2 ¼ ωcωmjKFðKA − KLÞj=2.
As shown in Fig. 3, by using Eq. (3) to fit the measured

dispersions, and also by using S21ðωÞ calculated from
Eq. (2) to fit the measured transmission spectra [18,26], we
determine the coupling strength, g, and the coupling phase,
Φ, both as a function of the angular position θ for the YIG
sphere. The results are summarized in Fig. 4 with insets
in panel (a) indicating the YIG position in the waveguide
field.
Clearly, three key features of magnon-photon coupling

stand out. (i) Two distinct coupling regions: the level

attraction region (shadowed) characterized by Φ ¼ π,
appears in the region of 65° < θ < 115°, which is separated
from the level repulsion region characterized by Φ ¼ 0.
(ii) Within each region, the net coupling strength g varies at
different angular positions. (iii) The two regions are sharply
separated by the matching condition appearing at θ ≃ 65°
and 115°, where g diminishes and the measured Φ is
uncertain. All these features are consistent with the results
discussed based on the classical picture, showing clearly
that two competing magnon-photon coupling effects coex-
ist at general experimental conditions.
Thus, our study reveals the cavity Lenz effect that leads

to dissipative magnon-photon coupling. Distinct features,
including level attraction with coalescence of the hybrid-
ized dispersions, are observed. By developing consistent
models built on both classical and quantum mechanical
formalisms, we establish a comprehensive picture for
understanding magnon-photon coupling, which is currently
of great interest. Revealing such a hidden dissipative nature
enables a new way for controlling magnon-photon hybridi-
zation, which we demonstrate by tuning the interpolation
between coherent and dissipative magnon-photon coupling.
Our results show that even in the conventional level
repulsion regime [1–16], dissipative magnon-photon cou-
pling competes with coherent coupling, which leads to a
reduced net coupling strength. Previous studies, which
attribute the measured Rabi frequency only to the coherent
magnon-photon coupling, may have to be revised.
Furthermore, in the general context, our results suggest

that the effect of level attraction, which has been so-far
considered as peculiar, might be as ubiquitous as level
repulsion. First observed in systems involving inverted
oscillators, level attraction has important applications such
as topological energy transfer, quantum sensing, and
nonreciprocal photon transmission [24,32–38]. Realizing
level attraction using solid-state devices has been difficult,
but was recently achieved by coupling two opto-mechani-
cal modes to the same dissipative reservoir [30,31]. It was
also proposed [39] to realize level attraction by engineering
the relative phase of microwaves [40]. Our study shows that
level attraction might be generally hidden in systems where
coherent coupling dominates self-induced negative feed-
back (such as the Lenz effect). Engineering and sup-
pressing coherent coupling to reveal level attraction, as
demonstrated in our experiment, may pave new ways for
creating entangled states, and develop new methods for
controlling and utilizing light-matter interactions.
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FIG. 4. Systematic control of the coupling strength and
coupling phase in our setup. (a) The net coupling strength, g,
measured at different YIG positions, θ, as indicated by the insets.
(b) The coupling phase,Φ, measured at different YIG position, θ,
reveals two distinct regions for level repulsion and attraction
where Φ ¼ 0 and π, respectively.
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