
 

Optical Cavity
z

xy
Control Field

Probe Field

(↵̂, !↵ ,�)
<latexit sha1_base64="PyRhWXS6hfMtJq6Q5YVdSv2TKYM=">AAACEHicbVDLSsNAFJ34rPVVdekmWMQKoSRV0GXRhS4r2Ac0IdxMJ83QmSTMTIQS+glu/BU3LhRx69Kdf+P0sdDWAxcO59zLvfcEKaNS2fa3sbS8srq2Xtgobm5t7+yW9vZbMskEJk2csER0ApCE0Zg0FVWMdFJBgAeMtIPB9dhvPxAhaRLfq2FKPA79mIYUg9KSXzqpuBGo3AWWRjCyXMtNOOmDPxVcy3JvgHM49Utlu2pPYC4SZ0bKaIaGX/pyewnOOIkVZiBl17FT5eUgFMWMjIpuJkkKeAB90tU0Bk6kl08eGpnHWumZYSJ0xcqcqL8ncuBSDnmgOzmoSM57Y/E/r5up8NLLaZxmisR4uijMmKkSc5yO2aOCYMWGmgAWVN9q4ggEYKUzLOoQnPmXF0mrVnXOqrW783L9ahZHAR2iI1RBDrpAdXSLGqiJMHpEz+gVvRlPxovxbnxMW5eM2cwB+gPj8weQ3pxG</latexit>
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Cavity 
Optomagnonics

Research Plan S. Viola Kusminskiy

h̄GŜx â
†
â (â† photon creation operator, G optomagnonic coupling). In our recent work we developed

the theory for cavity optomagnonics starting from the Faraday effect [10]. We showed that G scales in-

versely with the magnon mode volume and can be remarkably large for samples near the diffraction limit

⇠ (1µm)
3, giving a coupling per magnon g0 ⇠ 0.1MHz in YIG [the current state of the art is ⇠ (1mm)

3,

with g0 ⇠ 10Hz]. We derived the optically induced classical nonlinear dynamics for the Kittel mode,

and showed the possibility of magnetic switching and self-oscillations, as well as chaos (see Fig. 2).
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Figure 2: Example of nonlinear spin dynamics in cavity
optomagnonics. Bifurcation diagram from Ref. [10].

This is a very new field and several possi-

bilities are open for future research. i) Linear

regime. For small oscillations, a spin can be ap-

proximated by a harmonic oscillator and concepts

of optomechanics can be borrowed. Achievable

regimes will be however different (e.g. strong co-

operativity limit). ii) Quantum nonlinear regime.

Here one has to retain the spin algebra. This is

distinct from optomechanics and will have conse-

quences on quantum noise and quantum measure-

ment protocols. iii) Dissipation processes. From

FMR it is known that pumping the Kittel mode

can lead to instabilities due to three- and four-magnon processes. These are known as Suhl instabilities

and depend on the geometry of the sample. Study of the interplay between optically induced dissipation

(which can be negative for a driven system [10]) and these processes could improve magnon lifetimes.

While for simple geometries analytical progress can be made, more complicated structures will require

micromagnetic simulations. iv) Magnetic textures. This is theoretically challenging in the nonlinear

regime since Ŝ(r) cannot be written in a linear bosonic basis. It opens however a completely novel

regime with no analogue in optomechanics, and could lead to coherent manipulation of magnetic tex-

tures with light. Experimentally, it was shown recently that skyrmions in doped YIG can be imaged by

circularly polarized light. v) Photonic/magnonic crystals. Structures to optimize the coupling between

photon and magnon modes could be in principle designed. The rationale follows the success of photonic

crystals in optomechanics, with the added richness (and challenge) in this case of magnetic textures.

Magnonic crystals in thin films have been experimentally demonstrated. vi) Hybrid systems. Study of

the coupling of optomagnonic systems to mechanical or electronic degrees of freedom.
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Figure 10. Optical (a and b) and magnetic modes (c) of the optimized crystal: (a) Band diagram for TE-like modes within
the irreducible Brillouin zone with a defect mode in the photonic band gap which was pulled from the upper band-edge state
into the gap by the insertion of a defect. From the mode shape of the localized mode with a frequency of !opt/2⇡ = 279THz

(middle layer in the xy-plane) we see that this mode is odd with respect to x = 0 and y = 0 (and even with respect to (z=0)).
(b) Optical spin density of the localized mode (middle layer in the xy-plane) which is odd with respect to x = 0 and y = 0

(and even with respect to z = 0). (c) Band diagram of backward volume waves within the irreducible Brillouin zone showing
magnetic modes with extended k-values but preferring wave vectors at the edge of the Brillouin zone. The highest excited
localized mode has a frequency of !mag/2⇡ = 13.17MHz and is odd along the mirror symmetry planes for x = 0 and y = 0

(and additionally even with respect to the plane for z = 0). The dashed line in the middle inset shows the mode spectrum in
case of no defect.

need to optimize the geometry of the structure further,
by finding a trade off between the optimization for the op-
tics and the optimization for the magnetics which should
result in much higher mode overlaps. For increasing the
cooperativity one needs to find geometries which, besides
the coupling, also increase the quality factor of the opti-
cal mode.

The obtained results in our proof-of-principle system
are promising for the development of new technologies
in quantum information based on optomagnonic arrays,
indicating that by proper, simultaneous optimization of
mode symmetry and confinement, large values of the op-
tomagnonic coupling and cooperativity can be achieved
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Figure 11. Fine structure of the optical spin density and the
magnon mode along the length of the optimized crystal for a
fixed height and width.

in patterned structures. Furthermore, the control of spin
wave dynamics in magnonic crystals can go far beyond
the control of light in photonic crystals. Therefore an
optomagnonic crystal seems to be an appropriate can-
didate for further investigations combining concepts of
magnonic and photonic crystals.
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Theory of hybrid quantum systems 
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Hybrid quantum systems based on magnetic elements

the spectral lines at the anticrossing; (iii) the limited
filtering in the microwave measurement setup allowed
thermal excitations of magnons and photons in the sample.
The present work resolves all these issues as discussed
below. A nearly uniform microwave field in the large cavity
volume, combined with the selection of a spherical sample,
suppresses the coupling to other magnetostatic modes
because of their symmetry. Meanwhile, the high spin
density of YIG and the large volume of the sphere lead
to an enormous magnetic-dipole coupling strength between
the Kittel mode and the cavity mode, namely, two harmonic
oscillators. Normal-mode splitting with the cavity mode is
clearly observed even in the quantum regime where both
the average numbers of thermally excited magnons and
photons are nearly zero and that of the probe microwave
photons in the cavity is less than one.
Our experimental setup is shown in Fig. 1. The cavity

made of oxygen free copper has the fundamental-mode
(TE101) frequency ωc=2π of 10.565 GHz, and its internal
cavity loss κint=2π is about 1.0 MHz at low temperature.
This cavity has two connector ports for the transmission
spectroscopy; an asymmetric port configuration is used
where input and output ports have different coupling
strengths κ1=2π and κ2=2π of 0.13 and 1.5 MHz, respec-
tively. An YIG sphere made by Ferrisphere Inc. [20] is

mounted in the cavity at the magnetic antinode of the
fundamental mode. We apply a static magnetic field of
approximately 370 mT along the crystal axis h100i which
is the hard magnetization axis for YIG. The sample is
supposed to be uniformly magnetized and saturated.
We first measure the transmission spectrum of the cavity

loaded by an YIG sphere with a diameter of 0.5 mm.
Figure 2(a) shows the transmission coefficient ReðS21Þ as a
function of the frequency and the magnetic field tuned by
the bias current I in the coil. A pronounced normal-mode
splitting is observed, indicating strong coupling between a
collective excitation mode in the YIG sphere and the cavity
mode. We assign the mode in the sphere to the Kittel mode;
it gives the maximum coupling strength to the nearly
uniform cavity field and the frequency which is linearly
dependent on the static field. Although it is difficult to
recognize in Fig. 2(a), we also see a few hints of other tiny
anticrossings, for example, at I ¼ −1.6, 2.3, and 3.3 mA.
These are due to weak coupling of the cavity mode with
other magnetostatic modes in the YIG sphere, induced by
the small inhomogeneity of the magnetic fields. Several
cross sections of the 2D color plot are depicted in Fig. 2(b).
As a function of the magnetic field, the Kittel mode
approaches the cavity mode. At the degeneracy point
(I ≡ 0 mA) where the Kittel-mode frequency coincides
with the cavity frequency, we see the normal-mode splitting
of nearly 100 MHz, orders of magnitude wider than
the linewidths. At this point, the Kittel and cavity modes
form “magnon-polariton” modes, i.e., hybridized modes
between the collective spin excitation and the cavity
excitation.
We now evaluate the coupling strength and the cavity

and magnon linewidths by fitting the transmission coef-
ficient S21ðωÞ with an equation derived from the input-
output theory. The transmission coefficient of the hybrid
system is written as

S21ðωÞ ¼
ffiffiffiffiffiffiffiffiffi
κ1κ2

p

iðω − ωcÞ − κ1þκ2þκint
2 þ jgmj2

iðω−ωFMRÞ−γm=2

; ð1Þ

where gm is the coupling strength of the Kittel mode to the
cavity, and ωFMR and γm are the frequency and the line-
width of the Kittel mode, respectively. The input and output
port couplings of the cavity are determined separately by
measuring additionally the reflection of the cavity output.
As depicted by the dashed white lines in Fig. 2(b), the
spectra are well fitted with Eq. (1). The coupling strength of
the Kittel mode to the cavity gm=2π, the total cavity
linewidth κ=2π ¼ ðκ1 þ κ2 þ κintÞ=2π, and the Kittel-mode
linewidth γm=2π are determined as 47 MHz, 2.7 MHz, and
1.1 MHz, respectively. From the parameters, the hybrid
system turns out to be deep in the strong coupling regime
where gm ≫ γm, κ, even at the lowest temperature and with
the weakest probe power. A dimensionless measure which
indicates how well the spins couple to the cavity mode is

300 K

4 K

10 mK
 A

ttn
.

 2
6d

B

1d
B

A
m

pl
ifi

er

N
bT

i

  A
ttn

.
 1

6d
B

C
u 

w
ire

Magnet
& Coil

MW
cavity

(b)

w
ire

(a) VNA

Is
ol

at
or

1 mm

FIG. 1 (color online). Experimental setup. (a) An YIG sphere
mounted in a rectangular cavity made of oxygen free copper. The
sphere is glued to an alumina (aluminum-oxide) rod oriented to
the crystal axis h110i. The inset is a magnified picture of a sphere
with a diameter of 1.0 mm. The cavity has two connector ports for
transmission spectroscopy and dimensions of 22 × 18 × 3 mm
that give the fundamental-mode (TE101) resonant frequency
ωc=2π of 10.565 GHz. (b) Measurement apparatus. The YIG
sphere, cavity, and magnet are cooled to 10 mK using a dilution
refrigerator. A series of attenuators and isolators prevent thermal
noise from reaching the sample space. The total attenuation of the
input port is 48 dB at 10 GHz. The output signal is amplified by
two low-noise amplifiers at 4 K and the room temperature. We
use a vector network analyzer (VNA) for transmission and
reflection spectroscopy. A static magnetic field perpendicular
to the microwave magnetic field and parallel to the crystal axis
h100i is applied by using permanent neodymium magnets and a
magnetic yoke made of pure iron. We use a superconducting coil
for fine tuning of the static field.
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microwave current in the cavity when magnons are excited,
which in turn impedes the excitation of magnons.97) This
leads to a level attraction when the hybrid system is on
resonance, in stark contrast to the usual avoided crossing
observed for a coherent coupling [Fig. 2(c)].98) As discussed
in Ref. 97, this hints that great care needs to be taken when
evaluating the coherent coupling strength gm c� from the
avoided crossing as a finite dissipative coupling will affect
the experimentally observed normal-mode splitting. In the
presence of both coherent and dissipative couplings, the
interaction Hamiltonian of Eq. (9) between a magnetostatic
mode and a microwave cavity mode can be generalized as

g a c e ac , 11i
m c m c� � �� �

'ˆ ( ˆ ˆ ˆ ˆ ) ( )† †

where the coupling phase Φ describes the competing coherent
and dissipative couplings.97) The Hamiltonian of Eq. (9),
describing only the coherent coupling, corresponds to the
case Φ= 0.

3. Quantum magnonics

A promising approach to observe quantum effects in mag-
nonics is to consider a nonlinear system interacting through a
linear, beam splitter-like interaction with the magnetostatic
modes. Such nonlinear quantum systems can be implemented
in superconducting circuits where the Josephson effect
provides the nonlinearity necessary to use these circuits as
qubits.99,100) Furthermore, superconducting qubits can in-
teract strongly with microwave cavity modes through a
Jaynes–Cummings-like electric dipole interaction in the
cQED paradigm40,41) in close relation to cavity quantum
electrodynamics.101,102) In quantum magnonics, this qubit-
cavity interaction is combined with the beam-splitter-like
magnetic dipole interaction between the microwave cavity
modes and magnetostatic modes of a ferromagnetic crystal to
provide the nonlinearity necessary to explore quantum effects
in magnonics.24,35–37) We note that a similar approach was
investigated in paramagnetic spin ensembles.103,104)

3.1. Coupling to a qubit: theory
3.1.1. Superconducting qubit. The hybrid system con-
sidered in quantum magnonics, depicted schematically in
Fig. 3(a), is composed of a ferromagnetic crystal, a micro-
wave cavity, and a superconducting qubit. The supercon-
ducting qubit can be described as an anharmonic oscillator by
the Hamiltonian

q q q q
2 2

, 12q q
2� X

B B
� � �⎜ ⎟⎛

⎝
⎞
⎠ˆ ˆ ˆ ( ˆ ˆ) ( )† †

where ωq is the frequency of the transition between the ground
state g§∣ and the first excited state e , B§∣ is the anharmonicity,
and q̂† and q̂ are respectively the creation and annihilation
operators for the qubit. The frequency of the transition
between the first and second excited states is given by
ωq+ α. For the so-called transmon regime of a supercon-
ducting qubit, α is negative and sufficiently large to operate
such anharmonic oscillators as qubits.105) The coherence time
T2* of the qubit is related to its linewidth γq through T2q 2*H � .
For example, for a very modest coherence time T 1 s2* N� , the
qubit linewidth 2 0.32 MHzqH Q � is already smaller than the

linewidth 2 1 MHzmH Q _ of the Kittel mode at millikelvin
temperatures.21)

3.1.2. Description of the hybrid system. The large
electric dipole of superconducting qubits enables them to
strongly couple to the electric field of the modes of planar
superconducting resonators and three-dimensional microwave

Fig. 3. (Color online) Quantum magnonics. (a) Schematic diagram of the
coupling between a magnetostatic mode and a superconducting qubit of
frequencies ωm and ωq, respectively. Both systems are coupled to a common
microwave cavity mode of frequency ωc through magnetic and electric dipole
interactions of coupling strengths gm c� and gq c� , respectively. This leads to a
second-order effective coupling between the magnetostatic mode and the
superconducting qubit of coupling strength gq m� . The strong coupling regime is
reached when gq m� is larger than both magnon and qubit linewidths γm and γq,
respectively. (b) Schematic representation of the device used to demonstrate the
strong coupling between the uniform magnetostatic mode, or Kittel mode, of a
YIG sphere and a transmon-type superconducting qubit. The frequency of the
magnons in the Kittel mode is tunable through the amplitude of the external
magnetic field B0∣ ∣. Both systems are placed inside a multimode three-
dimensional microwave cavity, leading to an effective qubit-magnon coupling.
(c) Relative change of the transmission coefficient t tRe 0% a( ) ∣ ∣ of the
microwave cavity mode at a probe frequency cX Xx as a function of the
spectroscopy frequency ωs ≈ ωq and the current I in a coil changing the magnon
frequency ωm. The qubit-magnon coupling strength g 2 7.2 MHzq m Q �� ,
determined from the spectrum shown in the right panel, puts the hybrid system
in the strong coupling regime. Horizontal and diagonal dashed lines show the
frequencies of the uncoupled qubit and Kittel mode.

© 2019 The Japan Society of Applied Physics070101-6
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is applied perpendicular to the plane of the WGM orbits.
A loop coil near the YIG sphere generates an ac magnetic
field perpendicular to the dc field and drives FMR. The
magnetization then acquires its horizontal component
rotating at the angular frequency of the Kittel mode.
Because of the finite loss, the microwave reflection picked
up by the loop coil shows a dip at the resonant frequency.
The resonant frequency and the quality factor are found to
be ωmag=2π ¼ 6.81 GHz and Q ∼ 3000, respectively.
Laser light with a wavelength of 1.5 μm from an ECDL

is introduced through a FPC and then coupled to the WGM
resonator via a tapered silica optical nanofiber, with a waist
diameter of about 700 nm and a waist length of around
4 mm. Figure 1(b) shows the transmission spectra for the
transverse-electric (TE) modes and the transverse-magnetic
(TM) modes. The rich structures in the spectra indicate that
there are various spatial modes within the FSR of 62.1 GHz.
For WGMs in the large sphere limit, frequencies of the TM
modes are known to be higher than those of the TE modes
with the same mode indices because of the geometrical
birefringence [22–24]. For the 750-μm-diameter sphere we

use, the difference is estimated to be 51.8 GHz, which is
consistent with the observed spectra in Fig. 1(b) [25]. The
intrinsic quality factors of the WGMs are found to be
around 1 × 105 when they are measured in the under-
coupled regime.
When the light propagates in the direction of the mean

magnetization in ferromagnets, the well-known Faraday
effect occurs. When, on the other hand, the mean mag-
netization is perpendicular to the direction of light propa-
gation, magnon-induced Brillouin scattering takes place
[26–28]. In the presence of magnons in the Kittel mode,
photons in the WGM undergo Brillouin scattering to create
sideband photons with the frequency shifted by "ωmag=2π.
A HWP and a PBS make the scattered sideband photons
and the unscattered input photons interfere to generate a
beat signal at ωmag=2π. The signal is amplified and
measured with a vector network analyzer.
The orange (light blue) plot in Fig. 2 shows the observed

spectrum of the beat signal for the input laser being the TM
mode and coupled to the anticlockwise (clockwise) orbit of
the WGM resonator. The frequency of the input photons is
tuned to be ω=2π ¼ 193130 GHz where the beat signal
associated with the anticlockwise orbit is maximized.
While both peaks in Fig. 2 have the same linewidth as
the FMR signal, there is a large difference in their signal
strengths of almost 20 dB.
The nonreciprocity of the magnon-induced Brillouin

scattering can be explained by considering the conservation
of energy, momentum, and angular momentum under the
situation in which the spin-orbit coupling of the photons
and the geometrical birefringence associated with the
WGM resonator are blended with the time-reversal sym-
metry breaking in the magnon dynamics.
Suppose that the input laser polarization is adjusted to

couple to the TM mode of the anticlockwise WGM orbit
(orange orbit in Fig. 2). The light in the resonator is then σþ

polarized due to the spin-orbit coupling [see Fig. 3(a)]. To
see why the Brillouin scattering is more noticeable in this
situation, we consider the following three points. (i) The

FIG. 1. Transmission through WGMs in a YIG sphere.
(a) Experimental setup. WGMs of the YIG sphere are addressed
with an optical nanofiber. Microwave radiation from a vector
network analyzer excites magnons, and ac and dc components of
the light intensity are monitored with a high-speed photodetector
(PD). The polarization of the light from an external-cavity diode
laser (ECDL) is adjusted by a fiber polarization controller (FPC).
A half-wave plate (HWP) and a polarization beam splitter (PBS)
are placed before the PD. The inset shows a picture of the YIG
sphere and the nanofiber. (b) Observed WGM spectra for the
750-μm-diameter YIG sphere. Red and blue lines correspond to
the TM and TE modes, respectively. The transmission signals are
normalized by their maximal values. The free spectral range
(FSR) and the estimated spectral shift due to the geometrical
birefringence (GB) are indicated.
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FIG. 2. Nonreciprocal Brillouin scattering. The orange (light
blue) plot is the observed spectrum of the beat signal for the input
laser being TM mode from port 1 (2). The right inset shows an
expanded plot of the light blue curve. The left inset depicts the
input ports and the direction of the dc magnetic field.
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quantum regime. Furthermore, it is worth noting that it is
possible to achieve a large qubit-magnon dispersive interaction
with q m mD H� �∣ ∣ while keeping the Kittel mode linear with
Km mH�∣ ∣ by a careful choice of the magnon frequency ωm

relative to the qubit transition frequencies ωq and ωq+α.36,134)

3.4.2. Cross-Kerr effect. A cross-Kerr nonlinearity be-
tween the magnetostatic modes and the microwave cavity
modes is also made possible by their mutual coupling to the
qubit.135,136) In the presence of such a cross-Kerr interaction,
the Hamiltonian of the interaction between a magnetostatic
mode and a microwave cavity mode becomes

g a c ac K a ac c, 19m c m c m c� � � �� � �ˆ ( ˆ ˆ ˆ ˆ ) ˆ ˆ ˆ ˆ ( )† † † †

where Km c� is the cross-Kerr coefficient130,136) which
depends strongly on the magnon frequency relative to the
qubit transition frequencies. The cross-Kerr interaction leads
to a frequency shift of the microwave cavity mode (magneto-
static mode) for every magnon (microwave photon) excited
in the magnetostatic mode (microwave cavity mode).
Evidence of such a cross-Kerr interaction in quantum
magnonics is seen in Ref. 36 as a power-dependent offset
of the qubit spectra, indicating a magnon-number-dependent
shift of the readout cavity mode. Similar to the self-Kerr
effect, the amplitude of the cross-Kerr effect depends
strongly on the frequency of the Kittel mode relative to the
transition frequencies of the qubit. In the single-excitation-
resolved cross-Kerr interaction regime, corresponding to
K ,m c c mL H� �∣ ∣ , a number state in one of the modes can
be stabilized through dissipation in the other mode.136)

4. Cavity optomagnonics

Similar to the interaction between magnetostatic modes and
superconducting qubits, the interaction between light and
spin waves in ferromagnetic crystals is indirect. Indeed, the
optomagnonic interaction consists of electric dipole interac-
tions between the electric component of the optical field and
the electrons of the ferromagnetic material, mediated by
the spin–orbit interaction.137–140) The magnetic dipole
interaction, in comparison, is negligible.141–143)

Phenomenologically, magneto-optical effects are contained
in the expression of the dielectric tensor M�̃ ( ) which depends
on the magnetization M139,144,145) and encapsulates the
Faraday and Cotton–Mouton effects. For decades, light has
been used to probe magnon physics. As illustrated in Fig. 5
(a), now with the advent of quantum magnonics, the coherent
control of spin waves with light holds the promise for an
efficient microwave-to-optics transduction, enabling
quantum-limited microwave amplification and optical inter-
facing of superconducting qubits. After the first implementa-
tion of such a magnon-based transducer25)at the frontiers
between optomagnonics and cavity electromagnonics
[Fig. 5(b)], the interaction is now explored in an optical
cavity, revealing a new physical playground, cavity opto-
magnonics [Fig. 5(c)].
4.1. Optomagnonics in solids
4.1.1. Light as a probe. From pioneering experiments
revealing one and two-magnon scattering in the antiferro-
magnetic material FeF2,

146) coherent spin waves in a YIG
rectangular bar147) and thermally-excited magnons in metallic
thin films of Ni and Fe,148) light scattering has been
frequently used to probe spin-wave physics. Micro-focused

Brillouin light scattering,149) with a diffraction-limited spatial
resolution, is now a mature imaging tool for magnon
spintronics150,151) and fundamental magnon studies,152–154)

notably for the observation of Bose–Einstein condensation of
magnons at room temperature in YIG thin films.155,156)

4.1.2. Light as a control interface. Another attractive
aspect of optomagnonics lies in the ability to control magnons
with light. For example, ultrafast optics experiments have

Fig. 5. (Color online) Cavity optomagnonics. (a) Schematic diagram of the
optomagnonic coupling go m� between a magnetostatic mode of frequency
ωm and an optical cavity mode of frequency ωo. The magnetostatic mode can
be furthermore coupled to a microwave cavity mode of frequency ωc through
a magnetic dipole interaction of coupling strength gm c� . The combination of
cavity optomagnonics and cavity electromagnonics therefore enables an
effective coupling go c� between optical and microwave cavity modes. The
linewidths of the optical cavity mode, the magnetostatic mode and the
microwave cavity modes are respectively ,o mL H , and κc, respectively.
(b) Schematic representation of a device realizing the architecture of cavity
electromagnonics probed with light. Through the Faraday effect, the
polarization of optical photons passing through the microwave cavity and the
ferromagnetic crystal will be modulated at the frequency of the magnetostatic
mode ωm when magnons are excited. (c) Schematic representation of light
evanescently coupled to whispering gallery modes (WGMs) in a ferromag-
netic sphere through a nanofiber along the plane transverse to the external
magnetic field B0, such that whispering gallery and magnetostatic modes
share the same equatorial plane. Panel (c) is adapted from Ref. 26.
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shows the highest coupling strength when the bias field is along the
direction of maximum displacement (Fig. 2B). Therefore, in our experi-
ments, we focus only on the S1,2,2 mode. Although a YIG sphere with a
smaller diameter is favorable for achieving larger coupling strengths
(Fig. 2B), it also results in a higher frequency for the phonon mode
(Fig. 2C), which in turn leads to lower responsivity to the parametric
drive, so a trade-off has to be made when choosing the sphere size. In
our experiments, a 250-mm-diameter YIG sphere is used, corresponding
to a phonon frequency wb/2p = 11.42 MHz and a coupling strength
gmb/2p ≤ 9.9 mHz. With an external drive of 0 dBm, the linear
magnon-phonon coupling can be enhanced to around 30 kHz, which
is two orders of magnitude larger than the phonon dissipation rate, kb.

Magnetostriction mediates the coupling between magnons and pho-
tons. However, to achieve coherent magnon-phonon coupling, it is fur-
ther required that the phononmode should have a relatively long lifetime.
Single-crystal YIG has a garnet structure that is known to exhibit very low
mechanical damping and therefore supports a material-limited phonon
lifetime over a millisecond (38). The supporting fiber that is glued to the
YIG sphere reduces the phonon lifetime (Fig. 2D). In our experiments,
the measured linewidth of S1,2,2 phonon mode with a 125-mm-diameter
supporting fiber is 2kb/2p = 300 Hz, which is sufficiently small for
observing coherent magnon-phonon coupling phenomena.

Figure 1E plots the schematics of our measurement setup at room
temperature ambient condition. The YIG sphere is placed inside a
three-dimensional microwave cavity (Fig. 1A). A weak probe signal is

sent into the cavity through a coaxial probe, and by sweeping its fre-
quency ws and measuring the reflection, we can infer the interaction
among photon, magnon, and phonon inside the cavity. The YIG sphere
is positioned at the maximum microwave magnetic field of the cavity
TE011 mode, which resonates at wa/2p = 7.86 GHz. By controlling the
bias magnetic field, we tune the magnon close to the resonance with the
cavity photon mode. This leads to the hybridization between magnon
and photon (31–34), which shows up in the reflection spectrum as a pair
of split normal modes (Fig. 1F). Because each of the two hybrid modes
contains magnon components, it coherently couples with the phonon
modes when the cavity is parametrically driven by a strong microwave
signal at wd.

We first study each individual hybrid mode for its coherent mag-
nomechanical coupling by applying an off-resonance microwave drive
and ignoring processes that simultaneously involve both hybrid modes.
In this case, the cavity magnomechanical system can be described by

Hmb;1 ¼ ℏgmbðb̂ þ b̂
†
Þð sin2qÂþ

†
Âþ þ cos2qÂ%

†
Â%Þ ð1Þ

where the two hybrid modes interact with the phonon mode indepen-
dently. Here, Âþ ¼ cosqâ þ sinqm̂ and Â% ¼ % sinqâ þ cosqm̂ are
quantized boson operators for hybridized excitations constituted by
the magnon and microwave photon (â), whereq ¼ 1
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Fig. 1. Device schematic andmeasurement setup. (A) Schematic of the device that consists of a three-dimensional copper cavity (only bottom half
is shown) and a YIG sphere. The YIG sphere is placed near the maximum microwave magnetic field (along the y direction) of the cavity TE011 mode.
A uniform external magnetic field (H) is applied along the z direction to bias the YIG sphere for magnon-photon coupling. (B) Optical image of the
highly polished 250-mm-diameter YIG sphere that is glued to a 125-mm-diameter supporting silica fiber. The gluing area is minimized to reduce the
contact damping to the phonon mode. Scale bar, 100 mm. (C) Simulated mechanical displacement (u) of the S1,2,2 phonon mode in the YIG sphere
that has the strongest magnomechanical interaction with the uniform magnon mode. (D) An intuitive illustration of the magnomechanical coupling. Top
panel shows the uniform magnon excitation in the YIG sphere. Bottom panel illustrates how the dynamic magnetization of magnon (vertical black arrows)
causes the deformation (compression along the y direction) of the YIG sphere (and vice versa), which rotates at the magnon frequency. The color scale
represents the corresponding volumetric strain fields induced by the dynamic magnetization of magnon. In our experiments, we excite the magnon at
gigahertz frequencies and the phonon mode is actuated parametrically, that is, at the beating frequencies (megahertz) of two magnon modes. (E) Sche-
matic illustration of the measurement setup. VNA, vector network analyzer; SRC, microwave source for driving; AMP, microwave amplifier; BPF, bandpass
filter; PWR, microwave power meter; CIR, circulator; BSF, bandstop filter; DUT, device under test. (F) Black curve: Cavity reflection spectrum when magnon
is on-resonance with the cavity photon mode. The two dips represent the maximum hybridized modes Â± ¼ 1ffiffi

2
p â±m̂ð Þ. Red and blue vertical lines

indicate the applied drive and probe, respectively. The probe is swept across the hybrid mode resonance. Dsd, two-photon (probe-drive) detuning;
Dd–, drive-resonance detuning.
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the spectral lines at the anticrossing; (iii) the limited
filtering in the microwave measurement setup allowed
thermal excitations of magnons and photons in the sample.
The present work resolves all these issues as discussed
below. A nearly uniform microwave field in the large cavity
volume, combined with the selection of a spherical sample,
suppresses the coupling to other magnetostatic modes
because of their symmetry. Meanwhile, the high spin
density of YIG and the large volume of the sphere lead
to an enormous magnetic-dipole coupling strength between
the Kittel mode and the cavity mode, namely, two harmonic
oscillators. Normal-mode splitting with the cavity mode is
clearly observed even in the quantum regime where both
the average numbers of thermally excited magnons and
photons are nearly zero and that of the probe microwave
photons in the cavity is less than one.
Our experimental setup is shown in Fig. 1. The cavity

made of oxygen free copper has the fundamental-mode
(TE101) frequency ωc=2π of 10.565 GHz, and its internal
cavity loss κint=2π is about 1.0 MHz at low temperature.
This cavity has two connector ports for the transmission
spectroscopy; an asymmetric port configuration is used
where input and output ports have different coupling
strengths κ1=2π and κ2=2π of 0.13 and 1.5 MHz, respec-
tively. An YIG sphere made by Ferrisphere Inc. [20] is

mounted in the cavity at the magnetic antinode of the
fundamental mode. We apply a static magnetic field of
approximately 370 mT along the crystal axis h100i which
is the hard magnetization axis for YIG. The sample is
supposed to be uniformly magnetized and saturated.
We first measure the transmission spectrum of the cavity

loaded by an YIG sphere with a diameter of 0.5 mm.
Figure 2(a) shows the transmission coefficient ReðS21Þ as a
function of the frequency and the magnetic field tuned by
the bias current I in the coil. A pronounced normal-mode
splitting is observed, indicating strong coupling between a
collective excitation mode in the YIG sphere and the cavity
mode. We assign the mode in the sphere to the Kittel mode;
it gives the maximum coupling strength to the nearly
uniform cavity field and the frequency which is linearly
dependent on the static field. Although it is difficult to
recognize in Fig. 2(a), we also see a few hints of other tiny
anticrossings, for example, at I ¼ −1.6, 2.3, and 3.3 mA.
These are due to weak coupling of the cavity mode with
other magnetostatic modes in the YIG sphere, induced by
the small inhomogeneity of the magnetic fields. Several
cross sections of the 2D color plot are depicted in Fig. 2(b).
As a function of the magnetic field, the Kittel mode
approaches the cavity mode. At the degeneracy point
(I ≡ 0 mA) where the Kittel-mode frequency coincides
with the cavity frequency, we see the normal-mode splitting
of nearly 100 MHz, orders of magnitude wider than
the linewidths. At this point, the Kittel and cavity modes
form “magnon-polariton” modes, i.e., hybridized modes
between the collective spin excitation and the cavity
excitation.
We now evaluate the coupling strength and the cavity

and magnon linewidths by fitting the transmission coef-
ficient S21ðωÞ with an equation derived from the input-
output theory. The transmission coefficient of the hybrid
system is written as

S21ðωÞ ¼
ffiffiffiffiffiffiffiffiffi
κ1κ2

p

iðω − ωcÞ − κ1þκ2þκint
2 þ jgmj2

iðω−ωFMRÞ−γm=2

; ð1Þ

where gm is the coupling strength of the Kittel mode to the
cavity, and ωFMR and γm are the frequency and the line-
width of the Kittel mode, respectively. The input and output
port couplings of the cavity are determined separately by
measuring additionally the reflection of the cavity output.
As depicted by the dashed white lines in Fig. 2(b), the
spectra are well fitted with Eq. (1). The coupling strength of
the Kittel mode to the cavity gm=2π, the total cavity
linewidth κ=2π ¼ ðκ1 þ κ2 þ κintÞ=2π, and the Kittel-mode
linewidth γm=2π are determined as 47 MHz, 2.7 MHz, and
1.1 MHz, respectively. From the parameters, the hybrid
system turns out to be deep in the strong coupling regime
where gm ≫ γm, κ, even at the lowest temperature and with
the weakest probe power. A dimensionless measure which
indicates how well the spins couple to the cavity mode is
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FIG. 1 (color online). Experimental setup. (a) An YIG sphere
mounted in a rectangular cavity made of oxygen free copper. The
sphere is glued to an alumina (aluminum-oxide) rod oriented to
the crystal axis h110i. The inset is a magnified picture of a sphere
with a diameter of 1.0 mm. The cavity has two connector ports for
transmission spectroscopy and dimensions of 22 × 18 × 3 mm
that give the fundamental-mode (TE101) resonant frequency
ωc=2π of 10.565 GHz. (b) Measurement apparatus. The YIG
sphere, cavity, and magnet are cooled to 10 mK using a dilution
refrigerator. A series of attenuators and isolators prevent thermal
noise from reaching the sample space. The total attenuation of the
input port is 48 dB at 10 GHz. The output signal is amplified by
two low-noise amplifiers at 4 K and the room temperature. We
use a vector network analyzer (VNA) for transmission and
reflection spectroscopy. A static magnetic field perpendicular
to the microwave magnetic field and parallel to the crystal axis
h100i is applied by using permanent neodymium magnets and a
magnetic yoke made of pure iron. We use a superconducting coil
for fine tuning of the static field.
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microwave current in the cavity when magnons are excited,
which in turn impedes the excitation of magnons.97) This
leads to a level attraction when the hybrid system is on
resonance, in stark contrast to the usual avoided crossing
observed for a coherent coupling [Fig. 2(c)].98) As discussed
in Ref. 97, this hints that great care needs to be taken when
evaluating the coherent coupling strength gm c� from the
avoided crossing as a finite dissipative coupling will affect
the experimentally observed normal-mode splitting. In the
presence of both coherent and dissipative couplings, the
interaction Hamiltonian of Eq. (9) between a magnetostatic
mode and a microwave cavity mode can be generalized as

g a c e ac , 11i
m c m c� � �� �

'ˆ ( ˆ ˆ ˆ ˆ ) ( )† †

where the coupling phase Φ describes the competing coherent
and dissipative couplings.97) The Hamiltonian of Eq. (9),
describing only the coherent coupling, corresponds to the
case Φ= 0.

3. Quantum magnonics

A promising approach to observe quantum effects in mag-
nonics is to consider a nonlinear system interacting through a
linear, beam splitter-like interaction with the magnetostatic
modes. Such nonlinear quantum systems can be implemented
in superconducting circuits where the Josephson effect
provides the nonlinearity necessary to use these circuits as
qubits.99,100) Furthermore, superconducting qubits can in-
teract strongly with microwave cavity modes through a
Jaynes–Cummings-like electric dipole interaction in the
cQED paradigm40,41) in close relation to cavity quantum
electrodynamics.101,102) In quantum magnonics, this qubit-
cavity interaction is combined with the beam-splitter-like
magnetic dipole interaction between the microwave cavity
modes and magnetostatic modes of a ferromagnetic crystal to
provide the nonlinearity necessary to explore quantum effects
in magnonics.24,35–37) We note that a similar approach was
investigated in paramagnetic spin ensembles.103,104)

3.1. Coupling to a qubit: theory
3.1.1. Superconducting qubit. The hybrid system con-
sidered in quantum magnonics, depicted schematically in
Fig. 3(a), is composed of a ferromagnetic crystal, a micro-
wave cavity, and a superconducting qubit. The supercon-
ducting qubit can be described as an anharmonic oscillator by
the Hamiltonian

q q q q
2 2

, 12q q
2� X

B B
� � �⎜ ⎟⎛

⎝
⎞
⎠ˆ ˆ ˆ ( ˆ ˆ) ( )† †

where ωq is the frequency of the transition between the ground
state g§∣ and the first excited state e , B§∣ is the anharmonicity,
and q̂† and q̂ are respectively the creation and annihilation
operators for the qubit. The frequency of the transition
between the first and second excited states is given by
ωq+ α. For the so-called transmon regime of a supercon-
ducting qubit, α is negative and sufficiently large to operate
such anharmonic oscillators as qubits.105) The coherence time
T2* of the qubit is related to its linewidth γq through T2q 2*H � .
For example, for a very modest coherence time T 1 s2* N� , the
qubit linewidth 2 0.32 MHzqH Q � is already smaller than the

linewidth 2 1 MHzmH Q _ of the Kittel mode at millikelvin
temperatures.21)

3.1.2. Description of the hybrid system. The large
electric dipole of superconducting qubits enables them to
strongly couple to the electric field of the modes of planar
superconducting resonators and three-dimensional microwave

Fig. 3. (Color online) Quantum magnonics. (a) Schematic diagram of the
coupling between a magnetostatic mode and a superconducting qubit of
frequencies ωm and ωq, respectively. Both systems are coupled to a common
microwave cavity mode of frequency ωc through magnetic and electric dipole
interactions of coupling strengths gm c� and gq c� , respectively. This leads to a
second-order effective coupling between the magnetostatic mode and the
superconducting qubit of coupling strength gq m� . The strong coupling regime is
reached when gq m� is larger than both magnon and qubit linewidths γm and γq,
respectively. (b) Schematic representation of the device used to demonstrate the
strong coupling between the uniform magnetostatic mode, or Kittel mode, of a
YIG sphere and a transmon-type superconducting qubit. The frequency of the
magnons in the Kittel mode is tunable through the amplitude of the external
magnetic field B0∣ ∣. Both systems are placed inside a multimode three-
dimensional microwave cavity, leading to an effective qubit-magnon coupling.
(c) Relative change of the transmission coefficient t tRe 0% a( ) ∣ ∣ of the
microwave cavity mode at a probe frequency cX Xx as a function of the
spectroscopy frequency ωs ≈ ωq and the current I in a coil changing the magnon
frequency ωm. The qubit-magnon coupling strength g 2 7.2 MHzq m Q �� ,
determined from the spectrum shown in the right panel, puts the hybrid system
in the strong coupling regime. Horizontal and diagonal dashed lines show the
frequencies of the uncoupled qubit and Kittel mode.
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is applied perpendicular to the plane of the WGM orbits.
A loop coil near the YIG sphere generates an ac magnetic
field perpendicular to the dc field and drives FMR. The
magnetization then acquires its horizontal component
rotating at the angular frequency of the Kittel mode.
Because of the finite loss, the microwave reflection picked
up by the loop coil shows a dip at the resonant frequency.
The resonant frequency and the quality factor are found to
be ωmag=2π ¼ 6.81 GHz and Q ∼ 3000, respectively.
Laser light with a wavelength of 1.5 μm from an ECDL

is introduced through a FPC and then coupled to the WGM
resonator via a tapered silica optical nanofiber, with a waist
diameter of about 700 nm and a waist length of around
4 mm. Figure 1(b) shows the transmission spectra for the
transverse-electric (TE) modes and the transverse-magnetic
(TM) modes. The rich structures in the spectra indicate that
there are various spatial modes within the FSR of 62.1 GHz.
For WGMs in the large sphere limit, frequencies of the TM
modes are known to be higher than those of the TE modes
with the same mode indices because of the geometrical
birefringence [22–24]. For the 750-μm-diameter sphere we

use, the difference is estimated to be 51.8 GHz, which is
consistent with the observed spectra in Fig. 1(b) [25]. The
intrinsic quality factors of the WGMs are found to be
around 1 × 105 when they are measured in the under-
coupled regime.
When the light propagates in the direction of the mean

magnetization in ferromagnets, the well-known Faraday
effect occurs. When, on the other hand, the mean mag-
netization is perpendicular to the direction of light propa-
gation, magnon-induced Brillouin scattering takes place
[26–28]. In the presence of magnons in the Kittel mode,
photons in the WGM undergo Brillouin scattering to create
sideband photons with the frequency shifted by "ωmag=2π.
A HWP and a PBS make the scattered sideband photons
and the unscattered input photons interfere to generate a
beat signal at ωmag=2π. The signal is amplified and
measured with a vector network analyzer.
The orange (light blue) plot in Fig. 2 shows the observed

spectrum of the beat signal for the input laser being the TM
mode and coupled to the anticlockwise (clockwise) orbit of
the WGM resonator. The frequency of the input photons is
tuned to be ω=2π ¼ 193130 GHz where the beat signal
associated with the anticlockwise orbit is maximized.
While both peaks in Fig. 2 have the same linewidth as
the FMR signal, there is a large difference in their signal
strengths of almost 20 dB.
The nonreciprocity of the magnon-induced Brillouin

scattering can be explained by considering the conservation
of energy, momentum, and angular momentum under the
situation in which the spin-orbit coupling of the photons
and the geometrical birefringence associated with the
WGM resonator are blended with the time-reversal sym-
metry breaking in the magnon dynamics.
Suppose that the input laser polarization is adjusted to

couple to the TM mode of the anticlockwise WGM orbit
(orange orbit in Fig. 2). The light in the resonator is then σþ

polarized due to the spin-orbit coupling [see Fig. 3(a)]. To
see why the Brillouin scattering is more noticeable in this
situation, we consider the following three points. (i) The

FIG. 1. Transmission through WGMs in a YIG sphere.
(a) Experimental setup. WGMs of the YIG sphere are addressed
with an optical nanofiber. Microwave radiation from a vector
network analyzer excites magnons, and ac and dc components of
the light intensity are monitored with a high-speed photodetector
(PD). The polarization of the light from an external-cavity diode
laser (ECDL) is adjusted by a fiber polarization controller (FPC).
A half-wave plate (HWP) and a polarization beam splitter (PBS)
are placed before the PD. The inset shows a picture of the YIG
sphere and the nanofiber. (b) Observed WGM spectra for the
750-μm-diameter YIG sphere. Red and blue lines correspond to
the TM and TE modes, respectively. The transmission signals are
normalized by their maximal values. The free spectral range
(FSR) and the estimated spectral shift due to the geometrical
birefringence (GB) are indicated.
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FIG. 2. Nonreciprocal Brillouin scattering. The orange (light
blue) plot is the observed spectrum of the beat signal for the input
laser being TM mode from port 1 (2). The right inset shows an
expanded plot of the light blue curve. The left inset depicts the
input ports and the direction of the dc magnetic field.
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quantum regime. Furthermore, it is worth noting that it is
possible to achieve a large qubit-magnon dispersive interaction
with q m mD H� �∣ ∣ while keeping the Kittel mode linear with
Km mH�∣ ∣ by a careful choice of the magnon frequency ωm

relative to the qubit transition frequencies ωq and ωq+α.36,134)

3.4.2. Cross-Kerr effect. A cross-Kerr nonlinearity be-
tween the magnetostatic modes and the microwave cavity
modes is also made possible by their mutual coupling to the
qubit.135,136) In the presence of such a cross-Kerr interaction,
the Hamiltonian of the interaction between a magnetostatic
mode and a microwave cavity mode becomes

g a c ac K a ac c, 19m c m c m c� � � �� � �ˆ ( ˆ ˆ ˆ ˆ ) ˆ ˆ ˆ ˆ ( )† † † †

where Km c� is the cross-Kerr coefficient130,136) which
depends strongly on the magnon frequency relative to the
qubit transition frequencies. The cross-Kerr interaction leads
to a frequency shift of the microwave cavity mode (magneto-
static mode) for every magnon (microwave photon) excited
in the magnetostatic mode (microwave cavity mode).
Evidence of such a cross-Kerr interaction in quantum
magnonics is seen in Ref. 36 as a power-dependent offset
of the qubit spectra, indicating a magnon-number-dependent
shift of the readout cavity mode. Similar to the self-Kerr
effect, the amplitude of the cross-Kerr effect depends
strongly on the frequency of the Kittel mode relative to the
transition frequencies of the qubit. In the single-excitation-
resolved cross-Kerr interaction regime, corresponding to
K ,m c c mL H� �∣ ∣ , a number state in one of the modes can
be stabilized through dissipation in the other mode.136)

4. Cavity optomagnonics

Similar to the interaction between magnetostatic modes and
superconducting qubits, the interaction between light and
spin waves in ferromagnetic crystals is indirect. Indeed, the
optomagnonic interaction consists of electric dipole interac-
tions between the electric component of the optical field and
the electrons of the ferromagnetic material, mediated by
the spin–orbit interaction.137–140) The magnetic dipole
interaction, in comparison, is negligible.141–143)

Phenomenologically, magneto-optical effects are contained
in the expression of the dielectric tensor M�̃ ( ) which depends
on the magnetization M139,144,145) and encapsulates the
Faraday and Cotton–Mouton effects. For decades, light has
been used to probe magnon physics. As illustrated in Fig. 5
(a), now with the advent of quantum magnonics, the coherent
control of spin waves with light holds the promise for an
efficient microwave-to-optics transduction, enabling
quantum-limited microwave amplification and optical inter-
facing of superconducting qubits. After the first implementa-
tion of such a magnon-based transducer25)at the frontiers
between optomagnonics and cavity electromagnonics
[Fig. 5(b)], the interaction is now explored in an optical
cavity, revealing a new physical playground, cavity opto-
magnonics [Fig. 5(c)].
4.1. Optomagnonics in solids
4.1.1. Light as a probe. From pioneering experiments
revealing one and two-magnon scattering in the antiferro-
magnetic material FeF2,

146) coherent spin waves in a YIG
rectangular bar147) and thermally-excited magnons in metallic
thin films of Ni and Fe,148) light scattering has been
frequently used to probe spin-wave physics. Micro-focused

Brillouin light scattering,149) with a diffraction-limited spatial
resolution, is now a mature imaging tool for magnon
spintronics150,151) and fundamental magnon studies,152–154)

notably for the observation of Bose–Einstein condensation of
magnons at room temperature in YIG thin films.155,156)

4.1.2. Light as a control interface. Another attractive
aspect of optomagnonics lies in the ability to control magnons
with light. For example, ultrafast optics experiments have

Fig. 5. (Color online) Cavity optomagnonics. (a) Schematic diagram of the
optomagnonic coupling go m� between a magnetostatic mode of frequency
ωm and an optical cavity mode of frequency ωo. The magnetostatic mode can
be furthermore coupled to a microwave cavity mode of frequency ωc through
a magnetic dipole interaction of coupling strength gm c� . The combination of
cavity optomagnonics and cavity electromagnonics therefore enables an
effective coupling go c� between optical and microwave cavity modes. The
linewidths of the optical cavity mode, the magnetostatic mode and the
microwave cavity modes are respectively ,o mL H , and κc, respectively.
(b) Schematic representation of a device realizing the architecture of cavity
electromagnonics probed with light. Through the Faraday effect, the
polarization of optical photons passing through the microwave cavity and the
ferromagnetic crystal will be modulated at the frequency of the magnetostatic
mode ωm when magnons are excited. (c) Schematic representation of light
evanescently coupled to whispering gallery modes (WGMs) in a ferromag-
netic sphere through a nanofiber along the plane transverse to the external
magnetic field B0, such that whispering gallery and magnetostatic modes
share the same equatorial plane. Panel (c) is adapted from Ref. 26.
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shows the highest coupling strength when the bias field is along the
direction of maximum displacement (Fig. 2B). Therefore, in our experi-
ments, we focus only on the S1,2,2 mode. Although a YIG sphere with a
smaller diameter is favorable for achieving larger coupling strengths
(Fig. 2B), it also results in a higher frequency for the phonon mode
(Fig. 2C), which in turn leads to lower responsivity to the parametric
drive, so a trade-off has to be made when choosing the sphere size. In
our experiments, a 250-mm-diameter YIG sphere is used, corresponding
to a phonon frequency wb/2p = 11.42 MHz and a coupling strength
gmb/2p ≤ 9.9 mHz. With an external drive of 0 dBm, the linear
magnon-phonon coupling can be enhanced to around 30 kHz, which
is two orders of magnitude larger than the phonon dissipation rate, kb.

Magnetostriction mediates the coupling between magnons and pho-
tons. However, to achieve coherent magnon-phonon coupling, it is fur-
ther required that the phononmode should have a relatively long lifetime.
Single-crystal YIG has a garnet structure that is known to exhibit very low
mechanical damping and therefore supports a material-limited phonon
lifetime over a millisecond (38). The supporting fiber that is glued to the
YIG sphere reduces the phonon lifetime (Fig. 2D). In our experiments,
the measured linewidth of S1,2,2 phonon mode with a 125-mm-diameter
supporting fiber is 2kb/2p = 300 Hz, which is sufficiently small for
observing coherent magnon-phonon coupling phenomena.

Figure 1E plots the schematics of our measurement setup at room
temperature ambient condition. The YIG sphere is placed inside a
three-dimensional microwave cavity (Fig. 1A). A weak probe signal is

sent into the cavity through a coaxial probe, and by sweeping its fre-
quency ws and measuring the reflection, we can infer the interaction
among photon, magnon, and phonon inside the cavity. The YIG sphere
is positioned at the maximum microwave magnetic field of the cavity
TE011 mode, which resonates at wa/2p = 7.86 GHz. By controlling the
bias magnetic field, we tune the magnon close to the resonance with the
cavity photon mode. This leads to the hybridization between magnon
and photon (31–34), which shows up in the reflection spectrum as a pair
of split normal modes (Fig. 1F). Because each of the two hybrid modes
contains magnon components, it coherently couples with the phonon
modes when the cavity is parametrically driven by a strong microwave
signal at wd.

We first study each individual hybrid mode for its coherent mag-
nomechanical coupling by applying an off-resonance microwave drive
and ignoring processes that simultaneously involve both hybrid modes.
In this case, the cavity magnomechanical system can be described by

Hmb;1 ¼ ℏgmbðb̂ þ b̂
†
Þð sin2qÂþ

†
Âþ þ cos2qÂ%

†
Â%Þ ð1Þ

where the two hybrid modes interact with the phonon mode indepen-
dently. Here, Âþ ¼ cosqâ þ sinqm̂ and Â% ¼ % sinqâ þ cosqm̂ are
quantized boson operators for hybridized excitations constituted by
the magnon and microwave photon (â), whereq ¼ 1
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Fig. 1. Device schematic andmeasurement setup. (A) Schematic of the device that consists of a three-dimensional copper cavity (only bottom half
is shown) and a YIG sphere. The YIG sphere is placed near the maximum microwave magnetic field (along the y direction) of the cavity TE011 mode.
A uniform external magnetic field (H) is applied along the z direction to bias the YIG sphere for magnon-photon coupling. (B) Optical image of the
highly polished 250-mm-diameter YIG sphere that is glued to a 125-mm-diameter supporting silica fiber. The gluing area is minimized to reduce the
contact damping to the phonon mode. Scale bar, 100 mm. (C) Simulated mechanical displacement (u) of the S1,2,2 phonon mode in the YIG sphere
that has the strongest magnomechanical interaction with the uniform magnon mode. (D) An intuitive illustration of the magnomechanical coupling. Top
panel shows the uniform magnon excitation in the YIG sphere. Bottom panel illustrates how the dynamic magnetization of magnon (vertical black arrows)
causes the deformation (compression along the y direction) of the YIG sphere (and vice versa), which rotates at the magnon frequency. The color scale
represents the corresponding volumetric strain fields induced by the dynamic magnetization of magnon. In our experiments, we excite the magnon at
gigahertz frequencies and the phonon mode is actuated parametrically, that is, at the beating frequencies (megahertz) of two magnon modes. (E) Sche-
matic illustration of the measurement setup. VNA, vector network analyzer; SRC, microwave source for driving; AMP, microwave amplifier; BPF, bandpass
filter; PWR, microwave power meter; CIR, circulator; BSF, bandstop filter; DUT, device under test. (F) Black curve: Cavity reflection spectrum when magnon
is on-resonance with the cavity photon mode. The two dips represent the maximum hybridized modes Â± ¼ 1ffiffi

2
p â±m̂ð Þ. Red and blue vertical lines

indicate the applied drive and probe, respectively. The probe is swept across the hybrid mode resonance. Dsd, two-photon (probe-drive) detuning;
Dd–, drive-resonance detuning.
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h̄GŜx â
†
â (â† photon creation operator, G optomagnonic coupling). In our recent work we developed

the theory for cavity optomagnonics starting from the Faraday effect [10]. We showed that G scales in-

versely with the magnon mode volume and can be remarkably large for samples near the diffraction limit

⇠ (1µm)
3, giving a coupling per magnon g0 ⇠ 0.1MHz in YIG [the current state of the art is ⇠ (1mm)

3,

with g0 ⇠ 10Hz]. We derived the optically induced classical nonlinear dynamics for the Kittel mode,

and showed the possibility of magnetic switching and self-oscillations, as well as chaos (see Fig. 2).
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Figure 2: Example of nonlinear spin dynamics in cavity
optomagnonics. Bifurcation diagram from Ref. [10].

This is a very new field and several possi-

bilities are open for future research. i) Linear

regime. For small oscillations, a spin can be ap-

proximated by a harmonic oscillator and concepts

of optomechanics can be borrowed. Achievable

regimes will be however different (e.g. strong co-

operativity limit). ii) Quantum nonlinear regime.

Here one has to retain the spin algebra. This is

distinct from optomechanics and will have conse-

quences on quantum noise and quantum measure-

ment protocols. iii) Dissipation processes. From

FMR it is known that pumping the Kittel mode

can lead to instabilities due to three- and four-magnon processes. These are known as Suhl instabilities

and depend on the geometry of the sample. Study of the interplay between optically induced dissipation

(which can be negative for a driven system [10]) and these processes could improve magnon lifetimes.

While for simple geometries analytical progress can be made, more complicated structures will require

micromagnetic simulations. iv) Magnetic textures. This is theoretically challenging in the nonlinear

regime since Ŝ(r) cannot be written in a linear bosonic basis. It opens however a completely novel

regime with no analogue in optomechanics, and could lead to coherent manipulation of magnetic tex-

tures with light. Experimentally, it was shown recently that skyrmions in doped YIG can be imaged by

circularly polarized light. v) Photonic/magnonic crystals. Structures to optimize the coupling between

photon and magnon modes could be in principle designed. The rationale follows the success of photonic

crystals in optomechanics, with the added richness (and challenge) in this case of magnetic textures.

Magnonic crystals in thin films have been experimentally demonstrated. vi) Hybrid systems. Study of

the coupling of optomagnonic systems to mechanical or electronic degrees of freedom.
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Figure 10. Optical (a and b) and magnetic modes (c) of the optimized crystal: (a) Band diagram for TE-like modes within
the irreducible Brillouin zone with a defect mode in the photonic band gap which was pulled from the upper band-edge state
into the gap by the insertion of a defect. From the mode shape of the localized mode with a frequency of !opt/2⇡ = 279THz

(middle layer in the xy-plane) we see that this mode is odd with respect to x = 0 and y = 0 (and even with respect to (z=0)).
(b) Optical spin density of the localized mode (middle layer in the xy-plane) which is odd with respect to x = 0 and y = 0

(and even with respect to z = 0). (c) Band diagram of backward volume waves within the irreducible Brillouin zone showing
magnetic modes with extended k-values but preferring wave vectors at the edge of the Brillouin zone. The highest excited
localized mode has a frequency of !mag/2⇡ = 13.17MHz and is odd along the mirror symmetry planes for x = 0 and y = 0

(and additionally even with respect to the plane for z = 0). The dashed line in the middle inset shows the mode spectrum in
case of no defect.

need to optimize the geometry of the structure further,
by finding a trade off between the optimization for the op-
tics and the optimization for the magnetics which should
result in much higher mode overlaps. For increasing the
cooperativity one needs to find geometries which, besides
the coupling, also increase the quality factor of the opti-
cal mode.

The obtained results in our proof-of-principle system
are promising for the development of new technologies
in quantum information based on optomagnonic arrays,
indicating that by proper, simultaneous optimization of
mode symmetry and confinement, large values of the op-
tomagnonic coupling and cooperativity can be achieved
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Figure 11. Fine structure of the optical spin density and the
magnon mode along the length of the optimized crystal for a
fixed height and width.

in patterned structures. Furthermore, the control of spin
wave dynamics in magnonic crystals can go far beyond
the control of light in photonic crystals. Therefore an
optomagnonic crystal seems to be an appropriate can-
didate for further investigations combining concepts of
magnonic and photonic crystals.
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the irreducible Brillouin zone with a defect mode in the photonic band gap which was pulled from the upper band-edge state
into the gap by the insertion of a defect. From the mode shape of the localized mode with a frequency of !opt/2⇡ = 279THz
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(and even with respect to z = 0). (c) Band diagram of backward volume waves within the irreducible Brillouin zone showing
magnetic modes with extended k-values but preferring wave vectors at the edge of the Brillouin zone. The highest excited
localized mode has a frequency of !mag/2⇡ = 13.17MHz and is odd along the mirror symmetry planes for x = 0 and y = 0

(and additionally even with respect to the plane for z = 0). The dashed line in the middle inset shows the mode spectrum in
case of no defect.

need to optimize the geometry of the structure further,
by finding a trade off between the optimization for the op-
tics and the optimization for the magnetics which should
result in much higher mode overlaps. For increasing the
cooperativity one needs to find geometries which, besides
the coupling, also increase the quality factor of the opti-
cal mode.

The obtained results in our proof-of-principle system
are promising for the development of new technologies
in quantum information based on optomagnonic arrays,
indicating that by proper, simultaneous optimization of
mode symmetry and confinement, large values of the op-
tomagnonic coupling and cooperativity can be achieved
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in patterned structures. Furthermore, the control of spin
wave dynamics in magnonic crystals can go far beyond
the control of light in photonic crystals. Therefore an
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h̄GŜx â
†
â (â† photon creation operator, G optomagnonic coupling). In our recent work we developed

the theory for cavity optomagnonics starting from the Faraday effect [10]. We showed that G scales in-

versely with the magnon mode volume and can be remarkably large for samples near the diffraction limit

⇠ (1µm)
3, giving a coupling per magnon g0 ⇠ 0.1MHz in YIG [the current state of the art is ⇠ (1mm)

3,

with g0 ⇠ 10Hz]. We derived the optically induced classical nonlinear dynamics for the Kittel mode,

and showed the possibility of magnetic switching and self-oscillations, as well as chaos (see Fig. 2).
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Figure 2: Example of nonlinear spin dynamics in cavity
optomagnonics. Bifurcation diagram from Ref. [10].

This is a very new field and several possi-

bilities are open for future research. i) Linear

regime. For small oscillations, a spin can be ap-

proximated by a harmonic oscillator and concepts

of optomechanics can be borrowed. Achievable

regimes will be however different (e.g. strong co-

operativity limit). ii) Quantum nonlinear regime.

Here one has to retain the spin algebra. This is

distinct from optomechanics and will have conse-

quences on quantum noise and quantum measure-

ment protocols. iii) Dissipation processes. From

FMR it is known that pumping the Kittel mode

can lead to instabilities due to three- and four-magnon processes. These are known as Suhl instabilities

and depend on the geometry of the sample. Study of the interplay between optically induced dissipation

(which can be negative for a driven system [10]) and these processes could improve magnon lifetimes.

While for simple geometries analytical progress can be made, more complicated structures will require

micromagnetic simulations. iv) Magnetic textures. This is theoretically challenging in the nonlinear

regime since Ŝ(r) cannot be written in a linear bosonic basis. It opens however a completely novel

regime with no analogue in optomechanics, and could lead to coherent manipulation of magnetic tex-

tures with light. Experimentally, it was shown recently that skyrmions in doped YIG can be imaged by

circularly polarized light. v) Photonic/magnonic crystals. Structures to optimize the coupling between

photon and magnon modes could be in principle designed. The rationale follows the success of photonic

crystals in optomechanics, with the added richness (and challenge) in this case of magnetic textures.

Magnonic crystals in thin films have been experimentally demonstrated. vi) Hybrid systems. Study of

the coupling of optomagnonic systems to mechanical or electronic degrees of freedom.
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is applied perpendicular to the plane of the WGM orbits.
A loop coil near the YIG sphere generates an ac magnetic
field perpendicular to the dc field and drives FMR. The
magnetization then acquires its horizontal component
rotating at the angular frequency of the Kittel mode.
Because of the finite loss, the microwave reflection picked
up by the loop coil shows a dip at the resonant frequency.
The resonant frequency and the quality factor are found to
be ωmag=2π ¼ 6.81 GHz and Q ∼ 3000, respectively.
Laser light with a wavelength of 1.5 μm from an ECDL

is introduced through a FPC and then coupled to the WGM
resonator via a tapered silica optical nanofiber, with a waist
diameter of about 700 nm and a waist length of around
4 mm. Figure 1(b) shows the transmission spectra for the
transverse-electric (TE) modes and the transverse-magnetic
(TM) modes. The rich structures in the spectra indicate that
there are various spatial modes within the FSR of 62.1 GHz.
For WGMs in the large sphere limit, frequencies of the TM
modes are known to be higher than those of the TE modes
with the same mode indices because of the geometrical
birefringence [22–24]. For the 750-μm-diameter sphere we

use, the difference is estimated to be 51.8 GHz, which is
consistent with the observed spectra in Fig. 1(b) [25]. The
intrinsic quality factors of the WGMs are found to be
around 1 × 105 when they are measured in the under-
coupled regime.
When the light propagates in the direction of the mean

magnetization in ferromagnets, the well-known Faraday
effect occurs. When, on the other hand, the mean mag-
netization is perpendicular to the direction of light propa-
gation, magnon-induced Brillouin scattering takes place
[26–28]. In the presence of magnons in the Kittel mode,
photons in the WGM undergo Brillouin scattering to create
sideband photons with the frequency shifted by "ωmag=2π.
A HWP and a PBS make the scattered sideband photons
and the unscattered input photons interfere to generate a
beat signal at ωmag=2π. The signal is amplified and
measured with a vector network analyzer.
The orange (light blue) plot in Fig. 2 shows the observed

spectrum of the beat signal for the input laser being the TM
mode and coupled to the anticlockwise (clockwise) orbit of
the WGM resonator. The frequency of the input photons is
tuned to be ω=2π ¼ 193130 GHz where the beat signal
associated with the anticlockwise orbit is maximized.
While both peaks in Fig. 2 have the same linewidth as
the FMR signal, there is a large difference in their signal
strengths of almost 20 dB.
The nonreciprocity of the magnon-induced Brillouin

scattering can be explained by considering the conservation
of energy, momentum, and angular momentum under the
situation in which the spin-orbit coupling of the photons
and the geometrical birefringence associated with the
WGM resonator are blended with the time-reversal sym-
metry breaking in the magnon dynamics.
Suppose that the input laser polarization is adjusted to

couple to the TM mode of the anticlockwise WGM orbit
(orange orbit in Fig. 2). The light in the resonator is then σþ

polarized due to the spin-orbit coupling [see Fig. 3(a)]. To
see why the Brillouin scattering is more noticeable in this
situation, we consider the following three points. (i) The

FIG. 1. Transmission through WGMs in a YIG sphere.
(a) Experimental setup. WGMs of the YIG sphere are addressed
with an optical nanofiber. Microwave radiation from a vector
network analyzer excites magnons, and ac and dc components of
the light intensity are monitored with a high-speed photodetector
(PD). The polarization of the light from an external-cavity diode
laser (ECDL) is adjusted by a fiber polarization controller (FPC).
A half-wave plate (HWP) and a polarization beam splitter (PBS)
are placed before the PD. The inset shows a picture of the YIG
sphere and the nanofiber. (b) Observed WGM spectra for the
750-μm-diameter YIG sphere. Red and blue lines correspond to
the TM and TE modes, respectively. The transmission signals are
normalized by their maximal values. The free spectral range
(FSR) and the estimated spectral shift due to the geometrical
birefringence (GB) are indicated.
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FIG. 2. Nonreciprocal Brillouin scattering. The orange (light
blue) plot is the observed spectrum of the beat signal for the input
laser being TM mode from port 1 (2). The right inset shows an
expanded plot of the light blue curve. The left inset depicts the
input ports and the direction of the dc magnetic field.
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and show that the system presents magnetization switching
and self-oscillations. We treat the full (beyond the fast-cavity
limit) optically induced nonlinear dynamics of the macrospin
in Sec. III B and follow the route to chaotic dynamics. In
Sec. IV we sketch a qualitative phase diagram of the system
as a function of coupling and light intensity and discuss the
experimental feasibility of the different regimes. An outlook
and conclusions are found in Sec. V. In the Appendixes we
give details of some of the calculations in the main text,
present more examples of nonlinear dynamics as a function
of different tuning parameters, and compare optomagnonic vs
optomechanic attractors.

II. MODEL

Further below, we derive the optomagnonic Hamiltonian
which forms the basis of our work,

H = −!!â†â − !"Ŝz + !GŜxâ
†â, (1)

where â† (â) is the creation (annihilation) operator for a
cavity mode photon. We work in a frame rotating at the
laser frequency ωlas, and ! = ωlas − ωcav is the detuning with
respect to the optical cavity frequency ωcav. Equation (1)
assumes a magnetically ordered system with (dimensionless)
macrospin S = (Sx,Sy,Sz), with magnetization axis along ẑ,
and a precession frequency ", which can be controlled by an
external magnetic field [32]. The coupling between the optical
field and the spin is given by the last term in Eq. (1), where we
assumed (see below) that light couples only to the x component
of the spin, as shown in Fig. 1. The coefficient G denotes the
parametric optomagnonic coupling. We derive it in terms of
the Faraday rotation, which is a material-dependent constant.
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FIG. 1. Schematic configuration of the model considered. (a)
Optomagnonic cavity with homogeneous magnetization along the
z axis and a localized optical mode with circular polarization in the
y-z plane. (b) The homogeneous magnon mode couples to the optical
mode with strength G. (c) Representation of the magnon mode as a
macroscopic spin on the Bloch sphere, whose dynamics is controlled
by the coupling to the driven optical mode.

A. Relation to optomechanics

Close to the ground state, for deviations such that
δS " S (with S = |S|), we can treat the spin in the usual
way as a harmonic oscillator, Ŝx ≈

√
S/2(b̂ + b̂†), with

[b̂,b̂†] = 1. Then the optomagnonic interaction !GŜxâ
†â ≈

!G
√

S/2â†â(b̂ + b̂†) becomes formally equivalent to the well-
known optomechanical interaction [28], with bare coupling
constant g0 = G

√
S/2. All the phenomena of optomechanics

apply, including the “optical spring” (here, light-induced
changes of the magnon precession frequency) and opto-
magnonic cooling at a rate %opt, and the formulas (as reviewed
in Ref. [28]) can be taken over directly. All these effects depend
on the light-enhanced coupling g = g0α, where α = √

nphot
is the cavity light amplitude. For example, in the sideband-
resolved regime (κ " ", where κ is the optical cavity decay
rate) one would have %opt = 4g2/κ . If g > κ , one enters
the strong-coupling regime, where the magnon mode and
the optical mode hybridize and where coherent-state transfer
is possible. A Hamiltonian of the form of Eq. (1) is also
encountered for light-matter interaction in atomic ensembles
[29], and its explicit connection to optomechanics in this case
was discussed previously in Ref. [30]. In contrast to such
noninteracting spin ensembles, the confined magnon mode
assumed here can be frequency separated from other magnon
modes.

B. Microscopic magneto-optical coupling G

In this section we derive the Hamiltonian presented in
Eq. (1) starting from the microscopic magneto-optical effect in
Faraday-active materials. The Faraday effect is captured by an
effective permittivity tensor that depends on the magnetization
M in the sample. We restrict our analysis to nondispersive
isotropic media and linear response in the magnetization
and relegate magnetic linear birefringence effects which are
quadratic in M (denominated the Cotton-Mouton or Voigt
effect) for future work [5,33]. In this case, the permittivity
tensor acquires an antisymmetric imaginary component and
can be written as εij (M)=ε0(εδij − if

∑
k εijkMk), where ε0

(ε) is the vacuum (relative) permittivity, εijk the Levi-Civita
tensor, and f a material-dependent constant [33] (here and in
what follows, Latin indices indicate spatial components). The
Faraday rotation per unit length,

θF = ωf Ms

2c
√

ε
, (2)

depends on the frequency ω, the vacuum speed of light c,
and the saturation magnetization Ms . The magneto-optical
coupling is derived from the time-averaged energy Ū =
1
4

∫
dr

∑
ij E∗

i (r,t)εijEj (r,t), using the complex representa-
tion of the electric field, (E + E∗)/2. Note that Ū is real since
εij is Hermitian [5,33]. The magneto-optical contribution is

ŪMO = − i

4
ε0f

∫
dr M(r) · [E∗(r) × E(r)]. (3)

This couples the magnetization to the spin angular momentum
density of the light field. Quantization of this expression
leads to the optomagnonic coupling Hamiltonian. A similar
Hamiltonian is obtained in atomic ensemble systems when
considering the electric dipolar interaction between the light
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and show that the system presents magnetization switching
and self-oscillations. We treat the full (beyond the fast-cavity
limit) optically induced nonlinear dynamics of the macrospin
in Sec. III B and follow the route to chaotic dynamics. In
Sec. IV we sketch a qualitative phase diagram of the system
as a function of coupling and light intensity and discuss the
experimental feasibility of the different regimes. An outlook
and conclusions are found in Sec. V. In the Appendixes we
give details of some of the calculations in the main text,
present more examples of nonlinear dynamics as a function
of different tuning parameters, and compare optomagnonic vs
optomechanic attractors.

II. MODEL

Further below, we derive the optomagnonic Hamiltonian
which forms the basis of our work,

H = −!!â†â − !"Ŝz + !GŜxâ
†â, (1)

where â† (â) is the creation (annihilation) operator for a
cavity mode photon. We work in a frame rotating at the
laser frequency ωlas, and ! = ωlas − ωcav is the detuning with
respect to the optical cavity frequency ωcav. Equation (1)
assumes a magnetically ordered system with (dimensionless)
macrospin S = (Sx,Sy,Sz), with magnetization axis along ẑ,
and a precession frequency ", which can be controlled by an
external magnetic field [32]. The coupling between the optical
field and the spin is given by the last term in Eq. (1), where we
assumed (see below) that light couples only to the x component
of the spin, as shown in Fig. 1. The coefficient G denotes the
parametric optomagnonic coupling. We derive it in terms of
the Faraday rotation, which is a material-dependent constant.
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FIG. 1. Schematic configuration of the model considered. (a)
Optomagnonic cavity with homogeneous magnetization along the
z axis and a localized optical mode with circular polarization in the
y-z plane. (b) The homogeneous magnon mode couples to the optical
mode with strength G. (c) Representation of the magnon mode as a
macroscopic spin on the Bloch sphere, whose dynamics is controlled
by the coupling to the driven optical mode.

A. Relation to optomechanics

Close to the ground state, for deviations such that
δS " S (with S = |S|), we can treat the spin in the usual
way as a harmonic oscillator, Ŝx ≈

√
S/2(b̂ + b̂†), with

[b̂,b̂†] = 1. Then the optomagnonic interaction !GŜxâ
†â ≈

!G
√

S/2â†â(b̂ + b̂†) becomes formally equivalent to the well-
known optomechanical interaction [28], with bare coupling
constant g0 = G

√
S/2. All the phenomena of optomechanics

apply, including the “optical spring” (here, light-induced
changes of the magnon precession frequency) and opto-
magnonic cooling at a rate %opt, and the formulas (as reviewed
in Ref. [28]) can be taken over directly. All these effects depend
on the light-enhanced coupling g = g0α, where α = √

nphot
is the cavity light amplitude. For example, in the sideband-
resolved regime (κ " ", where κ is the optical cavity decay
rate) one would have %opt = 4g2/κ . If g > κ , one enters
the strong-coupling regime, where the magnon mode and
the optical mode hybridize and where coherent-state transfer
is possible. A Hamiltonian of the form of Eq. (1) is also
encountered for light-matter interaction in atomic ensembles
[29], and its explicit connection to optomechanics in this case
was discussed previously in Ref. [30]. In contrast to such
noninteracting spin ensembles, the confined magnon mode
assumed here can be frequency separated from other magnon
modes.

B. Microscopic magneto-optical coupling G

In this section we derive the Hamiltonian presented in
Eq. (1) starting from the microscopic magneto-optical effect in
Faraday-active materials. The Faraday effect is captured by an
effective permittivity tensor that depends on the magnetization
M in the sample. We restrict our analysis to nondispersive
isotropic media and linear response in the magnetization
and relegate magnetic linear birefringence effects which are
quadratic in M (denominated the Cotton-Mouton or Voigt
effect) for future work [5,33]. In this case, the permittivity
tensor acquires an antisymmetric imaginary component and
can be written as εij (M)=ε0(εδij − if

∑
k εijkMk), where ε0

(ε) is the vacuum (relative) permittivity, εijk the Levi-Civita
tensor, and f a material-dependent constant [33] (here and in
what follows, Latin indices indicate spatial components). The
Faraday rotation per unit length,

θF = ωf Ms

2c
√

ε
, (2)

depends on the frequency ω, the vacuum speed of light c,
and the saturation magnetization Ms . The magneto-optical
coupling is derived from the time-averaged energy Ū =
1
4

∫
dr

∑
ij E∗

i (r,t)εijEj (r,t), using the complex representa-
tion of the electric field, (E + E∗)/2. Note that Ū is real since
εij is Hermitian [5,33]. The magneto-optical contribution is

ŪMO = − i

4
ε0f

∫
dr M(r) · [E∗(r) × E(r)]. (3)

This couples the magnetization to the spin angular momentum
density of the light field. Quantization of this expression
leads to the optomagnonic coupling Hamiltonian. A similar
Hamiltonian is obtained in atomic ensemble systems when
considering the electric dipolar interaction between the light
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See experimental realization
with cold atoms,

Dan M. Stamper-Kurn Group
Phys. Rev. Lett. 118, 063604

(2017)

with an optical heterodyne detector, with overall cavity
photon detection efficiency ϵ ¼ 0.12.
The spin dynamics imprinted on the cavity output field are

observed in the demodulated heterodyne signal. For exam-
ple, in Fig. 2, we compare the evolution of spins prepared
near either the high- or low-energy poles when the cavity is
driven by a blue-detuned (Δpc > 0) probe. In both cases, the
probe drives the spin toward the high-energy pole. For a spin
prepared initially near the high-energy pole, cavity back-
action coherently damps the Larmor precession amplitude,
analogous to cavity optomechanical cooling. In comparison,
the Larmor precession of a spin prepared near the low-
energy pole is coherently amplified, analogous to regener-
ative optomechanical amplification. At longer times (not
shown in the figure), in the latter case, the ensemble’s spin
nutates past the equator of the Bloch sphere and also damps
back to the high-energy pole. If instead we drive the cavity
with red-detuned probe light (Δpc < 0), we observe similar
behavior, with the collective spin instead driven toward and
stabilized at the low-energy pole.
The light-induced driving of a spin ensemble to either the

low-energy (Δpc < 0) or high-energy (Δpc > 0) pole is
reminiscent of optical pumping [36]. However, unlike
optical pumping, the dynamics in our experiment cannot
spontaneously generate spin polarization. In addition, while
optical pumping uses circularly polarized light to pump

angular momentum into an atomic gas, the asymmetric
fluctuation spectrum of the cavity optical field is used to
pump energy into the atomic system. Indeed, we confirm
that the dynamics are quantitatively the same for both
circular probe polarizations [Figs. 3(a) and 3(b)].
These dynamics may also be described in terms of cavity

superradiance [37–41]. Consider an atomic spin ensemble
initialized in the low-energy spin state. The optically driven
atoms lie in a virtually excited state from which they may
decay by Raman scattering into the cavity mode. When the
cavity is driven at a positive detuning, the cavity Purcell
effect induces Raman emission preferentially on the Stokes
sideband, creating transverse coherence in the ensemble.
Such coherence stimulates Raman scattering at an
enhanced rate, driving the spins exponentially away from
the low-energy pole.
A quantitative treatment for the coherent dynamics near

both poles can be derived classically, as in the theory of

(a)

(b)

FIG. 2. Coherent damping and amplification of Larmor pre-
cession of a spin ensemble with ωL=2π ¼ 1.0 MHz, observed in
the phase modulation of transmitted light, averaged over 30–40
repetitions (blue). Cavity probe light (Δpc=2π ¼ 1.0 MHz, n̄ ¼ 4
average intracavity photons) drives the spin toward the high-
energy pole. (a) Larmor precession of a spin ensemble, displaced
from the high-energy pole by a π=10 rf pulse, coherently damps
back to the pole at a rate Γopt=2π ¼ 4.9" 0.2 kHz. (b) A spin
prepared near the low-energy pole, by application of a near π
pulse, is coherently amplified away at a rate Γopt=2π ¼
−4.6" 0.4 kHz. Exponential rates are extracted by simultaneous
fits (red) of both amplitude and phase quadratures. Insets show
the harmonic nature of the Larmor precession signal and quality
of fit in the highlighted regions. The finite cavity linewidth causes
the observed signal to saturate at around 2000.

(a)

(b)

(c)

FIG. 3. (a) Optical damping rates and (b) frequency shifts of
Larmor precession as a function of probe detuning Δpc, with fixed
intracavity intensity n̄ ¼ 4 and ωL=2π ¼ 1.0 MHz. Diamonds
(blue) label results for an ensemble initially prepared near the
high-energy pole and circles (red) for an ensemble initially near
the low-energy pole. Measurements repeated with either σþ (solid
symbols) or σ− (open symbols) circularly polarized light dem-
onstrate independence of optical helicity. (c) Peak damping rate
as a function of Larmor frequency. Dotted vertical lines mark the
value of the cavity half-linewidth κ. All theory lines are plotted
with no free parameters. Error bars reflect statistical uncertainties
from the fits. Additional systematic errors in the probe frequency
stability and initial spin state preparation predominately affect
data at small probe detuning.
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h̄GŜx â
†
â (â† photon creation operator, G optomagnonic coupling). In our recent work we developed

the theory for cavity optomagnonics starting from the Faraday effect [10]. We showed that G scales in-

versely with the magnon mode volume and can be remarkably large for samples near the diffraction limit

⇠ (1µm)
3, giving a coupling per magnon g0 ⇠ 0.1MHz in YIG [the current state of the art is ⇠ (1mm)

3,

with g0 ⇠ 10Hz]. We derived the optically induced classical nonlinear dynamics for the Kittel mode,

and showed the possibility of magnetic switching and self-oscillations, as well as chaos (see Fig. 2).
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Figure 2: Example of nonlinear spin dynamics in cavity
optomagnonics. Bifurcation diagram from Ref. [10].

This is a very new field and several possi-

bilities are open for future research. i) Linear

regime. For small oscillations, a spin can be ap-

proximated by a harmonic oscillator and concepts

of optomechanics can be borrowed. Achievable

regimes will be however different (e.g. strong co-

operativity limit). ii) Quantum nonlinear regime.

Here one has to retain the spin algebra. This is

distinct from optomechanics and will have conse-

quences on quantum noise and quantum measure-

ment protocols. iii) Dissipation processes. From

FMR it is known that pumping the Kittel mode

can lead to instabilities due to three- and four-magnon processes. These are known as Suhl instabilities

and depend on the geometry of the sample. Study of the interplay between optically induced dissipation

(which can be negative for a driven system [10]) and these processes could improve magnon lifetimes.

While for simple geometries analytical progress can be made, more complicated structures will require

micromagnetic simulations. iv) Magnetic textures. This is theoretically challenging in the nonlinear

regime since Ŝ(r) cannot be written in a linear bosonic basis. It opens however a completely novel

regime with no analogue in optomechanics, and could lead to coherent manipulation of magnetic tex-

tures with light. Experimentally, it was shown recently that skyrmions in doped YIG can be imaged by

circularly polarized light. v) Photonic/magnonic crystals. Structures to optimize the coupling between

photon and magnon modes could be in principle designed. The rationale follows the success of photonic

crystals in optomechanics, with the added richness (and challenge) in this case of magnetic textures.

Magnonic crystals in thin films have been experimentally demonstrated. vi) Hybrid systems. Study of

the coupling of optomagnonic systems to mechanical or electronic degrees of freedom.
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is applied perpendicular to the plane of the WGM orbits.
A loop coil near the YIG sphere generates an ac magnetic
field perpendicular to the dc field and drives FMR. The
magnetization then acquires its horizontal component
rotating at the angular frequency of the Kittel mode.
Because of the finite loss, the microwave reflection picked
up by the loop coil shows a dip at the resonant frequency.
The resonant frequency and the quality factor are found to
be ωmag=2π ¼ 6.81 GHz and Q ∼ 3000, respectively.
Laser light with a wavelength of 1.5 μm from an ECDL

is introduced through a FPC and then coupled to the WGM
resonator via a tapered silica optical nanofiber, with a waist
diameter of about 700 nm and a waist length of around
4 mm. Figure 1(b) shows the transmission spectra for the
transverse-electric (TE) modes and the transverse-magnetic
(TM) modes. The rich structures in the spectra indicate that
there are various spatial modes within the FSR of 62.1 GHz.
For WGMs in the large sphere limit, frequencies of the TM
modes are known to be higher than those of the TE modes
with the same mode indices because of the geometrical
birefringence [22–24]. For the 750-μm-diameter sphere we

use, the difference is estimated to be 51.8 GHz, which is
consistent with the observed spectra in Fig. 1(b) [25]. The
intrinsic quality factors of the WGMs are found to be
around 1 × 105 when they are measured in the under-
coupled regime.
When the light propagates in the direction of the mean

magnetization in ferromagnets, the well-known Faraday
effect occurs. When, on the other hand, the mean mag-
netization is perpendicular to the direction of light propa-
gation, magnon-induced Brillouin scattering takes place
[26–28]. In the presence of magnons in the Kittel mode,
photons in the WGM undergo Brillouin scattering to create
sideband photons with the frequency shifted by "ωmag=2π.
A HWP and a PBS make the scattered sideband photons
and the unscattered input photons interfere to generate a
beat signal at ωmag=2π. The signal is amplified and
measured with a vector network analyzer.
The orange (light blue) plot in Fig. 2 shows the observed

spectrum of the beat signal for the input laser being the TM
mode and coupled to the anticlockwise (clockwise) orbit of
the WGM resonator. The frequency of the input photons is
tuned to be ω=2π ¼ 193130 GHz where the beat signal
associated with the anticlockwise orbit is maximized.
While both peaks in Fig. 2 have the same linewidth as
the FMR signal, there is a large difference in their signal
strengths of almost 20 dB.
The nonreciprocity of the magnon-induced Brillouin

scattering can be explained by considering the conservation
of energy, momentum, and angular momentum under the
situation in which the spin-orbit coupling of the photons
and the geometrical birefringence associated with the
WGM resonator are blended with the time-reversal sym-
metry breaking in the magnon dynamics.
Suppose that the input laser polarization is adjusted to

couple to the TM mode of the anticlockwise WGM orbit
(orange orbit in Fig. 2). The light in the resonator is then σþ

polarized due to the spin-orbit coupling [see Fig. 3(a)]. To
see why the Brillouin scattering is more noticeable in this
situation, we consider the following three points. (i) The

FIG. 1. Transmission through WGMs in a YIG sphere.
(a) Experimental setup. WGMs of the YIG sphere are addressed
with an optical nanofiber. Microwave radiation from a vector
network analyzer excites magnons, and ac and dc components of
the light intensity are monitored with a high-speed photodetector
(PD). The polarization of the light from an external-cavity diode
laser (ECDL) is adjusted by a fiber polarization controller (FPC).
A half-wave plate (HWP) and a polarization beam splitter (PBS)
are placed before the PD. The inset shows a picture of the YIG
sphere and the nanofiber. (b) Observed WGM spectra for the
750-μm-diameter YIG sphere. Red and blue lines correspond to
the TM and TE modes, respectively. The transmission signals are
normalized by their maximal values. The free spectral range
(FSR) and the estimated spectral shift due to the geometrical
birefringence (GB) are indicated.
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FIG. 2. Nonreciprocal Brillouin scattering. The orange (light
blue) plot is the observed spectrum of the beat signal for the input
laser being TM mode from port 1 (2). The right inset shows an
expanded plot of the light blue curve. The left inset depicts the
input ports and the direction of the dc magnetic field.
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Optomagnonic coupling in an optomagnonic array

Jasmin Graf1 and Silvia Viola Kusminskiy1

1Max Planck Institute for the Science of Light, Staudtstraße 2, 91058 Erlangen, Germany

In optomagnonic systems light couples coherently to collective magnetic excitations in solids.
These kind of systems are interesting candidates for developing new technologies in quantum infor-
mation like wave length converters or quantum memories. In recent works geometries were proposed
with cooperativities at maximum photon density of C ⇡ 10

�2. For enlarging these cooperativities
we investigate a thin optomagnonic crystal which localizes both, the light and the magnetic mode by
a defect in its periodicity. We show that through the mode localization a high coupling is obtained
compared to similar thin structures.

I. INTRODUCTION

The coupling between light and collective magnetic ex-
citations in solid state systems holds promise for new ap-
plications in quantum information technologies. Progress
towards realizing such systems was already made in sev-
eral recent experiments [1–3]. In these a ferrimagnetic
Yttrium Iron Garnet (YIG) sphere simultaneously served
as an optical cavity and as a host for magnon modes due
to the dieletric magnetic material. So far, most of the
experiments coupled photons trapped in an optical whis-
pering gallery mode to the homogeneous magnetic Kittel
mode [4], but also other magnetostatic modes [5–9] on
top of homogeneous magnetic backgrounds were probed.
However, the overlap between the modes in these systems
is non-optimal and thus a new micromagnetic system was
proposed [10] coupling light to magnon modes on top
of magnetic textures, which are non-homogeneous mag-
netic ground states arising at the micro-scale [11, 12].
The feature, to couple light to magnetic modes on top
of magnetic textures, is unique to optomagnonics and
makes the system tunable by an external magnetic field.
Compared to the current state of the art experiments
where modest cooperativities in the order of C ⇠ 10

�5

were achieved, the theoretically predicted cooperativity
at maximum photon density in systems probing modes
on top of magnetic textures is five orders of magnitude
higher (C ⇠ 10

�2). However, the theoretically predicted
maximum possible cooperativity per one magnon is C ⇠ 4

(??? check ???) [29]. Increasing the cooperativities to
this order of magnitude is an important prerequisite for
realizing optomagnonic systems in promising quantum
information applications like magnon cooling, wavelength
converters, and coherent state transfer [13–28].

The reason for the small cooperativities in the kind of
systems proposed in [10] is the large difference between
the optical and the magnetic mode volume (Vmag ⌧ Vopt)
by what most of the optical mode volume does not enter
in the coupling. A successful approach to overcome this
issue has been shown in optomechanical systems, where
light couples to mechanical motion [30]. In this approach,
the material is patterned such as to form an artificial
crystal, which allows to design the photonic and, in our

d a2rx
y z
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Optical 
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Figure 1. Investigated geometry: Optomagnonic crystal with
abrupt defect at its center for localizing the optical and the
magnon mode at the same spot. The insets at the bottom
show the mode profiles of the localized optical and magnon
mode, respectively.

case, the magnonic modes. In particular, these crystals
can be built to localize the modes to couple at a cer-
tain region of the crystal increasing their overlap. In the
case of optomechanics, this has been shown to enhance
the phonon-photon coupling by many orders of magni-
tude [31–39]. Also in optomagnonics one dimensional
layered structures have been recently investigated show-
ing the potential of this approach [40–42].

In this work we propose an optomagnonic crystal which
acts simultaneously as a photonic crystal [43] control-
ling the optical properties of a material and a magnonic
crystal [44–46] manipulating spin waves in a magnetic
material. In general photonic crystals can be designed
to guide [47–51] and confine [52–57] light, but also
to enhance non-linear optical interactions [58–64]. In
turn, magnonic crystals can be designed to create re-
programmable magnetic band structures [65], to act as
band-pass or band stop filters, and to create monomode
and bend waveguides [66–69]. Additionally these crystals
can be used for spin wave computing via logical gates [70–
72]. Unlike in electronics and photonics, a huge advan-
tage of magnonic crystals is their scalability, their low en-
ergy consumption, and faster operation rates [45, 73, 74].
Combined with the now-a-days well-explored photonic
crystals, an optomagnonic crystal combining both crys-
tal types is a relevant system to study.

The optomagnonic crystal explored in this work is

Optomagnonic crystals

J. Graf, S. Sharma, H. Huebl, SVK; 
Physical Review Research 3, 013277 (2021)
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Optomagnonics beyond the Kittel mode
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Quantize: Holstein Primakoff to first order
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Quantize: Holstein Primakoff to first order
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In optomagnonic systems light couples coherently to collective magnetic excitations in solids.
These kind of systems are interesting candidates for developing new technologies in quantum infor-
mation like wave length converters or quantum memories. In recent works geometries were proposed
with cooperativities at maximum photon density of C ⇡ 10

�2. For enlarging these cooperativities
we investigate a thin optomagnonic crystal which localizes both, the light and the magnetic mode by
a defect in its periodicity. We show that through the mode localization a high coupling is obtained
compared to similar thin structures.

I. INTRODUCTION

The coupling between light and collective magnetic ex-
citations in solid state systems holds promise for new ap-
plications in quantum information technologies. Progress
towards realizing such systems was already made in sev-
eral recent experiments [1–3]. In these a ferrimagnetic
Yttrium Iron Garnet (YIG) sphere simultaneously served
as an optical cavity and as a host for magnon modes due
to the dieletric magnetic material. So far, most of the
experiments coupled photons trapped in an optical whis-
pering gallery mode to the homogeneous magnetic Kittel
mode [4], but also other magnetostatic modes [5–9] on
top of homogeneous magnetic backgrounds were probed.
However, the overlap between the modes in these systems
is non-optimal and thus a new micromagnetic system was
proposed [10] coupling light to magnon modes on top
of magnetic textures, which are non-homogeneous mag-
netic ground states arising at the micro-scale [11, 12].
The feature, to couple light to magnetic modes on top
of magnetic textures, is unique to optomagnonics and
makes the system tunable by an external magnetic field.
Compared to the current state of the art experiments
where modest cooperativities in the order of C ⇠ 10

�5

were achieved, the theoretically predicted cooperativity
at maximum photon density in systems probing modes
on top of magnetic textures is five orders of magnitude
higher (C ⇠ 10

�2). However, the theoretically predicted
maximum possible cooperativity per one magnon is C ⇠ 4

(??? check ???) [29]. Increasing the cooperativities to
this order of magnitude is an important prerequisite for
realizing optomagnonic systems in promising quantum
information applications like magnon cooling, wavelength
converters, and coherent state transfer [13–28].

The reason for the small cooperativities in the kind of
systems proposed in [10] is the large difference between
the optical and the magnetic mode volume (Vmag ⌧ Vopt)
by what most of the optical mode volume does not enter
in the coupling. A successful approach to overcome this
issue has been shown in optomechanical systems, where
light couples to mechanical motion [30]. In this approach,
the material is patterned such as to form an artificial
crystal, which allows to design the photonic and, in our
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Figure 1. Investigated geometry: Optomagnonic crystal with
abrupt defect at its center for localizing the optical and the
magnon mode at the same spot. The insets at the bottom
show the mode profiles of the localized optical and magnon
mode, respectively.

case, the magnonic modes. In particular, these crystals
can be built to localize the modes to couple at a cer-
tain region of the crystal increasing their overlap. In the
case of optomechanics, this has been shown to enhance
the phonon-photon coupling by many orders of magni-
tude [31–39]. Also in optomagnonics one dimensional
layered structures have been recently investigated show-
ing the potential of this approach [40–42].

In this work we propose an optomagnonic crystal which
acts simultaneously as a photonic crystal [43] control-
ling the optical properties of a material and a magnonic
crystal [44–46] manipulating spin waves in a magnetic
material. In general photonic crystals can be designed
to guide [47–51] and confine [52–57] light, but also
to enhance non-linear optical interactions [58–64]. In
turn, magnonic crystals can be designed to create re-
programmable magnetic band structures [65], to act as
band-pass or band stop filters, and to create monomode
and bend waveguides [66–69]. Additionally these crystals
can be used for spin wave computing via logical gates [70–
72]. Unlike in electronics and photonics, a huge advan-
tage of magnonic crystals is their scalability, their low en-
ergy consumption, and faster operation rates [45, 73, 74].
Combined with the now-a-days well-explored photonic
crystals, an optomagnonic crystal combining both crys-
tal types is a relevant system to study.

The optomagnonic crystal explored in this work is
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Figure 4. Optical (a and b)and magnetic modes (c): (a) Band diagram for TE-like modes within the irreducible Brillouin
zone with a state which was pulled into the gap from the upper band-edge state by the insertion of a defect (note that the
gap-state was not obtained by band diagram simulations).The bands in the green shaded area representing the light cone are
leaky modes which couple with radiating states inside the light cone [75]. From the mode shape of the localized defect mode
with a frequency of !opt/2⇡ = 246THz (middle layer in the xy-plane) we see that this mode is odd with respect to x = 0 and
y = 0 (and even with respect to z = 0). (b) Optical spin density (middle layer in the xy-plane) of the localized mode, fulfilling
the same symmetries, see main text. (c) Band diagram of backward volume waves within the irreducible Brillouin zone showing
magnetic modes with extended k-values but preferring wave vectors at the edge of the Brillouin zone. The highest excited
localized mode has a frequency of !mag/2⇡ = 13.12MHz and is odd along the mirror symmetry planes for x = 0 and y = 0

(and additionally even with respect to the plane for z = 0). The dashed line in the middle inset shows the mode spectrum in
case of no defect.

such as an applied magnetic field [35–37]. Historically,
magnonic crystals precede photonic crystals [79, 80]. Un-
like in photonic or phononic crystals, the band structure
in magnonic crystals does not only depend on the peri-
odicity of the crystal but also on the spatial arrangement
of the ground state magnetization, resulting in an addi-
tional degree of freedom. Hence the band structure de-
pends on the applied external magnetic field, the relative
direction of the wave vector, the shape of the magnet, and
the magnetocrystalline anisotropy of the material [35–
37]. In this section we study the properties of the crystal
presented in Sec. III (see Fig. 3a), as a magnonic crystal.

In the following we consider magnetic excitations
which are non homogeneous in space, and we focus only
on systems in the presence of an external magnetic field
saturating the magnetization in a chosen direction. In
this case spin waves can be divided into three classes: if
all spins precess uniformly in phase, the mode is homo-
geneous and denominated the Kittel mode. If the dis-
persion is dominated by dipolar interactions (which is
usually the case for wavelengths above 100 nm) the exci-
tations are called dipolar spin waves. For wavelengths be-
low 100 nm the exchange interaction dominates instead,
giving rise to exchange spin waves. The frequencies of
the dipolar spin waves lie typically in the GHz-regime,
whereas the exchange spin waves have frequencies in the
THz-regime. Since the size of the structure considered
in this work is in the micrometre range, we will focus on
dipolar spin waves. For this case, the modes can be classi-
fied further by their propagation direction with respect to
the magnetization. For an in-plane magnetic field, modes
with a frequency higher than the frequency of the uni-

form precession tend to localize at the surface and have
a wave vector pointing perpendicular to the static mag-
netization M0 and thus the external field, k?M0 kHext
(see Fig. 5a). These modes are called surface or Damon-
Eshbach modes [81]. If the wave vector is parallel to the
external field such that k kM0 kHext holds, the waves
are called backward volume waves and their frequency
is smaller than the frequency of the Kittel mode (see
Fig. 5a). Finally, if the external field and the magne-
tization are normal to the crystal’s plane and the wave
vector lies in plane k?M0 kHext these waves are called
forward volume waves (see Fig. 5a) [37, 82]. In the fol-
lowing we restrict the discussion to external fields which
are applied in the plane of the crystal, since a perpendic-
ular magnetization in a thin structure usually requires
strong fields.

Similar to light modes in photonic crystals, magnon
modes can also be localized within a certain region in
the magnonic crystal. It is well known that the two
dimensional periodic modification of a continuous film
e.g by the insertion of holes (denominated antidot ar-
rays) can drastically change the behaviour of the spin
waves [83, 84]. In this case the modes have either a lo-
calized or extended character. The localized mode is a
consequence of non-uniform demagnetization fields cre-
ated by the antidots. These fields change abruptly at
the edges of the antidots and act as potential wells for
the spin waves. [37] Thus, the above designed photonic
crystal which localizes the optical mode by the insertion
of a defect, also is an good candidate for acting as a
magnonic crystal localizing the magnetic mode via the
inserted holes. Although the geometry of the crystal is
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Figure 4. Optical (a and b)and magnetic modes (c): (a) Band diagram for TE-like modes within the irreducible Brillouin
zone with a state which was pulled into the gap from the upper band-edge state by the insertion of a defect (note that the
gap-state was not obtained by band diagram simulations).The bands in the green shaded area representing the light cone are
leaky modes which couple with radiating states inside the light cone [75]. From the mode shape of the localized defect mode
with a frequency of !opt/2⇡ = 246THz (middle layer in the xy-plane) we see that this mode is odd with respect to x = 0 and
y = 0 (and even with respect to z = 0). (b) Optical spin density (middle layer in the xy-plane) of the localized mode, fulfilling
the same symmetries, see main text. (c) Band diagram of backward volume waves within the irreducible Brillouin zone showing
magnetic modes with extended k-values but preferring wave vectors at the edge of the Brillouin zone. The highest excited
localized mode has a frequency of !mag/2⇡ = 13.12MHz and is odd along the mirror symmetry planes for x = 0 and y = 0

(and additionally even with respect to the plane for z = 0). The dashed line in the middle inset shows the mode spectrum in
case of no defect.

such as an applied magnetic field [35–37]. Historically,
magnonic crystals precede photonic crystals [79, 80]. Un-
like in photonic or phononic crystals, the band structure
in magnonic crystals does not only depend on the peri-
odicity of the crystal but also on the spatial arrangement
of the ground state magnetization, resulting in an addi-
tional degree of freedom. Hence the band structure de-
pends on the applied external magnetic field, the relative
direction of the wave vector, the shape of the magnet, and
the magnetocrystalline anisotropy of the material [35–
37]. In this section we study the properties of the crystal
presented in Sec. III (see Fig. 3a), as a magnonic crystal.

In the following we consider magnetic excitations
which are non homogeneous in space, and we focus only
on systems in the presence of an external magnetic field
saturating the magnetization in a chosen direction. In
this case spin waves can be divided into three classes: if
all spins precess uniformly in phase, the mode is homo-
geneous and denominated the Kittel mode. If the dis-
persion is dominated by dipolar interactions (which is
usually the case for wavelengths above 100 nm) the exci-
tations are called dipolar spin waves. For wavelengths be-
low 100 nm the exchange interaction dominates instead,
giving rise to exchange spin waves. The frequencies of
the dipolar spin waves lie typically in the GHz-regime,
whereas the exchange spin waves have frequencies in the
THz-regime. Since the size of the structure considered
in this work is in the micrometre range, we will focus on
dipolar spin waves. For this case, the modes can be classi-
fied further by their propagation direction with respect to
the magnetization. For an in-plane magnetic field, modes
with a frequency higher than the frequency of the uni-

form precession tend to localize at the surface and have
a wave vector pointing perpendicular to the static mag-
netization M0 and thus the external field, k?M0 kHext
(see Fig. 5a). These modes are called surface or Damon-
Eshbach modes [81]. If the wave vector is parallel to the
external field such that k kM0 kHext holds, the waves
are called backward volume waves and their frequency
is smaller than the frequency of the Kittel mode (see
Fig. 5a). Finally, if the external field and the magne-
tization are normal to the crystal’s plane and the wave
vector lies in plane k?M0 kHext these waves are called
forward volume waves (see Fig. 5a) [37, 82]. In the fol-
lowing we restrict the discussion to external fields which
are applied in the plane of the crystal, since a perpendic-
ular magnetization in a thin structure usually requires
strong fields.

Similar to light modes in photonic crystals, magnon
modes can also be localized within a certain region in
the magnonic crystal. It is well known that the two
dimensional periodic modification of a continuous film
e.g by the insertion of holes (denominated antidot ar-
rays) can drastically change the behaviour of the spin
waves [83, 84]. In this case the modes have either a lo-
calized or extended character. The localized mode is a
consequence of non-uniform demagnetization fields cre-
ated by the antidots. These fields change abruptly at
the edges of the antidots and act as potential wells for
the spin waves. [37] Thus, the above designed photonic
crystal which localizes the optical mode by the insertion
of a defect, also is an good candidate for acting as a
magnonic crystal localizing the magnetic mode via the
inserted holes. Although the geometry of the crystal is
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Optomagnonic coupling in an optomagnonic array
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In optomagnonic systems light couples coherently to collective magnetic excitations in solids.
These kind of systems are interesting candidates for developing new technologies in quantum infor-
mation like wave length converters or quantum memories. In recent works geometries were proposed
with cooperativities at maximum photon density of C ⇡ 10

�2. For enlarging these cooperativities
we investigate a thin optomagnonic crystal which localizes both, the light and the magnetic mode by
a defect in its periodicity. We show that through the mode localization a high coupling is obtained
compared to similar thin structures.

I. INTRODUCTION

The coupling between light and collective magnetic ex-
citations in solid state systems holds promise for new ap-
plications in quantum information technologies. Progress
towards realizing such systems was already made in sev-
eral recent experiments [1–3]. In these a ferrimagnetic
Yttrium Iron Garnet (YIG) sphere simultaneously served
as an optical cavity and as a host for magnon modes due
to the dieletric magnetic material. So far, most of the
experiments coupled photons trapped in an optical whis-
pering gallery mode to the homogeneous magnetic Kittel
mode [4], but also other magnetostatic modes [5–9] on
top of homogeneous magnetic backgrounds were probed.
However, the overlap between the modes in these systems
is non-optimal and thus a new micromagnetic system was
proposed [10] coupling light to magnon modes on top
of magnetic textures, which are non-homogeneous mag-
netic ground states arising at the micro-scale [11, 12].
The feature, to couple light to magnetic modes on top
of magnetic textures, is unique to optomagnonics and
makes the system tunable by an external magnetic field.
Compared to the current state of the art experiments
where modest cooperativities in the order of C ⇠ 10

�5

were achieved, the theoretically predicted cooperativity
at maximum photon density in systems probing modes
on top of magnetic textures is five orders of magnitude
higher (C ⇠ 10

�2). However, the theoretically predicted
maximum possible cooperativity per one magnon is C ⇠ 4

(??? check ???) [29]. Increasing the cooperativities to
this order of magnitude is an important prerequisite for
realizing optomagnonic systems in promising quantum
information applications like magnon cooling, wavelength
converters, and coherent state transfer [13–28].

The reason for the small cooperativities in the kind of
systems proposed in [10] is the large difference between
the optical and the magnetic mode volume (Vmag ⌧ Vopt)
by what most of the optical mode volume does not enter
in the coupling. A successful approach to overcome this
issue has been shown in optomechanical systems, where
light couples to mechanical motion [30]. In this approach,
the material is patterned such as to form an artificial
crystal, which allows to design the photonic and, in our
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Figure 1. Investigated geometry: Optomagnonic crystal with
abrupt defect at its center for localizing the optical and the
magnon mode at the same spot. The insets at the bottom
show the mode profiles of the localized optical and magnon
mode, respectively.

case, the magnonic modes. In particular, these crystals
can be built to localize the modes to couple at a cer-
tain region of the crystal increasing their overlap. In the
case of optomechanics, this has been shown to enhance
the phonon-photon coupling by many orders of magni-
tude [31–39]. Also in optomagnonics one dimensional
layered structures have been recently investigated show-
ing the potential of this approach [40–42].

In this work we propose an optomagnonic crystal which
acts simultaneously as a photonic crystal [43] control-
ling the optical properties of a material and a magnonic
crystal [44–46] manipulating spin waves in a magnetic
material. In general photonic crystals can be designed
to guide [47–51] and confine [52–57] light, but also
to enhance non-linear optical interactions [58–64]. In
turn, magnonic crystals can be designed to create re-
programmable magnetic band structures [65], to act as
band-pass or band stop filters, and to create monomode
and bend waveguides [66–69]. Additionally these crystals
can be used for spin wave computing via logical gates [70–
72]. Unlike in electronics and photonics, a huge advan-
tage of magnonic crystals is their scalability, their low en-
ergy consumption, and faster operation rates [45, 73, 74].
Combined with the now-a-days well-explored photonic
crystals, an optomagnonic crystal combining both crys-
tal types is a relevant system to study.

The optomagnonic crystal explored in this work is
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Figure 9. Optimization of the geometry: Through increasing
the parameters along the width of the crystal we create more
space for the modes without touching the optical optimization
of the original crystal (dashed line). We note that we also
increased the defect size, not shown here.

the optical optimization, in the following we tune only the
parameters along the width of the crystal (ŷ-direction)
to optimize the geometry for magnonics. A promising
structure was found by increasing the width of the crystal
and considering elliptical holes, see Fig. 9. We found that
width of w = 900 nm and a radius of the holes along the
width of rw = 380 nm to give the highest coupling from
a set of trials. In order to give both modes more space to
oscillate in the defect area, we also increased the defect
size to d = 1201.5 nm which nicely localizes the optical
defect mode in the middle of the band gap and thus is
not drastically changing the localization behaviour of the
photonic crystal.

For evaluating the photonic band structure and the op-
tical modes we use the same procedure as described in
Sec. III. We obtain a similar band structure for TE-like
modes and also a similar localized mode with a frequency
of !opt/2⇡ = 279THz and a lifetime of opt/2⇡ = 3THz

resulting in a reduced optical quality factor of Q = 93

(see Fig. 10a). This rather low optical quality factor is
a trade off for the magnetic optimization achieved by
elliptical holes. Moreover, the optical spin density com-
pared to the original crystal is mostly localized within
the defect which is advantageous for our purposes (see
Fig. 10b). Similarly, for evaluating the magnon modes we
used the parameters and procedures presented in Sec. IV.
In the following we focus on the Faraday part of the opto-
magnonic part coupling and therefore consider only the
�mz-component of the magnon mode due to the structure
of the optical spin density. The Cotton-Mouton term is
dicussed briefly at the end of the section. The simulated
band diagram for backward volume waves again shows
extended magnon modes but in this case we obtain one
broad band, most likely stemming from a fusion of sev-
eral bands due to the larger width of the crystal (see
Fig. 10c). The frequency of the highest excited local-
ized mode is !mag/2⇡ = 13.17GHz with an estimated
linewidth of �!mag = 827 kHz where we used the Gilbert
damping of YIG � = 10

�5. As in the previous case, the
simulated linewidth is larger due to the larger Gilbert
damping used in the simulations. As we see from its mode
shape, this mode is nicely localized at the holes attached
to the defect and has approximately the same shape and
symmetry as the optical spin density (see Fig. 10c).

Using the results discussed above, the Faraday com-
ponent of the optomagnonic coupling of Eq. 14 for the
optimized crystal evaluates to G = 2⇡ ⇥ 2.9 kHz. There-
fore the optimized coupling is one order of magnitude
larger than in the crystal discussed in Sec. V. As before
we want to gauge this value by comparing it to the ana-
lytical estimate given in Eq. 22. The optimal coupling
in the optimized crystal is Goptimal = 2⇡ ⇥ 0.5MHz.
Again the magnetic mode volume bounds the coupling
due to the smaller size of the magnetic mode compared
to the optical mode which also extends to the Si3N4 lay-
ers. This results in a overlap measure (see Eq. 23) of
O = 0.004. Therefor the mode overlap is increased by
25% compared to the un-optimized crystal. Evaluating
the directionality measure given in Eq. 24 gives D = 53%

which is just slightly larger than in the un-optimized case.
Taking both measures into account the analytical cou-
pling estimate shrinks to Gexpected = O · D · Goptimal ⇡

2⇡ ⇥ 1 kHz which lies slightly beneath the numerically
obtained value. Although the fine structure peaks of the
optical spin density and the magnon mode still do not
coincide (see Fig. 11), the coupling values are improved
by “pulling" the optical and magnetic mode completely
in the defect area by the insertion of elliptical holes cre-
ating an overlap area with high density of both modes.

The cooperativity in this case is C = 5 · 10
�5 and thus

slightly larger as in the crystal presented above, a conse-
quence of the reduced quality factor of the optical mode.

Lastly we briefly discuss the Cotton-Moutton effect,
which evaluates to G

C
= �2⇡ ⇥ 1 kHz in this case. As

in Sec. V the Cotton-Moutton effect has the same order
of magnitude as the optomagnonic coupling due to the
symmetry arguments stated above.

VII. CONCLUSION

We proposed a simple optomagnonic crystal consisting
of a one-dimensional array with a defect. By proper de-
sign and taking into account the required symmetries of
the modes for optimizing the coupling, we showed that
coupling values ⇠ 10 kHz are possible in these structures.
However, this coupling is still rather small compared to
the predicted optimal value of ⇠ 5MHz [16] for micron
sized structures, which is of the order of magnitude of the
optomechanical coupling. Similar hybrid structures de-
signed in optomechanics have reached couplings in the
range of MHz. As we showed, the strength of opto-
magnonic coupling in our proposed structure is still lim-
ited largely by sub-optimal mode overlap, < 10%. More-
over, the corresponding cooperativities are in the order
of C ⇠ 10

�5, which are two orders of magnitude larger
than in current state of the art experiments, but still
low. These values are are mostly limited by the optical
linewidth. In order to increase the coupling we therefore
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Figure 10. Optical (a and b) and magnetic modes (c) of the optimized crystal: (a) Band diagram for TE-like modes within
the irreducible Brillouin zone with a defect mode in the photonic band gap which was pulled from the upper band-edge state
into the gap by the insertion of a defect. From the mode shape of the localized mode with a frequency of !opt/2⇡ = 279THz

(middle layer in the xy-plane) we see that this mode is odd with respect to x = 0 and y = 0 (and even with respect to (z=0)).
(b) Optical spin density of the localized mode (middle layer in the xy-plane) which is odd with respect to x = 0 and y = 0

(and even with respect to z = 0). (c) Band diagram of backward volume waves within the irreducible Brillouin zone showing
magnetic modes with extended k-values but preferring wave vectors at the edge of the Brillouin zone. The highest excited
localized mode has a frequency of !mag/2⇡ = 13.17MHz and is odd along the mirror symmetry planes for x = 0 and y = 0

(and additionally even with respect to the plane for z = 0). The dashed line in the middle inset shows the mode spectrum in
case of no defect.

need to optimize the geometry of the structure further,
by finding a trade off between the optimization for the op-
tics and the optimization for the magnetics which should
result in much higher mode overlaps. For increasing the
cooperativity one needs to find geometries which, besides
the coupling, also increase the quality factor of the opti-
cal mode.

The obtained results in our proof-of-principle system
are promising for the development of new technologies
in quantum information based on optomagnonic arrays,
indicating that by proper, simultaneous optimization of
mode symmetry and confinement, large values of the op-
tomagnonic coupling and cooperativity can be achieved

Fine structure

|�m |

[E* � E]

0 l
0

1

N
or

m
al

iz
ed

 s
tr

en
gt

h

Length

Figure 11. Fine structure of the optical spin density and the
magnon mode along the length of the optimized crystal for a
fixed height and width.

in patterned structures. Furthermore, the control of spin
wave dynamics in magnonic crystals can go far beyond
the control of light in photonic crystals. Therefore an
optomagnonic crystal seems to be an appropriate can-
didate for further investigations combining concepts of
magnonic and photonic crystals.
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need to optimize the geometry of the structure further,
by finding a trade off between the optimization for the op-
tics and the optimization for the magnetics which should
result in much higher mode overlaps. For increasing the
cooperativity one needs to find geometries which, besides
the coupling, also increase the quality factor of the opti-
cal mode.

The obtained results in our proof-of-principle system
are promising for the development of new technologies
in quantum information based on optomagnonic arrays,
indicating that by proper, simultaneous optimization of
mode symmetry and confinement, large values of the op-
tomagnonic coupling and cooperativity can be achieved
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in patterned structures. Furthermore, the control of spin
wave dynamics in magnonic crystals can go far beyond
the control of light in photonic crystals. Therefore an
optomagnonic crystal seems to be an appropriate can-
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FIG. 8. Height dependence of the Faraday component of the
optomagnonic coupling: The coupling shows a

√
Vmag dependence

since the optical mode volume in the YIG and the Si3N4 slab is
constant. The decrease with larger height can be explained by the
shrinking directionality measure [see Eq. (26)] between the optical
and the magnetic mode.

Compared to the optomechanical coupling in similar 1D
crystals, where coupling values (per photon and phonon) up
to 2π × 950 kHz can be obtained [53–58], the optomagnonic
coupling obtained here is still rather small. However, this is
large compared to other optomagnonic systems. As we ar-
gued above, the coupling is limited by the imperfect spatial
matching of magnons and photons with overlap O = 0.01,
while it is enhanced due to small volumes Vmag ∼ 0.01 µm3

and Vopt ∼ 1 µm3. In the standard setups involving spheres
[29–31], typically optical volumes are very large ∼105 µm3

with low optomagnonic overlap ∼10−3, resulting in low cou-
plings ∼1 Hz. It was theoretically shown that >75% overlap
in such systems is achievable [129] but the couplings would
still be ∼2π × 500 Hz. The miniaturization of an optical
cavity to ∼100 µm3 was demonstrated in [44], where the
coupling is however still small, 2π × 50 Hz, in this case due
to the large magnon volume involved.

An important prerequisite for applications in the quantum
regime such as magnon cooling, wavelength conversion, and
coherent state transfer based on optomagnonics is a high co-
operativity. The cooperativity per photon and magnon is an
important figure of merit which compares the strength of the
coupling to the lifetime of the coupled modes, and is given by

C0 = 4G2
num

γopt#mag
, (28)

where γopt is the optical linewidth (FWHM), and #mag is the
magnonic linewidth (FWHM).

To evaluate the theoretical cooperativity of the structure
proposed in this article, we use #mag = γωmag where γ =
10−5 is the Gilbert constant and ωmag = 2π × 13.12 GHz.
The optical linewidth is found from simulations to be
γopt = 2π × 0.2 THz.

Using the corresponding parameters the cooperativity per
photon and magnon of the optomagnonic crystal is Ccrystal

0 ∼
2.5 × 10−10. The single-particle cooperativity can be en-

hanced by the photon number in the cavity C = nph C0.
Experimentally there is a bound on the photon density that
can be supported by the cavity without undesired effects due
to heating, and it is empirically given by 5 × 104 photons per
µm3 [130]. In our structure, considering the effective mode
volume Vopt, this gives an enhanced cooperativity at maximum
photon density of Ccrystal ∼ 1 × 10−5, which is two orders of
magnitude larger than the current experimental state of the art
[44,130].

Since our model does not account for fabrication imper-
fections, this number is expected to be lower in a physical
implementation, indicating that optimization is needed. Re-
sults for similar 1D optomechanical crystals indicate that
optimization can lead to larger cooperativity values (at maxi-
mum photon density), e.g., ∼10 [54]. The small cooperativity
obtained in our structure is a combination of a reduced cou-
pling due to mode mismatch, plus the very modest quality
factor of the optical mode in this simple geometry.

For boosting the coupling strength we investigate briefly
in the following the influence of the optomagnonic crystal’s
height on the coupling, as proposed in Ref. [111]. Therefore
we increase the height of the YIG layer from 30 to 90 nm with-
out changing the other parameters of the geometry (including
the Si3N4 layer in the optical simulations). As we see from
the result (see Fig. 8) the coupling exhibits a

√
Vmag depen-

dence. We find that the optical mode volume does not change
substantially in the modified geometry, and therefore the ob-
served behavior is consistent with the expected

√
Vmag/Vopt

dependence for a constant optical mode volume. The slight
decrease for larger heights can be explained by the shrinking
of the directionality measure D, stemming from the difference
in symmetries obeyed by the magnetization (rotational) and
the electric field (mirror).

VI. OPTIMIZATION

So far we optimized the crystal in order to minimize optical
losses for the given geometry. In this section we investigate
how to optimize the geometry for magnonics. The optical op-
timization was achieved by fixing the hole radius and intrahole
distance, which are both along the length of the crystal. In
the following we tune instead only the parameters along the
width of the crystal (ŷ direction), in order to perturb as little
as possible the optical optimization. We found a promising
structure by increasing the width of the crystal and consider-
ing elliptical holes, see Fig. 9. From a set of trials we found
that a width of w = 900 nm and a radius of the holes along the

FIG. 9. Optimization of the geometry: Through increasing the
parameters along the width of the crystal we create more space for
the modes without touching the optical optimization of the original
crystal (dashed line). We note that we also increased the defect size,
not shown here.
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Ŝi �
~Kk

2

X

i

⇣
Ŝ
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AFMs: Optomagnonic coupling
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where �
µ⌫(R) is the spin dependent polarizability tensor at site R. The polarizability tensor can be

expanded in terms of spin operators and up to second order
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The tensors Kµ⌫�(R), Gµ⌫��(R) and Lµ⌫��(R, r) are complex coefficients and restricted by the symmetry
of the crystal. The different components in this expansion have certain physical meaning. The terms that are
proportional to Kµ⌫�(R) describe processes including only one spin. On the other hand terms / Gµ⌫��(R)
and / Lµ⌫��(R, r) both refer to two magnon processes. In the case of / Gµ⌫��(R) they act on the same
spin site whereas for the / Lµ⌫��(R, r) terms the magnons are on different spin sites. In this subchapter, we
only consider the first order one magnon process therefore the interaction Hamiltonian reduces to the general
form
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.
The Hamiltonian can now be specified when considering a certain crystal structure. Using point-group

symmetries for the rutile crystal structure, the non-vanishing components of the Kµ⌫�(R) tensor are reduced
to three contributions that fulfill

K231 = �K321 = K1

K312 = �K132 = K2

K123 = �K123 = K3. (59)

Inserting these, the one magnon scattering Hamiltonian can be expressed explicitly as
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(60)

with E
± = E

y ± iE
y. We note that the factor V

N
is not taken from [3] but [14].

In the following we want to further analyze the Hamiltonian and bring it into a basis of photon and
magnon operators. We start by considering the general product of two electric field components as the
interaction Hamiltonian contains several of those. We use the result from the previous chapter in eq. (47)
and applying the rotating wave approximation
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We remember the time dependence of the photon operators in eq. (53) and neglect fast oscillating terms
that are proportional to the sum of the incident and scattered light frequencies / e

±i(!1+!2)t . This is called
the rotating wave approximation. The energy conservation for Stokes scattering reads !1 � !2 = !m,k and
for Anti-Stokes scattering !1 � !2 = �!m,k respectively. The index m = ↵,� identifies the magnon mode
with

!m,k = ±!H+!k (62)
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with E
± = E

y ± iE
y. We note that the factor V

N
is not taken from [3] but [14].

In the following we want to further analyze the Hamiltonian and bring it into a basis of photon and
magnon operators. We start by considering the general product of two electric field components as the
interaction Hamiltonian contains several of those. We use the result from the previous chapter in eq. (47)
and applying the rotating wave approximation
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We remember the time dependence of the photon operators in eq. (53) and neglect fast oscillating terms
that are proportional to the sum of the incident and scattered light frequencies / e

±i(!1+!2)t . This is called
the rotating wave approximation. The energy conservation for Stokes scattering reads !1 � !2 = !m,k and
for Anti-Stokes scattering !1 � !2 = �!m,k respectively. The index m = ↵,� identifies the magnon mode
with
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permittivity correction
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Figure 1. Couplings g↵ and g� as a function of K for !̃? =
!?/!E = 0 (left plot) and as a function of !̃H = !H/!E for
!̃? = 7.6⇥ 10�4 (right plot). Continuous lines correspond to
g↵ and dotted lines to g� .

C. Symmetry Considerations

1. Zero external magnetic field case (!H = 0 and !? 6= 0 )

For zero external magnetic field, the antiferromag-
netic Hamiltonian is invariant under the transformation
âk  ! b̂�k, see Eqs. 3 and 4. For k = 0, this cor-
responds simply to swapping the sublattices A and B.
Under this transformation Ŝ : â ! b̂ , the Bogoliubov
modes read (remembering that for our case the Bogoli-
ubov coefficients are all real)

2

664

↵̂
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�̂
0†

↵̂
0†

�̂
0

3

775 =

2

64
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u�,b v�,a v�,b u�,a

3

75

2

664

â

b̂
†

â
†

b̂

3

775 (14)

where the prime denotes the transformed modes. Since 3
is invariant under Ŝ, the transformed Bogoliubov modes
fulfill

~
h
!↵↵̂

0†
↵̂
0 + !� �̂

0†
�̂
0
i

= ~
h
!↵↵̂

†
↵̂ + !� �̂

†
�̂

i
. (15)

Considering Eqs. (14) and (15), for non-degenerate
modes !↵ 6= !� (this requires !? 6= 0) we obtain
the following conditions on the Bogoliubov coefficients:
uj,b = ±uj,a and vj,b = ±vj,a (for j = ↵, �). In our
case, ↵̂ (�̂) corresponds to the antisymmetric (symmet-
ric) mode under the transformation:

u↵,b = �u↵,a = �U↵,

v↵,b = �v↵,a = �V↵,

u�,b = u�,a = U� ,

v�,b = v�,a = V� .

Therefore
2
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†
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775 ,

and the inverse transformation reads
2
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where we have used that 2
�
|Uj |

2
� |Vj |

2
�

= 1. From
gj =

�
u

+

j
+ v

+

j

�
+ K

�
u
�
j

+ v
�
j

�
we obtain

g↵ = 2K (U↵ � V↵) ,

g� = 2(U� � V�)

and hence for K = 0 the ↵-mode is decoupled from the
light, while the �-mode coupling is independent of K.

2. Easy axis AFM case (!? = 0)

In the absence of hard axis anisotropy, the Hamiltonian
1 is invariant under rotations around the ez axis and 3
reads (for k = 0, and ~ = 1)

ĤAFM = Aâ
†
â + Bb̂

†
b̂ + C

⇣
âb̂ + â

†
b̂
†
⌘

, (17)

A rotation by ✓ around the ez axis is given by R̂ : Ŝ+ !

e
i✓

Ŝ+, thus at the level of the bosonic operators â! e
i✓

â

and b̂! e
�i✓

b̂ The Bogoliubov modes transform as

↵̂ = e
i✓

⇣
u↵,aâ + v↵,bb̂

†
⌘

+ e
�i✓

⇣
u↵,bb̂ + v↵,aâ

†
⌘

,

�̂ = e
i✓

⇣
u�,aâ + v�,bb̂

†
⌘

+ e
�i✓

⇣
u�,bb̂ + v�,aâ

†
⌘

.

We thus conclude that, in order for ĤAFM = !↵↵̂
†
↵̂ +

!� �̂
†
�̂ to be invariant we have (for j = ↵, �) uj,a =

vj,b = 0 or uj,b = vj,a = 0. In our case, R̂: ↵̂! e
i✓

↵̂ and
�̂ ! e

�i✓
�̂, thus fixing u↵,a = U↵, v↵,b = V↵, u�,b = U� ,

v�,a = V� and u↵,b = u�,a = v↵,a = v�,b = 0. We can
then write ĤAFM in terms of the Bogoliubov coefficients
(besides a constant term) as

ĤAFM = (!↵U
2

↵
+ !�V

2

�
)â†

â + (!�U
2

�
+ !↵V

2

↵
)b̂†b̂

+ (!↵U↵V↵ + !�U�V�)(âb̂ + â
†
b̂
†). (18)

Comparing the above expression with (17) we have

!↵U
2

↵
+ !�V

2

�
= A,

!�U
2

�
+ !↵V

2

↵
= B,

and thus, using U
2

j
� V

2

j
= 1

!↵ � !� = A� B = �2!H . (19)

To obtain further information on the form of the Bo-
goliubov coefficients we use the eigenvalue equations to
obtain

Bogoliubov Factor  

g↵ > 1
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for !k > !?. For both cases there is a threshold Kth such
that for K > Kth, there exists a finite B0 for which the
�-mode is rendered dark (g� = 0). In the regime consid-
ered for Fig. 2, g↵,� < 1 for all fields, since the maximum
B0 is limited by the spin-flop transition. This suppresses
the corresponding optomagnonic coupling (Gg↵,�). g↵

increases nevertheless rapidly with K, so materials with
a larger magneto-optical asymmetry would be favorable
for larger coupling values. Our calculations indicate that
K & 0.1 would be sufficient for g↵ > 1 [? ].

A figure of merit for determining the strength of the
coupling is the cooperativity [? ]. Taking G = 0.1MHz
as noted above, and typical values for the magnon
(� ⇡ 1GHz [? ? ]) and optical cavity decay rates
( ⇡ 100MHz [? ]), for g↵,� = 1 we obtain a single-
photon cooperativity C

0

↵,�
= 4G

2
g
2

↵,�
/� ⇡ 4 ⇥ 10�6.

For an estimated maximum photon density of 105/µm3

allowed in the cavity [? ], the cooperativity C↵,� = ncC
0

↵,�

(with nc = hĉ
†
ĉi steady state number of photons circu-

lating in the cavity) could be therefore tuned into the
strong coupling regime (C↵,� > 1) by reaching g↵,� > 1.
Improved cavity and magnon decay rates would boost
this value further. In this regime, magnons and photons
hybridize and coherent exchange of information is possi-
ble.

Dynamical Response.– We now consider that the cavity
is driven by a strong control laser with amplitude sd and
frequency !d, and a weak probe laser with amplitude sp

and frequency !p, see Fig. 1. Correspondingly, we add
a driving term ĤD = i~p⌘(ĉ†

⇠
sin + H.c.) to the Hamil-

tonian in Eq. (1), where sin = sde
�i!lt + spe

�i!pt. The
total loss rate of the optical cavity is  = ex +0, where
ex and 0 correspond to the loss rates due to external
coupling and intrinsic dissipation, respectively. The cou-
pling efficiency ⌘ = ext/0 is adjustable in experiments
[? ? ].

The optomagnonic coupling (5) leads to the modi-
fication of both the magnon resonance frequency (op-
tical spring effect) and the magnon damping (opto-
magnonic damping). Both effects are quantified through
the magnon self energy, which also includes indirect cou-
pling effects between the Bogoliubov modes via the cav-
ity mode. This indirect interaction becomes relevant in
the strong coupling regime for |!↵ � !� | < �̃j (near
degenerate regime), where �̃j is the modified magnon
linewidth. The AFM cavity provides a unique platform
to probe such regimes for materials that exhibit degen-
erate modes at zero magnetic field, for instance MnF2,
since the frequency spacing |!↵ � !� | can be tuned via
an external magnetic field. This is depicted in Fig. 3 for
a red detuned control laser �̃ = �!↵ and parameters for
MnF2. Both the decay rate and the frequency shift ex-
hibit unusual behaviors due to magnon-magnon indirect
interactions (for further discussion see the supplementary
material), for example amplification in the red-detuning
regime. Such effects are also related to the hybridization
of the neighboring modes with the cavity in a framework
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Figure 3. (a) Effective linewidth and frequency shift of
the magnon modes vs. detuning �/!↵ for near degenerate
modes and well separated modes (inset). The highlighted
area indicates an unusual amplification region in the red-
detuning regime. (b) Frequency scheme for near degener-
ate and well separated frequencies. The red arrow indi-
cates indirect magnon-magnon interactions, more relevant in
the near-degenerate case. Parameters: �/!E = 1.6 ⇥ 10

�4,
/!E = 3.7⇥ 10

�3, !H/!E = 5.4⇥ 10
�3 for the main figures

and 3.2⇥ 10
�2 for the inset.

similar to the one used for sympathetic sideband cooling
in multi-mode optomechanical systems [? ? ? ].

Finally, we turn our attention to the transmission and
reflection properties of the AFM optomagnonic cavity.
Following the standard procedure (see Sup. Mat. [? ])
we obtain the cavity mode spectra �c[!] in the frame
rotating at the control light frequency

�c[!] =
(1 + F (!))

p
⌘�sin[!]

�i(�̃ + !) + 

2
� 2i�̃F (!)

, (9)

where ! = !p�!d is the pump-probe detuning, �̃ = �+

2G(g↵Re[h↵̂i] + g�Re[h�̂i]) is the renormalized detuning
due to the magnon induced cavity frequency shift with
hĵi = iGgjnc/ (i!j + �j/2) (for j = ↵, �), and F (!) =
⌃(!)/(i(�̃ � !) + /2) with the photon self-energy term
⌃(!) = ⌃↵(!) + ⌃�(!) given in terms of

⌃j (!) =

"
G

2
|gj |

2
nc

�i (!j + !) + �j

2

�
G

2
|gj |

2
nc

i (!j � !) + �j

2

#
, (10)

where �j is the intrinsic magnon linewidth of mode j.
The transmission and reflection spectra can be ob-

tained straightforwardly from Eq. (9) by using the
input-output boundary conditions �cout(!) = �cin(!) +

(c/2)1/2
�c(!). In Fig. 4 we plot the reflection spectra

for the cavity decay dominant regime (� < g↵G
p

nc < 

and for simplicity we assume �↵ = �� ⌘ �). Due to de-
structive interference between the up-converted control
field and the probe field an optomagnonically induced
transparency peak opens in the transmission spectrum
at the corresponding magnon resonance. In the near de-
generate regime, depicted Fig. 4(a) for representative
parameters of MnF2, the EIT peak has an additional

Dynamical response: strong coupling regime

Red detuned driving, 2 magnon modes 

counter-rotating terms + cavity-induced magnon 
interaction

PARVINI, BITTENCOURT, AND KUSMINSKIY PHYSICAL REVIEW RESEARCH 2, 022027(R) (2020)

FIG. 3. (a) Effective linewidth (left) and frequency shift (right) of
the magnon modes vs detuning !/ωα for near-degenerate modes and
(inset) well-separated modes. The highlighted area indicates an un-
usual amplification region in the red-detuned regime. (b) Frequency
scheme for near-degenerate and well-separated frequencies. The red
arrow indicates indirect magnon-magnon interactions, more relevant
in the near-degenerate case. Parameters for MnF2 and $/ωE = 1.6 ×
10−4, κ/ωE = 3.7 × 10−3, ωH/ωE = 5.4 × 10−3 for the main figures
and ωH/ωE = 3.2 × 10−2 for the inset.

the strong-coupling regime (Cα,β > 1) by reaching gα,β > 1.
Improved cavity and magnon decay rates would boost this
value further. In this regime, magnons and photons hybridize
and a coherent exchange of information is possible.

Dynamical response. We now consider a cavity driven by
a strong control laser with amplitude sd and frequency ωd ,
and a weak probe laser with amplitude sp and frequency ωp

(see Fig. 1). Correspondingly, we add a driving term ĤD =
ih̄

√
ηκ (ĉ†

ξ sin + H.c.) to the Hamiltonian in Eq. (1), where
sin = sde−iωl t + spe−iωpt . The total loss rate of the optical
cavity is κ = κex + κ0, where κex and κ0 correspond to the
loss rates due to external coupling and intrinsic dissipation,
respectively. The coupling efficiency η = κex/κ0 is adjustable
in experiments [74,75].

The cavity leads to the modification of both the magnon
resonance frequency and the magnon damping. Both effects
are quantified through the magnon self-energy, which also
includes a cavity-mediated coupling between the two magnon
modes. This term becomes relevant in the strong-coupling
regime (g j

√
nc > $ j, κ , with j = α,β and $ j the magnon

linewidth of mode j) for near-degenerate magnon modes
|ωα − ωβ | < $ j (see SM [54]). Together with hybridization
effects [76–78] and counter-rotating terms that cannot be ne-
glected in this regime, the optically induced magnon-magnon
interaction is responsible for unusual behavior, for example,
amplification in the red-detuned regime (see Fig. 3). The AFM
cavity provides a unique platform to probe such regimes for
materials that exhibit degenerate modes at zero magnetic field
(such as MnF2), since |ωα − ωβ | can be tuned via an external
magnetic field.

We now turn our attention to the transmission and reflec-
tion properties of the AFM optomagnonic cavity. Following
the standard procedure (see SM [54]) we obtain the cavity
mode spectra δc[ω] in the frame rotating at the control light
frequency,

δc[ω] =
[1 + F (ω)]

√
ηκδsin[ω]

−i(!̃ + ω) + κ
2 − 2i!̃F (ω)

, (7)

FIG. 4. Reflection spectra for a red-detuned control laser as a
function of the probe-pump detuning ω for a material with (a) de-
generate magnon modes at zero magnetic field and (b) nondegener-
ate modes. Parameters: η = 0.25, κ = 3.5 × 10−2 THz, $ = 1.5 ×
10−3 THz, (a) parameters for MnF2 and G

√
nc/ωE = 4.0 × 10−3,

and (b) parameters for NiO and G
√

nc/ωE = 1.8 × 10−3.

where ω = ωp − ωd is the pump-probe detuning, !̃ =
! + 2G(gα Re[〈α̂〉] + gβ Re[〈β̂〉]) is the renormalized de-
tuning due to the magnon-induced cavity frequency shift
with 〈 ĵ〉 = iGg jnc/(iω j + $ j/2) (for j = α,β), and F (ω) =
*(ω)/[i(!̃ − ω) + κ/2] with the photon self-energy term
*(ω) = *α (ω) + *β (ω) given in terms of

* j (ω) =
[

G2|g j |2nc

−i(ω j + ω) + $ j
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]

. (8)

The transmission and reflection spectra are obtained
from Eq. (7) by using the input-output boundary conditions
δcout(ω) = δcin(ω) + (κex/2)1/2δc(ω). In Fig. 4 we plot the
reflection spectra for the fast-cavity regime ($ < gαG

√
nc <

κ and for simplicity we assume $α = $β ≡ $). Due to de-
structive interference between the up-converted control field
and the probe field, an optomagnonically induced trans-
parency (OMIT) window opens in the transmission spectrum
around the corresponding magnon resonance. In the near-
degenerate regime, depicted in Fig. 4(a) for representative
parameters of MnF2 (easy-axis AFM), the OMIT window
has an additional structure due to the closeness of the α and
β modes’ sidebands. Increasing B0 increases |ωβ − ωα| [but
has no effect on the optomagnonic coupling—see Eq. (6)]
and the usual OMIT behavior is recovered. In Fig. 4(b)
we show results for representative parameters of NiO (finite
hard-axis anisotropy), for which the magnon frequencies are
well separated even at zero magnetic field. In this case the
OMIT behavior can be tuned by B0 through the optomagnonic
coupling (see Fig. 2).

Finally, the dark-to-bright tunability of the magnon modes
can be used for a quantum memory protocol. Driving the
system with a strong control red-detuned laser, the cavity-
magnon coupling can be controlled by B0 such that the
(linearized) Hamiltonian is ∼g(t )(δĉ†α̂ + δĉα̂†) [48]. An ar-
bitrary initial cavity state can then be stored in the magnon
mode by bringing g(t ) from its initial value g0 to g(T ) = 0
such that

∫ T
0 dtg(t ) = πg0 (analogous to a π -pulse protocol

[79]). This swaps the state of the cavity with the magnon
mode, which is then rendered dark for t > T . The state can
be transferred with high fidelity for strong coupling and T (
1/κ , and stored up to the magnon lifetime. Alternatively, the
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FIG. 3. (a) Effective linewidth (left) and frequency shift (right) of
the magnon modes vs detuning !/ωα for near-degenerate modes and
(inset) well-separated modes. The highlighted area indicates an un-
usual amplification region in the red-detuned regime. (b) Frequency
scheme for near-degenerate and well-separated frequencies. The red
arrow indicates indirect magnon-magnon interactions, more relevant
in the near-degenerate case. Parameters for MnF2 and $/ωE = 1.6 ×
10−4, κ/ωE = 3.7 × 10−3, ωH/ωE = 5.4 × 10−3 for the main figures
and ωH/ωE = 3.2 × 10−2 for the inset.
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has an additional structure due to the closeness of the α and
β modes’ sidebands. Increasing B0 increases |ωβ − ωα| [but
has no effect on the optomagnonic coupling—see Eq. (6)]
and the usual OMIT behavior is recovered. In Fig. 4(b)
we show results for representative parameters of NiO (finite
hard-axis anisotropy), for which the magnon frequencies are
well separated even at zero magnetic field. In this case the
OMIT behavior can be tuned by B0 through the optomagnonic
coupling (see Fig. 2).

Finally, the dark-to-bright tunability of the magnon modes
can be used for a quantum memory protocol. Driving the
system with a strong control red-detuned laser, the cavity-
magnon coupling can be controlled by B0 such that the
(linearized) Hamiltonian is ∼g(t )(δĉ†α̂ + δĉα̂†) [48]. An ar-
bitrary initial cavity state can then be stored in the magnon
mode by bringing g(t ) from its initial value g0 to g(T ) = 0
such that

∫ T
0 dtg(t ) = πg0 (analogous to a π -pulse protocol

[79]). This swaps the state of the cavity with the magnon
mode, which is then rendered dark for t > T . The state can
be transferred with high fidelity for strong coupling and T (
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Two-magnon processes?

• So far we have used one-magnon Fleury-Loudon processes
• In AFMs, two-magnon processes are usually dominant
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where �
µ⌫(R) is the spin dependent polarizability tensor at site R. The polarizability tensor can be

expanded in terms of spin operators and up to second order
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The tensors Kµ⌫�(R), Gµ⌫��(R) and Lµ⌫��(R, r) are complex coefficients and restricted by the symmetry
of the crystal. The different components in this expansion have certain physical meaning. The terms that are
proportional to Kµ⌫�(R) describe processes including only one spin. On the other hand terms / Gµ⌫��(R)
and / Lµ⌫��(R, r) both refer to two magnon processes. In the case of / Gµ⌫��(R) they act on the same
spin site whereas for the / Lµ⌫��(R, r) terms the magnons are on different spin sites. In this subchapter, we
only consider the first order one magnon process therefore the interaction Hamiltonian reduces to the general
form

Ĥ
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.
The Hamiltonian can now be specified when considering a certain crystal structure. Using point-group

symmetries for the rutile crystal structure, the non-vanishing components of the Kµ⌫�(R) tensor are reduced
to three contributions that fulfill

K231 = �K321 = K1

K312 = �K132 = K2

K123 = �K123 = K3. (59)

Inserting these, the one magnon scattering Hamiltonian can be expressed explicitly as
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�
j

⌘
�

�
E

z

1E
�
2 � E

�
1 E

z

2

� ⇣
Ŝ
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Ŝ
�
i
� Ŝ
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with E
± = E

y ± iE
y. We note that the factor V

N
is not taken from [3] but [14].

In the following we want to further analyze the Hamiltonian and bring it into a basis of photon and
magnon operators. We start by considering the general product of two electric field components as the
interaction Hamiltonian contains several of those. We use the result from the previous chapter in eq. (47)
and applying the rotating wave approximation
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We remember the time dependence of the photon operators in eq. (53) and neglect fast oscillating terms
that are proportional to the sum of the incident and scattered light frequencies / e

±i(!1+!2)t . This is called
the rotating wave approximation. The energy conservation for Stokes scattering reads !1 � !2 = !m,k and
for Anti-Stokes scattering !1 � !2 = �!m,k respectively. The index m = ↵,� identifies the magnon mode
with

!m,k = ±!H+!k (62)
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y

ri Ŝ
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Looking at one sample term and using Ŝ
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where the function ⇧xy

k = 8 sin( b2kx) sin(
a

2ky) cos(
c

2kz) has been defined. We already see that there is a
part that has the same form has the same form as the diagonal antiferromagnetic Hamiltonian and a part that
consists of combinations of only magnon creation or magnon annihilation operators. The latter is responsible
for magnon pair creation and magnon pair destruction. We also note that not every combination of magnon
pairs is possible as we see that an ↵ mode with wave vector k has to be coupled to a �-mode with �k. The
result is therefore in accordance to our previous considerations.

We precede by analyzing the part of the Hamiltonian including the electric field. In the further calcula-
tions, we are considering a quantized electric field as in 47 and the result of the product between two electric
field components as in 61. We assume a single mode electric field with a fixed frequency !1. We note that
the energy equality !1 � !2 = ±2!k is only true for the process with pair creation or destruction. If the
number of magnon pairs is not changed, the energy equality reads !1 = !2. The scattering Hamiltonian with
applied quantization of light can now be written as
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For abbreviating the formulas, we introduce the functions
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which depend on the polarization of the incoming and outgoing light.
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y

ri Ŝ
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y

ri+�1

⌘
=

S

N

X

i2A

X

k,k0

h⇣
uk↵̂k + vk�̂

†
�k

⌘⇣
vk0 ↵̂

†
�k0 + uk0 �̂k0

⌘
e
i(k+k0)rie

ik0·�1 + h.c.
i

= S

X

k

h⇣
ukvk

⇣
↵̂
†
k↵̂k + �̂

†
�k�̂�k + 1

⌘
+ u

2
k↵̂k�̂�k + v

2
k↵̂

†
k�̂

†
�k

⌘
e
�ik·�1 + h.c.

i
.

In the total sum, this yields

X

<i,j>

�
ij

x
�
ij

y

⇣
Ŝ
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where the function ⇧xy

k = 8 sin( b2kx) sin(
a

2ky) cos(
c

2kz) has been defined. We already see that there is a
part that has the same form has the same form as the diagonal antiferromagnetic Hamiltonian and a part that
consists of combinations of only magnon creation or magnon annihilation operators. The latter is responsible
for magnon pair creation and magnon pair destruction. We also note that not every combination of magnon
pairs is possible as we see that an ↵ mode with wave vector k has to be coupled to a �-mode with �k. The
result is therefore in accordance to our previous considerations.

We precede by analyzing the part of the Hamiltonian including the electric field. In the further calcula-
tions, we are considering a quantized electric field as in 47 and the result of the product between two electric
field components as in 61. We assume a single mode electric field with a fixed frequency !1. We note that
the energy equality !1 � !2 = ±2!k is only true for the process with pair creation or destruction. If the
number of magnon pairs is not changed, the energy equality reads !1 = !2. The scattering Hamiltonian with
applied quantization of light can now be written as
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Two-magnon processes + cavity?

Coming soon!
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y

ri+�1

⌘
�

⇣
Ŝ
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where the function ⇧xy

k = 8 sin( b2kx) sin(
a

2ky) cos(
c

2kz) has been defined. We already see that there is a
part that has the same form has the same form as the diagonal antiferromagnetic Hamiltonian and a part that
consists of combinations of only magnon creation or magnon annihilation operators. The latter is responsible
for magnon pair creation and magnon pair destruction. We also note that not every combination of magnon
pairs is possible as we see that an ↵ mode with wave vector k has to be coupled to a �-mode with �k. The
result is therefore in accordance to our previous considerations.

We precede by analyzing the part of the Hamiltonian including the electric field. In the further calcula-
tions, we are considering a quantized electric field as in 47 and the result of the product between two electric
field components as in 61. We assume a single mode electric field with a fixed frequency !1. We note that
the energy equality !1 � !2 = ±2!k is only true for the process with pair creation or destruction. If the
number of magnon pairs is not changed, the energy equality reads !1 = !2. The scattering Hamiltonian with
applied quantization of light can now be written as
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Ŝ
x

ri Ŝ
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y

ri+�5

⌘
�
⇣
Ŝ
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x

i
± iŜ
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where the function ⇧xy

k = 8 sin( b2kx) sin(
a

2ky) cos(
c

2kz) has been defined. We already see that there is a
part that has the same form has the same form as the diagonal antiferromagnetic Hamiltonian and a part that
consists of combinations of only magnon creation or magnon annihilation operators. The latter is responsible
for magnon pair creation and magnon pair destruction. We also note that not every combination of magnon
pairs is possible as we see that an ↵ mode with wave vector k has to be coupled to a �-mode with �k. The
result is therefore in accordance to our previous considerations.

We precede by analyzing the part of the Hamiltonian including the electric field. In the further calcula-
tions, we are considering a quantized electric field as in 47 and the result of the product between two electric
field components as in 61. We assume a single mode electric field with a fixed frequency !1. We note that
the energy equality !1 � !2 = ±2!k is only true for the process with pair creation or destruction. If the
number of magnon pairs is not changed, the energy equality reads !1 = !2. The scattering Hamiltonian with
applied quantization of light can now be written as
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Optomagnonic crystals
All-Optical Generation of Antiferromagnetic Magnon 

Currents via the Magnon Circular Photogalvanic Effect

2

analysis presented below can be straightforwardly ex-
tended to general magnetic point groups. We find that
the magnon current is determined by the MCPGE and
given by

hJi = ⇣ Im(�) cos ✓ sin2 ✓(sin 2�êy � cos 2�êx), (1)

where � is the non-zero element of the optical suscepti-
bility and ✓ and � determine the propagation direction
of the light as shown in Fig. 2. For subgap excitations
the susceptibility only shows a weak frequency depen-
dence and in the following we assume ~! = 1 eV. The
magnitude of hJi is controlled by the angle of incidence
✓, while its direction is determined by the polar angle �

and the chirality ⇣ of the laser. The current vanishes at
normal and in-plane incidence, and its direction rotates
in the substrate plane with a period 2� as illustrated by
the flower shape in Fig. 2(c). Fig. 2(a, b) shows the y-
component of the current as a function of ✓ and �, for
a laser with left- and right-handed polarization, respec-
tively. The results clearly illustrate the direct propor-
tionality of hJi to the chirality of the laser, and how the
current can be controlled via the MCPGE.

The expression for the magnon current hJi can be un-
derstood from a symmetry analysis of the system. The
light-matter coupling due to stimulated Raman scatter-
ing is quadratic in the electric fields [24, 28, 29]. However,
as the scattered photons are not detected the current is
given by an integral over scattered photon states. This
leaves a quadratic dependence on the incident electric
field in line with previous work [13–15, 30]. Since the
magnon photo-current is obtained by expanding the op-
tical susceptibility to lowest order in the Raman inter-
action, only odd orders will contribute. The third order
susceptibility vanishes by symmetry, and hence the lead-
ing order contribution comes from the fifth order tensor
�ijklm. For a collinear Neél state the system has C3v

symmetry, and the susceptibility has to be invariant un-
der the corresponding symmetry transformations. The
C3v and index permutation symmetries reduce the orig-
inal 32 elements of �ijklm to 16 non-zero elements, out
of which three are independent [31]. Among these, only
one corresponds to a process of net angular momentum
transfer that can generate a non-zero magnon current,
leading to Eq. (1).

In a typical experiment the sample and angle of inci-
dence are held fixed while the polarization is varied via a
quarter wave plate. Therefore, we show in Fig. 3(a) the
magnon photo-current as a function of polarization for
a given configuration (✓,�). The current is maximal for
circular polarization, and gradually reverses its direction
when the polarization is tuned from left- to right-handed.
Incidentally, we find that the current vanishes for linear
polarization. The necessity for circularly polarized light
can be understood from the requirement of angular mo-
mentum conservation, as indicated in Fig. 1.

FIG. 2. Photo-induced magnon current. (a, b) Photo-
induced magnon current along the y-axis as a function of
incidence and polar angles ✓ and � for left-handed (a) and
right-handed (b) circular polarization. The current is nor-
malized to the maximal value Jmax obtained at ✓ ⇡ 55� and
� = 45�. The horizontal grid lines indicate where the incident
field is parallel to the x- or y-axis. (c) The x-component (or-
ange) and y-component (black) of the magnon photocurrent
as a function of polar angle �. (d) Illustration of the pro-
posed experimental setup with a honeycomb antiferromagnet
and metallic contacts (Pt) for magnon current read-out. In
all panels, the model parameters are S = 5/2, J1 = 1.54 meV,
J2 = �0.14 meV, J3 = 0.3 meV, Jz = 8.6 µeV and B = 0, as
appropriate for MnPS3 [38, 39].

The magnon current can be detected via the inverse
spin Hall e↵ect (ISHE) using the setup proposed in Fig. 2:
A magnon current generated in the bulk antiferromagnet
propagates towards the Pt contacts, where the resulting
magnon accumulation is converted into a spin current.
The spin current in turn generates a charge current via
the ISHE, which induces a voltage VISHE [32, 33]. Fol-
lowing the discussion in Refs. [34, 35], we converted the
magnon photocurrent into the ISHE voltage shown in
Fig. 3(b) [31]. To phenomenologically account for the
e↵ects of magnon-magnon and magnon-phonon scatter-
ing at finite temperatures, a linear temperature depen-
dence of the magnon decay rate is assumed. We find a
voltage VISHE ⇠ 1 mV, of the same order of magnitude
as signals detected from DC magnon currents launched
via the ISHE [36]. Fig. 3(b) shows that the current de-
cays rapidly with temperature, and is e↵ectively zero for
T ⇡ 30 K. This is in line with experiments on MnPS3 [37]
where the magnon current was found to vanish above
T ⇡ 30 K, far below the Neél temperature TN ⇡ 80 K.

The symmetry analysis of collinear honeycomb anti-
ferromagnets shows the generality of a non-zero magnon
current generated by the MCPGE, independent of the
specifics of the underlying spin Hamiltonian. This indi-
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arXiv:2104.10914 (2021)



Magnon circular photogalvanic effect in 2D AFMs
• Directed magnon currents via stimulated two-magnon Raman scattering
• Current controlled by polarization and angle of incidence of light
• Measurable by Inverse Spin Hall Effect 
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analysis presented below can be straightforwardly ex-
tended to general magnetic point groups. We find that
the magnon current is determined by the MCPGE and
given by

hJi = ⇣ Im(�) cos ✓ sin2 ✓(sin 2�êy � cos 2�êx), (1)

where � is the non-zero element of the optical suscepti-
bility and ✓ and � determine the propagation direction
of the light as shown in Fig. 2. For subgap excitations
the susceptibility only shows a weak frequency depen-
dence and in the following we assume ~! = 1 eV. The
magnitude of hJi is controlled by the angle of incidence
✓, while its direction is determined by the polar angle �

and the chirality ⇣ of the laser. The current vanishes at
normal and in-plane incidence, and its direction rotates
in the substrate plane with a period 2� as illustrated by
the flower shape in Fig. 2(c). Fig. 2(a, b) shows the y-
component of the current as a function of ✓ and �, for
a laser with left- and right-handed polarization, respec-
tively. The results clearly illustrate the direct propor-
tionality of hJi to the chirality of the laser, and how the
current can be controlled via the MCPGE.

The expression for the magnon current hJi can be un-
derstood from a symmetry analysis of the system. The
light-matter coupling due to stimulated Raman scatter-
ing is quadratic in the electric fields [24, 28, 29]. However,
as the scattered photons are not detected the current is
given by an integral over scattered photon states. This
leaves a quadratic dependence on the incident electric
field in line with previous work [13–15, 30]. Since the
magnon photo-current is obtained by expanding the op-
tical susceptibility to lowest order in the Raman inter-
action, only odd orders will contribute. The third order
susceptibility vanishes by symmetry, and hence the lead-
ing order contribution comes from the fifth order tensor
�ijklm. For a collinear Neél state the system has C3v

symmetry, and the susceptibility has to be invariant un-
der the corresponding symmetry transformations. The
C3v and index permutation symmetries reduce the orig-
inal 32 elements of �ijklm to 16 non-zero elements, out
of which three are independent [31]. Among these, only
one corresponds to a process of net angular momentum
transfer that can generate a non-zero magnon current,
leading to Eq. (1).

In a typical experiment the sample and angle of inci-
dence are held fixed while the polarization is varied via a
quarter wave plate. Therefore, we show in Fig. 3(a) the
magnon photo-current as a function of polarization for
a given configuration (✓,�). The current is maximal for
circular polarization, and gradually reverses its direction
when the polarization is tuned from left- to right-handed.
Incidentally, we find that the current vanishes for linear
polarization. The necessity for circularly polarized light
can be understood from the requirement of angular mo-
mentum conservation, as indicated in Fig. 1.

FIG. 2. Photo-induced magnon current. (a, b) Photo-
induced magnon current along the y-axis as a function of
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where � is the non-zero element of the optical suscepti-
bility and ✓ and � determine the propagation direction
of the light as shown in Fig. 2. For subgap excitations
the susceptibility only shows a weak frequency depen-
dence and in the following we assume ~! = 1 eV. The
magnitude of hJi is controlled by the angle of incidence
✓, while its direction is determined by the polar angle �

and the chirality ⇣ of the laser. The current vanishes at
normal and in-plane incidence, and its direction rotates
in the substrate plane with a period 2� as illustrated by
the flower shape in Fig. 2(c). Fig. 2(a, b) shows the y-
component of the current as a function of ✓ and �, for
a laser with left- and right-handed polarization, respec-
tively. The results clearly illustrate the direct propor-
tionality of hJi to the chirality of the laser, and how the
current can be controlled via the MCPGE.

The expression for the magnon current hJi can be un-
derstood from a symmetry analysis of the system. The
light-matter coupling due to stimulated Raman scatter-
ing is quadratic in the electric fields [24, 28, 29]. However,
as the scattered photons are not detected the current is
given by an integral over scattered photon states. This
leaves a quadratic dependence on the incident electric
field in line with previous work [13–15, 30]. Since the
magnon photo-current is obtained by expanding the op-
tical susceptibility to lowest order in the Raman inter-
action, only odd orders will contribute. The third order
susceptibility vanishes by symmetry, and hence the lead-
ing order contribution comes from the fifth order tensor
�ijklm. For a collinear Neél state the system has C3v

symmetry, and the susceptibility has to be invariant un-
der the corresponding symmetry transformations. The
C3v and index permutation symmetries reduce the orig-
inal 32 elements of �ijklm to 16 non-zero elements, out
of which three are independent [31]. Among these, only
one corresponds to a process of net angular momentum
transfer that can generate a non-zero magnon current,
leading to Eq. (1).

In a typical experiment the sample and angle of inci-
dence are held fixed while the polarization is varied via a
quarter wave plate. Therefore, we show in Fig. 3(a) the
magnon photo-current as a function of polarization for
a given configuration (✓,�). The current is maximal for
circular polarization, and gradually reverses its direction
when the polarization is tuned from left- to right-handed.
Incidentally, we find that the current vanishes for linear
polarization. The necessity for circularly polarized light
can be understood from the requirement of angular mo-
mentum conservation, as indicated in Fig. 1.

Jy/ Jmax

-1.0

-0.5

0

0.5

1.0

Jy/ Jmax

-1.0

-0.5

0

0.5

1.0

FIG. 2. Photo-induced magnon current. (a, b) Photo-
induced magnon current along the y-axis as a function of
incidence and polar angles ✓ and � for left-handed (a) and
right-handed (b) circular polarization. The current is nor-
malized to the maximal value Jmax obtained at ✓ ⇡ 55� and
� = 45�. The horizontal grid lines indicate where the incident
field is parallel to the x- or y-axis. (c) The x-component (or-
ange) and y-component (black) of the magnon photocurrent
as a function of polar angle �. (d) Illustration of the pro-
posed experimental setup with a honeycomb antiferromagnet
and metallic contacts (Pt) for magnon current read-out. In
all panels, the model parameters are S = 5/2, J1 = 1.54 meV,
J2 = �0.14 meV, J3 = 0.3 meV, Jz = 8.6 µeV and B = 0, as
appropriate for MnPS3 [38, 39].
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propagates towards the Pt contacts, where the resulting
magnon accumulation is converted into a spin current.
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Outlook

• Cavity-induced dynamical effects can be cast in the 
form of a LLG equation of motion for the spin with 

effective magnetic fields and optically induced 
“Gilbert” damping

• Design of optomagnonic systems in the optical 
regime shows promise 

for improved coupling values
• AFMs can present rich new physics: tunable 

optomagnonic coupling, dark-to-bright transition, 
cavity-induce magnon interaction 

• All-optical generation of magnon currents in 2D by 
stimulated Raman scattering (2-magnon processes) 


