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ABSTRACT Quantum technology has made tremendous strides over the past two decades with remarkable
advances in materials engineering, circuit design, and dynamic operation. In particular, the integration of
different quantum modules has benefited from hybrid quantum systems, which provide an important pathway
for harnessing different natural advantages of complementary quantum systems and for engineering new
functionalities. This review article focuses on the current frontiers with respect to utilizing magnons for
novel quantum functionalities. Magnons are the fundamental excitations of magnetically ordered solid-state
materials and provide great tunability and flexibility for interacting with various quantum modules for
integration in diverse quantum systems. The concomitant-rich variety of physics and material selection
enable exploration of novel quantum phenomena in materials science and engineering. In addition, the
ease of generating strong coupling with other excitations makes hybrid magnonics a unique platform for
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quantum engineering. We start our discussion with circuit-based hybrid magnonic systems, which are
coupled with microwave photons and acoustic phonons. Subsequently, we focus on the recent progress
of magnon—magnon coupling within confined magnetic systems. Next, we highlight new opportunities for
understanding the interactions between magnons and nitrogen-vacancy centers for quantum sensing and
implementing quantum interconnects. Lastly, we focus on the spin excitations and magnon spectra of novel
quantum materials investigated with advanced optical characterization.

INDEX TERMS Magnonics, microwave photonics, quantum computing, sensing.

I. INTRODUCTION

Quantum technology combines fundamental quantum
physics and information theory with an overarching goal
to develop a new generation of computing, sensing, and
communication architectures based on quantum coherent
transfer and storage of information. Spurred by the discovery
of quantum properties in novel materials and structures, a
variety of dynamic systems including photons, acoustic
excitations, and spins have been cultivated in diverse
platforms such as superconducting circuits, nanomechanical
devices, surface acoustic waves (SAWs), and individual
electrons and ions. Many of these systems have been
employed for implementing artificial two-level systems
as qubits, enabling their coherent interaction as well as
manipulating their states. For nascent quantum technologies
to reach maturity, a key step is the development of scalable
quantum building blocks: from quantum interconnects and
transducers, to sensors at the single quasiparticle level.
The development of scalable architectures for quantum
technologies not only poses challenges in understanding
the coupling between disparate quantum systems, but also
presents technical and engineering challenges associated
with developing chip-scale quantum technology.

A rapidly growing subfield of quantum engineering is
associated with magnons. Magnons, or the quanta of spin
waves, are the collective excitation of exchange-coupled
spins hosted in magnetic materials. Similar to electromag-
netic and acoustic waves, spin waves can propagate and
interfere, meaning that they can deliver phase information
for coherent information processing. Due to the high spin
density in magnetic materials compared with individual
spins, large magnetic dipolar coupling strengths in the sub-
gigahertz regime can be easily achieved between magnons
and microwave photons, which means fast operation and
transduction before decoherence. In addition, their frequency
can be readily manipulated by magnetic fields and, thus,
either spatially or temporally varying magnetic fields enable
straightforward adiabatic modifications. More importantly,
magnons can provide a wide range of interactions. For
example, magnons have been demonstrated to mediate
coupling between microwave and optical photons via
magneto-optic Faraday effects. Magnons also can interact
strongly with phonons due to magnetoelastic coupling.
The inherent strongly nonlinear dynamics of magnons
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makes them also very susceptible to interactions with other
magnons. Meanwhile, the interaction of magnons and spins
such as nitrogen-vacancy (NV) centers in diamond brings
new ideas for quantum sensing of magnons and coherent
manipulation of spin qubits. From a materials perspective,
the complex interactions between electric charge currents
and magnetization dynamics, which are key to modern spin-
tronics concepts [1], provide additional pathways of magnon
generation and evolution. While most current research
efforts are focused on quasi-classical magnon coupling
to other quantum systems, recent studies of nonclassical
magnon states [2] and the discovery of atomically thin
magnetic materials show promise for observing and utilizing
new genuinely quantum effects in magnon dynamics. In
this review, we explore the evolving boundary between
quasi-classical behavior and quantum interactions enabled
by the rich physics of magnonics. We delineate the ongoing
materials and device engineering efforts that are critical
to enabling the next generation of quantum technologies
based on magnons, which will significantly broaden the
scope of fundamental quantum research and augment the
functionality in quantum information processing.

While many similar interactions may also be possible with
individual spins, the collective dynamics of the magnetically
ordered systems provides distinct advantages with easily de-
tectable signals and high coupling efficiencies while main-
taining reasonable quality factors up to ~10°. At the same
time, due to the aforementioned beneficial scaling proper-
ties, hybrid magnon systems are very well suited to on-
chip integration [3], as will be discussed in greater detail in
Section II. In addition, their dynamics can provide pro-
nounced nonreciprocities, which are beneficial for the uni-
directional flow of quantum information.

In Section III, we discuss how layered antiferromagnets
are exemplary materials for the study of magnon-magnon
interactions. Both synthetic antiferromagnets and van der
Waals (vdW) magnets have an antiferromagnetic (AFM)
interlayer exchange interaction that enables acoustic and
optical magnons. Unique to these materials is that the interac-
tion between acoustic and optical magnons (or even amongst
optical and acoustic magnons) can be continuously tuned
via field orientation [4], [5], wave number [6], or magnetic
damping [7]. As a consequence, the magnon energy spectrum
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can be manipulated via the tunable magnon—-magnon interac-
tion strength. The examples we highlight have weaker AFM
interactions that enable optical magnons to exist at gigahertz
(GHz) frequencies, compatible with the characteristic fre-
quency range of existing qubit technologies. The strategies
used in these materials can be potentially deployed in anti-
ferromagnets with characteristic terahertz (THz) magnons.

In Section IV, we explore optically addressable solid-state
qubits derived from atomic defects in semiconductors and
their coupling to magnons in magnetic materials. In particu-
lar, color centers like the NV center in diamond [8] combine
the ability to optically detect and manipulate the qubit spin
state with high sensitivity to proximal magnetic fields, mak-
ing them excellent sensors for probing magnons [9] and po-
tential quantum transducers for upconverting GHz qubit ex-
citations to optical photons [10]. In addition to sensing with
solid-state defects, we discuss the important materials engi-
neering considerations for on-chip quantum hybrid systems
based on magnons and solid-state defects, from theoretical
to materials considerations for both the defect material itself
and the magnetic materials that host spin-wave excitations.

In Section V, we discuss novel magnetic excitations and
effects in quantum materials and their detection via opti-
cal spectroscopy. In particular, we highlight three families
of magnetic quantum materials that have drawn extensive
research interest, including 2-D magnetic atomic crystals,
strong spin-orbit coupled (SOC) Jegf = 1/2 magnetism in 5d
transition metal oxides (TMOs), and assembled molecular
chiral spin and magnon systems. We show the recent de-
velopment of high-sensitivity, symmetry-resolved magneto-
Raman spectroscopy in detecting magnetic excitations in 2-D
magnets and SOC magnets and the progress of ultrasensitive
magneto-optical Kerr effect (MOKE) of Sagnac interferom-
eters in probing the chirality-induced spin selectivity (CISS)
effect in molecular spin and magnon systems. For each high-
lighted development, we further comment on the prospects
of controlling the magnetic properties and integrating them
with spintronic devices.

II. DIRECTIONS FOR “ON-CHIP” QUANTUM
PLATFORMS WITH HYBRID MAGNONICS

A. MAGNON-PHOTON COUPLING WITH
SUPERCONDUCTING RESONATORS

Magnon—photon hybrid dynamic systems have recently at-
tracted great attention due to their rich physics and ease
of integration through microwave engineering. First pre-
dicted theoretically [11], [12] and subsequently demon-
strated experimentally [13]-[18], strong coupling between
cavity microwave photons and magnons in magnetic crys-
tals has enabled the emerging field of quantum magnon-
ics, which aims to realize the potential offered by magnons
for quantum information. The application of magnons in
quantum applications has been underscored with the recent
demonstration of coherent coupling between a single
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magnon and a superconducting qubit and single-shot read-
out of magnon number [19]-[21]. As collective excitations
of exchange-coupled spins, magnons enable large coupling
strengths to microwave photons due to the high spin density
in magnetic materials. Furthermore, magnons exhibit excel-
lent frequency tunability and can interact with different exci-
tations such as optical photons, phonons, and spins, making
them suitable for exploring fundamental physics in coherent
dynamics, as well as constructing highly tunable quantum
transducers.

On-chip implementation and integration of quantum
magnonic systems are highly desirable for circuit-based ap-
plications and building up complex networks of coupled
magnonic systems these are now [22], [23]. One direct ap-
proach is to integrate magnetic devices with coplanar su-
perconducting resonators [13], [24]-[28], which can carry
long-coherence microwave photons and couple with super-
conducting qubits for building up circuit quantum electrody-
namics.

The coupling strength between magnons and microwave
photons can be expressed as

1/2N pohw,

4V, M

§=Y

where w, denotes the photon frequency of the microwave
cavity, N denotes the total number of spins, and V. denotes
the effective volume of the microwave cavity. Note that N can
be converted to the effective magnetic volume Vj; by Nup =
MV where M is the magnetization and pup = yh/2 is the
single Bohr magneton momentum. The factor of 1/4 comes
from two effects: 1) the magnetic field accounts for only half
of the total energy in the microwave cavity; and 2) linear
polarized microwave fields need to be decomposed into two
circularly polarized components and only one component
couples to magnon excitations. From (1), in order to increase
g with a limited magnetic device volume V), (or N), it is
important to have a small V., which leads to a large coupling
strength per Bohr magneton defined as gog = g/~/N.
Recently, Li et al. [26] and Hou et al. [27] have demon-
strated strong magnon—photon coupling between permalloy
(NigoFeyq, Py) thin-film devices and coplanar superconduct-
ing resonators. As shown in Fig. 1(a) and (b), in both works
a Py device was fabricated in the middle of a superconduct-
ing resonator, which is a coplanar waveguide (CPW) with
two capacitive couplers on the two side defining the half
wavelength and the resonant frequency. With the microwave
transmission data shown in Fig. 1(c) and (d), an in-plane
magnetic field was applied to modify the magnon frequency
of the Py device. Clear avoided crossings are observed when
the magnon mode intersects with the resonator photon mode.
Li et al. [26] have achieved a coupling strength of 152 MHz
with a 900 um x 14 um x 30 nm Py stripe and Hou et al.
[27] have reported a coupling strength of 171 MHz for a 2000
pum x 8 um x 50 nm stripe. In addition, both reports have
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FIGURE 1. Strong magnon-photon coupling between NigoFe,o (permalloy, Py) devices and superconducting resonators. (a) and (b) Optical microscope
images of half-wavelength superconducting resonators with NigoFe,o devices fabricated at the center, with (a) fabricated from a NbN thin film and (b)
from a Nb film. (c) and (d) Mode anticrossing spectra between NigoFe,o magnon modes and the photon modes of superconducting resonators. (a) and

(c) are adapted from [26]; (b) and (d) are adapted from [27].

shown that the coupling strength scales with </Vjs by chang-
ing the thickness or the length of the Py device, agreeing with
the prediction of (1).

The key for reaching sub-GHz coupling strength with
small Py devices, as compared with the macroscopic yttrium
iron garnet (YIG) crystals [14], [15], is that the effective
volume of the coplanar microwave resonator is much smaller
than 3-D cavities. Li er al. have estimated V. = 0.0051
mm?, leading to efficient coupling of go/27 = 26.7 Hz. Hou
et al. have obtained a similar sensitivity of go/2m = 18 Hz.
In addition, a high quality factor of the superconducting
resonator also ensures large cooperativity, which is important
for coherent operation and transduction. At a temperature of
1.5 K, the two works show quality factors of Q = 7800 from
[26] and 1520 from [26] for their superconducting resonator.
Although the quality factor will be reduced when the Py
device is fabricated, a large cooperativity of C = 68 [26] and
160 [27] can still be achieved and the strong coupling regime
is obtained.

The beauty of coplanar superconducting resonators is that
they can be designed with great flexibility while still main-
taining a high quality factor. To further reduce the effective
volume, a lumped element resonator (LER) design has been
used by McKenzie-Sell ez al. [25] and Hou et al. [27]. As
illustrated in Fig. 2(a), the LER consists of a small wire
inductor and a large interdigitated capacitor, which mini-
mize the inductive volume for large magnetic coupling ef-
ficiency while maintaining a balanced resonant frequency
with a large capacitance. The inverse design with minimized
capacitor and maximized inductor has also been used for
increasing the electrical coupling efficiency [29]. In Fig. 2(b),
by covering the middle wire inductor with a small piece of
2-pm-thick YIG film, a magnon—photon coupling strength of
300 MHz has been achieved. In Fig. 2(c), a coupling strength
of 74.5 MHz has been achieved with a 40 um x 2 pum x
10 nm Py device. The latter corresponds to a sensitivity of
g0/2m = 263 Hz. This value agrees with a prior report of
LER [30], with go/2m = 150 Hz. In [30] the quality factor of
the loaded LER can reach Q = 1400, which is sufficient for
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FIGURE 2. Lumped element resonator (LER) design. (a), (b) LER
resonator coupled to a flip-chip YIG film grown on a GGG substrate, (a)
without and (b) with a YIG film. (c) LER coupled to a Py device fabricated
at the center inductive wire. (a) and (b) are adapted from [25]; (c) is
adapted from [27].

a clear observation of avoided crossing between the magnon
and photon modes.

For all-on-chip integration of magnon—photon hybrid
systems with superconducting resonator, in addition to
the resonator design, the search for low-damping and
fabrication-friendly magnetic materials is also crucial. While
Py is a classical ferromagnet with convenient deposition
and fabrication, its relatively large Gilbert damping is not
optimal for long-coherence magnon—photon interaction.
For low-damping YIG thin films, one issue is that they
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are typically grown on gadolinium gallium garnet (GGG)
substrates, which possess a complex magnetic behavior at
cryogenic temperature [31], [32] and will increase the loss of
excitations if the superconducting circuits are fabricated on
GGG substrate. To address this issue, free-standing YIG thin
films [33], [34] or YIG films grown on Si substrate [35] may
provide a solution. Conversely, since flip-chip arrangements
of YIG/GGG sample have been used to achieve strong
coupling with superconducting resonators, it is also possible
to separate the fabrication of superconducting resonators
and the YIG magnonic structures, and then mount the two
systems together by a flip-chip technique, which has been
applied in quantum acoustics [36].

B. MAGNETOMECHANICS AND MAGNON-PHONON
COUPLED DEVICES

The study of magnon—phonon interaction dates back to
the 1950s and 1960s, when the strong coupling between
spin waves (magnons) and acoustic waves (phonons), as
well as the resulting magnetoelastic waves (hybrid magnon—
phonon states) were investigated in both theory and experi-
ments [37]-[44]. In recent years, with the increasing interests
in utilizing phonons as an information carrier for coherent
and quantum information processing [45]-[48], magnon—
phonon coupled systems have re-emerged as a promising
platform for hybrid magnonics. Phonons exhibit very long
lifetimes in solid-state platforms such as silicon, quartz, dia-
mond, aluminum nitride, and lithium niobate, which satisfy
the requirements of a large variety of coherent applications.
However, the frequencies of phonon modes, which can al-
though be conveniently tailored by proper geometry engi-
neering, are usually fixed. On the other hand, as a coherent
information carrier, magnons possess superior tunability but
suffer from their finite lifetimes. Therefore, there are emerg-
ing needs for hybridizing magnons and phonons to combine
their respective advantages for coherent and quantum infor-
mation processing.

The most prominent underlying mechanism for magnon—
phonon coupling in magnetic media such as YIG is the mag-
netostrictive effect, which links magnetization with strain
in magnetic materials. Although magnons represent small,
typically weak perturbations of the magnetization, the asso-
ciated dynamical spin precession can still efficiently couple
with the long-lived phonon modes, thanks to the excellent
mechanical properties of the material. In particular, as in the
magnon—photon coupling, the magnon—phonon coupling is
greatly enhanced by the large spin density [49].

In general, the interaction between magnons and phonons,
which is referred to as magnetomechanical coupling, can
take two different forms, considering that the magnon modes
usually fall into the GHz frequency range while the phonon
modes can be tailored in a broad frequency range from kHz
or even lower to GHz. In the first scheme, the interacting
magnon mode and phonon mode have identical frequen-
cies and the interaction is described by a beam-splitter-type
Hamiltonian Hiy = hG(mb" + m'b), where m and m™ (b
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and b') are the annihilation and creation operators of the
magnon (phonon) mode, respectively, and G is the coupling
strength that is enhanced by the large spin number. In the
other scheme, the phonon mode is at a much lower frequency
compared with the magnon mode, and they interact with
each other with the assistance of a parametric drive, which
can be described by a radiation-pressure-type Hamiltonian
Hine = hGm'm(b + b"). In this case, the parametric magne-
tomechanical interaction is not only enhanced by the large
spin density but can also be boosted by the strong drive
power.

The magnetomechanical devices can take various forms.
In the most commonly used YIG sphere resonators,
radiation-pressure-type magnetomechanical interaction was
experimentally demonstrated by Zhang et al. [49]. Bench-
mark coherent phenomenon, including magnetomechan-
ically induced transparency/absorption (MMIT/MMIA),
parametric amplification, and phonon lasing, has been ob-
served, revealing the great applied potential of cavity magne-
tomechanics. Compared with optomechanical or electrome-
chanical systems, magnetomechanical systems benefit from
the intrinsic magnon properties and exhibit unprecedented
tunability. Moreover, such magnetomechanical systems sup-
port mode hybridization not only between magnons and
phonons, but also between magnons and microwave photons,
which further enriches the system dynamics. Since then, vari-
ous novel physical phenomena or applications based on mag-
netomechanical interactions have been proposed or experi-
mentally studied, including magnon blockade [50], phonon-
mediated magnon entanglement [51], magnetomechanical
squeezing [52], magnon-assisted ground state cooling of
phonon state [53], etc.

Beam-splitter-type magnetomechanical interactions are
usually observed in planar structures with YIG thin films
grown on GGG substrates. Compared with the mechanical
modes in spherical geometries that are typically in the MHz
range, acoustic modes in planar structures can be excited
at GHz frequencies and, therefore, can directly be coupled
with magnons. Among many acoustic excitation forms, bulk
acoustic waves (BAWs) are often used for hybridizing with
magnons. BAW is a type of volume excitation with the me-
chanical displacements distributed in the whole substrate in-
cluding both the magnetic YIG layer and the nonmagnetic
GGG layer. Considering that magnons only reside in the
top YIG layer, their interaction is far from optimal. How-
ever, because of the excellent material property of single-
crystalline YIG and GGG, the dissipation of BAWs is ex-
tremely low. As a result, the magnetomechanical coupling
can still exceed the system dissipations and reach the strong
coupling regime [54], [55]. Thanks to the nonlocalized na-
ture of BAWSs, the magnon—phonon strong coupling can be
utilized to mediate long-range interactions between magnon
modes [54].

In addition to BAWs, SAWs have also been adopted for
coupling with magnons [56]-[58]. Unlike BAW-based mag-
netomechanical interactions, SAW-based magnon—phonon
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interactions have been carried out on more diverse material
platforms. Although SAWs normally suffer from lower
frequencies and higher losses [59], and usually require
heterogeneous integration with piezoelectric materials such
as lithium niobate or gallium nitride, they exhibit better
mode matching and consequently improved coupling with
magnons because their mechanical displacements are mainly
localized on the surface of the device, which is distinctively
different from BAWSs. In addition, the unique behaviors
of SAW also enabled the experimental observation of a
novel coupling mechanism for magnon—phonon interactions
that has been predicted decades ago: the magnetorotation
coupling [60], which may lead to novel physical phenomena
and applications.

The interaction between magnons and phonons has led
to many novel functionalities. On the one hand, magnon
lifetimes are usually on the order of 100 ns [15], [61]
while phonon lifetimes can be several orders of magnitude
longer [49]; thus, magnon systems benefit from their hy-
bridization with phonons resulting in significantly improved
coherence. On the other hand, phonons also gain new prop-
erties that are intrinsically missing in the mechanical de-
gree of freedom. For instance, through hybridization with
magnon modes, phonons can inherit their magnetic charac-
teristics and carry spins [62] or support unidirectional prop-
agation [60], [63].

As of today, most magnetomechanical interactions are re-
ported in macroscopic devices. Recently, there have been
increasing efforts in pushing magnetomechanical devices to-
ward smaller scales for better device performances or inte-
gration. In spite of the challenges in YIG fabrication, single-
crystal free-standing YIG microbeams have been fabricated
based on unconventional fabrication approaches such as pat-
terned growth [64] and angled etching using focused ion
beam [65], [66]. As the mass and footprint of the result-
ing magnetomechanical devices are drastically reduced, one
may potentially further enhance the magnon—phonon inter-
action. By adopting other easy-to-fabricate magnetic mate-
rials, magnetomechanical strong coupling has been reported
in nanoscale devices [67], [68]. Moreover, it is proposed that
in magnetic nanoparticles, the coupling of magnons with the
rotational degree of freedom of the particle can significantly
affect the magnon properties, leading to novel opportunities
for coherent signal processing [69].

Developing novel fabrication techniques will dramatically
facilitate novel device designs and break many existing ex-
perimental restrictions. Therefore, it represents one impor-
tant future directions for the study on magnon—phonon in-
teractions. Another promising direction involves exploring
different materials, such as multiferroics [70] and antiferro-
magnets [71], as new magnetomechanical platforms. In the
context of coherent information processing, it is critical that
these materials possess low losses for both magnons and
phonons to ensure that coherent operations can be performed.
Currently, most demonstrations of magnetomechanical inter-
actions are still in the classical regime at room temperatures.
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One straightforward future direction is to bring the magnon—
phonon interactions into the quantum regime at cryo-
genic temperatures, to observe quantum magnetomechan-
ical interactions and perform quantum operations such as
entanglement, ground state cooling, and squeezing.

Another distinct advantage of microwave magnon modes
is their short wavelength and low propagation speed of the
dynamic excitations at microwave frequencies compared to
electromagnetic waves. This makes magnons highly ben-
eficial for an efficient miniaturization of microwave com-
ponents. Phonon-based microwave devices that incorporate
piezoelectric materials have similar advantages for minia-
turization [72]. Traditionally, quartz («-SiO) has been the
material of choice for piezoelectric transducers, but more
recently materials like LiNbO3 or LiTaO3 are often used for
high-quality peizoelectric transducres, since they can reach
mechanical quality factors approaching 107 [73]. In addition,
SiC and AIN have garnered high interest for piezoelectric
devices, since these materials can be readily integrated with
thin-film growth processes. Using any of these materials,
phonons, such as SAWs, can be coupled to electromagnetic
radiation via interdigitated transducers, such as the ones
shown in Fig. 3(c). Such SAW devices have formed the basis
for many contemporary investigations of magnon—phonon
coupling.

In fact, more than a century ago, the deep connection
between spin and mechanical angular momentum has al-
ready been established by a pair of pioneering measurements.
Namely, Barnett [74] showed that the mechanical rotation
can result in a net magnetization, while concomitantly Ein-
stein and de Haas [75] demonstrated the inverse phenomenon
of mechanical rotation due to magnetization reversal. This
provides, in principle, a pathway for coupling phonons to
magnetization and its dynamics [15]. Recently, experiments
with elastically driven ferromagnetic resonance (FMR) in
Nig;Fej9 on LiNbO3 suggest that such direct angular mo-
mentum coupling is indeed possible [76]. However, a more
efficient pathway for magnon—phonon interactions is due to
magnetoelastic coupling [77], and it was already pointed out
early on that the classical understanding of this coupling
provides the same dynamic equations as a quantum mechan-
ical description [37]. This magnetoelastic coupling gives rise
to hybrid magnetoelastic modes or fully mixed magnon—
polarons, when the energy of the phonons coincides with
the corresponding magnon energies. Since both phonons and
magnons also couple directly to optical photons, details of
their interactions can, therefore, be directly investigated via
spatially resolved inelastic light scattering [78]. Furthermore,
magnon—polarons may also be important for understanding
spin currents interacting with temperature gradients [79],
e.g., for spin Seebeck effects [80], [81].

More importantly, magnetoelastic coupling provides new
opportunities for coherent interactions between magnons and
phonons. An important starting point was the demonstra-
tion that FMR in Ni can be directly excited via SAWs in
LiNbOj3 [82]. Theoretically, it was shown that the coherent
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(d)

FIGURE 3. (a) Magnetomechanical device consisting of a YIG sphere inside a 3-D microwave cavity. The Kittel magnon mode in YIG is modulated by the
mechanical deformation of the sphere. Adopted from [49]. (b) Planar YIG device supporting magnon-BAW phonon interaction. BAW phonons in the GGG
substrate couple remote magnons modes in the YIG films on the opposite sides of the substrate. Adopted from [54]. (c) Planar device with a magnetic
thin film deposited on top of a piezoelectric substrate (lithium niobate), supporting magnon-SAW phonon interaction. Adopted from [60]. (d) Scanning
electron microscope (SEM) image of a suspended monocrystalline freestanding YIG bridge fabricated using pulsed laser deposition and lift-off. Adopted
from [64]. (e) SEM image of a YIG microbridge structure fabricated using focused ion beam etching. Adopted from [65]. (f) SEM image of

330 x 330 x 30 nm Ni nanomagnet, which supports strong magnon-phonon coupling. Adopted from [66].

elastic interfacial excitation of the magnetization dynamics
may be associated with the emergence of evanescent inter-
face states, which depend on the relative orientation of the
magnetization with respect to the phonon propagation [83].
In addition, it was shown that the phonon propagation can be
modulated due to the magnetoelastic interactions in complex
ways. Namely, the coupling to the magnons may give rise
to a mixing between different phonon modes, but the precise
interactions depend very sensitively on processing conditions
that change the interfacial microstructure [84].

As the complex modulation of phonon propagation in the
presence of magnetoelastic interaction shows, it is also pos-
sible to generate phonons from magnons. This was directly
demonstrated by combining excitations of FMR in a Ni wire
through rf magnetic fields with detection through SAWs
in adjacent LiNbOs via interdigitated transducers [85]. In-
terestingly, using inelastic light scattering, it was possible
to directly measure the angular momentum associated with
phonons generated from magnons [86]. Using an adiabatic
conversion of magnons into phonons via spatially varying
magnetic fields [40] enabled us to separate the magnon and
phonon components of the hybridized modes. Furthermore,
the higher group velocity of phonons can be detected in

VOLUME 2, 2021

pulsed time-dependent measurements, thereby providing di-
rect verification of the magnon to phonon conversion. Simi-
larly, hybrid magnon—phonon modes may, therefore, provide
significantly faster magnon propagation [87], [88]. Thus,
phonons provide new pathways for fast angular momentum
transport [89]. Similarly, due to their long coherence length,
phonons may also mediate magnon coupling over long dis-
tances. This was demonstrated by coupled magnon modes
for two 200-nm-thick yttrium iron garnet films deposited on
the opposite sides of a 0.5-mm-thick GGG substrate [90].
GGG has a very long phonon mean free path, such that
the phonon decay length is about 2 mm and, therefore, ex-
ceeds the thickness of the substrate. This results in standing
phonon modes that give rise to constructive or destructive
interference between the FMR of the two yttrium iron garnet
layers depending on whether the phonon mode number is
odd or even. This shows that phonons can provide a co-
herent long-distance pathway for angular momentum com-
munication, which may have direct relevance for quantum
transduction.

Another important aspect for quantum devices is nonre-
ciprocity, which allows phase-coherent information process-
ing with a well-defined directionality. In magnetic systems,
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FIGURE 4. Hybridization of magnon and phonon modes in the strong
coupling regime. The color map shows the spectral density of transient
Kerr rotation signals as a function of the external magnetic field. The
dispersing mode is the FMR of the Feg; Ga;o crossing the
quasi-transverse acoustic (QTA) and quasi-longitudinal acoustic (QLA)
modes of the nanograting. The inset shows the clear hybridization gap of
the FMR with the QTA mode. Adapted from [68].

nonreciprocal phenomena are a direct consequence of the
inherently broken time-reversal symmetry, and have been
harnessed for many microwave and optical devices, such as
circulators and isolators. However, if these systems are based
on coupling electromagnetic waves to the magnetic system,
they become invariably bulky. Here, the coupling of magnons
to phonons provides a distinct opportunity for combining a
compact device structure with high efficiency performance.
Already in the 1970s, SAW insulators were demonstrated by
using yttrium iron garnet films on GGG [91]. More recently,
similar nonreciprocal propagation of SAWs has also been
observed for LINbO3 combined with Ni [92]. It turns out that
interfacial chiral exchange coupling, the Dzyaloshinskii—
Moriya interaction, can shift the hybridization gaps relative
to each other for the magnon—phonon modes with oppo-
site momenta and thus allows to optimize the nonreciproc-
ity [93]. Further improvements are possible by increasing the
magnetoelastic coupling, and toward this end, an isolation of
close to 50 dB near 1.5 GHz was recently demonstrated by
combining LiNbO3 with FeGaB [94].

The fact that strongly magnetostrictive materials provide
superior performance for nonreciprocal devices exemplifies
the opportunities that still remain in optimizing magnon—
phonon coupled devices. The majority of investigations have
focused on Ni-based devices. Ni not only has moderately
high magnetoelastic coupling, but also very high magnetic
damping. This means that it is very difficult to fabricate
Ni-based systems in the strong magnon—phonon coupling
regime. Nevertheless, even with Ni, it is possible to have
magnon—phonon coupled systems where the cooperativity
approaches and start to exceed 1 [95]. However, it turns
out that Feg;Gajg can outperform Ni significantly, since it
combines strong magnetoelastic coupling with reasonably
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low magnetic damping. Using periodic thickness modula-
tion for increasing the magnetoelastic coupling to specific
phonon modes, Godejohann et al. [68] showed that clear
magnon—polarons in the strong coupling regime can be ob-
served (see Fig. 4). These measurements showed relatively
long coherence times with decoherence rates of 30 MHz
for the phonons and 170 MHz for the magnons. Together
with the experimentally measured coupling of 200 MHz, this
results in a cooperativity exceeding 7.8. This shows that a
judicious choice of magnetic materials still offers plenty of
opportunities to improve device performance. In that respect,
toward the goal of getting stronger magnetoelastic coupling
with a simultaneously reduced magnetic damping, amor-
phous B- and C-doping of FeGa and FeCo alloys appears to
be a promising direction [96].

C. BRIEF THEORETICAL CONSIDERATION:
MAGNON-MEDIATED OPERATIONS VIA

DYNAMIC TUNING

Hybrid magnonic systems benefit from the wide-ranged tun-
ability of the resonant magnon frequency using changes
in bias magnetic field strength. Although existing systems
achieving high coupling rates encompass a wide variety of
geometries ranging from millimeter-scale microwave cav-
ities [14], [15], [19] to micrometer-scale superconducting
coplanar resonators [13], [26], [27], all of these systems func-
tion via the resonant coupling between the electromagnetic
and magnonic resonators. This resonant coupling occurs
when the resonant magnon frequency is near the resonant
frequency of the photonic resonator. Changing the strength
of the bias magnetic field and, thus, the magnon resonant
frequency allows one to continuously tune the hybrid system
on and off the resonance and observe the famous anticross-
ing behavior of the coupled oscillator’s frequencies, shown
schematically in Fig. 5(a).

The behavior of a hybrid magnon—photon system can be
mathematically described by a simple system of equations
for complex amplitudes of the photonic a; () and magnonic
am(t) resonator modes [97], [98]

@, .
— +iwja; = —ik1a

dt m

da

d_tm + iomam — Fmam = —ik{a;. 2)

Here, | and wy, are the resonant frequencies of the photonic
and magnonic modes, respectively; the magnonic frequency
wm depends on the applied bias magnetic field and can be
easily tuned in a wide range. I'y, is the damping rate of the
magnonic resonator; the corresponding term was, for sim-
plicity, neglected in the equation for photonic mode a; since
the photon damping rate Iy, is usually much lower than I'y,.
The parameter «; in (2) is the coupling rate between the
magnon and photon modes and can exceed 100 MHz [13]-
[15], [19], [26], [27].
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FIGURE 5. (a) Dependence of the coupled mode frequencies ». (3) on the bias magnetic field strength (i.e., magnonic mode frequency on,). Dashed
lines show the frequencies of uncoupled photonic »; and magnonic v, modes. The color of the branches denotes the distribution of the coupled mode
energy between the magnonic (green) and photonic (blue) resonators. (b) Time dependence of the instantaneous eigenfrequencies of (4) for a parabolic
profile (5) of the bias magnetic field. The parameter A determines the maximum value of the magnon frequency o, while 1 is proportional to the
curvature of the parabola. The color of the branches denotes the distribution of the coupled mode energy between the interacting resonators. (c) Time
dependence of the instantaneous eigenfrequencies of (2) for a parabolic profile (5) of the bias magnetic field. The color of the branch denotes the
context of the mode (green—magnonic mode ap, blue—photonic a; mode). (d) Temporal profiles of the asymmetric SWAP operation using a parabolic
pulsed magnetic field profile with A =2.0«3, A = —1.0«, and Aw1,2 = @2 — @1 = 27 - 2.0 MHz. Left panels: information originally contained in a; mode
(blue) is coherently transduced to a, mode (red). Right panels: information originally contained in @, mode (red) is coherently transduced to a; mode
(blue). Bottom panels show the population of the magnonic mode a, during the process. (e) Temporal profiles of the populations of the interacting
modes during the SPLIT operation realized with a parabolic field profile using A = 1.625«2, A = —0.985 k¢, and Aw; > = 27 - 12 MHz. Left panels:
information originally contained in a; (blue) mode is split into a@; and a, (red) modes. Right panels: information originally contained in @, mode is split
between a; and a, modes. Bottom panels show the population of the magnonic mode ay,. (f) Temporal profiles showing the reversibility of the SPLIT
operation while using the same parameters of the field pulse as in (e). Initial states in the simulations correspond to the final states of the simulations
shown in (e). In both cases (left and right panels) the initial state is an entangled state with different phase relations between partial a; and a,
photonic modes for two panels. Repeating the SPLIT operation successfully disentangles the states into a pure a, (left panel) or a; (right panel) state.

Model (2) describes the linear coupling of two resonant
modes. One can easily find eigenfrequencies of the two cou-
pled oscillations formed as a result of mode interaction

w| + om W] — W 2
w0y = 5 + < 5 ) + K12 3)

The solutions for (3) for varying wy, (which physically cor-
responds to varying the bias magnetic field) are shown in
Fig. 5(a), and they demonstrate the formation of a mode
anticrossing at the point of the strongest resonant coupling
(w1 = wm), where the modes become strongly hybridized to
prevent degeneracy of their frequencies. The gap between
the coupled mode frequencies at the anticrossing point is
proportional to the coupling strength w + — w — = 2|«q].

All the existing studies of hybrid magnon—photonic sys-
tems focus on quasi-static tuning of the magnon resonance
frequency wp,, in which the characteristic time v of mag-
netic field variation is much longer than the magnon lifetime,
7 > 1/I'y. In this case, the hybrid system behaves as a usual
resonance system with statically tunable resonance parame-
ters described by (3).
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The strongly coupled (|k;| > I',) magnon—photon sys-
tems, however, May exhibit much richer and much more
interesting behavior in the case of dynamic tuning of the res-
onance frequency wy,. If the characteristic time of the mag-
netic field variation t satisfies 1/T'y > © 2 1/|«y], the pa-
rameters of the magnon mode change during the lifetime of a
single magnon; at the same time, magnon and photon modes
interact over a sufficiently long time interval (t|k1| = 1) to
ensure efficient energy and information exchange between
the modes.

In the simplest case of a linearly ramped bias magnetic
field B(t) = Bg + (dB/dt)t, the behavior of the dynamically
tuned hybrid system can be qualitatively understood from
Fig. 5(a), in which the horizontal axis now plays the role of
time. As the bias field B(#) comes closer to the resonance
value, the two modes hybridize, but the excitation initially
localized within the higher (lower) mode will continue to stay
in that mode. The overall result of the “passage” shown in
Fig. 5(a) is the transfer of energy and information from the
photonic mode to the magnonic one [along the upper branch
w 4+ (¢)], and vice versa [along the lower branch w _ (¢)].
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Note, however, that this simple picture of an adiabatic pas-
sage is, strictly speaking, quantitatively correct for relatively
slow ramps t > |«k1|; in a more realistic nonadiabatic set-
ting T ~ 1/|ky|, a more elaborate model of hybrid system
dynamics, which is described in the following, must be
utilized.

Mathematically, dynamically tuned hybrid systems can
be described by the system of equations similar to (2),
but with time-dependent magnon frequency wp, (), which is
determined by the time profile of the bias magnetic field.
By shaping the profile of the pulsed magnetic field, one can
control how strongly, when, and for how long the resonant
coupling occurs, which, in turn, will determine the overall
outcome of the “passage.”

In the following, we illustrate some of the capabilities of
dynamically tuned hybrid magnon—photon systems using,
as an example, a system that consists of two photonic res-
onators (amplitudes a; and a,, resonant frequencies w; and
) and one magnonic resonator (amplitude ap,, frequency
®m, damping rate I'y,). The photonic resonators are not cou-
pled directly, but both interact with the magnonic resonator
with coupling rates «; and k3, respectively. The following
equations describing this system are a direct generalization
of (2):

ai +i .
e lwia) = —ilk1a
dt "
da
d_tm + iom(t)am — Tmam = —ik{a) — ixk5an
ap . .
I + iwray = —ikoran. )

In the following simulations, we used a conservative esti-
mate for the coupling rates, k1 » = k. = 2 - 20 MHz, which
is much lower than the experimentally achievable values.
We assumed the damping value I'y, = 6.28 us™! typical for
magnonic resonators made of yttrium iron garnet.

The dynamics of the hybrid magnon—photon system is
determined by the profile of the pulsed bias magnetic field,
i.e., by the time dependence of the magnonic resonance
frequency wn (7). Here, we consider a parabolically shaped
profile

om(t) — o) = —A2 + A 5)

where the parameters A and A determine the maximum value
and the curvature A of the pulse, as shown in Fig. 5(b). The
characteristic passage time in this case is T ~ /k¢/A.

In the adiabatic limit T >> |«./[, the parabolic “passage” has
no effect on the final populations of the interacting modes, as
the magnonic frequency wm(¢) crosses each of the photonic
modes twice. The situation, however, is different in the nona-
diabatic regime t ~ 1/«., in which the final populations of
each mode depend on the pulse parameters A and A. This
means that by simply changing the shape of the pulsed mag-
netic field profile, different operations can be realized in the
same physical system.
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One such operation useful in quantum computing is the
coherent exchange of information between the two photonic
modes (SWAP operation). Fig. 5(d) shows a simulation
of this SWAP operation realized using A = 2.0 KS =
27 -0.63 MHz/ns?>, A =—1.0k.=—27-20.0 MHz,
and slightly different frequencies of photonic resonators
Awi 2 = wy — w; = 2 - 2.0 MHz. Interestingly, the SWAP
operation is asymmetric for a parabolic ramp, due to the
nonzero resonant frequency separation Awj > between the
photonic modes. This asymmetry in the SWAP operation
can clearly be seen in the content of the magnonic mode
during passage, shown in the bottom panels of Fig. 5(d). Itis
important to note that this SWAP operation is also possible
in the case of degenerate photonic modes.

It is also important to note that the population of the
magnon mode is zero after the passage, i.e., the magnonic
serves only as a mediator of energy transfer between the
photonic subsystems. Since the passage occurs during a rel-
atively short time v <« 1/I'y,, the magnon dissipation does
not play a crucial role in this process, and the accuracy of the
SWAP operation is close to 100%.

Another useful operation in quantum computing is the
SPLIT operation, where one coherent information state is
split into a coherent superposition of multiple information
states. Such SPLIT operation can be performed using the
same parabolic-shaped pulsed magnetic field profile (3) with
different values of curvature A and maximum frequency
A. The simulation of this operation in Fig. 5(e) used A =
1.625k3 =27 - 0.513 MHz/ns?, A = —0.985«; = —27 -
19.7 MHz, and Aw;s = wy — w; =27 - 12.0 MHz and
shows an asymmetry similar to that seen in the SWAP op-
eration especially pronounced in the time dependence of
the magnonic mode. Interestingly, despite this observable
asymmetry, the SPLIT operation may be reversed by simply
repeating the same operation on the coherent superposition of
information states, shown in Fig. 5(f). This SPLIT operation
and its reversal can also be performed on degenerate photonic
modes.

Dynamic tuning of resonant magnon frequencies may also
be useful for the investigation of fundamental properties of
single magnons. For example, one can consider a system of
a single photonic resonator coupled to a magnonic resonator
as described in the mathematical model (2) with a parabolic
profile wn, (¢) from (5). The dependence of the instantaneous
eigenfrequencies of the hybrid modes for this case is shown
in Fig. 5(c). If the magnetic field profile is nonadiabatic, T ~
|k¢|, then only a partial (say, 50%) exchange of quantum state
will occur at each of the two points of resonant hybridiza-
tion. Then, in the time interval between the hybridization
points, the system will exist in an entangled magnon/photon
state. The two components of this state will interfere at the
second hybridization point, and the final population of each
mode will depend on details of single-magnon dynamics.
Experiments of this type will be useful to investigate single-
magnon nondissipative decoherence processes, which are
difficult to study using other means.
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FIGURE 6. (a) lllustration of three pairs of magnonic excitations that can be coupled together within a layered antiferromagnet. In the context of
synthetic antiferromagnets, blue arrows represent magnetization directions of two magnetic layers. Alternatively, in a bulk sample, each arrow
represents the magnetization of two magnetic sublattices. The red arrows are used in the case of a layered magnetic material with four magnetic layers,
and represent the interior layers while the blue arrows represent the surface layers. From left-to-right, the following pairs of magnons can be coupled
together. 1) Spatially uniform optical and acoustic magnon. 2) Finite wavenumber optical and acoustic magnon. 3) Optical magnon residing on the
interior and surfaces of a layered system comprised of four magnetic layers. (b) In these three instances, the magnon-magnon interaction can be
adjusted by rotating an external field out-of-plane, changing the wavenumber, or changing the magnetic damping on the surface layers relative to the

interior layers.

Finally, we note that similar magnon-mediated coherent
operations, described here for the case of photonic modes,
are also possible with phonons and other solid-state exci-
tations that efficiently couple to magnons. Thus, magnons
represent a promising candidate for a universal mediator of
coherent quantum information transduction in heterogeneous
quantum systems.

I1l. DIRECTIONS IN USING LAYERED “SYNTHETIC
MAGNETS” FOR QUANTUM MAGNONICS
Magnon—photon and magnon—phonon devices inherently
feature a 2-D circuit layout due to the physical nature
of their hybridizing mechanisms. Another emerging direc-
tion in the context of quantum magnonics takes advantage
of the magnon—-magnon coupling mechanism induced by
exchange-coupled, synthetic magnetic layers.

Recently, strong light-matter interaction became a key
basis for many experiments in areas of quantum informa-
tion technologies, including processing, storage, or sensing
[99]-[106]. Magnetically ordered materials are promising
candidates for reaching the strong coupling regime of co-
herent excitation exchange, due to their high spin densities.
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AFM systems intrinsically possess two magnon modes, typ-
ically referred to as acoustic and optical modes [107], [108]
due to their sublattice natures. Their dynamics is character-
ized by the strength of the exchange coupling, and AFM
crystals tend to show a large coupling strength, bringing
the frequency of their dynamics into THz regions. In this
regard, synthetic antiferromagnets [109], [110] and layered
antiferromagnets [111] are especially appealing in terms of
accessibility since their weaker interlayer exchange coupling
nature allows GHz resonances [112]—-[118], which can also
be easily tuned by growth/material parameters [118], [119].
As illustrated in Fig. 6, this section will broadly be con-
cerned with providing an overview of how the magnon—
magnon coupling mechanism can be controlled layered AFM
materials.

A. MAGNON-MAGNON COUPLING IN SYNTHETIC
ANTIFERROMAGNETS

We here review recent progress of magnon—magnon coupling
of uniform spin-wave modes in synthetic antiferromag-
nets [5]. To hybridize the acoustic and optical modes, the
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FIGURE 7. (a) Schematic of the coupling process between acoustic and optic magnon modes. The coupling strength is controlled by engineering the
exchange coupling between the magnetic layers and by dc magnetic field orientation. The coordinate systems show the definition of the magnetic field
angle 6. (b) Measured and simulated microwave transmission through a CPW with a SAF on top as a function of microwave frequency and dc magnetic
field. The two columns present the results for different magnetic field angles. (c) Extracted coupling strength g as a function of the dc magnetic field
angle 6 for two different spacer layer thickness between the FM layers of the SAF. (d) Magnetic field linewidth AB of the acoustic and optic magnon
modes as a function of dc magnetic field, applied at an angle of 4°. At the point of degeneracy at B ~ 275 mT, the linewidth are merging toward a single
value. (e) Calculated loss rates of the acoustic and optic magnon modes as a function of the dc magnetic field angle 65. The solid symbols are results
from calculations assuming a coupling, while the empty symbols show results without a coupling. (f) Simulated resonance frequencies and loss rates of
the acoustic and optic modes as a function of the dc magnetic field for g = 27°. Parameters are the same as presented in [5], where only the damping
contribution from mutual spin pumping «sp is changed. The simulation results suggest that mutual spin pumping is partially contributing to the coupling
process.

twofold rotational symmetry of the two magnetization vec- having large Bcx and a small fg, where an avoided cross-
tors about the dc magnetic field needs to be broken [4]. This ing starts to emerge as a signature of mode hybridization,
is, e.g., by applying a dc magnetic field (By) at an angle g as shown in Fig. 7(b). In this regime, the energy transfer
with respect to the film plane; see the schematic coordinate between the two modes takes place at the rate of g/27 within

system in Fig. 7(a). The demagnetization field (Bs) arising the magnon system. Here, the engineering of Bex and in situ
from the thin-film nature prevents a full alignment of the fp tuning acts as a valve of the mode coupling strength, as
magnetization to the applied dc magnetic field. This breaks depicted in Fig. 7(a).
the rotational symmetry and enables an interaction between Sud et al [5] experimentally showed a strong
the two magnon modes [4], [5]. Furthermore, the strength of magnon—magnon coupling in CoFeB/Ru/CoFeB synthetic
the interaction increases as the out-of-plane angle increases. antiferromagnets. Fig. 7(b) represents spin-wave spectra
This introduces an in situ control over the coupling strength measured by using a broadband microwave transmission
between the two AFM modes [4]-[6]. line with the sample placed on top of it, as a function of
In the case of a small interlayer exchange field Bex or for microwave frequency and dc magnetic field. For smaller
the in-plane condition, the acoustic and optic modes [see 0, a clear gap is visible at the degeneracy point of the
Fig. 7(a)] cannot interact strongly at their degeneracy point, acoustic and optic modes. The extracted coupling strength
showing a mode crossing. This degeneracy can be lifted by g as a function of the magnetic field angle is shown in
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Fig. 7(c) for two different thicknesses of the nonmagnetic
Ru layer, which shows excellent agreement with the
following equation derived from the LLG equation for
coupled magnetic moments at the macrospin limit [5]:

¥ BexBo
g=

_ _VPeB0 g 6
2B, + 4B, 7B ©

As shown in this equation, g is maximized for small 65 and
large Bex, which are well demonstrated by their experiments.

As the resonance frequencies of the modes experience a
level splitting during coupling, the magnetic field linewidth
AB shows an attraction. Fig. 7(d) plots AB as a function of
the dc magnetic field for an angle of 40°. At the point of in-
teraction (B ~ 275 mT), the linewidths are moving together.
Similarly, the frequency linewidth or loss rates (1/7t,c) and
(1/7op) are attracted and eventually average at the point of
degeneracy, as the coupling becomes stronger [see Fig. 7(e)].
This reflects that in the coupled state, the acoustic and optic
modes are no longer individual rather form a single hybrid
system with a combined loss rate [5]. Similar results were
also found in magnetic hybrid structures [120].

The magnon—-magnon coupling can be modeled by con-
sidering two coupled Landau-Lifshitz—Gilbert (LLG) equa-
tions, where specifically a mutual spin pumping is as-
sumed [5], [121]. The mutual spin pumping describes a spin
current exchange between the two ferromagnetic (FM) layers
and adds an additional damping to the dynamics, apart from
the Gilbert damping. This term is crucial to model the exper-
imental findings accurately, especially the loss rates of the
hybrid system. Notably, extended simulation work suggests
that the magnon—-magnon coupling is, partially, mediated by
spin currents [5], as shown in Fig. 7(f). The simulated plots
depict resonance frequencies and loss rates as a function of
the dc magnetic field at an angle of 27° for different values of
the damping contribution from spin pumping cp. The results
suggest that an increased damping due to spin pumping can
lead to a resonance frequency crossing and a loss rate split-
ting, similar as in cavity magnonics [122]. However, further
experimental studies are required to fully confirm this.

In conclusion, synthetic antiferromagnets are highly
promising for novel spin-wave states in spintronic de-
vices [123], high-speed information processing and stor-
age [110], [124]-[126], due to their precisely engineerable
properties and in situ tuning capabilities. Together, these ma-
terial systems are adaptive for future applications.

B. MAGNON-MAGNON COUPLING IN 2-D

VDW MATERIALS

Strong magnon—magnon coupling has been achieved at the
interface of two adjacent magnetic layers [127], [128]. To
realize magnon—-magnon coupling within a single material,
antiferromagnetic or ferrimagnetic materials with magnetic
sublattice structures are required. However, conventional
AFM resonances lie in THz frequencies, which require spe-
cialized techniques to probe [129]-[131]. Here, we review
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the recent observation of magnon—magnon coupling in the
layered vdW AFM insulator CrCls [4]. Fig. 8(a) illustrates
the magnetic structure of CrCl3 below the Neél temperature
Ty =~ 14 K, which shows parallel intralayer alignment and
antiparallel interlayer alignment of magnetic moments. The
alternating magnetization across the layers can be modeled
as two sublattice magnetization unit vectors 7iz4 and #ip in the
macrospin approximation. When the external field is applied
in the crystal plane, the system is symmetric under twofold
rotation around the applied field direction combined with
sublattice exchange. This symmetry results in two decoupled
modes, the optical mode and the acoustic mode, with even
and odd parities under the symmetry, respectively. Fig. 8(b)
illustrates the oscillation orbits of the two sublattices mag-
netization in these two modes. To detect the magnetic res-
onance, a CrCls crystal is placed on a CPW, with crystal
¢ axis normal to the CPW plane and field applied in H)
direction, as shown in Fig. 8(c). The microwave transmission
signal as a function of frequency and in-plane applied field
at T = 1.56 K is plotted in Fig. 8(d), which shows an optical
mode with finite frequency at zero field, and an acoustic
mode with frequency linear in field. The dispersion of the
two modes can be understood using the two sublattice LLG
equations [4], whose solutions result in blue and red dashed
lines for the optical and the acoustic modes, respectively.
By fitting the frequency dispersion, the interlayer exchange
coupling field woHr = 101 mT and the saturation magne-
tization puoM; = 409 mT are obtained, which are consis-
tent with magnetometry measurement results [4], [132]. A
slope change of the acoustic mode dispersion occurs at field
H = 2HE because the two sublattices are aligned with the
applied field when H > 2Hp. In this field range, the acoustic
mode transforms into uniform FMR mode, and the Kittel
formula is utilized to fit the resonance dispersion. Note that
the acoustic and optical modes cross without interaction, and
this mode crossing is protected by the twofold rotation sym-
metry when field is applied in the crystal plane. In principle,
breaking this symmetry can hybridize the two modes and
induce an anticrossing gap, which can be realized by tilting
the applied field direction at an angle i with respect to the
crystal plane. Fig. 8(e) shows the microwave transmission
signal with field applied at angle ¢ = 30°, which demon-
strates a coupling gap generated by the out-of-plane field.
The size of the gap increases at angle iy = 55°, as shown
in Fig. 8(f). The modes evolution can be understood as an
eigenvalue problem of a two-by-two matrix derived from the
coupled LLG equations [4], whose solutions result in black
dashed lines. The coupling strength g/27 is determined as
half of the minimal frequency spacing of the modes disper-
sion, with g/2m =~ 0.8 GHz in the case of y = 55°. This is
larger than the dissipation rates of the upper and the lower
branches, with values xy /27 ~ 0.5 GHz and /2w ~ 0.2
GHz, respectively, which indicates the realization of strong
magnon—magnon coupling at ¥ = 55°. The angular depen-
dence of g is shown in Fig. 8(h). By rotating the crystal
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FIGURE 8. (a) Magnetic structure of bulk CrCls below the Neél temperature, and without an applied magnetic field. The blue spheres represent the Cr
atoms. The red arrows represent the magnetic moment of each Cr atom with parallel intralayer alignment and antiparallel interlayer alignment. The net
magnetization direction alternates between layers, having direction /i, (ri7g) on layers in the A (B) magnetic sublattice. (b) Schematic illustrations of the
precession orbits for the two sublattice magnetizations in the optical mode and the acoustic mode. (c) Experimental schematic featuring a coplanar
waveguide (CPW) with a CrCls crystal placed over the signal line. The dc magnetic field is applied along the H,, direction. (d)-(f) Microwave transmission
as a function of frequency and applied field at 1.56 K; the field is applied at an angle of (d) v = 0°, (e) 30°, and (f) 55° from the sample plane. (g)
Microwave transmission versus applied field at y = 55° for various frequencies, showing the coupling gap. (h) Coupling strength g increases with v, and

can be tuned from 0 to 1.37 GHz. Adopted from [4].

alignment in an external field, the system can be tuned from
a symmetry-protected mode crossing to the strong coupling
regime.

In summary, AFM resonances in CrCl; have been ob-
served with frequencies within the range of typical mi-
crowave electronics (<20 GHz) because of the weak
anisotropy and interlayer exchange coupling. This estab-
lishes CrCl3 as a convenient platform for studying AFM dy-
namics. Moreover, strong magnon—magnon coupling within
a single material is realized by symmetry breaking induced
by a finite out-of-plane field. Because CrCls is a vdW ma-
terial, which can be cleaved to produce air-stable mono-
layer thin films [132], these results open up the possibility
to realize magnon—-magnon coupling in magnetic vdW het-
erostructures by symmetry engineering. While we discuss
spin dynamics and mode hybridization of antiferromagnet-
ically coupled moments in CrCls, where the exchange in-
teraction is relatively weak due to the interlayer exchange
coupling, it is also possible to study magnon modes aris-
ing from intralayer exchange coupling within a CrCls layer.
Due to the much stronger exchange strength, these modes
reside in high-energy states, out of reach of microwave tech-
niques, yet accessible by optical techniques. This area of
development is summarized in Section V in this review
article.
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C. MAGNON-MAGNON COUPLING MECHANISMS IN
LAYERED SYSTEMS

As we have now discussed, the magnon—magnon interaction
between acoustic and optical magnons in both SAFs [5], and
layered vdW antiferromagnets [4] can be controlled by the
application of a symmetry-breaking external field. There are
other avenues to control the coupling between magnons in
these types of layered magnets that are being both exper-
imentally and computationally explored [6], [7]. To begin
this discussion, we first note that the earlier summarized
works rely on the generation of spatially uniform optical and
acoustic magnons. In other words, these modes are AFM
resonances corresponding to a magnon wavenumber near
k = 0. To excite finite wavenumber magnons, one strategy is
to use micro/nanofabrication tools to lithographically pattern
“meandering” antennae directly on top of the magnets [133],
[134]. In this way, finite wavenumber magnons can be ex-
cited with an in-plane wavevector consistent with the period
of the meandering antenna. For k£ # 0 magnons, the dynamic
dipolar magnetic field associated with an optical(acoustic)
mode can couple the magnon to the other acoustic(optical)
magnon [6]. Shiota er al. [6] realized this dynamic-dipolar
coupling of optical and acoustic magnons in SAFs recently
in 2020. For a finite value of k, the magnon—magnon coupling
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was observed to be dependent on the relative orientation be-
tween the in-plane external field and the magnon wavevector.
Additionally, the coupling strength between the optical and
acoustic magnons was found to increase monotonically with
the wavenumber.

It is most often the case that when SAFs are fabricated,
there are only two FM layers separated by a nonmagnetic
layer. We now discuss layered magnets with additional lay-
ers, so we will differentiate by counting the number of mag-
netic layers. With this definition, the majority of measure-
ments in the literature involve bilayers. Thus, the optical and
acoustic magnon modes that are usually reported in SAFs are
from bilayers [135]-[137]. The uniform optical and acoustic
AFM resonances frequencies of bilayers can modeled and
obtained by linearizing a coupled pair of equations that are
based on the LLG equation

diy R . N A

di = —poymy X [Hext — Hptg — M(thy - 2)2] (7)
dmpg N . A oaa
= Moyms X [Hext — Hpp — M (iag - 2)Z]. (8)

Models based on these coupled equations are called
“macrospin” models, since each layer is treated as a single
large-magnetic moment. Here, ma and mpg refer to the di-
rection the moment of each layer points. Hext and Hg are
the external- and interlayer exchange fields, respectively, and
M is the magnetization of each layer. The above macrospin
model of a bilayer can be expanded upon. For example, a
tetralayer can be modeled as

dmy . . o
7 = Hoyma X [Hext — Hpmg — M(iy - 2)Z] (9)
dimg . . .
o  Moymsp X [Hext — Hpp — Hping

— Mg - 2)Z] (10)
dmc . ,\ .
o = “Hoyme x [Hext — Hptg — Hgrip

— M;(hc - 2)Z] (1)
dmyp N A N s
7 = —poymp X [Hext — Hpfic — M(rp - 2)Z].

(12)

By solving for the eigenvalues of these four coupled equa-
tions, it can be shown that two additional optical and acoustic
magnon modes exist in layered magnets [7]. We now discuss
how this enables ways to control magnon—magnon interac-
tions in SAFs and vdW magnets.

It was shown using both a macrospin model and mi-
cromagnetic simulations that two optical and two acoustic
magnons can be excited in a tetralayer [7]. The simulations
performed used the material parameters for CrClz, but the
results can be generalized to include SAFs. Each pair of
modes resides in a different spatial region of the tetralayer.
For example, a low-frequency optical mode can be excited on
the surface layers, while a high-frequency mode resides on
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FIGURE 9. Optical mode spectra of a SAF tetralayer is calculated via
micromagnetic simulations in the top panel. An avoided energy-level
crossing, indicative of a magnon-magnon interaction between two
optical branches, is observed. In the middle and bottom panels, it is
shown that by increasing the damping on the surface layers relative to
the interior layers, by a factor of 10 and 1000, respectively, the avoided
energy-level crossing closes. In all plots, dark red color indicates a region
in field-frequency space where the magnons are strongly excited. Dark
blue indicates regions where no magnons are excited.

the interior layers. A magnon—magnon interaction exists be-
tween the pair of optical modes or the pair of acoustic modes,
even without a symmetry-breaking external field. Using the
optical modes as an example, the optical magnon branch
on the surface layers is found to interact with the optical
branch of the interior layers due to the exchange field that
is generated when magnetization dynamics are present on
either surface or interior layers. This magnon—magnon inter-
action is evident by the avoided energy-level crossing present
in the optical magnon spectrum shown in Fig. 9. Here, we
have performed calculations for a SAF tetralayer assuming
that the magnetic layers are permalloy, and that there is an
interlayer exchange coupling of 4.14 x 10~'4 A/m. Because
the magnon—magnon interaction is mediated through the dy-
namic exchange field, there are appealing strategies to con-
trol the interaction. In a SAF, it is simple to deposit additional
“capping” layers made of a spin Hall metal like Pt, Ta, or
W [138]. In fact, current-induced spin—torque excitations of
both acoustic and optical modes in SAFs have been demon-
strated by Sud ez al. [139] very recently. By using a dc current
bias, a damping like torque can then be applied to the sur-
faces layers [140]. This damping like torque effectively can
control the strength of the magnon—magnon interaction, by
suppressing the dynamic exchange field. Thus, a strategy to
electrically tune the magnon—magnon interaction in layered
magnets was proposed [7].
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To summarize, beyond the use of a symmetry-breaking
external field, there are other approaches to tune the magnon—
magnon interaction in layered magnets. By adjusting the
magnon wavenumber, and the in-plane orientation of an ex-
ternal field relative to the wavevector, the dipolar interaction
can couple acoustic and optical magnons together [6]. Alter-
natively, one may consider layered systems with four or more
layers. In this case, by adjusting the damping on the surface
layers, relative to the interior layers, magnon—-magnon inter-
actions can be controlled [7].

D. EXCEPTIONAL POINTS IN SYNTHETIC MAGNETS

A more comprehensive overview of exceptional points (EPs)
in magnonic systems takes place in the next section. Here, we
restrict our discussion to SAFs as an outlook for future efforts
with these materials.

In quantum mechanics, non-Hermitian Hamiltonians, in-
variant under the combination of parity and time-reversal
operations (PT-symmetric), can harbor EPs in the eigen-
value structure of the Hamiltonian [141], [142]. To achieve
a PT-symmetric Hamiltonian, a system described by the
given Hamiltonian should have an equal balance of both
gain and loss. In 2015, it was theoretically proposed that
synthetic magnets were ideal macroscopic systems to look
for EPs [143], [144]. Because the LLG equation of mo-
tion incorporate damping (loss) through the Gilbert damping
parameter, these equations of motion can be thought of as
a classical analog to non-Hermitian Hamiltonians, having
a complex eigenvalue spectrum. If two LLG equations are
coupled together through an exchange field, it was proposed
that spin—torque effects could be used to modify the damping
on one magnetic layer relative to another [143], [144]. In
other words, (anti)damping-like torques can be used to add
(gain)loss to one magnetic layer relative to an adjacent layer.

Theoretical works calculate the EPs by fixing the val-
ues of the damping ratio between layers, and varying the
interlayer exchange field [143]-[146]. In this way, it can
be shown that for a critical exchange field, two complex
eigenvalues will bifurcate into two real eigenvalues. These
two real eigenvalues are unique from one another and corre-
spond to the optical and acoustic magnon modes that have
been discussed throughout this section. In 2019, an experi-
mental breakthrough attempted to mimic this theoretical ap-
proach [147]. In permalloy/Pt/cobalt magnetic bilayers, the
damping ratio was fixed and set by the mismatch between
the damping of permalloy and cobalt. By changing the Pt
thickness between samples, both the magnitude and sign of
the interlayer exchange field, set via the Ruderman—Kittel—
Kasuya—Yosida (RKKY) interaction, were controlled. By
experimentally measuring the optical and acoustic spectra
across a series of devices, there was enough sampling of
interlayer exchange fields to indicate an EP existed in the
permalloy/Pt/cobalt structure.

The theoretical and experimental works discussed in the
preceding paragraphs clearly demonstrate how the frequen-
cies of the optical and acoustic magnons can be tuned in
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the vicinity of an EP. More recent theoretical work sug-
gests that other attributes of magnons, such as nonreciprocal
spin-wave propagation, can be manipulated in the vicinity of
an EP [148]. An unexplored direction to consider involves
the magnon—magnon interaction between modes near an EP.
Once an EP is reached, the acoustic and optical branches
coalesce, and only one magnon mode is present. This would
appear to preclude a magnon—magnon interaction from ex-
isting, as only one mode is present. The evolution of the
magnon—magnon interaction, toward this limit, May offer a
new way to control the magnon—magnon interaction through
the usage of EPs. It is also important to note that although
theory and experiment tend to focus on bilayers, higher or-
der EPs have been calculated in trilayers [145]. Considering
that additional magnon—magnon interactions exist in layered
structures beyond bilayers, the potential interplay between
higher order EPs and these magnon couplings is vastly unex-
plored.

E. NON-HERMITIAN PHYSICS AND EPS

Non-Hermitian physics, with a focus on open systems where
energy conservation does not apply, has been attracting in-
tensive attentions in recent years [149]-[151]. Although non-
Hermiticity usually leads to complex eigenvalues and, there-
fore, is not favorable when characterizing quantum systems,
it has been recognized as the origin of many novel physics
that extend beyond quantum mechanics. As a ubiquitous
phenomenon, non-Hermiticity has been studied in many dif-
ferent physical realizations based on platforms in electron-
ics [152]-[154], microwave [155]-[157], acoustics [158]-
[160], optics/photonics [161]-[166], optomechanics [167],
[168], and magnetics [169].

EP is one of the most intensively studied novel phenom-
ena in non-Hermitian systems [170], [171]. An EP, some-
times also referred to as a branch point, is a singularity
point on an Riemann surface for a system with two or more
coupled modes. It is a special type of degeneracy point,
where not only the eigenfrequencies but also the eigenmodes
degenerate. The mathematical singularity at EP is accom-
panied by a long list of anomalous physical phenomena
and applications. At the EP, novel behaviors such as chiral
states [172], unidirectional lasing [173], and high-sensitivity
sensing [162], [163] can be achieved. The peculiar behaviors
can be observed beyond the EP itself. By encircling the EP
in the parameter space, asymmetric mode conversion can be
achieved [156], [165], [167]. Most importantly, such mode
conversions are topologically protected and, therefore, is in-
sensitive to the specific looping paths as long as the EP is
encircled.

In order to observe the EP, a non-Hermitian system has to
satisfy the following requirements. First, the system should
contain two or more coupled modes. These modes can have
the same physical origin (e.g., two optical resonances), or
they can be different types of modes (one microwave mode
and one magnon mode, e.g., as will be shown in the follow-
ing). Second, the two coupled modes should have identical

VOLUME 2, 2021



Awschalom et al.: QUANTUM ENGINEERING WITH HYBRID MAGNONIC SYSTEMS AND MATERIALS

@IEEE Transactions on,
uantumEngineering

frequencies. Alternatively, one mode may have a tunable
frequency, which can vary across the frequency of the other
mode. Third, strong coupling should be achievable. An EP
can be observed at the phase transition from weak coupling
to strong coupling, and therefore, strong coupling is a pre-
requisite for EP.

Hybrid magnonic systems consist of interacting magnons
and at least one other type of information carrier (microwave
photons [13]-[16], optical photons [174]-[178], or mechan-
ical phonons [49]), and therefore, it is naturally a non-
Hermitian platform, as indicated by the Hamiltonian of the
system

o <wc — ike/2 g ) (13)

g Wm — ikm /2

where w. and k. (wnm and k) represent the resonance fre-
quency and dissipation rate of the photon (magnon) mode,
respectively, and g is the coupling strength of the magnetic
dipole—dipole interaction between magnons and microwave
photons. Since the magnon frequency can easily be tuned by
an external bias magnetic field, the oN-resonance condition
can be conveniently achieved. Moreover, when magnons are
hybridized with microwave photons, the coupling strength
is significantly enhanced by the large spin density in the
commonly used magnetic media (YIG, permalloy, etc.) and
exceeds the dissipation of both the magnon and microwave
photon mode, enabling the strong coupling condition. With
all the essential requirements satisfied, it is straightforward to
observe EPs in a hybrid magnon—-microwave photon system.

EP in hybrid magnonics was first experimentally observed
in 2017 [177]. In the work by Zhang et al. [177], the coupling
strength between the magnon mode in a YIG sphere and the
microwave resonance in a 3-D copper cavity is adjusted by
changing the position of the YIG sphere. This changes the
field overlap between the two modes and accordingly affects
the coupling strength. Scanning the sphere position induces
a phase transition from weak coupling to strong coupling
and unambiguously reveals an EP. In addition, it is also pro-
posed that multiple EPs or high-order EPs [178] can be sup-
ported on this type of hybrid magnonic systems, which are
highly desired for topological mode conversion or EP-based
sensing.

There is increasing interests in recent years in pursuing
high-dimensional EPs. The concept of synthetic space [179],
[180] has been utilized to convert the requirements for
higher dimensions to a larger parameter space. However,
increased dimensions are accompanied by increased tunabil-
ity, which is not readily achievable in many physical plat-
forms. This severely limits the experimental demonstration
of high-dimensional EPs, restricting previous reports to just
a handful of investigations on exceptional rings [183]-[185]
and practically preventing the direct observation of excep-
tional surfaces (ES)—a surface formed by a collection of
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EPs [186]-[188]. Taking advantage of the excellent flexibil-
ity in hybrid magnon—-microwave photon systems, a 4-D syn-
thetic space is constructed in the work by Zhang et al. [189],
which leads to the first experimental observation of an ES
in a non-Hermitian system. Unique anisotropic behaviors
are observed on a special exceptional saddle point on the
ES, which can enable multiplexed EP sensing, as previously
shown in lower dimension systems.

The aforementioned EP observations treat the hybrid
magnonic systems as effective parity-time (PT) symmetric
systems, with EPs representing the onset of the PT symmetry
breaking. Interestingly, anti-PT-symmetry [190]-[193]—the
counterpart of PT symmetry—has also been demonstrated
in hybrid magnonics [194], [195]. In these demonstrations,
purely imaginary coupling between two interacting modes
can be obtained through dissipative coupling, resulting in
properties that are conjugate to PT-symmetric systems. In
anti-PT-symmetric hybrid magnonic systems, EPs are also
observed at the transition from the anti-PT-symmetric phase
to the anti-PT-symmetry-broken phase. In addition, such sys-
tems allow the observation of other intriguing phenomena,
such as bound-state-in-continuum [194], where the hybrid
modes exhibit maximal coherence, as well as slow light
capability.

Time-reversal symmetry breaking is another feature of
interest in non-Hermitian systems [196]-[198]. In a hybrid
magnonic system, this can be conveniently achieved due
to the magnetic nature of magnons. The precessional mo-
tion of magnons indicates that they can only couple with
one polarization but not the orthogonal one if microwave
photons are circularly polarized. As a result, time-reversal
symmetry can be broken on a cavity supporting circularly
polarized microwave resonances, which can further result in
nonreciprocal transmission if the photon polarization is port-
dependent [199]. In an alternative approach, time-reversal
symmetry can be broken using a linearly polarized A/2 cav-
ity [200]. Reversing the signal propagation direction changes
the phase of the cavity field at the position of the YIG sphere,
which in turn induces nonreciprocity in the cavity trans-
mission. Through coupling strength engineering (in the first
case) or dissipation engineering (in the second case), tunable
nonreciprocity and unidirectional invisibility can be achieved
in hybrid magnonic systems.

The study of non-Hermitian physics in hybrid magnonic
systems is still in its very early stage. With its remarkable
diversity and flexibility, there are enormous opportunities for
further exploring novel non-Hermitian physics and applica-
tions in hybrid magnonics. For instance, the combination of
the large tunability of magnons and their excellent compati-
bility with other information carriers, together with their rich
nonlinearity and capability of breaking time-reversal sym-
metry, will lead to extraordinarily novel behaviors. But along
the way there are a number of technical obstacles, such as the
limited lifetime and semistatic coupling strength, need to be
addressed. The expected outcomes of non-Hermitian hybrid
magnonics will not only be primarily in the classical regime,
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but may also be readily applied to quantum information
science.

IV. DIRECTIONS FOR QUANTUM SENSING AND HYBRID
SOLID-STATE QUANTUM SYSTEMS

A. INTRODUCTION TO OPTICALLY ADDRESSABLE
SOLID-STATE DEFECTS

Atomic defects in semiconductors, such as the negatively
charged nitrogen-vacancy (NV™) center in diamond, are a
promising platform for quantum technologies due to their
long coherence times, atomically defined localization, and
optical interface for spin initialization and readout [8], [201]—
[203]. Over the past decade, extensive experimental and
theoretical efforts have been devoted to realizing quantum
networks [10], [204], registers [205], and memories [206]
in NV-based hybrid quantum systems [207]-[213]. The
coupling between solid-state qubits and magnetic materials,
in particular, underlies varied applications in quantum
information science [202], [211], [214]. In the weak
coupling regime, the sensitivity of single-spin qubits to local
magnetic fields provides a noninvasive, nanoscale probe
of magnon physics over a wide range of temperatures [8],
[9], [201]-[203], [215], [216]. As interactions between spin
qubits and magnons increase, a hybrid system is formed
that enables possible coherent transfer of information
between the two systems. In this strong coupling regime,
magnon-mediated spin interactions and driving become
accessible, providing a future route toward on-chip coherent
quantum control [211] and entanglement of atomically
localized spin qubits [210], [217]. Here, we address the
properties of solid-state qubits and their interactions with
magnetic fields that lend themselves to integration and
coupling with magnonic systems for both quantum sensing
and coherent control of solid-state spin qubits.

To demonstrate the utility of these defect systems as
sensors and in magnonic hybrid quantum systems, we will
briefly introduce the origin of the spin-photon interface and
coupling with nearby magnetic excitations, focusing on the
diamond NV~ center as a canonical example. An NV center
is formed by a nitrogen atom adjacent to a carbon atom
vacancy in one of the nearest neighboring sites of a diamond
crystal lattice. The negatively charged NV~ state has a spin
triplet ground state with robust quantum coherence and
remarkable versatility over a broad temperature range [218].
The energy-level structure of the NV~ center and its associ-
ated optical transitions are shown in Fig. 10(a). Photons with
energy hv > 1.945 eV excite an electron from triplet ground
state (GS) to triplet excited state (ES) in a spin-conserving
manner (total-spin S =1 and spin-projection quantum
numbers my = *£1, 0). The ES may then decay either through
a direct spin-conserving radiative transition to the triplet
GS or nonradiatively via a nonspin-conserving intermediate
state. This nonradiative transition occurs more readily for
sublevels with my; = 41 than for the my; = 0 sublevel.
Because the nonradiative transition rates depend on the spin
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state of the GS, repeating this optical excitation cycle will
preferentially drive the system into an m, = 0 polarization.
This mechanism provides both 90% fidelity optical spin ini-
tialization and spin-dependent optical readout [219], [220].

The GS is split by the diamond crystal field such that the
ms = %1 states are split by D = 2.87 GHz from the my = 0
state. Applying a GHz-range ac magnetic field on resonance
with D mixes the my = £1 and O spin projections in the GS
manifold and, thus, enhances the rate for nonradiative decay
because there is a proportionally higher mg; = %1 population
in the excited state. As a result, the photon emission rate
decreases, providing a means to optically detect the spin
state of the defect and forming the basis for optically de-
tected magnetic resonance (ODMR) measurements. The cor-
relation between the defect’s electron spin state and photon
emission rate in parallel with long coherence times [221] has
enabled both noninvasive initialization and readout of qubits
for sensing [220] and long-range entanglement experiments
between distant NV centers, a promising step toward the
development of quantum communication networks [10].

Coherent control of the defect spin state can be achieved
with ac-magnetic fields (as described previously), but also
by strain, and ac-electric fields [222], [223]. Strong interac-
tions with magnetic excitations [211] and strain waves [224]
in both the host lattice and nearby materials make solid-
state quantum defects additionally attractive for applica-
tions in hybrid quantum systems where transduction through
magnons and phonons occurs at the on-chip level. The addi-
tion of their robust spin-photon interface positions quantum
defects as prime candidates for bridging the gap between
GHz-level qubit excitations and optical photons at the scale
of hundreds of THz, which could enable long-distance opti-
cal quantum communication.

In the presence of a local magnetic field applied along
the NV axis, the Zeeman effect splits the my; = £1 lev-
els in the GS by 2y B where the gyromagnetic ratio y is
28 MHz/mT, as shown in Fig. 10(b). The corresponding
ODMR spectrum is thereby split into two field-dependent
peaks, as demonstrated in Fig. 10(c). This frequency splitting
depends on the orientation of the NV center relative to an ex-
ternal magnetic field [225], which also sets the coupling with
magnonic systems for both hybrid systems and NV-based
magnetometers.

For sensing applications the ultimate dc-magnetic field
sensitivity of NV centers is determined by their electron
spin resonance (ESR) linewidths. In addition to dc fields,
NV centers also serve as a sensitive probe of ac-magnetic
fields. When a microwave field is applied with a frequency
matching the spin energy-level-splitting of the NV center,
an NV spin will periodically oscillate between two different
spin states in the rotating frame, which is usually referred to
as the Rabi oscillation [205], as illustrated in Fig. 10(d). The
amplitude B, of the microwave field perpendicular to the
NV-axis can be measured by the Rabi oscillation frequency.
Any fluctuating magnetic fields at the NV resonance fre-
quency will induce these NV ESR transitions. To date, NV
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FIGURE 10. Diamond NV center spin-photon interface and coupling with magnetic fields. (a) Energy-level structure showing the spin-dependent
transitions of negatively charged NV center, including the spin-conserving radiative transitions and spin-altering nonradiative transitions. Optical
excitation preferentially drives the defect into the bright ms = 0 state, unless an ac magnetic field on resonance with D is applied to mix the ms = +1
and ms = 0 sublevels, resulting in reduced photoluminescence. (b) Energy diagram of the NV ESR transitions as a function of external field B, applied
along the NV-axis. In the presence of a magnetic field, the Zeeman effect splits the ground state m; = +1 sublevels. (c) Simulated optically detected
magnetic resonance ODMR spectra for an NV center as a function of magnetic field. The spin-dependent photoluminescence results in two
field-dependent dips in the ODMR spectra. (d) Schematic of coherent NV spin rotation in the Bloch sphere. (e) ms = 0 — +1 NV transitions (green lines)
for different defect orientations can overlap with the magnetostatic surface spin-wave dispersion (blue shaded band and black circles) and FMR spin
waves (red line and red circles) in a nearby YIG film, enabling strong defect-magnon interactions. Reprinted figure with permission from [212]. Copyright

(2017) The Japan Society of Applied Physics.

centers have been used to detect weak magnetic fluctuations,
e.g., Johnson noise generated by fluctuating electric charges
and magnetic noise associated with spin excitations [9],
[226], [227].

Fig. 10(e) shows the calculated field dependence of mag-
netostatic surface spin-wave modes of a yttrium iron garnet
film (contained within the shaded blue region, black and
red circles indicate experimentally observed frequencies of
surface spin waves and FMR modes, respectively) [212].
The green lines indicate the field dependence of the NV~
ms = 0 <> %1 transitions for all possible orientations of the
defect relative to the external magnetic field [212]. When the
external field is tuned such that the two transitions overlap,
the interaction between the NV center and spin waves in the
YIG film is maximized. This coupling with magnons can
be detected in so-called relaxometry experiments measuring
longitudinal spin relaxation, parameterized by I'y = 1/T7,
the rate at which the nonequilibrium mg; = £1 and O states
relax to their equilibrium distribution. The longitudinal re-
laxation time 77 is shortened in the presence of magnetic field
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noise from nearby spin waves at the ESR frequency, thereby
affecting the emitted photoluminescence. NV centers exhibit
millisecond-long spin relaxation times, enabling field sensi-
tivity down to 1077 T to local static and oscillating magnetic
fields [218].

B. QUANTUM SENSING OF MAGNONS IN SPINTRONIC
SYSTEMS USING NV CENTERS

In this section, we review the recent progress of NV cen-
ter based quantum sensing platform and its application to
detect magnons in functional spintronic systems. Due to
their single-spin sensitivity, NV centers have been demon-
strated to be a powerful sensing tool to detect magnetic
domains [228]-[231], spin transport [9], and dynamic be-
haviors [232]-[235] in a range of emergent magnetic ma-
terials. A unique advantage of NV centers results from a
combination of the high field sensitivity and nanoscale spa-
tial resolution [214]. The spatial resolution of an NV center
is mainly determined by the NV-to-sample distance [208].
There are a couple of methods to ensure nanoscale proximity
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FIGURE 11. (a) Scanning electron microcopy image showing diamond nanobeams containing individually addressable NV centers positioned on top of a
YIG film. A 600-nm-thick Au stripline (false-colored yellow) provides microwave control of the magnon chemical potential in the YIG film and the NV
spin states. A 10-nm-thick Pt stripline (false-colored gray) provides spin injection through the spin Hall effect. (b) Sketch of the magnon dispersion and
the magnon density with zero chemical potential. NV spin probes the magnon density at the NV ESR frequencies. (c) Field dependence of the measured
NV relaxation rate without external spin excitation. (d) Spin excitation effectively increases the magnon chemical potential in YIG. (e) Measured spin
chemical potential 1 as a function of microwave power and external field. 1 saturates at the minimum magnon band set by the FMR frequency. (f)
Variation of the NV spin relaxation rate I'; and spin chemical potential as a function of the electric current density flowing through the Pt layer. All the

figures are taken from [9].

of NV centers to studied materials. The most straightforward
way is to deposit materials on a single-crystalline diamond
substrate with NV centers implanted a few nanometers be-
low the surface [236], [237]. For certain materials requiring
epitaxial growth on specific substrates, patterned diamond
nanostructures containing individual NV centers will be used
and transferred onto the surface of samples [9], [213], [238]-
[240]. Third, by employing scanning NV microscopy [216],
[241], where a micrometer-sized diamond cantilever contain-
ing individual NV centers is attached to an atomic force mi-
croscope, the N'V-to-sample distance can be systematically
controlled with nanoscale resolution.

Next, we briefly review a recent work using NV centers
to detect the spin chemical potential in a magnetic insula-
tor [9], [242]-[248]. Fig. 11(a) illustrates the schematic of
the device structure for the measurements, where a 10-nm-
thick Pt and a 600-nm-thick Au strip are fabricated on a
20-nm-thick ferrimagnetic insulator Y3FesOq, film. A di-
amond nanobeam containing individually addressable NV
centers is transferred on the surface of the YIG film. The
Au stripline provides microwave control of the NV spin
states and the local spin excitations of YIG [9]. The Pt strip
provides electrical spin injection through the spin Hall ef-
fect [244], [249]. The NV center is positioned ~2 pum away
from the Au strip and the NV-to-YIG distance is estimated
to be ~100 nm. With a moderate external magnetic field
applied in the sample plane, the minimum magnon energy
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band of the YIG film is below the NV ESR frequencies,
as illustrated in Fig. 11(b). YIG thermal magnons at the
NV ESR frequencies will induce NV relaxation according to
the formula: I'y = ]Z—i fD(fi, k)f(k, d) dk. Here, f1 and
'+ are the NV ESR frequencies and relaxation rates of the
my = 0 <> %1 transitions, respectively, T is the temperature,
D(f+, k) is the magnon spectral density, k is the magnon
wave vector, and f (K, d) is a transfer function describing the
magnon-generated fields at the NV site [9].

In the absence of external spin excitation, NV centers
can be used to probe dispersion relationship of the YIG
thermal magnons. The top panel of Fig. 11(c) shows the
measurement sequence of the NV relaxometry measurement.
A microsecond-scale green laser pulse is first applied to
initialize the NV spin to the my; = 0 state. During the time
delay, YIG magnons at the NV ESR frequencies will couple
to the NV spin and accelerate its relaxation. After a delay
time ¢, a microwave 7 pulse on the corresponding ESR fre-
quencies is applied to measure the occupation probabilities
of the NV spin at the mg; = 0, and my; = 1 states. The
spin-dependent photoluminescence is measured during the
green-laser readout pulse. By measuring the integrated pho-
toluminescence intensity as a function of the delay time and
fitting the data with a three-level model, N'V relaxation rates
can be quantitatively obtained. The experimentally measured
field-dependent NV relaxation rate I'_, shown in the bottom
panel of Fig. 11(c), exhibits a maximum in the region that the
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corresponding ESR frequency crosses the minimum magnon
band of the YIG film, demonstrating the sensitivity of NV
centers to noncoherent thermal magnons.

When driving the magnetic system to FMR, spin chemical
potential will be established in the YIG film [see Fig. 11(d)],
leading to an increased magnon density at the NV ESR fre-
quencies and enhanced NV relaxation rates. By measuring
the variation of the NV relaxation rates as a function of
the driving power, spin-wave density and associated spin
chemical potential can be directly measured, which is in-
dependent of many details of both the quantum sensor and
the magnetic material: u = hf+(1 — S((g)) ). The measured
magnon chemical potential under resonant condition satu-
rates to the minimum magnon energy band set by the FMR
frequency in the large microwave power regime, as shown in
Fig. 11(e), demonstrating Bose—Einstein statistics [9], [242]
of thermal magnons in a magnetic insulator. In the low mi-
crowave power regime, the local magnon chemical potential
can be systematically controlled by magnetic resonance, in
agreement with the theoretical analysis of the underlying
multimagnon processes [9], [250].

In addition to magnetic resonance, spin chemical poten-
tial could also be electrically established by the spin Hall
effect [244], [251], [252]. When a charge current J. is applied
in the Pt strip, spin currents induced by the spin Hall effect are
injected across the YIG/Pt interface, leading to the variation
of the number of the magnons at the NV ESR frequencies.
When the polarization of the spin Hall current is antiparallel
to the YIG magnetization, the injected spin current effec-
tively increases the spin chemical potential and the corre-
sponding magnon density at the ESR frequencies. When the
polarity of J,. reverses, spin polarization is parallel to the YIG
magnetization, leading to a reduced magnon density. This
electrically tunable spin chemical potential gives rise to a
linear variation of the NV relaxation rate I'j (AI'_) on the
applied electric current density J., as shown in Fig. 11(f). For
J.=12x10"" A/m 2, I'|(AT'Z) is ~0.005 us~!, which
changes sign when the current polarity reverses, in consis-
tence with the spin Hall current injection model [244].

C. MAGNONIC SYSTEMS FOR QUANTUM
INTERCONNECTS

While quenching of 77 by the broad spectrum of magnetic
noise from spin waves is a useful tool for spin-wave sensing
via noise spectroscopy, it limits the number of coherent oper-
ations that can be performed on the coupled qubits. Placing
the lower branch (m; = —1) of the NV transition spectrum in
resonance with a magnetostatic surface spin-wave mode of a
YIG film [see Fig. 10(e)], it was demonstrated that directly
driving these spin waves could coherently drive NV centers
over a distance of several hundred microns up to several
millimeters [211], [212], [253]. In particular, it was found
that reducing the microwave power reduced noise from off-
resonant spin-wave excitations and revealed a considerable
enhancement of the local microwave driving field mediated
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FIGURE 12. Coupling schemes for distant quantum defect spins
mediated by magnons. (a) Microwave driving of surface spin waves in a
YIG film coherently drive the Rabi oscillations in NV centers over 200 xm
away from the antenna, requiring considerably less power compared to
microwave driving of the NV centers coupled through the vacuum. Figure
taken from [211]. (b) Schematic of the geometry outlined in [210] where
two NV spins are entangled by virtual magnons in a 1-DI ferromagnet. (c)
Quantum defect spins mediated by magnons confined to a domain wall
of width X in an antiferromagnet. Reprinted figure with permission from
[254]. Copyright (2019) by the American Physical Society.

by spin waves compared to the driving field directly cou-
pled to the antenna. As observed in Fig. 12(a), this field
enhancement can be as high as a factor of several hundreds,
coherently driving the Rabi oscillations in an NV center
at a distance of over 200 um away from the antenna strip
line [211]. These strong interactions point to the magnons in
magnetic films as a potential on-chip quantum interconnect
between qubits [211], [218], [255].

In principle, the magnon-defect interaction is bidirec-
tional. A |0) <> | — 1) transition in the NV center can
create or annihilate a magnon in the proximal magnetic film.
When two qubits coupled to a magnon waveguide are tuned
to be nearly in resonance with long-wavelength magnons in
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the magnet, the two qubits can theoretically be coherently
coupled over long distances with the interaction mediated
by virtual magnons [210], [217]. This scheme was outlined
theoretically considering dipolar interactions with magnons
in a 1-D FM waveguide [210], as well as along an AFM do-
main wall [254], shown in Fig. 12(b) and (c). It is anticipated
that two-qubit gate operations should be achievable over dis-
tances on the order of 1 um at low (< 1 K) temperatures
[218]. Importantly, in this scheme, the qubit splitting must be
tuned to be just slightly below the magnon gap of the wave-
guide so that only virtual magnons are excited. If brought into
direct resonance, the interaction with FMR magnons would
lead to decoherence.

Controllably tuning the distance and angle between the
quantum defect and the magnonic material is important for
both sensing applications and coherently coupled interac-
tions. Early studies typically relied on the relatively ran-
dom placement of defects such as those in drop-cast di-
amond nanoparticles [232], [255]. Advances in determin-
istic placement of defects, including templated nanoparti-
cle transfer [211], [257], [258], nitrogen delta doping of
diamond [259]-[256], local laser annealing [262], nano-
implantation [263], [264], and placement with scanning
probe microscopy techniques [216], [241] now allow for im-
proved control of qubit positioning.

D. MATERIALS OUTLOOK FOR MAGNONIC HYBRID
QUANTUM SYSTEMS

The materials science challenges of developing optimized
hybrid systems present an opportunity to explore emerging
spin qubit candidates and magnonic materials. Prior studies
of NV center—magnon coupling have focused on YIG owing
to its low Gilbert damping coefficient on the order of 10~ for
thin films [265]-[267], resulting in a long magnon spin dif-
fusion length, as well as a convenient overlap of its magnon
spectrum with the NV transitions at modest magnetic fields.
YIG films are often grown epitaxially on lattice-matched
GGG [268], [269], which is a paramagnet at room tempera-
ture, and can present integration challenges in fabrication of
diamond/YIG hybrid systems. Further, the magnetic prop-
erties of GGG are complex in the millikelvin temperature
range relevant to single quasiparticle coherent interactions,
resulting in considerable damping [315].

These materials science challenges motivate the search
for additional low-damping magnetic thin films that can op-
erate as quantum interconnects. Some potential candidates
including Co-Fe alloys [270], (Ni, Zn, Al) ferrite [271], and
organic vanadium tetracyanoethylene (V[TCNE],) [254],
[272], [273]. Beyond diamond NV centers, developing quan-
tum defects in other host materials [264], [274] opens up op-
portunities for designing defect-host systems with properties
specifically tailored for magnonic hybrid systems. Particu-
larly appealing are defects in semiconductors with mature
wafer-scale processing infrastructure, such as silicon carbide
(SiC). For instance, excellent optical and spin coherence
properties have been demonstrated in divacancy complexes

5500836

integrated into SiC classical electronic devices [275]. Diva-
cancies in SiC have demonstrated smaller zero-field splitting
values than diamond NV centers [276], which could allow
their ESR transitions to more easily couple to magnetic ma-
terials with small magnon gaps at small magnetic fields. Fur-
ther afield, qubits consisting of organic molecules containing
transition metal ions have recently shown very promising
spin and optical properties that can be tuned with ligand
chemistry [277]. Coupling such qubits with low-damping
organic magnets like V[TCNE], could enable all-organic
quantum spintronics with qubits separated from magnon
waveguides by atomic-scale distances with facile deposition
and chemical tunability. Overcoming material and fabrica-
tion challenges both in more traditional systems (e.g., YIG,
diamond) and emerging materials is a key priority in the
development of integrated magnon/spin—qubit hybrid tech-
nologies.

V. DIRECTIONS FOR NOVEL MAGNONIC EXCITATIONS IN
QUANTUM MATERIALS
A. BRIEF BACKGROUND OF MAGNETO-RAMAN
SPECTROSCOPY
Magneto-Raman spectroscopy has been shown to be a pow-
erful tool for characterizing collective excitations in mag-
netic materials [278], [279]. Although the excitations probed
are restricted to those with zero total momentum, the opti-
cal magneto-Raman scattering process has a decently large
scattering cross section (~ 10739 ¢cm 2 sr1), well-defined
symmetry selection rules (dominated by the leading-order
electric-dipole approximation), ultrafine energy resolution
(~0.2 cm™"), and optical diffraction-limited spatial resolu-
tion (~sub-pm). As a result, it has made major contributions
to the recent blooming fields of 2-D vdW magnetism and
magnetism in systems with spin-orbit-coupling (SOC). In
this section of this review article, we will both summarize key
recent progress and provide an outlook for optical magneto-
Raman spectroscopy applied to these two fields.

The scattering Hamiltonian by a magnetic system [280] is
expressed as

H =3 D EE X ®) (14)

o, R
where E| and E, are the electric fields of the incident and
scattered light, respectively, at the magnetic site R in the
crystal, and x*#(R) is the magnetization-dependent polar-

izability tensor element at site R, which can be expanded in
terms of the magnetization operators Mg

N
<V) xPR) = ZKa,BM(R)Mﬁ + Z Gopuv(R)MpMy
iz v

+ ) LapuvR DMRMy 4+ . (15)

wy,r

There are N magnetic sites within the volume of V. The first
and second terms include operations on the same magnetic
site R corresponding to single-magnon excitations as well
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as the elastic scattering of the static magnetic order. The
third term contains pairs of operations at adjacent sites R
and R + r representing two-magnon excitations. The tensor
forms of coefficients Kyg,, (R), Goguv(R), and Ly g, (R, 1)
are subject to the crystallographic symmetry of the magnetic
system [280].

We will focus on the following three types of magnetic
excitations in 2-D vdW and SOC magnetic systems:

1) phonons coupled with the static magnetic order that
correspond to time-reversal-symmetry (TRS) broken
antisymmetric Raman tensors [281]-[285];

2) single magnon excitations that contain contributions
from both the first and second terms in (15) [286],
[287];

3) two-magnon excitations involving pairs of magnons
from the Brillouin zone boundaries and center [288].

Two-dimensional vdW magnetism is an emergent field
that started in 2017 with the successful isolation of atom-
ically thin magnetic crystals and the definitive confirma-
tion of ferromagnetism in the monolayer limit [289]-[291].
While early studies have focused on magnetic ordering
in single- and few-layer samples using static magneto-
optics [289], [290], [292]-[297] [i.e., MOKE and mag-
netic circular dichroism (MCD)] as well as tunneling mag-
netoresistance [298]-[301], optical magneto-Raman spec-
troscopy has contributed unique insights into the dynamic
magnetic excitations in 2-D vdW magnets [281]-[287].
SOC magnetism refers to magnetic systems where SOC is
at an energy scale comparable to that of electronic cor-
relations [302], [303], and it is primarily realized in 5d
TMOs, such as iridium oxides [304], [305]. While the
spin dynamics of 5d TMOs have been primarily probed
by hard X-ray scattering [306]-[314] and neutron scatter-
ing [315]-[317] (if the sample volume is large enough
to overcome the challenges posed by the strong neutron
absorption by Ir), optical magneto-Raman spectroscopy
has provided complementary information, thanks to its su-
perior energy resolution and clean selection rules [288],
[318]-[323].

B. EXAMPLE IN PHONONS COUPLED TO STATIC
MAGNETIC ORDER IN A 2-D LAYERED
ANTIFERROMAGNET
While ordinary phonons and phonons that are zone-folded by
magnetic orders are commonly seen in Raman spectroscopy,
they typically correspond to symmetric Raman tensors with
TRS [279]. The observation of TRS-broken phonon modes
with antisymmetric Raman tensors in bulk [286] and few-
layer Crls [281]-[285] adds a new variation of phononic
excitations, which is now understood as finite-momentum
phonons coupled to the static magnetic order [282].
Few-layer Crl 3 breaks the out-of-plane translational sym-
metry, and therefore, a singly degenerate phonon mode in
monolayer [e.g., Aj,(D3g) modes] gets split into N modes
in an N-layer Crlz (N > 1) as a result of Davydov splitting
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[see Fig. 13(a) and (b)]. In the absence of magnetic order,
the crystal structure of an N-layer Crl3 is always centrosym-
metric, such that the N-split phonon modes have alternating
parities under spatial inversion. The highest frequency mode
with in-phase atomic displacement between layers is parity-
even, and so can be detected in the parallel linear polarization
channel. Within the layered AFM state, the magnetic order of
the N-layer Crlj is centrosymmetric (parity-even) for odd N
and noncentrosymmetric (parity-odd) for even N, and so se-
lects parity-even phonons for odd N and parity-odd phonons
for even N to restore the centrosymmetry for the product
of layered AFM and selected phonons. Such layered-AFM-
coupled phonon modes are selected in the crossed polariza-
tion channel with a spectral weight proportional to U, - M,
where U; is the eigenvector of the ith phonon mode and
M = (1, -1, ..., (=D)N~1yis the axial vector for the layered
AFM order of N-layer Crl;.

Due to the involvement of layered AFM order in the scat-
tering process for the crossed polarization channel under
zero magnetic field, it can be used to track the evolution
of the static magnetic order across magnetic phases tran-
sitions where M (B) changes from layered AFM to FM at
B, =0.6 Tfor N =2and3[299],[300],and at B,; = 0.7 T
and By, = 1.6 T for N > 4 [299], [300], and B, =20 T
for thick flakes and bulk Crlz [286], [298]. Interestingly,
because of the differences in the eigenvector U; among the
N phonon modes, individual modes couple differently to the
magnetic order and show distinct magnetic field dependen-
cies [see Fig. 13(c) and (d)]. Since the layered magnetism
in 2-D magnets can also be tuned by external pressure [296],
[297], carrier doping [295], and electric field [292], [293], the
observed magneto-Raman response can be further controlled
through device engineering and integrated with spintronic
applications.

The rich magneto-Raman behavior of the layered-
magnetism-coupled phonons and their utility in distinguish-
ing different magnetic ordering across layers provide a
new avenue to probe magnetic structures in 2-D magnets.
They also hold promise for 2-D magnetism-based spintronic
applications.

C. EXAMPLE IN SINGLE-MAGNON EXCITATIONS IN 2-D
VDW MAGNETS

Magnons or spin waves are fundamental excitations
for magnetically ordered systems. Single-magnon
Raman spectroscopy detects the presence of zone-center
(zero-momentum) magnons, whereby the Stoke’s or
anti-Stoke’s energy shift is matched with the magnon
energy. The selection rule is determined by the first
(linear) and/or the second (quadratic) expansions of onsite
magnetization operators in (15). Inelastic X-ray and neutron
scattering spectroscopies are widely used in studying
magnon excitations in 3-D bulk magnetic materials and can
access magnons with momenta across the entire Brillouin
zone. Raman spectroscopy, although being restricted to
zone-center magnons, is uniquely suitable for probing
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FIGURE 13. (a) Layer-number-dependent polarized Raman spectra taken on 1-4L Crl; in both linear parallel (red) and crossed (blue) channels at 10 K.
(b) Calculated eigenvectors for the phonon modes in 1-4L Crls. (c) Magnetic-field-dependent Raman spectra taken on 4L Crls in co-circular polarized
channel at 10 K. (d) Calculated magnetic field dependence of the four phonon modes of 4L Crl; in co-circular polarized channel. (a), (c), and (d) are

adapted from [282].
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FIGURE 14. (a) Calculated spin-wave dispersion for a honeycomb ferromagnet (i.e., 3-D bulk or 1L Crl;), and acoustic and optical spin-wave modes. (b)
Magnetic-field-dependent acoustic single-magnon Raman spectra taken on 3-D bulk Crls with the proposed coexisting surface AFM (SAFM) and deep
bulk FM (BFM) modes to interpret the experimental data. (c) Magnetic-field-dependent acoustic single-magnon energy in 1L and 2L Crls. (d)
Magnetic-field-dependent optical single-magnon excitation in 2L Crls. (a), (b), and (c) and (d) are adapted from [281], [286], and [287], respectively.

small-sized samples, such as 2-D vdW magnets [287], and
further has a finite penetration depth for detecting surface
magnetism in 3-D magnets [286].

Three-dimensional Crl; was thought to be a ferromag-
net as bulk magnetization measurements show a classic FM
hysteresis loop [324], and inelastic neutron diffraction [325]
resolves single acoustic and optical magnon branches ex-
pected for the honeycomb lattice [see Fig. 14(a)]. In contrast
to bulk crystals, few-layer Crl3 is revealed to host a layered
AFM state through magnetic-field-dependent MOKE and
MCD [289], as well as tunneling magnetoresistance [298]—
[301]. The discrepancy between the bulk and few-layer mag-
netic phases has been reconciled by the observation that
the surface layers of bulk Crl; have layered AFM order,
as with few-layer Crlz, while the interior layers show FM
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order that is consistent with bulk probes. This finding was
made by magnetic-field-dependent single-magnon Raman
spectroscopy measurements [286] [see Fig. 14(b)]. Both
Stoke’s and anti-Stoke’s Raman spectra successfully capture
the single-magnon excitations from the acoustic branch in
3-D Crl; and reveal a sudden change at B, = 2 T that cor-
responds to the layered AFM to FM transition in thick (i.e.,
> 10 nm) Crls flakes. Below B., three magnon branches are
detected in total, a pair with opposite Zeeman shifts for the
two spin-wave branches with opposite angular momenta in
the surface layered AFM and the third branch with a positive
Zeeman shift for the spin wave in the interior bulk FM. Above
B¢, all three branches collapse onto a single mode with a
positive Zeeman shift. Both the critical field value and the
opposite Zeeman splitting are indicative of the layered AFM
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FIGURE 15. (a) lllustration of intra and interlayer exchange coupling between J.¢ = 1/2 pseudospins in the bilayer perovskite iridate SrsIr,0;. (b)
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magnon dispersion, magnon density of state (DOS), and two-magnon scattering cross section for a bilayer square-lattice AFM. (a)-(c) are adapted from

[288].

state being present in the surface layers of bulk Crlz, which
is consistent with magnetic force microscopy measurements
on thick Crlz flakes [326].

Raman spectroscopy is successful in detecting single-
magnon excitations from the acoustic branch down to the bi-
layer and monolayer limit, although the signal level is much
reduced [287] [see Fig. 14(c)]. It is of particular interest that
the layered AFM order in bilayer Crlz breaks the spatial
inversion symmetry, making the optical spin-wave branch
Raman-active [see Fig. 14(d)]. Compared with the acoustic
branch whose frequency at the zone center corresponds to the
magnetic anisotropy (i.e., « J; — Jy), the optical branch is at
a much higher energy in the THz regime that scales with the
average magnetic exchange coupling (i.e., o« (J; + Jy)/2),
and is deemed promising for ultrafast spintronic applications.

In order to achieve a comprehensive understanding of the
emerging field of 2-D vdW magnetism, it is important to
gain insight on the behavior of magnetic excitations. Thus
far, Raman spectroscopy has played a crucial role in resolv-
ing the fine spectral features that are characteristic of layer-
dependent single magnons in vdW magnets.

D. EXAMPLE IN ZONE-CENTER AND ZONE-BOUNDARY
TWO-MAGNON EXCITATIONS IN SOC IRIDATES
Two-magnon excitations are commonly observed in AFMs
where the virtual spin-flip on two adjacent magnetic sites
with opposite spins is both permissible and efficient. This
process generally happens for the case where the pair of
magnons involved are from the Brillouin zone boundaries
(i.e., zone-boundary magnons), as illustrated in strongly cor-
related electron systems like cuprate superconductors [327],
vdW AFMs like NiPS3 bulk [328] and flakes [329], and
traditional bulk magnets like MnF, [330].

This common scenario of two-magnon excitations re-
quires a revision when there is more than one pair of op-
positely aligned spins per magnetic unit cell, for example,
in chiral AFMs like Mn3X, AFM double-layer perovskite
iridates like Sr3zIr,O7, or pyrochlore iridates like RyIrO7.
Taking double-layer perovskite iridate Sr3Ir,O7 as an ex-
ample, the AFM order happens both within each layer and
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between the two layers within a bilayer unit, and moreover,
the intralayer and interlayer AFM exchange coupling be-
tween Jefr = 1/2 pseudospins are at comparable strengths
[see Fig. 15(a)]. The latter is in contrast to vdW magnets
where intralayer exchange coupling is much stronger than
interlayer coupling. In the case of Sr3Ir,O7, the virtual spin
flip on the two adjacent sites could be either within the layer
or between the two layers within the bilayer. Indeed, this has
been shown to be the case in the two-magnon Raman spectra
of Sr3Ir,O7 [288].

Two broad Raman features were detected in the Raman
spectra of Sr3lr,O7, with the one at lower energy (~ 800
cm™ ) being fully symmetric with respect to the underlying
crystal lattice [i.e., A14(Dgy,)] and the other at higher energy
(~ 1400 cm™) possessing lower symmetry than that of the
lattice [see Fig. 15(b)]. The higher energy feature is also ob-
served at a similar energy and shows the same reduced sym-
metries in the Raman spectra of the single-layer counterpart
Srp1rOy4, and, therefore, is attributed to the zone-boundary
two-magnon scattering same as that in SrpIrO4. The lower
energy broad feature, which appears only below the magnetic
onset temperature 7y = 250 K, is a proof of two-magnon na-
ture, but is a new addition in the two-magnon Raman spectra
of Sr3Ir,O7 that is not present in SrpIrO4. Moreover, its full
symmetry is unexpected as no magnetic excitations reported
so far have shown such high symmetries. From the symme-
try perspective, the fully symmetric two-magnon scattering
Hamiltonian of SryIrO4 shares the same form as (and com-
mutes with) the spin Hamiltonian, and thus, no Aj, type
two-magnon excitations are allowed in SryIrOy. In contrast,
the A, two-magnon scattering Hamiltonian of Sr3Ir, O dif-
fers from its spin Hamiltonian, allowing for the presence
of a fully symmetric two-magnon scattering process. From
the magnon dispersion perspective, the doubling of the unit
cell in Sr3IrpO7 from SrpIrO4 doubles the number of spin-
wave branches, while the interlayer and intralayer exchange
coupling being comparable, creates an appreciable energy
difference between the acoustic and the optical branch. This
fully symmetric two-magnon scattering process therefore
involves pairs of magnons from the zone-center optical

5500836



@IEEE Transactions on,
uantumEngineering

Awschalom et al.: QUANTUM ENGINEERING WITH HYBRID MAGNONIC SYSTEMS AND MATERIALS

magnon branch and has an energy nearly twice the optical
magnon gap in Sr3Ir,0; (corresponding to ~400 cm™! or
~12 THz) [see Fig. 15(c)].

The symmetry-resolved two-magnon excitations in the bi-
layer perovskite iridate Sr3Ir,O7 addresses the debate on the
nature of its magnetism and sheds light on the mysterious
spin-wave excitation spectra seen in resonant inelastic X-ray
scattering. The ultimate potential of well-defined symmetry
selection rules in two-magnon scattering is yet to be fully
exploited in exploring magnets with strong SOC.

Overall, magneto-Raman spectroscopy has been a pow-
erful experimental technique that is complementary to in-
elastic X-ray and neutron scattering spectroscopy. It has led
to discoveries of new types of magnetic excitations and re-
vealed the nature of novel magnetism in modern magnetic
systems. We discuss a few additional possibilities for fu-
ture applications of magneto-Raman spectroscopy. First, the
current lowest detectable Raman shift energy is ~2 cm ~!,
which is still higher than the spin-wave gap energy for many
soft magnets (i.e., magnets with small exchange anisotropy),
such as XY magnets and magnetic skyrmions. Combining
Raman spectroscopy with Brillouin scattering spectroscopy
would be one promising avenue to access these low-energy
magnetic excitations. Second, Raman selection rules allow
only for the detection of parity-even modes in centrosym-
metric systems, making the high-energy, parity-odd opti-
cal spin-wave modes often inaccessible by Raman spec-
troscopy. It may be possible to break the centrosymmetry
by applying external parity-odd electric fields or by provid-
ing controllable noncentrosymmetric defect scattering cen-
ters at low-symmetry sites in order to access the otherwise
forbidden optical magnons. Third, while diffraction-limited
magneto-Raman spectroscopy using free-space optics has
been primarily used to detect magnetic excitations in low
area/volume systems (i.e., 2-D film or surface of 3-D bulk),
tip-enhanced magneto-Raman spectroscopy could be a pow-
erful technique to detect topological edge spin waves locally.
Finally, while it is impossible to achieve both high-energy
and high-time resolutions, there may be a window to ob-
tain a reasonable resolution for both. We propose to access
this window by performing time-resolved magneto-Raman
spectroscopy for these broad, high-energy two-magnon ex-
citations in Sr3Ir,O7 and to further control the magnetic
exchange coupling using light. On the other hand, from the
materials science perspective, we also note that the study and
understanding of new layered magnets and exotic spin con-
figurations could provide more suitable and interesting can-
didates to explore the magnon—magnon coupling physics that
are addressed in Section III. For example, it could be possible
to identify other layered magnetic systems at higher tem-
peratures than that of CrCls. For another example, it could
also be possible to identify layered magnetic systems with
unconventional magnetic excitations such as Dirac magnons
in honeycomb ferromagnets or flat magnon bands in kagome
ferromagnets, and explore the magnon—magnon coupling in
these systems.
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E. EXAMPLE IN QUANTUM MOLECULAR CHIRAL SPIN
AND MAGNON SYSTEMS
Designing novel magnetically ordered system at a low-
dimensional limit beyond the current 2-D layered magnets
would offer an alternative route for understanding the 2-D
magnonic excitation and their rich interactions between mi-
crowave photons, optical photons, and phonons [331], [332].
The chirality-induced spin selectivity (CISS) effect, a unique
“spin filtering” effect arising from the chirality of low-cost
nonmagnetic organic materials and their assemblies that lack
inversion symmetry, suggests a promising pathway to study
the low-dimensional magnetism and their spin-wave excita-
tion in a hybrid organic-inorganic quantum system [333]-
[337].

Chirality is a geometrically distinguishable property of
a system that does not possess inversion symmetry, i.e., a
mirror plane or glide plane symmetry [see Fig. 16(a)]. Two
types of chirality (right- and left-handed, labeled as R and S)
can be produced in the molecular structure, as called chiral
enantiomers. The CISS effect utilizes chirality to generate
a spin-polarized current from chiral (left- or right-handed)
enantiomers without the need for magnetic elements [337].
The CISS effect has been currently understood as a helicity-
dependent spin polarization process via the quantum trans-
port theory [338]—[340]. The spin polarization is produced by
the interplay between the spin moment of an electron (§CISS)
and an effective magnetic field (ECISS) induced by electron
propagation through the molecular helix, thereby aligning
the electron spin parallel (right-handed helicity) or antipar-
allel (left-handed helicity) to the direction of the electron’s
linear momentum (§C[ss I :i:l?) [see Fig. 16(a)]. This process
can be phenomenologically described as [340]-[342]

Sciss o Beiss = U/¢% X Eneiix(r, Ad, L) (16)

where c is the speed of light, v is an electron’s velocity mov-
ing through a helical electrostatic field (Ehelix)7 and r, Ad,
and L are the radius, the pitch of the helix, and the number
of helical turns, respectively, that determine the magnitude
of I::helix [340]. Remarkably, while acting as a magnet with
large perpendicular magnetic anisotropy to produce an out-
of-plane spin current, protected by reduced chiral symme-
try, the CISS effect does not seem to possess an ordering
temperature since it does not rely on the itinerant ferromag-
netism present in typical magnets, thereby bypassing the
challenges associated with thermal fluctuations [343]. The
robust spin (magnetic) signal it generates can be equivalent
to an effective magnetic field of up to tens of tesla [337].
Successful examples of materials exhibiting the CISS effect
include quantum dots [344], [345], small molecules [346],
[347], DNAs [348], [349], and also in 2-D chiral hybrid
metal halide perovskites (chiral-HMHs) [350], [351]. The
2-D chiral-HMHs consist of alternating layers of an inor-
ganic framework of corner-shared lead halide octahedra and
chiral organic compounds [351], [352]. The 2-D chiral-HMH
inherently lacks bulk inversion symmetry and, in principle, is
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FIGURE 16. (a) Schematic illustration of the electron (green dots) propagation through a chiral molecular helix and the CISS effect. The red arrows
represent the evolution of spin polarization during the transmission. The helical field (Epej;) induces a magnetic field Be;ss and, thus, alters their spin
states. (b) Sketch of light-driven CISS-induced interfacial magnetization in a trilayer structure, illuminated by a 405-nm diode laser from the substrate.
The changed magnetic response (AM) at the 2-D-chiral-HMH/NiFe interface is detected by Sagnac MOKE. (c) Schematic illustration of the photoinduced
magnetism at the NiFe/chiral-HMH interface. A net magnetization mediated by spin-dependent photocarriers via the CISS effect is formed in the
chiral-HMH structure next to the NiFe layer under the laser illumination. (d) Time trace of measured Kerr (f) signal upon the illumination in the S- and
R-chiral-HMH/NiFe heterostructure, respectively. The red line is an adjacent average smoothing of the data [361]. (e)-(g) Change in light-induced Kerr
angle (black, squares) as a function of external magnetic field. (e), (f), and (g) correspond to S-HMH, A-chiral-HMH, and R-HMH, respectively. The red
line is a linear fit to the data. The Kerr signals have been averaged by four cycles of the illumination to improve the signal-to-noise ratio. Adapted with

permission from [361]. Copyright (2020) American Chemical Society.

capable of producing an out-of-plane spin current at elevated
temperatures via the CISS effect.

Here, we show the experimental observation of the
CISS-induced spin (magnetic) signals in the 2-D-chiral-
HMH/ferromagnet interface under photoexcitation using an
ultrasensitive MOKE detection scheme called a Sagnac in-
terferometer [353]. MOKE has been systematically used for
sensing subtle magnetic signals in the semiconductors [354],
[355], and metals [356], and is particularly suitable for lay-
ered 2-D magnetism [357], [358]. Compared to the con-
ventional steady-state MOKE tool that has a Kerr rotation
angle resolution of microradians, a modified fiber Sagnac
interferometer is employed based on the design conceived
by Xia et al. [353] with dramatically enhanced sensitivity.
The built Sagnac interferometer has a Kerr angle resolution
of 50 nanoradians [359], [360]. It is, therefore, reasonable
that such a noninvasive spatially resolved Sagnac MOKE
approach can locally probe the CISS-induced magnetic sig-
nals at the molecular level, providing a direct readout to
monitor and to convert light signals into a magnetic response.
Fig. 16(b) and (c) shows a schematic illustration of photoin-
duced magnetism in the ITO/2-D-chiral-HMH/ferromagnet
trilayer structure detected by the Sagnac MOKE approach.
Under light illumination, photo-excited charge carriers be-
come spin-polarized by the CISS effect as they propagate
through the chiral cations in the structure [345], [347]. The
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direction of spin polarization is determined by the chirality,
resulting in a change of local magnetization at the 2-D-chiral-
HMH/ferromagnet interface [361].

Fig. 16(d) shows the successful observation of light-driven
CISS-induced magnetism in the 2-D-chiral-HMH/NiFe
bilayer detected by Sagnac MOKE. The sample was
illuminated at a low laser intensity (0.5 mW) to suppress
the laser-induced heating. By applying a positive out-of-
plane magnetic field (B, : £210 mT), the Kerr signal in the
ITO/(S-Phenylethylamine, PEA), Pbl4/NiFe sample shows a
decrease on the order of microradians (Afke &~ —0.8 urad),
supporting our statement that an ultrasensitive detection tool
is required to probe this Kerr signal. Whereas there is no
similar change found in the A-chiral-HMH sample, the
R-chiral-HMH sample exhibits a surprising increase of the
Kerr signal under the same illumination. By reversing the
magnetic field, the sign of Afke, is inverted depending on
the chirality [361], mimicking the nature of magnetization
in typical ferromagnets.

The photoinduced magnetism is further corroborated by
the magnetic field dependence, as shown in Fig. 16(e)—(g).
The change in the Kerr angle Afke (B;) exhibits a linear
response with the external magnetic field, showing no sat-
uration up to 0.3 T. The sign of the slope depends on the
chirality, while there is no field dependence of Kerr signal
found in the A-chiral HMH sample. Compared with the Kerr
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signal obtained in the same NiFe only sample (* 150 urad),
the light-driven Afke (1.0 urad) suggests that the gen-
erated interfacial magnetization AM is around 0.7% of the
total magnetization of the NiFe layer, corresponding to an
effective field of ~ 42 mT. Here, the obtained effective field
seems to be orders of magnitude lower than what has been
reported in the literature [348], which may be attributed to
limited photogenerated carriers under the low light intensity
(<0.6 mW) [346], [347].

This article demonstrates the rich characteristics of chiral-
HMHs for bridging optospintronic applications with the
CISS effect [346], [347], [361]. Magneto-optic Kerr rota-
tion measurements prove that linearly polarized excitation
of chiral-HMHs can change the magnetization of an adja-
cent FM substrate. Owing to synthetically tunable optoelec-
tronic properties, the implementation of chiral molecules
also offers a novel mutual interconversion between photons,
charges, and spins for future “optomagnetism” applications.
The convergence of the CISS-induced large spin polariza-
tion, room temperature magnetism, and fascinating optoelec-
tronic/photovoltaic properties of these hybrid layered semi-
conductors would offer a paradigm shift to transform the field
of spintronics using solution-processed hybrid 2-D materials,
to enable future quantum information technologies.

VI. CONCLUSION

In summary, quantum technologies are promising for the
next-generation of computing, sensing, and communication
architectures, based on quantum coherent transfer and stor-
age of information. It is an emerging field combining fun-
damental quantum physics, information theory, materials
science, and a variety of engineering efforts. For nascent
quantum technologies to reach maturity, a key step is the
development of scalable quantum building blocks. Currently,
the development of scalable architectures for quantum tech-
nologies not only poses challenges in understanding the cou-
pling between disparate quantum systems, but also presents
technical and engineering challenges associated with devel-
oping chip-scale technologies.

As a rapid-growing subfield of quantum engineering, the
developments of hybrid quantum systems have received great
attention in recent years. Indeed, the integration of different
quantum modules has benefited from hybrid quantum sys-
tems, which provide an important pathway for harnessing
the different inherent advantages of complementary quantum
systems, and for engineering new functionalities. This review
article has attempted to summarize and focus on the current
frontiers with respect to utilizing magnetic excitations for
novel quantum functionality. We have briefly reviewed recent
achievements and discoveries in the subject of circuit-based
hybrid magnonics systems, layered magnon—-magnon sys-
tems, quantum-defect sensing of magnons, and novel spin
excitations in quantum materials. From each section, we
have attempted to discuss topics spanning the physics fun-
damentals, technical aspects, and examples of engineered
devices and/or material systems. We have also provided a
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brief outlook on the future directions of each individual area
discussed.

Overall, magnonics-based hybrid systems provide great
tunability and flexibility for interacting with various quantum
modules for integration in diverse quantum systems. The
concomitant-rich variety of physics and material selections
enable exploration of novel quantum phenomena in materi-
als science and engineering. The relative ease of generating
strong coupling and forming hybrid dynamic system with
other excitations also makes hybrid magnonics a unique plat-
form for quantum engineering.
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