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Hybrid magnonic systems are a newcomer for pursuing coherent information
processing owing to their rich quantum engineering functionalities. One
prototypical example is hybrid magnonics in antiferromagnets with an easy-
plane anisotropy that resembles a quantum-mechanically mixed two-level spin
system through the coupling of acoustic and optical magnons. Generally, the
coupling between these orthogonal modes is forbidden due to their opposite
parity. Here we show that the Dzyaloshinskii-Moriya-Interaction (DMI), a chiral
antisymmetric interaction that occurs in magnetic systems with low symmetry,
can lift this restriction. We report that layered hybrid perovskite antiferro-
magnets with an interlayer DMI can lead to a strong intrinsic magnon-magnon
coupling strength up to 0.24 GHz, which is four times greater than the dis-
sipation rates of the acoustic/optical modes. Our work shows that the DMI in
these hybrid antiferromagnets holds promise for leveraging magnon-magnon
coupling by harnessing symmetry breaking in a highly tunable, solution-
processable layered magnetic platform.

The Dzyaloshinskii-Moriya interaction (DMI) arises in magnetic
materials as a consequence of broken inversion symmetry and spin-
orbit coupling (SOC)'™. As a unique rotational sense of spins, the DMI
is the essential phenomenon responsible for non-collinear antiferro-
magnets (AFMs)* and the formation of chiral spin textures, such as spin
spirals’, skyrmions®, and homochiral Néel-type domain walls’ with
outstanding potential to store, transport, and process magnetic
information®’. Beyond static magnetization, DMI phenomena has
recently moved into the forefront of interest particularly in AFMs due
to its ability to also govern and control magnetic dynamics, i.e., col-
lective spin excitations (magnons)'*". At zero field, AFMs with easy-

plane type of magnetic anisotropy exhibit high-frequency optical
magnons with even parity (under a twofold rotation) and low-
frequency acoustic magnons with odd parity whose frequencies can
be tuned by an external field” (Fig. 1a). The DMI is known to play a
critical role of modifying the ellipticity of the precessional motion of
the sublattice magnetizations of acoustic magnons, resulting in a
dramatic enhancement of the spin injection efficiency via spin-
pumping®. However, the correlation between the DMI and the high-
frequency optical magnons remains elusive due to uncommon sub-
terahertz microwave frequencies required for conventional AFMs™¢,
Identifying new magnetic materials with the exceptional DMI in a more
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Fig. 1| Magnetic properties of a hybrid perovskite antiferromagnet.

a Schematic illustration of the acoustic and optical modes in a two-sublattice easy-
plane antiferromagnet that are protected from interacting by parity. b A sketch of
the inherently low symmetry of the Cu-EA structure due to octahedral tilting and
the spin ordering of the layered antiferromagnet and its sublattice structure.

Optical

X

-

43
1 Qo3
=
§02
i Hext Il ¢
T 01 H
5 H, oxt 112
o) S|
=00
%% @ _e0 — HextII'b)
0 i Magnetic Field (mT) /"
3005
?100.04 Hgq =10 mT
5003
Soo02
o
é, 0.01
=0.00
1 10 20
=17 Temperature (K)
T T T
-500 -250 0 250 500

Magnetic Field (mT)

¢ Magnetic properties of Cu-EA at T=2.5 K. M(H) loops are obtained along all three
principal axes of the single crystal up to saturation region. The upper inset shows
the spin-flop transition at low field at |[Hgy | =30 mT. M vs. T is included in the lower
inset to show the onset of magnetic ordering at the transition temperature, 7~10 K.

accessible frequency range empowers investigations of its micro-
scopic origin and enables topological objects with non-trivial static
and dynamic spin textures that stimulate fast, low-powered energy-
efficient hybrid magnonic applications for coherent information
processing'”’8,

One such material class in this regard is the two-dimensional
layered Cu-based magnetic hybrid organic-inorganic perovskites
(HOIPs)?, Cu-based HOIPs consists of corner-sharing halogen,
X =(Cl, Br) octahedra with the Cu atom situated at the center®’. The
strongly connected but tilted inorganic anion layers of corner-sharing
CuX4* octahedra allow for a superexchange interaction via the Cu-X-
Cu pathway (Figs. 1b, ¢), exhibiting magnetic ordering and multiferroic
properties***, The naturally reduced symmetry in layered HOIPs®
provides an ideal platform for a three-site exchange with broken parity
of the lattice that manifest the DMI'. Remarkably, the versatility of the
organic cations offers a wide range of possibilities for synthetic con-
trol, e.g., interlayer spacer distance and inorganic-induced symmetry
breaking distortions where a modulation of the weak interlayer AFM
interaction or DMI can be achieved utilizing different sizes of organic
cations. Incorporation of chiral organic cations will further break the
symmetry and enable the chiral-induced-spin-selectivity (CISS) effect
for promising spintronic applications®**, The weak, synthetically
tunable AFM interaction” lowers both the frequencies of acoustic and
optical magnons down to the easily accessible gigahertz frequency
range®®, making the study of rich synergistic effects between AFM
magnons and the DMI feasible, opening up a broad field of physical
phenomena.

Here we demonstrate that the presence of DMI, which acts as a
symmetry breaking term in the Hamiltonian, in a layered AFM hybrid
Cu-halide single crystal, (CH;CH,NH;),CuCl, (Cu-EA), enables hybri-
dization between otherwise separate optical and acoustic modes and
mimics a two-state character near the crossing point. In principle, due
to symmetry protection, the two orthogonal magnon modes cannot
interact and thus are present independently, allowing for a degeneracy
to occur®. However, by breaking the symmetry under a twofold

rotation induced by the DMI, these two modes couple, lifting the
degeneracy and forming new hybrid states. This magnon-magnon
coupling is identified by its typical signature which is an anticrossing
gap occurring at the acoustic-optical crossing point. This coupling
between the optical and acoustic magnons allows for the coherent
transfer of spin information between these two quasi-particles®>*,

Results

Magnetic properties of Cu-EA, a well-known a-type antiferromagnet®
are obtained by characterizing the magnetic hysteresis loops at
T=2.5K as shown in Fig. 1c. By applying the magnetic field along the a-
and b-axis, the M-H curve roughly saturates near 2H; ~150mT where
H( is the interlayer antiferromagnetic exchange field. Along the c-axis,
the saturation field is about 300 mT. The difference in the saturation
field between the c-axis and the a-b plane represents planar magnetic
anisotropy, probably caused by the shape anisotropy of the isolated
magnetic CuCl,* layers separated by nonmagnetic (CH;CH,NH;"),
spacers. At low external field ([H,,|~ 30 mT, top inset of Fig. 1c), a clear
spin-flop transition at 30 mT is observed when the magnetic field is
applied along the a-axis, suggesting a weak uniaxial magnetic aniso-
tropy along this direction. Since the spin-flop transition occurs only at
relatively low field, Cu-EA can be treated as an easy-plane antiferro-
magnet where the c-axis is the hard axis?**. At high field above the
spin-flop transition (|[Hgy| > 30 mT), the M-H curves are nearly identical
along both the a- and b-axis. From the M-H curves, it has been
calculated®?® that the planar magnetic anisotropy field (-215mT) is
much larger than the weak uniaxial anisotropy field (-7 mT) which
further confirms the dominant easy-plane behavior (see S.I section III).
In the bottom inset of Fig. 1c, the magnetization as a function of
temperature is recorded, showing the onset of magnetic ordering
below T=10K.

Presence of the DMI in Cu-EA has been extensively
characterized’*”. The Hamiltonian for the DMI can be written as
Howmi = — D - (h, X mg) where m, and mg are the magnetization unit
vectors of each layer, and D is the DMI vector, which prefers
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Fig. 2 | Antiferromagnetic resonance in Cu-EA single crystals with a strong
magnon-magnon coupling induced by the DMI. a Schematic illustrations of the
parallel and transverse pumping geometries for selectively exciting the optical and
acoustic modes when the external magnetic field is applied parallel and perpen-
dicular to the microwave RF field, h,¢. b Schematic illustrations of the broken
symmetry (Hey | D) and symmetric (He,, L D) pumping configurations when the
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external magnetic field is applied parallel and perpendicular to the DMI vector of
the Cu-EA single crystal. c-f antiferromagnetic resonance spectra collected under
the four possible experimental geometries as described in a and b. Insets in

c-f show the resonance spectra under an adjusted color scale to elucidate the
presence of dark modes at high fields.

orthogonal alignment of each sublattice magnetization, or spin
canting'. Because the space group is Pbca®, the DMI vector is con-
strained to lie along the a-axis that is parallel to the easy axis (S.L
section I). Therefore, at zero field no spin canting will occur, resulting
in the absence of weak ferromagnetism (S.L. section II). Only above the
spin-flop transition the weak ferromagnetism manifests by which the
strength of the DMI vector (|u,D| ~ 11 mT) was determined using tor-
que magnetometry and by studying the spin-flop transition®**".
Frequency-field dependence of the optical and acoustic modes in
Cu-EA is studied using magnetic resonance (Fig. 2a). Due to the
opposite symmetry of the optical and acoustic modes, two different
microwave pumping geometries are applied allowing for their selec-
tive excitation. In the transverse pumping geometry (H ), the micro-
wave magnetic field, h,s should only be able to excite the acoustic
mode. In the parallel pumping geometry (H,), the in-plane component
of h,¢ has even parity, exciting the optical mode, while the out-of-plane
component of h,s can excite the acoustic mode, thus both modes can
be observed™. To evaluate the effects of DMI on the magnon-magnon
coupling, magnetic resonance is recorded with the field either parallel
or perpendicular to D, as shown in Fig. 2b. Figure 2c-f shows the
measured frequency-field dependence of the antiferromagnetic reso-
nance (AFMR) of Cu-EA in each of the experimental geometries
described in Fig. 2a, b. In Fig. 2¢c, d, a dip in the acoustic mode fre-
quency, as well as a discontinuity in the optical mode frequency is
observed at 30 mT, which is an indication of the spin-flop transition®”,
consistent with the behavior of the MH loops for the magnetic field
applied along the a-axis and parallel to the DMI vector. Additionally,
the optical mode frequency for all four configurations reaches zero at
150 mT, consistent with the saturation field obtained from

magnetometry and the assumption to treat Cu-EA as an easy-plane
antiferromagnet. The ambient temperature during these measure-
ments is T=2.5K, far below the transition temperature of 10 K. The
temperature dependence of these modes approaching the magnetic
transition is shown in S.I. Fig. S10.

Both the acoustic and optical modes of the AFM resonance are
clearly resolved in the gigahertz frequency range due to the weak AFM
interlayer coupling, similar to that of layered AFM CrCl5*. Two features
stand out: () A nonzero anticrossing gap, Af.=min(f, —
f1)~0.48 GHz, forms between the two magnon modes, where f, and
f, are the resonant frequencies of the upper and lower branches,
respectively. A large Af . is observed even though there is no oblique
magnetic field applied® but only when H,,, || D, indicating that the two
modes are directly coupled through the DMI; (ii) The optical mode,
which decreases in frequency with increasing field below |He,.| =2H;
continues above 2H; which is known to be a ‘dark’ mode*° and has even
parity. Above 2H,, this ‘dark’ optical mode increases frequency with
increasing field. This mode is only observed when He,, || D as shown in
the bottom right of Fig. 2c and d, where the color scale has been
adjusted to highlight this weak response. It is noteworthy that the dark
mode increases intensity in the transverse pumping geometry, indi-
cating that it can interact with the odd parity microwave field. Both the
nonzero anticrossing gap Af . at 100 mT and the dark mode above 2H
are only observed when H,,, || D, confirming that the DMI plays the
central role in breaking the symmetry that leads to these effects.

To further analyze the strength of the magnon-magnon coupling,
angular-dependent measurements are performed as described in
Fig. 3a. Considering that the in-plane uniaxial magnetic anisotropy may
also introduce symmetry breaking®, here we aim to increase the
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Fig. 3 | Enhanced magnon-magnon coupling strength. a Enhancement of the
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dependence of resonance spectra presented in (c). The dotted red line is the fitted
curve for the coupling strength following a quadratic behavior. The insets in (c)
highlight the resonance spectra under an adjusted color scale, showing the
increased DMI-induced nonzero gap, f,; of the ‘dark’ mode as O increases.

coupling further by applying the magnetic field at 45° to the a-axis (S.I
Fig. S7). Therefore, the resulting coupling arises from a combination of
DMI and magnetic anisotropy. The magnon-magnon coupling
strength, g, is determined as the half of the gap size between the
optical and acoustic mode frequencies at their crossing point*>* (i.e.,
£: =|Af/2). We found that the coupling strength in Cu-EA reaches up
to 0.27 GHz at T=2.5K, while the dissipation rates for the upper
(k;/2m) and lower (x; /2m) branches given by the half widths at half
maximum of the vertical cuts in the spectrum at the crossing point are
roughly four times smaller than g./2m, satisfying the condition for a
strong coupling: g.>k, and g.>k;**. This coupling strength of
0.27 GHz due to the combination of DMI and magnetic anisotropy is
only slightly larger than that due to the DMI alone, which is 0.24 GHz.
When the external magnetic field is rotated to a larger out-of-plane
(OOP) angle O (Fig. 3a), a symmetry breaking of the twofold rotation is
further introduced in the sublattice magnetizations, enhancing the
strength of the magnon-magnon coupling®. The magnitude of g
increases whereas k,, and k; are largely independent of O, leading to a
more pronounced coupling increasing from 0.27 GHz (0=0°) to
0.64 GHz (0 =45°), consistent with previous observations indicating
tunable magnon-magnon coupling®’. We also verify that the antic-
rossing gap observed at © =0° was not due to unintentional sample
misalignment. A large cooperativity C=g2/(k ;) is obtained and
continuously increased from ~15 at © = 0° to ~160 at © = 45°, suggesting
the coupling extends into the ultrastrong coupling regime which may
be useful for simulating exotic quantum magnonics phenomena.

Remarkably, we notice a unique observation that the ‘dark’ optical
mode does not reach zero frequency at |Hex|=2Hg. An anomalous gap
is formed (denoted by f,) although this gap is not related to the
magnon coupling between the acoustic and optical modes. This gap
size also increases with increasing © and reaches 2 GHz at © =45°. As
shown in S.I. section 111.3, such a gap should not exist if the magnetic
moments in adjacent sublattices are parallel at |He,|>2H and can be
attributed to the residual spin canting that arises from the DMI. This
residual spin canting at |H,,¢|>2H; is another typical signature of the
DMI in Cu-EA which prevents a collinear alignment of the sublattice
magnetizations, causing them to cant slightly due to their preferred
orthogonal alignment (see discussion in S.I. section II).

Discussion

All the three unique features observed in the AFM resonance of Cu-EA
single crystal, i.e. the formation of strong magnon-magnon
coupling at © =0°, the presence of even-parity ‘dark’ optical modes
under the transverse excitation condition, and the anomalous gap at
[Hexe| =2H¢ can be attributed to the DMI in the Cu-EA crystal (S.I.
section V). For the key observation about the strong magnon-magnon
coupling and nonzero anticrossing gap at © = 0°, we performed ana-
lytical calculations by employing a set of coupled Landau-Lifshitz*® (LL)
equations with a two-sublattice model and the DMI term. The
Hamiltonian of the DMI term is written as Hpy = — D - (i x ritg)
=M, - (D, (Xxmmg))+my - (—D,(Xxm,)), where D, , are the com-
ponents of the DMI vector that defines the direction of the inversion
asymmetric exchange field, g is the sublattice magnetic moment
located on adjacent atomic sites A(B). The direction of D is determined
to be along the a-axis which for mathematical purposes here we define
it as the x-direction. When H,,, || D, each sublattice experiences an
effective field that is antisymmetric under twofold rotation, allowing
interactions between the two modes with opposite parity. By including
this effective field into the coupled LL equations, we obtain:

dm N N N L
TtA = — foyMp X (Hexe — Hemg — Mg(M, - 2)Z+D, (X xMg)) +T,,
dig ) o
dr -~ Hoymg (Hexe — Hemy — Mg(mg - 2)Z — D, (X xmM,)) + Tg,

@

where y is the gyromagnetic ratio, M, is the saturation magnetization
of the sublattice, and 1, and tg are the torques induced by the
microwave rf field. The terms in parenthesis of Eq. (1) are the effective
fields that each sublattice experiences due to the applied external
magnetic field; exchange field; anisotropy term; and the DMI.
We show (S.I. section Ill) that these equations can be re-written in
the basis ém, (optical) and ém_ (acoustic) and in matrix form:
,6m, _ {wé A } ém,

Y ém_ T |-A 2] 6m_

. If D, is nonzero, an off-diagonal term A
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appears which represents the strength of the DMI coupling. Here w,
and w, are the bare optical and acoustic mode frequencies. We found
that the experimentally measured coupling strength leads to a uyD,
value of 11mT, consistent with micromagnetic simulations and
previously reported experimental values®(S.1. section VI). This mechan-
ism for the magnon-magnon coupling can mediate the conversion of a
magnon of one parity to that of the alternate parity, resulting in the
coherent transfer of information between these two magnon modes.
Since the bare optical and acoustic modes are no longer eigenstates of
the Hamiltonian, time dependence of their mutual conversion may
exhibit Rabi-like oscillations*’. The new eigenstates near the crossing
point, thereby, take the form of a linear combination between the two
bare modes and represents a newly formed two-state character.

The DMI field also accounts for the presence of optical modes in
the transverse pumping configuration and the ‘dark’ optical mode at
high fields. The antisymmetric nature of the DMI manifests as an
effective microwave field hy¢, py that has opposite signs as experi-
enced by the different spin sublattices. The application of a spatially
uniform microwave field naturally exerts a torque on each sublattice
which is in the same direction for the two sublattices and drives their
in-phase motion. However, when the DMI manifests, this deflection will
result in the effective hyg, py in the alternate sublattice which points
towards D, (X x émyg)for sublattice A and—D,(X x 8m, ) for sublattice B.
This effective field h,, pwi reverses polarity at the same microwave
frequency, and acts on opposite directions in each sublattice (S.I. Fig.
S8). Due to this antisymmetric nature of the DMI, the torques applied
to the sublattices allow for the dark mode to be observed. Even though
h,s, pmiL Hey, its sublattice-dependent direction causes it to be even
under twofold rotation and allows it to transfer energy to the optical
mode, as also observed in micromagnetic simulations (S.1. section VI).

Our results demonstrate the possibilities of layered 2D HOIP
materials for strong and tunable hybrid magnonics by utilizing their
low-dimensional magnetic dynamics and chemical versatility. By
varying the organic spacer, the low symmetry of layered hybrid
structure opens exciting perspectives for studying topological chiral
spin textures induced by the DMI along with its tunability, and enables
a strongly hybridized magnon state to emerge, resembling the
quantum-mechanical coupling phenomena for quantum information
science. Our work expands the scope of realizing solution-processed
antiferromagnetic phenomena in the electronics-accessible gigahertz
frequency range, holding promises for research surrounding synthetic
antiferromagnet engineering and materials synthesis in the field of
hybrid magnonics.

Methods

Synthesis of EA,CuCl, single crystals

Cu-EA ((CH5CH,NH3),CuCly) single crystal was grown by controlled
temperature cooling method. 652.32 mg EACI and 537.8 mg CuCl, was
added into 2 mL dimethylformamide (DMF) and stirred overnight at
100 °C to get completely dissolved. Then the solution was transferred
to the oil bath preheated at 100 °C and cooled with the rate of 1°C/h to
room temperature. The precipitated yellow-brown color platelet single
crystals were collected by vacuum filtration and further dried in the
vacuum oven at 60°C for 24 h. The crystals used in Fig. 3 were
obtained by the following method: Copper(ll) chloride dihydrate
(CuCl,2H,0, 2 99.95%), Ethylamine solution (EA, 66.0-72.0% in H,0)
and hydrochloric acid (HCI, 37%) were all purchased from
Sigma-Aldrich. 0.341 g (2 mmol) of CuCl,-2H,0 and 333 pL (4 mmol)
EA were dissolved in 2 ml of 37% HCI solution by heating to 100 °C
under constant magnetic stirring. Then the mixed solution was natu-
rally cooled to room temperature. Finally, the yellow plate-like crystals
EA,CuCl, were obtained and isolated by vacuum filtration.

UV-VIS spectroscopy. The absorption spectra were obtained by
optical diffuse reflectance mode in the UH5700 spectrophotometer

with a 60 mm diameter integrating sphere. They were measured in the
range of 200-1300 nm with 0.5 nm resolution at room temperature.
BaSO, was used as the 100% reflectance background and the crystals
were ground into powder and adhered to the barium sulfate back-
ground by pressing for measurement.

Powder X-ray diffraction. The powder X-ray diffraction data were
collected on the PANalytical X'Pert Pro powder-X-ray diffractometer
with a Cu source.

SQUID measurements. A single crystal of Cu-EA was obtained and
secured between two small pieces of Kapton (polyamide) tape. These
single crystals are relatively flat disks with the c-axis oriented normal to
the plane of the crystal. The g-axis was determined by angular-
dependent measurements to find the direction of the spin-flop transi-
tion. A Magnetic Property Measurement System (MPMS, Quantum
Design) was used to measure all magnetic susceptibility data. The
sample was secured to a quartz rod using Kapton tape for in-plane (IP)
measurements and to the opening of a plastic straw for measurements
in which the magnetic field is applied out of plane (OOP). For tem-
perature dependent susceptibility, the magnetic moment was mea-
sured in a relatively low magnetic field of 10 mT and under the vibrating
sample magnetometer (VSM) mode after cooling in zero field.

Antiferromagnetic resonance measurements. For the anti-
ferromagnetic resonance (AFMR) measurements, the same single
crystal of Cu-EA used for SQUID magnetometry was secured with
Kapton tape to the waveguide of the commercially available FMR
probe designed to be compatible with the Physical Property Mea-
surement System (PPMS, Quantum Design). To reduce data collection
times, the FMR spectrometer that was supplied with the probe was not
used to supply the microwave power, but was used as a current source
for the Helmholtz coil. A Keysight EXG Analog Signal Generator N5173B
was used as a microwave power source with an amplitude of -2 dBm
and frequencies between 0.8 and 5.5 GHz in 0.1 GHz steps. After pas-
sing by the crystal of Cu-EA, the signal was intercepted by a Krytar
microwave power detector model 201B and the corresponding voltage
was routed to an EG&G 7260 DSP lock in amplifier. The reference signal
for the current source driving the Helmholtz coil (490 Hz) was output
to the lock in amplifier. For parallel pumping measurements the
sample was removed and re-mounted to the section of the waveguide
strip running perpendicular to the external magnetic field. For azi-
muthal angle ® dependent measurements the sample was removed
from the waveguide and manually rotated.

Angular-dependent AFMR measurements. A vector network ana-
lyzer (model HP 8720 C) was used to measure the microwave
transmission (S21) for the angular-dependent FMR measurements.
The Cu-EA sample was fixed to a coplanar waveguide with Kapton
tape. The azimuthal angle was determined by angular-dependent
measurements along the a-b plane. The out-of-plane tilt angle © was
varied by rotating the waveguide manually without re-mounting the
sample nor changing the in-plane angle ®. The measurement was
donein acryostat at 2.5 K with the probing RF power set at -10 dBm.
The coplanar waveguide provides both parallel and transverse
pumping, as shown in Fig. 2a.

Data availability

The source data for the Supplementary Information are available from
the corresponding authors upon reasonable request. Source data are
provided with this paper.
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