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Coupling of microwave photons to optical and acoustic magnon modes
in the layered antiferromagnetic insulator CrCl;
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We study a magnon-photon coupling system consisting of a layered antiferromagnetic insulator CrCl; and
a planar superconducting cavity. By changing the position of the CrCl; crystal on the cavity, we separately
demonstrate the cavity mode coupled with an acoustic mode and an optical mode when the magnetic moments are
in a spin-flop transition. Based on the coupled Landau-Lifshitz-Gilbert equations and Kirchhoff’s equation, we
predict that both the net magnetization and the Néel vector contribute to the coupling between the optical mode
and cavity mode, and only the net magnetization participates in the coupling of the acoustic mode and cavity
mode. This paper highlights the vital role played by the Néel vector as the key parameter of an antiferromagnet
in magnon-photon coupling, which offers insight into designing antiferromagnet spintronic devices.
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I. INTRODUCTION

Magnon and photon coupling systems have many potential
applications in quantum information processing because the
information can be coherently transformed from magnons
to photons when they are strongly coupling together via a
dipolar interaction [1-4]. By placing a magnetic element
in a microwave cavity, magnon-photon coupling has been
extensively studied and reported [5—13], in which research
mostly focused on ferromagnetic materials, such as insula-
tor yttrium iron garnet (YIG) and permalloy (Py) [14-17].
Different from the ferromagnetic material, an antiferromag-
net has a high spin dynamics frequency from subterahertz
to terahertz (THz) and no net magnetization due to the
compensated magnetization from each sublattice [18-23].
Therefore, the spintronic devices based on antiferromagnets
have a higher speed and better stability. Usually, the excita-
tion of antiferromagnetic resonance prefers a high magnetic
field to compete with the strong exchange interaction in the
antiferromagnets, and the high dynamic frequency makes
the measurement require THz technology. Furthermore, the
magnon-photon coupling in antiferromagnets is predicted to
be much weaker than in ferromagnets due to the absence of
net magnetization [24,25]. Therefore, the coupling between
the photons and the magnons in an antiferromagnet is not well
understood. Few experimental studies have been reported on
the magnon-photon coupling in antiferromagnets, including
di(phenyl)-(2,4,6-trinitrophenyl)iminoazanium (DPPH), dys-
prosium ferrite (DyFeO;), and GdVOy4 [26-28]. However,
these reports so far have mostly focused on the coupling
of photons and magnons in antiferromagnets with collinear
magnetization.

CrCl; is a layered antiferromagnetic insulator below a
Néel temperature of 14 K [29,30]. Because of weak interlayer
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coupling, the antiferromagnetic resonance in CrCl; can be
explored in a low frequency of GHz. The in-plane anisotropy
field is relatively weak and ignorable. By applying a static
magnetic field H, the antiparallel net magnetizations in two
magnetic sublattices are no longer collinear and turn to the
direction of H, which is known as a spin-flop transition. The
angle between the net magnetization is inversely proportional
to the applied magnetic field [31]. The layered CrCl; provides
a platform for studying the coupling between the microwave
photons and the magnons in an antiferromagnet when the
magnetizations are in a spin-flop transition.

In this paper, using CrCl; and a superconducting cav-
ity, we study the coupling of the microwave photons and
the antiferromagnetic magnons in a spin-flop transition. We
demonstrate the acoustic mode and the optical mode of
the antiferromagnetic resonances can be separately excited
when the microwave magnetic field and external magnetic
field satisfy certain symmetry rules. Both optical and acous-
tic branches show dispersion anticrossing features when the
magnon modes cross the cavity modes, and the coupling
strength for the optical mode is larger than that for the acoustic
mode. Furthermore, we predict that both the net magnetization
M and the Néel vector N take part in the coupling of the
optical mode and cavity mode, and only the net magnetization
works in the acoustic mode and cavity mode coupling system,
which has the same physics as the coupling of ferromagnetic
materials and cavities. Our results experientially and theo-
retically reveal the mechanism of the coupling between the
antiferromagnetic magnons and the microwave photons.

II. EXPERIMENTAL METHODS

The platelike CrCl; single crystals used in this study are
grown by anhydrous CrCls powder using chemical vapor
transport [29]. The synthesized CrCl; crystals are shown in
the inset of Fig. 1(a). The x-ray diffraction data in Fig. 1(a)
can be indexed by the (00/) plane which indicates the surface
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FIG. 1. (a) X-ray diffraction pattern from the plane of a CrCl; Amplitude .

crystal. The platelike CrCl; single crystals grown by chemical vapor
transport are shown in the inset. (b) Crystal structure of CrCls.
(c) Magnetic structure of CrCls at zero magnetic field while below
the Néel temperature.

of the crystal is parallel to the plane of a and b. CrCl; is
monoclinic with a layered structure, and the crystal structure
with an interlayer spacing of 5.798 A is shown in Fig. 1(b),
where the purple and green spheres represent the Cr and Cl
atoms, respectively. The magnetic structure of two adjacent
layers without an external magnetic field is shown in Fig. 1(c).
CrCl; is an antiferromagnet with two magnetic sublattices (M
and M;) below the Néel temperature. The magnetic moments
are parallel in the same layer and antiparallel between two
adjacent layers [30].

A superconducting cavity is fabricated by photolithogra-
phy and reactive ion etching techniques using a 650-um-thick
DyBaCuO film deposited on a 0.5-mm-thick MgO substrate.
As shown in Fig. 2(a), the microstrip cavity has a length of
7.8 mm and a width of 0.48 mm. Capacitive coupling between
the planar cavity and the signal lines is realized by a 0.5-mm
gap in between. A vector network analyzer (VNA) with an ex-
citation power of 5dBm was used to measure the microwave
transmission spectrum |S;| at 4 K which is well below the
superconducting transition temperature of 89 K for DyBaCuO
and the Néel temperature of 14 K for CrCl;. The Cartesian
coordinate is established with the x and y axis in the plane and
the z axis out of plane. The external static magnetic field H
is applied along the y axis in the experiment. The measured
transmission spectra of the superconducting cavity without a
sample are shown in Fig. 2(b). This cavity exhibits a sharp
resonance peak at w./2m = 7.349 GHz and an intrinsic loss
rate B = Sw/w. = 8.1 x 107> which is determined by the
half width at half maximum éw/27 = 595 kHz. By sweeping
uoH from 0 to 0.8 T, the rate of change for the resonant fre-
quency of the cavity is less than 0.04%, as shown in Fig. 2(c).
This indicates that the cavity exhibits excellent stability, and
the influence of magnetic flux vortices in the superconducting

FIG. 2. (a) A schematic diagram for the experimental setup. The
amplified portion shows the structure of the superconducting cavity.
(b) The transmission spectra |Sy; | of the typical cavity mode without
the sample. (c) The resonance frequency shifts with the external mag-
netic fields. The microwave magnetic field distributions of (d) |A,/,
(e) |hyl, and (f) |A.| on the surface of a superconducting cavity.

cavity can be ignored [32]. To clarify the characteristics of the
microwave magnetic field h, the simulated amplitude distribu-
tions of the in-plane components (4, and ) and out-of-plane
component (h,) at the resonance frequency of the cavity are
shown in Figs. 2(d)-2(f), respectively. The amplitude of A,
almost vanishes near the horizontal part of the cavity. The
component of &, concentrates on the top of the cavity, and
h, distributes on both sides of the cavity.

III. COUPLING MODEL

The coupling between the cavity and antiferromagnetic
resonance modes includes two basic physical systems. One
is the magnetization dynamics system which possesses two
magnetic sublattices and the other is a superconducting mi-
crowave cavity with a low intrinsic loss rate and high stability.
The dynamics of M; and M, in CrCl; can be described by
two coupled Landau-Lifshitz-Gilbert (LLG) equations [30],

am, M, x Hor + 2M, M0

—_— == x He —M; x —, a
dt Hoy ¥ frl M, ! dt

dM dM

2 o oy My x Hey + —My x —2 . (1b)
dt Hoy M, dt

where 1y and y are the permeability of the vacuum and the
gyromagnetic ratio, respectively. o = 0.032 is the intrinsic
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Gilbert damping of CrCl;. When the external magnetic field
H is applied along the y axis, the effective magnetic field is
Hefrio) = Hy +h — (Hg /My)My1y) — (M2) - 2)2, where Hg
and M; are the interlayer exchange field and the satura-
tion magnetization, respectively. We define M) = M?(lz) +
m; )¢ with M, being the magnetization in the equilib-
rium position. Using the relations of m, = m; — C;ym; and
m, = m; + C;m;, where C,, is defined to describe the 180°
rotation around the y axis, the LLG equations can be decou-
pled as

’;‘“qu xm,  (2a)

s

iom, = /-’LOVMTq X Hefra +

’ZwMiq xm,  (2b)

s

iom, = oy M x Hegp, +

where Heg, = (HE/M )(m, — C2yma) + (m, - 2)Z —h, and

Hetro = (Hg /M;)(m, + CZymo) + (m,-2) —h,. We estab-
lish a new coordinate (mg, my) to simply solve Eq. (2), where
mg and myg are perpendicular and parallel to the sample plane,
respectively, as shown in Fig. 3(a). The linear solutions of
Eqg. (2) in a small-angle approximation for the acoustic mode
and optical mode are

Magp \ _ _Zwm iw
(mag) - a)2 _ w%a — iaa)a)pa (26()e Sin2 ¢ + iaa))he’ (33)

—2w,, cos> ¢ +i
Moy \ m Oy + iaw
(1) - hmese_(onse),

Mog — Wl —iawwy, \ o

where sin ¢ H/(ZHE) w, = MOVHE9 wm = MOVM.W Wpg =
2w,(1 + sin? @) + W, and wp, = 2w, cos? ¢ + wy,. The res-
onant frequencies for the acoustic mode w,, and optical
mode w,, have a magnetic field dependence of w,, =
V202w, + w,,) sin ¢ and w,, = +/2w.w,, cos ¢. According
to the measured dispersion of the acoustic mode and optical
mode (see the Appendix), we obtain the fitting parameters
woHg = 149.35mT and puoM; = 316.57 mT at 4K by fixing
y/2m =28 GHz/T. According to Eq. (3), the acoustic mode
my is excited by the out-of-plane microwave magnetic field Ay,
and the optical mode m,, is driven by the in-plane microwave
magnetic field h4. In our experimental setup, hy = h, and
hg = hy cos ¢. The electromagnetic field in the cavity without
sample can be theoretically modeled as an RLC circuit. The
microwave current j(¢) in the cavity driven by the rf voltage
satisfies Kirchhoff’s equation [14].

In the hybrid system, the coupling of the antiferromag-
net and cavity can be theoretically connected by Faraday
induction and Ampere’s law [7]. The microwave magnetic
field generated by the microwave current through the cavity
follows Ampere’s law and drives the precession of magnons.
In reverse, the precession magnons can induce an additional
voltage for the RLC circuit according to Faraday’s induction
law. Since the acoustic mode is driven by Ay, the voltage
for the cavity is produced by dmyg/dt in the coupling of
the optical mode and cavity mode [8]. When the optical
mode couples with the cavity mode, the additional voltage
for the cavity is induced by dm,s/dt due to the excitation
microwave magnetic field for the optical mode being Ay [8].
In order to confirm the contributions of the net magnetiza-
tion M = M;' + m and the Néel vector N = Nj! + n in the
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FIG. 3. Schematic diagrams of the magnetization procession for
the (a) acoustic mode and (b) optical mode with the rectangular sam-
ple respectively placed on the side and on the top of the cavity. The
transmission spectra mappings in the experiment for the (c) acoustic
mode and (d) optical mode coupling with the cavity mode in the
spin-flop transition. The corresponding theoretical results of the cou-
pled systems for the (e) acoustic-cavity modes and (f) optical-cavity
modes are calculated by Eq. (5).

coupling system, the dynamics part of the magnons in the
antiferromagnetic resonances are described by m and n. The
acoustic mode and optical mode coupling with the cavity
mode can be respectively expressed by the following eigen-
value equations,

Q (";f> =0, (4a)
0
2 )
Qo(cos P, + sin ¢no¢> _o, (4b)
hy
with
Q = w? — a)fa — IQwwp, Zwm(Zwe sin® ¢+ iotw)
a= K2w? 0? — @2, — 2iBuweq®
Q = w* — a)20 iKwwy, 2wy, cos? ¢(wp + icw)
o K2w? 0? — @2, — 2iB,weow
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where we./2m = 7.36GHz, B, =1.07 x 107*, w./27 =
7.357GHz, and B, =1.05 x 10* are extracted from the
transmission spectra in the uncoupled regions. The parameter
K (o) 1s defined to describe the coupling strength between the
acoustic (optical) mode and the cavity mode. In Eq. (4), only
the out-of-plane component of net magnetization my partici-
pates in the coupling of the acoustic mode and cavity mode.
In Eq. (4 b), both the in-plane components of the net magne-
tization mg and Néel vector ng contribute to the coupling of
the optical mode and cavity mode. Based on the microwave
input-output formalism, the transmission spectrum S,; at a fix
H field can be written as

2
ra(o)

det a(o)

0* (@ — LW (o))

S$21a(0) = Ka(o) , (5)
where k40 = 2B4(0) 15 defined to describe the cavity cable
impedance mismatch [7]. Since the magnetic moments in
two sublattices are oriented parallel when the applied field
H > Hp, the coupling equations are no longer suited in this
condition.

IV. RESULTS AND DISCUSSION

We use a piece of CrClj; crystal with a lateral dimension of
0.3mm x 4mm and a thickness of about 35 um. The sam-
ple width (0.3 mm) is less than the cavity signal linewidth
(0.48 mm), so we can choose the microwave magnetic field
h, or h, to excite the acoustic mode or the optical mode
independently. The equilibrium directions of M and M, have
an angle ¢ relative to the x axis when the in-plane magnetic
field H is applied along the y axis, as shown by the gray
dashed lines in Figs. 3(a) and 3(b). Because the acoustic mode
is excited by the out-of-plane microwave magnetic field, we
put the sample on the side of the cavity to make the acoustic
mode couple with the cavity mode, as shown in case I. M,
and M, rotate around their static magnetization directions in
right-handed, and their precession components are in phase
both on the x and z axis and out of phase by 7 on the y axis. In
case II, the sample is on the top of the cavity, and the optical
mode is excited by the in-plane microwave magnetic field to
couple with the cavity mode. M| and M, for the optical mode
are in phase along the y axis and opposed phase along the x
and z axis.

Using VNA, we measure the microwave transmission spec-
tra Sp; of the coupling between the CrCls crystal and the
superconducting cavity. The transmission spectra mappings
for the acoustic mode and optical mode coupling with a
cavity mode are plotted in Figs. 3(c) and 3(d) as functions
of frequency and external static magnetic field. The anti-
crossing feature in both mappings reveals the coupling of
the magnon and photon. In addition to the cavity mode, a
faint antiresonance mode can be observed at a lower fre-
quency in Fig. 3(d) and it also couples with the optical mode.
Here, we focus on the coupling between the major cavity
mode and antiferromagnetic resonance mode. Using Eq. (4),
we fit the coupling constants K, = 0.028 and K, = 0.036 in
the two coupled systems. In case I, the dissipation of the
acoustic mode and cavity mode coupling system is dominated
by the magnon decay. From the experimental results, we
extract the coupling strength g,/2m = 14.49 MHz, and the
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FIG. 4. Transmission spectra |S,;| of (a) acoustic-cavity mode
coupling and (b) optical-cavity mode coupling, respectively. Ex-
tracted (c) peak positions and (e) linewidth from the transmissions of
the acoustic mode and cavity mode coupling system in (a). (d) Dis-
persion and (f) normalized linewidth of the optical-cavity modes. The
solid lines in (c)—(f) correspond to the calculated results by Eq. (4).

half linewidths of the magnon dw,,,/27w = 235.52 MHz and
photon $w,., /2w = 0.79 MHz, which indicates the coupling of
the acoustic mode and cavity mode falls in the Purcell regime
[10]. In case II, the half linewidths of the magnon and pho-
ton are Swp,/2mr = 235.4MHz and dw./2m = 0.77 MHz,
respectively. Fitting by Eq. (5) with K, = 0.036, we obtain
the coupling strength of the optical mode and cavity mode
8o/2m = 147.1 MHz. Therefore, the coupling of the optical
mode and cavity mode is also in the Purcell regime. Putting
the coupling constants K, = 0.028 and K, = 0.036 in Eq. (5),
the calculated transmission spectra mappings of the acoustic
mode and optical mode coupling with the cavity modes are
plotted in Figs. 3(e) and 3(f) and show the same characteristics
with the experimental results.

The individual transmission spectra |Sp;| of the cavity
mode coupling to the acoustic mode and the optical mode with
the magnetization in the spin-flop transition are respectively
plotted in Figs. 4(a) and 4(b) as functions of frequency at
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different applied magnetic fields. The most important char-
acteristics of the coupling are the shifting resonance peaks
and the linewidth variations at different H fields. To further
analyze the characteristics of the coupling between antiferro-
magnetic resonance modes and cavity modes, the resonance
frequencies w and the normalized half width dw/w extracted
from the transmission spectra are plotted in Figs. 4(c)—4(f).
The classical distorted dispersions, as shown in Figs. 4(c)
and 4(d), indicate the coupling between the magnon modes
and cavity modes. The normalized half width, as shown in
Figs. 4(e) and 4(f), quickly increases from cavity damping
Baoy to magnon damping o and vice versa. The increase of
damping indicates the energy exchanges between the magnon
in CrCl; and photon in the cavity, and the exchange efficiency
achieves a maximum at the external magnetic field of the
magnon mode and photon mode crossing point. The solid
lines in Figs. 4(c)-4(f) are the results calculated by Eq. (5).
The normalized linewidth evolution for the experimental and
theoretical results in Fig. 4(e) do not match very well near the
mode crossing point. These deviations are caused by the faint
signal of the coupling between the antiresonance mode and
optical mode, which cannot be eliminated in the measurement.
Though the amplitude of the coupled mode caused by the
antiresonance mode is much weaker than that caused by the
cavity mode, the superposition of the faint signal results in a
decrease of the normalized linewidth near the intersection of
the optical mode and cavity mode.

V. CONCLUSION

In summary, we study magnon-photon coupling in an anti-
ferromagnet with the noncollinear magnetizations configura-
tion using a CrClj crystal and a superconductive microwave
cavity. Our experimental results show that the acoustic mode
and optical mode can separately couple with the cavity mode
under the excitation of different microwave magnetic field
components, and the coupling strength for the acoustic mode
is larger than that for the optical mode. Furthermore, we
propose a model to describe antiferromagnetic magnon and
photon coupling, and we predict the contributions of the net
magnetization and the Néel vector in the coupling system.
These results could help understand the coupling between the
microwave photons and the magnons in an antiferromagnet.
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APPENDIX: RESONANCE OF ACOUSTIC MODE
AND OPTICAL MODE

To demonstrate the selective excitation of the acoustic
mode and optical mode, we use VNA to measure the transmis-
sion spectra by changing the position of the CrCl; sample on
a microstrip line as shown in Fig. 5. The microwave current
flows through the line to generate the microwave magnetic
field (hy and h;) and the static magnetic field H is applied
along the y axis. When the CrCl; sample is placed on the
side of the microstrip line as shown in Fig. 5(a), the acoustic
mode can be excited by the microwave magnetic field /,. The
transmission spectra mapping for the acoustic mode, whose
resonance frequency w increases with an increase of the H
field, is plotted as a function of w and H in Fig. 5(c). When
the CrCls sample is loaded on the top of the microstrip line, as
shown in Fig. 5(b), the magnons are driven by the microwave
magnetic field &,. Figure 5(d) shows the optical mode disper-
sion. The dashed lines in Figs. 5(c) and 5(d) are the fitting
results.
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