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Exchange-Enhanced Ultrastrong Magnon-Magnon Coupling
in a Compensated Ferrimagnet
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We experimentally study the spin dynamics in a gadolinium iron garnet single crystal using broadband
ferromagnetic resonance. Close to the ferrimagnetic compensation temperature, we observe ultrastrong
coupling of clockwise and counterclockwise magnon modes. The magnon-magnon coupling strength
reaches almost 40% of the mode frequency and can be tuned by varying the direction of the external
magnetic field. We theoretically explain the observed mode coupling as arising from the broken rotational
symmetry due to a weak magnetocrystalline anisotropy. The effect of this anisotropy is exchange enhanced

around the ferrimagnetic compensation point.
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The strong and ultrastrong interaction of light and matter
is foundational for circuit quantum electrodynamics [1-3].
The realizations of strong spin-photon [4—6] and magnon-
photon [7—12] coupling have established magnetic systems
as viable platforms for frequency up-conversion [13,14]
and quantum state storage [15]. Antiferromagnets and
ferrimagnets further host multiple magnon modes. Their
coupling allows for coherent control and engineering of
spin dynamics for applications in magnonics [16,17] and
antiferromagnetic spintronics [18,19].

Recently, it has been shown [20-22] that the weak
interlayer exchange interaction between two magnetic
materials can cause magnon-magnon coupling. However,
the much stronger intrinsic exchange has not yet been
leveraged for coupling phenomena. While the THz-fre-
quency dynamics in antiferromagnets is challenging to
address experimentally [23], the sublattice magnetizations
in compensated ferrimagnets can be tuned to achieve
GHz-frequency quasiantiferromagnetic dynamics. Here,
we report the experimental observation of ultrastrong
exchange-enhanced magnon-magnon coupling in a com-
pensated ferrimagnet with the coupling rate reaching up to
37% of the characteristic magnon frequency. We further-
more demonstrate that the coupling strength can be con-
tinuously tuned from the ultrastrong to the weak regime.

We investigate spin dynamics, or equivalently the magnon
modes, in a compensated, effectively two-sublattice ferri-
magnet in the collinear state. Around its compensation
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temperature, this system can be viewed as a “quasiantiferro-
magnet” due to its nearly identical sublattice magnetizations
M, Z Mp. Figure 1 schematically depicts the typical spa-
tially uniform spin dynamics eigenmodes of the system [24].
Within the classical description, these become clockwise
(CW) and counterclockwise (CCW) precessing modes
which correspond to spin-down and spin-up magnons,
respectively, in the quantum picture. The key physics under-
lying our experiments is the tunable exchange-enhanced
coupling, and the concomitant hybridization, between theses
two modes. The essential ingredients—mode coupling and
exchange enhancement—are both intuitively understood
within the quantum picture as follows. First, due to their
opposite spins, a spin-up magnon can only be coupled to its
spin-down counterpart by a mechanism that violates the
conservation of spin along the sublattice magnetization, and
thus magnon spin, direction [25]. Since angular momentum
conservation is a consequence of rotational invariance or
isotropy, an anisotropy about the magnon spin axis provides
such a coupling mechanism. Achieving the equilibrium
sublattice magnetizations, or equivalently the magnon spin
axis, to lie along directions with varying degrees of local axial
anisotropy allows us to correspondingly vary the resultant
magnon-magnon coupling. This explains the nonzero mode
coupling along with its tunability. However, the typically
weak magnetocrystalline anisotropy may not be expected
to yield observable effects and, therefore, has typically been
disregarded. This is where exchange enhancement in a
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FIG. 1. Classical and quantum representations of the magneti-

zation dynamics in a two-sublattice compensated ferrimagnet.
The eigenmodes of the compensated ferrimagnet close to its
compensation temperature are similar to that of an antiferro-
magnet since the sublattice magnetizations are almost identical
(we choose M, = Mp). In the quantum picture, the classical
modes with counterclockwise (CCW) and clockwise (CW)
precession are identified as spin-up and spin-down magnons.
The hybridized modes with linear polarization correspond to
spin-zero magnons [25]. The angles between the two sublattice
magnetizations have been exaggerated for clarity.

quasiantiferromagnet makes the crucial difference. The anti-
ferromagnetic magnons, despite their unit net spin, are formed
by large, nearly equal and opposite spins on the two
sublattices [26]. The anisotropy-mediated mode coupling
results from, and is proportional to, this large sublattice spin
instead of the unit net spin, and is therefore strongly amplified.
This amplification effect is termed exchange enhancement
within the classical description [26-28].

In our corresponding experiments, we study the mag-
netization dynamics of a (111)-oriented single crystal
Gd;Fes0O, (gadolinium iron garnet, GAIG) disk by broad-
band magnetic resonance (BMR) [29]. A schematic depic-
tion of the setup is shown in Fig. 2(a). We use a vector
network analyzer to record the complex transmission S,;
as a function of the microwave frequency f and the external
magnetic field H, applied in the (111) plane. Our experi-
ments are performed at 7 = 282 K, slightly below the
ferrimagnetic compensation point 7., = 283 K, as deter-
mined by SQUID magnetometry [30]. At this temperature,
the resonance frequencies of the spin-up and spin-down
modes are in the microwave frequency range.

In Fig. 2(b), we show the normalized background-
corrected field derivative of §S,; [42] recorded at fixed
magnetic field magnitude poHy = 0.58 T applied at
@ = 90°. As discussed later, this is a situation in which
the magnetocrystalline anisotropy energy has axial sym-
metry about the magnetic field direction. We refer to this
case as an effectively axially symmetric (EAS) direction.
By fitting the data to Eq. (S7) [30], we extract the resonance

frequencies f| and f, of the two observed resonances, their
difference Af ., and their linewidths «; and «,. In Fig. 2(c)
we show corresponding data and fits for ¢ = 0° and
uoHy = 0.65 T, which corresponds to a situation in which
the magnetocrystalline anisotropy energy is anisotropic
about the applied magnetic field direction, which we refer
to as an axial symmetry broken (ASB) direction, as
explained below. Again, two resonances are observed. In
contrast to the data in Fig. 2(b), the resonances are now
clearly separated.

We repeat these experiments for a range of magnetic
field magnitudes H, applied along the two directions (EAS
and ASB) of interest. The obtained resonance frequencies
are shown as symbols in Figs. 2(d) and 2(e). In the EAS
case shown in Fig. 2(d), we clearly observe two resonance
modes. The first one follows Of./0Hy> 0 and is
the spin-up mode f;, and the second resonance with
Of es/OHy < 0 is the spin-down mode f|. The vertical
dashed line corresponds to puoHy = 0.58 T, where Af . is
minimized and the data shown in Fig. 2(b) are obtained.
The resonance frequencies are in excellent agreement with
those obtained from numerical (see Supplemental Material
[30]) and analytical (see below) solutions to the Landau-
Lifshitz equation.

When applying H|, along the ASB axis, we obtain the
resonance frequencies shown in Fig. 2(e). Here, we observe
a more complex evolution of the resonance frequencies for
two reasons. First, for ygHy < 0.4 T, the equilibrium net
magnetization is titled away from H| and varies with H,,.
Second, and crucially, f4 and f exhibit a pronounced
avoided crossing. The dashed vertical line indicates the
value of H, of minimal Af [cf., Fig. 2(e)].

We plot Af,s and the half width at half maximum
linewidths x4 and k| as a function of the magnetic field H,
in Figs. 2(f) and 2(g) for the EAS and ASB cases,
respectively. We find the mutual coupling strength g./27 =
min [Af /2| = 0.92 GHz for the EAS case and g./27 =
6.38 GHz for the ASB configuration. In the former case,
ge S Ky, k) [cf.,, Fig. 2(f)]. Thus, the system is in the weak
to intermediate coupling regime. For the ASB case, the
linewidths x are at least 3 times smaller than g.. Hence,
the condition for strong coupling g. > x4,k is clearly
satisfied. Furthermore, the extracted coupling rate of
g./27 = 6.38 GHz is comparable to the intrinsic excitation
frequency f, = (f| + f»)/2 = 17.2 GHz. The normalized
coupling rate n = g./(2zf,) [8,43] evaluates to n = 0.37.
Consequently, we observe magnon-magnon hybridization
in the ultrastrong coupling regime [1]. Importantly, the
measured g. is the intrinsic coupling strength between
spin-up and spin-down magnons and is independent of
geometrical factors, in particular, sample volume or filling
factor. This is in stark contrast to the magnon-photon or
cavity-mediated magnon-magnon coupling typically
observed in spin cavitronics [8,44—48].
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(a) Schematic broadband ferromagnetic resonance (BMR) setup, with the GdIG disk on the coplanar waveguide (CPW). The

angle ¢ defines the in-plane direction of the magnetic field Hy. (b),(c) BMR spectra obtained for fixed magnetic field strengths applied
along the (b) effectively axially symmetric (EAS) direction in the (111) plane at ¢ = 90° (ugH, = 0.58 T) and along the (c) axial
symmetry broken (ASB) axis ¢ = 0° (uyHy = 0.65 T) recorded at T = 282 K (T ¢omp = 288 K). The solid lines are fits to Eq. (S7) [30].
The resonance frequencies are indicated by the red arrows and their difference is denoted as Af .. (d),(e) Mode frequencies versus
applied magnetic field strength measured at 7 = 282 K, where Mgy = ME.. Open circles and triangles denote measured resonance
frequencies. The red dotted curves depict results of our analytical model and the blue dashed lines are obtained by numerical simulation.
Along the EAS direction ¢ = 90° (d), weak coupling is observed, whereas along the ASB direction ¢ = 0° (e), we find ultrastrong
coupling (see text). The solid gray lines in (e) indicate the uncoupled case taken from the analytical solution of (d). (f),(g) Linewidths
k/2m of the spin-up k4 and spin-down x| modes, and resonance frequency splitting A f\./2 as a function of Hy. The coupling strength

g./2m is given by the minimum of Af /2.

To demonstrate that the coupling is continuously tunable
between the extreme cases discussed so far, we rotated H,
with fixed magnitude in the (111) plane at 7 = 280 K.
The background-corrected transmission parameter (see
Supplemental Material [30]) as a function of the angle ¢
is shown in Figs. 3(a) and 3(b) for uoHy, = 0.5 T and
uoHy = 0.8 T, respectively. These magnetic field magni-
tudes correspond to H, slightly below and above the
hybridization point at 7 = 280 K (see Fig. S2 [30]). For
both H values, we observe two resonances for each value
of ¢, where the lower resonance frequency depends
strongly on ¢ while the upper one is nearly independent
of ¢. Overall, these results strongly indicate a ¢-dependent
level repulsion that allows us to continuously adjust the
coupling strength.

To understand the coupling strength variation with ¢, we
analyze the cubic anisotropy landscape of our GdIG disk by
plotting its magnetic free-energy density F [cf., Eq. (S9)
[30] ] in Fig. 3(c). The applied field directions for the EAS
and ASB cases are indicated by the two gray dots in Fig. 3(c).
The sublattice magnetizations as well as the magnon spin
axis are collinear with the applied field in our considerations.
As derived rigorously below, coupling between the opposite-
spin magnons is proportional to the degree of anisotropy in

the free energy about the magnon spin axis [25]. Moreover,
since they represent small and symmetric deviations of
magnetization about the equilibrium configuration, the
magnons can only sense anisotropy variations that are local
and averaged over antiparallel directions. Considering the
ASB configuration first, if the magnetization deviates from
equilibrium along the orange (white) arrows, it experiences
anincrease (a decrease) in energy. Therefore, the free-energy
change depends on the direction of deviation, and the
symmetry about the magnon spin axis in this configuration
is clearly broken by anisotropy. This causes a nonzero mode
coupling in the ASB configuration. In contrast, for the EAS
configuration, an averaging over the two antiparallel direc-
tions results in a nearly vanishing and direction-independent
change in the free energy, thereby effectively maintaining
axial symmetry. This is prominently seen when considering
the direction collinear with the orange and white arrows,
which nearly cancel each other’s effect on averaging. This
configuration is thus named effectively axially symmetric
(EAS). The corresponding degree of axial anisotropy, and
thus mode coupling, varies smoothly with ¢ between these
two extreme cases.

The two key ingredients in the physics observed herein
are (i) nonzero mode coupling arising from violation of
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FIG. 3. Tunable coupling strength and anisotropy landscape.
(a),(b) BMR data obtained with fixed magnetic field magnitudes
with (a) pgHy=0.5T (below the hybridization point) and
(b) upHy = 0.8 T (above the hybridization point) as a function
of the H, orientation ¢ in the (111)-disk plane at 7 = 280 K. The
blue dashed lines are the results from the numerical simulation.
(c) Color map of the free-energy density F for Hy = 0. The
angles @, and @, denote the orientation of M,, defined
analogously to ¢ and 6 in Fig. 2(a). The dashed horizontal line
at 0, = 90° corresponds to the (111)-disk plane. The orange and
white arrows at the EAS (@4 =90°) and ASB (¢, =0°)
orientations point towards increasing and decreasing free-energy
density, respectively. The [001] direction denotes a crystalline
hard axis (HA) and [111] a crystalline easy axis (EA).

spin conservation by an axial anisotropy [25] and (ii) a
strong amplification of the otherwise weak coupling via an
exchange-enhancement effect characteristic of (quasi)anti-
ferromagnetic magnons [26]. We now present a minimal-
istic, analytically solvable model that brings out both these
pillars underlying our experiments, and yields results in
good agreement with our data [Figs. 2(d) and 2(e)]. To this
end, we employ a two-sublattice model, which corresponds
to the net Fe and Gd sublattice in GdIG, within the Landau-
Lifshitz framework and macrospin approximation, treating
anisotropies as uniaxial to enable an analytical solution. In
our experiments, both of the distinct anisotropy contribu-
tions considered here are provided by the cubic crystalline
anisotropy of the material. Parametrizing the intersublattice
antiferromagnetic exchange by J (> 0) and uniaxial

anisotropies by K (> 0) and K, the free-energy density
F,, is expressed in terms of the sublattice A and B
magnetizations M, p, assumed spatially uniform, as

F,, = —poHo(My, + Mg,) T K(M5, + M3.)
+Ka(M31x+M123x)+JMA'MBv (1)

where the first term is the Zeeman contribution due to the
applied field Hyz. We further assume an appropriate
hierarchy of interactions J > K > |K,|, such that K,
terms do not influence the equilibrium configurations.
The upper and lower signs in Eq. (1) above represent
the cases of an applied field along easy and hard axes,
respectively. The EAS (ASB) direction is magnetically easy
(hard) [30]. The axial symmetry is broken by the term
proportional to K,, with K, ~ 0 for the EAS case and
K, #0 to the ASB case. We have chosen coordinate
systems for treating the two configurations with the
z direction always along the applied field. The equilibrium
configuration is obtained by minimizing Eq. (1) with
respect to the sublattice magnetization directions (see
Supplemental Material [30]). The dynamics are captured
by the Landau-Lifshitz equations for the two sublattices:

8MA,37 oF,,
T_ ’7A,B|[MA.BX< 8MA,B>:|’ (2)

where y, p are the respective sublattice gyromagnetic ratios,
assumed negative. It is convenient to employ a new primed
coordinate system with equilibrium magnetizations collinear
with Z’. The ensuing dynamical equations are linearized
about the equilibrium configuration which, on switching to
Fourier space (i.e., M,y = m,e" and so on), lead to the
coupled equations describing the eigenmodes expressed
succinctly as a 4 x 4 matrix equation:

(Py + P,)iin =0, 3)

where /"= [my mp my_mp_|, with myy = myy & imyy,
and so on. The matrix P, is block diagonal in 2 x 2
submatrices and describes the uncoupled spin-up and
spin-down modes, distributed over both sublattices. The
matrix P, captures axial-symmetry-breaking anisotropy
effects, and provides the spin-nonconserving, off-diagonal
terms that couple the two modes and underlie the hybridi-
zation physics at play. The detailed expressions for the
matrices are provided in the Supplemental Material [30].
For applied fields along the easy axis (EAS), the
equilibrium configuration is given by M, = M 4,2 and
Mg = —MpyZ, with My g, the respective sublattice satu-
ration magnetizations and M, 2= Mpo. For the case of a
sufficiently small field applied along the hard axis (ASB),
the equilibrium orientation of M, is orthogonal to the hard
axis. With increasing field strength, M, moves to align
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with the applied field. In the considered temperature and
field range, M always remains essentially anticollinear to
M [49]. The initial decrease of the resonance mode with
lower frequency [Fig. 2(e)] is associated with this evolution
of the equilibrium configuration. The frequency dip signi-
fies alignment of equilibrium M, with the z axis. Only the
K, anisotropy term breaks axial symmetry about the
equilibrium magnetization direction (z axis) and leads to
off-diagonal terms in P,, which couples the two modes.
The coupling-mediated frequency splitting Af,.,, where
uncoupled eigenmode frequencies would cross, is evalu-
ated employing Eq. (3) as

16J M?
27Af res = @ 02 s (4)
J(Mpg — Mpy)” + Feq

where @, = |y||K,|M, is the bare coupling rate, consider-
ing ya~yp=y and M, o~ Mpy = M near the compen-
sation point. Feq, given by 16K M3 for Hy along an easy
axis, is an equivalent free-energy density comparable to
the anisotropy contribution, parametrized by K. The bare
coupling rate is thus enhanced by a maximum value of

\/J/K at the compensation point yielding a greatly
enlarged coupling. Hereby a small coupling of w, =
27 x 160 MHz originating from a weak cubic anisotropy
present in GdIG is greatly enhanced as demonstrated by
Eq. (4) and the analytical model results displayed in
Fig. 2(e), quantitatively describing our experimental obser-
vations. The amplification of coupling from 160 MHz to
several GHz is an exchange-enhancement effect [26-28,50].
This (exchange) enhancement is an embodiment of anti-
ferromagnetic quantum fluctuations [26] predicted similarly
to amplify magnon-mediated superconductivity [51].

Our findings demonstrate that previously typically
neglected details of the magnetocrystalline anisotropy
can lead to giant effects on spin dynamics if they have
the appropriate symmetry and are exchange enhanced.
The ultrastrong and size-independent magnon-magnon
coupling reported here opens exciting perspectives for
studying ultrastrong coupling effects in nanoscale devices
and exploring quantum-mechanical coupling phenomena
beyond classical electrodynamics. The reported effect also
enables the tuning and tailoring of quasiantiferromagnetic
dynamics and magnons.
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showing magnon-magnon coupling in the canted antifer-
romagnet CrCly [52].

*Lukas.Liensberger@Wmi.badw.de
TAkashdeep.Kamra@ntnu.no
*Mathias. Weiler@wmi.badw.de

[1] A. Frisk Kockum, A. Miranowicz, S. De Liberato, S.
Savasta, and F. Nori, Ultrastrong coupling between light
and matter, Nat. Rev. Phys. 1, 19 (2019).

[2] X. Zhu, S. Saito, A. Kemp, K. Kakuyanagi, S.-i. Karimoto,
H. Nakano, W.J. Munro, Y. Tokura, M.S. Everitt, K.
Nemoto, M. Kasu, N. Mizuochi, and K. Semba, Coherent
coupling of a superconducting flux qubit to an electron
spin ensemble in diamond, Nature (London) 478, 221
(2011).

[3] J.J. Viennot, M. C. Dartiailh, A. Cottet, and T. Kontos,
Coherent coupling of a single spin to microwave cavity
photons, Science 349, 408 (2015).

[4] D.1. Schuster, A.P. Sears, E. Ginossar, L. DiCarlo, L.
Frunzio, J.J.L. Morton, H. Wu, G. A.D. Briggs, B.B.
Buckley, D.D. Awschalom, and R.J. Schoelkopf, High-
Cooperativity Coupling of Electron-Spin Ensembles to
Superconducting Cavities, Phys. Rev. Lett. 105, 140501
(2010).

[5]1 Y. Kubo, F.R. Ong, P. Bertet, D. Vion, V. Jacques, D.
Zheng, A. Dréau, J.-F. Roch, A. Auffeves, F. Jelezko, J.
Wrachtrup, M. F. Barthe, P. Bergonzo, and D. Esteve,
Strong Coupling of a Spin Ensemble to a Superconducting
Resonator, Phys. Rev. Lett. 105, 140502 (2010).

[6] N. Samkharadze, G. Zheng, N. Kalhor, D. Brousse, A.
Sammak, U.C. Mendes, A. Blais, G. Scappucci, and
L.M. K. Vandersypen, Strong spin-photon coupling in
silicon, Science 359, 1123 (2018).

[7] H.Huebl, C. W. Zollitsch, J. Lotze, F. Hocke, M. Greifenstein,
A. Marx, R. Gross, and S. T. B. Goennenwein, High Coop-
erativity in Coupled Microwave Resonator Ferrimagnetic
Insulator Hybrids, Phys. Rev. Lett. 111, 127003 (2013).

[8] X. Zhang, C.L. Zou, L. Jiang, and H. X. Tang, Strongly
Coupled Magnons and Cavity Microwave Photons, Phys.
Rev. Lett. 113, 156401 (2014).

[9] L. Bai, M. Harder, Y.P. Chen, X. Fan, J. Q. Xiao, and
C.-M. Hu, Spin Pumping in Electrodynamically Coupled
Magnon-Photon Systems, Phys. Rev. Lett. 114, 227201
(2015).

[10] T. Liu, X. Zhang, H. X. Tang, and M. E. Flatté, Optomag-
nonics in magnetic solids, Phys. Rev. B 94, 060405(R)
(2016).

[11] S. Viola Kusminskiy, H.X. Tang, and F. Marquardt,
Coupled spin-light dynamics in cavity optomagnonics,
Phys. Rev. A 94, 033821 (2016).

[12] M. Harder and C.-M. Hu, Cavity spintronics: An early
review of recent progress in the study of magnon-photon
level repulsion, Solid State Phys. 69, 47 (2018).

117204-5


https://doi.org/10.1038/s42254-018-0006-2
https://doi.org/10.1038/nature10462
https://doi.org/10.1038/nature10462
https://doi.org/10.1126/science.aaa3786
https://doi.org/10.1103/PhysRevLett.105.140501
https://doi.org/10.1103/PhysRevLett.105.140501
https://doi.org/10.1103/PhysRevLett.105.140502
https://doi.org/10.1126/science.aar4054
https://doi.org/10.1103/PhysRevLett.111.127003
https://doi.org/10.1103/PhysRevLett.113.156401
https://doi.org/10.1103/PhysRevLett.113.156401
https://doi.org/10.1103/PhysRevLett.114.227201
https://doi.org/10.1103/PhysRevLett.114.227201
https://doi.org/10.1103/PhysRevB.94.060405
https://doi.org/10.1103/PhysRevB.94.060405
https://doi.org/10.1103/PhysRevA.94.033821
https://doi.org/10.1016/bs.ssp.2018.08.001

PHYSICAL REVIEW LETTERS 123, 117204 (2019)

[13] R. Hisatomi, A. Osada, Y. Tabuchi, T. Ishikawa, A.
Noguchi, R. Yamazaki, K. Usami, and Y. Nakamura,
Bidirectional conversion between microwave and light via
ferromagnetic magnons, Phys. Rev. B 93, 174427 (2016).

[14] S. Klingler, H. Maier-Flaig, R. Gross, C.-M. Hu, H. Huebl,
S. T. B. Goennenwein, and M. Weiler, Combined Brillouin
light scattering and microwave absorption study of magnon-
photon coupling in a split-ring resonator/YIG film system,
Appl. Phys. Lett. 109, 072402 (2016).

[15] Y. Tabuchi, S. Ishino, A. Noguchi, T. Ishikawa, R. Yama-
zaki, K. Usami, and Y. Nakamura, Coherent coupling
between a ferromagnetic magnon and a superconducting
qubit, Science 349, 405 (2015).

[16] V. V. Kruglyak, S. O. Demokritov, and D. Grundler, Mag-
nonics, J. Phys. D 43, 264001 (2010).

[17] A.V. Chumak, V.I. Vasyuchka, A.A. Serga, and B.
Hillebrands, Magnon spintronics, Nat. Phys. 11, 453 (2015).

[18] T. Jungwirth, X. Marti, P. Wadley, and J. Wunderlich,
Antiferromagnetic spintronics, Nat. Nanotechnol. 11, 231
(2016).

[19] V. Baltz, A. Manchon, M. Tsoi, T. Moriyama, T. Ono, and
Y. Tserkovnyak, Antiferromagnetic spintronics, Rev. Mod.
Phys. 90, 015005 (2018).

[20] S. Klingler, V. Amin, S. Geprigs, K. Ganzhorn, H. Maier-
Flaig, M. Althammer, H. Huebl, R. Gross, R. D. McMichael,
M.D. Stiles, S.T.B. Goennenwein, and M. Weiler, Spin-
Torque Excitation of Perpendicular Standing Spin Waves in
Coupled YIG/Co Heterostructures, Phys. Rev. Lett. 120,
127201 (2018).

[21] J. Chen, C. Liu, T. Liu, Y. Xiao, K. Xia, G. E. W. Bauer, M.
Wu, and H. Yu, Strong Interlayer Magnon-Magnon
Coupling in Magnetic Metal-Insulator Hybrid Nanostruc-
tures, Phys. Rev. Lett. 120, 217202 (2018).

[22] H. Qin, S.J. Hamilédinen, and S. van Dijken, Exchange-
torque-induced excitation of perpendicular standing spin
waves in nanometer-thick YIG films, Sci. Rep. 8, 5755
(2018).

[23] T. Kampfrath, A. Sell, G. Klatt, A. Pashkin, S. Mihrlein, T.
Dekorsy, M. Wolf, M. Fiebig, A. Leitenstorfer, and R.
Huber, Coherent terahertz control of antiferromagnetic spin
waves, Nat. Photonics 5, 31 (2011).

[24] A. Gurevich and G. Melkov, Magnetization Oscillations
and Waves (CRC Press, Taylor & Francis Group, Boca
Raton, FL, 1996), p. 445.

[25] A. Kamra, U. Agrawal, and W. Belzig, Noninteger-spin
magnonic excitations in untextured magnets, Phys. Rev. B
96, 020411(R) (2017).

[26] A. Kamra, E. Thingstad, G. Rastelli, R. A. Duine, A.
Brataas, W. Belzig, and A. Sudbg, Antiferromagnetic
magnons as highly squeezed fock states underlying quan-
tum correlations, arXiv:1904.04553.

[27] F. Keffer and C. Kittel, Theory of antiferromagnetic
resonance, Phys. Rev. 85, 329 (1952).

[28] A. Kamra, R.E. Troncoso, W. Belzig, and A. Brataas,
Gilbert damping phenomenology for two-sublattice mag-
nets, Phys. Rev. B 98, 184402 (2018).

[29] S.S. Kalarickal, P. Krivosik, M. Wu, C.E. Patton,
M. L. Schneider, P. Kabos, T.J. Silva, and J. P. Nibarger,
Ferromagnetic resonance linewidth in metallic thin films:

Comparison of measurement methods, J. Appl. Phys. 99,
093909 (2006).

[30] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.123.117204 for a de-
tailed description of the material, SQUID magnetometry
measurements, additional BMR measurements at 280 and
294 K, the used fitting routine and the numerical and
analytical models, as well as a qualitative discussion of
the essential physics, which includes Refs. [31-41].

[31] G.F. Dionne, Magnetic Oxides (Springer, Boston, 2009).

[32] S. Koohpayeh, Single crystal growth by the traveling
solvent technique: A review, Prog. Cryst. Growth Charact.
Mater. 62, 22 (2016).

[33] G.FE. Dionne, Molecular field coefficients of substituted
yttrium iron garnets, J. Appl. Phys. 41, 4874 (1970).

[34] G.F. Dionne, Molecular field and exchange constants of
Gd**-substituted ferrimagnetic garnets, J. Appl. Phys. 42,
2142 (1971).

[35] E. C. Stoner and E. P. Wohlfarth, A mechanism of magnetic
hysteresis in heterogeneous alloys, Phil. Trans. R. Soc. A
240, 599 (19483).

[36] D. Polder, VIII. On the theory of ferromagnetic resonance,
London Edinburgh Dublin Philos. Mag. J. Sci. 40, 99
(1949).

[37] L. Dreher, M. Weiler, M. Pernpeintner, H. Huebl, R. Gross,
M. S. Brandt, and S. T. B. Goennenwein, Surface acoustic
wave driven ferromagnetic resonance in nickel thin films:
Theory and experiment, Phys. Rev. B 86, 134415 (2012).

[38] J. A. Osborn, Demagnetizing factors of the general ellip-
soid, Phys. Rev. 67, 351 (1945).

[39] S. Geschwind and L.R. Walker, Exchange resonances in
gadolinium iron garnet near the magnetic compensation
temperature, J. Appl. Phys. 30, S163 (1959).

[40] B. A. Calhoun and M. J. Freiser, Anisotropy of gadolinium
iron garnet, J. Appl. Phys. 34, 1140 (1963).

[41] P. Hansen, Ferromagnetic resonance in ruthenium-doped
gadolinium iron garnet, Phys. Rev. B 5, 3737 (1972).

[42] H. Maier-Flaig, S.T.B. Goennenwein, R. Ohshima, M.
Shiraishi, R. Gross, H. Huebl, and M. Weiler, Note:
Derivative divide, a method for the analysis of broadband
ferromagnetic resonance in the frequency domain, Rev. Sci.
Instrum. 89, 076101 (2018).

[43] T. Niemczyk, F. Deppe, H. Huebl, E. P. Menzel, F. Hocke,
M. J. Schwarz, J. J. Garcia-Ripoll, D. Zueco, T. Hiimmer, E.
Solano, A. Marx, and R. Gross, Circuit quantum electro-
dynamics in the ultrastrong-coupling regime, Nat. Phys. 6,
772 (2010).

[44] H. Maier-Flaig, M. Harder, S. Klingler, Z. Qiu, E. Saitoh,
M. Weiler, S. Geprigs, R. Gross, S. T. B. Goennenwein, and
H. Huebl, Tunable magnon-photon coupling in a compen-
sating ferrimagnet—from weak to strong coupling, Appl.
Phys. Lett. 110, 132401 (2017).

[45] M. Tavis and F.W. Cummings, Exact solution for an
N-molecule-radiation-field Hamiltonian, Phys. Rev. 170,
379 (1968).

[46] C. Eichler, A.J. Sigillito, S.A. Lyon, and J.R. Petta,
Electron Spin Resonance at the Level of 10* Spins Using
Low Impedance Superconducting Resonators, Phys. Rev.
Lett. 118, 037701 (2017).

117204-6


https://doi.org/10.1103/PhysRevB.93.174427
https://doi.org/10.1063/1.4961052
https://doi.org/10.1126/science.aaa3693
https://doi.org/10.1088/0022-3727/43/26/264001
https://doi.org/10.1038/nphys3347
https://doi.org/10.1038/nnano.2016.18
https://doi.org/10.1038/nnano.2016.18
https://doi.org/10.1103/RevModPhys.90.015005
https://doi.org/10.1103/RevModPhys.90.015005
https://doi.org/10.1103/PhysRevLett.120.127201
https://doi.org/10.1103/PhysRevLett.120.127201
https://doi.org/10.1103/PhysRevLett.120.217202
https://doi.org/10.1038/s41598-018-23933-y
https://doi.org/10.1038/s41598-018-23933-y
https://doi.org/10.1038/nphoton.2010.259
https://doi.org/10.1103/PhysRevB.96.020411
https://doi.org/10.1103/PhysRevB.96.020411
http://arXiv.org/abs/1904.04553
https://doi.org/10.1103/PhysRev.85.329
https://doi.org/10.1103/PhysRevB.98.184402
https://doi.org/10.1063/1.2197087
https://doi.org/10.1063/1.2197087
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.117204
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.117204
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.117204
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.117204
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.117204
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.117204
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.117204
https://doi.org/10.1016/j.pcrysgrow.2016.03.001
https://doi.org/10.1016/j.pcrysgrow.2016.03.001
https://doi.org/10.1063/1.1658555
https://doi.org/10.1063/1.1660506
https://doi.org/10.1063/1.1660506
https://doi.org/10.1098/rsta.1948.0007
https://doi.org/10.1098/rsta.1948.0007
https://doi.org/10.1080/14786444908561215
https://doi.org/10.1080/14786444908561215
https://doi.org/10.1103/PhysRevB.86.134415
https://doi.org/10.1103/PhysRev.67.351
https://doi.org/10.1063/1.2185870
https://doi.org/10.1063/1.1729407
https://doi.org/10.1103/PhysRevB.5.3737
https://doi.org/10.1063/1.5045135
https://doi.org/10.1063/1.5045135
https://doi.org/10.1038/nphys1730
https://doi.org/10.1038/nphys1730
https://doi.org/10.1063/1.4979409
https://doi.org/10.1063/1.4979409
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1103/PhysRev.170.379
https://doi.org/10.1103/PhysRevLett.118.037701
https://doi.org/10.1103/PhysRevLett.118.037701

PHYSICAL REVIEW LETTERS 123, 117204 (2019)

[47] B. Zare Rameshti and G. E. W. Bauer, Indirect coupling of [50] G.P. Rodrigue, H. Meyer, and R.V. Jones, Resonance
magnons by cavity photons, Phys. Rev. B 97, 014419 measurements in magnetic garnets, J. Appl. Phys. 31, S376
(2018). (1960).

[48] @. Johansen and A. Brataas, Nonlocal Coupling between [51] E. Erlandsen, A. Kamra, A. Brataas, and A. Sudbg, Enhance-
Antiferromagnets and Ferromagnets in Cavities, Phys. Rev. ment of superconductivity mediated by antiferromagnetic
Lett. 121, 087204 (2018). squeezed magnons, arXiv:1903.01470v2.

[49] K. Ganzhorn, J. Barker, R. Schlitz, B. A. Piot, K. Ollefs, F. [52] D. MacNeill, J. T. Hou, D.R. Klein, P. Zhang, P. Jarillo-

Guillou, F. Wilhelm, A. Rogalev, M. Opel, M. Althammer, Herrero, and L. Liu, Gigahertz Frequency Antiferromag-
S. Geprigs, H. Huebl, R. Gross, G. E. W. Bauer, and S. T. B. netic Resonance and Strong Magnon-Magnon Coupling in
Goennenwein, Spin Hall magnetoresistance in a canted the Layered Crystal CrCl3, Phys. Rev. Lett. 123, 047204

ferrimagnet, Phys. Rev. B 94, 094401 (2016). (2019).

117204-7


https://doi.org/10.1103/PhysRevB.97.014419
https://doi.org/10.1103/PhysRevB.97.014419
https://doi.org/10.1103/PhysRevLett.121.087204
https://doi.org/10.1103/PhysRevLett.121.087204
https://doi.org/10.1103/PhysRevB.94.094401
https://doi.org/10.1063/1.1984756
https://doi.org/10.1063/1.1984756
http://arXiv.org/abs/1903.01470v2
https://doi.org/10.1103/PhysRevLett.123.047204
https://doi.org/10.1103/PhysRevLett.123.047204

