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Enhanced Magnon-Photon Coupling at the Angular Momentum
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We theoretically show that the coupling between magnons in an antiferromagnetically coupled
ferrimagnet and microwave photons in a cavity is largely enhanced at the angular momentum compensation
point (T4) when T, is distinct from the magnetization compensation point. The origin of the enhanced
magnon-photon coupling at 74 is identified as the antiferromagnetic spin dynamics combined with a finite
magnetization. Moreover, we show that strong magnon-photon coupling can be achieved at high excitation
frequency in a ferrimagnet, which is challenging to achieve for a ferromagnet due to low magnon frequency
and for an antiferromagnet due to weak magnon-photon coupling. Our results will invigorate research on
magnon-photon coupling by proposing ferrimagnets as a versatile platform that offers advantages of both

ferromagnets and antiferromagnets.
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Introduction.—Quantum information technology [I1]
involves process, storage, transmission, and transduction
of quantum information. Several physical systems have
been examined to fulfill the functional tasks [2-5]. By
selectively combining proper physical platforms, various
hybrid quantum systems have also been designed to build a
multifunctional quantum information processing system
[6,7]. Photons in a microwave cavity mediate qubits from
one physical constituent to another [6]. For storage and
transduction of qubits, the spin ensemble [8,9] is an
adequate candidate because spins allow longer coherence
time than other physical quantities due to limited dissipa-
tive channel to environment.

A strong coupling of the spin ensemble to other compo-
nents in hybrid quantum system is essential for suppressing
the loss of quantum information during the process. As the
coupling strength is enhanced by a factor of v/N, where N is
the spin density [10], a strong magnon-photon coupling in
magnetic materials was theoretically predicted [11] and
experimentally confirmed [12], leading to recent intensive
studies on magnon-photon coupling in magnetic materials
with various aspects [13-34], including single magnon
detection [18], magnon dressed state [23], spin-information
transfer between two magnets through cavity photons
[17,24], and attractive level crossing [26-28,31].

For widespread application, not only strong magnon-
photon coupling but also high excitation frequency (i.e.,
high magnon frequency) is required. In particular, the latter
allows us to expand the frequency window where the trans-
duction of quantum information occurs. Most studies so far
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have focused on the coupling between ferromagnetic mag-
nons and microwave photons. We note that although yttrium
iron garnet (YIG), a ferrimagnetic insulator with antiferro-
magnetically coupled Fe moments, has been widely used for
the magnon-photon coupling, its magnon dynamics is well
described by ferromagnetic magnon theories [12-31] because
it is far from the compensation condition. In this respect, YIG
can be considered as a ferromagnet (FM) with a reduced
moment. For ferromagnets, the magnon-photon coupling
strength is limited below a few hundred megahertz at the
magnon frequency in gigahertz ranges [ 12-31]. On the other
hand, recent studies found that antiferromagnetic magnons
also couple to microwave photons [32-34]. For antiferro-
magnets (AFMs), the magnon frequency is much higher than
for ferromagnets because of the manifestation of antiferro-
magnetic exchange interaction [35-37]. The magnon-photon
coupling is, however, much weaker for antiferromagnets than
for ferromagnets [34] because of net zero magnetic moment
in equilibrium. Therefore, it has remained challenging to
achieve both high excitation frequency and strong magnon-
photon coupling in ferromagnets or antiferromagnets.

In this Letter, we theoretically show that this challenge
can be overcome by employing a class of ferrimagnets
(FIMs). The necessary condition is that two inequivalent
spin moments with different Landé-g factors are coupled
antiferromagnetically, which is satisfied in some rare-earth
(RE) transition-metal (TM) ferrimagnets. This condition
allows for a finite net magnetic moment, thus a finite
Zeeman coupling, at the angular momentum compensation
point 7', where the net spin density vanishes. The nature of

© 2020 American Physical Society


https://orcid.org/0000-0002-9338-6920
https://orcid.org/0000-0001-5108-3625
https://orcid.org/0000-0002-2849-9718
https://orcid.org/0000-0001-6269-2266
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.125.027205&domain=pdf&date_stamp=2020-07-10
https://doi.org/10.1103/PhysRevLett.125.027205
https://doi.org/10.1103/PhysRevLett.125.027205
https://doi.org/10.1103/PhysRevLett.125.027205
https://doi.org/10.1103/PhysRevLett.125.027205

PHYSICAL REVIEW LETTERS 125, 027205 (2020)

V4

Bo
= | 2
— Ml
y
M
‘)_f
b &by, =iby
M. A
e | =B

FIG. 1. Anantiferromagnetically coupled ferrimagnet consisting
of M| and M, is coupled to a circularly polarized microwave field
b™. M;(= |M;| — |M,]) is the net magnetic moment and B, is the
external magnetic field along the uniaxial easy axis (z direction).

spin dynamics in ferrimagnets becomes antiferromagnetic
at T, since the vanishing net spin density inhibits spin-
rotational motion as in antiferromagnets [38—44]. Around
T,, the magnon-photon coupling is enhanced by virtue
of the exchange enhancement [45,46]. Moreover, a finite
Zeeman coupling at T, further enhances the magnon-
photon coupling. Therefore, the exchange enhancement
combined with a finite Zeeman coupling at 74 allows for a
strong magnon-photon coupling at high magnon frequency.
We envision that ferrimagnets would accelerate the
advancement of cavity spintronics by offering unique
features that are not readily accessible with more conven-
tional ferromagnets and antiferromagnets.

Theoretical model.—Both quantum mechanical [11,30]
and semiclassical [17] approaches are able to describe the
magnon-photon coupling. We use the latter in this work. We
consider a bipartite ferrimagnet with uniaxial anisotropy,
which consists of two sublattices labeled by an index i
(Fig. 1). The spin density vector at the ith sublattice is
s;(= M;an;/ g;up), with the spin density s;, the unit vector
n;, the magnetization M, the reduced Planck constant 7, the
Landé-g factor g;, and the Bohr magneton pp. Introducing
the staggered vector [n = (n; — n,)/2] (serving as an order
parameter) and the small magnetization vector [m =
(n; +n,)], the Lagrangian density for the ferrimagnet is
given by [39,43,47]

L= —%ﬁ-(nxm)—ésa(n)-fl ~u, (1)

where s(=s; + s,) is the sum of spin densities, §,(=s; — s,)
is the net spin density, and a(n) is the vector potential for
magnetic monopole. The potential-energy density I{ includes
the exchange, anisotropy, and Zeeman energies as

u_2+2 2

_a|m|2 A(Vn)? K, n? B(
2

m
M) @)

where a (A) is the homogeneous (inhomogeneous)
exchange, K, is the easy-axis anisotropy along the z axis,
and M;(= M, —M,) and M,(= M, + M,) represent the
magnetizations longitudinal and transverse to n, respec-
tively. The magnetic field B is B = (b,, b, B)), where b,
is the magnetic field part of microwaves and B, is the external
field. In this work, we consider magnon excitations on top
of a uniformly magnetized sample and disregard dissipation-
related terms assuming a low damping.

By finding the stationary solution for the above
Lagrangian, m can be expressed in terms of n and B as

B -

2 2
p - pgt (n . B)n, (3)
N

2
m=——nxn-+ P9
s s
where p = 5% /4a represents the inertia and g, = M,/s is

the transverse ¢ factor (with respect to n). By integrating
out m, we obtain the equation of motion for n:

50+ pn X i

—pg2m-Bn+n-Bn-B]=nxf,, (4)

where f, = M;B — pg?*(n - B)B + K,n.% is the effective
field conjugate to n. At 7,, where J, = 0, the obtained
equation of motion for the dynamics of ferrimagnets is
reduced to that for the dynamics of antiferromagnets [48].

On the other hand, the equation of motion for microwave
dynamics in a cavity is given by [17]

Z}X(y) o / byydt + KZ”OMX(y) =0, (5)

where o, is the microwave frequency, K is the dimension-
less magnon-photon coupling parameter through the
Faraday induction and Ampere’s law, y, is the permeability
in vacuum, and M,y is the x(y) component of the sum of
sublattice magnetizations: M,(,) = (Mmn + Mm/2),).

Assuming harmonic time dependence of n'(=n, —
in, = ne” ") and b*(=b, —ib, = be™™"), and imple-
menting the rotating-wave approximation, we linearize
the above two equations of motion and obtain

M(Zi) —0, 6)

where M is a 2 x 2 matrix given by

M_(p@—wﬁ@—wJ

Pgtﬂoszz((U — Wyp)

PG (@ — @) >
(1 + pgiuok*)? — w? )

(7)
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the magnon frequencies w, are given by

/52 —4p5,9,By+4p(K, +M;By) —5
_ -

w4 s+gtB0’ (8)

and o,, = g;By — M,/pg;.

Ferrimagnets have both right-handed and left-handed
modes [i.e., & sign in Eq. (8)]. We focus on one of the two
modes, namely w,, since two magnon modes do not mix
in the system with spin-rotational symmetry as in this
work, and microwave photons with a definite handedness
couple to only one mode with the same handedness. It is
straightforward to convert all results obtained below for the
other mode, namely w_. Solving Eq. (6) for eigenfrequen-
cies @ of the coupled system gives the magnon-photon
coupling strength Q, which is defined as a gap between two
positive eigenfrequencies at w. = w, .

Magnon-photon coupling at T ,.—Given that K is on
the order of 0.01 [17], we obtain the magnon-photon
coupling Q by approximating the matrix M of Eq. (6) in
the vicinity of the magnon frequency, | — 0w, | < @, i.e.,
by extracting the leading-order contributions of each matrix
element with respect to (0 —w, ) and K:

M~ ( PA, (w - w+)
szﬂoszi(ahr - W)

where A,, = (o, — w_). From det(M) = 0, we obtain two
eigenfrequencies:

[, 2
ow=w, Ko, —ao,] %. (10)

The corresponding gap at the mode-crossing point is

2 2
Q= Klo, - o)y | T (11)

For a legitimate comparison of the magnon-photon
coupling efficiency across various ferrimagnets with
distinct material parameters, we define a dimensionless
effective magnon-photon coupling strength ¢ as

Pgi(@ — @) ) ©)

20 (0 - o)

Q 2p0pgt
(= ——=Klo. —oul\ |77 (12)
NI A, wr,

where wr, (=+/K,/p)is w_ at T ,. Here, the factor 1/, /@
is introduced since € is known to be proportional to /@,

(=y/@y in our case) regardless of the sign of microscopic
exchange interaction [34], whereas the factor 1/ Vor, 18
introduced to make ¢ dimensionless.

To get an insight into the effective coupling strength { in
the vicinity of 74, we set By = 0 and §; = 0 for |w, — w,,,|
of Eq. (12) and then obtain

{= K(\/#o/)g?Ku + \/ﬂoM?) oA Z(UT - (13)
m=T s

Let us consider the factor embraced by parentheses. We
note that \/uopgr = \/soM?/(4a). When replacing M, =
M, + M, by 2M, (assuming M, ~ M,) and a by J/d> with
J the microscopic Heisenberg exchange energy and d the
lattice constant, we obtain \/poM?/(4a) ~ \/ueM3d>/J.
This is the square root of the ratio of the magnetostatic
energy to the exchange energy, which is much smaller than

1. In the vicinity of T4, therefore, 4/ oM ,2 should dominate

Vpopg? K, unless K, is very large. Ignoring \/ piopg? K, in

the parentheses of Eq. (13), ¢ in the vicinity of 74, and at
By = 0 becomes

¢~ Ko SR
K,(ad* + K,s?)

Two remarks are in order on the implications of
Eq. (14). First, £ in the vicinity of 7', is proportional to
M,, which is nonzero in ferrimagnets but zero in anti-
ferromagnets. Therefore, { of antiferromagnets is propor-

tional to \/popg?K, of Eq. (13), which is much smaller
than 1/ puoM? for ferrimagnets at T, with sufficiently larger

magnetization M;. This suggests that ferrimagnets in the
vicinity of T4 can show a much stronger magnon-photon
coupling than antiferromagnets, because of the finite
magnetization M.

Second, Eq. (14) shows that { for By =0 is the
maximum at 7, where o, = 0. Even for B, # 0, of which
case can be directly computed from Eq. (12), ¢ still exhibits
the maximum in the vicinity of 7, [see Fig. 2(b)]. This
enhanced ¢ in the vicinity of 7, can be understood as
follows. The denominator of Eq. (14) contains ad?, which
means that ¢ is suppressed by the strong antiferromagnetic
exchange interaction a as the net spin density J, increases:
This is the reason why it exhibits the maximum at 74 with
0, = 0. This exchange-enhanced magnon-photon coupling
in ferrimagnets becomes clearer by comparing two extreme
cases. Exactly at T4 (6, = 0),

[ 1\
~ K M7 — . 15
¢ HoM (Ku) (15)
Far away from T, (ad? > K,s?),
/1 \ ]
~ K M| —— . 1
¢ HoM7 <Kua> (16)

Comparing Eqgs. (15) and (16), we find that ¢ is
exchange enhanced at T, by the factor of (a/K,)"*.
It was suggested that this exchange-enhanced coupling
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FIG. 2. The dimensionless effective magnon-photon coupling
efficiency ¢ of ferrimagnets as a function of the net spin density
d,. Effects of (a) the uniaxial anisotropy K, (By = 0) and (b) the
external field B, (K, =4 x 10?> J/m?). We assume M, =
(1150 — 1.5x) kA/m and M, = (1300 — 2.5x) kA/m, where a
nominal variable x varies from 131 to 317. Other common
parameters are g, = 2.2, g, = 2.0, and A = 5 x 10712 J/m. T,
is the magnetic moment compensation point where M; = 0.

between antiferromagnetic magnons and other excitations
is a general phenomenon originating from squeezing [46].
The exchange-enhanced magnon-magnon coupling was
reported in ferrimagnets with a symmetry-breaking
anisotropy that is essential to couple two magnon modes
[45]. However, the exchange-enhanced magnon-photon
coupling in ferrimagnets with the spin-rotational symmetry,
as in this work, has not been reported.

Figure 2 shows ¢ computed from Eq. (12) as a function
of &, for various [Fig. 2(a)] K, and [Fig. 2(b)] By. In all
tested cases, ¢ is the maximum in the vicinity of T,
consistent with the above discussion. The maximum ¢
decreases with increasing K, or B, which originates from
the fact that the magnon frequency (@, ) increases more
rapidly than the coupling strength Q with increasing K, or
By. The magnetic moment compensation point 7';, where
M; = 0, is also indicated by an arrow. No special variation
of £ is observed at T,,, meaning that not the antiferro-
magnetic magnetization dynamics realized at 7, but the
antiferromagnetic spin dynamics realized at 7’4 is important
for the magnon-photon coupling.

Comparison with other types of magnets.—We compare
the magnon frequency @ and the magnon-photon coupling
strength Q, instead of £, for ferromagnets, antiferromag-
nets, and ferrimagnets, because large values of both @ and
Q are beneficial for widespread application utilizing the
magnon-photon coupling. We set 6, = 0 for FIM because
the magnon-photon coupling in FIM is most efficient at 7.
We consider FM with uniaxial anisotropy and B, applied
along the easy axis, as for FIM and AFM. With this
anisotropy and field condition, we use the magnon-photon
coupling model for FM in literature [17,27].

The magnon frequencies of three types of magnet
are respectively given by wpy = ¢,(Bg + Bg), ®apm =

VKu/p+ 9By, and wopy =/ (K, +M;By)/p + 9:Bo,
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FIG. 3. Comparison of (a) the magnon frequency  and (b) the
magnon-photon coupling strength Q as a function of the external
field B, for ferrimagnet (FIM), antiferromagnet (AFM), and
ferromagnet (FM). For FIM, M| =814kA/m, M, = 740 kA /m,
gy =2.2,and g, = 2.0 (i.e., M, = 1554 kA/m, M, = 74 kA/m,
and 6, = 0). For AFM, M| = M, =777 kA/m and g, = ¢, =
2.2 (i.e., M, = 1554 kA/m and M; = 0 kA/m). For FM, M, =
M, = 1000 kA/m and g; = g, = 2.2 (i.e., M, = 2000 kA/m).
Common parameters are K, =10*J/m? and A=5x10"12]/m.

where By = 4K,/M, is the uniaxial anisotropy field.
It is well known that wapy > @wpy because of the
antiferromagnetic exchange in AFM [35-37]. Except for
a finite Zeeman coupling (i.e., M;B) in wgpy, the magnon
frequencies of AFM and FIM are of the same form.
Therefore, the condition of @apy & Wppy > @y holds
in general even though a precise comparison depends on
material parameters.

On the other hand, the magnon-photon coupling
strengths of FM, AFM, and FIM are respectively given by

Qpy = K g/ oM (By+ B ),

Qarm :K\/MOQIZ(KM + Bogiv/PK.,).

M
Qo =K (120 )\ gt K, + B0 +9.X)) - (17)
t

where X = \/p(K, + M,B,) is a certain quantity in unit of
spin density. When By =0, Qapvy = K\/pog7K, and

Qppv = K(\/MOMIZ + VopgiK,)//p- Given \/ﬂoMzz >
V 1opg? K, [see the above discussion for ¢ below Eq. (13)],

the ratio Qe /Qapm ¥ /M7 /pg? K, is much larger than 1,

provided that M; at T, is sufficiently large. This result
shows that a finite net magnetic moment M; at T4 of FIM
can greatly enhance the magnon-photon coupling in com-
parison to AFM.

Figure 3(a) shows w and Fig. 3(b) shows € as a function
of B, for FIM, AFM, and FM with reasonable parameters
listed in the caption. We find wgpg & @apy > wpy and
QFIM > QFM > QAFM' These orders of w and Q for the
three types of magnet are found to be maintained with some
variations of parameters. For instance, the orders of @ and
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Q are maintained even with 10 times increase of K, (not
shown). This result shows that FIM not only simply
combines the best features of AFM (i.e., high @) and
FM (i.e., high Q), but also enables the largest € among
different types of magnet.

Discussion.—In this Letter, we investigate the magnon-
photon coupling in an antiferromagnetically coupled ferri-
magnet consisting of two inequivalent magnetic atoms with
different Landé-g factors. We show that the effective
magnon-photon coupling { is exchange enhanced at T4.
Moreover, both relevant magnon frequency @ and magnon-
photon coupling strength € can be large for ferrimagnets at
T 4. This result will be useful to expand the research scope
and application area of magnon-photon coupling. For
instance, RE-TM ferrimagnets are most often employed
for all-optical magnetization switching [49-51], which
would also be related to the magnon-photon coupling,
but the role of net spin density in all-optical magnetization
switching has remained unexplored.

We finally suggest possible candidates of ferrimagnets
for the experimental test of our prediction. Two important
conditions for the material choice are (1) a clear difference
between T,, and 7, and (2) sufficiently low damping.
These conditions are met by GdFeCo with |Ty, — Ty| ~
90 K [38] and a low damping of (3.2-7.2) x 1073 [52,53].
At Ty, w/2zx and Q/2x of GdFeCo are respectively
estimated to be 68 GHz and 322 MHz with the following
parameters: M;=3.9x10*A/m [53], K,=3.8x10*J/m>
[54], J =2.1 x 10722 J [55], K = 0.016 [17], By =0.3 T
[17], and d = 0.4 nm. The estimated @ and Q are larger
than those of YIG [17]. Single crystalline RE-doped
garnets are also possible candidates. Among them, gado-
linium iron garnet (GdIG) has a low damping [56], but an
early experiment reported that 7', and 7', would be close to
each other [57], demanding a further experimental inves-
tigation for GdIG. Alternatively, mixed substituted RE-
doped iron garnets R,Gd;_,FesO,, (R = Tb, Dy, Ho, Er,
Tm, and Yb) could be considered because the 4 f shell of
the above-listed rare-earth elements (R) is not half-filled.
One concern is that substituting Gd by R may increase the
damping [56]. In this respect, it is valuable to experimen-
tally investigate 7, T),, and damping of R,Gd;_,FesO,
as a function of R and its composition.
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