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Currently there is a growing interest in studying the coherent interaction between magnetic systems and
electromagnetic radiation in a cavity, prompted partly by possible applications in hybrid quantum systems. We
propose a multimode cavity optomagnonic system based on antiferromagnetic insulators, where optical photons
couple coherently to the two homogeneous magnon modes of the antiferromagnet. These have frequencies
typically in the THz range, a regime so far mostly unexplored in the realm of coherent interactions, and which
makes antiferromagnets attractive for quantum transduction from THz to optical frequencies. We derive the
theoretical model for the coupled system, and show that it presents unique characteristics. In particular, if the
antiferromagnet presents hard-axis magnetic anisotropy, the optomagnonic coupling can be tuned by a magnetic
field applied along the easy axis. This allows us to bring a selected magnon mode into and out of a dark
mode, providing an alternative for a quantum memory protocol. The dynamical features of the driven system
present unusual behavior due to optically induced magnon-magnon interactions, including regions of magnon
heating for a red-detuned driving laser. The multimode character of the system is evident in a substructure of the

optomagnonically induced transparency window.

DOI: 10.1103/PhysRevResearch.2.022027

Introduction. The interaction between light and magnetism
at the quantum level holds promise for future information
technologies. In seminal recent experiments, the coherent cou-
pling of magnons (the spin-wave quanta) to optical photons
has been demonstrated in solid state optomagnonic cavities
[1-3]. These are dielectric magnetic structures capable of
simultaneously confining light and magnons, providing an
enhancement of the magnon-photon coupling and enabling
the study of cavity effects in a new platform. Magnons in
these structures exhibit good coherence properties and tunable
frequencies, and can couple strongly to microwave (MW) cav-
ity fields [4—10]. Quantum memories [11-18] or transducers
allowing for coherent information transfer between MW and
optics are envisioned applications [19,20].

Exciting developments have also emerged very recently in
the THz regime, a frequency range which has been histori-
cally challenging due to the absence of efficient sources and
detectors (the “THz gap”) [21]. Strong light-matter coupling
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in the THz regime has been achieved employing cavities
[22-24], including strong coupling to magnons in antifer-
romagnets (AFMs) [25,26], opening the door for quantum
applications in the THz domain. Antiferromagnetic materials
support magnons that can be described as excitations of a spin
antialigned ground state (the Néel state) [27]. Their frequen-
cies are typically in the THz range, making AFMs ideal can-
didates to incorporate in THz platforms [28-31]. The physics
of AFMs in combination with electromagnetic cavities is just
starting to be explored. Besides the mentioned experiments
in the THz regime [25,26], strong coupling between MW
photons and AFM magnons has been reported [32], while
magnon dark modes [33] and coupling to ferromagnets [34]
via a MW cavity have been proposed theoretically. In turn,
methods involving light to probe and control AFMs are being
developed [35,36]. These developments are a great incentive
to study the coupling of AFM magnons to optical cavities,
which could lead to quantum transducers from the THz to the
optical regime.

In this Rapid Communication, we propose a cavity opto-
magnonic system based on an antiferromagnetic insulator (see
Fig. 1). Optomagnonic cavities have been investigated so far
exclusively within the scope of ferromagnetic (FM) magnons
with GHz frequencies, both experimentally [1-3,37-39] [al-
though the material of choice, yttrium iron garnet (YIG), is a
ferrimagnet, one sublattice has a much larger spin and is dom-
inant] and theoretically [40—47]. We show that for an AFM,
different phenomenology emerges. We derive the Hamilto-
nian governing the system and show that, in the presence of
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FIG. 1. (a) Schematics of the antiferromagnetic optomagnonic
cavity. The homogeneous magnon modes & and B with frequencies
wy,p and decay rates I'y g couple to a cavity mode ¢ with frequency
. and decay rate x. (b) Pump-probe scheme: Q,, w., w4, ®,,
magnon, optical cavity resonance, drive, and probe frequencies,
respectively. The detuning of the drive is A = w; — w,, and w =
Wy — Wq.

hard-axis anisotropy, the optomagnonic coupling to both sup-
ported homogeneous magnon modes can be tuned by an ex-
ternal magnetic field. In particular, we show that the magnon
modes can be selectively decoupled from the cavity, rendering
them dark. This is unique to AFM cavity optomagnonics.
Based on this tunability, we sketch a quantum memory pro-
tocol. We further characterize the dynamical response of the
system and show that the cavity-mediated interaction between
the AFM magnon modes leads to unusual optically induced
magnon cooling and heating.

Model. We consider an AFM insulator with two magnetic
sublattices A and B of opposite spin. The AFM hosts two
homogeneous magnon modes « and 8 (see Fig. 1), and we
assume it acts also as an optical cavity by total internal
reflection, analogous to dielectric optomechanical [48] or
optomagnonic [1-3] cavities. AFMs with a high index of
refraction and low absorption in the optical range, such as NiO
(n =~ 2.4) [49] would serve the purpose, or heterostructures
containing MnF, (n &~ 1.4) [50] or FeF, (n =~ 1.5) [51]. The
Hamiltonian of the coupled system is

H = Hon + Harm + Howm, ()

with ?:lph and H ArMm the free photonic and AFM Hamiltonians,
respectively. Hom contains the coupling between the AFM
magnons and the cavity photons, and is our main result in this
section.

The quantized optical ﬁeld in the cavity is E(r,¢)=
1/2 Y, [Be(r)és (1) + B (02l ()], with ¢ A‘“ the annihilation
(creation) operator of mode é with resonance frequency w,
hence 7-Atph =h Zé g 6; Ct. ”;QAFM consists of (i) the exchange
interaction between nearest-neighbor spins J . Si-S;
(J > 0), (ii) the Zeeman interaction between spins and an
external dc magnetic field By along e, |y|Bo) ; Sf (y

gyromagnetic ratio), and (iii) easy-axis —% D (Sf)2 (K, >
0) and hard-axis %Zl (Sj-‘)2 (K. = 0) anisotropy in the
e, and e, directions, respectively. For small magnetization
fluctuations around the Néel ordered state, the Holstein-
Primakoff (HP) transformations [52,53] can be used to ex-
press Harm in terms of bosonic operators @ and by as-
sociated with the sublattices A and B. To first order, the
HP transformations are given in terms of spin ladder op-
erators as S‘X(B) = V2S/N Yk e”'k"‘.f&k(@,t), where N .is the
total number of sites per sublattice and S the spin on
each site. Hapv is diagonalized via a four-dimensional
(4D) Bogoliubov transformation to the bosonic operators
&k = ua,uak + Ua,bbtk + Uoz,aaik + ua,bbk and IBk = uﬁ,a&k +
v,g,blsT_k + v,g,a&T_k + uﬁ,blsk [see Supplemental Material (SM)
[5411: Harm = 7 Yy [0ak&]bn + op Bl Bil, with s the
respective eigenfrequencies. We restrict our analysis to the
two homogeneous (kK =0) AFM magnon modes, hence
from hereon we drop the index k. The correspond-
ing magnon frequencies wq g are functions of the char-
acteristic frequencies wg = hJSN, w1 = hSNK| 1, and
wy = |y|By: wi(m = 0} + wpw) + 2wpw| + o o) + a)ﬁ +

\/wEa)L + dopol (01 + 20)) + 0} (01 + 20))? [34,55,56].
Note that w, > wg and hence a (B) labels the upper (lower)
mode. Whereas w, increases with the magnetic field, wg
decreases and goes to zero at the onset of the spin-flop phase
at wy = wsp X ‘/ZwEa)H [57].

The interaction between light and magnetization
is described by the magneto-optical coupling Hom =
Yo [ ATE(r)e,(SHE,(r) /4, where &, (1,v =x,Yy,2)
is the spin-dependent part of the permittivity tensor. In
this Rapid Communication we consider simple cubic and
rutile-structure AFMs, and other more complex structures will
be considered elsewhere. For these materials, within linear
response in the deviations from the magnetic equilibrium,
Howm reduces to [54,58,59]

KV + qi — Qi
Hom == - PINCANIET A

i€eA,B

|:Z(P+S‘ —P7S)

icA

=Y (PFS, - P7S) |, )

jeB

where we have discretized the interaction and P* =
Ez*(r,-)Ei(ri) — E:T:(I’,')EZ(I’,'), with Ei = Ex + lEy and Si =
S, % iSy. The linear magneto-optic coefficients K correspond
to processes in which the two sublattices scatter the light in
phase (+) or out of phase (—). For our purposes, one-magnon
processes coming from quadratic terms in the spin (e.g.,
x828%) can be absorbed in the definition of K. This model
applies, e.g., to the uniaxial AFMs MnF, or FeF, [60,61], and
for the simple cubic AFM NiO for which K_ = 0.

We obtain the optomagnonic coupling Hamiltonian Howm
by quantizing Eq. (2) assuming that the electric field varies
smoothly, such that Pl.jE ~ Pf for nearest neighbors. We focus
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on the interaction between the homogeneous AFM magnon
modes & and B with a single optical mode ¢ with frequency
w.. For an optical mode with circular polarization in the yz
plane, from Eq. (2) we obtain [54]

Hom = —hGétTe(gal + gpBT + Hee), 3)
with (¢ is the AFM dielectric constant)

_ C()CK+ 28

G=—% VN @

The AFM optomagnonic coupling depends on the Bogoliubov
coefficients through

8a(p) = () + Vaep) + Kitgg) + Vs, ®)

where K = K_ /K, quantifies the intrinsic magneto-optical
asymmetry between the sublattices, and we have defined
£ _ +

Ug(p) = Ua.a(p) T Uba(p) ANd Vyp) = Vaa(p) £ Vba(p)- Hence,

the two AFM magnon modes & and f couple, in general, with
different strengths to the cavity mode.

Optomagnonic coupling. The constant G describes the
coupling to the magnetization’s fluctuation sector and is con-
sistent with the one derived in Ref. [44] for the optomagnonic
coupling in a ferromagnetically ordered system. Assuming
equivalent sublattices with Faraday rotation per unit length 6,
then K, = c/e0/(w.S) (with ¢ the speed of light) and thus
G = (1/+/2NS)(cOr/4/¢). The 1/vV/N dependence indicates
that the density of excitations is relevant for the coupling,
favoring small magnetic volumes. Due to the lack of data on
absolute values for K. (or ) for simple AFMs, we take as
an estimate for G the value for (1 uwm)? YIG (diffraction limit
volume), Gyig = 0.1 MHz [44]. Some measurements indicate
that the Faraday rotation coefficient in AFMs can be quite
large, e.g., similar values as for YIG have been reported for
BiFeOs; [62]. Note that G given in Eq. (4) assumes perfect
mode matching. Imperfect mode overlap can be accounted
for by a mode-volume ratio factor [44] and it is responsible
for a suppression of the coupling in current experiments with
YIG [19,63]. The second term in Eq. (5) gives a contribution
proportional to KG and describes the coupling to fluctuations
of the Néel vector. Typical values of K are K = 0.01 (e.g., for
MnF; or FeF, [60]).

The reduced couplings g, g can be found analytically, but
the general solution is lengthy. Simple expressions can be
given in certain cases. Since the exchange energy is usually
the largest energy scale in the AFM, the condition w; | <K wg
holds. For an easy-axis AFM (v, = 0), we obtain [54]

1/4 1/4
©1=0 | 2wg

=0~ () k(£ 6
Ba (260E> ( o) ) ©

Equation (6) is independent of the magnetic field By, a conse-
quence of the axial symmetry of the system in this case [54].
In the absence of magneto-optical asymmetry (K = 0) both
modes couple equally to the light field, while for finite K,

gj;’i:O (g(;izo) increases (decreases) linearly. If the condition

K = /oy /2w is met, g‘gizo = (0 and B is a dark mode, com-

pletely decoupled from the cavity. Whereas this requires fine
tuning, it could be achievable in cold atom realizations where
the relevant parameters can be tuned [64—68]. The situation
nevertheless changes in the presence of hard-axis anisotropy,
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FIG. 2. Reduced optomagnonic coupling coefficients g, and gg,
as a function of external bias magnetic field (as wy/wg) and of
the magneto-optical asymmetry K. (a) Hard-axis dominated regime
(w1 > w)), w)/wp =13 x 107>, 0, Jop = 7.6 x 10~* (NiO [71]).
(b) Easy-axis dominated regime (o) > w,), w, /wg = 1.3 x 1073,
w”/a)E =7.6 x 1074,

where the coupling to the modes can be tuned externally by
the magnetic field as we show below. From Eq. (6) we obtain
gh® ~0.5,0.4 (o =9.3 THz, ) = 0.15 THz, K = 0.007

[60,69]) and g & 0.6, 0.7 (g = 9.5 THz, wj = 3.5 THz,
K = 0.01 [59,70)).

In the absence of a magnetic field, H AFM 1S 1nvariant
under g <—> 5_k. For finite hard-axis anisotropy (v, # 0),
imposing this symmetry we obtain [54]

gZ)H:O’wL#O = 2K(ua,a - v(){,[l)v

—0,0.#0
g(EH o 2(ugp — vg,b),

and hence for K =0 & is a dark mode (g, = 0) while j
is independent of K. The case w, = By = 0 is, however,
pathological, since @ and B are degenerate. Then Eq. (6)
holds, with g, = gg # 0 (the Bogoliubov coefficients present
a discontinuity at w; = 0).

Figure 2 shows |g,| and |gg| as a function of By and
K for representative finite anisotropy values w; and o). In
Fig. 2(a) we took these as for NiO [71], and in Fig. 2(b)
we exchanged them such that w; > w,. In both cases the
coupling strengths g, g can be tuned by By, although with
some qualitative differences. For K = 0 the « mode can be
tuned from dark to bright by increasing By, with a slow linear
increase for w; < @, and rapidly but saturating for o > w .
For both cases there is a threshold Ky, such that for K > Ky,
there exists a finite By for which the 8 mode is rendered dark
(gg = 0). In the regime considered for Fig. 2, g4 g < 1 for
all fields, since the maximum B, is limited by the spin-flop
transition. This suppresses the corresponding optomagnonic
coupling (Ggq ). 8« increases nevertheless rapidly with K, so
materials with a larger magneto-optical asymmetry would be
favorable for larger coupling values. Our calculations indicate
that K 2 0.1 would be sufficient for g, > 1 [54].

A figure of merit for determining the strength of the
coupling is the cooperativity [48]. Taking G = 0.1 MHz as
noted above, and typical values for the magnon (I' &~ 1 GHz
[72,73]) and optical cavity decay rates (« ~ 100 MHz [1]),

for g4 = 1 we obtain a single-photon cooperativity ng p=

4G2gi’ p/Tk =4 x 10~°. For an estimated maximum photon
density of 103 /pum? allowed in the cavity [44], the cooperativ-
ity Ca.p = n.C{, 5 (with n, = (é'¢) the steady state number of
photons circulating in the cavity) could be therefore tuned into
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FIG. 3. (a) Effective linewidth (left) and frequency shift (right) of
the magnon modes vs detuning A /w, for near-degenerate modes and
(inset) well-separated modes. The highlighted area indicates an un-
usual amplification region in the red-detuned regime. (b) Frequency
scheme for near-degenerate and well-separated frequencies. The red
arrow indicates indirect magnon-magnon interactions, more relevant
in the near-degenerate case. Parameters for MnF, and I' /wg = 1.6 x
107, k Jwp = 3.7 x 1073, wy Jwp = 5.4 x 1073 for the main figures
and wy /wg = 3.2 x 1072 for the inset.

the strong-coupling regime (Cy,p > 1) by reaching g, g > 1.
Improved cavity and magnon decay rates would boost this
value further. In this regime, magnons and photons hybridize
and a coherent exchange of information is possible.

Dynamical response. We now consider a cavity driven by
a strong control laser with amplitude s; and frequency wy,
and a weak probe laser with amplitude s, and frequency w),
(see Fig. 1). Correspondingly, we add a driving term 7:LD =
ih\/n_fc(@gsin + H.c.) to the Hamiltonian in Eq. (1), where
Sip = sge” +spe_i“’/” . The total loss rate of the optical
cavity is kK = kex + ko, Where kex and Kk correspond to the
loss rates due to external coupling and intrinsic dissipation,
respectively. The coupling efficiency 1 = kex/ko is adjustable
in experiments [74,75].

The cavity leads to the modification of both the magnon
resonance frequency and the magnon damping. Both effects
are quantified through the magnon self-energy, which also
includes a cavity-mediated coupling between the two magnon
modes. This term becomes relevant in the strong-coupling
regime (g /n. > I'j, k, with j =a,  and I'; the magnon
linewidth of mode j) for near-degenerate magnon modes
|we — wg| < T'; (see SM [54]). Together with hybridization
effects [76-78] and counter-rotating terms that cannot be ne-
glected in this regime, the optically induced magnon-magnon
interaction is responsible for unusual behavior, for example,
amplification in the red-detuned regime (see Fig. 3). The AFM
cavity provides a unique platform to probe such regimes for
materials that exhibit degenerate modes at zero magnetic field
(such as MnF,), since |w, — wg| can be tuned via an external
magnetic field.

We now turn our attention to the transmission and reflec-
tion properties of the AFM optomagnonic cavity. Following
the standard procedure (see SM [54]) we obtain the cavity
mode spectra dc[w] in the frame rotating at the control light
frequency,

[1+ F(w)ly/nK8sin[@]
—i(A 4+ )+ £ = 2iAF (w)’

Sclow] = N

P
A
i
=

Reflection coeff. =

i 054 % 107
i —=5.38% 107

I
i

0.5

1.627 Y 1.727
SIS il
- NN Ny Wy —

Frequency [THz]

FIG. 4. Reflection spectra for a red-detuned control laser as a
function of the probe-pump detuning w for a material with (a) de-
generate magnon modes at zero magnetic field and (b) nondegener-
ate modes. Parameters: n = 0.25, k =3.5 x 1072 THz, I' = 1.5 x
10=* THz, (a) parameters for MnF, and G./n;/wr = 4.0 x 1073,
and (b) parameters for NiO and G /n./wr = 1.8 x 1073.

where @ = w, —w, is the pump-probe detuning, A =
A +2G(go Re[(@)] + gp Re[(B)]) is the renormalized de-
tuning due to the magnon-induced cavity frequency shift
with (j) = iGg;n./(iw; +T;/2) (for j = a, B), and F (0) =
Y(w)/[i(A — ) + k/2] with the photon self-energy term
Y(w) = Xq(w) + Tg(w) given in terms of

G*lg;I*ne
—i(w; + ) + 5

G*lg)I*ne
—— = ®
(wj— o)+~

The transmission and reflection spectra are obtained
from Eq. (7) by using the input-output boundary conditions
Scou(@) = 8cin(w) + (kex /2)/*8c(w). In Fig. 4 we plot the
reflection spectra for the fast-cavity regime (I' < g,G./n. <
k and for simplicity we assume I', =I'g =T'). Due to de-
structive interference between the up-converted control field
and the probe field, an optomagnonically induced trans-
parency (OMIT) window opens in the transmission spectrum
around the corresponding magnon resonance. In the near-
degenerate regime, depicted in Fig. 4(a) for representative
parameters of MnF, (easy-axis AFM), the OMIT window
has an additional structure due to the closeness of the o and
B modes’ sidebands. Increasing By increases |wg — wy| [but
has no effect on the optomagnonic coupling—see Eq. (6)]
and the usual OMIT behavior is recovered. In Fig. 4(b)
we show results for representative parameters of NiO (finite
hard-axis anisotropy), for which the magnon frequencies are
well separated even at zero magnetic field. In this case the
OMIT behavior can be tuned by By through the optomagnonic
coupling (see Fig. 2).

Finally, the dark-to-bright tunability of the magnon modes
can be used for a quantum memory protocol. Driving the
system with a strong control red-detuned laser, the cavity-
magnon coupling can be controlled by By such that the
(linearized) Hamiltonian is Ng(t)(SéT& + 8éaT) [48]. An ar-
bitrary initial cavity state can then be stored in the magnon
mode by bringing g(¢) from its initial value gy to g(T) =0
such that fOT dtg(t) = mgo (analogous to a mw-pulse protocol
[79]). This swaps the state of the cavity with the magnon
mode, which is then rendered dark for ¢+ > T. The state can
be transferred with high fidelity for strong coupling and T >
1/k, and stored up to the magnon lifetime. Alternatively, the

() = [
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OMIT could be employed, in a similar fashion to memories
implemented in cold atoms [80-84]. The AFM permits us to
tune the OMIT window via By, allowing a broad bandwidth
storage.

Conclusions. We proposed a solid state optomagnonic
cavity system in which optical photons are coupled to long-
wavelength AFM magnons and derived its governing Hamil-
tonian and dynamical features. We showed that the AFM
system presents unique characteristics, such as tunability of
the coupling with a magnetic field, and unusual dynamical
effects due to cavity-induced interactions between the two
homogeneous magnon modes. We estimated the values for the
coupling and showed that, although challenging, the strong-
coupling regime could be reached in micron-sized single-
domain AFM cavities [85,86]. AFM optical cavities could

therefore provide another platform to study light-matter inter-
actions, and possibly an alternative tool to probe AFMs due
to the enhanced light-magnon coupling. The tunability with
a magnetic field, in particular, for tuning a magnon mode
from dark to bright, shows promise for quantum protocols
for quantum information storage and retrieval. The coherent
coupling of THz magnons to optical photons could allow
the implementation of a quantum transducer [26]. Here, we
focused on one-magnon processes; two-magnon processes
will be treated elsewhere.
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