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In this paper, we propose a theoretical scheme to investigate the magnomechanically induced transparency (MMIT)
phenomenon, Fano resonances, and slow/fast light effects in a hybrid cavity magnomechanical system. The magnomechan-
ical system consists of two cavities: the principal cavity contains two ferromagnetic yttrium iron garnet (YIG) spheres, and
the auxiliary cavity contains an atomic assembly. These two cavities are connected via photon tunneling, with the principal
cavity being driven by two electromagnetic fields. The photon-magnon and phonon-magnon couplings are responsible for
the magnon-induced transparency (MIT) and MMIT observed in the probe output spectrum. Furthermore, we examine
the impacts of tunneling coupling, atom-photon coupling, and the magnetic field on the absorption, dispersion, and trans-
mission spectra. We provide an explanation of the mechanism behind the Fano resonance phenomenon. Additionally, we
address the phenomenon of slow and fast light propagation. Moreover, we demonstrate that the group delay of the probe
field can be enhanced by increasing the photon tunneling strength. We also show that the slow light profile is reduced by
adjusting the atom-photon coupling strength. This model is experimentally feasible, and we anticipate that these findings
have potential applications in quantum information processing and communication.

Keywords: magnomechanical system, magnomechanically induced transparency, auxiliary cavity, Fano reso-
nance, slow and fast light
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1. Introduction
Electromagnetically induced transparency (EIT)[1–4] is

a quantum interference phenomenon observed in multi-level
atomic systems. It arises when these systems are subjected
to intense laser fields, resulting in the suppression of absorp-
tion for a weak probe light. Initially predicted by Harris et
al.[2] and experimentally demonstrated by Boller et al.[3] us-
ing strontium vapor, EIT has become a widely researched
phenomenon. This research has unveiled various novel oc-
currences, such as quantum memories for photons,[5,6] slow
light,[7,8] enhanced nonlinearity,[9] vibrational cooling,[10] op-
tical switches,[11] and multiple EITs with two or more trans-
parency windows.[12–16] Typically, multiple EITs arise in
systems with coherent multi-channels, enabling prolonged
nonlinear interactions between weak fields, and have been
proposed as a method to coherently control photon-photon
interactions.[17]

Optomechanically induced transparency (OMIT), a phe-
nomenon analogous to EIT, was first explored in 2010 by
Weis et al.[10] within vibrational cavity optomechanical sys-
tems. This effect emerges due to destructive interference
among various internal field pathways in the system, creat-

ing a transparency window for probe light in spectral regions
that would typically exhibit strong absorption.[18] This phe-
nomenon has been proposed for use in various applications, in-
cluding ultra-slow light propagation,[19] quantum routers,[20]

precision measurement,[21] and four-wave mixing.[22] So far,
the emergence of various new cavity optomechanical sys-
tems has led to theoretical research on the multiple-OMIT
phenomenon. This research includes multiple-resonator op-
tomechanical systems,[23] hybrid piezo-optomechanical cav-
ity systems[24,25] and atomic-media-assisted optomechani-
cal systems,[26,27] single-photon emitters,[28] Bose–Einstein
condensates,[29] and nonlinear optomechanical systems,[30]

among others.
Recently, the cavity magnonic system (CMS) featur-

ing a yttrium iron garnet (YIG) sphere has garnered sig-
nificant interest, similar to the field of cavity optomechan-
ics. This system offers numerous advantages over traditional
systems due to the unique properties of magnetic materials,
such as low damping rates, high spin density, and strong
cooperativity with microwave photons.[31–36] These charac-
teristics make CMS an ideal platform for studying strong
light-matter interactions. Moreover, magnons have excel-
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lent coupling capabilities with various quantum systems, in-
cluding optical photons, microwaves,[37] optical whispering
gallery modes (WGMs),[38] superconducting qubits,[39] and
phonons.[40] Due to these characteristics, YIG systems are em-
ployed to investigate a variety of coherent phenomena sim-
ilar to those observed in optomechanical systems. These
phenomena include ground-state cooling of magnomechanical
resonators,[41] quantum entanglement,[42–45] magnomechani-
cally induced transparency (MMIT),[46–49] as well as the en-
gineering of slow and fast light,[48–52] and the phenomena of
bistability and nonreciprocity.[53,54]

In their CMS research, Ullah et al.[49] explored various
intriguing quantum effects by exploiting the nonlinearity of
magnetostrictive interactions in a system of two ferromag-
netic YIG spheres coupled to a single microwave cavity mode.
They demonstrated MMIT and magnon-induced transparency
(MIT).[48,49,55] In addition, they observed the emergence of
Fano resonance in the probe field.[56–58] They also reported
slow and fast light propagation. Liao et al.[48] studied MMIT
as well as slow and fast light effects in a system comprising a
high-quality YIG sphere and an atomic ensemble, both located
inside a microwave cavity. Recently, Liu et al.[59] suggested
a scheme for an auxiliary-microwave-assisted coupled mag-
nomechanical model (AMCA) involving two YIG spheres.
They introduced a mechanism for simultaneously enhancing
quantum cooling and entanglement by coupling an auxiliary
microwave cavity to a magnomechanical cavity.

In this paper, we investigate the MMIT phenomenon,
Fano resonance, transmission, and slow and fast light effects
in a magnomechanical system, which consists of two single
cavities connected by single-photon hopping and includes an
atomic ensemble and two YIG spheres (see Fig. 1). We in-
vestigate the effect of the photon hopping coupling strength,
atom-photon coupling strength, and the magnetic field on the
absorption and dispersion spectra. Moreover, we study Fano
resonances in the output probe field. Additionally, we explore
slow and fast light propagation, clarifying that the group delay
is influenced by the tunability of the photon hopping coupling
strength, as well as the atom-photon coupling.

The organization of this paper is delineated as follows:
Section 2 introduces the system, presents the formula for
its Hamiltonian, and outlines the relevant quantum Langevin
equations (QLEs) while calculating the output field. In Sec-
tion 3, we examine magnomechanically induced transparency
and analyze how the photon hopping coupling strength f ,
atom-photon coupling strength, and magnetic field affect the
input spectrum. Section 4 focuses on the study of Fano res-
onance in the output field. Section 5 describes the transmis-
sion of the probe field and evaluates the group delays related
to slow and fast light propagation. In Section 6, we examine
the feasibility of our system using current experimental pa-

rameters and configurations. Finally, the paper concludes with
concluding remarks.

2. Model
In the hybrid coupled-cavity magnomechanical system

depicted in Fig. 1, we consider two single-mode cavities con-
nected by single-photon hopping f , each with resonance fre-
quencies ωr (r = 1,2), including an atomic ensemble and two
YIG spheres. This interconnected system includes six ex-
citation modes: microwave electromagnetic modes in cavity
A and cavity B, phonon and two magnon modes in the YIG
sphere, and atomic excitation within cavity B.

B

Fig. 1. A schematic representation of two single-mode cavities, desig-
nated as A and B, which are interconnected with a coupling strength de-
noted by f . Cavity A encompasses two YIG spheres and is driven by
an external laser field (probe field) operating at a frequency ωd. Each
sphere is positioned within a uniform bias magnetic field and near the
peak magnetic field of the magnomechanical cavity, facilitating the inter-
action between the photon mode a1 and the two magnon modes, n1 and
n2. The right sphere is directly affected by an external microwave field
oriented along the y-direction, which functions as a control field in our
model. Cavity B houses an ensemble of N two-level atoms, each with an
intrinsic frequency ωu.

In cavity A, each sphere is subjected to a uniform mag-
netic field along the z-direction, which excites magnonic
modes. These modes are coupled to the cavity A field via dipo-
lar magnetic interactions. Excitation of the magnonic modes
inside a sphere results in fluctuating magnetization, which in
turn induces changes in the lattice structure. The magnetostric-
tive force generates vibrations in the YIG spheres, leading
to interactions between magnons and phonons within these
spheres. The strength of the single-magnon magnomechanical
coupling is notably weak[57] and depends on both the diameter
of the sphere and the orientation of the external polarization
field. By considering a larger n1 sphere, or by changing the
orientation of the polarizing magnetic field applied to it, the
magnomechanical coupling of this sphere can be neglected.[45]

In this context, we assume that the orientation of the polarizing
field on the n1 sphere is configured so that the single-magnon
magnomechanical interaction is extremely weak and can be
ignored.[57] Nevertheless, the magnomechanical interaction of
the n2 sphere is significantly enhanced by the direct excitation
of its magnon mode through an external microwave actuator.
This microwave driver functions as the control field within our
model. Furthermore, cavity A is driven by a weak probe field.

Within cavity B, an ensemble comprising N two-level
atoms, characterized by a transition frequency ωu, interacts
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with the cavity field. Each atom in the ensemble is described
by spin-1/2 Pauli matrices σ+, σ−, and σz. The collective spin
operators associated with atomic polarization are represented
as S+,−,z = ∑

N
i=1 σ i

+,−,z. These operators satisfy the commu-
tation relations: [S+,S−] = Sz and [Sz,S±] =±2S±.[60,61] The
operators S± and Sz can be expressed in terms of bosonic an-
nihilation and creation operators u and u† via the Holstein-
Primakoff transformation[61–64]

S+ = u†
√

N −u†u ≈ u†
√

N,S− = u
√

N −u†u ≈ u
√

N,

Sz = u†u− N
2
,

where [u,u†] = 1. This transformation is valid under the con-
dition that the population of atoms in the ground state greatly
exceeds that in the excited state, ensuring Sz ≈ ⟨Sz⟩ ≈ −N.[65]

We model the system using high-purity YIG spheres of
250 µm in diameter, containing ferric ions (Fe3+) with a num-
ber density ρ = 4.22×1027 m−3. The corresponding total spin
is S = 5

2 ρ𝒱 = 7.07× 1014, where 𝒱 is the YIG volume. The
collective spin operator S satisfies the standard commutation
relations [Sα ,Sβ ] = iεαβγ Sγ . The complete Hamiltonian char-
acterizing the system is

H/h̄ =
2

∑
r=1

ωra†
r ar +ωuu†u+

2

∑
r=1

ωnr n
†
r nr +ωp p† p

+gnpn†
2n2
(

p+ p†)+ f
(

a†
1a2 +a1a†

2

)
+Gau

(
ua†

2 +u†a2

)
+

2

∑
r=1

gr

(
a1n†

r +a†
1nr

)
+i
(

a†
1εd e−iωdt −a1ε

*
d e iωdt

)
+iΩ

(
n†

2 e−iω0t −n2 e iω0t
)
. (1)

The first four terms of Eq. (1) represent the energies of cav-
ities A and B, atomic excitation, magnon (n1 and n2) modes,
and the phonon mode. Here, ωr are the cavity resonance fre-
quencies, ωu is the atomic transition frequency, ωnr are the
magnon frequencies, and ωp is the phonon frequency. No-
tably, ωnr = γHr can be tuned via the external bias magnetic
field Hr. The operators ar(a†

r ), u(u†), nr(n†
r ), and p(p†) sat-

isfy canonical commutation relations: [ar,a†
r ] = 1, [u,u†] = 1,

[nr,n†
r ] = 1, and [p, p†] = 1.
The next four terms describe intersystem couplings:

magnon-phonon (gnp), cavity-cavity ( f ), atom-cavity (Gau),
and cavity-magnon (gr). The collective atom-cavity coupling
is Gau = h

√
N, where h = ν

√
ω2/(2h̄ε0V ), ν is the atomic

dipole moment, V is the cavity volume, and ε0 is the permittiv-
ity of free space. The penultimate term represents a probe field
driving cavity A, with amplitude εd =

√
2κaPd/(h̄ωd) and fre-

quency ωd. The last term describes a microwave drive on the
magnon mode n2 with Rabi frequency Ω =

√
5

4 γ
√

NB, where

B is the drive amplitude and γ = 28 GHz/T is the gyromag-
netic ratio.[66]

In Eq. (1), we neglect the nonlinear term Kn†
r n†

r nrnr,
which could arise from strongly driven magnon modes.[54]

This is justified if K|⟨n2⟩|3 ≪ Ω , which holds for the param-
eters considered here. In the rotating frame of the drive fre-
quency ω0 and within the rotating-wave approximation, the
Hamiltonian becomes

H/h̄ =
2

∑
r=1

∆ra†
r ar +∆uu†u+

2

∑
r=1

∆nr n
†
r nr +ωp p† p

+gnpn†
2n2(p+ p†)+ f (a†

1a2 +a1a†
2)

+Gau(ua†
2 +u†a2)+

2

∑
r=1

gr(a1n†
r +a†

1nr)

+i(a†
1εd e−iδ t −a1ε

*
d e iδ t)+ iΩ(n†

2 −n2), (2)

where ∆r = ωr − ω0, ∆u = ωu − ω0, ∆nr = ωnr − ω0, and
δ = ωd −ω0.

The Heisenberg–Langevin equations are then

ȧ1 = −(κa + i∆1)a1 − ig1n1 − ig2n2 − i f a2 + εd e−iδ t

+
√

2κaain
1 ,

ȧ2 = −(κa + i∆2)a2 − i f a1 − iGauu+
√

2κaain
2 ,

ṗ = −(κp + iωp)p− ignpn†
2n2 +

√
2κp pin,

u̇ = −(γu + i∆u)u− iGaua2 +
√

2γuuin,

ṅ1 = −(κn1 + i∆n1)n1 − ig1a1 +
√

2κn1nin
1 ,

ṅ2 = −(κn2 + i∆n2)n2 − ig2a1 − ignpn2(p+ p†)+Ω

+
√

2κn2nin
2 . (3)

Here, κa, γu, κnr , and κp are the dissipation rates of cavities,
atomic ensemble, magnon modes, and phonon mode, respec-
tively. ain

r , pin, uin, and nin
r are vacuum input noise opera-

tors with zero mean.[67] The strong drive on n2 yields a large
steady-state amplitude |⟨n2s⟩| ≫ 1, leading also to a large cav-
ity amplitude |⟨a1s⟩| ≫ 1. Linearizing around the steady state,
we expand operators as ℛ = ℛs +ℛ− e−iδ t +ℛ+ e iδ t , with
ℛ = a1,a2,n1,n2,u, p.[68] The zero-order steady-state solu-
tions are

a1s =
−ig1n1s − ig2n2s − i f a2s

κa + i∆1
, a2s =

−i f a1s − iGauus

κa + i∆2
,

ps =
−ignp|n2s|2

κp + iωp
, us =

−iGaua2s

γu + i∆u
,

n1s =
−ig1a1s

κn1 + i∆n1

, n2s =
Ω − ig2a1s

κn2 + i∆̃n2

. (4)

Assuming that the coupling between the external mi-
crowave drive and the magnon mode n2 is significantly
stronger than the probe field amplitude εd, we solve the
linearized quantum Langevin equations by considering only
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the first-order perturbed solutions and neglecting higher-order
terms in εd. The cavity mode solution is then

a1− = εd

(
𝒮1 +

f 2

𝒮10𝒲6
+

g2
1

𝒮12
+

g2
2

𝒮2𝒲5

)−1

, (5)

where

𝒮1 = κa + i(∆1 −δ ), 𝒮2 = κn2 + i(∆̃n2 −δ ),

𝒮3 = κp + i(ωp −δ ), 𝒮4 = κp − i(ωp +δ ),

𝒳 = 1− 𝒮3

𝒮4
, 𝒮5 = κn2 − i(∆̃n2 +δ ),

𝒮6 = κa − i(∆1 +δ ), 𝒮7 = κa − i(∆2 +δ ),

𝒮8 = γu − i(∆u +δ ), 𝒮9 = κn1 − i(∆n1 +δ ),

𝒮10 = κa + i(∆2 −δ ), 𝒮11 = γu + i(∆u −δ ),

𝒮12 = κn1 + i(∆n1 −δ ),

𝒲1 = 1+
G2

au

𝒮7𝒮8
, 𝒲2 = 1+

g2
1

𝒮6𝒮9
+

f 2

𝒮6𝒮7𝒲1
,

𝒲3 = 1+
g2

2
𝒮5𝒮6𝒲2

, 𝒲4 = 1−
G2

A𝒳
𝒮3𝒮5𝒲3

,

𝒲5 = 1+
G2

A𝒳
𝒮2𝒮3𝒲4

, 𝒲6 = 1+
G2

au

𝒮10𝒮11
.

Here, GA = Gnp/
√

2 with Gnp = i
√

2gnpn2s being the ef-
fective magnomechanical coupling. Using the standard input-
output relation for cavity A,[69] the amplitude of the output
field is

εout =
2κaa1−

εd
. (6)

The real part Re[εout] corresponds to the absorption spec-
trum, while the imaginary part Im[εout] corresponds to the dis-
persion spectrum.

The steady-state magnon amplitude n2s from Eq. (4) can
be written as

n2s =
ℬΩ

ℬ(κn2 + i∆̃n2)+𝒜g2
2(κn1 + i∆n1)

, (7)

with

𝒜 = (κa + i∆2)(γu + i∆u)+G2
au,

ℬ = 𝒜(κa + i∆1)(κn1 + i∆n1)+g2
1𝒜

+ f 2(γu + i∆u)(κn1 + i∆n1).

In Fig. 2(a), the steady-state magnon number is plotted as
a function of the driving magnetic field B under different tun-
neling coupling strengths. The magnon number increases with
B, but decreases with increasing inter-cavity coupling f for a
fixed B. In Fig. 2(b), the steady-state magnon number is shown
under different atom-photon coupling strengths. The magnon
number decreases with increasing Gau when B is fixed.
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Fig. 2. Steady-state magnon number as a function of the applied magnetic
field. (a) Dependence on the tunneling coupling strength f ; (b) Depen-
dence on the atom-photon coupling strength Gau. The magnon-cavity
couplings are set as g1/(2π) = 1.2 MHz and g2/(2π) = 1.2 MHz.

3. Magnomechanically induced transparency
In this section, we numerically examine the influence of

the cavity–cavity coupling strength f , atom-photon coupling
strength Gau, and the magnetic field B on magnomechanically
induced transparency within a double-cavity magnomechani-
cal system. We utilize the effective parameters derived from
recent experiments on cavity magnomechanical systems,[57,66]

such as: ω1,2/2π = 10 GHz, ωp/(2π) = 10 MHz, κp/(2π) =

100 Hz, ωn1,n2/(2π) = 10 GHz, κa/(2π) = 2.1 MHz,
κn1/(2π) = κn2/(2π) = 0.1 MHz, g1/(2π) = g2/(2π) =

1.5 MHz, Gnp/(2π) = 3.5 MHz, ∆1,2 = ωp, ∆n1,n2 = ωp, and
ω0/(2π) = 10 GHz. Accordingly, the atom-cavity coupling
and atomic decay rate are on the order of megahertz, with
Gau/(2π) = 6 MHz and γu/(2π) = 1 MHz.[70] Moreover, the
hopping rate f between the cavities is also on the order of
megahertz.

In Figs. 3(a)–3(c), we display the absorption spectrum
Re[εout] of the probe field as a function of the normalized probe
detuning δ/ωp for different values of the cavity–cavity tun-
neling coupling f and the couplings g1, g2, and Gnp, with the
atom-cavity coupling set to zero (Gau = 0). In Fig. 3(a), both
the magnon-phonon coupling (Gnp) and the magnon-photon
coupling (g1) are disabled; as a result, cavity A is coupled
only to the magnon mode n2. Under these conditions, a single
transparency window appears, referred to as the MIT window.
When the magnon-phonon coupling (Gnp) is activated and g1

remains zero, a second transparency window emerges, asso-
ciated with the magnon-phonon interaction, called the MMIT
window, as shown in Fig. 3(b). When g1 is also activated, three
transparency windows are observed: the single MIT window
shown in Fig. 3(a) splits into a double MIT window and an
MMIT window, as illustrated in Fig. 3(c). This result is con-
sistent with Ref. [49].

We observe that the absorption peaks decrease with in-
creasing tunneling coupling strength f , resulting in a shal-
lower transparency window. Moreover, as f increases, the
transparency window broadens and deepens. These results in-
dicate that increasing the cavity–cavity coupling reduces ab-
sorption, enhancing the MMIT effect and, consequently, im-
proving quantum interference. This behavior is qualitatively
similar to OMIT.[71]
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Fig. 3. Real Re[εout] and imaginary Im[εout] parts of the output field as a function of the normalized probe detuning δ/ωp for different values
of the cavity–cavity tunneling coupling strength f with Gau = 0. Panels (a) and (d): g1 = Gnp = 0 and g2/(2π) = 1.2 MHz; panels (b) and (e):
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Fig. 4. Absorption and dispersion spectra of the output field as a function of the normalized probe detuning δ/ωp for different values of the atom-
photon coupling Gau with f = 0.15ωp. Panels (a) and (d) correspond to g1 = Gnp = 0 and g2/(2π) = 1.2 MHz; panels (b) and (e) correspond
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show the real part Re[εout] (absorption), while panels (d)–(f) show the imaginary part Im[εout] (dispersion). Additional parameters are given in
the main text.

In Figs. 3(d)–3(f), we show the dispersion spectrum
Im[εout] of the probe field as a function of the normalized de-
tuning δ/ωp for different values of the cavity–cavity tunnel-
ing coupling f and coupling strengths g1, g2, and Gnp with
Gau = 0. A single MIT dispersion spectrum appears when
only the magnon-photon coupling (g2) is present, as illustrated
in Fig. 3(d). Figure 3(e) shows the dispersion spectrum for the
case g1 = 0, Gnp ̸= 0, and g2 ̸= 0. Figure 3(f) depicts the dis-
persion spectrum when all three couplings are activated. It can
be seen that the dispersion slope decreases with increasing tun-
neling coupling f , indicating that stronger tunneling enhances
quantum interference and reduces the dispersion around the
transparency window.

In Figs. 4(a)–4(c), we plot the absorption spectrum
Re[εout] as a function of the normalized detuning δ/ωp for var-
ious values of the atom-photon coupling Gau, with f = 0.15ωp

and different combinations of g1, g2, and Gnp. Specifically,
one, two, and three transparency windows appear under the
following conditions: (i) g1 = Gnp = 0 and g2 ̸= 0; (ii) g1 = 0,
Gnp ̸= 0, and g2 ̸= 0; and (iii) g1 ̸= 0, Gnp ̸= 0, and g2 ̸= 0,
respectively. The curves corresponding to Gau = 0, 3, 4, and
6 MHz are shown in black, red, green, and magenta, respec-
tively. We note that the absorption peaks increase with larger
Gau. Physically, a stronger atom-photon coupling enhances
the interaction between cavity photons and the atomic ensem-
ble, leading to more pronounced absorption peaks and reduced
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quantum interference, consistent with Ref. [48].
Figures 4(d)–4(f) show the corresponding dispersion

spectra Im[εout] as a function of δ/ωp for the same parameter
sets. Figure 4(d) exhibits a single MIT dispersion spectrum in
the absence of g1 and Gnp. Figure 4(e) corresponds to g1 = 0,
Gnp ̸= 0, and g2 ̸= 0, while Fig. 4(f) shows the dispersion when
all three couplings are present. The results demonstrate that
the dispersion slope increases with increasing Gau.

In Fig. 5, we depict the absorption spectrum of the probe
field as a function of normalized detuning δ/ωp for various
values of the applied magnetic field B. Increasing B broadens
the transparency windows and increases the peak separations,
while shifting the windows toward lower probe frequencies.
Moreover, the peak absorption decreases and the window be-
comes wider, eventually leading to the disappearance of the
absorption feature.
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4. Fano resonances in the output field
In this section, we will explore the Fano resonances

present in the output spectrum. The shape of the output spec-
trum characterized by the Fano resonance is clearly different
from the symmetrical resonance curves observed in the EIT,
OMIT, MIT and MMIT windows.[57,58] In systems exhibiting
optomechanical-like interactions, Fano resonance arises from
the existence of non-resonant interactions. In our system, this
non-resonant interaction is observed as the magnon mode cou-
ples to the phonon mode via an optomechanical-like interac-
tion, where we apply the condition ∆n1,n2 ̸= ωp. We see in
Figs. 6(a) and 6(b) asymmetrical Fano shapes with ∆n1,n2 ̸=ωp

for different f and Gau, where the absorption spectrum of the
output field is shown as a function of the normalized detuning
δ/ωp. In Fig. 6(a), we have fixed the atom-photon coupling
at Gau = 0. Owing to the presence of a non-resonant process
∆n1,n2 = 0.8ωp, the absorption spectrum evolves from a sym-
metric MMIT profile (Fig. 3(c)) into an asymmetric-window

profile for different value of f , as illustrated in Fig. 6(a). From
Fig. 6(b), in the presence of the all couplings and with the pres-
ence of the non-resonant process ∆n1,n2 = 0.8ωp, we observe
three Fano resonances. This means that the absorption spec-
trum changes from a symmetrical MMIT profile (Fig. 4(c)) to
an asymmetrical window profile for different Gau.

5. Transmission and slow/fast light
In this section, we investigate the impact of the cavity–

cavity tunneling coupling f and atom-photon coupling Gau

on the transmission and group delay of the output field. The
transmission of the probe field is defined as the ratio of the
amplitudes of the output field to the input field at the probe
frequency, as given by the following expression:[46,72]

t =
εd −2κaa1−

εd
. (8)

We plot in Fig. 7(a) the transmission spectrum |t|2 as a
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function of the normalized detuning δ/ωp for several values of
the tunneling coupling f with Gau = 0. This figure shows three
transparency windows when all couplings are simultaneously
nonzero. The transmission peaks increase with increasing tun-
neling coupling f . For instance, when f = 0.15ωp, the trans-
mission peaks at δ/ωp ≃ 0.90, δ/ωp ≃ 1, and δ/ωp ≃ 1.07 are
|t|2 = 0.61, |t|2 = 0.60, and |t|2 = 0.63, respectively. In con-
trast, for f = 0.35ωp, the peaks are |t|2 = 0.67, |t|2 = 0.66,
and |t|2 = 0.68.

We plot in Fig. 7(b) the transmission spectrum |t|2 ver-
sus the normalized detuning δ/ωp for different values of the
atom-photon coupling Gau with f = 0.15ωp and g1/(2π) =

g2/(2π) = Gnp/(2π) = 1.2 MHz. The transmission peaks de-
crease as Gau increases. For example, when Gau = 0, the peaks
at δ/ωp ≃ 0.90, δ/ωp ≃ 1, and δ/ωp ≃ 1.07 are |t|2 = 0.595,
|t|2 = 0.579, and |t|2 = 0.616, respectively. In contrast, for
Gau/(2π) = 1.5 MHz, the peaks reduce to |t|2 = 0.580, |t|2 =
0.567, and |t|2 = 0.601.
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We define the rapid phase dispersion Φ = Arg[t] within
the narrow transparency window. This dispersion induces a
group delay, given by[73]

τ =
∂Φ

∂ωd
= Im

[
1
t

∂ t
∂ωd

]
. (9)

A positive group delay (τ > 0) indicates slow light propaga-
tion, whereas a negative group delay (τ < 0) indicates fast
light propagation.

Figure 8(a) shows the group delay τ as a function of
the normalized detuning δ/ωp for different values of the tun-
neling coupling f with Gau = 0 and Gnp/(2π) = g1/(2π) =

g2/(2π) = 1.2 MHz. We observe that when cavity A is not
coupled to cavity B, i.e., f = 0, the group delay of the output
probe field is always positive, with two peaks at δ = 0.93ωp

and δ = 1.05ωp, indicating the slow-light effect experienced
by the probe field. When cavity A is coupled to cavity B, i.e.,
f = 0.3ωp, a negative group delay is obtained at δ = 0.92ωp

and δ = 1.05ωp, corresponding to the fast-light effect of the
output probe field. In contrast, the positive group delay at
δ = 0.71ωp, δ = 0.90ωp, δ = ωp, and δ = 1.07ωp corre-
sponds to the slow-light effect. By increasing the tunneling
coupling f , we observe an enhancement of slow light and a
decrease of fast light. Therefore, the slow-light effect can be
enhanced and the fast-light phenomenon suppressed by adjust-
ing the tunneling coupling f . By comparing the transmission
evolution in Fig. 7(a) with Fig. 8(a) for f = 0.3ωp, it is evi-
dent that the peaks (τ > 0) appear at ωd −ω0 = 0.71ωp and
ωd −ω0 = 1.28ωp. At these points, the transmission transi-
tions from absorption to transmission, leading to an increase
in t within this region.

In Fig. 8(b), we plot the group delay as a function of the
normalized detuning δ/ωp for different values of Gau with f =
0.15ωp. We observe that the group delay of the output field
is always positive and decreases with increasing atom-photon
coupling Gau, indicating that only the slow-light phenomenon
is observed. Comparing the transmission variation in Fig. 7(b)
with the group delay in Fig. 8(b) for Gau/(2π) = 1.5 MHz,
we find that the peaks (τ > 0) occur at ωd −ω0 = 0.93ωp and
ωd −ω0 = 1.05ωp, where transmission switches from absorp-
tion to transmission. The adjustability of the group delay is at-
tributable to the quantum interference between the probe field
and the anti-Stokes field, indicating that the group delay can
be dynamically tuned by regulating the cavity–cavity tunnel-
ing coupling f and the atom-photon coupling strength Gau.

In Fig. 9(a), we plot the group delay τ as a function of
the tunneling coupling strength f for various values of the
atom-photon coupling strength Gau with g1 = 0, g2/(2π) =

1.2 MHz, Gnp/(2π) = 1.2 MHz, and δ = ωp. We observe
the emergence of slow and fast light for a given value of
Gau. For example, for Gau = 0, the group delay is positive

between f = 0 and f = 13.20 MHz, and negative between
f = 13.20 MHz and f = 21.09 MHz. Additionally, the max-
imum group delay can be increased by adjusting Gau, with
higher values of the atom-photon coupling leading to larger
group delays.

Figure 9(b) shows the group delay τ as a function of
atom-photon coupling strength Gau for different values of
the tunneling coupling strength f , with g1 = 0, g2/(2π) =

1.2 MHz, Gnp/(2π) = 1.2 MHz, and δ = ωp. When cav-
ity A is not coupled to cavity B, i.e., f = 0, the group de-
lay is positive and fixed at τ = 0.5 µs. Conversely, when the
tunneling coupling is present, i.e., f = 0.3ωp, the group de-
lay exhibits two regions: a negative region between Gau = 0
and Gau = 9.27 MHz, indicating fast light, and a positive re-
gion for Gau > 9.27 MHz, indicating slow light. We note that
the group delay τ increases significantly with the tunneling
coupling strength f . The group delay is proportional to the
slope of the dispersion curve in the transparency region (see
Fig. 3(f)). As f increases, the slope becomes steeper due to
enhanced coupling and interference between the two optical
cavities, resulting in slower propagation of the probe field, cor-
responding to the slow-light effect.

6. Feasibility

The feasibility of the proposed double-cavity magnome-
chanical system is supported not only by previously demon-
strated subsystems but also by the realistic choice of param-
eters used in our numerical analysis. The system param-
eters are taken from recent experimental reports on cavity
magnomechanical platforms.[57,66,70] Specifically, the cavity
and magnon mode frequencies are ω1,2/(2π) =ωn1,n2/(2π) =

10 GHz, while the mechanical frequency is ωp/(2π) =

10 MHz. The corresponding decay rates are κa/(2π) =

2.1 MHz, κn1,n2/(2π) = 0.1 MHz, and κp/(2π) = 100 Hz,
all within experimentally accessible values.[49] The single-
photon magnomechanical couplings g1,2/(2π) = 1.5 MHz and
the enhanced coupling Gnp/(2π) = 3.5 MHz have been ex-
perimentally achieved in hybrid cavity-magnon systems.[57]

The atom-photon coupling Gau/(2π) = 6 MHz and atomic de-
cay rate γu/(2π) = 1 MHz are also within the typical range
of cavity quantum electrodynamics experiments.[70] Further-
more, the inter-cavity coupling rate f is assumed to be on
the order of megahertz, which has been demonstrated in cou-
pled cavity experiments. Therefore, all parameters employed
in our theoretical calculations are within experimentally re-
alistic ranges, confirming the feasibility of realizing the pro-
posed magnomechanical-induced transparency phenomenon
with current technologies.
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7. Conclusion
In conclusion, we have examined the absorption, disper-

sion, and transmission spectra of a hybrid magnomechanical
system. MMIT and MIT can be identified in the absorp-
tion and transmission spectra as a result of photon-magnon
and phonon-magnon interactions. The cavity–cavity tunnel-
ing coupling has the potential to enhance MIT and MMIT.
Subsequently, we investigated the impact of the atom-photon
coupling on the absorption and transmission spectra. The re-
sults indicate that the transparency windows decrease when
the atom-photon coupling is increased. We also studied the in-
fluence of the magnetic field on the absorption spectrum. Ad-
ditionally, the presence of anti-Stokes processes in the system
gives rise to the Fano resonance phenomenon, which is thor-
oughly examined. We have studied the conditions for slow and
fast light propagation in our system, which can be regulated
by various system parameters. It was demonstrated that the
tunability of the tunneling coupling and atom-photon coupling
has a significant impact on the slow- and fast-light phenomena
in our magnomechanical system.
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