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We demonstrate multiple transparency windows in a cavity opto-magnomechanical system containing a ferromag-
netic material yttrium iron garnet (YIG) crystal. The probe output spectrum reveals the simultaneous emergence of three
distinct phenomena: magnon-induced transparency (MIT) arising from microwave–magnon coupling; magnomechanically
induced transparency (MMIT) through phonon–magnon interaction, and optomechanically induced transparency (OMIT)
mediated by optical cavity–photon coupling. Crucially, these transparency features demonstrate dynamic tunability through
precise manipulation of the number of interacting modes and coupling strengths. Our study reveals the effects of magnon–
microwave and optomechanical coupling on probe results and the role of quantum interference mechanisms in a resonant
system. Moreover, the fast-slow light effect can be enhanced and switched by choosing appropriate coupling parameters.
Our work has potential applications in multi-band quantum storage and multi-channel photonic information processing
devices.
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1. Introduction
The cavity optomechanics (COM) system serves as a plat-

form for investigating the mechanical and optical mode cou-
pling in an optical cavity mediated by radiation pressure.[1]

Modulating the energy levels in the COM system can in-
duce many unique optical effects, such as optomechani-
cally induced transparency (OMIT),[2] optomechanically in-
duced absorption (OMIA),[3] quantum phase transitions,[4]

non-reciprocal transport[5] and ground-state cooling.[6] The
system has potential applications in quantum memory,[7] mea-
suring charge[8] and optical storage.[9]

Researchers have recently extended related studies to the
cavity magnomechanics (CMM) system, which is similar to
the COM system.[10] The CMM system is constructed from
ferromagnetic materials, including the magnetic insulator yt-
trium iron garnet (YIG) crystal, which exhibits a low damp-
ing rate and a very high spin density.[11] Consequently, it
provides a promising foundation for exploring diverse quan-
tum phenomena, including magnomechanically induced trans-
parency (MMIT),[12] magnomechanically induced absorption
(MMIA),[13] mechanical cooling,[14] bistability,[15] nonrecip-
rocal magnon blockade[16] and quantum entanglement.[17]

The magnon of spin waves in YIG crystal is robust to
temperature[18] and magnetically induced transparency (MIT)
at room temperature has been demonstrated in the CMM

system.[10,19] YIG crystals introduce magnon–phonon interac-
tions through the magnetostrictive effect and generate MMIT,
similar to electromagnetically induced transparency (EIT).[20]

MMIT results from quantum sideband interference effects
triggered by the interaction between magnon and phonon.

Based on the above studies, we find that previous re-
search on transparency windows has typically been limited
to the separate investigation of MIT, MMIT, and OMIT, with
a primary focus on the COM and CMM systems. Although
these studies have adopted different theoretical frameworks
and technical approaches, most have not fully revealed the co-
existence mechanisms underlying multiple transparency win-
dows. To address this limitation, our study proposes an in-
novative scheme for simultaneously realizing multiple trans-
parency windows, including MIT, MMIT and OMIT, within
a cavity opto-magnomechanical (OMM) system.[21] Specifi-
cally, we utilized a YIG crystal with a micro bridge structure
as a conduit to connect the microwave and optical cavities ef-
fectively. In the cavity-OMM system, the magnon mode cou-
ples with the microwave cavity mode through magnetic dipole
interaction.[22] The magnetostrictive force couples the magnon
mode to the phonon mode,[23] while the phonon mode cou-
ples with the optical cavity mode via the radiation pressure
effect.[24] By modifying the interaction strengths within the
system, we can flexibly control the number, width and depth
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of the transparency windows. Additionally, we observe Fano
resonance and fast-slow light effects in the output field,[25,26]

and dynamically convert between multi-channel fast and slow
light phenomena. The Fano resonance arises from quantum
interference in the resonant states of different systems and
is characterized by sharp and asymmetric resonance spectral
lines.[27] Fast-slow light arises from the absorption and dis-
persion of light waves propagating through a medium, leading
to substantial variations in the group velocity of light.[28] By
tuning the frequency of the probe field varying within the mi-
crowave and optical frequency bands, resonance is achieved
separately with the microwave cavity and the optical cavity.
Consequently, the coexistence of multiple transparency win-
dows demonstrated in our study has potential applications in
the development of multi-band quantum storage and multi-
channel photonic information processing devices.[29]

2. Theoretical model
Figure 1(a) illustrates the cavity-OMM system, which in-

cludes the microwave cavity mode (a), magnon mode (m),
phonon mode (b), and optical cavity mode (c). Two highly
reflective mirrors construct the optical cavity and fix the mi-
cro bridge YIG crystal to the right cavity mirror.[30] The mi-
crowave field is introduced into the system through the cav-
ity port and forms the microwave cavity. The strong red-
detuned microwave field and optical field are used to drive the
magnon mode and optical cavity mode, respectively.[31] When
the magnon mode is excited, the change in magnetization in-
tensity triggers the lattice deformation to generate the phonon
mode. The phonon mode is coupled to the optical cavity and
the magnon mode via the radiation pressure mechanism and
the nonlinear magnetostrictive effect.[21] Simultaneously, the
magnon mode couples to the microwave cavity mode through
the magnetic dipole effect.[32] Meanwhile, two weak probe
fields are used to probe the output response of the two cavity
modes separately. The Hamiltonian of the system is expressed
as

H/} = ωaa†a+ωbb†b+ωcc†c+ωmm†m

+gma(a†m+am†)+gmbm†m(b+b†)

−gbcc†c(b+b†)+ iεp1(a†e−iωp1t −aeiωp1t)

+iεp2(c† e−iωp2t − ceiωp2t)+Hdri, (1)

where a (a†), m (m†), b (b†), and c (c†) are the annihilation
(creation) operators of the microwave cavity mode, magnon
mode, phonon mode and optical cavity mode, which sat-
isfy the canonical logarithmic relation [ j, j†] = 1. ω j ( j =
a,m,b,c) is the frequency of the four modes. The magnon
mode frequency is determined by ωm = γH, where H is
the external bias magnetic field and γ is the gyromagnetic

ratio.[33] The fifth, sixth, and seventh terms in Eq. (1), gma

denotes the microwave–magnon coupling strength, while gmb

and gbc represent the magnonmechanical and optomechani-
cal coupling strengths. The last term is the driving Hamilto-
nian, Hdri = iΩ(m† e−iω0t−me iω0t)+ iE(c† e−iωLt−ce iωLt),
where the Rabi frequency Ω = (

√
5/4)γ

√
NB0 denotes the

coupling strength between the magnon mode and the mi-
crowave drive field, with amplitude B0 and frequency ω0.
N = ρV is the total number of spins in the YIG crystal.[33]

E =
√

2PLκc/}ωL represents the coupling strength between
the optical cavity and the driving laser, where κc is the decay
rate of the optical cavity, and PL(ωL) is the power (frequency)
of the laser field with a wavelength of 1550 nm.[34] In addition,
ωP1 and ωP2 are the frequencies of the two weak probe fields
acting in the microwave and optical cavities with amplitudes
εp1 =

√
2P1κa/}ωp1 and εp2 =

√
2P2κc/}ωp2.

b

Probe field

c a

m

a m

bc

gma

gmb

gbc

(a) (b)

Fig. 1. (a) Sketch of the cavity-OMM system. Specifically, the microwave
cavity and magnon modes are coupled through magnetic dipole interac-
tion. The phonon mode is coupled to the magnon mode via dispersive
magnetostriction and to the optical cavity via radiation pressure. (b) The
equivalent physical model.

In Eq. (1), we neglect the nonlinear term Km†m†mm that
the strongly driven magnon mode may introduce.[35] To ensure
the validity of this approximation, the condition K |〈m〉|3�Ω

must be satisfied,[36] which is always satisfied by the parame-
ters in our system. In the frame rotating at the driving frequen-
cies ωL and ω0, the modified Hamiltonian is

H/} = ∆aa†a+ωbb†b+∆cc†c+∆mm†m

+gma(a†m+am†)+gmbm†m(b+b†)

−gbcc†c(b+b†)+ iΩ(m†−m)

+iE(c†− c)+ iεp1

(
a†e−iδ1t −aeiδ1t

)
+iεp2

(
c†e−iδ2t − ceiδ2t

)
, (2)

where the detuning parameters are expressed as ∆a = ωa−ω0,
∆m = ωm−ω0, ∆c = ωc−ωL, δ1 = ωp1−ω0 and δ2 = ωp2−
ωL. Including the dissipation and input noise of each mode,
the quantum dynamics of the system can be described by the
following Heisenberg–Langevin equations:

ȧ = −i∆aa−κaa− igmam+ εp1e−iδ1t +
√

2κaain(t), (3)

ṁ = −i∆mm−κmm− igmaa− igmbm(b+b†)

+Ω +
√

2κmmin(t), (4)

ḃ = −iωbb−κbb− igmbm†m+ igbcc†c

+
√

2κbbin(t), (5)
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ċ = −i∆cc−κcc+ igbcc(b+b†)+E

+εp2e−iδ2t +
√

2κccin(t), (6)

where κ j and jin ( j = a,m,b,c) are the dissipation rates
and vacuum input noise operators of the microwave cavity,
magnon, phonon, and optical cavity modes. Under the condi-
tion of a strong driving field, the magnon mode and the optical
mode have a large amplitude |〈ms〉| , |〈cs〉| � 1 in the steady
state.[31] Due to beam splitter interactions, the microwave cav-
ity mode can obtain steady-state amplitudes |〈as〉| � 1. Then,
we decompose each operator into the sum of a steady-state
term and a fluctuation term, i.e., O = Os + δO (O = a, m, b,
c).[37] We obtain the steady-state solutions of the dynamic op-
erator as

as =
−igmams

i∆a +κa
, (7)

ms =
−igmaas +Ω

i∆̃m +κm
, (8)

bs =
−igmb|ms|2 + igbc|cs|2

iωb +κb
, (9)

cs =
E

i∆̃c +κc
, (10)

where the effective detunings are ∆̃m = ∆m +gmb(bs +b†
s ) and

∆̃c = ∆c−gbc(bs +b†
s ). Considering only the first-order side-

band effects of the system, the equation of motion for the fluc-
tuation terms is obtained as

δ ȧ =−(i∆a +κa)δa− igmaδm+ εp1e−iδ1t , (11)

δ ṁ =−(i∆̃m +κm)δm− igmaδa− iGmb
(
δb+δb†) , (12)

δ ḃ =−(iωb +κb)δb− i
(
G∗mbδm+Gmbδm†)

+ i
(
G∗bcδc+Gbcδc†) , (13)

δ ċ =−(i∆̃c +κc)δc+ iGbc
(
δb+δb†)+ εp2e−iδ2t , (14)

where Gmb = gmbms and Gbc = gbcms are the effective mag-
nomechanical and optomechanical coupling strengths. We lin-
earize the quantum Langevin equation near the steady-state
solution and retain only the first-order terms in the fluctuation
operators. Each operator can be written as δO = O+ e−iδ jt +

O− e iδ jt (O = a, m, b, c; j = 1, 2). The magnon and opti-
cal cavity modes are driven by the strongly red-detuned mi-
crowave and optical fields, respectively,[31] thereby suppress-
ing the highly off-resonant Stokes scattering. As a result, only
the anti-Stokes scattering builds up within the cavity.[2,38] In
the resolved sideband regime, i.e., ∆a = ∆̃m = ∆̃c = ωb �
κa,κm,κc, the lower sideband and far off-resonance can be
safely neglected.[2,39] Therefore, we focus on providing the
equations for O+ as follows:[40]

[i (∆a−δ j)+κa]a+ =−igmam++ εp1, (15)

[
i
(

∆̃m−δ j

)
+κm

]
m+ =−igmaa+− iGmbb+, (16)

[i (ωb−δ j)+κb]b+ =−iG∗mbm++ iG∗bcc+, (17)[
i
(

∆̃c−δ j

)
+κc

]
c+ = iGbcb++ εp2. (18)

We send a weak probe field with frequency ωp1 to the mi-
crowave cavity, i.e., j = 1 and set λ1 = ωb−δ1. The solution
for the microwave cavity field is then given by

a+ =
εp1

iλ1 +κa +
g2

ma

iλ1 +κm +
|Gmb|2

iλ1 +κb +
|Gbc|2

iλ1 +κc

. (19)

The output field amplitude of the microwave cavity is obtained
by the standard input–output relation εout1 = εin− κa〈a〉.[36]

The amplitude of the output field can therefore be written as

εout1 =
2κaa+

εp1
. (20)

The real Re [εout] and imaginary Im [εout] parts of the output
field represent the absorption and dispersion spectra of the sys-
tem. Changing the weak probe field with frequency ωp2 to the
optical cavity, i.e., j = 2, we set λ2 = ωb− δ2 and obtain the
resulting expression for c+ as

c+ =
εp2

iλ2 +κc +
|Gbc|2

iλ2 +κb +
|Gmb|2

iλ2 +κm +
g2

ma

iλ2 +κa

. (21)

By applying the standard input–output relation, the output
field amplitude of the optical cavity can be expressed as

εout2 =
2κcc+

εp2
. (22)

3. Discussion
3.1. The probe field interacts with the microwave cavity

We first study the output spectrum of the cavity-OMM
system probed to the microwave cavity. When the frequency
of the probe field is tuned to the microwave frequency band,
it resonates with the microwave cavity. We use experimen-
tally feasible parameters[10] ωa

/
2π = 10 GHz, ωm

/
2π =

10 GHz, ωb
/

2π = 10 MHz, λc = 1550 nm, κa
/

2π = 2.1 MHz,
κm
/

2π = κc
/

2π = 1 MHz, and κb
/

2π = 100 Hz.
To investigate the effect of the optomechanical effec-

tive coupling strength on the output spectrum, we fix the
microwave–magnon coupling strength at gma

/
2π = 3 MHz.

We systematically investigate the role of various coupling
parameters within the system to elucidate the fundamental
physics governing multi-band transparency. The fundamen-
tal reason for forming transparency windows is the destruc-
tive interference between different optical transition paths. To
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reveal the mechanism of the MIT, MMIT and OMIT win-
dows more clearly, we plot the energy level diagram of the
cavity-OMM system in Fig. 2. Specifically, the state transi-
tion |na,nm,nb,nc〉 ←→ |na +1,nm,nb,nc〉 is due to the direct
excitation of a photon by the probe field. The state transition
|na,nm +1,nb,nc〉 ←→ |na +1,nm,nb,nc〉 is due to the inter-
action between the magnon mode and the microwave cavity
mode, which annihilates a magnon and creates a photon simul-
taneously. The two transition paths together lead to destructive
interference, resulting in a MIT window at resonance and sym-
metric absorption dips on both sides. When the phonon mode
of the YIG crystal is considered, the magnomechanical inter-
action introduces the transition path: |na,nm,nb +1,nc〉 ←→
|na,nm +1,nb,nc〉, which destroys the original quantum co-
herence and results in two transparency windows, as shown
in Fig. 3(b). Furthermore, the interaction of the optical cav-
ity mode with the phonon mode through radiation pressure in-
duces a phonon conversion process, which can be described as
|na,nm,nb,nc +1〉 ←→ |na,nm,nb +1,nc〉. The transition path
constructively interferes with the aforementioned paths, gen-
erating an OMIT window at resonance.

ωp1 ωp2

ω

ωL

na⇁↪nm↪nb↪nc>

na↪nm⇁↪nb↪nc> na↪nm↪nb⇁↪nc>

na↪nm↪nb↪nc⇁>

na↪nm↪nb↪nc>

gma
gmb

Fig. 2. Schematic of the energy-level diagram of the cavity-OMM system.
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Fig. 3. The absorption profiles (blue line) and dispersion profiles (red
dashed line) of the output probe field as a function of the probe de-
tuning δ

/
ωb: (a) Gmb = Gbc = 0, (b) Gmb/2π = 2 MHz, Gbc = 0,

(c) Gmb
/

2π =2MHz, Gbc
/

2π = 1 MHz, (d) Gmb
/

2π = Gbc
/

2π = 2 MHz.

Figure 3 presents the spectral response of the probe field
in terms of both the absorption and dispersion characteris-
tics of the output field under different coupling strengths. In
Fig. 3(a), we assume that only microwave–magnon interaction
is present, i.e., Gmb = Gbc = 0. We observe a MIT window
in which a typical Lorentzian peak of the simple cavity out-
put spectrum splits into two peaks with a single dip angle at

the resonance δ = ωb. Then, the introduction of magnome-
chanical coupling leads to a new transition path, which inter-
feres with the original two paths. The interference creates a
new point of destructive interference, which corresponds to the
MMIT window, as shown in Fig. 3(b). Therefore, figure 3(b)
illustrates the fundamental transparency characteristics of the
CMM system in the absence of optomechanical coupling. In
this case, the transparency windows are mainly composed of
MIT and MMIT, and the probe field is completely absorbed at
the resonant frequency.

After the introduction of effective optomechanical cou-
pling, a third OMIT window appears, as shown in Figs. 3(c)
and 3(d). The mechanism of this phenomenon is attributed to
the transition path introduced by the interaction between the
phonon mode and the optical cavity mode via the radiation
pressure. Note that as the optomechanical coupling strength
Gbc increases, the transparency dip (i.e., the dip depth) of
the OMIT window deepens. This phenomenon occurs be-
cause the enhanced optomechanical interaction improves the
energy exchange efficiency between the optical cavity and the
phonon. Thus, the quantum interference effect induced by the
additional transition path more effectively suppresses the ab-
sorption of the probe field at the central frequency. The sup-
pression significantly increases the depth of the transparency
window. Moreover, the width of the OMIT window is deter-
mined by

(
κb
/

2
)
+
(
Gbc
/

κc
)
,[41,42] so an increase in the cou-

pling strength leads to a broadening of the transparency win-
dow’s width. Thus, the change in the mode of action leads
to the number of transparency windows, and the variation of
the coupling strength further affects their width and depth. At
the same time, this phenomenon reveals the potential applica-
tion value of optomechanical coupling in achieving control-
lable photonic transmission.

Meanwhile, with the appearance of a transparency win-
dow in the absorption spectrum, significant dispersion occurs
at the symmetric positions around δ/ωb = 1, and the cor-
responding dispersion curves become steeper. This property
is significant for investigating the propagation mechanism of
fast-slow light in our system.

Subsequently, we investigate the physical mechanisms
underlying the asymmetric absorption spectra and Fano reso-
nances in the output fields, which arise from the non-resonant
quantum interference effect. The absorption spectra of the
probe field as a function of δ/ωb are presented in Fig. 4,
showing the asymmetric Fano resonance phenomena gener-
ated under different nonresonant conditions. Specifically, fig-
ure 4(a) illustrates that the initially symmetric MIT absorp-
tion peaks become asymmetric window profiles with detuned
∆̃m = 0.5ωb. This asymmetry can be interpreted as the super-
position effect of multiple Fano resonances. Upon introducing
magnomechanical and optomechanical coupling, double and
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triple Fano resonances can be observed in Figs. 4(b) and 4(c).
These effects arise from the mutual interference between mul-
tiple coherent paths provided by the cavity field through the
coupling system. Under the resonance condition ∆̃m = ωb, the
Fano resonance disappears, indicating that the resonance case
has an inhibitory effect on the Fano resonance, as shown in
Fig. 4(d).
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Fig. 4. The Fano lineshapes in the asymmetric real part of the output field
Re [εout] as a function of the probe detuning δ/ωb: (a) Gmb = Gbc = 0,
∆̃m = 0.5ωb, (b) Gmb/2π = 2 MHz, Gbc = 0, ∆̃m = 0.5ωb, (c) Gmb/2π =
Gbc/2π = 2 MHz, ∆̃m = 0.5ωb, (d) Gmb/2π =Gbc/2π = 2 MHz, ∆̃m =ωb.

We discuss the impact of varying optomechanical effec-
tive coupling strengths on the propagation characteristics of
fast and slow light within our system. In the narrow trans-
parency window range, the phase of the probe field changes
rapidly, denoted as φt(ωp) = arg[tp(ωp)]. When the phase of
the output field undergoes fast oscillation, the group delay can
be expressed as[43]

τ =
∂φt(ωp)

∂ωp
. (23)

Physically, the positive (negative) value of group delay rep-
resents the occurrence of slow (fast) light transmission. Fig-
ure 5 plots the group delay τ of the probe field as a function of
the normalized probe frequency δ/ωb at the magnomechani-
cal coupling strength Gmb/2π = 2 MHz.

Figure 5(a) shows the group delay τ > 0 at δ =ωb, which
corresponds to slow light propagation. With the increase of
the optomechanical coupling strength, the propagation char-
acteristic at δ/ωb = 1 switches from slow to fast light. The
peak value of the group delay on both sides of the resonance
frequency changes. Specifically, the positive value increases
while the negative value decreases, which indicates that the
slow light effect is enhanced and the fast light effect is weak-
ened. This change arises as a result of the optomechanical
coupling introducing an additional quantum interference path-
way, which induces fast phase dispersion on both sides of
the resonance frequency. In short, the physical mechanism
of group delay involves tunable quantum interference between

the probe field and the anti-Stokes field. Therefore, dynamic
control of the group time delay can be achieved by adjusting
the strength of the optomechanical coupling, which enables
effective modulation of the fast and slow light effects.
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Fig. 5. The group delay of the output field as a function of the probe
detuning δ/ωb for different values of optomechanical effective coupling
strength Gbc: (a) Gbc = 0, (b) Gbc/2π = 1 MHz, (c) Gbc/2π = 2 MHz,
(d) Gbc/2π = 3 MHz.

3.2. The probe field interacts with the optical cavity

In the following section, we study the output spectrum of
the probe field with frequency ωp2 acting on the optical cav-
ity. When the frequency of the probe field is tuned to the op-
tical frequency band, it resonates with the optical cavity. To
investigate the effect of the microwave cavity on the output
spectrum, we assume an optomechanical effective coupling
strength Gbc/2π = 2 MHz. Our analysis methodology par-
allels the approach used in studying the output spectrum of
the microwave cavity, employing absorption spectra, disper-
sion characteristics, Fano resonance profiles, and group delay
measurements to investigate system properties.

We explain the physical mechanism of the MIT, MMIT
and OMIT phenomena by combining the system energy
level transition diagram, as shown in Fig. 6. When gma =

Gmb = 0, the photon in the system can be generated through
two paths: one transition process |na,nm,nb,nc +1〉 ←→
|na,nm,nb +1,nc〉 achieved via the coupling between the
phonon mode and the optical cavity mode under the drive
of the laser with frequency ωL; the other one is the di-
rect excitation of the transition path |na,nm,nb,nc〉 ←→
|na,nm,nb,nc +1〉 induced by the probe field. The two differ-
ent interference paths lead to destructive quantum interference
at resonance, resulting in an OMIT window within the orig-
inally absorbing frequency band, as shown in Fig. 6(a). In-
troducing magnomechanical interaction adds a new transition
channel |na,nm,nb +1,nc〉 ←→ |na,nm +1,nb,nc〉, which de-
scribes the annihilation of a phonon, the absorption of a driv-
ing photon, and the simultaneous creation of a magnon. This
transition disrupts the previous quantum coherence, forming
two transparency windows, as shown in Fig. 6(b). An addi-
tional quantum interference path emerges when the magnon
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mode pairs with the microwave cavity mode via magnetic
dipole interactions, which leads to the MIT, MMIT and OMT
windows observed in Figs. 6(c) and 6(d). Consequently,
adjusting the coupling strengths under different interaction
modes substantially modifies the conditions for quantum in-
terference. These findings are consistent with the observations
presented in Fig. 3.
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Fig. 6. The absorption profiles (blue line) and dispersion profiles (red
dashed line) of the output probe field as a function of the probe detuning
δ/ωb: (a) gma = Gmb = 0, (b) gma = 0, Gmb/2π = 2 MHz, (c) gma/2π =
1 MHz, Gmb/2π = 2 MHz, (d) gma/2π = Gmb/2π = 2 MHz.

Similarly, the dispersion spectrum shows that the disper-
sion curve becomes steeper as the transparency window ap-
pears on the absorption spectrum. Moreover, the transparency
window widens as the effective microwave–magnon coupling
is enhanced. Thus, modulating the coupling coefficients real-
izes the modulation of transparent properties.

Figure 7 explores the influence of coupling parameters on
the Fano resonance. Figures 7(a) and 7(c) show the increase
in the asymmetric transparency window within the triple Fano
resonance spectrum as the coupling coefficient is introduced.
This asymmetry is due to the interaction of the nonresonant
terms with ∆̃c = 0.7ωb. With all couplings present, the res-
onance condition ∆̃c = ωb is satisfied. This causes the Fano
resonance to disappear and leads to the appearance of a sym-
metric transparency window in the absorption spectrum, as il-
lustrated in Fig. 7(d). This result demonstrates that the system
is in resonance, and the interaction between the different cou-
pled modes reaches an equilibrium that suppresses the Fano
resonance.

Next, we illustrate the probe field group delay τ as
a function of the normalized frequency δ/ωb for different
microwave–magnon coupling strengths in Fig. 8. We consider
the magnomechanical coupling strength Gmb/2π = 2 MHz.
The group delay changes significantly with the enhancement
of the microwave–magnon interaction. Meanwhile, the fast
light at the resonance frequency δ = ωb is increasing and
reaches a speed of 5 µs, as shown in Fig. 8(d). In addition,
the increasing negative and decreasing positive values on both

sides of the resonance frequency indicate that the transition
from slow to fast light is achieved.
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Fig. 7. The Fano lineshapes in the asymmetric real part of the output field
Re [εout] as a function of the probe detuning δ/ωb: (a) gma = Gmb= 0,
∆̃c = 0.7ωb, (b) gma = 0, Gmb/2π = 2 MHz, ∆̃c = 0.7ωb, (c) gma/2π =
Gmb/2π = 2 MHz, ∆̃c = 0.7ωb, (d) gma/2π = Gmb/2π = 2 MHz, ∆̃c = ωb.
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Fig. 8. The group delay of the output field as a function of the
probe detuning δ/ωb for different values of microwave–magnon coupling
strength gma: (a) gma = 0, (b) gma/2π = 1 MHz, (c) gma/2π = 2 MHz,
(d) gma/2π = 3 MHz.

Finally, we analyze the experimental feasibility of the
proposed model. Current experimental research provides ro-
bust support for the physical mechanisms of our system from
multiple perspectives. Firstly, existing experiments have con-
firmed that the MMIT phenomenon in the CMM system
can be attributed to the quantum sideband interference ef-
fect caused by the coupling between the magnon mode and
the phonon mode.[44] Secondly, the collective magnon exci-
tations of the YIG crystal within the microwave cavity can
achieve coupling with microwave photons via magnetic dipole
interactions,[32] while simultaneously establishing a coupling
channel between the magnon and phonon through the mag-
netostrictive effect.[44] The optical cavity required for op-
tomechanical coupling can be realized by installing a small
and highly-reflective mirror pad on the surface of a micro
bridge.[45] Furthermore, optomechanical coupling through ra-
diation pressure has been successfully demonstrated in the
COM system, achieving OMIT.[2] On this basis, the state-
swap interaction among the magnon, phonon and photon is
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activated.[17] Therefore, these research findings suggest that
the scheme proposed in this study may be experimentally re-
alized.

4. Conclusion
Our study explores the MIT, MMIT and OMIT win-

dows in the cavity-OMM system under weak control fields.
By dynamically tuning the probe field frequency to the res-
onance frequencies of both microwave and optical cavities,
we analyze the absorption and dispersion spectra of the out-
put field. This reveals that adjusting the coupling mechanisms
and strengths can directly modulate the properties of the trans-
parency window. When the probe field interacts with the mi-
crowave cavity, its absorption at the resonance frequency is
significantly suppressed under optomechanical coupling. This
leads to a pronounced switching effect on light transmission.
Additionally, we analyzed the phenomenon of asymmetric
Fano resonance, which reflects the presence of quantum in-
terference mechanisms within the system and impacts the pro-
cesses of fast and slow light conversion. Furthermore, select-
ing appropriate coupling parameters not only enhances the ef-
fects of fast and slow light but also enables dynamic switch-
ing between these effects. The study highlights the intricate
dynamic behavior of the system, demonstrating that the inter-
action between microwave and optical fields involves complex
quantum interference processes rather than simple superposi-
tion. Our work may find applications in research on multi-
band quantum storage and multi-channel photonic information
processing devices.
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[31] Li J and Gröblacher S 2021 Quantum. Sci. Technol. 6 024005
[32] Zhang X, Zou C L, Jiang L and Tang H X 2014 Phys. Rev. Lett. 113

156401
[33] Qiu W, Cheng X, Chen A, Lan Y and Nie W 2022 Phys. Rev. A 105

063718
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