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Tunable phonon–photon coupling induces double
magnomechanically induced transparency and enhances

slow light in an atom-opto-magnomechanical system
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We theoretically investigate the magnomechanically induced transparency phenomenon, Fano resonance and the
slow–fast light effect in the situation where an atomic ensemble is placed inside the hybrid cavity of an opto-
magnomechanical system. The system is driven by dual optical and phononic drives. We show double magnomechanically
induced transparency in the probe output spectrum by exploiting the phonon–photon coupling strength. Then, we study the
effects of the decay rate of the cavity and the atomic ensemble on magnomechanically induced transparency. In addition,
we demonstrate that effective detuning of the cavity field frequency changes the transparency window from a symmetrical
to an asymmetrical profile, resembling Fano resonances. Further, the fast and slow light effects in the system are explored.
We show that the slow light profile is enhanced by adjusting the phonon–photon coupling strength. This result may have
potential applications in quantum information processing and communication.

Keywords: cavity magnomechanics, magnomechanically induced transparency, Fano resonance, absorption,
dispersion, transmission, slow light, fast light
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1. Introduction
The interaction between light and matter has emerged as

a dynamic and significant area of research, with broad poten-
tial applications across various domains. These applications
include optomechanically induced transparency (OMIT),[1–6]

coherent control of light,[7,8] electromagnetically induced
transparency (EIT)[9–14] and the preparation of entanglement
between cavity fields and macroscopic oscillators[15–24]. Re-
cently, this research has played a pivotal role in advancing
the field of solid quantum memory and quantum informa-
tion processing. EIT is a common quantum interference ef-
fect observed in three-level atoms.[25] It describes the intrigu-
ing phenomenon whereby the absorption rate of atoms can
be diminished to zero when they are exposed to an auxil-
iary laser field. This reduction is primarily a result of in-
terference effects or dark state resonance in an excited state.
Furthermore, analogous to EIT, when destructive interference
occurs between the anti-Stokes scattering field and the weak
probe field it is referred to as OMIT.[26] This phenomenon has
been the subject of extensive research, both theoretically[1,2]

and experimentally.[3,4] The multiple-OMIT phenomenon has
been studied theoretically in a variety of innovative cavity
optomechanical systems that have emerged in recent years,
including hybrid piezo-optomechanical cavity systems,[27]

atomic-media assisted optomechanical systems,[28] multiple-
resonator optomechanical systems,[29] and so on. The com-
plexity of light–matter interactions can also be seen in the phe-

nomenon of Fano resonance, which is characterized by quan-
tum interference between a discrete state and a continuum of
states, producing asymmetric absorption profiles.[30] This phe-
nomenon, first observed in atomic systems,[31] results in vis-
ible minima in the absorption spectrum.[32] Over the years,
Fano resonance has been studied in various physical systems,
such as optomechanical systems,[30,33] photonic crystals[34]

and coupled micro-resonators.[35] Recently, experimental evi-
dence of Fano-like asymmetric shapes has been reported in a
hybrid cavity magnomechanical system.[36,37]

Cavity magnomechanics[37–40] has drawn more atten-
tion lately due to its potential for larger-scale quantum state
preparation[41–43] and its numerous intriguing uses in quan-
tum information science and technology.[44–50] It investigates
interactions between microwave cavity photons, magnons (the
collective excitation of a large number of spins) and vibra-
tory phonons induced by magnetostriction in magnetically or-
dered materials such as yttrium iron garnet (YIG).[37–40,51–55]

The combination of cavity optomechanics and cavity mag-
nomechanics, obtained by coupling the magnomechanical dis-
placement to an optical cavity via radiation pressure, creates
the new system of opto-magnomechanics.[56–58] This hybrid
system provides the capability to optically detect the popu-
lation of magnons,[56] manipulate diverse magnonic quantum
states within solid materials[57] and generate entanglement
between optomagnonic[57] and microwave optics.[58] Conse-
quently, this system holds great promise for applications in
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quantum information processing and the development of quan-
tum networks. Recently, magnomechanically induced trans-
parency (MMIT) and slow–fast light have been studied in
magnomechanical systems by modifying the strength of the
atom–cavity coupling, without taking into consideration the
cavity–phonon coupling.[59]

In this work, we propose and analyze the opto-
magnomechanically induced transparency phenomenon, Fano
resonance and the fast–slow light effect within a cavity opto-
magnomechanical setup. This configuration includes optical
cavity photons, magnons in a YIG crystal, magnetostriction-
induced vibration phonons and an ensemble of two-level
atoms (see Fig. 1). Magnon–phonon and phonon–photon in-
teractions give rise to MMIT and OMIT in the probe output
spectrum. Furthermore, we explore the impact of optome-
chanical coupling on the transmission and the phase spectra.
We also study the influence of the decay rates of the cavity and
the atoms on the transparency window. In addition, we discuss
slow–fast light propagation phenomena. We demonstrate that,
in relation to the magnomechanical coupling of YIG and the
atom–cavity coupling strength, the group delay is dependent
on the tunability of the optomechanical coupling strength.

The structure of the paper is as follows. In Section 2,
we present the formula for the Hamiltonian and the appropri-
ate quantum Langevin equations of the system under consid-
eration and obtain the output field. In Section 3, we discuss
MMIT and analyze the influence of the optomechanical cou-
pling strength on the input spectrum. In Section 4, we demon-
strate the essential conditions for the emergence of double
Fano resonances in our hybrid system. In Section 5, we dis-
cuss the group delay for slow and fast light propagation. In
Section 6, we study the feasibility of our system based on cur-
rent experimental parameters and setups. We finish with our
concluding remarks.

2. Model
2.1. Hamiltonian

In this subsection, we consider a hybrid cavity opto-
magnomechanical system,[37] composed of optical cavity pho-
tons, magnetostriction-induced vibration phonons, magnons in
a YIG crystal and an ensemble of two-level atoms, as shown
in Fig. 1(a). The magnomechanical displacement interacts
with the optical cavity through radiation pressure, which is
a type of dispersive interaction. This can be achieved by at-
taching a small, highly reflective mirror pad to the surface of
a YIG microbridge.[57,58,60] The microscale YIG bridge is ca-
pable of supporting long-lived spin-wave excitations at giga-
hertz frequencies, along with mechanical vibration phonons
ranging from tens to hundreds of megahertz.[60] The signifi-
cant frequency difference between the magnon and mechani-
cal modes allows for a dominant magnon–phonon dispersive

coupling.[57] It is important that the attached mirror pad is fab-
ricated to be much smaller than the YIG bridge to minimize
bending displacement and ensure the bridge and mirror ad-
here closely, oscillating at nearly the same frequency. Alter-
natively, the “membrane-in-the-middle” configuration can be
used,[61] where the YIG bridge is placed in the middle of the
optical cavity, facilitating dispersive coupling between mag-
nomechanical displacement and the optical cavity. The Hamil-
tonian of the system is given by[62]

ℋ=ℋfree +ℋint +ℋdrive, (1)

where the first part of the ℋ is the free Hamiltonian terms

ℋfree = h̄
(

ωcc†c+ωnn†n+
ωa

2
Sz +

ωb

2
(
x2 + y2)) . (2)

Here the first and second terms respectively describe the en-
ergy of the optical and magnon modes with c (c†) and n (n†)

being the annihilation (creation) operators satisfying the usual
commutation relation [𝒜,𝒜†] = 1, where 𝒜= c,n. The param-
eters ωc and ωn denote the resonance frequencies of the cavity
and magnon modes, respectively. It is worth noting that the
value of frequency ωn can be adjusted by altering the external
bias magnetic field B, i.e., ωn = γB with γ/2π = 28 GHz·T−1.
The third term gives the energy of the atomic ensemble com-
prising Na two-level atoms with natural frequency ωa. S+,
S− and Sz represent the spin operators of the atoms, defined
as S+,−,z = ∑i σ

(i)
+,−,z, with σ+, σ− and σz being Pauli matri-

ces, and satisfy the commutation relations [S+,S−] = Sz and
[Sz,S±] = ±2S±. The fourth term describes the energy of the
mechanical vibration mode with x and y being respectively the
position and momentum operator, such that [x,y] = i. ωb is
the resonance frequency of the mechanical mode. The second
part of ℋ is the interaction Hamiltonian

ℋint = h̄
(
−gcc†cx+gnn†nx+ga

(
S+c+S−c†)) . (3)

Here the first term describes the interaction between the me-
chanical mode and the optical mode of rate gc. The second
term represents the interaction between the mechanical mode
and the magnon mode of rate gn. The last term corresponds to
the interaction between the atomic mode and optical mode of
rate ga = ρ

√
ωc/(2h̄εV ), with ρ as the atomic dipole moment,

ε the vacuum permittivity and V the volume of the cavity. The
last part of ℋ is the driving Hamiltonian

ℋdrive = i(c+εp e−iωpt −H.c)+ i(ΩLn+ e−iωLt −H.c), (4)

where εp =
√

2κc𝒫p/(h̄ωp) is the coupling strength between
the cavity and the probe field. ωp (𝒫p) represents the fre-
quency (power) of a probe field and κc is the decay rate of
the cavity. The Rabi frequency ΩL =

√
5

4 γ
√

NBL is the cou-
pling strength between the magnon mode and the drive field
with amplitude BL and frequency ωL. γ is the gyromagnetic
ratio and N is the total number of spins in the YIG. If we as-
sume that all atoms are initially in the ground state, so that
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Sz ≃ ⟨Sz⟩ ≃ −Na, and the excitation probability of a single
atom is small, we can define the dynamics of atomic polariza-
tion by bosonic annihilation operators a = S−/

√
|⟨Sz⟩|, and

satisfy the commutation relation [a,a†] = 1. So, we obtain the
total bosonized Hamiltonian, given by

ℋ/h̄ = ωcc†c+ωnn†n+ωaa†a+
ωb

2
(
x2 + y2)

+gN
(
a†c+ac†)−gcc†cx+gnn†nx

+i(ΩLn† e−iωLt −H.c)+ i(c†εp e−iωpt −H.c), (5)

where gN = ga
√

Na is the effective atom–cavity coupling
strength.

(a)

a

c

x

n

B

ωp

Xa

Ya

c

ab

n

(b)

gc

gn

ga

.

X

a

Fig. 1. (a) Schematic diagram of the atom-opto-magnomechanical sys-
tem. Through the mediating effect of a mechanical vibration mode b
induced by magnetostriction, the optical cavity mode c, driven by a probe
field at frequency ωp, couples to an ensemble of two-level atoms a and
a magnon mode n in a YIG crystal. (b) The different coupling strengths
in our system are as follows: gc denotes the optomechanical coupling
strength, gn is the magnomechanical coupling strength and ga is the
atom–cavity coupling strength.

2.2. Quantum Langevin equations and the output field

The Heisenberg Langevin equations below can be used to
characterize the system’s quantum dynamics

ċ =−(κc + i∆c)c+ igccx− igNa+εp e−iδ t +
√

2κccin,

ȧ =−(γa + i∆a)a− igNc+
√

2γaain,

ṅ =−(κn + i∆n)n− ignnx+ΩL +
√

2κnnin,

ẋ = ωby, ẏ =−ωbx− γby+gcc†c−gnn†n+ξ , (6)

where δ = ωp −ωL, ∆c = ωc −ωL, ∆n = ωn −ωL and ∆a =

ωa−ωL are the detuning parameters. γb and κn are the dissipa-
tion rates of the mechanical and magnon modes, respectively.
γa is the decay rate of the atoms. The terms ain(t), cin(t) and
nin(t) are the vacuum input noise operators, which have zero-
mean values. ξ (t) is the Hermitian Brownian noise operator
acting on the mechanical oscillator.

The quantum Langevin equations (6) can be linearized
by focusing on the steady-state values and only using first-
order terms in the fluctuating operator: ⟨𝒳 ⟩=𝒳s+𝒳− e−iδ t +

𝒳+ e iδ t , where 𝒳 = c,a,n,x,y. First, we examine the zero-
order solutions, i.e., the steady-state solutions, represented as
follows:

cs =
−igNas

κc + i (∆c −gcxs)
=

−igNas

κc + i∆̄c
,

as =
−igNcs

γa + i∆a
,

ns =
ΩL

κn + i (∆n +gnxs)
=

ΩL

κn + i∆̄n
,

xs =
gc |cs|2 −gn |ns|2

ωb
, (7)

where ∆̄c = ∆c − gcxs and ∆̄n = ∆n + gnxs are the effective
detunings of the cavity and the magnon, respectively. We
suppose that the coupling of the external microwave drive on
magnon mode n is much stronger than the coupling of the ex-
ternal probe field εp. Under this assumption, the solution of
the linearized quantum Langevin equations can be considered
to be the first-order external probe field by ignoring all higher-
order terms of εp. So, the solution for the cavity mode is given
as

c− = εp

(
h3 +

g2
N

h1
−𝒢c

ℋ6

ℋ5

)−1

, (8)

where

h1 = γa + i(∆a −δ ), h2 = γa − i(∆a +δ ),

h3 = κc + i(∆̄c −δ ), h4 = κc − i(∆̄c +δ ),

h5 = κn + i(∆̄n −δ ), h6 = κn − i(∆̄n +δ ),

h7 = ω
2
b −δ

2 − iγbδ , ℋ1 = 1+
g2

N
h2h4

,

ℋ2 = ih7 −ωb

(
𝒢2

c

ℋ1h4
+

𝒢2
n

h6

)
, ℋ3 = ωb

−𝒢2
n

h5
− ih7,

ℋ4 = ωb

(
𝒢2

c

h4ℋ1
+

𝒢2
n

h6

)
, ℋ5 =ℋ3 −

ωb𝒢2
nℋ4

h5ℋ2
,

ℋ6 = ωb𝒢c

(
1+

ℋ4

ℋ2

)
.

Here, 𝒢c = Gc/
√

2 and 𝒢n = Gn/
√

2, with Gc = i
√

2gccs and
Gn = i

√
2gnns being the effective opto- and magnomechan-

ical coupling strengths. It should be noted that the solution
for the cavity in Eq. (8) is derived under the condition that
|∆a|, |∆̃c|, |∆̃n| ≫ γa,κc,κn. We use the input–output standard
relation εout = εin − 2κc⟨c⟩,[63] where εin (εout) is the input
field (output field) vector, and the amplitude of the output field
can be written as

εout =
2κcc−
εp

= εR + iεI, (9)
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where εR is the real part of εout, which describes the absorp-
tion spectrum of the output probe field frequency. εI is the
imaginary part of εout, which describes the dispersion spec-
trum of the probe field frequency.

3. Magnomechanically induced transparency
In this section we will study the MMIT in the system un-

der consideration and investigate the impact of the decay rates
of the cavity and the atomic ensemble on the transparency win-
dow. The parameters we use were obtained in a recent experi-
ment on a hybrid magnomechanical system:[37,38,59] ωn/2π =

10 GHz, ωb/2π = 40 MHz, λp = 852 nm, κn/2π = 1 MHz,
γa = κn, κc = 2κn, γb/2π = 102 Hz, gN/2π = 8 MHz and
∆̄n = ωb. The strong optomechanical coupling Gc/2π =

8 MHz can be achieved with a laser power 𝒫p ≃ 5.5 mW for
gc/2π = 1 kHz at detunings ∆̄c ≃ 0.5ωb and ∆a = −ωb. Ac-
cording to Eq. (9), the rescaled transmission field associated
with the probe field can be written as follows:

𝒯 =
εp −2κcc−

εp
. (10)

The definition of the phase φ for the transmitted probe field 𝒯
is as follows:[64]

φ = Arg[𝒯 ]. (11)

We plot in Fig. 2(a), the transmission |𝒯 |2 spectrum of the
probe field versus the normalized probe frequency δ/ωb for
various values of the effective optomechanical coupling Gc.
From the black line in Fig. 2(a) one can easily observe that
there are no signatures of MMIT in the transmission spectrum
of the probe field when the optical mode is not coupled with
the mechanical mode (Gc = 0). Moreover, in the red line, the
double MMIT window appears in the output probe field due
to the effective optomechanical coupling Gc/2π = 4 MHz. In
comparing the green, blue and red lines in Fig. 2(a), the trans-
parency windows become wider and deeper with increasing
values of the effective optomechanical coupling Gc. These re-
sults clearly prove the existence of a double MMIT window
in the output probe field when the cavity optical mode is only
coupled to the mechanical mode (phonon). This physical phe-
nomenon is very similar to both OMIT and EIT.[65,66]

In Fig. 2(b), we plot the phase φ of the transmitted probe
field 𝒯 versus the normalized probe detuning δ/ωb of the
probe field for various values of Gc. We find when the ef-
fective optomechanical coupling strength is absent (Gc = 0),
no transparency window appears in the phase spectra of the
transmitted probe field. On the other hand, two MMIT win-
dows appear in the output probe field because the optical
mode of the system is now coupled to the mechanical mode
(Gc/2π = 4 MHz). As the effective optomechanical coupling
Gc increases, the transparency window becomes wider.
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Fig. 2. Plot of the transmission |𝒯 |2 and the phase φ as a function of
δ/ωb for different values of the optomechanical coupling strength Gc
with Gn/2π = 5.6 MHz. For other parameters, refer to the text.
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Fig. 3. Plot of the absorption εR as a function of normalized probe frequency
δ/ωb for different values of the decay rate of the cavity with Gc/2π = 6
MHz and Gn/2π = 6 MHz. For other parameters, refer to the text.

In Fig. 3 we plot the real part εR of the output field ver-
sus the normalized probe detuning δ/ωb of the probe field for
various values of the decay rate of the cavity when the value
of the effective optomechanical coupling strength is fixed. It
can be observed that the sideband absorption peaks decrease
as the cavity delay rate increases. Additionally, we note that
as the decay rate increases the transparency window becomes
wider and deeper.

In Fig. 4 we display the absorption εR versus the normal-
ized probe detuning δ/ωb for various values of the decay rate
of the atomic ensemble, while keeping the optomechanical
coupling strength Gc fixed. We note that increasing the decay
rate γa leads to an increase in the peak of the double windows,
which is consistent with the findings in previous work.[67]
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Fig. 4. Plot of the absorption εR as a function of δ/ωb for different val-
ues of the decay rate of the atomic ensemble with Gc/2π = 6 MHz and
Gn/2π = 5.6 MHz. For other parameters, refer to the text.

4. Fano resonances
In this section, we will discuss the appearance of Fano

line shapes in the output spectrum along with their under-
lying physical mechanism. Unlike the symmetric resonance
curves observed in phenomena such as EIT, OMIT and MMIT
windows, the Fano resonance is characterized by a distinctly
asymmetric shape.[31,33] Fano resonances have been detected
in systems previously exhibiting EIT by carefully adjusting
system parameters.[31,33,37,68–70] The unique asymmetric pro-
file of Fano resonances in systems with optomechanical-like
interactions is attributed to non-resonant interactions. For ex-
ample, within a conventional optomechanical framework, the
emergence of asymmetric Fano resonance shapes in the spec-
tral distribution can occur when the anti-Stokes process does
not match the resonant frequency of the cavity.[33,69]

(a)
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Fig. 5. Fano lineshapes in the asymmetric absorption εR profiles are
shown versus the normalized probe frequency δ/ωb with Gc/2π =
6 MHz and Gn/2π = 5.6 MHz: (a) ∆̄c = 0.2ωb, (b) ∆̄c = 0.8ωb and
(c) ∆̄c = 0.5ωb. The other parameters are given in Section 3.

Asymmetric Fano shapes can be seen in Figs. 5(a) and
5(b) for various non-resonant cases, where the real part of
the output field εR is plotted against the normalized detuning
δ/ωb. In Fig. 5(a), with the phonon–photon coupling set to
Gc/2π = 6 MHz, the output spectrum exhibits an asymmet-
ric window profile due to the presence of a non-resonant pro-

cess (∆̄c = 0.2ωb). Furthermore, we set the effective detuning
value ∆̄c of the driving field and phonon mode to 0.8ωb. As
shown in Fig. 5(b), the double Fano resonance peak shifts from
the right (∆̄c = 0.2ωb) to the left (∆̄c = 0.8ωb). In Fig. 5(c),
the Fano resonance disappears when we consider the resonant
case ∆̄c = 0.5ωb.

5. The group delay

In this section we study the group delay of the output sig-
nal as a function of the normalized detuning δ/ωb for various
values of phonon–photon coupling strength Gc.

The phase of the transmitted probe field in Eq. (11) is re-
lated to the group delay τ of the output field by the following
relation:[64,71]

τ =
∂φ

∂ωp
= Im

[
1
𝒯

∂𝒯
∂ωp

]
. (12)

This implies that larger group delays result from quicker phase
dispersion and vice versa. Additionally, a negative phase slope
indicates a negative group delay τ < 0, corresponding to fast
light propagation, while a positive phase slope means a posi-
tive group delay τ > 0, corresponding to slow light propaga-
tion.

In Fig. 6, we plot the group delay of the output field at
the probe field frequency versus the normalized probe fre-
quency δ/ωb for various values of the optomechanical cou-
pling strength Gc. In Fig. 6(a) we note that for Gc/2π =

4 MHz a negative group delay of the output field is achieved
at δ ≈ 0.91ωb, which corresponds to the fast light effect
of the output probe field. In contrast, a positive group de-
lay, i.e., the slow light effect of the output probe field, is
achieved at δ ≈ 1.07ωb. Moreover, by increasing the effective
optomechanical coupling Gc, the fast light increased around
δ ≈ 0.91ωb, and at δ ≈ 1.07ωb the slow light decreased, as
depicted in Figs. 6(b) and 6(c). Furthermore, we observe that
for Gc/2π = 4.93 MHz, the slow light enhances at δ ≈ 0.91ωb

and the group delay τ of the output field reaches τ ≈ 97.60 µs,
as depicted in Fig. 6(d). By comparing the evolution of trans-
mission in Fig. 2(a) with Fig. 6 for Gc/2π = 4 MHz it is
observed that the peak (τ > 0) occurs at ωp −ωL ≃ 1.07ωb,
where the transmission is converted from absorption to trans-
mission. This peak can be explained by sudden increases of
the phase φ at ωp −ωL ≃ 1.07ωb (see Eq. (12)), as depicted
in Fig. 2(b). The physical explanation for the group delay is
the tunability of the quantum interference between the probe
field and the anti-Stokes field. This implies that the group de-
lay can be dynamically tuned to modulate fast and slow light
by manipulating the strength of the optomechanical coupling.
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Fig. 6. The group delay τ of the transmitted probe field as a func-
tion of the normalized probe frequency δ/ωb for different values of the
coupling strength Gc with Gn/2π = 5.6 MHz: (a) Gc/2π = 4 MHz,
(b) Gc/2π = 4.30 MHz, (c) Gc/2π = 4.90 MHz, (d) Gc/2π = 4.93 MHz.
See text for the other parameters.

6. Feasibility
Here, we evaluate the experimental feasibility of our sys-

tem based on the current experiments. Our system com-
prises two interconnected subsystems: a magnomechanical
subsystem and an optomechanical subsystem. A recent exper-
iment demonstrated the interaction between a highly polished
single-crystal YIG sphere and a three-dimensional microwave
cavity.[37] Moreover, we have analyzed the parametric regime,
which is applicable only when the magnon population is sub-
stantially lower than the total spin of the system. Specifically,
this condition requires that the average magnon number, ⟨n†n⟩,
is much less than 5N, the total spin of the Fe3+ ions in YIG
(where s = 5/2).[37] While the magnomechanical component
has been demonstrated in previous studies, the optomechan-
ical aspect has been experimentally realized.[72] Experimen-
tal studies on atom trapping have revealed that ground and
excited atoms, when positioned appropriately, are unaffected
by external magnetic fields. This phenomenon is described in
Ref. [73]. In this work, we have utilized the parameters used in
Ref. [62]. Consequently, the proposed system, which utilizes
a high-quality YIG sphere and an atomic ensemble within an
opto-magnomechanical cavity, appears to be experimentally
feasible.

7. Conclusion
In conclusion, we have investigated the MMIT, Fano res-

onance and slow–fast light in an atom-opto-magnomechanical
system. We have discussed the transmission and the phase
spectra of a weak probe field under a strong control field. Due
to the presence of photon–phonon interactions we have ob-
served OMIT, and the phonon–magnon interactions lead to
MMIT. We have shown the absence of MMIT as a result of
the absence of photon–phonon coupling. We have found two
MMIT windows in the output probe spectra due to the pres-
ence of photon–phonon and magnon–photon interactions. We

have studied the influence of decay rate of the cavity and the
atomic ensemble on the MMIT windows. Furthermore, we
have discussed in detail the phenomenon of Fano resonance
caused by the presence of anti-Stokes processes in the system.
We investigated slow and fast light propagation conditions that
can be modulated by various system parameters. It was shown
that, in an opto-magnomechanical system, the group delay is
enhanced by adjusting phonon–photon coupling strength.
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