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We theoretically explore the tunability of magnomechanically induced transparency (MMIT) phenomenon and fast-
slow light effect in a hybrid cavity magnomechanical system in which a high-quality yttrium iron garnet (YIG) sphere
and an atomic ensemble are placed inside a microwave cavity. In the probe output spectrum, we can observe magnon-
induced transparency (MIT) and MMIT due to the photon-magnon and phonon-magnon couplings. We further investigate
the effect of atomic ensemble on the absorption spectrum. The results show that better transparency can be obtained
by choosing appropriate atomic ensemble parameters. We give an explicit explanation for the mechanism of the Fano
resonance phenomenon. Moreover, we discuss phenomena of slow-light propagation. The maximum group delay increases
significantly with the increasing atom—cavity coupling strength, and the conversion between slow light and fast light can
also be achieved by adjusting the atom—cavity coupling strength. These results may have potential applications for quantum

information processing and high precision measurements.
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1. Introduction

Light-matter interaction has become an active and impor-
tant research topic, which generally has potential applications
in many fields, e.g., optomechanically induced transparency
(OMIT),!"# coherent manipulation of light,>%! electromag-
netically induced transparency (EIT),[”-!2l and the entangle-
ment preparation between the cavity field and the macro-
scopic oscillator.!'3151 In the past decade, it promoted the
development of solid quantum memory and quantum infor-
mation processing. EIT is a typical quantum interference ef-
fect, which occurs in three-level atoms.['®! It refers to the
fact that the absorption rate of atoms can be reduced to zero
under the action of an auxiliary laser field, which is mainly
caused by interference effects or dark state resonance in an
excited state. Moreover, the EIT analogs due to the de-
structive interference of the anti-Stokes scattering field and
the weak probe field are called OMIT.!'”! This phenomenon

1121 and

has been extensively studied both experimentally
theoretically.>* Up to date, due to emergence of various
novel cavity optomechanical systems, the multiple-OMIT phe-
nomenon has been researched theoretically in hybrid piezo-
optomechanical cavity systems, '8! atomic-media assisted op-
tomechanical systems,!'>!°) and multiple-resonator optome-
chanical systems,?! etc.

Recently, analogous to cavity optomechanics, the cav-
ity magnonic system (CMS) with a yttrium iron garnet (YIG)
sphere has received increasing interest, which has many ben-

fCorresponding author. E-mail: nculgh@ 163.com
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acaf2b

efits over conventional systems. Magnetic materials generally
have very low damping rate, high spin density, and high co-
operativity with microwave photons,2!=2%! thus providing an
excellent platform for the study of strong light-matter inter-
action. In addition to the above merits, the magnon shows
an excellent ability to couple with diverse quantum systems,
such as optical photons, optical whispering gallery modes

(29301 and supercon-

(WGMs),m] microwaves, [28] phonons,
ducting qubits.[®!] Thanks to the special features, the sys-
tems containing YIG are used to study a variety of coher-
ent phenomena similar to those in optomechanical systems,
such as quantum entanglement, 3>-34! MMIT,®>! ground-state
cooling of magnomechanical resonators, *6-38 fast-slow light
engineering, *°~*! bistability and nonreciprocity,*>*4! and so
on.

So far, magnetically induced transparency (MIT)
has been successfully demonstrated at room tempera-
ture, benefiting from the quantum robustness of spin
waves to temperature.'?>) Magnomechanically induced trans-
parency/absorption (MMIT/MMIA) and magnomechanical
parametric amplication (MMPA) are observed in CMS due to
magnetostrictive interaction between magnon and phonon. [*°]
Tunable multiwindow MMIT and magnetically controlled
slow-to-fast light conversion have been proposed in the sys-
tem consisting of two ferromagnetic YIG spheres coupled to
a single microwave cavity mode.!*>! In addition, the tripartite

entanglement and generation of macroscopic quantum coher-
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ence in a typical three-mode coupled cavity magnomechani-
cal system have been studied.*! Recently, Li et al.[*! have
proposed a scheme of single-magnon generator via coexis-
tence mechanism of anharmonicity and interference in a hy-
brid CMS. Other quantum effects like the simultaneous block-
ade of a photon, phonon, and magnon in a hybrid microwave
optomechanical-magnetic system with a two-level atom and a
YIG microsphere have also been discussed.!*’”! Furthermore,
many other interesting phenomena have been studied in CMS,
such as parity-time-related phenomena,“3*°! tristability,>"!
nonreciprocal amplification,*!! and phonon lasing.>?!

Motivated by the above developments, we consider ef-
fects of an atomic ensemble on the output spectrum of the
CMS in this paper. This work has the following major ad-
vantages: the presence of the atomic ensemble can effec-
tively control the width and height of the transparency win-
dow. Then, we present a pump-probe optical method to detect
the atom—cavity coupling strength. Moreover, the conversion
between slow light and fast light can be achieved by adjusting
the atom—cavity coupling strength, which provides a scheme
for fabrication of optical devices such as all-photonic switches.

The paper is organized as follows. In Section 2, the phys-
ical model of our proposal is introduced. In Subsection 3.1,
we discuss the MMIT and give an explicit explanation for the
mechanism. Furthermore, we analyze the influence of atomic
ensemble on the output spectrum. In Subsection 3.2, the Fano
resonance in the output field is investigated. The fast-slow
light effects in the hybrid cavity magnomechanical system are
discussed in Subsection 3.3. Finally, the summary is given in
Section 4.

2. Theoretical model and solutions

The hybrid cavity magnomechanical system considered
in this paper is schematically shown in Fig. 1(a). A high-
quality YIG sphere and an atomic ensemble with N identical
two-level atoms are placed inside a microwave cavity.[>3->31
The equivalent physical model of the hybrid cavity magnome-
chanical system is given in Fig. 1(b). The magnon mode is
caused by the collective motion of a large number of spins in
a ferromagnetic system, e.g., a YIG sphere. In the system, a
uniformly biased magnetic field in z-direction is applied on the
YIG sphere. The photon mode of the cavity and the magnon
mode of YIG are coupled to each other through the magnetic

(231 The phonon mode arises due to the vi-

dipole interaction.
brations of the YIG sphere caused by the magnetostrictive
force.[*”! Therefore the magnon—phonon coupling was estab-
lished in the YIG sphere. Here, we ignore the Kerr nonlinear
effect term of the magnons caused by the magnetocrystalline
anisotropy in the YIG sphere.[*?! The total Hamiltonian of

the magnomechanical system considered here can be written

ag135:56]

. 1
Hr/h = @.a'a+ @,m'm+ a)bbTb—s—Ea)eSZ
+g1 (@'m+am®) +gom'm (b+b7)
+g(Sya+S_a")+iQ (mTe*i“’O’ —mei“"”)

+igp <aTe_i“’P’ faei“’P’) , (1)

where a (a), m" (m), and b" (b) are the creation (annihilation)
operators of cavity mode, magnon mode and phonon mode,
respectively; @,, @,, and @, are the resonant frequencies of
the cavity, magnon and phonon, respectively. It should be
pointed out that, @, can be tuned by changing the external
bias magnetic field H via w,, = YH. The transition frequency
between the ground state |g) and the excited state |e) of a two-
level atom is w,. The two-level atom collective spin operator
is defined as S, , — =YV, ()'Z';7+7_, where N is the total num-
ber of two-level atoms and GZ"‘ +,— 1s the operator of the i-th
atom, and they satisfy commutation relations [S;, S+ ] = £2S4,
and [S;,S_] = 25,.1°7 In the low-excitation limit, the collec-
tive spin operator S, can be approximated as S, ~ (S,) ~ —N.
The boson annihilation operator for an atom can be defined
asc=S_/ \/@, which satisfies the commutation relation
[c,c"] = 1. Here, g is the averaged atom-photon coupling
strength.’8 The coupling strength of the magnon with the
cavity field (phonon) is described by g; (g2). The condition
for g; is as follows: g; > Ky, K;, Where K, (k,) is the dissi-
pation rate of the magnon (cavity) modes. In contrast, g, is
considered to be very small but can be enlarged by directly
driving the YIG sphere or the cavity mode with a microwave
source. The Rabi frequency 2 = éy\/ﬁBo represents the
strength of the driving field with amplitude By =3.9x 107° T
and frequency @y. The gyromagnetic ratio is y = 28 GHz/T
and the total number of spins is N = pV with the spin den-
sity of the YIG sphere p = 4.22 x 10?7 m~3 and volume V;[?*
@y, is the frequency of the detection field with the amplitude
g = \/}m, P, is the power of a probe field. Note that we
can ignore the term Km mm™m in Eq. (1) which describes the
Kerr nonlinear effect when K |(m)[* < Q.14

In a frame rotating at the frequency of the cou-
pling field, we apply a unitary transformation U () =
exp [—iap (a'a+m'm+1S.)1] to the system.*! The total
Hamiltonian of the system can be written as

He/h = U (1) HrU™ (1) — iU%UT (t)

1
Aga’a+ Apm'm+ opb™h+ F4:S:

+ g1 (aTm—FamT) —|—g2me (b—|—b+)
+g(Sra+S_a")
+iQ (mT —m) +ig, (afe_i& faei&) )
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Here, the detuning parameters are 6 = Wp — Wy, Ay = 0y — Oy,
Ay = @, — @y, and A, = @, — Q.
sponding damping and noise terms, the quantum dynamics

Introducing the corre-

of the system can be described by the following Heisenberg—
Langevin equations

a = fiAaafiglmeanrEpe_i&
—iGuc+/2K,d" (1), 3)
m = —iApa—igia— Ky,m—igom (b—i—bT)
+Q 4/ 21,m™ (1), “4)
b = —iwpb—igom'm— Kb+ /2K,b" (1), (5)
¢ = —Yc—iAcc —iGaa+ /2y.cM (1), (6)

where K, (K, Kp, ¥) is the decay rate of the cavity (magnon,
phonon, atoms); G, = g+/N is the coupling strength between
the cavity and the collective atomic mode; a®, m™, bi", and
¢™ are the vacuum input noise operators with zero mean,
which are fully characterized by nonzero correlation function

{gin(1)aly (1) = 81 1), g=a,m,b,c.?
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Fig. 1. (a) Schematic of the hybrid cavity magnomechanical system.
The cavity traps the atomic ensemble (light blue) and a high-quality
YIG sphere (red). (b) The equivalent physical model.

To obtain the amplitude of the probe light, we denote
the operator as the sum of quantum fluctuation and steady-
state value, i.e., 0 = og + 80 (0 = a,m, b, c).1% Therefore, the
steady-state solutions of the dynamic operator are obtained as

—1g1mg
ag=— S @)
1Aq+ Kq + yﬁ?Ac
—i + 0
g= T 8)
1A, + Kn
. 2
—iga|my|
by = —"——"— 9
S ia)b+Kb bl ( )
—1G,a,
s = — 10
S = L TiA, (10)

where A, = A, + g2 (bs+b%) is the effective detuning of
the driving field and the magnon mode. Further, introducing
the linear expansion 0 = o +04 e 1% +0_e'% (0 = a,m, b, c)
into Eqgs. (3)-(6) and ignoring the resonance term, we obtain

the relation satisfied by o as

(A —Ky)ap —igimy —iGueqr + 6 =0, 11)
(i — &)y —igias —iGb, =0, (12)
(iA—Kp) by —iG*my =0, (13)
(iA —7)cy —iGuay =0, (14)

where G = gomyg is the effective magnon—phonon coupling
strength. In the resolved-sideband regime, we set L = 6 — wy,
and A, = A,, = A. = @,. Therefore, we can express the output
field response as

& (15)

ap = 5
(14 — k) + ” o +(iﬁyc)
(1 —Km)“rm

Using the standard input—output relation &y, = & — 2K,4a,
where &, and &y, are the input field and output field vectors,
respectively.[®!] The amplitude of the output field oscillating
at the probe frequency @y can be written as

2K,a
Eow = —, . (16)

P

The real (imaginary) part of &y, describes the absorption (dis-
persion) of the probe field at the probe frequency.

3. Results and discussion

In order to explicitly illustrate the features of the mag-
nomechanically induced transparency and the fast-slow light
effect in this hybrid CMS, we analyze the absorption spec-
trum of the output field using the effective parameters ob-
tained in the cavity magnomechanical system experiments
as'?’! @, /2w = 10 GHz, @, /27 = 10 MHz, ®,, /2% = 10 GHz,
Kn/2m = 0.1 MHz, x,/2n = 2.1 MHz, «,/2n = 100 Hz,
g1/2m =1.5MHz, G/2x = 1.0 MHz, G, /27 = 1.0 MHz.

3.1. Magnomechanically induced transparency

First, under the fixed atom-—cavity coupling strength
G,/2n = 1.0 MHz, we consider the effect of the photon-
magnon coupling on the probe absorption properties in the
hybrid cavity magnomechanical system with the magnon—
phonon coupling G =0 and G/27 = 1.0 MHz. If the coupling
between magnon and phonon is absent, the term €y, becomes

2K,

o = 2 . (17
- 3 G2
(A —K) + iy + 1o

In Fig. 2(a), we consider that magnon—phonon coupling is
switched off, i.e., gop = 0. At this time, there are only the

photon-magnon and phonon-atomic couplings. Due to the
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magnetic dipole interaction, we can observe that a magnon-
induced transparency window appears at resonance 0 = .
As the coupling strength g; increases, the transparency win-
This indicates that the
magnon-induced transparency effect increases with the in-

dow becomes wider and deeper.

crease of g;. Then, we introduce magnon—phonon coupling
in Fig. 2(b). Due to the magnetostrictive force interaction,
the single MIT window splits into double windows. The rea-
son is that the MMIT window is obtained when the phonon-
magnon coupling is introduced. Similar to Fig. 2(a), the trans-
parency windows become wider and deeper with the increase
of g;. This shows that MIT and MMIT are enhanced with
the increase of photon-magnon coupling. Therefore, the width
of the transparent window can be controlled by changing the
photon-magnon coupling.

2.5 T T :
—g1=27X1.0 MHz ...... g1 =2mwx1.5 MHz
- -g1=27X1.2 MHz ....g; =27X2.0 MHz
2.0 (a) :

1.5¢

Re(eout)

1.0r

0.5¢

0 0.5 1.0 1.5 2.0
6/wp

2.5 [ g1 = 27x1.0 MHz ... g1 = 27x1.5 MHz
- -g1=21x1.2 MHz ... g1 =2mX2.0 MHz

(b)
2.0t

1.5¢

Re(gout)

0.5

0 0.5 1.0 1.5 2.0
6/wb

Fig. 2. Real part of the output field Re (&) as a function of § /e, for
different values of the photon—magnon coupling strength g;. (a) G, =
2n x 1.0 MHz, G =0, (b) G, =27 x 1.0 MHz, G =27 x 1.0 MHz.

In order to bring out prominently the effect of the atomic
ensemble, we plot the absorption Re (&) of the output field
as a function of 8/, for different values of the atom—cavity
coupling strength G,, when the value of the atomic ensem-
ble decay rate is fixed. On the one hand, one can obtain that

the sideband absorption peaks increase as the coupling of the
atomic ensemble to the cavity increases, as shown in Fig. 3(a).
The reason is that the radiation pressure is enhanced by in-
creasing the atom—cavity coupling strength. The process is
reversed in the case that the atom—cavity coupling strength G,
is fixed and the atomic dissipation ¥, is changed, as shown in
Fig. 3(b).

3.5

3.5 - C—Ga=0
i--@F,=2%1.0 MHz
3.03 = G, =2mwX1.5 MHz |
Sas \ « Gy=27x2.0 MHz
Q> : 4
~ H (a)
2571 1
1.5 H
0.98 1.00 1.02
p !
< 20f e
=l
3
Q
Bt
1.0r
0.5
0
0
2. .
5 — .= 27wX5 MHz
- -9.=27Xx10 MHz
21 /-~ \ v A Ye=2mX20 MHz
SN O\ e =2mX40 MHz
2.0 2.0 |
« b
1.9p/ ( )
1.8
0.98 1.00 1.0
— 1.5+ §/wy
B
3
O
~
1.0r

0.5}

|

0 0.5 1.0 1.5 2.0
6/wb

Fig. 3. Real part of the output field Re (€o) as a function of &/w,.
(a) The decay rate of atomic ensemble is fixed at 27 x 5 MHz, while
the atom—cavity coupling strength G, is varying. (b) The atom—cavity
coupling strength is fixed at G, = 27 x 1.0 MHz, while the decay rate
of the atomic ensemble is varying.

On the other hand, although different parameter G, and 7,
are chosen, the widths of the two transparent windows are the
same because the widths of the two transparent windows are
only determined by the photon—-magnon and magnon—phonon
couplings and they are independent of other parameters. This
indicates that the sideband peaks can be controlled by adjust-
ing the parameters of the atomic ensemble. Furthermore, we
plot the logarithm of the peak heights of the two absorption
sides of the output spectrum as a function of the atom—cavity
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coupling strength, as shown in Fig. 4. The value of the atom—
cavity coupling strength can be easily detected by measuring
the peak heights of the two absorption sides. It provides an
effective and accurate method for measuring the atom—cavity
coupling strength.

0.55

0.50

e
N
ot

logioheight
o
o~
S

0 0.5 1.0 1.5 2.0
G, (27X2.0 MHz)

Fig. 4. The logarithm of the peak heights of the two absorption sides of
the output spectrum versus the atom—cavity coupling strength.

3.2. Fano resonances in the output field

Then, we discuss the Fano resonances in the output spec-
trum. The output spectral shape of the Fano resonance is sig-
nificantly different from the symmetric resonance curves in
the EIT, MIT, OMIT and MMIT windows.
with optomechanical-like interactions, the reason for Fano res-

In the system

onance is the presence of non-resonant interactions. In our
work, since the magnon mode is coupled to the phonon mode
through an optomechanical-like interaction, this non-resonant
interaction corresponds to A # wp. The absorption Re (&)
spectrum of probe field as a function of 6/, is shown in
Fig. 5.

2 (a) ) (b)
S 1 L
3 =
o
0 0
0 05 1.0 15 20 0 05 1.0 1.5 2.0
6/wh 6/wb
2 (c) 2 (d)
L1 K
[5) Q
~ ~
0 0
0 05 1.0 1.5 2.0 0O 05 10 15 20
0wy d/wp

Fig. 5. Fano lineshapes in the asymmetric real part of the output
field Re (&) as a function of &/, for gy =27 x 1.5 MHz, G, =
27 x 1.0 MHz: (a) G=0, A,, = 1.5, (b) G =27 x 1.0 MHz, A, =
1.5, (¢) G =271 x 1.0 MHz, A, = 0.5y, (d) G =27 x 1.0 MHz,
Am =1.00p.

We can see from Figs. 5(a)-5(c) that the asymmetric Fano
resonance occurs due to different non-resonant situations. In
Fig. 5(a), we set the magnon—phonon coupling G = 0. The out-

put spectrum appears with an asymmetric window profile, due
to the existence of non-resonant process (A~m = I.wa). Then,

we introduce the magnon—phonon coupling. In Fig. 5(b), we
can notice that the output spectrum is split into two absorp-
tion peaks with a narrow transparent window near & = @,
which can be called MMIT. This illustrates that the magnon—
phonon coupling produces the MMIT window. Further, we
set the effective detuning value A,, of the driving field and
magnon mode to 0.5@,. We can see from Fig. 5(c) that the
Fano resonances peak moves from right (A~m = 1.5(01,) to left
(A~m = O.wa). In Fig. 5(d), Fano resonance disappears when
we consider a resonance case A = 1.0.

3.3. The fast-slow light effects in the hybrid cavity mag-

nomechanical system

We have discussed the magnomechanically induced trans-
parency and Fano resonances of a hybrid cavity magnome-
chanical system. In the following, we investigate group de-
lay of the output signal as a function of normalized probe field
frequency 6 /@, with different atom—cavity coupling strengths
G,. The group delay of the probe light is given by

T_al_l 1 degyt L 1 déegy
Ty ew dwp ] [Eow 98

Physically, the positive (negative) value of group delay repre-

] . 318)

sents the occurrence of slow (fast) light transmission. Accord-
ing to Fig. 6, we can see that the maximum group delay in-
creases significantly with the increase of the atom—cavity cou-
pling strength G,. The maximum and minimum group delays
we can achieve are both about 17 us. In the meantime, it is
accompanied by a transition between fast and slow light near
0 =0.90; and 6 = 1.1@,. The physical mechanism of group
delay is the tunability quantum interference between the probe
field and the anti-Stokes field. This suggests that the group
delay can be dynamically adjusted to achieve modulation of
fast and slow light by controlling the atom—cavity coupling

strength.
20 . e . : . .
— G, =2rx7 MHz
15 —10 v G =27X8 MHz A
N ) T Gq=27X9 MHz
101 Go=27x10 MHz ]

_5 _\ Advance g
—10} i
715 - 4
~20%0 085 090 005 1.00 1.05 1.10 1.15 1.20

5/&)[,

Fig. 6. The group delay 7 of probe light as a function of 8/, for
different values of the atom—cavity coupling strength G,.

Finally, we briefly analyze the experimental feasibility of
the proposed model. The system of cavity trapping atomic
ensemble has been carried out in the experiment.[®?] The ex-
periment that involves a highly polished single-crystal YIG
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sphere interacting with a three-dimensional microwave cav-

ity has been realized in Ref. [29].
[63

A trapping of atoms
experimentally!®3! shows that the ground and excited atoms
are not affected by the external magnetic field when they are
in the proper position. Moreover, the frequency of the magnon
is determined by the external bias magnetic field and therefore
can be conveniently adjusted in a wide range.*”! Therefore,
the current scheme based on a high-quality YIG sphere and
an atomic ensemble placed inside a microwave cavity may be

realizable in experiment.

4. Conclusion

In summary, we have investigated the absorption spec-
trum in a hybrid magnomechanical system. Due to the photon-
magnon and phonon-magnon interactions, MMIT and MIT
can be obtained in the absorption spectrum. The photon-
magnon coupling can enhance MIT and MMIT. Then, we have
explored the influence of atomic ensemble on the absorption
spectrum. The results show that the better transparency ef-
fect can be achieved by choosing appropriate atomic ensem-
ble parameters. In addition, we have proposed a method to
measure the atom—cavity coupling strength. Furthermore, the
phenomenon of Fano resonance due to the presence of anti-
Our

study shows that the conversion between slow light and fast

Stokes processes in the system is discussed in detail.

light can be achieved by modulating the atom—cavity coupling
strengths appropriately. This study has some important guid-
ing significance in the fields of high precision measurements
and fabrication of optical devices.
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