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We present a cooling scheme with a tripod configuration atomic ensemble trapped in an optomechanical cavity. With
the employment of two different quantum interference processes, our scheme illustrates that it is possible to cool a resonator
to its ground state in the strong cavity–atom coupling regime. Moreover, with the assistance of one additional energy level,
our scheme takes a larger cooling rate to realize the ground state cooling. In addition, this scheme is a feasible candidate
for experimental applications.
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PACS: 37.10.Rs, 42.50.−p DOI: 10.1088/1674-1056/abc2c0

1. Introduction

Over the last ten years, the study of macro- or nano-
mechanical resonators (MRs) have attracted considerable at-
tention from both scientific and industrial communities. It
results from the fact that the MRs hold a great potential for
creating mesoscopic quantum states, developing novel quan-
tum devices, and constructing highly sensitive sensors for
metrology.[1–3] However, most of these applications are lim-
ited by the thermal phonons on the MRs for their low frequen-
cies. Hence, cooling a MR to its ground state is a fundamental
step towards its various applications.

To achieve the ground state cooling of the MRs, great ef-
forts have been paid for searching different cooling methods,
such as sideband cooling,[4–7] feedback cooling,[8] measure-
ment cooling,[9] squeezed-light-based cooling,[10–12] and so
on.[13]

In experiments, the well developed technology is based
on the sideband cooling,[6,7] which can be realized by cou-
pling a MR to a high quality optical cavity via radiation pres-
sure coupling. With the assistance of the cavity dissipation
and setting the system in the regime of the first-order red side-
band, the MR can be cooled to its ground state in the resolved
sideband regime, where the linewidth of the optical cavity is
much smaller than the vibrational frequency of the MR. More-
over, to further reduce the thermal noise of the environment,
the squeezed field is introduced to the sideband cooling, and
the ground state cooling of the MR can be beyond the quantum

backaction limit.[11] Nevertheless, limited by the manufactur-
ing technology, the sideband cooling can only be realized by a
few research groups.

On the other hand, to reduce the difficulty in the ground
state cooling of the MR in the experiments, a variety of
new cooling approaches based on quantum interference have
been proposed in non-resolved sideband regime in which the
linewidth of the optical cavity is larger than the vibrational fre-
quency of the MR. These works for quantum inference cooling
can be achieved with the assistance of coupled cavities,[14–16]

superconductor systems,[17] quantum dots,[18–20] nitrogen-
vacancy (NV) centers,[21–24] and cavity quantum electrody-
namics systems.[25–36] In these schemes, the internal degrees
of freedom (d.o.f) works as a hybrid-multilevel configuration,
and ground-state cooling can be achieved by the quantum in-
terference effects, such as electromagnetically induced trans-
parency (EIT)[37–39] and EIT-like effects.[40–42] Under the ac-
tion of the quantum interference, the first red-sideband tran-
sition can be enhanced, while the one for blue-sideband will
be suppressed, and the ground state cooling of the MR can be
achieved in this way. As a result, it can be more efficient than
the sideband cooling.

In this work, we present a scheme to cool a MR to its
ground-state with two quantum interference processes. We as-
sume an optomechanical cavity strongly couples to a tripod
configuration atomic ensemble, and there is a double-quantum
interference structure in the hybrid systems to improve the
cooling performance. Then, we use the first quantum inter-
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ference (EIT-like resonance) to enhance the narrow red side-
band transition, and the mean phonon number of the MR can
be cooled to the order of 1/CN , where CN is the cooperativ-
ity between cavity and atomic ensemble. Therefore, ground-
state cooling can be achieved in strong atoms-cavity coupling
regime. Moreover, to avoid the photon absorption by the atoms
and provide a larger optomechanical coupling than previous
atom-assisted cooling schemes,[25,26,28,31,32] the second quan-
tum interference (cavity-EIT resonance) is introduced to can-
cel this process. As a result, the cooling rate of our scheme can
be larger than relevant schemes, and it is more robust against
heating caused by the thermal noise.

2. Model
2.1. Hamiltonian

The experimental setup is shown in Fig. 1. An ensemble
of N atoms is confined in an optomechanical cavity.[2] The vi-
brational frequency of the movable cavity mirror is ωm, and
the cavity is pumped by an external laser field Ωp with fre-
quency ωp. Each atom has one excited state |e⟩ and three
ground states |g⟩, |r⟩, and |s⟩. The transition |e⟩ ↔ |g⟩ cou-
ples to a cavity field with single atom–cavity coupling strength
g0

[26] and frequency ωc, and the one between states |e⟩ and
|r⟩ (|s⟩) is driven by the laser field Ωr (Ωs) at frequency ωL1

(ωL2).

(a)

(b)

|e>

|r> |s>|g>

Ωs

∆g

∆gr ∆gs

Ωs

δc
′

Ωr

Ωr

Ωp

γ

ωp

ωm↪ γm



Fig. 1. (a) Experimental setup. An atomic ensemble is confined in an
optomechanical cavity. The cavity is driven by a pump field. Each atom
in ensemble simultaneously couples to two laser fields and the cavity
field, as it is shown in panel (b).

In the rotating frame of frequencies ωp, ωL1, and ωL2, the
Hamiltonian of the system is (h̄ = 1)

H = Hm +Hc +Ha +HI. (1)

Here,

Hm = ωmb†b, (2)

Hc = −δ
′
ca†a, (3)

Ha = −∆g

N

∑
j=1

|e⟩ j j ⟨e|−∆gr

N

∑
j=1

|r⟩ j j⟨r|−∆gs

N

∑
j=1

|s⟩ j j⟨s|, (4)

describe the effective energy of the MR, cavity mode and
atoms, respectively. a (b) denotes the annihilation operator
of the cavity (phonon) mode.

The corresponding detunings in Fig. 1 are defined by

δ
′
c = ωp −ωc,

∆g = ωp −ωeg,

∆gr = ∆g − (ωL1 −ωer) ,

∆gs = ∆g − (ωL2 −ωes) , (5)

with ωeα being the transition frequency between states |e⟩ and
|α⟩ for α = g,r,s.

The interaction Hamiltonian

HI = Hat−cav +Hat−L +Hp +Hm−cav (6)

is composed of

Hat−cav = g0

N

∑
j=1

(
a†

σ
−
ge, j +aσ

+
ge, j

)
,

Hat−L = Ωr

N

∑
j=1

(
σ
−
re, j +σ

+
re, j

)
+Ωs

N

∑
j=1

(
σ
−
se, j +σ

+
se, j

)
,

Hp = Ωp
(
a† +a

)
,

Hm−cav = λ0a†a
(
b† +b

)
, (7)

where Hp describes that the optomechanical cavity is driven by
the pump field, Hm−cav shows the radiation pressure coupling
between the optomechanical cavity and the MR, and Hat−cav

(Hat−L) represents the interaction between atoms and cavity
(optical) field. λ0 is the single-photon radiation pressure cou-
pling strength, and operator σ

−
αβ

is defined by σ
−
αβ

= |α⟩ j j ⟨β |
for α,β = g,r,s,e.

Assume the effective atom-cavity coupling g⟨a⟩ is much
weaker than the coupling strengths Ωr and Ωs (g |⟨a⟩| ≪
{Ωr,Ωs}), so that most of the atoms would stay in their
ground state |g⟩. Then, we can employ the bosonization

approximations,[26,32] 1√
N

N
∑
j=1

σ
−
ge, j →E, 1√

N

N
∑
j=1

σ
−
gr, j →R, and

1√
N

N
∑
j=1

σ
−
gs, j → S with

[
F,F†

]
= 1 (F = E,R,S), to rewrite

Hamiltonian (1) as

H = ωmb†b−δ
′
ca†a−∆gE†E −∆grR†R−∆gsS†S

+gN
(
aE† +a†E

)
+Ωr

(
RE† +R†E

)
+Ωs

(
SE† +S†E

)
+Ωp

(
a† +a

)
+λ0a†a

(
b† +b

)
. (8)

Here gN = g0
√

N means that only the effective atom-cavity
coupling between states |g⟩ and |e⟩ is enhanced by a factor√

N due to the collective effects.

023701-2



Chin. Phys. B Vol. 30, No. 2 (2021) 023701

2.2. Canonical transformation

The equations of motion based on the Hamiltonian (8) can
be written as

d
dt

a =
(

iδ ′
c −κ

)
a− igNE − iλ0a

(
b† +b

)
− iΩp +ain,

d
dt

b = −(iωm + γm)b− iλ0a†a+bin,

d
dt

E = (i∆g − γ)E − igNa− iΩrR− iΩsS+Ein,

d
dt

R = i (∆grR−ΩrE)+Rin,

d
dt

S = i (∆gsS−ΩsE)+Sin, (9)

where 2γ and 2κ are the atom and cavity decay rates, respec-
tively. The noise terms fulfill the time correlation functions〈

ain (t)a†
in (t

′)
〉
= κδ (t − t ′),

〈
Ein (t)E†

in (t
′)
〉
= γδ (t − t ′),〈

Rin (t)R†
in (t

′)
〉

=
〈

Sin (t)S†
in (t

′)
〉

= 0,
〈

b†
in (t)bin (t ′)

〉
=

γmnthδ (t − t ′), and
〈

bin (t)b†
in (t

′)
〉

= γm (nth +1)δ (t − t ′)
with 2γm being the MR dissipation rate and nth being the tem-
perature dependent thermal phonon number. Note that, the
decays from the excited state |e⟩ to |r⟩ and |s⟩ can be ignored
since we assume all the atoms are in its ground state |g⟩.[41]

Then the corresponding steady solutions of Eq. (9) can be
given as

⟨a⟩ =
Ωp
[
∆grΩ

2
s +∆gsΩ

2
r +(−∆g − iγ)∆gs∆gr

]
𝒟

,

⟨b⟩ = − λ0

ωm − iγm
|⟨a⟩|2 ,

⟨E⟩ = −
gNΩp∆gs∆gr

𝒟
,

⟨R⟩ = −
gNΩp∆gsΩr

𝒟
,

⟨S⟩ = −
gNΩp∆grΩs

𝒟
, (10)

with

𝒟 = (δc + iκ)
(
∆grΩ

2
s +∆gsΩ

2
r
)

+
[
g2

N − (δc + iκ)(∆g + iγ)
]

∆gs∆gr (11)

and the effective detuning δc = δ ′
c +2λ 2

0 |⟨a⟩|
2 /ωm.

With the application of the linear transformation O →
⟨O⟩+ δO, for O = a,b,E,R,S, and δO being the fluctuation
of the operator O, the linear Hamiltonian of fluctuations for
Eq. (8) can be written as

HL =ωmb†b−δca†a−∆gE†E −∆grR†R−∆gsS†S

+gN
(
aE†+a†E

)
+Ωr

(
RE†+R†E

)
+Ωs

(
SE†+S†E

)
+λ

(
a† +a

)(
b† +b

)
, (12)

where the optomechanical coupling strength is λ = λ0 |⟨a⟩|,
and the notation δ of the fluctuation operator δO has been
dropped in Eq. (12) for simplicity.

Then the master equation of the whole system can be writ-
ten as

d
dt

ρ =−i[HL,ρ]+ℒγ ρ +ℒκ ρ +ℒγm ρ, (13)

where

ℒγ ρ = γ ∑
j

(
2σ

−
g, jρσ

+
g, j −σ

+
g, jσ

−
g, jρ −ρσ

+
g, jσ

−
g, j

)
= γ

(
2EρE† −E†Eρ −ρE†E

)
,

ℒκ ρ = κ
(
2aρa† −a†aρ −ρa†a

)
,

ℒγm ρ = (nth +1)γm(2bρb† −b†bρ −ρb†b)

+nthγm(2b†
ρb−bb†

ρ −ρbb†) (14)

are the dissipation terms of atoms, cavity, and the MR, respec-
tively.

2.3. Heating and cooling coefficients

After adiabatically eliminating the internal d.o.f[4,43] of
the master Eq. (13), one can obtain the rate equation

d
dt

pn = pn+1A−+npn−1A+− pn [(n+1)A++nA−] , (15)

where pn is the phonon occupation probability on Fock state
|n⟩ , and A+ (A−) is the heating (cooling) coefficient. Then
the dynamics of the mean phonon number ⟨n⟩ = ∑n npn can
be described by

⟨n(t)⟩= nss +(n0 −nss) e−Wt (16)

with an initial mean phonon number n0, cooling rate W =

A−−A+, and final mean phonon number nss = A+/W .
The heating and cooling coefficients A±, which can be

calculated with the scattering amplitude method[44,45] (see Ap-
pendix A), are in the form of

A± = Aγ

±+Aκ
±+Aγm

± , (17)

where

Aγ

± = 2λ
2
γ

∣∣∣∣gN (∆gr ∓ωm)(∆gs ∓ωm)

f (∓ωm)

∣∣∣∣2 , (18)

Aκ
± = 2λ

2
κ

∣∣∣∣ 1
f (∓ωm)

[(∆g ∓ωm + iγ)(∆gr ∓ωm)(∆gs ∓ωm)

−(∆gr ∓ωm)Ω
2
s − (∆gs ∓ωm)Ω

2
r
]∣∣∣∣∣

2

(19)

with

f (ω) = (ω +∆gr)(ω +∆gs)
[
−g2

N −κγ +(ω +δc)(ω +∆g)
]

− (ω +δc)(ω +∆gr)Ω
2
s − (ω +δc)(ω +∆gs)Ω

2
r

+ i
{

γ (ω +∆gr)(ω +∆gs)(ω +δc)

+κ
[
(ω +∆gr)(ω +∆gs)(ω +∆g)− (ω +∆gr)Ω

2
s

−(ω +∆gs)Ω
2
r
]}

,

Aγm
+ = 2γmnth, Aγm

− = 2γm(nth +1).
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3. Results

3.1. Displaced frame and cooling processes

In the following, we would like to analyze the cool-
ing dynamics with the displaced frame in Fig. 2(a).[16] As-
sume that the internal state is initially in the state |1⟩ =

|NG,NE ,NR,NS⟩ |nc⟩, where N j indicates the N j-th Fock state
of the atomic ensemble excitation ( j = G,E,R,S) and |nc⟩
(|nb⟩) is the Fock states of cavity mode (the MR). The tran-
sition processes between the different states can be realized

as the follows: the state |1⟩|nb⟩ can be coupled to states
|2⟩ |nb ±1⟩ = |NG,NE ,NR,NS⟩ |nc +1⟩ |nb ±1⟩ via the radi-
ation pressure coupling λ , the transition from state |2⟩ to
state |3⟩ = |NG,NE +1,NR,NS⟩ |nc⟩ can be realized by the
cavity-ensemble interaction gN , the state |3⟩ can be trans-
ferred to states |4⟩ = |NG,NE ,NR +1,NS⟩ |nc⟩ and |5⟩ =

|NG,NE ,NR,NS +1⟩ |nc⟩ with laser fields Ωr and Ωs, respec-
tively, and states |2⟩ and |3⟩ can dissipate to internal steady
state |1⟩ with the atomic decay γ and cavity decay κ , respec-
tively.

|>

|>

|> |>
|> |>

|>

|>
|>



|>
|>

|>

|>

|>
|>

|>

|>
|>

(a)

(b)

|nb⇁>

|nb⇁>

|nb↩>

|nb↩>

|nb>

|nb>

2γ

2γ
2γ

Fig. 2. (a) The cooling dynamics in displaced frame. (b) The cooling dynamics can be reduced to transitions between the steady state
and the first excited subspace.

Therefore, the internal d.o.f can be divided into the steady
state |1⟩ and the first excited subspace ℳ1 spanned by states
{|2⟩, |3⟩, |4⟩, |5⟩}. In this view, the Hamiltonian (12) should be
rewritten as

H ′
L = H ′

L0 +V ′, (20)

with

H ′
L0 = ωmb†b−δc|2⟩⟨2|−∆g|3⟩⟨3|−∆gr|4⟩⟨4|−∆gs|5⟩⟨5|

+gN(|2⟩⟨3|+ |3⟩⟨2|)+Ωr(|3⟩⟨4|+ |4⟩⟨3|)
+Ωs(|3⟩⟨5|+ |5⟩⟨3|), (21)

V ′ = λ (|1⟩⟨2|+ |2⟩⟨1|)(b+b†). (22)

Then the cooling processes based on the above Hamiltonian
can be understood as the follows. The initial state |1⟩ |nb⟩ can
be excited to the state |2⟩ |nb −1⟩ for cooling and |2⟩ |nb +1⟩
for heating via sideband interaction V ′. However, there are
two kinds of quantum interference processes (see Section 3.2
for detail), and the transition from the state |1⟩ |nb⟩ to state
|2⟩ |nb −1⟩ for cooling can be enhanced, while the one from
the state |1⟩ |nb⟩ to state |2⟩ |nb +1⟩ for heating would be sup-
pressed. As a result, the transition for |1⟩ |nb⟩ ↔ |2⟩ |nb −1⟩

will dominate the system. After that, the state |2⟩ |nb −1⟩
will be kept in the first excited subspace |m⟩ |nb −1⟩ with
m = 2,3,4,5 (see Fig. 4(b)) for H ′

L0 until it decays to the fi-
nal state |1⟩ |nb −1⟩ via the transition |2⟩ |nb⟩ ↔ |1⟩ |nb −1⟩
(|3⟩ |nb⟩ ↔ |1,nb −1⟩) for the cavity (atom) decay.

3.2. Cooling conditions

Considering that Aγm
± are the constants for the thermal

phonon number which depends on the temperature, to find the
optimal cooling conditions for A− ≫ A+, we can neglect these
two terms in A± in the idea case (T = 0 mK). When the num-
ber of atoms N is large enough, we can suppose the coupling
between the atomic ensemble and cavity is sufficiently strong,
which can ensure the cooperativity satisfies CN = g2

N/κγ ≫ 1.
Then the optimal cooling condition can be derived as the fol-
lows.

Firstly, efficient cooling can be achieved by enhancing the
cooling rate W , which is proportional to λ 2 = λ 2

0 |⟨a⟩|
2. Ac-

cording to the steady solution ⟨a⟩ in (10), one would get the

023701-4
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minimum of the denominator |𝒟| when

∆gs = 0, (23)

which is the condition for the cavity-induced EIT resonance.
In this situation, atoms are transparent to the cavity field, and
the photon absorption vanishes. Therefore, the maximum of
the optomechanical coupling strength λ is around ∆gs = 0.
Then the mean photon number of the cavity can be reduced
to

|⟨a⟩|2 ≈
∣∣∣∣ Ωp

δc + iκ

∣∣∣∣2 . (24)

Secondly, as shown in Refs. [29,44], the cooling coeffi-
cient A− can reach its maximum when Re{ f (ωm)} = 0. In
our scheme, it can be easily achieved by choosing that

δc = ∆gr =−ωm. (25)

The above physical picture can be understood in the displaced
frame (as plotted in Figs. 3(a) and 3(b)): when the detunings δc

and ∆gr are tuned to the same (δc =∆gr), an EIT-like resonance
takes place among states |2⟩, |3⟩, and |4⟩, and a dark-state-like
eigenstate of internal d.o.f H ′

L0 is

|d⟩= 1√
g2

N +Ω 2
r

(Ωr|2⟩−gN |4⟩) , (26)

H ′
L0|d⟩=−δc|d⟩. (27)

In the case of gN ≫ Ωr, the linewidth of |d⟩ is 2γd = 2 Ω 2
r

g2
N

κ ,

which is much smaller than the natural linewidth of the cav-
ity. Condition (25) ensures the red sideband transition is in
resonance to the one for the narrow dressed states |1⟩ |nb⟩ →
|d⟩ |nb −1⟩, as shown in Fig. 3(c).

|D1>

|D2>

|D3>

|d>

|>

|>

(a) (b)

(c)

|>
|>

|d>|nb⇁>
|d>|nb↩>

|>|nb↩>

|>|nb⇁>

λ
λ

2γd
∆gr/↩ωm

δc/∆gr

|>|nb>

|d>|nb>

Fig. 3. (a) The interaction between states |2⟩, |3⟩, |4⟩, and |5⟩. Un-
der the condition δc = ∆gr , an EIT-like quantum interference between
transitions |2⟩↔ |3⟩ and |5⟩↔ |3⟩. (b) The internal d.o.f H ′

L0 can be di-
agonalized in dressed-state representation, including a narrow linewidth
state |d⟩. (c) By tuning ∆gs =−ωm, the red sideband transition is reso-
nant with the narrow resonance, and the cooling dynamics is analogous
to resolved-sideband cooling.

In this situation, the cooling coefficient A− in Eq. (17) can
be reduced to

A− = 2λ
2 1

κ
, (28)

with λ 2 = λ 2
0

∣∣∣ Ωp
δc+iκ

∣∣∣2.
Thirdly, one can find that the minimum value of A+ is at

2ωm (−ωm +∆g)+2Ω
2
s +Ω

2
r = 0. (29)

Condition (29) ensures a quantum destructive interference
involving transitions |1⟩ |nb⟩ → |2⟩ |nb +1⟩ → |3⟩ |nb +1⟩,
|4⟩ |nb +1⟩ → |3⟩ |nb +1⟩, and |5⟩ |nb +1⟩ → |3⟩ |nb +1⟩, and
A+ is highly suppressed, which is similar to the optimal con-
dition in double-EIT cooling scheme of a trapped ion.[39]

The combination of the optimal parameter condi-
tions (23), (25), and (29) leads to

A+ ≃ 2λ
2 4γg2

N

4g4
N +16γ2ω2

m
. (30)

Then we can get a reduced cooling rate

W ≃ A− = 2λ
2 1

κ
, (31)

and its corresponding final mean phonon number

nss ≃
1

CN
. (32)

Equation (32) shows the final phonon number is limited by the
cooperativity CN . When the cooperativity is much larger than
1 (CN ≫ 1), the final phonon number will be approaching to
the phononic ground state as nss ≪ 1. After the item Aγm

± is
included in Eq. (17), the cooling rate and final mean phonon
number will respectively be

W ′ = 2λ
2 1

κ
+2γm

n′ss =
A++2γmnth

W ′ =
1

CN
+

κγmnth

λ 2 . (33)

4. Numerical simulations and discussion
To verify the validity of the optimal cooling conditions

in the experiments, we choose the experimental parameters as
follows: ωm = 2π×1 MHz, λ0 = 2π×2.5 kHz or 2π×5 kHz,
2κ = 2π × 10 MHz, N = 106, 2γ = 2π × 10 MHz, g0 =

2π ×200 kHz, Ωp = 2π ×300 MHz Ωr = Ωs = 2π ×50 MHz,
and present some numerical calculations below.

The final phonon numbers as functions of detunings ∆gr,

δc, and ∆g are plotted in Fig. 4. According to the optimal pa-
rameter conditions (23), (25), and (29), the minimal final mean
phonon number is at ∆gr = δc =−ωm and ∆g =−3750ωm. To
find the optimal parameters for cooling with Fig. 4, we choose
the two optimal detunings in theory, and numerically simulate
the final mean phonon number as a function of the third detun-
ing. One can find that the optimal values of the third detunings
coincide with analytical ones.

To demonstrate our scheme can cool the MR to its ground
state more efficiently, we would like to compare the our
scheme with three-level atomic ensemble assisted cooling
schemes[25,26,28,31–33] via the cooling rate W . As is shown
in Eq. (33), the increase of coupling strength λ = λ0 |⟨a⟩|
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leads to a larger cooling rate and a lower final temperature. In
the three-level atomic ensemble assisted cooling methods, the
steady value of the cavity mode is |⟨a⟩| ≃

∣∣∣ Ωp
δc+iκ+χEIT

∣∣∣, with an

EIT medium susceptibility χEIT =− g2
N(

∆g+
Ω2r
∆gr

)
+iγ

.[26,46] In the

strong coupling regime and optimal cooling conditions,[26,33]

the EIT medium susceptibility would be much larger than
the detuning and cavity decay rate (|χEIT| ≫ δc,κ), which
means that the intracavity photons are highly absorbed by the
atomic ensemble. On the other hand, in our scheme, we in-
troduce the fourth atomic level to provide an additional in-
terference channel to avoid this absorption. For this reason,
in the case of ∆gs = 0, there is a cavity-EIT resonance for
transitions |g⟩ → |e⟩ and |s⟩ → |e⟩, and this quantum inter-
ference can ensure that atoms are transparent to the cavity
(a zero absorption |χEIT| = 0) and larger photons in cavity
mode for |⟨a⟩| =

∣∣∣ Ωp
δc+iκ

∣∣∣) can be realized. Therefore, under
the action of the same drive strength Ωp, our scheme can pro-
vide a larger optomechanical coupling strength than previous
schemes, which yields a better cooling performance.
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Fig. 4. Numerical simulations of the final mean phonon number as
functions of (a) ∆gr , (b) δc, and (c) ∆g. The parameters are ωm =
2π × 1 MHz, λ0 = 2π × 2.5 kHz, 2κ = 2π × 10 MHz, N = 106,
2γ = 2π × 10 MHz, g0 = 2π × 200 kHz, Ωp = 2π × 300 MHz, Ωr =
Ωs = 2π ×50 MHz, δc =−ωm and ∆g =−3750ωm for (a), ∆gr =−ωm
and ∆g =−3750ωm for (b), and ∆gr = δc =−ωm for (c).

In Fig. 5, we compare three-level atoms assisted
cooling[26] (red dashed lines) with four-level atoms assisted
cooling (black solid line). The intracavity photon number
|⟨a⟩|2, cooling rate W , and final mean phonon number nss as
functions of ∆gr are plotted in Figs. 5(a)–5(c), respectively.
From Figs. 5(a)–5(c), we can find that intracavity photon num-
ber of four-level atoms assisted cooling is independent of ∆gr,
and the maximal cooling rate and minimal final mean phonon
number are at the detuning ∆gr = −ωm, as the above discus-
sions. That is very different from the three-level atoms as-
sisted cooling, where the maximum intracavity photon number
and cooling rate are at ∆gr = 0, while the minimal final mean
phonon number is at ∆gr = −ωm. The simulations also show
the cooling rate in our scheme is about one order of magnitude
larger than three-level atoms assisted cooling.
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Fig. 5. The intracavity photon number |⟨a⟩|2 (a), cooling rate W (b)
and final mean phonon number nss (c) as functions of ∆gr for four-level
atoms (black solid line) and three-level atoms (red dashed line). The pa-
rameters are ωm = 2π ×1 MHz, λ0 = 2π ×5 kHz, 2κ = 2π ×10 MHz,
2γ = 2π × 10 MHz, gN = 2π × 200 MHz, Ωp = 2π × 300 MHz, and
δc = −ωm. For four-level atoms, ∆gs = 0, Ωr = Ωs = 2π × 50 MHz,
and the corresponding optimal detunings are ∆g =−3750ωm and ∆gr =
−ωm; for three-level atoms, Ωr = 2π ×50 MHz, and the corresponding
optimal detunings are ∆g =−1250ωm and ∆gr =−ωm.

Moreover, we would like to compare our scheme with the
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double-EIT cooling scheme.[39] Both of the cooling schemes
are achieved by a double-EIT structure in four-level atom(s).
In Ref. [39], the scheme is proposed to cool the motion of a
trapped ion, and it use two EIT structure to eliminate the car-
rier and blue sideband heating transitions, respectively; while
our scheme is ground state cooling of the MR, and it employ
the first cavity-EIT structure to avoid photon absorption by
atoms and the second EIT-like structure to generate a narrow-
linewidth dressed state. Therefore, the cooling mechanism of
our scheme is significantly different from Ref. [39].

Since the system always interacts with the environment, it
is necessary to study the ground state cooling of the MR with
different temperature. We plot the cooling result affected by
the thermal noise in Fig. 6. This simulation shows our scheme
can cool the MR to its ground state nss < 1 at the temperature
T ∼ 50 mK and γm = 10−5. Moreover, similar to Refs. [4,47],

10-6

T
 (

m
K

)

-2

-1

0

1

2

log10nss

0

50

100

150

200

250

300

γm

10-4

Fig. 6. Numerical simulation of the final mean phonon number log10 nss
as a function of T and γm. The parameters are ωm = 2π ×1 MHz, λ0 =
2π×5 kHz, 2κ = 2π×10 Hz, 2γ = 2π×10 MHz, gN = 2π×200 MHz,
Ωp = 2π ×300 MHz, and Ωr = Ωs = 2π ×50 MHz. The black line cor-
responds to nss = 1.
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-1↽m

2000
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3000
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Fig. 7. Numerical simulations of the mean phonon number n(t) for
λ0 = 2π×5 kHz (red solid line) and λ0 = 2π×2.5 kHz (blue solid line).
The dashed curves are their corresponding analytical prediction, respec-
tively. The other parameters are Ωp = 2π × 300 MHz, ∆gs = 0, ∆gr =
δc =−ωm, ∆g =−3750ωm, ωm = 2π ×1 MHz, gN = 2π ×200 MHz,
Ωr = Ωs = 2π × 50 MHz, γ = κ = 2π × 10 MHz, γm = 5× 10−7ωm,
and T = 24 mK.

we also simulation the time evolution of mean phonon number
⟨n⟩ =

〈
b†b
〉

by numerically calculating the equation of mo-
tion of the arbitrary second-order moment in Fig. 7. Figure 7
shows that the numerical simulation is in good agreement with
the analytical solutions (16).

5. Conclusion
In conclusion, we have presented a ground state cooling

scheme of a MR with the assistance of a four-level atomic en-
semble. A better cooling result can be achieved by employ-
ing a double-quantum interference structures with different
quantum interference processes. With the EIT-like quantum
interference in atoms, the effective linewidth of the internal
dressed state can be much smaller than the cavity linewidth,
so that the cooling transition rate can be largely enhanced,
while the heating transition is almost eliminated even in the
non-resolved sideband regime. In addition, another quantum
interference for the cavity induced transparency can be used to
avoid photon absorption from atoms, a larger optomechanical
coupling strength can be obtained, and a larger cooling rate
can be achieved. As a result, this scheme can realize a faster
cooling scheme than previous ones with the experimental pa-
rameters.

Appendix A: The calculation of Aκ
± , Aγ

±

The dynamics of the rate equation for phonon occupation
probability pn is in the form of

d
dt

pn = pn+1Γn+1→n +nΓn−1→n − pn (Γn→n+1 +Γn→n−1) ,

(A1)
with Γi→ j being the transition rate from pi to p j. Then the tran-
sition rates Γn→n±1 can be obtained using scattering amplitude
method in displaced frame. According to Refs. [44,45], we
can define

Γn→n±1 = Γ
κ

n→n±1 +Γ
γ

n→n±1, (A2)

where Γ κ
n→n±1 and Γ

γ

n→n±1 are scattering rates from
∣∣ψnb

〉
=

|1⟩ |nb⟩ to |ψn±1⟩ = |1⟩ |nb ±1⟩ via the cavity decay and
atomic spontaneous decay, respectively. The transition rates
can be calculated with

Γ
κ

n→n±1 = 2κ

∣∣∣∣⟨ψn±1|Wκ

1
En −Heff

V ′ |ψn⟩
∣∣∣∣2

Γ
γ

n→n±1 = 2γ

∣∣∣∣⟨ψn±1|Wγ

1
En −Heff

V ′ |ψn⟩
∣∣∣∣2 , (A3)

where operators Wκ = |1⟩⟨2| and Wγ = |1⟩⟨3| describe cav-
ity decay and atomic spontaneous decay, respectively, En de-
notes the energy of |ψn⟩, and the effective Hamiltonian is
Heff = H ′

L0 − iκ|2⟩⟨2|− iγ|3⟩⟨3|.
With the assistance of Eq. (A3), one can get

Γ
κ

n→n+1 = (n+1)Aκ
+, Γ

κ
n→n−1 = nAκ

−
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Γ
γ

n→n+1 = (n+1)Aγ

+, Γ
γ

n→n−1 = nAγ

−. (A4)

As a result, the explicit form of Aκ
± and Aγ

± in Eqs. (18) and
(19) can be obtained in this way.
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