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We present a scheme for the electromagnetically-induced-absorption (EIA)-like ground state cooling in a hybrid op-
tomechanical system which is combined by two-level quantum systems (qubits) and a high-Q optomechanical cavity. Under
the weak qubit-cavity coupling, the system exhibits an EIA-like effect and this effect is caused by quantum destructive in-
terference that is distinct from the conventional EIA effect driven by quantum constructive interference. More importantly,
the EIA-like cooling mechanism can significantly enhance the cooling rate of the hybrid system, enabling the final phonon
number beyond the classical cooling limit in the strong optomechanical coupling regime. Meanwhile, the cooling effects
of the EIA case is better than that of the normalmode splitting case under the same optomechanical coupling strength and

qubit dissipation rate.
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1. Introduction

Cavity optomechanics have been rapidly developing and
attracting a lot of attention,!!?! since they provide a plat-
form for fundamental studies and applications, including the
highly sensitive measurement,>=! the quantum information
processing, 0! observing quantum effects of macroscopic

10.11 and gravitational wave measurement.!'?! The

objects,[
ground state cooling of mechanical oscillator, which can re-
duce harmful thermal noise, is a key technology for realiz-
ing the coherence manipulation of mechanical resonators and
the optomechanics-based quantum applications.!-!314 For
this goal, several different ways have been proposed such as
cryogenic cooling, ! feedback cooling,!'~!8 and sideband

19.201 Sideband cooling based on resonantly enhanced

cooling.!
anti-Stokes cooling is a classical and widely studied cooling
method that has achieved great success in both theory!'%20]
and experiment.>!=23] However, there are two main limits in
the sideband cooling: the quantum cooling limit caused by
quantum backaction and the classical cooling limit caused by
environmental thermal noise.

High-Q cavities have extremely low dissipation rates
k, resulting in long photon lifetimes within the cavity
and significantly enhanced interactions between photons and

. [24.25

matte | These characteristics make high-Q cavities ex-

ceptionally promising for applications in quantum storage and

TCorresponding author. E-mail: zhengxuejun@xtu.edu.cn

CSTR: 32038.14.CPB.adb260

quantum information processing.!**-28! In high-Q optome-
chanical cavities, the quantum cooling limit induced by the
quantum backaction is very small due to the low dissipation
rate K, and the classical cooling limit becomes the main limit-
ing factor for the ground state cooling. Additionally, due to
the influence of normal-mode splitting (NMS),?! the clas-
sical cooling limit becomes Ynnn/K in the strong optome-
chanical coupling regime.!!-13-30311" At that time, the classi-
cal cooling limit is inversely proportional with the cavity dis-
sipation rate, and the pre cooling temperature is constrained
by the cavity dissipation rate. On the other hand, by intro-
ducing two-level atoms, 327341 three-level atoms, > or auxil-
iary cavities, 3381 it is possible to achieve the phenomenon of
electromagnetically induced transparency (EIT) in the ground
state cooling process. This can realize the suppression of the
heating process via the quantum interference effect, thereby
potentially achieving the ground state cooling in the unre-
solved sideband. However, besides the EIT effect,[**] there
are also phenomena such as electromagnetically induced ab-
sorption (EIA)[“0421 and electromagnetically induced ampli-
fication (EIAM)!*3! caused by quantum interferences in cold
atomic systems.

Inspired by those works, we propose a scheme where the
ground state cooling beyond the classical cooling limit can be
achieved with EIA-like and NMS effects in a hybrid optome-
chanical system consisting of an optomechanical cavity and
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two-level quantum systems (qubits). In the weak qubit—cavity
coupling regime, an EIA-like noise spectrum induced by the
quantum destructive interference can be occurred, and mean-
while the final phonon number of the hybrid system can sur-
pass the classical cooling limit of the standard resolved side-
band cooling in the strong optomechanical coupling regime
due to the EIA-like effect. In the strong qubit—cavity cou-
pling regime, the system exhibits NMS and forms two new
splitting modes. Based on the couple of the new modes and
the mechanical mode, the system can also achieve the ground
state cooling in the strong optomechanical coupling regime.
In Section 2, we introduce the hybrid optomechanical system
model and discuss its stability. In Section 3, we derive the
cooling and heating rates and prove that the ground state cool-
ing of the hybrid system with EIA-like and NMS effects can
be achieved in the strong optomechanical coupling regime. Fi-
nally, we make a summary of our work and present an outlook
in Section 4.

2. Theoretical model

As shown in Fig. 1, the hybrid optomechanical system is
composed of two-level quantum systems (qubits) and an op-
tomechanical cavity.

Cavity

S O e o

<«>
b, wm
Mechanical resonator

€L, Wi
Driving field

Fig. 1. Schematic diagram of a hybrid cavity optomechanical system
where the qubits are placed at an optomechanical cavity with a strong
driven field.

The mechanical resonator with frequency @y, couples to
the cavity field via radiation pressure. The mode of the cavity
field with frequency @, is driven by a pump laser with am-
plitude g and frequency @;. The interaction Hamilton of the
qubits and cavity field is given by Hiy = 2?/:01 gi(a'o; +ao;")
with 7 = 1, where 6, = |g;) (e;| and 6;" = |e;) (g;| are the
down and rising operators of the i-th qubit, respectively. Ny
is the number of qubits. |g;), |e;), and g; are the ground-
state, excite-state, and single-photon coupling strength of the
i-th qubit, respectively. a and a' are annihilation and creation
operators of the cavity mode, respectively. The frequency of
transition |g) < |e) is @;. Introducing the collective opera-
tors 0~ = Zg\i’l o ando’ = Z?i)l o:", we use the Holstein—

Primakoff transformation,/**#¢ and then the collective op-

erators can be written as 617 = ¢"\/Ny — ¢Tc ~ /Noct and

o = C\/Im ~ +/Nyc, where ¢ and cf obey the standard
commutator [c, ¢'] ~ 1 with Ny far larger than the number of

excited qubits. Based on this, the total Hamilton of the system
is(h=1)

H = a)caTa—i-a)mb%b—i—a)lcTc—l—gaTa(bT+b)
+gi(a’c+ach) +ig(a’ e 1O —aei), (1)

where g = /Npgo is the collective qubit—photon coupling
strength with go = ):?i)l ggi) /Np. The first, second, and third
terms denote the free Hamilton of the cavity, mechanical res-
onator, and qubits, respectively. The fourth (fifth) term denotes
the interaction Hamilton between the cavity mode and me-
chanical resonator (qubits) with the coupling strength g (g1).
The last term represents the Hamilton of the driving field cou-
pled to the cavity mode. b and b' are annihilation and cre-
ation operators of the mechanical mode, respectively. The an-
nihilation and creation operators satisfy the commutation rela-
tions [n, n'] = 1 with n = a, b. Using a unitary transformation
H=UHU"—iUJU" /9t withU =exp [ima'at +iac’ct],!
the Hamilton in the rotating frame is

H = Ad'a+ onb b+ Acc’c+ga’a(b” +b)
+gi(d cHac’)+ig(a" —a), 2)

where A = @, — @), Ac = @ — @, and Ap = @, — . Using
the Hamilton (2), the Heisenberg—Langevin equations can be
obtained as

b=— (ia)m—|— 7/;1>b— iga’a+ /Ymbin,

a=— (iA + §>a— iga(bT +b)—igic+&+Vkap. (3)

Here 7, v, and k denote the dissipation rates of the qubits,
mechanical resonator, and cavity mode, respectively. fin, Din,
and aj, represent the corresponding noise operators with zero
mean values. The correlation functions for these noise opera-
tors are given by (fi () fin(t")) = 0, (fin(t) fi- (")) = 8(t — 1),
(L (0)bin(t")) = (0 — 1), (Bia(0)b}y (1)) = (my +1)3 (s —
), (ah (t)ain(1')) = 0, and (ain(r)al, (1)) = 8(r — ). 24748
The environmental thermal phonon number ny, of the mechan-
ical resonator is expressed as ny, = [exp(h@y /kgT) — 1]7!
where kg and T are the Boltzmann constant and environmen-
tal temperature, respectively. We adopt the usual linearized
approach and then the operators in Eq. (3) can be rewrite as
the sum of the steady-state values and the small fluctuations,
ie,a=a+ba, c=Cy+ b6c, b=+ 6b. With the means
field approximation (AB) = (A) (B),[*>%] the mean values are
given by

iglof?

P Gy @7

&
o= s
A +K/2+ 82 /(iAc+7/2)

g1
(iAc+7/2)
)
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where A’ = A +2gRe[f] is the modified detuning. After that,
the effective linearized Hamilton is given by the following ex-
pression

Hiin = A'8a"8a+ 0y 8b'8b+ A5’ 8¢
+G(8a" + 8a)(8b" + 8b) + g1 (84" Sc + 8adc’), (5)

where G = g+/ficay is the optomechanical coupling strength
which is enhanced by the cavity field with the mean photon
number g,y = \(x|2. Note that, the influence of the higher
order small term §a'Sa has been ignored. The linearized
Heisenberg—Langevin equations based on the effective lin-
earized Hamilton (5) are given by

S¢=— (iAC + g) dc—igi0a+/Yfn,
Sh=— (ia)m + 7;) 8b—iG(8a" + 8a) + /Ymbin,
Sa=— (iA’ + ;) 8a—iG(8b" + 8b) —ig16c+ vxain. (6)

Until now, we have established the Hamiltonian of the
hybrid optomechanical system and derived the linearized
Heisenberg—Langevin equations for the operators. Then, the
stability of the system is discussed in here, and we thus in-
troduce the quadrature operators X, = (n' +n)/2 and Y, =
(n—n")/(2i) with n = [§a, b, 5c]. The motion equation for
the quadrature operators is

R(t) =AR(t) +N(t), (7

where the coefficient matrix is

—’)//2 A 0 81 0 0
-Ac —Y/2 —¢1 0 0 0
B 0 g1 —k/2 A 0 0
A= -g1 0 —-A" —x/2 -2G 0 ®)
0 0 0 0 —Yn/2 On
0 0 -2G 0 —0n —Ym/2

Here R(t) = [Xc(t), Yo(t), Xa(t), Ya(t), Xo(2), Yo()]T
is the vector of the quadrature operators for the cav-
ity field, mechanical resonator, and qubits, and N(¢) =
[Xi%(t)’Yii(t)’Xii(t)’Yii(t)vxiz(t)’Yig(t)]T is the vector of
the corresponding noise quadrature operators with Xj, =
(n +1in) /2, Yin = (nin—nl )/(21), and nin = [@in,bin, fin-
The system dynamics is stable if and only if all of the eigen-
values of Ahave negative real parts.

Figure 2 shows the steady range of the system for dif-
ferent conditions. As shown in Figs. 2(a) and 2(b), when the
qubit—cavity coupling strength is small (g1 = 0.25my,), the sys-
tem can achieve stability in the red detuning regime, while
when the qubit—cavity coupling strength is large (g1 = 2®@n,),
the system can form the NMS, and the system can achieve
stability in the blue detuning regime and the detuning A;

(A; = A" = A.) greater than 1.7@y,. In addition, combining
Figs. 2(a) and 2(b), it can be seen that the system cannot be
in the dissipative—active case, but have a good stability in the
dissipative—dissipative case, that is, the ranges of used stable
parameters are wide in the dissipative—dissipative case.

16 (a) 1.6} (b)
L 9 L o)
; 1.2 = © i 1.2 © 2
5ol 3 T |50 3| E
< 08t % ) < 08 g 7]
e :Ei) n I wn DC:

0.4 04
-1 0 1 2 -1 0 1 2
Al/wm Al/wm

Fig. 2. The stable boundary of the system for difference parameters:
(a) g1 = 0.250wy and (b) g1 = 20y, with G = 0.050, and k¥ = 0.0l Wy,
Here we set A| = A’ = A, and take ¥, = 1075 @y,

3. Cooling dynamics and results

In this section, we will give the cooling and heating
rates and the final phonon number through the quantum noise
approach.'3) Meanwhile, we also give the numerical re-
sult of the phonon number by using the covariance matrix

[13

approach!!3! for comparing with that obtained by the noise

spectrum approach.

3.1. Cooling rate

When the qubit—cavity coupling is far stronger than the
optomechanical coupling, i.e., g > G, we consider the cou-
pling of the optical field and the qubits to form new modes, and
a mechanical resonator coupling with the new modes through
optomechanical interactions. Therefore, we assume that the
qubit—cavity coupling subsystem as the environmental bath for
the mechanical resonator and the optomechanical interaction
as a perturbation to this environmental bath. Using the noise
spectrum approach, the cooling and heating rates can be given
by

Ar = G*S(Fom), )

where

S(w) = / (F(1)F(0)])ei®"dt (10)
is the noise spectrum of the optical force F = 8a' + §a.3+36]
To obtain the expression of S(®@), we can solve the linearized

Heisenberg—Langevin equations (6) in the frequency domain,
and the expression of da(w) can be given as

1
Sa(w) = . o
I(Al_w)+§+—i(Ac—w)+y/2
*iglﬁfin(w)

x| V/Katin(@) + an

i(Ac— @) +7/2
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with the perturbation approximation. Thus, the noise spectrum
S(w) is given by

:
() = l” i) +y/z|2]
:
- 5w * ) H(?i@fgﬁw -1
where
Lio)=i(A' — o)+ S+ il (13)

2 i(AC—(D)—‘,-’}//Q..

Then, 2Re[L(®)] can be written as k + g2y/[(Ac — @)? +
¥?/4]. Therefore, the noise spectrum S(®) can be rewritten
as

(14)

According to the dressed-states theory, ! the expression (14)
can be rewritten as

S(@) = S+(0) +S-(0) (15)
with
_ B, B,
S+(w)_i(A17a)fx+) —i(Al—0—x}) (16)
S (0)= b B 17
_(a))_i(Alfa)fx,)—i—fi(Alfw—x’i)’ 17

where x; =i(y+)/4+X/4, BL = t(xx —i7/2) /(x4 —x_),
and X =
x4 corresponds to two new modes @y = A; —Rexy. In the

\/16g% — (k+7)2. Here the complex number A; —

weak qubit—cavity coupling regime (g; < (x +r)/4), the two
modes @ are degenerate, and therefore various quantum in-
terferences can be generated between the two-mode transition
paths.52! In the strong qubit—cavity coupling regime (g; >
(K +17)/4), the two modes @ are splitting into @4 ~ A} +g1,
which means the formation of NMS in the hybrid system. The
corresponding operators for two new modes W+ = A; —Rexy
can be expressed by c; and c_ with Sa’ = hzlcl +h31cT_,
0a = hipcy +hize_, 8¢ = —gi(hax_cy +hizxic)/xx,
and 8¢ = —(h21x,c1 —|—h31x+ci) /g1. Here, the coefficients
are given by

o = —(x- = i7/2)/\ /& + (e~ i7/2)2
his = — (v — i7/27\ /8 + (e — 17/2)2,
hay = \/g%Jr (x-—i7/2)?/(xy —x-),

bt = /8] (e — 1K/2)2/(er —x0).

The coefficient i, 13 represents the coupling factors between

the corresponding modes and mechanical resonator, and there

are B, = hjphy; and B_ = hj3h3;. According to the dressed-
states theory, we can analyze the quantum interference and
NMS effects in this hybrid system through the noise spectra
S+ (o) of the modes ..

In g; < (kK+7)/4 regime, the corresponding modes @1
are degenerate where X is a pure imaginary number, and they
could from various quantum interference effects. According to
Ref. [52], the dipole correlation between the effective dipole
moments 4 and p_ of the two modes can be represented as
p=ps /|| |p—| (=1 < p < 1), which will result in the
quantum interference phenomena. The dissipation rates k and
y as well as the parameter p satisfy x —y = p(k +7),5% and
thus we have p = (k—y)/(x+7). We plot the noise spec-
trum S(x) as a function of x with different parameters p. From
Fig. 3, we clearly see that the hybrid system displays an EIT-
like line shape at p > 0 and an EIA-like line shape at p < 0
which is similar to the EIT and EIA phenomena in the three-
level resonators system, 233!

Fig. 3. Noise spectrum S(x) as a function of x = @ — @y, for p = —0.9,
—0.8, 0.8, 0.9 when g; = 0.2wy and A; = ®y,. Here the parameters
p=-0.9, —0.8, 0.8, 0.9 correspond to ¥ = 0.95W,, 0.850m, 0.15wn,,
0.05r, and k¥ = 0.050y,, 0.150y,, 0.850y,, 0.95@y,.

For further studying the EIT- and EIA-like effects, we plot
the noise spectra S(x), S1(x), and S_(x) as a function of x in
the EIT and EIA cases in Fig. 4. Moreover, the quantum in-
terference is maximal at the two-photon resonance point no
matter at p > 0 or p < 0. In the EIT case, the noise spec-
trum S_(x) is positive and the noise spectrum Sy (x) is nega-
tive, and they both appear medium-sized peaks, as shown in
Fig. 4(a). This means that the quantum destructive interfer-
ence is formed between the transition paths between the two
modes and the mechanical resonator, resulting in the EIT-like
effect. For p <0, it can be found that the EIA-like effect is
also origin to the quantum destructive interference. However,
the noise spectrum S_(x) is negative with a small peak while
the noise spectrum S (x) is positive with a large peak in the
EIA case as shown in Fig. 4(b), which denotes the quantum
destructive interference is contrary to the EIT case. Therefore,
this EIA-like effect in the hybrid optomechanical system is
different to the EIA effect caused by the quantum constructive
interference in four-level atomic systems.*33°1 The EIT and
EIA cases, causing by the quantum interference, both require

044203-4
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a weak qubit—cavity coupling strength, i.e., g1 < (k+7)/4.
However, the EIT case needs k > ¥, while the EIA case needs
Y > k. Additionally, there is a dip at the two-photon resonance
point in the noise spectrum with the EIT case, whereas there
is a large peak under the EIA case. Therefore, the EIA-like ef-
fect can induce larger cooling rate than the EIT-like effect for
resolved sideband systems with a small k at the two-photon
resonance point of the noise spectrum.

' . —S()
O
------ S_(x)

(wm)
S &
%
[/

—2 0 2 —2 0 2

z/wm

Fig. 4. Noise spectra S(x), S+ (x), and S_(x) as a function of x in (a) the EIT
case p > 0 with kK = 0.820y, and Y = 0.1@y, and (b) the EIA case p < 0
with ¥ = 0.1wy, and ¥ = 0.82wy,. The qubit—cavity coupling strength takes
g1 = 0.15w, and the detuning is A} = @p,.

According to Eq. (9), the cooling and heating rates can
be rewritten as AL = G>Re[S(A; + @p)], and the net optical
damping rate is Iop = A — A .[1'13] Therefore, in the EIA
case, the maximal cooling rate is corresponding to the peak of
EIA-like line shape, namely, A~ = G*>ReS(0) with A; = @p,.
When 4g% > YK, its expression can be written as

GZ
A~ (18)
81
At this condition, the corresponding heating rate is Ay =
G*S(2@y), and its expression is

. Ggry

N 19
1603 + > w2, (19)

Ay

When g1 > (K + v)/4, the system is in the NMS regime
with the corresponding modes splitting into @y ~ A} & g1.
Here, we plot the noise spectra S(x), Sy (x), and S_(x) as a
function of x for the NMS case in Fig. 5. From Fig. 5, it can be
seen that the quantum interference of the system is very small
no matter with p > 0 or p < 0 in the NMS regime. Meanwhile,
there are two splitting peaks at x = +g; both of p > 0 and
p < 0, indicating that the NMS cooling mechanism does not
require to satisfy Yy > k or Y < k. The optimal cooling rate is
obtained by taking A; = +X + @, according to Eqgs. (16) and
(17), and it can be written as A} ~ +g;| + @0y, When g; > 7, K.
As shown in Fig. 5, the cooling rate A_ = G*>S(—g;) with
A| = —g| + @y, are corresponding to one of the resonance
peaks in the noise spectrum. The corresponding heating rate
is A, = G*>S(—g) +2wy) which is corresponding to the NMS

dip. The expressions of A_ and A are given by

_4G?
Y

A ; (20)

4G%gly

A~
T P2 2om—g1)? + 64(0m — g1)2 03,

ey

with 4g% > yx and Y>> k. Furthermore, the net cooling rate
I as functions of g; and A is shown in Fig. 6. It clearly sees
that the system is becoming from the EIA case to the NMS
case with increasing g;. The negative value of Iy denotes
the heating effect, and the positive value of Iy denotes the
cooling effect. In the NMS regime, the net cooling rate Iy
has a large value near two splitting peak points, which means
the optimal cooling condition is A; =~ £g; + 0y, as shown
in Fig. 6. In the EIA regime, there is a maximal net cooling
rate at the EIA-like induced peak, and this maximal net cool-
ing rate is larger than that in the NMS regime. In other word,
the cooling effect of the hybrid system can be improved by
adopted the EIA cooling scheme with the same qubit dissipa-
tion rate. The blue negative range is the peak range of the net
heating process. When g; = oy, and A; — @y, = 0, the cooling
and heating processes are both in resonance and thus the net

cooling rate is vanished.

— S(x) — S(x)
== Si(x) -==-5(x)

()

Fig. 5. Noise spectra S(x), S; (x), and S_(x) as a function of x in the NMS
case at (a) p > 0 with k = 0.82wp, and Y= 0.1wy, (b) p <0 with k =0.1wy
and y = 0.82wy,. The qubit—cavity coupling strength takes g = 2, and the
detuning is A} = @p,.

Fopt/wm
0.03
0
—0.03
—4 -2 0 2 4
(Ar—wm)/wm

Fig. 6. The net cooling rate Ioy versus the coupling strength g and
the detuning A; with the parameters: G = 0.05®y,, k = 0.0l @y, and
7 =0.850n,.
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3.2. Phonon number

The average phonon number 7 is given as

Here P, = (n| py |n) is the probability of the Fock state |n) and
satisfies the following equation:

By = [Ym(nn+ 1) +A_J[(n+1)Pys —nP,]
+ (Y +A+) (0Pt —nby). (22)

Combing the Eq. (22), we can obtain the motion equation of

average phonon number as
A= (A+1)(Ar + Ymin) —A[A- + Ymn(nn +1)].  (23)

According to Eq. (23), the final phonon number 7y is given as

_ A+ +nth}/m

24
I_(‘)pt + ¥m ( )

ng
with the steady-state condition, i.e., i = 0. In the above
expression (24) Ay /(Iopt+ Yn) and 1Y/ (Tope + Ym) are in-
duced by the quantum backaction and the thermal noise, re-
spectively. Therefore, in the EIA case, the final phonon num-

bers induced by the thermal noise and the quantum backaction

are
EIA &1 7th
ny ~ Gz,y ) (25)
EIA 84
My —2lo— (26)

T 1604 + Yok

The final phonon numbers in the NMS case due to the thermal

noise and the quantum backaction are given by

NMS . YmihY
~ 27
1 4G2 B} ( )
2.2
nhMS 817 (28)

V2 (20m —g1)* + 64(0m —g1)* 0
For the exact solution of the final phonon number, we give the
master equation
p = i[p,H]+ g(zscpac* — &' 8ep — petse)
+ g(ZSap Sat — 8a'8ap — pdata)
+ ”7‘“ (nn + 1) (28bpSbT — 81 8bp — pSb' 6b)
n %nnth(26pr §b—8bSb'p—psbSh).  (29)

The average phonon number <5b+5b> can be calculated by
Tr(p8b'8b).
Then, we plot the phonon number under the steady-state

condition as a function of G for the EIA case with different

coupling strengths g; and the NMS case with different dissi-
pations Y in Figs. 7(a) and 7(b), respectively. Note that, the an-
alytical results are given by Eq. (24) and the numerical results
are based on Eq. (28). From Fig. 7, we see that the analytical
solution is agree with the numerical solution when G is smaller
than g;. When G approaches g1, the deviation between the an-
alytical and numerical solutions also becomes larger, because
our analytical results are solved by the perturbation approxi-
mation under G < g;. This is due to the hybridization of the
oscillator’s motion with the optical field and the qubits,**! so
that the optomechanical coupling cannot be treated as a pertur-
bation when its strength approaches to the qubit—cavity cou-
pling strength.

9 T T T — T T T ™
(a) (b)

g g1 = 0.25wy,, v = 1.02w,, g1 = 2w, ¥ = 11wy,
£ Numerical Numerical
§ —— Analytical Analytical
=1 I
=]
o
=]
o
<
[a

Ok A i Tt L L L -

0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20
G/Wm
o[ T T T —T T T T —]
(c) (d)
g1 = 2wm, v = 1.02wy, g1 = 2w, v = 0.82wy,

-
—é Numerical Numerical
E Analytical —— Analytical
= Ir
o
=i
o
<
[a

ot

0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20
G/wm

Fig. 7. Phonon number as a function of G in the EIA case with A} = oy,
for (a) g1 = 0.25Wn, and ¥ = 1.0200n; (b) g1 = 20y, and ¥ = 11wy,. The
final phonon number as a function of G in NMS case with A; = —wy, for
(c) Y= 1.02my, and (d) Y = 0.82my, with g = 2@y,. Both of two cases take
x = 0.01@m, Y = 107 @, and ng, = 1000.

As seem from Figs. 4 and 5, we have known that the
cooling rate is far garter than the heating rate in the EIA and
NMS cases, i.e., A- > A;. At that time, we consider that
the final phonon number is mainly dependent on the ther-
mal noise. Thus, the final phonon number can approximately
rewrite as ng & ngyYm/A—. We have ne_gia = Yng nm/G*Y
and ¢ NMs = YmhnY/4G? in the EIA and NMS cases, re-
spectively. For realizing ny < 1, it is needed that the optome-
chanical coupling strength satisfies Ggia > g1 \/m/ and
Gnams > \/W/ 2 in the EIA and NMS cases, respectively.
For the EIA case, the mechanical resonator can be cooled
to its ground state with a smaller G when g/ \/7 is smaller,
while a larger G is required for cooling the mechanical res-

onator to its ground state when g;/,/7 is larger, as shown in
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Figs. 7(a) and 7(b). In the NMS case, the mechanical res-
onator cooling to its ground state requires a smaller G when y
is smaller, and the reverse applies when 7 is larger, as shown in
Figs. 7(c) and (d). When the ground state cooling in the system
goes beyond the classical cooling limit, the final phonon num-
bers for the EIA and NMS cooling mechanisms must respec-
tively satisfy nr_gra < Ymfn/k and ne_nxms < Ymfin/ K, where
Y/ K represents the classical cooling limit. 11339311 At that
time, the corresponding optomechanical coupling strengths
under the EIA and NMS cases must satisfy G > gl\/r/y
and G > /k/v/2, respectively. For Jmnm < K, the clas-
sical sideband cooling mechanism is unable to cooling the
mechanical resonator to it ground state, while the ground
state cooling can be achieved with the EIA cooling mecha-
nism and the classical cooling limit can be surpassed when
G>g \/W is satisfied. For ynng < Kk, the EIA cooling
mechanism can achieve the ground state cooling but cannot re-
alize to beyond the classical cooling limit within the range of
81/ &/Y> G > g1/ Ymnn/7. Similarly, the ground state cool-
ing beyond the classical cooling limit can also be achieved in
the NMS case when ypng > kK and G > \/W/ 2 are satis-
fied. For Ymng < Kk, the NMS cooling mechanism can achieve
ground state cooling but cannot realize to surpass the classical
cooling limit within the range of g; \/Ki/y >G> g1 \/W
Therefore, for ymng < K, the classical sideband cooling mech-
anism is more suitable for the ground state cooling.

In Fig. 8, it is given the time evolution of the phonon num-
ber for the cases of the classical sideband cooling (g; = 0),
EIA, and NMS. In the EIA and NMS cases, the mechani-
cal resonator can be cooled into its ground state, i.e., n < 1.
With the same G, the time required for the ground state cool-
ing in the EIA case is shorter than that of the NMS case and
meanwhile the EIA case can achieve a smaller phonon num-
ber. In other word, the cooling effect of the EIA case is better
than that of the NMS case with the same qubit dissipation rate
7. In the case of the classical sideband cooling (g; = 0), the
ground state cooling is failed no matter in the strong (G > k)
or weak (G < k) optomechanical coupling regime. For the
classical sideband cooling, due to the influence of the classi-
cal cooling limit (Ymnm/K = 1) in the strong optomechanical
regime, a lower pre-cooling temperature (achieved ng < 1000)
is required for cooling the mechanical resonator to its ground
state. However, the classical cooling limit can be surpassed
by the EIA-like or NMS cooling mechanism and make the
ground state cooling possible under the strong optomechani-
cal coupling. Obviously, the EIA-like cooling mechanism sig-
nificantly enhances the cooling rate and surpassing the classi-

cal cooling limit compared to the classical resolved sideband

cooling mechanism, so that result in reducing the require-
ment for low-temperature environments during ground-state
cooling process. On the other hand, in high-Q cavities, the
EIA-like cooling mechanism offers a higher cooling rate and
can achieve better cooling outcomes compared to the EIT-like
cooling mechanism. The EIT-like cooling mechanism is more
suitable for unresolved sideband situations, where it can sup-
press the heating rate and overcome the limiting of resolved
sideband condition. 30! Additionally, our scheme has several
differences comparing with the previous work reported by
Ref. [32]. First, this EIA-like ground state cooling is based on
such a system where is composed of a higher-frequency me-
chanical resonator and two-level quantum systems with high
dissipation rates; while the system is composed of a lower-
frequency mechanical resonator and cold atoms with ultranar-
row linewidths in Ref. [32]. Second, our scheme works on
a small cavity detuning and the resolved sideband condition,
while the scheme works on a large cavity detuning and the un-
resolved sideband condition in Ref. [32]. Third, this EIA-like
cooling mechanism is based on the coupling between the new
modes and mechanical resonator, and it overcome the classical
cooling limit. However, the asymmetric Fano or EIT cooling
mechanism[*?! is based on the effective coupling between the
atoms and mechanical resonator, and it overcome the limiting

of the resolved sideband condition.

Phonon number

wmt

Fig. 8. Time evolution of the phonon number for different cases: the
EIA case with g = 0.25@, and A} = oy, (black solid line), the NMS
case with g1 = 2wy, and A; = — oy, (red solid line), the strong optome-
chanical coupling regime with g; = 0 (bule dash-dotted line), and the
weak optomechanical coupling (G = 0.002®y,) case with g; = 0 (pur-
ple dash-dotted line). Other parameters are k¥ = 0.01@p, ¥ = 1.020y,
G = 0.060n, Ym = 107 @y, and ng = 1000.

In experiments, such a two-level quantum system cou-
pled to an optomechanical cavity can be realized by cou-
pling atoms or nitrogen—vacancy (NV) centers to high-Q
whispering-gallery-mode (WGM) cavities.!>*>>] We take a
set of experimentally feasible parameters as follows: 268
On =27 x 78 MHz, kx =27 x 6 MHz, g = 27 x 3.4 kHz,
Ym = 27 x 4 kHz, and y = 27w x 63 MHz. At this time, the
qubit—cavity coupling strength can be setto g1 =27 x 17 MHz
(0.22@y,) for satisfying g; < (k+7Y)/4 that is the condi-

tion for realizing the EIA-like cooling mechanism. For the
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NMS cases, the qubit—cavity coupling strength can be set
to g1 =27 x 78 MHz (1@y,) for satisfying g; > (x+7)/4,
where g can be controlled the number of qubits.>*! The ther-
mal phonon number ng, = 1.686 x 10° at the temperature of
T =1 K in a 3He cryostat. In order to cool the mechani-
cal resonator to its ground state, the optomechanical coupling
strength should be greater than g \/W ~ 21w x5.56 MHz
and \/YmnnY/2 ~ 27 x 10.31 MHz for the EIA and NMS
cases, indicating that the corresponding of intracavity photon
number should be greater than 2.67 x 10 and 9.20 x 10°, re-
spectively. However, it is challenging to directly obtain the
energy level structures of atoms or NV centers that satisfies
the two-photon resonance condition with the cavity, while this
may be solved by using a magnetic field to adjust energy level

t.[00:611 Moreover, the

structures based on the Zeeman effec
EIA cooling scheme can be extended by using an auxiliary
cavity with a high dissipation rate to couple with the high-
Q cavity. Experimentally, it is easier to achieve coupling be-
tween double WGM cavities, and by doping ions during the
preparation of WGM cavities, the dissipation rates of both
cavities can be altered while maintaining consistent eigen fre-
quencies of both cavities/%%! that has potential in realizing the

EIA-like cooling scheme.

4. Conclusion and perspectives

In summary, we investigated a ground state cooling
scheme by introducing the two-level quantum systems into a
high-Q optomechanical cavity. Based on the perturbation the-
ory, we derived the cooling rate, heating rate, and final phonon
number using the noise approach. In the weak qubit—cavity
coupling regime, we demonstrated the transition between EIT-
and EIA-like effects through the noise spectra of the opti-
cal force, and the cooling rate is significantly enhanced by
the EIA-like cooling mechanism under the optimal cooling
condition. Furthermore, based on the dressed-state theory,
we revealed that this EIA-like effect is formed by the quan-
tum opposite destructive interference, which differs from the
EIA effect caused by the quantum constructive interference in
four-level atomic systems. In the strong qubit—cavity coupling
regime, the system exhibits NMS of the optical field, achieving
the optimal cooling rate at the red sideband relative to the split-
ting modes. The numerical results obtained by the covariance
matrix method validate the reasonableness of the analytical re-
sults when the optomechanical coupling is much smaller than
the qubit—cavity coupling. We also demonstrated that the final
phonon number can exceed the classical cooling limit through
the EIA-like cooling mechanism or the NMS cooling mecha-

nism in the strong optomechanical coupling regime. Besides,

the EIA-like ground state cooling can achieve a higher cool-
ing rate and better cooling performance compared to the NMS
case with the same qubit dissipation rate.
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