SCIENTIFIC REPLIRTS

Double-passage ground-state
cooling induced by quantum
‘interference in the hybrid
e e Optomechanical system

Published online: 24 September 2018 . . . . . .
ublistied ontine eprember Lingchao Li!, Ren-Hua Luo?, Longjiang Liu?, Shuo Zhang? & Jian-Qi Zhang*

We propose a quantum interference cooling scheme for a nano-mechanical resonator (NAMR) in a
hybrid optomechanical system. In our scheme, atoms are trapped in an optomechanical cavity, and

this optomechanical cavity interacts both atoms and an optical cavity. Therefore, the absorption of the
optomechanical resonator can be modified by quantum interference effects induced by the atom-cavity
and cavity-cavity couplings. With the modification of the quantum interference, the desired transition
for cooling is enhanced, while the undesired transition for heating can be suppressed. As a result, the
NAMR vibration can be cooled down to its ground state. Particularly, with the assistance of the atoms,
the experimental difficulty can be reduced since the effective decay rate of the cavity can be decreased
via the quantum interference for the atom-cavity coupling.

Cavity optomechanics works as an ideal platform to study the quantum properties of macroscopic mechanical
systems. For this reason, it has been employed to create non-classical states'?, realize quantum information pro-
cessing®~?, and achieve precision control and measurement!®-1. Although the NAMR is very sensitive to small
deformation, and the precision measurement based on NAMR can approach to the Heisenberg limit'%, the preci-
sion measurement is limited by the thermal noise on the NAMR. To further enhance the measurement sensibility,
it is necessary to eliminate the thermal noise and cool the NAMR down to its ground state.

Until now, many different cooling schemes have been proposed to achieve the ground-state cooling of
NAMR'"!8, The most famous cooling method is the sideband cooling'*-?!, which works in the resolved-sideband
regime, where the decay rates of the system is much less than the vibrational frequency of the NAMR, and it has
been verified experimentally??. However, as the decay rates of the systems are always larger than the vibrational
frequency of the NAMR, the sideband cooling is hard to be realized in the most of physical systems with NAMR:s.

As such, considerable efforts have been made in the nonresolved-sideband regime, in which the decay rates
would be larger than the vibrational frequency of the NAMR. For example, this kind of cooling can be real-
ized with a dissipative coupling®-?’, where the main dissipation is employed as the coupling between the cavity
and the NAMR, and a fast ground-state cooling of the NAMR is available with time-dependent optical driven
cavities?®, where the large decay rates are employed to drive the cavities. The essential cooling method in the
nonresolved-sideband regime is based on quantum interference?®-*?, in which the quantum interference is used
to modify the absorption spectrum of the NAMR, and the NAMR can be cooled to its the ground state. The mod-
ification of the absorption spectrum is due to destructive interference of quantum noise?*?. Since there are large
decay rates in the cooling schemes via quantum interference, the speed for quantum interference cooling can be
much faster than the one for sideband cooling®.

On the other hand, with the development of the optomechanics*, the field of hybrid atom-optomechanics
becomes an essential branch of the optomechanics. With the assistance of an additional atom, the quantum
features of the optomechanic can be adjusted®*, and atom-mechanical entanglement and quantum steering
can also be achieved in this system*~%. Moreover, it has been shown theoretically and experimentally that the
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Figure 1. Schematic of our scheme. The optical cavity 1 couples to the optomechanical cavity 2 with

the strength J. One two-level atomic ensemble, initially populated in its ground state, is trapped in the
optomechanical cavity with a coupling strength g,. The optomechanical cavity is also driven by an external field
€. The right-hand side mirror of the optomechanical cavity can be moved via radiation pressure.

ground-state cooling of NAMR can be realized in hybrid atom-optomechanical systems?*°-*2, as the absorption

spectrum of the NAMR can be modified by the interaction between the atoms and the optical field indirectly,
which allows the NAMR to be cooled down to its vibrational ground state.

Here we propose a cooling scheme with atoms trapped in an optomechanical cavity, which couples to a
single-mode optical cavity. In our system, there are two different channels for quantum interference effects, one
is from the atom-cavity coupling and the other is from the cavity-cavity coupling. Both of them satisfy the condi-
tions for two-photon resonance. The combination of these two quantum interference effects can not only reduce
the experimental difficult on the cavity quality, but also enhance the transition for cooling and suppress the one
for heating. As a result, the ground-state cooling of the NAMR can be achieved.

Compared with the previous works involving only one quantum interference effect****, our scheme with the
additional quantum interference effect is more efficient and can cool the NAMR down to its ground state with
less mean phonon number. Moreover, different from the previous works for cooling, which is limited by the decay
rates of the cavity*>** and the atoms*®, our scheme can work even with larger decay rates due to the combination
of two quantum interference effects. As a result, our scheme reduces the experimental difficulty and works within
a broader parameter regime.

Results

Model, Hamiltonian. Asshown in Fig. 1, an ensemble of N atoms are trapped in an optomechanical cavity 2
with an atom-cavity coupling strength g,*. The optomechanical cavity 2 couples to a single-mode cavity 1 with a
strength ], and is also driven by an external field at a frequency w; with a driven strength ¢. Thus the Hamiltonian
of this system can be written as (h=1)

H = wa,a, 4+ waja, + w,b'b + WegSee T i(eaje ™1 — e*a,e™i)

+ J(aja, + aja) + 8.(a,8, + e“z) — gaja,(b + b"), 1)

where a; (a ,j=1,2)and b (b") are annihilation (creation) operators for cavity j and NAMR, which take the cor-
respondlng frequencies w; and w,,, respectlvely, each atom in the ensemble owns an excited state |e¢) and a ground
state|g) with a transition frequency Wep S, L le"){g"|and S, 1 |e") (e"; g is the single-photon radi-
ation coupling coefficient. The first four 1tems in Hannltonian (1) are for the free Hamiltonians of the two cavities,
the NAMR and the atoms, respectively. The fifth item shows the driven field on the optomechanics. The last items
describe the interactions for cavity-cavity, atom-cavity, and radiation coupling, respectively.

Assume the atom number N of the atomic ensemble is large enough, under the condition of the weak excita-
tion, we can define the ground and excited state of the atomic ensemble as |g) =g, £ -..» gv) and

le) = f E N N 8 8y > € oo gN) respectively. Then the above Hamiltonian (1) can be rewritten as
H = wa'a + waja, + w,b'b + WegSee + i(caje ™1 — cra,e™r)
+ J(aja, + aja) + «/Nga(uz + S, oay) — gaja)(b + b"), )

with S, = |e){e| and S, = |e)(g].
Define the detumng Ap,=w,—wand Q=w,,—wand assume (g /N, £,(a,)) < |Q — A,|, we can ensure

that only one of the atom in the atomic ensemble can be virtual excited” 7. In the rotating frame with frequency
w, the Hamiltonian (2) can be rewritten as

H = Agja + Ajaja, + w,b'b + QS,, + i(ca) — c*a,)
+ ](a{ra2 + a;al) + gaq/ﬁ(azseg + Sgea;) - ga;az(b + bh. (3)

The dynamics of this system is governed by following quantum Langevin equations,

SCIENTIFICREPORTS| (2018) 8:14276 | DOI:10.1038/s41598-018-32719-1 2



www.nature.com/scientificreports/

a = —(ky + iA)ay — iJa, + 2k, 4,

4, = —(ry + idy)a, — iJa, — i/NgS, + igay(b + b)) + & + |2k, a5,

b = —(3, + iw,)b + igaja, + [27,b,,

Se = —(v+iVS, — iNga, + -[29f,,, @

where £, ,, and -y denote the decay rates of the cavity j, NAMR and atomic ensemble, respectively. O;, is the noise
operator with a nonzero correlation function (O,,(t)O; (t’ )) = 6(t — ), for O=a, ,, and f. b, is the quantum
Brownian noise operator of the NAMR with correlatlon functions (b )b, (")) = n,6(t — t'), and
(b, (t)b*(t’)) (n,, + 16(t — t'), where n,, = [exp(w,,/(ksT)) — 1]~ is the thermal phonon numberwith kgand
T'being the Boltzmann constant and the environment temperature, respectively.

Suppose that the atomic ensemble is initially in its the ground state |g)*. Then the steady-state values of the
system are

if{a,)

far) = = Ky + 4

s (ay) = >

12
52+1A T +zQ kA

(b) = igl{a) (s.) = igN{as)
Y + i, L E v+ iQ
with Zz = A, — g({b) + (b")). In the case of g, =0, our system would be reduced to the model in ref.**.
Under the condition of the weak excitation, only one atom can be virtual excited, and the rest atoms are in
ground state’”*. With the application of the linearization approximation'®!, all the operators can be written as

the sum of steady-state mean values and their fluctuations, e.g., @, , =(a; ) + 0a, 5, b=(b) + b, Sp, = (S.) + O,
Then the above Langevin equations are rewritten as

bay = —(ky + iA)6ay — ifbay + 26,4y,
Sy = —(ry + ily)éa, — iJ6ay — iNg 68, + iG(ob + 8b") + 26,5,
8b = —(y, + iw,)bb + iG(8a; + 8a,) + 27 by
6Sge = —(y + )8, — imguaaz + 20, )

with G=g(a,).
The corresponding effective Hamiltonian for the above Langevin equations can be described by

Hyy = H, .+ w,0b'6b — g(ba) + 6a,)(8b + 6b)
with

H,

a—c

= Abaéa, + X,6a]6a, + Q6S,,
+ J(6a,6a, + da)oa,) + /Ng,(8a,08,, + S, 6a;). 6)

The rate equations for cooling.  Following the method in refs'>*, the rate equation for the phonon on the
NAMR is given by

(A + /Ym(n + 1))(n + ) n+1 + (A+ + 'anm)npn—l

—[An+ AW+ 1)+ 9,n, + Dn+ y,n,Hn+ DIB, (7)
where P, is the probability for the NAMR in the Fock state |n). A_ = G*Syx(w,,) is the cooling rate of the NAMR
while A, = G?Sp(— wm) is for the heating rate, and Spp(w) = dte’“”(F (t)F(0)) is the absorption spectrum for the

radiation force F = éa, + 8a,.
To obtain the absorption spectrum, we write the Langevin equations of Hamiltonian (6) for cooling as follows

oay = —(ky + iADoay; — iJoay + [2kay,,
S, = —(ky + iN,)ba, — iJéa, — N_gﬁsge + 26,85 45

88, = —(y+ i8S, — i/Ngba, + J27f,,. (8)

In the weak coupling regime, the back action of the NAMR can be ignored. So the absorption spectrum Spx(w)
of the radiation force can be calculated from the quantum Langevin Eq. (8) as
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Figure 2. Optical fluctuation spectrum Spx(w) versus the frequency w for the coupling coeficients (J, g,), with
black solid line (J=0, N=0), red solid line (= w,,, N=0), blue solid line (/=0, g /N = 0.6w,,), and black
dotted line J=w,,, gaW = 0.6w,,). The effective detuning of the first cavity mode A, =Q=—w,, with the
decay rate x; =0.1w,,, while the second cavity mode A, = w,, with its decay rate x, =3 w,,. The atomic decay
rateis y=0.01w,,

2 2Ng?
Spplw) = 1 n 1 122m2+ .2],%1 o+ .ga’Y |
B(w)  B*(w) |B(w)] [k — i(w — A |y — i(w — Q)| )
with
~ 2 Ng?
B(w) = ky —i(lw — A,) + ‘] + - .t .
K —ilw—4) v—ilw—Q) (10)

The three items in Eq. (9) correspond to the correlation functions of the fluctuations from the cavity 2, cavity
1, and atoms, respectively.
With the application of the rate Eq. (7), the final mean phonon number of the NAMR is

_ Vmm + Vel
nf —_— _—
Y T %
" ,
~ (3, < n)
Yon T Ve (11)
where
Y=A_—A,

is the extra damping rate of the mechanical oscillator,

is the final mean phonon number under the ideal condition.

Absorption spectrums and cooling processes. Now, we will discuss the absorption spectrum and the
cooling processes in our system.

The absorption spectrum Sp(w) versus the frequency w with different coupling strengths (J, g,) are plotted in
Fig. 2. Since the optomechanical cavity works in the nonresolved-sideband regime, i.e., the decay rate of cavity is
much larger than the frequency of the NAMR, when the optomechanical cavity 2 is decoupled from the cavity 1
and the atom ensemble (J= 0, N=0), the absorption spectrum is in a Lorentz profile with a half width «,. On the
other hand, with the assistance of the good cavity and the atomic ensemble, the Lorentz profile can be modified
to a Fano one for quantum interference®>*!, and the ground-state cooling of the NAMR can be achieved for this
reason.

Quantum interference can be followed from the eigen-energies of the dressed states of Hamiltonian (6)
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Figure 3. Optical fluctuation spectrum Spx(w) versus w for different decay rates, i.e., kK, = 0.1 w,, (solid line),
Ky =w,, (dashed line) and x| = 3w, (dotted line). Other parameters are given by gaW = 0.6w,,, Y=0.01w,,
Ky =3W,» Ay =0.8w,, A =—w,,.

E, = %(Q + K, £ 407 + gN) + (@ - Kz)z),
E, = 9 (12)

here we have set A; = Q. These three eigen-energies correspond to three inflection points in the absorption
spectrum Spp(w) [see Fig. 2]. E,=Q denotes a dark state, meaning no absorption at this point for the quantum
destructive interference. As a result, we can set

A1 =Q= —Wy (13)

to suppress the transition for heating process. Moreover, to get the ground-state cooling of the NAMR, the value
Srr(w=uw,,) in the absorption spectrum for cooling must be enhanced. In other words, it is necessary to ensure
E,=uw,, so that the absorption spectrum Sgz(w=w,,) can reach its maximum value by adjusting the coupling
strengths (J, g,) with quantum constructive interference. Then, we get the optimal condition for two coupling
strengths as

P+ &N = 2w,(w, — 8) >0, (14)

which is independent of the decay rates, since the eigen-energy has no relation with the decay rates.

_Figure 3 shows the absorption spectrum Sp(w) versus w for the decay rate #; of the cavity a, with parameters
of A2 =—0.1w,, and J=0.45w,,. Under the optimal condition as Eq. (14), the heating process can be completely
suppressed [i.e., the value of Spp(w= —w,,) approaches zero], the absorption spectrum value Sy(w=w,,) for the
cooling process can reach its maximal value of the curve with a good cavity (x, =0.1 w,,). With the increase of the
cavity decay rate k,, a ground-state cooling can still be achieved with a bad cavity (x, =3 w,,), since the absorption
spectrum for the bad cavity is almost same as the one for the good cavity. It results from the fact that the heating
process is suppressed by the quantum interference for the atom-cavity coupling. As such, different from the meth-
ods in refs**-%, where the good cavity**** (atom*®)is an essential condition to guarantee the minimal value
Sgr(—w,,) approaching zero, our scheme, which combines two quantum interference effects, can work beyond this
condition.

With the assistance of quantum interference, the cooling mechanism of the hybrid optomechanical system in
our scheme can be understood from Fig. 4, where |n,), |n,) and |n,) are the states of the single-mode cavity 1,
optomechanical cavity 2 and the NAMR, respectively. If the system is initially in the state|g, n,, n,, n,), under the
action of the optical pump field, the photons are injected into the optomechanical cavity 2, the state|g, n,, n,, n,)
will evolve to the state|g, n;, n, + 1, n,). In this situation, the photons in optomechanical cavity 2 are transferred
into the phonons on the NAMR via the transition|g, n,, n, + 1, n,) — |g, n,, n,, n, + 1) by the radiation cou-
pling G. This cooling transition can be enhanced by two quantum constructive interference effects. One is
between the two transitions |g, ny, n, + 1, n,) — |8, n, + 1, n,, n,) —|g, ny, ny, n,)and|g, ny, n, + 1, n,) —
|8, ny, ny, ny). The other is from the transitions|g, n;, n, + 1, n,) — |e, ny, ny, ny) — |8, 1y, n,, ny). These two
quantum constructive interference effects can also enhance the transition from |g, n,, n,, n, + 1) to
g ny, my + 1, my).
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Figure 4. (a) Level scheme for the cooling mechanism and (b) the flowchart for cooling processes. Here |n,),
|n,) and|n,) denote the states of the optical and optomechanical cavity and the oscillator, respectively. |g) and|e)
denote the atomic ground and excited states, respectively.
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Figure 5. The final phonon number #, (black line) with T=0K and the final phonon number 7 (red line) with
T'=300mK versus the coupling coefficient J for different decay rates of the auxiliary cavity (a) x, =0.1 w,, and
(b) £, =2w,,. The dotted lines denote the pure optomechanical system, i.e., N=0, and the solid lines denote the
hybrid optomechanNical system, i.e., guW = 0.6w,,. Other parameters are chosen as k, =3 w,,, y="0.01 w,,. The
effective detuning A, always satisfies the optimal condition of Eq. (14).

Numerical Simulation. Next, we will verify the cooling effect of our scheme with experimental parame-
ters. These experimental parameters for simulations are the follows™: w,, =27 X 20MHz, Q,, = w,,/7,, =8 X 10%,
g=12x10"*w,, |¢|=600w,,, T=300 mK), A, =Q=—w,, and K, =3 w,,

The final mean phonon numbers n, (n) versus the cavity-cavity coupling strength J in the resolved regime and
non-resolved regime are simulated in Fig. 5(a,b), respectively. When the system works in the resolved regime, in
the idea case (T=0 K), with the increase of the cavity-cavity coupling strength J, the final mean phonon number
n, can be approach to zero [see Fig. 5(a)]. It’s due to the fact that, with the increase of the cavity-cavity coupling
strength J, the quantum interfrence can enhance the line width of the spectrum for non-absorption, and suppress
the 2nd-order transition for heating largely. Note that, when the atomic ensemble is decoupled from the optome-
chanical cavity (/N g, = 0), our results return to the ones in refs****. Moreover, after the environmental heating
is included, the final phonon number will be increased. It results from the fact that, with the increase of the
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cavity-cavity coupling strength ], the eigen-energy E, = %(Q + ’52 + \/ 407 + guzN) +(@Q- ZZ)Z will devi-

ate from E| =w,,, and the cooling rate will decrease, while the environmental heating is a constant, and the final
phonon number will increase.

It’s worthy to point out the follows. With the introduction of the atomic ensemble, our scheme can cool the
NAMR to its ground state when the cavity-cavity coupling is very weak, since the additional quantum interfer-
ence can be created by the atom-cavity coupling.

On the other hand, when the system works in the non-resolved regime, the quantum interference for the
cavity-cavity coupling can’t cool the NAMR to its ground state, since the first blue side-band transition can’t be
suppressed totally when the cavity decay rate is very large. However, this problem can be overcome by adding the
atomic ensemble [see Fig. 5(b)]. In this situation, the additional quantum interference caused by the atoms can
further modify the absorption spectrum, and the final mean phonon number 7, turns to be very close to n,.=0
[see black line in Fig. 5(b)]. It means that the hybrid optomechanical system in our scheme can cool the NAMR to
its ground state more effectively due to the combination of two quantum interference effects for the atom-cavity
coupling and cavity-cavity coupling, and thus the experimental difficulties are reduced in this way.

Discussion

In summary, we have shown the NAMR can be cooled to its ground state in the hybrid optomechanical system,
where one two-level atomic ensemble is trapped in the optomechanical cavity, which is coupling to an addi-
tional optical cavity. Due to combination of two quantum interference effects from the atom-cavity coupling and
cavity-cavity coupling, the heating processes are suppressed, while the cooling processes are enhanced. Compared
with previous cooling methods involving only one quantum interference effect**-*°, the combination of two quan-
tum interference effects can reduce the limit on the line-widths of the cavity and atoms. As a result, our scheme
can cool the NAMR down to its ground state more efficiently. In particular, our scheme is experimentally feasible
for lower-quality cavities, and the experimental difficulty can be reduced in this way.

References
1. Tan, H. T. & Li, G. X. Multicolor quadripartite entanglement from an optomechanical cavity. Phys. Rev. A 84, 024301 (2011).
2. Hartmann, M. J. & Plenio, M. B. Steady state entanglement in the mechanical vibrations of two dielectric membranes. Phys. Rev. Lett.
101, 200503 (2008).
3. Fiore, V. et al. Storing Optical Information as a Mechanical Excitation in a Silica Optomechanical Resonator. Phys. Rev. Lett. 107,
133601 (2011).
4. Wang, Y.-D. & Clerk, A. A. Using Interference for High Fidelity Quantum State Transfer in Optomechanics. Phys. Rev. Lett. 108,
153603 (2012).
. Dong, C,, Fiore, V., Kuzyk, M. C. & Wang, H. Optomechanical Dark Mode. Science 338, 1609 (2012).
6. Schmidt, M., Ludwig, M. & Marquardt, E Optomechanical creation of magnetic fields for photons on a lattice. New J. Phys. 14,
125005 (2012).
7. Li, H.-K,, Ren, X.-X,, Liu, Y.-C. & Xiao, Y.-F. Photon-photon interactions in a largely detuned optomechanical cavity. Phys. Rev. A
88, 053850 (2013).
8. Deng, Z. ]., Habraken, S. J. M. & Marquardt, F. Entanglement rate for Gaussian continuous variable beams. New J. Phys. 18, 063022
(2016).
9. Su, S.-L. et al. Fast Rydberg antiblockade regime and its applications in quantum logic gates. Phys. Rev. A 95, 022319 (2017).
10. LaHaye, M. D., Buu, O., Camarota, B. & Schwab, K. C. Approaching the quantum limit of a nanomechanical resonator. Science 304,
74 (2004).
11. Krause, A. G., Winger, M., Blasius, T. D., Lin, Q. & Painter, O. A high-resolution microchip optomechanical accelerometer. Nat.
Photon. 6,768 (2012).
12. Buchmann, L. E, Jing, H., Raman, C. & Meystre, P. Optical control of a quantum rotor. Phys. Rev. A 87,031601(R) (2013).
13. Purdy, T. P, Peterson, R. W. & Regal, C. A. Observation of Radiation Pressure Shot Noise on a Macroscopic Object. Science 339, 801
(2013).
14. Schliesser, A., Arcizet, O., Riviere, R., Anetsberger, G. & Kippenberg, T. J. Resolved-sideband cooling and position measurement of
a micromechanical oscillator close to the Heisenberg uncertainty limit. Nat. Phys. 5, 509 (2009).
15. Kippenberg, T. ]. & Valaha, K. J. Cavity optomechanics: Back-action at the mesoscale. Science 321, 1172 (2008).
16. Favero, I. & Karrai, K. Optomechanics of deformable optical cavities. Nature Photon. 3,201 (2009).
17. Aspelmeyer, M. et al. Quantum optomechanics throwing a glance. J. Opt. Soc. Am. B 27, A189 (2010).
18. Marquardt, E & Girvin, S. Optomechanics. Physics 2, 40 (2009).
19. Wilson-Rae, I., Nooshi, N., Zwerger, W. & Kippenberg, T. J. Theory of Ground State Cooling of a Mechanical Oscillator Using
Dynamical Backaction. Phys. Rev. Lett. 99, 093901 (2007).
20. Marquardt, E, Chen, J. P, Clerk, A. A. & Girvin, S. M. Quantum Theory of Cavity-Assisted Sideband Cooling of Mechanical Motion.
Phys. Rev. Lett. 99, 093902 (2007).
21. Genes, C,, Vitali, D., Tombesi, P, Gigan, S. & Aspelmeyer, M. Ground-state cooling of a micromechanical oscillator: Comparing cold
damping and cavity-assisted cooling schemes. Phys. Rev. A 77, 033804 (2008).
22. Riviére, R. et al. Optomechanical sideband cooling of a micromechanical oscillator close to the quantum ground state. Phys. Rev. A
83, 063835 (2011).
23. Li, M., Pernice, W. H. P. & Tang, H. X. Reactive Cavity Optical Force on Microdisk-Coupled Nanomechanical Beam Waveguides.
Phys. Rev. Lett. 103, 223901 (2009).
24. Elste, E, Girvin, S. M. & Clerk, A. A. Quantum Noise Interference and Backaction Cooling in Cavity Nanomechanics. Phys. Rev. Lett.
102, 207209 (2009).
25. Xuereb, A., Schnabel, R. & Hammerer, K. Dissipative Optomechanics in a Michelson-Sagnac Interferometer. Phys. Rev. Lett. 107,
213604 (2011).
26. Weiss, T. & Nunnenkamp, A. Quantum limit of laser cooling in dispersively and dissipatively coupled optomechanical systems. Phys.
Rev. A 88,023850 (2013).
27. Yan, M.-Y,, Li, H.-K,, Liu, Y.-C,, Jin, W.-L. & Xiao, Y.-E Dissipative optomechanical coupling between a single-wall carbon nanotube
and a high-Q microcavity. Phys. Rev. A 88, 023802 (2013).
28. Li, Y., Wu, L.-A. & Wang, Z. D. Fast ground-state cooling of mechanical resonators with time-dependent optical cavities. Phys. Rev.
A 83, 043804 (2011).
29. Ojanen, T. & Borkje, K. Ground-state cooling of mechanical motion in the unresolved sideband regime by use of optomechanically
induced transparency. Phys. Rev. A 90, 013824 (2014).

v

SCIENTIFICREPORTS| (2018) 8:14276 | DOI:10.1038/s41598-018-32719-1 7



www.nature.com/scientificreports/

30. Liu, Y.-C,, Xiao, Y.-F, Luan, X. S. & Wong, C. W. Optomechanically-induced-transparency cooling of massive mechanical resonators
to the quantum ground state. Sci. China-Phys. Mech. Astron. 58, 050305 (2015).

31. Sarma, B. & Sarma, A. K. Ground-state cooling of micromechanical oscillators in the unresolved-sideband regime induced by a
quantum well. Phys. Rev. A 93, 033845 (2016).

32. Feng, J.-S., Tan, L., Gu, H.-Q. & Liu, W.-M. Auxiliary-cavity-assisted ground-state cooling of an optically levitated nanosphere in the
unresolved-sideband regime. Phys. Rev. A 96, 063818 (2017).

33. Gu, W.J. & Li, G. X. Quantum interference effects on ground-state optomechanical cooling. Phys. Rev. A 87, 025804 (2013).

34. Aspelmeyer, M., Kippenberg, T. ]. & Marquardt, F. Cavity optomechanics. Rev. Mod. Phys. 86, 1391 (2014).

35. Pflanzer, A. C., Romero-Isart, O. & Ignacio Cirac, J. Optomechanics assisted by a qubit: From dissipative state preparation to many-
partite systems. Phys. Rev. A 88, 033804 (2013).

36. Ian, H., Gong, Z. R,, Liu, Y. X,, Sun, C. P. & Nori, F. Cavity optomechanical coupling assisted by an atomic gas. Phys. Rev. A 78,
013824 (2008).

37. Genes, C,, Ritsch, H., Drewsen, M. & Dantan, A. Atom-membrane cooling and entanglement using cavity electromagnetically
induced transparency. Phys. Rev. A 84,051801(R) (2011).

38. Li, L. C,, Hu, X. M, Rao, S. & Xu, J. Atom-mirror entanglement via cavity dissipation. Phys. Rev. A 91, 052320 (2015).

39. Tan, H. T. & Sun, L. H. Hybrid Einstein-Podolsky-Rosen steering in an atom-optomechanical system. Phys. Rev. A 92, 063812
(2015).

40. Zhang, S. et al. Ground state cooling of an optomechanical resonator assisted by a A-type atom. Opt. Express 22, 028118 (2013).

41. Vogell, B. et al. Cavity-enhanced long-distance coupling of an atomic ensemble to a micromechanical membrane. Phys. Rev. A 87,
023816 (2013).

42. Shi, X. E, Bariani, FE & Kennedy, T. A. B. Entanglement of neutral-atom chains by spin-exchange Rydberg interaction. Phys. Rev. A
90, 062327 (2014).

43. Guo, Y. ], Li, K., Nie, W. J. & Li, Y. Electromagnetically-induced-transparency-like ground-state cooling in a double-cavity
optomechanical system. Phys. Rev. A 90, 053841 (2014).

44. Liu, Y.-C,, Xiao, Y.-F, Luan, X. S., Gong, Q. H. & Wong, C. W. Coupled cavities for motional ground-state cooling and strong
optomechanical coupling. Phys. Rev. A 91, 033818 (2015).

45. Genes, C., Ritsch, H. & Vitali, D. Micromechanical oscillator ground-state cooling via resonant intracavity optical gain or
absorption. Phys. Rev. A 80, 061803(R) (2009).

46. Bariani, E, Singh, S., Buchmann, L. E, Vengalattore, M. & Meystre, P. Hybrid optomechanical cooling by atomic A systems. Phys.
Rev. A 90, 033838 (2014).

47. Zheng, S.-B. & Guo, G.-C. Efficient Scheme for Two-Atom Entanglement and Quantum Information Processing in Cavity QED.
Phys. Rev. Lett. 85, 2392 (2000).

48. Zhou, L., Han, Y,, Jing, J. T. & Zhang, W. P. Entanglement of nanomechanical oscillators and two-mode fields induced by atomic
coherence. Phys. Rev. A 83, 052117 (2011).

49. Clerk, A. A., Devoret, M. H., Girvin, S. M., Marquardt, F. & Schoelkopf, R. J. Introduction to quantum noise, measurement, and
amplification. Rev. Mod. Phys. 82, 1155 (2010).

50. Li, Y., Wang, Z. D. & Sun, C. P. Optically-driven cooling for collective atomic excitations. Eur. Phys. J. D 61,215 (2011).

51. Turek, Y., Li, Y. & Sun, C. P. Electromagnetically-induced-transparency-like phenomenon with two atomic ensembles in a cavity.
Phys. Rev. A 88, 053827 (2013).

52. Anetsberger, G., Riviere, R, Schliesser, A., Arcizet, O. & Kippenberg, T. J. Ultralow-dissipation optomechanical resonators on a chip.
Nat. Photon. 2, 627 (2008).

Acknowledgements

This work is supported by the National Natural Science Foundation of China (NSFC) (Grant Nos 91636220 and
11674360, 11547113), the Talent Introduction Fund (No. 2016BS019) and the Youth Support Plan of Nature
Science Fundamental Research (No. 2017QNJH21) at Henan University of Technology.

Author Contributions
L.L.C. carried out all calculations under the guidance of Z.S., Z.]J.Q. and L.R.H., L.L.]J. participated in the
discussions. All authors contributed to the interpretation of the work and the writing of the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CEE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:14276 | DOI:10.1038/s41598-018-32719-1 8


http://creativecommons.org/licenses/by/4.0/

	Double-passage ground-state cooling induced by quantum interference in the hybrid optomechanical system

	Results

	Model, Hamiltonian. 
	The rate equations for cooling. 
	Absorption spectrums and cooling processes. 
	Numerical Simulation. 

	Discussion

	Acknowledgements

	Figure 1 Schematic of our scheme.
	Figure 2 Optical fluctuation spectrum SFF(ω) versus the frequency ω for the coupling coefficients (J, ga), with black solid line (J = 0, N = 0), red solid line (J = ωm, N = 0), blue solid line (J = 0, ), and black dotted line (J = ωm, ).
	Figure 3 Optical fluctuation spectrum SFF(ω) versus ω for different decay rates, i.
	Figure 4 (a) Level scheme for the cooling mechanism and (b) the flowchart for cooling processes.
	Figure 5 The final phonon number nc (black line) with T = 0 K and the final phonon number nf (red line) with T = 300 mK versus the coupling coefficient J for different decay rates of the auxiliary cavity (a) κ1 = 0.




