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Abstract

We investigate theoretically the quantum effects of optomechanical couplings be-
tween a single-mode cavity field and a mechanical oscillator in the single-photon
strong coupling regime. In such a regime, we examine a driven optomechanical
system and derive a two-level model under certain conditions. Such a model
gives rise to a scheme of generating a single photon in the cavity, which is verified
by numerical calculations based on the Schrodinger equation. For an optome-
chanical cavity driven by two lasers, we discover a class of dark states that are
eigenvectors of the Hamiltonian of the driven optomechanical system. Such dark
states leads to the decoupling of the cavity field from the external driving, which
is analogous to coherent population trapping (CPT) in atomic physics. In ad-
dition, we demonstrate with numerical simulation based on the master equation
that these dark states can be prepared with high fidelities by optical pumping.
For a driven optomechanical cavity with a two-level atom inside, we achieve an
effective coupling between the atom and mechanical oscillator, which is mediated
by the cavity field. Such an effective coupling leads to a Rabi oscillation in which
the excitation of the atom is accompanied by the excitation of a phonon. Specif-
ically, we observe these Rabi oscillations and quantify the effects of dissipations

in numerical simulations.
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Chapter 1

Introduction

Cavity optomechanics is a thriving subject that studies the coupling between
an optical field in a cavity and a mechanical oscillator via radiation pressure
[1, 2, 3, 4, 5, 6]. The study of optomechanical coupling is mainly aimed at con-
trolling quantum states of a macroscopic mechanical oscillator and its prospective
applications in quantum information processing. For such a purpose, a number
of proposals have been made, such as the storage of optical information as a
mechanical excitation [7], quantum state transfer between light and macroscopic
oscillators [8] and optomechanical transducers for long-distance quantum commu-
nications [9]. Besides, the study of optomechancs provides a route to fundamental
tests of quantum mechanics in the macroscopic regime. Related studies include
quantum entanglements [10, 11, 12, 13, 14, 15, 16, 17], Schrodinger cat states
[18, 19, 20, 21], and the modification of uncertainty relations due to quantum
gravity [22].

The study of cavity optomechanics dates back to late 1960s, when Bragin-
sky investigated the effect of radiation pressure on a macroscopic harmonically
bounded cavity mirror [23]. Starting from 1990s, this field goes into fast devel-
oping. An important achievement in this field is laser cooling of the mechanical

oscillator to near its ground state, which lays the foundation for further control
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of the quantum state of the mechanical oscillator. Besides, various schemes of
high sensitive detections of mechanical motions have been developed [24, 25, 26].
Notably, an effect of optomechanically induced transparency has been proposed
and experimentally demonstrated [27, 28, 29, 30, 31, 32, 33], which is an anal-
ogy of electromagnetically induced transparency (EIT) in atomic physics. Other
achievements includes: optical spring effect [34], parametric instability [35], gen-
erating squeezed states of light [36] and mechanical oscillators [37, 38], etc.

In addition, cavity optomechanics is approaching the single-photon strong
coupling regime, in which the radiation pressure of a single photon displaces the
mechanical oscillator by a distance comparable to its zero-point fluctuation. In
experiments, great progresses have been made in increasing single-photon op-
tomechanical coupling strength [25, 39, 40, 41, 42, 43, 44, 45, 46]. In particular,
in optomechanical system with a cloud of ultracold atoms as a mechanical os-
cillator, the single-photon strong coupling regime has already been reached [47].
A sufficiently strong single-photon optomechanical coupling strength is essential
to the observation of the nonlinear quantum nature of optomechanical couplings.
Remarkably, theorists have put forward a number of interesting phenomena in
this regime of cavity optomechanics, such as photon blockade effect [48], gener-
ation of nonclassical states of the mechanical oscillator [49], multiple mechanical
sidebands [50], and mechanical backaction effects on photon statistics [51]. Moti-
vated by such trends, we devote this thesis to the study of interesting phenomena
of optomechanical systems in this single-photon strong coupling regime.

The organization of the thesis is as follows. After a general introduction of
cavity optomechanics in Chapter 1, we provide basic experimental setups and the-
oretical descriptions of optomechanical systems in Chapter 2. Then, in Chapter
3 we investigate the generation of a single cavity photon via an optomechanical
resonance. In Chapter 4, we examine an optomechanical cavity driven by two

lasers, and discover a class of dark states that is a superposition of mirror Fock
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states. In these dark states, the cavity field is decoupled from the two driving
lasers and remain in vacuum, which is an effect of quantum destructive interfer-
ence. In Chapter 5, we study a composite system consisting of an optomechanical
cavity and a two-level atom inside the cavity. In such a system, the cavity field is
coupled to the mechanical oscillator and the atom separately. However, we find
that an effective coupling between the atom and the mechanical oscillator can be
achieved with the cavity field serving as a medium. Such an effective coupling
exhibits Rabi oscillations involving atomic and mechanical states, which leads to
a full atom-mirror entanglement and a quantum state transfer scheme between

the atom and the mirror. Finally, we conclude the thesis in Chapter 6.



Chapter 2

Basic Description of

Optomechanical Systems

In this chapter, we provide a background of cavity optomechanical systems. We
first describe the basic settings and Hamiltonian models. Then, we review basic

theoretical approaches in studying the quantum dynamics.

2.1 The Physical System: Basic Components

A generic cavity optomechanical system is formed by a Fabry-Perot cavity with
a harmonically bounded cavity mirror, while the other mirror is fixed, as shown
in Fig. 2.1. The resonant frequencies of electromagnetic fields inside the cavity
are determined by the cavity length L. Generally, the frequency of the n-th
cavity mode w,, can be expressed as w, = wy(L), where the function w,(L) is
related to specific details of a cavity. In typical studies of optomechanics, we are
interested in the situation where only a single cavity field mode is involved, since
the separation of mode frequencies is set to be large enough to avoid exciting
other modes when the cavity is driven by a laser at a frequency near resonant to

the cavity mode of interest. In this thesis, we denote the frequency of the cavity
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Figure 2.1: Schematic diagram of an optomechanical system consisting of a Fabry-

Perot cavity with one harmonically bounded mirror.

field mode as we. The length of the cavity typically is in the range of 10~2m, but
it can be as small as 107°m in a photonic crystal setup [6].

The harmonically bounded end mirror is regarded as a simple harmonic os-
cillator, with an oscillating frequency wy, ranging from kHz [52] to GHz [40].
In experiments, the effective mass of the mechanical oscillator M spans a wide
range of scales. For example, the mechanical oscillator can be a cloud of ultracold
atoms with a mass as small as 107%?kg [47]. On the other hand, a macroscopic
suspended mirror in a gravitational wave detector has a mass in kilogram scale
[53]. In typical experiments, the effective mass is around M ~ 10~?kg [46]. The
mass and frequency of the oscillator determine an important length scale of the

quantum system, namely zero-point fluctuation of the position:

Lopf = \/h/(2MwM), (21)

which shall be used in the derivation of optomechanical coupling in the following
section.
In the optomechanical system depicted in Fig. 2.1, the cavity field and the

movable mirror are coupled with each other via radiation pressure of the field on
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the mirror. Such an interaction is characterized by the single-photon coupling
strength ¢ (to be defined in the next section), which ranges from 1Hz [54], to
10°Hz as realized in a photonic crystal cavity where the dimension of the cavity
is of order 1ym and the mass of the mechanical oscillator is about 300fg, which
are relatively small [40].

We remark that optomechanical couplings can be realized with a variety
of configurations, not limited to the Fabry-Perot cavity [55]. In fact, experi-
ments have been performed in other systems such as microtoroids with whisper-
ing gallery modes [57], waveguides and photonic crystal cavities [39], suspended
membrane inside a cavity [24, 25, 58] and ultracold atoms in a cavity [47]. These
different implementations share the same principle that a mechanical motion is
forced by an optical field, and the frequency (energy) of the optical field is mod-

ulated by the mechanical motion, thus leading to an optomechanical coupling.

2.2 Hamiltonian Model

To study the quantum effects, we need to set up the Hamiltonian first. The
Hamiltonian of a cavity optomechanical system under single-mode adiabatic ap-

proximation is given by
H = hwea'a 4 hwyb'h, (2.2)

where a (b) and a' (b') are respectively the annihilation and creation operator
the cavity field (mechanical) modes, with we = we (Lo + x) the frequency of the
cavity mode when the cavity is at its length Ly + = (Fig. 2.1). The dependence
of cavity field resonant frequency we on mirror displacement = due to radiation
pressure is the key to optomechanical coupling. We assume that the displacement
of the mirror is much smaller than the wavelength of the cavity field mode, i.e.,

x < A (this condition automatically leads to x < Ly), therefore the frequency of
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the cavity field mode with a cavity length Ly + = can be expanded as:

0
wc (Lo + I) ~ Wc (L()) -+ ﬂ - T, (23)
ox Lo

where we have made a linear approximation by neglecting higher order corrections
in the expansion since x is much smaller than Ly. In addition, we assume that the
mirror is moving adiabatically slow so that scattering of the cavity field mode to
other modes are negligible. This requires the mirror frequency be much smaller
than the frequency separations of neighboring cavity field modes. Under such
conditions, the Hamiltonian of a single cavity field mode coupled to a moving
mirror via radiation pressure is approximated by

H = hwe(Lg+x)a’a+ hwyb'd

~ hwe(Lo)a'a + hﬁg—cxzpfaTa (b+b") + hwprb'd, (2.4)
T

where we have used the relation x = x,¢ (b + bT). We emphasize that we(Lo)
in Eq. (2.4) is the frequency of the cavity mode at the rest length of the cavity.
Thus, we identify the single-photon coupling strength

ow
g= _a_xcxzpf: (25)

which represents the modification of resonant frequency when the mirror is dis-
placed by a distance of zero-point fluctuation, and the minus sign is added fol-
lowing the usual treatments. For a one dimensional Fabry-Perot cavity, we have
approximately dwc/0x &~ —we/ Ly, therefore the single-photon coupling strength

reads

'rzpf
~ Wer. 26
g [0 C ( )

To summarize, after making the linear and adiabatic approximation which is valid
under the conditions of small mirror displacement and slow mirror motion, we

achieve the Hamiltonian of an cavity optomechanical system:

H = hwea'a — hga'a (b + bT) + Fuwprb'h, (2.7)
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in which we see the field-mirror interaction (—hga'a (b + bT)) involves products
of three operators, showing the nonlinear nature of the interaction. Alternatively,
the Hamiltonian (2.7) can be expressed with the position x and momentum p of

the mechanical oscillator as:

1 1 1
T+ ——p* + = Muwi,2*. (2.8)

H = hweala — hga'
ca'a gaaxzpf S 5

Here the term —hgaTaﬁx stands for the potential energy due to radiation pres-
Zp.

sure, from which we see the radiation pressure force is

9

Lapf

F = h——ad'a, (2.9)

which is proportional to coupling strength and photon number.

We note that a rigorous formulation of the Hamiltonian without single-mode
adiabatic approximation is provided by Ref. [59]. We also remark that in
some schemes the modulation of cavity frequency by the mirror position can
be nonlinear [24, 25, 58]. For example, cavity frequency can be modulated as:
w(Lo + z) — w(Lg) o< z?, which has been realized in an optomechanical cavity
with a membrane inside [25]. In Ref. [25], it is reported that by positioning the
membrane at a node or antinode of the cavity wave, the linear dependence term
can be turned off, i.e., dwc/0x = 0, such that the second order term becomes

dominant.

2.3 Energy-level Structure

In this section, we discuss the energy levels of the Hamiltonian of an optome-
chanical system. In a displaced picture defined by a displacement operator:

D (a'ag/wn) = exp[g? (o' — b)), (2.10)

m

the Hamiltonian in Eq. (2.7) can be diagonalized as:

~ 2
H = D'HD = hwea'a + hwybib — b2 (ala)®, (2.11)
WM
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which represents two decoupled quantum harmonic oscillators. Therefore, the
eigenvectors of H in the displaced picture are products of Fock states of the
cavity field and mirror: |n), ® |p),,;, where n(p) is the cavity photon (phonon)

number. The corresponding energy eigenvalues are:
Enp = NWe + pwpr — n2g? Jwr, (2.12)

which depend nonlinearly on photon number n, and linearly on phonon number
p. Here we have set h = 1, and we will always use this convention for simplicity

hereafter. Equivalently, the eigenvectors in the undisplaced picture are given by

[Unp) = D (afag/war) In)e @ Ip)y, = In)e ® D (ng/war) Ip)yy = In)e ® [H(n)) -
(2.13)
where |p(n)),, denotes the n-photon displaced Fock state of the mirror. Thus,

the Hamiltonian can be expressed in the eigenbasis as:

H = Z Enp [¥np) (Ynpl, (2.14)

n,p
which will be used in later studies.

The whole Hilbert space is divided into many subspaces, labeled by photon
numbers. A part of the energy-level structure is illustrated in Fig. 2.2. The
energy levels represent the eigenvectors 1, , for phonon number n = 0,1,2. In
the states of an n-photon subspace, the cavity field is in n-photon Fock state |n),
while the mirror is in n-photon displaced Fock state [p(n)),,, as are shown in the
figure. Moreover, the energy levels inside each subspace are equally spaced, with a
common separation wy;. However, there is a nonlinear energy shift —n?g?/wy, of
each state due to the optomechanical coupling. As a result, energy levels between
corresponding neighboring subspaces are not equally spaced. In Fig. 2.2, we only
show the lowest three subspaces since the energy-level structures of subspaces

with more photons are similar.
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Photon number

10), [De 12)e

Figure 2.2: The energy-level structure of the optomechanical system up to two-

photon subspaces. We define § = —g?/wy, for convenience.
2.4 Weak Coupling Regime: Linearized Theory

We now introduce a linearized theory of cavity optomechanics [62], which works
in the weak optomechanical coupling regime: ¢ < wy;. This theory is based
on the assumption that the fluctuation of cavity field amplitude is much smaller
than its average.

We consider a driven optomechanical system, whose Hamiltonian is given by:
H = weala + wnb'b — gala(b + b) + Qe “rLlal + Q*e™riq, (2.15)

where the term Qe~®t!a! + Q*e™rtq describes that the cavity photons are driven
by a laser with an amplitude €2 and a frequency wy. To eliminate the time-
dependence in this Hamiltonian, we go to a rotating frame with a transformation

—iwratat

operator: Ti(t) = e . Consequently, the transformed Hamiltonian (H' =

TIHT, —iT)T) reads
H' = Ada'a + wn,b'b — gala(b! +b) + Qa' + Q*a, (2.16)

where the laser detuning A = w. — wy is defined. Therefore, we obtain the
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Heisenberg’s equations of motion of a and b:

a = —iAa + iga(bt + b) — iQ,
_ ga(b" +b) (2.17)
b= —iwn,b +igala.

In the linearized theory, we separate the operators into two parts: a c-number

part that accounts for the average and the operator part that reveals the quantum

fluctuation. Specifically, we decompose the operators as:

a(t)
b(t)

a(t) + da(t),
p(t) + ob(1),

(b(t))) is a ¢ number that describes the expec-

(2.18)

where a(t) = {a (1)) (5 ()
tation value of a(t) (b(t)), while da(t) and §b(t) are operators that take care of
the quantum fluctuations upon the averages. Substituting Eq. (2.18) into the
Heisenberg’s equations (2.17), we obtain the (classical) equations for the mean

values:

a(t) = —iAa +ig (B + %) o — i€Q,

. ) (2.19)
ﬂ(t) = _iwmﬁ + Zg ‘Oé‘ )
and the operator equations for the quantum fluctuation are given by
Loa(t) = —i[A — g (B + )] 6a+ igo (8b! + 6b) + igda (00T + 6b) (2.20)

4 5b(t)

5 —1Wwm0b + ig (a*5a + ozéaT) +igéatda.

We can view the operator equations (2.20) as Heisenberg’s equations of motion
for da and db in a new Hamiltonian, i.e., the effective Hamiltonian for da and db.
Such an effective Hamiltonian takes the form:
Hepp = [A—g(B+ )] dalda+ w,db'6b — géa'da (5b' + 6b)
—g (a*da + ada’) (6b' + b) . (2.21)

We can take a linear approximation to neglect the nonlinear term —gda'da(5b" + 6b)

in the Hamiltonian (2.21) under condition that

la* > (da'da) . (2.22)
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Therefore, the effective Hamiltonian in linear approximation becomes
Hepp = [A—g(B+ B%)]da'da + w,6b'6b — g (a*da + adal) (6" + 0b) , (2.23)

which can be interpreted as two linearly coupled oscillators. As a result, the

linearized equations of motion for the fluctuations reads

Loa(t) = —i[A — g (B+ B*)] da + igo (6bT + 6b)

(2.24)
Lob(t) = —iwn,0b +ig (*da + adal) .

Thus, by solving mean value equation (2.19) and linearized fluctuation equation
(2.24), the evolution of field operator can be obtained approximately.

The linearized theory has been applied to study various phenomena in cavity
optomechanics. In particular, three types of interaction schemes can be real-
ized corresponding to separate detunings of laser driving [6, 4]. First, when
A = we — wp & wyy, i.e., the laser driving is red-detuned by about one mechani-
cal frequency, we have two harmonic oscillators of similar frequencies coupled with
each other according to the effective Hamiltonian [Eq. (2.23)]. Thus, the resonant
interaction terms under rotating wave approximation is: —g (a*éachT + aéaTéb).
Such an interaction allows energy exchange between the two harmonic oscilla-
tors, which has been used to achieve cooling of the mechanical excitations down
to near its ground state [63, 64]. In the second scheme, we set A ~ —w),, which
means that the laser driving is blue-detuned by about one mechanical frequency.
For this case, the resonant interaction under rotating wave approximation is:
—qg (04*(5aT(5bT + 045a(5b), which leads to ”two-mode squeezing”. This is the key to
parametric amplification [65], in which energies of both the cavity field and me-
chanical oscillator grows exponentially in the absence of dampings. Third, when
A ~ 0, we have the interaction —g (a*éa + aéa*) (5bJr + 5b). Such an optome-
chanical coupling results in a phase shift of the cavity field proportional to the
position of mechanical oscillator. By measuring this phase shift, the motion of the

mechanical oscillator can be detected (optomechanical displacement detection)
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[26]. Besides, an interesting phenomenon called optomechanically induced trans-
parency has been discovered using the linearized theory [27, 30], which is anal-
ogous to the electromagnetically induced transparency (EIT) in atomic physics.
In summary, the linearized theory has been proven to be successful in the weak
coupling regime. However, the linearized theory is not sufficient in describing sys-
tems with a single-photon coupling strength comparable to mechanical frequency,
i.e., the linearization condition (2.22) breaks down when g ~ wy,, which is going

to be discussed in the following section.

2.5 Single-photon Strong Coupling Regime

In this section, we introduce the single-photon strong coupling regime, in which
the radiation pressure of a single photon displaces the mirror to a distance com-
parable to its zero-point fluctuation. Explicitly, the displacement of mirror equi-
librium position by a single photon can be evaluated by considering the new
potential of the mirror, which consists of the original harmonic bounding and ra-
diation pressure of a photon. According to Eq. (2.8), the potential of the mirror
is:

1
V() = éMwﬁ/[mZ — x!;fx, (2.25)
zp

where we have let (a'a) = 1 for a single photon radiation pressure. Consequently,

the new equilibrium position of the mirror can be obtained:
5 9
¥ =22y, (2.26)
W

which is proportional to the single-photon coupling strength g. Therefore, the
single-photon strong coupling regime is characterized by a single-photon coupling
strength comparable to the mechanical frequency, i.e., g ~ wy;. In such a regime,
the nonlinear optomechanical coupling becomes significant so that the linearized

theory described in the previous section is inadequate [56]. However, various
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interesting phenomena have been proposed in this regime, such as the photon
blockade effect [48], non-Gaussian mechanical steady states [50], and statistical
features of transmitted photons [51]. In addition, experimentalists have also been
pursuing this regime with different configurations of optomechanical systems [40,
46, 39, 25, 41, 42, 43, 44, 45]. In this thesis, we will focus on phenomena in this
regime without exploiting the linearized theory.

Before going into specific studies, we first indicate the limitations of the lin-
earized theory by a comparison between results of the linearized theory and exact
numerical solution of Schrédinger equation. In Eq. (2.16), we have obtained the
Hamiltonian of a driven optomechanical system in a rotating frame. Numerically

we solve the Schrodinger equation governed by this Hamiltonian
i () = H' |V (1)), (2.27)
with the state of the system in the form

‘\I]@)) = Zcmn |m> n>7 (2.28)

where |m,n) is a Fock state of the system with m photons and n phonons. Sub-

stituting into Schrodinger equation, the equations for the coefficients ¢,,, are:

©Cmn(t) = (Am+ wun) Cpn — gMA/NCpn1 — gmVN + 1011

+QVmem 10+ VM 4 1emitn, (2.29)

which can be solved after a proper truncation of the Hilbert space.

We solve the mean value equations (2.19) according to the linearized theory,
and the quantum equations (2.29) separately for the system initially in its ground
state. The quantum equations are solved in a Hilbert space with largest photon
number 9 and largest phonon number 7, at which the numerical results converge.
After then, we plot in Fig. 2.3 the evolutions of cavity photon numbers (a'a) and

phonon numbers (b'b) with different values of coupling strength g. Generally, we
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Figure 2.3: Comparison between the linearized theory (red lines) and the exact
quantum equations (blue lines) in cavity photon numbers (a'a) and phonon num-
bers (bfb). Common parameters: A/w,, = 1.01, Q/w,, = 0.2. Tuned parameter:
(a) and (b): g/wm = 0.1; (¢) and (d): g/wm = 0.2; (e) and (f): g/w, = 0.3.



CHAPTER 2. BASIC DESCRIPTION OF OPTOMECHANICAL SYSTEMS 16

see that the cavity photons build up rapidly because of the external driving field,
while the phonon numbers gradually grow due to the optomechanical coupling,
i.e., the mechanical motion is driven by the radiation pressure of the cavity field.
Notably, the fast oscillating patterns in the evolution curves of photon number is
mainly caused by the detuning A in the linearized equations (2.19), which leads
to a fast rotating phase factor. Accordingly, the period of such patterns is about
27 /A ~ 27w, since Ajwy = 1.01, which agrees well with the Fig. 2.3 (a).
In addition, one can see that there are some fast oscillating patterns with small
amplitudes in the phonon number evolution curves, which are associated with
the fast oscillations of photon number. This is because the phonons are driven
by the cavity photons with a rate proportional to photon number, such that the
slopes of the phonon number curves also oscillates with the oscillations of pho-
ton numbers. Now we compare the results of linearized theory and the exact
quantum equations. Note that the differences between the two curves represent
the quantum fluctuation accounted by the operator equations (2.20), which is ne-
glected in the linearized theory. First, in Fig. 2.3 (a) and (b), we set the coupling
strength as g = 0.1wy;, which is much smaller than mechanical frequency. We
see that the two sets of evolution curves of photon and phonon numbers from
the two approaches agree quite well with each other. Next, we tune the coupling
strength two times larger: g = 0.2wy in Fig. 2.3 (c¢) and (d), where we see
the difference between the two approaches becomes notable. In Fig. 2.3 (e) and
(f), the coupling strength is set to be even larger: g/wy = 0.3. In this case,
the difference between the two approaches turns out to be so significant that the
curves are hardly comparable. For instance, we compare the phonon number at
a time wyt = 80 in Fig. 2.3 (f), the quantum equation result shows the phonon
number is at a minimum, however, the result of linearized theory appears to be
a peak value, which is right on the contrary. Hence, we demonstrate that when

the coupling strength g become nearly comparable to the mechanical frequency
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wyr, the linearized theory indeed breaks down, or in other words, the linearization
condition (2.22) is no longer satisfied. As a result, in the strong coupling regime
where coupling strength is comparable to the mechanical frequency (g ~ wyy), we
need to go beyond the linearized theory and take into account the intrinsic non-
linearity of the optomechanical coupling so as to explore interesting phenomena

of this regime, which is the theme of the studies in this thesis.

2.6 Damping of the System

In this section, we discuss the usual approaches in studying the dissipation of op-
tomechanical systems, including a cavity field damping and a mechanical damp-
ing. First, we introduce the Born-Markov master equation, with discussions on
approximations made in its derivation and the requirements on physical systems.
Then, we provide the specific form of the master equation for our optomechanical
systems, which will be used in the studies in this thesis. In addition, we briefly
discuss another approach, namely quantum Langevin equation.

The Born-Markov master equation is an approximate equation that describes
the dissipative evolution of quantum open systems. The dissipation of a quantum
open system is caused by its coupling to the environment, which contains a large
number of degrees of freedom. Since an exact calculation of the evolution of the
whole system consisting of the concerned system and its environment is neither
necessary nor practically accessible, the Born-Markov master equation exploits a
strategy to focus on the concerned system only and take into account the effects
of the environment without involving its degrees of freedom. To do so, the Born-
Markov master equation makes use of two basic assumptions: Born approximation
that takes the environment as in a steady state, and Markov approximation that
assumes the two-time correlation functions of noise operators to be Dirac delta

functions. Such assumptions lead to some requirements on the properties of
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the physical system. First, the environment should be large so that it contains
a wide spectrum and the environmental state is not affected when coupled to a
much smaller system. Additionally, the coupling of the system to its environment
should be weak, so that the system density matrix is approximately unchanged
within the correlation time.

Now we turn to the damping of optomechanial systems. For the cavity field,
damping is caused by the coupling to the outside field, or in other words, the
finite cavity mirror transparency. We define the cavity damping rate x, which
means the cavity photons have a lifetime 1/k. Another source of damping is the
mechanical damping of the mirror motion, which origins from various aspects such
as viscous damping due to coupling to surrounding gas atoms and excitations of
elastic waves in its environments [6]. The dissipation of the mechanical oscillator
(mirror) is characterized by a mechanical damping rate 7y, i.e., the mechanical
excitations (phonons) have a lifetime of 1/v,,. Hence, we model the damping of
optomechanical system as two harmonic oscillators coupled to two thermal baths,

with the total Hamiltonian given by
Hy = Hgs+ Hp + Hgp, (2.30)

where Hg and Hp are respectively the Hamiltonian of the optomechanical system
and the baths, while Hgp describes the coupling between the system and baths.
To focus on the evolution of the optomechanical system, we trace out the baths

to obtain the reduced density matrix of the system:

p(t)=Trglpw (t)], (2.31)

where py is the density matrix of the whole system including the system and
baths. We model the baths as consisting of a large number of harmonic oscillators
and the system-bath couplings are linear [66]. Under the assumptions that both
the cavity field damping and mechanical damping are Markovian processes [50,

35, 67, 68, 70], the evolution of the optomechanical system is described by a
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Born-Markov master equation, which is specifically:

dp

n 1
dt = —1 [Hs, p] i (aTa,o — QapaT + paTa) — M

2 2
—@ (bb'p — 27 pb + pbb!) , (2.32)

(btbp — 2bpb" + pb'b)

where 7, is thermal phonon number of the bath, and we have assumed thermal
photon number ng = 0.

For completeness, we mention another widely used approach in studying the
dissipative evolution of an optomechanical system: quantum Langevin equation
[50, 68, 70]. In contrast to the master equation approach that works in the
Schrodinger picture, the Langevin equations are equations of motion of operators
in Heisenberg picture [66, 69]. Specifically, for a driven optomechanical system
with Hamiltonian given by Eq. (2.16), the quantum Langevin equations describ-
ing the dissipative evolution of the annihilation operators of the cavity field mode

a and mechanical mode b are [70]:

a=—ila+iga (b+b") —iQ — Za + a;,,
_ ga (b+V1) 2 (2.33)
b= —iwnb +igata — BLb + by,

where a;, and b;, are respectively the input random noise operator of the cavity
field and mechanical modes, with zero expectation values. For a Markovian bath,

the noise operators are d-correlated, with correlation functions given by:

{
< n i

(2.34)
(bin ()b}, (1)) = yar (Runm + 1) 0 (£ = 1),
{

bm<t/)> = ’YMT_lthm(S (t — t,) .

Note that we have also assumed the thermal photon number of the bath is zero.



Chapter 3

Single-photon Generation in a
Cavity via an Optomechanical

Resonance

3.1 Introduction

To manipulate quantum transitions is essential in quantum information process-
ing, which is a prospective application of cavity optomechanics. For such a pur-
pose, researchers have proposed to use optomechanical systems as single-photon
sources and single-phonon single-photon transistors [71]. In this chapter, we
investigate how one can manipulate quantum transitions between zero- and one-
photon states via an optomechanical resonance. An optomechanical resonance is
established by a driving laser with its frequency matching the energy difference
between a couple of eigenstates of the optomechanical system. We will set up a
two-level model and then numerically demonstrate Rabi oscillations between two
states of the system. With these Rabi oscillations, we can manipulate the quan-
tum transition from a zero- to one-photon state, such that the optomechanical

system can serve as a single-photon source.

20
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Figure 3.1: Energy-level diagram of an optomechanical system with a laser driving
(green arrays) for illustrating photon blockade effect. Here the parameter § =

QQ/WM-
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3.2 Two-level Model

In this section, we build up a two-level model of the driven optomechanical system
based on the rotating wave approximation (RWA), which operates under the con-
ditions of near-resonance and weak-driving in the single-photon strong coupling
regime. Under RWA, we neglect the off-resonant transitions, i.e., the system is
confined in a Hilbert space accessed by resonant transitions only.

We consider an optomechanical system driven by an external field with a
frequency w; and an amplitude €2. The Hamiltonian of such a driven optome-
chanical system is given by Eq. (2.15). In a frame rotating at the laser frequency,

the Hamiltonian becomes
H' = Ad'a+ wyb'b — ga'a (b" + b) + Qa' + Q*a, (3.1)

where A = we — wy, is the laser detuning, a and b are the annihilation operators
of the electromagnetic and mechanical modes, with respective resonant frequency
we and wyy. The first three terms of H' in Eq. (3.1) represent the Hamiltonian
of the optomechanical system without the external driving, which can be diago-
nalized with eigenvectors |t ,) [defined by Eq. (2.13)]. In such eigen basis, the

Hamiltonian for the driven optomechanical system can be expressed as

H' = Zemp W’n,p) <¢n,p| + € (Z Agfg/ W)n—l,p’) <¢n,p| + h.c.) ) (3-2)

n,p n,p,p’
where €2 is assumed to be real for convenience and €, , = nA — n2 g + pwyr. In
addition, we have expressed the annihilation operator a in the eigen ba51s as

ZZ [Ynp) Wnpl @ [n ) (Y| = Z A(n [n-1p) (Ynpl, (3.3)

np n',p’ n,p,p’
with the coefficients defined as ASZ, = /n{p| D" (g(n—1) Jwn) D (gn/wi) |p').

Explicitly, the coefficients are given by [72]

P_! —ﬁ _A\P-p Lp’fp 2 /
A(n), _ Vn 7 (=€) (&), p<p, (3.4)

p.p \/— ( )p pr P’ (52),p>p',
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Figure 3.2: Schematic diagram of the two-level model of a driven optomechanical

system (0 = g*/wy).

where & = g/wy and Li(z) are associated Laguerre polynomials. Note that
for n = 1, the coefficient Az(iz))’ is also known as a Franck-Condon factor that
represents the overlap between a Fock state and a displaced Fock state. In the
literature of molecular physics, a Franck-Condon factor determines the probability
of electronic transitions between two states in a vibrational molecule.

Our task is to achieve a two-level model of the driven optomechanical system
that only involves the two states: an initial zero-photon state |1y ;) and a single-
photon state [ty ;), with ¢ and j being integers. For such a purpose, the transition
between the two states should be set in resonance, while the transitions to states
out of the two states are off-resonance. Thus, under rotating wave approximation,
we can ignore the off-resonance transitions and take the driven optomechanical
system as a two-level system approximately. In order to achieve the resonance,
the laser driving frequency should be set to match the energy difference between
the two states. This is illustrated in Fig. 3.2, which is drawn in the original frame

for simplicity. Hence, we get the resonance condition: wy, = we — 0 + (J — @)ws.

23
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Equivalently, the specific laser detuning Ay = we — wy, satisfying this resonance

condition is:

Ay = (i—j)wM—i—g. (3.5)
Now that the two states |1 ;) and |¢; ;) are set in resonance, we have to show
that the transitions from these two states to other states are off-resonance. The
transition from [ty ;) to another single-photon state |1 ,) (p # j) has a detuning
|(p — j)wa|. Similarly, the transition from |1y ;) to another zero-photon state
|10,4) (g # 1) is detuned by |(r — i)wps|. Additionally, we consider the detunings
of further excitation from the single-photon state |ty ;) to a two-photon state
|th2-). Since the energies of the states depend nonlinearly on photon number:
€np = NA — nzj;; + pwys (as shown in Fig. 3.1), we obtain the detuning of such
higher excitation after minor algebra: |2% + (r — 25 + i)wnr|, which is non-zero
generally.
Hence, we see that the dynamics of the system involves two parts: a reso-

nant transition between two states and off-resonant transitions. Accordingly, the

Hamiltonian of the system [Eq. (3.1)] can be decomposed into two separate parts:
H=H+V, (3.6)
where H' is resonant part that involves only the two resonant states:

H' = €0, [vh0,) (ol + €15 [115) (1] + QAL (J3ho) (0

+ Y1) (Wo,l), (3.7)

and V accounts for the rest off-resonant part of the Hamiltonian, i.e., V = H'—H'.
In the weak driving limit, the off-resonant transitions can be neglected according
to rotating wave approximation. Specifically, to prevent off-resonant excitations
from |tg;) to [11,) (p # Jj), the driving strength should be much smaller than the
detuning between the two states: |(p—7)wa], i.e., Q < |(p—7)was]. In addition, to

avoid excitations to 2-photon states |2 ,), the weak driving condition is explicitly:

Q < [2¢°/wn — Kwy| (3.8)
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where K is the nearest integer to 2(g/wyr)?. For example, if g < wy;/2 then
K = 0. Note that since [2¢%/wy — Kwyy| is always smaller than wyy, therefore
Eq. (3.8) fully describes the weak driving condition. However, we remark that
there are some special values of g that leads to the resonance of higher excitations
to two-photon states [75]. For a positive integer K, the detuning |2¢*/was — Kwy|
can be zero at gxg = \/K_/QwM, such that the excitations of two-photon states
become significant. Hence, rigorously speaking, the Eq. (3.8) represents the weak
driving condition except for these special values of coupling strength.

In reality, the finite lifetime of the cavity photon should be taken into account.
This is because in presence of cavity field damping, the frequency of the cavity
photon has a line width, which is equal to the cavity field decay rate . In order to
have a sharp resonance between the two states, the mechanical sidebands should
be resolvable, i.e., kK < wys (resolved sideband limit). Besides, to prevent higher
excitations to two-photon states, the detuning 2¢?/wy; should also be resolved,
ie., k < 2¢*/wy. Hence, we require a strong single-photon coupling strength

satisfying:
9> K- wy, (3.9)

which characterizes the single-photon strong coupling regime that is needed to
avoid the off-resonant transitions.

To summarize, with the driving laser satisfying the resonance condition [Eq.
(3.5)] and weak-driving condition [Eq. (3.8)] and a strong optomechanical cou-
pling [Eq. 3.9], the optomechanical system can be modeled by a two-level sys-
tem consisting of the two resonant states |¢p;) and ¢ ;), neglecting all the
off-resonant transitions to other states. Consequently, the Hamiltonian of the

system is represented by the resonant part: H' ~ H’, i.e., we have

H' ~ €0,i [Vo.) (Yol + €1 |¥15) (Wil + Qr ([Y0a) (Y14

+[11) (Wosl), (3.10)

where we define Qp = QASJ-) (note that €y; = €;,;). Thus, we obtain the two-level
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model of the driven optomechanical system.

3.3 Rabi Oscillations in an Ideal Cavity

In this section, we investigate a direct implication of the two-level Hamiltonian:
Rabi oscillations between two states. In order to clearly study the efficiency of
the two-level model, we first focus on the coherent evolution of the system in an
ideal cavity without damping.

As an representative example, we study a specific Rabi oscillation between the
two states: the ground state [1gy) and an excited state [¢)11). For this case, the
resonant condition [Eq. (3.5)] is specifically: Ay = wg—; — wyy. Together with the
weak driving condition Eq. (3.8), we achieve the two-level Hamiltonian H' given
by Eq. (3.10) with ¢ = 0 and j = 1. Thus, the time evolution of the system is
governed by the Schrodinger equation (with = 1): i|¥(t)) = H'|W(t)), with H'
the two-level Hamiltonian. Let the initial state of the system be: [¥ (0)) = |¢0,),

then the system state at time ¢ is given by

|W(t)) = cos Qpt |1g) — isin Qrt |Y11) , (3.11)

2
which exhibits Rabi oscillations with the Rabi frequency 2z = QA&% = —Q¢ e

according to Eq. (3.4), and we have €y = €1 = 0. In addition, the system

evolves into the single-photon state 1)1, at the time Tj:

T T €2
2

T:—:
0700, 206

(3.12)

which is inversely proportional to the driving strength €2 and the Franck-Condon
factor A&%. Hence, such Rabi oscillations can be used to generate a single cavity

photon starting from vacuum.
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3.4 Numerical Results

In this section, we perform numerical calculations to verify the validity of the two-
level model and quantitatively study the efficiency of single-photon generation.

Since the optomechanical system actually consists of a large number of eigen-
states, there can be many possible transitions in reality. In order to verify the
approximate Hamiltonian and to show that the off-resonant transitions can in-
deed be neglected, we perform numerical simulations of the coherent dynamics
based on the original Hamiltonian in an ideal cavity without cavity field and me-
chanical dampings. The observation of Rabi oscillations in the evolution of the
system is regarded as the signature of the two-level Hamiltonian. In addition,
we compare the oscillation periods between the numerical simulation results and
model prediction as a quantitative evidence of the efficiency of the model. Af-
ter then, we investigate the dependence of the single-photon generation on the
driving strength and its sensitivity to small variations of laser detuning.

We solve numerically the Schrodinger equation i|W(t)) = H'|¥(t)) with H’
the original Hamiltonian given by Eq. (3.1). Expanded in a certain basis, the
Schrodinger equation is equivalent to a set of coupled differential equations of the
probability amplitudes, which can be solved numerically with MATHEMATICA
after an appropriate truncation of the Hilbert space. In the simulations discussed
below, we use a Hilbert space in which the largest photon number is set as 3 and
the largest phonon number is 8, which we find the results converge.

In order to demonstrate the Rabi oscillations between the two states, we plot

in Fig. 3.3 time evolutions of probability P of being in the single-photon state
|¢11>3

P = | (] T (1) (3.13)

Particularly, for a system whose time evolution is given by Eq. (3.11), the single-

photon probability is P (t) = sin® Qgt, i.e., a sinusoidal function of time.
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Figure 3.3: Time evolution of single-photon probability. Parameters are set as:

g/wyr = 0.5, Ag/wy = —0.75; (a) Q/wpy = 0.05; (b) Q/wyr = 0.1; (¢) Q/wy =

0.2.
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Fig. 3.3 (a) shows a typical Rabi oscillation that the probability P of being in
single-photon state oscillates sinusoidally and the maximum value reaches near 1.
Hence, our two-level model fits well for this case where 2/wy, = 0.05. In Fig. 3.3
(b) and (c), we plot the single-photon probability P curves with two larger driving
strengths. One can see that some small oscillation patterns appear in the roughly
sinusoidal curves. Such patterns are caused by off-resonant transitions, which
become more significant with larger driving strengths. Moreover, the maximal
values of single-photon probability decline significantly, especially for the case
with Q/wy = 0.2, whose maximal probability is about 0.85. Note that the
weak driving condition Eq. (3.8) requires: 2 < 0.5wys. The numerical results
demonstrate that such a requirement is indeed necessary and the two-level model
is indeed effective when such weak driving condition is satisfied.

To further confirm the validity of the two-level model, we compare in Fig. 3.4
the dependence of Tj on driving amplitude €2 and coupling strength g between
numerical results and model predictions. The curves are drawn according to the
prediction of the two-level model given in Eq. (3.12). It is shown that 7§ declines
both with larger © and ¢ (for 0 < g/wy < 1) and the analytical and numerical
results agree well with each other. Notice that the small deviations between the
numerical and analytical results are caused by off-resonance transitions. Such
consistence provides an additional evidence for the validity of the two-level model.

Finally, we investigate the performance of the single-photon generation with
small deviations of the laser detuning A from A,. For such a purpose, we plot in
Fig. 3.5 the maximal single-photon probabilities P,,,, during a Rabi oscillation
versus off-resonance value of the laser detuning: A = A — A. It is shown that
the maximal single-photon probabilities P,,,, peaked at the resonance detuning
(A = 0), and declines when the |A| becomes larger. Notice that the peak does
not locate exactly at A = 0, because the energy difference in the two-level model

is slightly shifted due to off-resonant couplings with other states. As a theoretical



CHAPTER 3. SINGLE-PHOTON GENERATION IN A CAVITY VIA ... 30

500 -

4000
-

IE 300+
3
SN

& 200F

100 -

0 C L L L L L ]
0.00 0.05 0.10 0.15 0.20
.Q/LL)M

-
5
3
N
s

9/wu

Figure 3.4: Compare of Ty between analytical result of the model (lines) and
numerical calculations (dots). Parameters are set as: (a)Red line: g/wy = 0.5,
Blue line: g/wpy = 0.3; (b) Green line: Q/wj = 0.1, blue line: Q/wy = 0.05, red
line: Q/wyr = 0.01.
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Figure 3.5: Maximal probability of the single-photon state P,,,, as a function of
off-resonance detuning A. Parameters are set as: square: g/wy = 0.5, Q/wy =

0.1; circle: g/wyr = 0.7, Q/wy = 0.05.

expectation, if the two-level model is exact, i.e., there are no off-resonance effects,
then the maximal probability should be P, = Q%/(Q% 4+ A?), which means
the performance is determined by the ratio between the detuning and driving
amplitude and quantitatively the half value of P,,,, locates at |A| = Qpg. This is
consistent with our numerical results. For example, P,,., decreases faster in the
case Q/wyr = 0.05 (circles) than that in Q/wy = 0.1 (square). In addition, for
the case Q/wy; = 0.05 (circles), P, decreases to about the half value 0.5 at the
detuning A = Q.

3.5 Effects of Cavity Field Damping

In this section, we study the performance of single-photon generation against
cavity field damping, which is inevitable in experiments. Here we ignore the
mechanical damping, because mechanical damping rate is usually much smaller

than cavity field damping. In typical experiments, the lifetime of a mechanical

31



CHAPTER 3. SINGLE-PHOTON GENERATION IN A CAVITY VIA ... 32

excitation (phonon) is of the order 10%wj,', which is much longer than the time
period of single-photon generation T ~ 100w;, . However, the lifetime of a cavity
photon can be comparable to the time period Tj. Hence, we focus on the effects
of cavity field damping on a single-photon generation process.

The dissipative evolution of the optomechanical system with cavity field damp-
ing governed by the master equation:

o _

pri H', p| — v (aTap — 2apa’ + paTa) , (3.14)

—i[ 5

where p is the density matrix of system defined as p = > ,Z, P’ g |, m) (M 0|
with |m,n) being a Fock state with m photons andrr;n;hgnons. k is the decay
rate of the cavity field, and H' is the Hamiltonian describing the driven optome-
chanical system given by Eq. (3.1). In order to do numerical calculations, we
substitute the p into the master equation (3.14) and then obtain the equations

of motion for the elements py, » m . To show explicitly the cavity photon decay
process, here we set the driving field as a pulse, which is turned off at the time Tj
when the maximal single-photon probability P is reached. Here we use the same
size of Hilbert space as the simulations done in the previous section: the largest
photon number is set as 3 and the largest phonon number is 8.

To study the influences of cavity field damping to the performance of single-
photon generation, we set the optomechanical system be driven by a pulse with
the driving amplitude defined as a step function: Q(t) = Qg - 0(Ty — t). Such
a setting means that when ¢t < Tj, the system is constantly driven by a laser
with an amplitude €; however, the laser driving is turned off at ¢ = Tj when
the maximal probability of the single-photon state is reached. In Fig. 3.6, we
plot the evolutions of the single-photon state probability P for different decay
rates, together with a zero-damping case (black line) for reference. It is shown
that in the constant driving period (¢t < Tp), the fidelities keep growing and reach
the maximal values at ¢t = Ty. After the laser driving is turned off (t > Tp),

the single-photon state fidelities decay due to the cavity field damping, i.e., the
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Figure 3.6: Evolution of the single-photon state probability P for different decay
rates in a pulse-driving optomechanical system. Parameters are set as: g/wy =

0.55, Q/wyr = 0.055-0(Ty —t), where 0(Ty —t) is a step function and Ty = 34w, ;.

cavity photon gradually leaks out of the cavity. Notably, the maximal value of
the fidelities for the case without cavity field damping (black curve) is the largest,
reaching about 0.98. However, when the cavity field damping rate becomes larger,
the maximal probability decreases significantly. In particular, the maximal prob-
ability decreases to about 0.85 for k/wy, = 0.010. But for a smaller decay rate
k/wy = 0.001, the maximal probability still reaches more than 0.95, i.e., the
single-photon state is reached largely. Hence, the effects of cavity field damping
to single-photon generations can be negligibly small when the field decay rate is
sufficiently small. Specifically, the decay rate should satisfy: 1/k > Tj, meaning
that the lifetime of the cavity photons should be much larger the time period Tj.

3.6 Connection to Photon Blockade Effect

The mechanism of the two-level model is closely related to the photon blockade

effect, which has been identified by P. Rabl [48]. For this reason, we describe
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Rabl’s work and then make a connection of our study to this effect. Rabl iden-
tified photon blockade effect as a fundamental mechanism in the single-photon
strong coupling regime of cavity optomechanics. It is claimed that for a weakly
driven optomechanical system in the combined regime of single-photon strong
coupling and resolved sidebands, the existence of a single cavity photon resists
the excitation of a second photon inside the cavity.

Rabl provided an intuitive picture of the photon blockade effect by analyzing
the photon excitations based on the energy level diagram. The arguments are
similar to our discussion in section 2. Basically, when a single-photon excitation is
set in resonance, then the excitation of a second photon off-resonant by 2¢?/wy;.
Thus, two-photon excitations can be suppressed under the condition ¢?/wy > &
in the weak driving limit, leading to the photon blockade effect. Such a mechanism
is essentially the same with our two-level model, together with similar conditions
shown in Eq. (3.5), Eq. (3.8) and Eq. (3.9).

In addition, to justify such photon blockade effect, Rabl performed analytic
calculations of two-photon equal time correlation function ¢ (0) upon some lead-
ing term approximations. The physical meaning of the ¢(®(0) function is the ratio
between two-photon joint detection probability and the product of single-photon
detection probability. For a single-mode cavity field at the same space-time point,

the ¢®(0) function is defined as

B <aTaTaa> _TIr (paTaTaa)
T e [TrGataR
which is an indicator of antibunching effect when ¢®(0) < 1, and ¢®(0) — 0

@ (0 (3.15)

9

means a full photon blockade. According to the calculation result, the correlation
function ¢(®(0) indeed has values smaller than 1, i.e., photon antibunching effects
are observed. In addition, it is found that to achieve the photon antibunching
g?(0) < 1, the conditions of strong coupling ¢ > x and resolved sidebands
Kk < wyy are necessary.

We evaluate the two-photon equal time correlation function g (0) in our Rabi
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Figure 3.7: Evolutions of (a) average photon numbers and (b) two-photon equal
time correlation function ¢®(0). The green line in (a) is the total number of
photons in the cavity, while the blue one is the number only takes into account
photons in single-photon states. Parameters are set as: g/wy = 0.50, Q/wy =

0.05, AJwyr = 0.25, k/wyr = 0.05.

oscillations. Based on the master equation simulation, we plot in Fig. 3.7 the
cavity photon numbers and correlation function g® (0) as functions of time. The
initial state of the system is set to be the ground state, i.e., |¥(0)) = |¢)g) and
the parameters are so set to achieve the Rabi oscillation between |1g9) and [i10).
In Fig. 3.7 (a), the green curve represents the evolution of total cavity photon
number, while the blue curve is the evolution of photon number which only takes
into account photons in single-photon states but excludes multi-photon states.
We can see that the difference between the two curves are very small, meaning
that most photons are in single-photon states and the excitation of multi-photon
states are very low. Fig. 3.7 (b) shows the evolution of the correlation function
g (0). We see that g® (0) decreases quickly from 1 to about 0.1 in a time ¢ =
QOw;j and then maintains such a small value. Thus, we indeed observe significant
features of photon blockade effect in the Rabi oscillation process. In addition,
the system is set in the strong coupling regime that g = 0.5wy; > k = 0.05w),
and the resolved sideband regime that x < wj;, which is consistent with the

requirements of Rabl’s photon blockade theory.
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3.7 Conclusion

To conclude, we have built up a two-level model with a resonant condition [Eq.
(3.5)] under the weak driving condition [Eq. (3.8)] and a strong optomechanical
coupling strength [Eq. 3.9]. With such a model, we are able to generate a
single cavity photon from a zero-photon state of the system via Rabi oscillations.
We demonstrate these Rabi oscillations with numerical simulations based on the
Schrodinger equation. In addition, we investigate the dependence of the Rabi
oscillations on driving strength and its sensitivity to small deviation of the laser
detuning. Moreover, we study the effects of cavity field damping to the single-
photon generation with master equation (3.14) simulations and show that when
the decay rate k < 1/T} the effect of cavity field damping is negligible. At last,
we make a connection of our study in this chapter to a closely related phenomenon
called photon blockade effect. Specifically, we illustrate with numerical examples

that the photon blockade effect is observed in the Rabi oscillation process.



Chapter 4

Optomechanical Dark States

4.1 Introduction

Coherent population trapping (CPT) in a dark state [80, 81] is a quantum coher-
ent effect in which a system does not absorb photons from external driving fields
because of a destructive interference. A closely related phenomenon is electro-
magnetically induced transparency (EIT) [82], which shares the same underlying
mechanism of quantum interference but with a different realizing scheme. CPT
and EIT has been comprehensively studied in atomic systems, which can lead
to dramatic modifications of optical properties of a medium. As an analogy in
cavity optomechanics, researchers have proposed optomechanically induced trans-
parency that in presence of a strong control laser, the absorption of a weak probe
laser by the optomechanical system can be very small [27, 28]. Notably, such an
optomechanically induced transparency phenomenon has been observed in exper-
iments recently [30, 29, 31, 32]. In such a process, there are significant excitations
of cavity photons and phonons (mechanical excitations) due to the strong control
laser, which can be analyzed by the linearized theory (see chapter 2.4).

In this chapter, we investigate dark states of cavity optomechanical systems

in the single-photon strong coupling regime [86], where the linearized theory
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is not applicable. We study an optomechanical system that is driven by two
laser fields. We first achieve an effective Hamiltonian under some resonance
conditions, and then we show that with a set of special values of optomechanical
coupling strengths we can confine the effective Hamiltonian in a finite Hilbert
space. Furthermore, we derive an analytical form of the dark state, which is a
special eigenvector of the effective Hamiltonian with zero eigenenergy. Such dark
states are stable states of the driven system with zero photon in the cavity. In
addition, we illustrate with numerical simulations that these dark states can be
prepared by optical pumping, which makes use of the decay of cavity photons.
Besides, we also study the influence of mechanical damping to the efficiency of

optical pumping into a dark state.

4.2 Review of Dark States in Three-level Sys-

tems

In this section, we make a brief review of the background of dark states and
coherent population trapping [80] in atomic physics.

Typically, dark states are discussed in a A-type three-level atom, with the
energy-level structure shown in the Fig. 4.1. The states |1) and |2) are two
ground states, the transition between which is dipole-forbidden. The state |3) is
an excited state, and the atomic transitions [1) — |3) and |2) — |3) are dipole-
allowed. Such a A atom is driven by two laser fields, with comparable driving
strengths , and ;. The frequencies of the lasers w, and w, are set to be
near-resonant with |1) — |3) and |2) — |3) transition respectively, with a small
common detuning A. Consequently, a Raman resonance between the state |1)

and |2) is achieved. The Hamiltonian of such a driven atom under rotating wave
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Figure 4.1: FEnergy-level diagram of a A-type three-level atom driven by two

near-resonant lasers.
approximation is:
H = w|1) (1] + w2 [2) (2] + w3 [3) (3]
+ (Qpe ™" 13) (1] + H.c.) + (e ™" |3) (2| + H.c.) . (4.1)
To obtain a time-independent Hamiltonian, we go to a rotating frame defined

by the unitary operator U = exp {—i[w; |1) (1] + w2 |2) (2| + (wp + w1) |3) (3] t}.

The transformed Hamiltonian is
H=A3) 3]+ (2 3) (1] + H.c.) + (213) (2| + H.c.), (4.2)

where we have used the Raman resonance condition: A = w3 —w; —w, = ws —
wy — w,. The Hamiltonian H has a special eigenvector |D) with zero eigenvalue,

satisfying:
H|D) = 0. (4.3)

Explicitly, this eigenvector is given by (assuming real €2, and €, for convenience):

1

which only involves the two ground states |1) and |2), while the probability in

D) = (1) = 2, 12)), (4.4)

the excited state |3) is zero. Such an eigenstate of a A-type three-level system is
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called a dark state in the sense that it is a stable state in which the atom does not
absorb or emit photons during its interaction with the driving lasers. Intuitively,
such a non-absorption is because the excitations to |3) have contributions from
the states |1) and |2) separately with a phase difference, such that the summation
of the two contributions cancels exactly. Therefore, the coherence in the atomic
state is the basis of the dark states phenomenon. Note that the dark states are
closely related to electromagnetically induced transparency (EIT) [84, 85]. If the
atom is in the dark state, then it is transparent to external driving fields.

In addition, dark states can be prepared by optical pumping in experiments
[81, 83]. An optical pumping scheme makes use of the spontaneous decay of the
excited state |3). Since there is always probability that the excited state decays
into the dark state and the dark state is stable, then the probability of the system
being in the dark state will accumulate to 1, i.e., the system is optically pumped

into the dark state gradually.

4.3 The Model

We consider an optomechanical cavity which is driven by two lasers with frequen-
cies wy and wo, as shown in Fig. 4.2. The Hamiltonian of such a driven system is

given by
H =w.a'a+ wyb'b— ga'a (bJr + b) + [(Qle”""lt + Qge’iWQt) al + H.c.] , (4.5)

where a (b) and w, (wyr) are respectively the annihilation operator and resonant
frequency of the cavity field (mechanical) modes, and we have set h = 1. The
Q and €y are proportional to the amplitudes of the external fields. Generally,
without specifically chosen laser frequencies, the system will be driven such that
both numbers of cavity photons and phonons keep growing. However, we will
shall that with specially chosen laser frequencies, the system can evolve into a

stable dark state. In the frame rotating at the frequency w., the transformed
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Figure 4.2: Schematic diagram of an optomechanical system consisting of a fixed

end mirror and a movable end mirror with two driving fields.
Hamiltonian reads
H, = wyb'b— ga'a (bT + b) + [(Qle_mlt + QQB_iAQt) al + H.c.} , (4.6)

where the detunings Ay = w; — w. and Ay = wy — w, are defined. The first
two terms of H, correspond to the Hamiltonian Hy without driving, and it can
be diagonalized in the displaced basis as Eq. (2.14), with the eigenvectors of
Ho: |¢nyp) given in Eq. (2.13). Here the energy eigenvalues of H, are €,, =
pwyr — n?g?/wy, which depend nonlinearly on photon number n, and linearly on
phonon number p.

In the eigenbasis of Hy, the Hamiltonian H, in Eq. 4.6 is given by

Hy =3 enpltng) (gl + D [Af (e +Q672%) [ ) (1] +Hoc]
n,p

n,p,p’

(4.7)

where we have expressed the annihilation operator a in the eigenbasis as Eq.

3.3 with the coefficients Ag, = /n(p| D (g/wn)|p'). The explicit form of the

coefficients is given by Eq. 3.4. For simplicity, we go to the interaction picture
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where the Hamiltonian in Eq. 4.7 is transformed to be:

H; _ eiHotHre—iHot _ HO
— Z |:A}(:72/ (Qlei(fn,p/_an—l,p_Al)t + Q2€i(8n7pl—€n—1,p_A2)t> ‘wn,p’> <wn71,p|
n.p,p’
+H.c], (4.8)

with Hy the Hamiltonian of the system without driving.

4.4 Effective Hamiltonian in a Confined Hilbert
Space

In this section, we derive an effective Hamiltonian that operates in a finite di-
mensional Hilbert space. This is achieved by making use of resonance transitions

and the dependence of transition matrix elements on the coupling strength g.

4.4.1 Resonant Hamiltonian under RWA

Now we show that under conditions of resonance and weak driving, we can achieve
a resonant Hamiltonian according to rotating wave approximation (RWA).

First of all, we assume that the cavity field decay rate x is much smaller
than wyy, i.e., in the resolved sidebands regime that x < wy;. To achieve a
set of resonant transitions, we set the laser frequencies w; and wy such that the

detunings of the lasers A; and A, satisfying the following resonance conditions:

Ay =e1,—€gp = _92/WM7 (4.9)
Ag =E&1p —E0p+1 = —WM — gz/wM. (410)
which means that the laser with frequency w; matches the energy difference be-
tween the states |1)g,) and [ty ,), while the other laser establishes a resonance

transition between the states [¢1,) and [1g 1), with p =0,1,2,---. Such a reso-

nant coupling scheme is illustrated in Fig. 4.3. Hence, we see that the transitions
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Figure 4.3: The coupling scheme between energy levels of the optomechanical
system (only zero- and one-photon states are shown). Here each laser is used to
establish a set of resonant transitions, and |p),, = [p(0)),, and [p),, = [p(1)),,

for simplicity. By choosing g = gy, there is no transition between |0).|N), and

[1)el N)ar.

between the states can be divided into two kinds: one is the resonant transitions
and the other is off-resonant transitions. In such a spirit, we can decompose the

Hamiltonian of the driven system into two parts as:

H =H +V, (4.11)
where I:I; is the composition that describes resonant transitions, which is explic-
itly

H =" (AN [1,) (Sop] +AR 2 [1,) <¢o,p+1|> + H-C-] o (412)

p

while V' describes the off-resonance transitions, which can be expressed as
! n 101 (n,p,p’ id2(n,p,p’
vV — Z [Az(mz’ (Qle bi(npp )t Q) pid2(npp )t) V) (Un1p| + Hee]. (4.13)
n,p,p’
Here the primed summation in V excludes those terms in H, i.e., V = H. — H.

In particular, we have defined the off-resonance detunings of these transitions as:

/ / 2 2
Su(np 1) = (p — p)ons — —2—(n — 1), (4.14)
Wapr
) , 2g>
Saln,pp) = (p' = p+ Dewnr — 2 (n — 1). (4.15)
W
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If these detunings d;(n,p,p’) are sufficiently large compared with the driving
strengths 2;, then the off-resonant transitions described by V' can be neglected
according to the rotating wave approximation. In other words, under a weak
driving limit that ©Q; < d;(n,p,p’), only the resonant transitions described by
ﬁ; are significant. As a result, if the cavity is initially in the ground state, then
there will only be those significant transitions shown in Fig. 4.3, i.e., the system is
confined to the zero and single photon states. Such a phenomenon shares the same
mechanism as the photon blockade effect [48], which relies on the fact that the
excitations from 1- to 2-photon states are far off-resonance. In particular, in order
to neglect the transitions from 1-photon to 2-photon states, the matrix element
coupling the states should be much smaller than the corresponding detuning,
ie., A;?;/Qj < 0;(2,p,p’). Since the coefficient Ag})’, ~ 1, then the weak driving
condition is merely

for j = 1,2, and the minimum is evaluated among positive integers K. For
example, if g < wy;/2 then K = 0 leads to the minimum.

After setting the driving lasers in resonance with weak driving amplitudes,
the Hamiltonian of the system can be approximated by the resonant part, i.e.,

we have H, ~ H].

4.4.2 Truncation of Hilbert Space by Using g = gy

In this subsection, we show that a resonant transition described by the resonant
Hamiltonian ]:I; can be cut off by setting the optomechanical coupling strength
at some specific values. Thus, we can achieve a resonant Hamiltonian that acts
on a confined Hilbert space.

As shown in the resonant Hamiltonian Eq. (4.12, the matrix element coupling
two resonant states is ASI)J,QJ-, which involves a Franck-Condon coefficient Az(:z)a"

Note that the Franck-Condon coefficient Ag;/ is proportional to a Laguerre poly-
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Figure 4.4: Exact solution of gy satisfying Eq. (4.17) as a function of N (points)
and result of asymptotic behavior based on Eq. (4.18)(solid line).

nomial of ¢g/wys, which vanishes at some special values of g/wy;. Therefore, we
can cut off a transition from [¢y n) to |t n) by setting AS\I,?N = 0 with a special
value of g. Thus, if the system is initially in the ground state, then the system
can not be excited to a state with phonon number beyond N. Since the reso-
nant Hamiltonian only involves zero- and one-photon states, so the Hilbert space
becomes finite. Specifically, to have the Hamiltonian truncated within a phonon
number N, we need to set the optomechanical coupling strength specifically at
g = gn, where gy is the the smallest positive value to have the coefficient vanish:
2

In

2
2wy,

(1)

ANy = exp (4.17)

(=5 5 ) LN (gn/wiy) =0

for a given positive integer N.

To show the specific values of gy for different N, we plot in Fig. 4.5 the
value of g that is the exact solution of Eq. (4.17) (points) for N from 1 to 100.
We see that gy decreases, slower and slower with larger N. In addition, we plot

the values of gy according to the asymptotic behavior of the associated Laguerre
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Figure 4.5: Exact solution of gy satisfying Eq. (4.17) as a function of N (points)
and result of asymptotic behavior based on Eq. (4.18)(solid line).

polynomial in the large N limit (solid line). Specifically, we obtain that

N 3w
gNn 8\/N,
From the Fig. 4.5, we see that Eq. (4.18) provides a good approximation for

(4.18)

N > 5.
With the driving lasers satisfying the resonance condition [Eq. (4.9) and
Eq. (4.10)] and the weak-driving condition [Eq. (4.16)], together with a specific

optomechanical coupling strength set as g = gy, we have obtained the effective

Hamiltonian:
N-1
1
Herp = 3 (A0 i) (Wopl+ AR, 00 1) (Gopen]) + Hee ], (4.19)
p=0

which is confined in a finite subspace involving only zero- and one-photon states

with phonon numbers no larger than V.

4.5 Dark States

In this section, we give an analytical form of a class of dark states based on the

effective Hamiltonian in Eq. (4.19) and then study some properties of these dark
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Figure 4.6: Evolution of fidelity F' = [(D(t)|¥(t))|* with initial state set as a dark
state. The |¥(¢)) is the numerical solution of the Schrédinger equation defined

by the Hamiltonian H,. The parameters are: g/wy = 0.37, Q;/wy = 0.01,
QQ/LUM = 003, Al/wM = —0.147 AQ/WM =—1.14.

states. We find that the effective Hamiltonian H. ¢ has an eigenvector |D) with
a zero eigenvalue, i.e., H.s¢|D) = 0. Now we give a brief derivation of the explicit
form of such an eigenvector. Formally, we set the eigenvector as:

=C> Blp)u @ 10),, (4.20)

p=0

with C' a normalization constant and £, the coefficient of the state |p)y ® |0),

(i.e., [top)). Thus, the equation H.rs|D) = 0 is explicitly:

N-1
Hepp D) =2 C (A0 8, + A0 B ) [1,) =0, (421)
p=0

which reveals the fact that the excitation of a single-photon state [¢4,) is a
interference from two pathways: one from |t} ,), the other from [t ,+1). In order
to achieve a fully destructive interference such that the Eq. (4.21) is satisfied,

the coefficient should obey the recurrence relation:

BP-H _ _ QlASZ)’ (422)
Bp QQA;EJl-glp
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For simplicity, we set 5y = 1. Thus, for 1 < p < N, the coefficients are obtained:
pp—1 4(1)
g () T (4.23)
i=0 “Litl,
Such an eigenvector is a coherent superposition of phonon number states with the
cavity field being in vacuum. In such a state, the destructive interference fully
forbids excitations of cavity field even though the cavity is constantly driven by
the two external fields. Therefore, it is a dark state of the optomechanical system
induced by quantum coherence of the mirror. Note that in the frame where the
system is governed by the Hamiltonian given in Eq. (4.6), the dark state evolves

as

D(t)) = e D) = Oy Bpe™ "M p)us @ |0), (4.24)

p=0
under the approximations made in the last section.

To test the validity of the dark state as well as the effective Hamiltonian, we
solve the evolution of the system state |¥(¢)) based on the Schrodinger equation
under the exact Hamiltonian [Eq. (4.6)] without making the approximations, i.e.,
H,.|¥(t)) = i|W(t)). Specifically, we let the system be in a dark state initially:
|¥(0)) = |D(0)), and then calculate the fidelity F' = [(D(t)|¥(¢))|* between |¥(t))
and |D(t)). Given that the effective Hamiltonian H, ¢ is valid, then [¥(¢)) should
be well described by |D(t)), i.e., F' &~ 1. We find that this is indeed the case when
the condition in Eq. 4.16 is satisfied. As shown in the numerical example in
Fig. 4.6, the fidelity F' > 0.99 over a long period of time. In addition, the high
frequencies patterns in Fig. 4.6 are due to off-resonant transitions, which have
been ignored in Hyy.

Now we consider the phonon number distribution of the dark states, which
is complicated by the Laguerre functions in Eq. (4.23). Although the explicit
values of |,|* involve a numerical evaluation of Eq. (4.23), we find that |8,|* is

largely controlled by the ratio of the strengths of driving fields. Such a feature

is illustrated in Fig. 4.7 (a) for various ratios of 5/€);. For example, when
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Figure 4.7: An illustration of some phonon statistics of dark states. (a) Phonon
number probability distribution P,, = |C3,,|? of dark states for different ratios of
driving strengths, with gy = 0.37wy; and N = 10. (b) ((An)?)/(n) as a function
of Q1 /Qy for g/wy = 0.17, 0.64, 0.76 corresponding to N = 20, 3, 2 respectively.

05/ = 3, the probability P,, of mth mirror Fock state decreases quickly with
phonon number m. However, when the ratio becomes 25/Q; = 1, a peak appears
in the probability distribution. Moreover, when the ratio further decreases to
0o/ = 1/3, the peak is shifted towards higher phonon numbers.

In order to further study the statistical property of the distributions, we plot
in Fig. 4.7 (b) the ratio ((An)?)/(n) as a function of €/, which shows that
phonon number distributions of dark states exhibit a sub-Poissonian statistics.

One can see that ((An)?)/(n) decreases with /€, and is always less than 1
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(i.e., sub-Poisson distribution) except for the small region €, /€2y near zero. Ad-
ditionally, we find that the curves are quite insensitive to different values of gy .

Here we make a theoretical analysis on the influence of small deviation of gy
to the dark states. Note that the specific optomechanical coupling strength gy
has been used in order to obtain the effective Hamiltonian H.¢; applicable to
mirror states of phonon numbers in the range 0 < p < N. When g # gy, Ag\l,?N
is nonzero, then the Hamiltonian cannot be exactly truncated. Let us consider
the system with ¢ slightly deviated from gy, if the initial state is a dark state
|D), then the system will make a transition to |1).|N)y by the driving field of
frequency wy, and subsequent interactions with the driving fields could excite the
mirror to phonon number states higher than N. However, we point out that since
the transition rate from to |1).|N), is proportional to |Sy|? x |A§$’)N|2 according
to first order perturbation theory, the transition probability out of |D) would be
negligible in a finite time duration as long as the product of |3y|? and |A§$?N|2 is
sufficiently small. If such a condition is satisfied, then |D) may still be treated as
a dark state approximately even though ¢ is slightly deviated from gy. Indeed, as
we have illustrated the phonon number distribution of |D) in Fig. 4.7 (a), |Sx]?
can be highly suppressed by using 25 > €2, such that the dark state can still be

valid with small deviation of ¢ from gy.

4.6 Preparation of Dark States by Optical Pump-
ing

In this section, we study how the system can be optically pumped into the dark
states in presence of cavity-field damping. In the frame where the system Hamilto-
nian is given by Eq. (4.6), the evolution of the system under cavity field damping
is governed by the master equation:

d
L T S
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where p is the density matrix of the optomechanical system, and & is the cavity-
field damping rate. Note that the mechanical dissipation is not included in the
master equation (4.25). The ignorance of mechanical damping can be justified if
the mechanical damping rate 7y, is much smaller than x and the time interval
of interest is restricted to t < 1/vp,. In particular, there is a time interval
gt K 7];[1 where the optically pumping is almost completed before the
mechanical dissipation becomes significant. To support our arguments, we will
also discuss the effect of mechanical damping on the dark state preparation later.

First of all, we note that if the approximation H, ~ H.ss is perfect, then by
going back to the original frame governed by the system Hamiltonian H, in Eq.
(4.6), p = |D(t))(D(t)] is already a solution of the master equation Eq. (4.25).
This is because cavity field is in vacuum in the dark states, such that the cavity
field damping has no effect on |D) (which has zero photon) at all. However, we
use the exact Hamiltonian H, instead of H.;; in the master equation so as to
study the evolution of the system without relying on the approximations.

The master equation Eq. (4.25) is equivalent to a set of coupled ordinary
differential equations, which can be solved numerically with an initial ground state
of the system. To perform numerical calculations, we truncate the dimension of
the density matrix, which is sufficiently larger than that of the dark state density
matrix. For the parameters used in the figures in this section, p(t) appears to be
converging when the photon and phonon number states are kept up to 2 and 15

respectively. In particular, we are interested in the fidelity F' defined by
F=Tr (D)) (D(t)|p (1)), (4.26)

which represents the probability of the system in the dark state. In Fig. 4.8, the
preparations of the dark states by optical pumping are demonstrated in various
cases. It is shown that the fidelity F' increases with time and gradually approaches
a steady value close to 1. For the three cases shown in Fig. 4.8, the fidelities can

reach F' = 0.99 with gy /wy = 0.37 (N = 10) at the time 7'~ 8000w, .
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Figure 4.8: Preparation of dark states by optical pumping. The fidelities F
for various €5/€); ratios are plotted as a function of time. The parameters
are: gy/wy = 0.37, N = 10, x/wy = 0.05, Qs /wpr = 0.01, Ay/wy = —0.14,
Ay Jwy = —1.14.

Such a scheme of preparing dark states indeed shares the same principle as
optical pumping to a certain atomic states in atomic physics. Specifically, the
increase of F' is understood because when a photon leaks out of the cavity, the
mirror always has a non-zero transition probability going to the dark state. Since
the dark state is decoupled from the driving fields, it can no longer be excited, and
hence the occupation of the dark state accumulates as time increases. However,
we remark that during the optical pumping process, there is a loss due to the
cavity field decay, which makes the mirror make a transition to phonon number
states higher than N. But such a loss, which amounts to about 1% in Fig. 4.8,
can be reduced if N is chosen to be large enough.

In the previous section, we have analyzed that if g is slightly deviated from
gn, then the quantity |Sx|* x |A§\1,?N|2 would characterize the degradation of | D)
as a dark state. This is because this quantity is proportional to the probability
leakage rate out of the state |D) when g # gn. In addition, we have pointed out
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Figure 4.9: Time evolution of the fidelities F' for various ¢ in the vicinity of
gy = 0.37wy; . The parameters are: k/wy = 0.05, Q1 = Qo = 0.01wys, Ay /wy =
—0.14, Ag/wy = —1.14.

that a large ratio between driving strengths ,/€; can make |Sy|? insignificant
for Nth Fock state, which is at the boundary of the dark state. Such a effect of
small deviations of g can be revealed in the dark states preparation process. We
have tested numerically the sensitivity of dark states fidelity to small variations
of g values when €y > €. In particular, we provide an example in Fig. 4.9,
which shows that the fidelities still reach about F' ~ 0.99 in presence of about 3%
deviations from the gy value. Such results suggests that dark state preparation
is indeed insensitive to small variations of g values.

Now we consider the influence of mechanical damping on preparation of the
dark states. Generally, mechanical damping leads to the decoherence of the quan-
tum state of the mirror, thus damaging the preparation of dark states. To quan-

tify such influence, we take into account the mechanical damping into the master
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Figure 4.10: Evolution of fidelity F' for a mechanical damping rate vy /wy = 5 X
10~° and thermal phonon number 71y, = 0. The inset figure shows the final fidelity
Fy (at wyt = 10%) for various 7y, with thermal phonon numbers are 1y, = 0
(red squares) and np; = 1 (blue circles). The parameters are: g/wy = 0.37,

k/wy = 0.05, Q = Qo = 0.01wyy, Aq/wy = —0.14, Ay Jwy, = —1.14.

equation:

dp

”)/M(ﬁM —+ 1) (
dt

= —i[H,,p|— r (aTap — 2apa’ + paTa) — bibp — 2bpb’ + prb)

2
—w (bb'p — 2 pb + pbb!) , (4.27)

where v,, is the mechanical damping rate, n,; is the thermal average phonon
number, and we have assumed that the damping is due to the coupling to a
Markovian bath.

We solve the master equation numerically and plot in Fig. 4.10 the evolution
of fidelity with a mechanical damping rate vy /wyr = 5 x 1075, while the other
parameters and size of Hilbert space are the same to the case of the green curve in
Fig. 4.8. It is shown that the fidelity grows to about 0.97 finally, which is slightly
lower than that of Fig. 4.8. Such a result indicates that, a mechanical damping at
this magnitude has a small influence to the preparation of dark states. Moreover,

we provide the dependence of final dark state fidelity on the mechanical damping
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rate for thermal phonon numbers ny; = 0 and n); = 1 respectively in the inset
figure, which shows that final fidelity declines as the mechanical damping rate
increases and average thermal phonon number increases. Hence, a mechanical
damping rate vy, /wayr < 107% is essential to successful preparation of dark state
at the time scale of wyt = 10*. In other words, the life time of the phonons

should be longer than the time interval of dark states preparation.

4.7 Conclusion

In conclusion, we have addressed a quantum interference effect in the single-
photon strong-coupling regime of cavity optomechanics. In such a regime, we
discover a class of dark states of a moving mirror that are coherent superpositions
of mirror Fock states, under the conditions [Eq. (4.9), Eq. (4.10), Eq. (4.16)]. In
Particular, for dark states involving N mirror Fock states with N < 20 as we have
explored, we require a strong single-photon coupling strength g that is comparable
to the mechanical frequency wy,, and the cavity field decay rate x should be much
smaller than wy; so as to achieve resolved sidebands. In such dark states, the
cavity field remains in vacuum state though driven by two external fields, and this
is due to a quantum destructive interference effect. In other words, the cavity field
is decoupled from two driving fields. An analytical expression of the dark states is
provided, which indicates the dependence of phonon number distribution on the
ratio of the driving amplitudes 25 /€2; and the optomechanical coupling strength
g. In addition, numerical calculations show that phonon number distributions of
the dark states exhibit sub-Poissonian statistics. Furthermore, we demonstrate
that the dark states can be prepared with high fidelity by optical pumping. In
particular, our numerical simulations indicate that such preparation of the dark
states is insensitive to small deviations of g values if {25 > €2y, and the effect of

mechanical damping is negligible when the lifetime of phonons is longer than the
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preparation time.

We note that in literature, there is a related study on a different type of
dark states phenomena in two-mode optomechanical systems by Hailin Wang
and coworkers [33]. Their type of dark states is termed optomechanical dark
mode, which is a coherent superposition of two optical modes of the cavity field.
It is claimed that when the cavity field is set in such a dark mode, then the
mechanical oscillator and the cavity field will be decoupled from each other.
However, the cavity field is still coupled to the external driving fields, such that
the cavity contains a number of photons. On the contrary, our type of dark states
involve coherent superpositions of mechanical number states and exist in a single-
mode cavity. Moreover, in our dark states the cavity is decoupled from external
fields and contains no photons. Hence, our type of dark states is different from
the optomechanical dark mode, even though both involve quantum interference
effects. We also remark that the optomechanical dark mode exists in the weak

coupling regime and is experimentally observed by Hailin Wang and coworkers.



Chapter 5

Optomechanical Cavity with an
Atom: an Effective Atom-mirror

Coupling

5.1 Introduction

In this chapter, we investigate an effective coupling between a two-level atom and
a mesoscopic mechanical oscillator mediated by an optical field. Such a coupling
implies a possible scheme of quantum state transfer between the atom and me-
chanical oscillator. With the help of well developed techniques in atomic physics,
such a state transfer can be used to prepare, manipulate and detect the quan-
tum state of a mesoscopic mechanical oscillator. In literature of optomechanics,
there have been various schemes of state transfers between a Bose-Einstein con-
densate and an optomechanical mirror [89], cavity photons and phonons [8, 90],
a solid state qubit and photons [?], as well as two different cavity field modes
(73, 91], which are aimed at possible applications of cavity optomechanical sys-
tem in quantum information. In addition, there is a closely related study on the

coupling between the spatial motions of a single atom and a mechanical oscillator
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[92].

For an optomechanical cavity with a fixed atom inside, the cavity field inter-
acts with both the atom and the moving mirror, such that the cavity field can
serve as a medium for an indirect coupling between the atom and the mirror. Our
task is to achieve a coupling between the atom and mirror effectively, exhibiting

a Rabi oscillation:
W (1)) = coset [g) [0)y, @ [0) — isinwt|e) [1)y, ®[0)e,  (5.1)

where an atomic excitation is accompanied by an excitation of a phonon, while
the cavity field is kept in the vacuum state. Such an oscillation leads to a full
atom-mirror entanglement and quantum state transfer scheme between the atom

and the mirror.

5.2 The Model

We investigate an optomechanical system formed by an optical cavity with one
harmonically bounded end mirror and a two-level atom inside, where the movable
end mirror and the atom are coupled to cavity field separately. Additionally, the
cavity is externally driven by a laser with a frequency wy and an amplitude (2

(Fig. 5.1). The Hamiltonian of such a driven system under RWA is

H = wealat+wyb'b+waoe.—ga'a (b + b) +Gogeal +Gogat+ Qe al +Q* e a,

(5.2)
where a (b) and w. (wys) are respectively the annihilation operator and resonant
frequency of the cavity field (mechanical) modes, and we have set h = 1. The
frequency wy is the energy difference between the excited state |e) and ground
state |g) of the atom, and o;; = |i) (j| with |i) and |j) denoting states of the
atom. The parameters g and G are respectively, the mirror-photon and atom-

photon coupling strengths. Specifically, the atom-photon coupling strength is
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Figure 5.1: Schematic diagram of an optomechanical system with a two-level

atom inside, driven by an external field.

given by G = i\/%d;e . fc (7o), where fé; (7o) is the cavity field mode function
at the atom position 7, and d;e = (g|d|e) is an element of dipole moment. By
appropriately choosing the phases of atomic states, we set G as real.

To eliminate the time-dependence of the Hamiltonian, we go to a rotating

frame, where the Hamiltonian becomes
H' = Aca'a+wpb’b+ Ao —ga'a (bT + b) +GageaT —i—Gaega—i—QaT +Q%a, (5.3)

where we have defined the detunings A¢ = we — wy and Ay = wy — wy. As has
been discussed in chapter 2.3, the Hamiltonian Hj of the optomechanical system

without driving can be diagonalized as
HO = AcaTa—l—waTb—ga bT +b Zgnp wnp <wnp| (54)

where |1, ,) = |n)-®|p),, are eigenvectors with energy eigenvalues €, , = nAc+
pwy — n?g? Jwy and |p),, are displaced number states of the mirror. In such a

basis, the Hamiltonian of the system takes an alternative form:

Zgnp [} gl + Dale) (el + D (AT Goge ltn) (nr] + hoc]

n?p7p

Z A ) (1] + e, (5.5)

n,p,p’
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in which the quantum transitions due to the atom-field coupling and external
driving are specified and the nonlinear optomechanical coupling is diagonalized.
As a result, there are only two coupling channels in this basis, rather than three
channels in the Fock state basis, thus leading to the simplicity in analyzing the
dynamics of the system. The energy level structure of the system is shown in

Fig. 5.2 (a).

5.3 Effective Two-level Hamiltonian

In this section, we show that under certain resonance and large detuning condi-
tions, we can achieve an effective two-level Hamiltonian that involves only the

ground state (1) |g) (|0)10),, 19)) and an excited state [¢g1) [€) (|0)[1),, |€))-

The driven system can be captured by a A-type three-level system involving
the states: [Yo0)]9), [Yo1) |e) and [¥10)|g9) (|1)10)as |g)), as shown in Fig. 5.2,
The key is to specifically set the laser driving frequency wy, such that the transi-
tion from |1 ) |g) to [110) |g) is detuned by A, while the combined excitation
from [¢g0) |g) to |1o1) |€) is in resonance, i.e., a Raman resonance between these
two states is established. Together with the weak coupling strengths €2 and G,
we obtain a three-level system [Fig. 5.2 (b)] with the Hamiltonian

Hy = Doogg |[th1o) (V10| + Asoee [10,1) (Y01
+ (Ao,0Q0,44 [Y1.0) (Yo0] + A10G0ge [t10) (Vo] + h.c.), (5.6)

where we have introduced two detunings: A, = we — wr — ¢*/war, and Az =
wa — wr, + wyr; and we denote A, ; = Ag}j) for simplicity. A, is the detuning of
a transition from the ground state to the intermediate state, while A3 represents
the detuning of the Raman transition between [1) |¢g) and [¢y1) |€). Thus, the

large detuning and weak driving condition is explicitly

Q< Ny, G As. (5.7)
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Figure 5.2: (a)Energy-level structure of the atom assisted optomechanical system,
driven by an external field. (b) Scheme of the A type three-level model under the

large detuning and resonance conditions.
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In addition, to have a near resonant Raman transition, we also require |As] <
| Aal.

For such a three-level system, the intermediate state |11 o)|g) can be effectively
eliminated under the condition in Eq. (5.7) such that the system is modeled by

a two-level Hamiltonian. To see this, we let the state of the system be:

(W (#)) = c1 (8) [$00) |g) + c2 (8) [¢1.0) |9) + ¢5 () [¢0.) J€) - (5-8)

Therefore, the Schrodinger equation defined by the three-level Hamiltonian in

Eq. (5.6) yields

iél (t) = AQ,OQ*CQ (t) s (59)
iég (t) = AQCQ (t) + A070901 (t) + Al,(]GCg (t) s (510)
iég (t) = AgCg (t) + ALOGCQ (t) . (511)

Under the large detuning and weak driving condition that 2 < As, G < Ay, one
can make the adiabatic approximation that ¢, () ~ 0. According to Eq. (5.10),
the amplitude of the intermediate state is approximately

Co (t) ~ _ALZ [AQ()QCl (t) + A1,0G03 (t)] s (512)

which is much smaller than 1 due to the large detuning and weak driving condi-
tion. Therefore, the equations of motion reduce to

AO OQ*

iél (t) = — Az [A(]}oQCl (t) + Al’QGCg (t)] , (513&)
y A oG
ics (t) = Ages () — 1AO2 [Ao0Qey (1) + Ay oGes ()] (5.13b)

which only involve the ground state and the third state. Eq. (5.13) implies an
effective Hamiltonian that governs the evolution of these two states:

Ao

Hepp = A, gq [%0,0) (thoo| + (A3 — Eitely [A2) 0ce [d0.1) (Yol
AgoQALG Ag oS A1oG
+ [ = o o) (Wool — =0 [Y0,0) (W0, | -
A, Az

(5.14)
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Hence, exact resonance between the two states requires the detuning Az be:
Ag — (|A170G|2 - |A0,OQ‘2) /AQ (515)

Now we go to a frame rotating at the frequency — |AgoQ|* /A, such that the

effective two-level Hamiltonian takes a neat form:

Hepp = Qefroeg [Y01) (o0

+ 150 ge [Y0,0) (Yol (5.16)
with
Qepp = —A00A100G /Ay (5.17)

being the effective driving strength.

Here we discuss the single-photon optomechanical coupling strength g required
for the effective Hamiltonian. The coupling strength g is related to the magnitude
of the effective driving strength, because the Franck-Condon factors Ag and A, o
are determined by g according to Eq. (3.4). Explicitly, we have AggA; o = e €
with £ = g/wy. To show such a dependence directly, we plot in Fig. 5.3 the
product Ag oA o as a function of g/wy. We see that Ag A, o increases from zero
at g/wy = 0 and reaches a peak at about g/wy; = 0.8, then declines gradually and
approaches to zero in the large ¢ limit. In particular, there is a region roughly
0.lwy < g < 15wy to have a significant magnitude of the product AggA; o
above 0.1. Note that a sufficiently large effective driving strength is needed in
order to have the coherent evolution process overwhelms all kinds of dissipations.
Hence, an appropriate optomechanical coupling strength ¢ in the single-photon
strong coupling regime is required to have a significant effective driving strength
Qcs¢, such that the dynamical evolution of the system is modeled by the effective
Hamiltonian [Eq. (5.16)].
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Figure 5.3: The product of Franck-Condon factors Ag g A; o as a function of g/wyy.
5.4 Improvement of the Two-level Model

In the previous section, we have kept only |11 ) |g) and neglected the effects of
states [11,) |g) (r > 1) as intermediate states. In order to improve the model, we
need to include |4 ) |g) states into the equations before the adiabatic elimination
procedure is performed. As we shall see below, the intermediate states [¢1 ) |g)
have very small population but they can generate an appreciable energy shift.

Let the state of the system (initially in ground state |¢0) |g)) be

(1)) = ao (£) o) I9) + br (£) o) e +Zcr st l9) + 32 (0 ) e

(5.18)
where ag(t), b1(t), ¢.(t) and ds(t) are respectively the time-dependent coefficients
of [0,0)]9), |Yo1)le), [1,)|g) and |¢1 s)|e). According to the Schrodinger equa-
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tion i|¥ (t)) = H'|¥ (t)), the equations of motion for the coefficients are obtained

N
iao (t) = cooao (t) + Y ALY¢, (1), (5.19)

r=0
iby () = (co1+wa—wp) b (t +ZA1TGCT +ZA§139 d, (t),(5.20)
ity (t) = evne, (1) + A )Qaq (t )+A1,Tc;b1< ) (5.21)

idy (1) = (e1,+wa —wr)d, (1) + AL, (1) (5.22)

In the large detuning limit, we again have ¢, (t) &~ 0,d, (t) ~ 0, such that we

obtain the relations

Al
de () = ——— b, (1), 5.23
(t) el,s+wA1() (5.23)
1
o (1) = —— (Ag{,égao () + AL)Gb, (t)) . (5.24)

Therefore, the equations of motion reduce to

AN ala

.. |AE)12Q|2 0,7
ag = €0,0 — Z 571 Qo (t) — Z 751—’()1 (t), (525)

iby (1) = <A3_Z _ZA2+A3+Z|— Dw )bl(t)
— Z ag (1), (5.26)

in which the states |t ) |g) and [¢p1) |€) are coupled effectively, and Az = w4 +

1
1AL GP?

wy — wr, is defined. We interpret Eq. (5.26) and (5.26) as the Schrédinger
equation governed by an effective Hamiltonian, which can be expressed in matrix

form as

(1) % 4 (1
A ANG

Ag02
(50,0 - e - Z .
Hepr =

.
AN cala |A“>G|2 1A{N a2 ’
B Z €1,r A?’ B Z e1,r ; Ax+Az+(s—1wns

s T

(5.27)
which describes the interaction of the two-level system. Particularly, we are

interested in the case where the two states are in resonance, with the resonance
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condition given by

Ag=)_

r

A(l)GQ_ A(UQQ A(l)QQ
(’ 1r ’ | 0,r | | 1,r ’ ’ (528)

A2+TCUM A2+(T—1)MM
where we have used the relations: €99 = 0 and €1, = Ay + rwy,. Besides, we
have taken an approximation based on |Az| < |As|. Note that this resonance
condition is different from the one [Eq. (5.15)] derived in the previous section.
The extra summation terms in Eq. (5.28) result from the off-resonant couplings

of the two states [1o0)|g) and |¢g1)

e) with the serials of states |¢1,)|g) and
|Y1.5)]e). Such off-resonant couplings have an effect of causing energy shifts to
the two states |¢00)|g) and [101)]e), leading to the modification of the resonance
condition. In addition, we obtain the effective driving strength in this improved
model: VA

ef = 2 —1’1“51#0’7“ : (5.29)
which is different from the previous one in Eq. (5.17).

Hence, we have shown that under large detuning and resonant condition, an
effective coupling between the ground state and an excited state can be achieved.
We remark that, the excited state can be set as any state [i)g,) |e) with ¢ =
0,1,2,--- by adjusting the laser frequency w; according to separate the resonance

condition. Here we choose |tg1) |e) to be the excited state as an representative

example, which contains general features as we will discuss later.

5.5 Atom-mirror Rabi Oscillations

Let the system be prepared in the ground state initially, i.e., [¥ (0)) = |g) |0),, ®
|0).. According to the effective two-level Hamiltonian, the time evolution of the

system reads

(W (#)) = cos (|Qess| ) 19) 10)a @ 10) — isin (|Qess[2) [€) 1)y ©[0), (5.30)



CHAPTER 5. OPTOMECHANICAL CAVITY WITH AN ATOM: AN ... 67

which exhibits itself as a typical Rabi oscillation with a probability oscillation
period T' = 7/ |Qesl.

In order to explore the performance of the above model and test whether such
Rabi oscillations exist under the conditions, we now turn to numerical simulations
of coherent evolution of the system under the exact Hamiltonian [Eq. (5.3)]
without making the approximations in Sec.3 and Sec. 4. We solve numerically the
Schrodinger equation governed by this Hamiltonian under the resonance condition
[Eq. (5.28)] with a Hilbert space truncated at largest photon number 2 and largest
phonon number 3, with which we find the numerical results converge.

In Fig. 5.4, we plot the probability of the system being in the excited state
le) [1),; ® |0), according to the numerical calculations. It is shown that the
probability oscillates as a sinusoidal function. Note that the small fast oscillation
patterns are due to anti-RWA effects. One can see that the larger the detuning
Ay is, the smaller the amplitudes of the anti-RWA patterns are. And this is
understood, because larger detuning makes our approximation of eliminating the
intermediate states more precise.

In order to show the improvement of the second model in Sec. 4, we plot in
Fig. 5.5 the comparison between the numerical results and predictions of the two
models. As is shown, the improved model results (green lines) are quite close
to the numerical simulations (blue lines) in both cases, while the results of the
primary model in Sec. 3 (red lines) exhibits significant errors. In particular,
we compare the oscillation periods of numerical results with those theoretical
prediction that 7" = 7/ |Q.f¢|. It turns out that the oscillation period of the
primary model has an error of about 25 percents. Hence, we see that the primary
model is not accurate, though it is simple and do capture the main feature of
the system. In addition, the improved model indeed makes significant progress
in accuracy beyond the primary model.

Additionally, we are interested in the dependence of the oscillation on Ag. As
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Figure 5.4: Evolution of the probability P of the system being in the state
le) [1),; ® |0),, for different detuning A,. Other parameters are: Az = 0,
g = 0.40.}]\/[, N=G= 005UJM
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Figure 5.5: Evolution of the probability P of the system being in the state
le) [1),,®]0) based on the numerical simulations (blue lines), the primary model
(green dashed lines) and the improved model (red lines). The parameters are: (a)
Ay = 04wy, (b) Ay = 0.6wys; with the other parameters: Az = 0, g = 0.4wyy,
Q=G = 0.05w)y.
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Figure 5.6: Dependence of the maximal probability P,, on As. Other parameters
are: g = 0.4wyr, Q2 = G = 0.05wy,.

is known for typical Rabi oscillations, the existence of an off-resonance detuning
leads to a reduced amplitude of the oscillation. That is to say, the decrease in
amplitude of the Rabi oscillation can be regarded as an indicator of its dependence
on the off-resonance detuning. Therefore, we plot in Fig. 5.6 the dependence of
oscillation amplitude (maximal probability in the excited state P,,) on variations
of Az. Tt is shown that generally, the oscillation amplitudes decrease when |Aj]
becomes larger and larger, with the peaks of the oscillation amplitudes all locating
at As =~ 0, which is expected. Besides, we find that when A, is larger, the
amplitude decreases faster. This is because the effective driving strength . rf =
> % becomes smaller with larger Ao, as €1, = Ay + rwys. As a result,
- ,

the effect of an off-resonance detuning becomes relatively more significant when

A, is larger.

5.6 Effects of Damping

In this section, we quantitatively study the effects of dampings on the atom-mirror

Rabi oscillations via numerical simulations based on the master equation. Gen-
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erally speaking, dampings will destroy coherence of the quantum states. Hence,
sufficiently low damping rates are essential to observe the Rabi oscillations.
Under Born-Markov approximation, the dissipative evolution of the whole

system is governed by the following master equation:

d
d_f = —i[H' p] - g (aTap — 2apa’ + paTa) — VTM (bpr — 2bpb' + prb)
—%A (0y0-p—20_po, +poio-), (5.31)

where k, vy and 4 are respectively, the damping rates of cavity field, mechanical
motion and the atom excited state. p is the density matrix of the system, and H’
is the Hamiltonian that governs the coherent evolution of the system given by Eq.
(5.3). We have also denoted o, = 0., and o_ = 0, for simplicity. In addition,
we assume a low temperature, such that thermal excitations of the cavity field,
mechanical oscillator and the atom are zero.

First of all, we make a theoretical estimation on the magnitudes of the decay
rates required in order to observe the oscillations. Generally, the population P of
an excitation decays exponentially over time, i.e., P ~ e '* with I" the decay rate.
To avoid significant influences from the decay, we therefore require a small decay
rate satisfying 'ty < 1 for a time period ¢y of interest, such that the decline of
excitation population is insignificant. Now we apply the above general argument
to our specific case of Rabi oscillations, which involve excitations of the atom
and the mirror. Consequently, we require both the decay rates of the atom and
mirror obey: y47 < 1 and vy7T < 1. The time period of the oscillations 7'
is roughly: T ~ Qe_flf, with Q. ~ QG/A,. Thus, we obtain: v4 < QG/A,
and vy < QG/A,, under which the decay effects of the atom and mirror are
negligible.

On the contrary, cavity field remains in vacuum state in the Rabi oscillations,
which means that ideally the damping of cavity field has no effect. However, there
is always a small number of photons in the cavity that mediates the coupling

between the atom and the mirror. According to the three-level model in Sec.
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3, a single-photon state |1) |0)as |g) serve as an intermediate state, which has a
small occupation given by Eq. (5.12). Hence, the damping of cavity field still
causes a loss of population out of the oscillating states. In particular, the net
effect of cavity field damping is roughly described by an effective damping rate:
ket ~ K(Q/A2)?, which is the product of the original damping rate and the
photon number. Therefore, the requirement for the cavity field damping rate is
estimated: kK < A,.

Now we turn to numerical evaluations by solving the master equation (5.31)
numerically with the initial state of the system being the ground state W(0) =
19)10),; ®]0). In the calculations, we use a Hilbert space with largest photon
number 2 and largest phonon number 3, with which we find the numerical results
converge.

In Fig. 5.7, we provide numerical results showing the damping effects of the
the two-level atom, mechanical oscillator (mirror) and cavity field, separately. In
order to obtain the net effect of each damping, we always focus on one kind of
damping in each figure with the other two damping rates set zero. Generally,
we see that the oscillation amplitudes of the Rabi oscillations decline gradually,
showing a typical feature of a damped harmonic oscillator.

In Fig. 5.7 (a), we see that an atom decay rate of y4/wy = 1 x 107* causes
a notable decline of oscillation amplitude to about 0.9 for the first peak. In
order to show directly the leakage of probability out of the two-level states, we
plot the total probability of the two state: |g)|0),, ® |0), and |e) [1),, ® |0),
in the red line, which indeed keeps declining over time. In Fig. 5.7 (b) we see
that the damping of the mirror cause a similar effect to the oscillations. Such
a similarity is understood, because the dampings of the atom and mirror plays
a comparable role in the master equation (5.31). In Fig. 5.7 (c), we explore
the effect of cavity field damping on the atom-mirror Rabi oscillations. We find

that the oscillations are much more robust against the cavity field damping than
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Figure 5.7: Damping effects of the atom (a), mechanical oscillator (b) and cavity
field (c) on the atom-mirror Rabi oscillation. In each figure, the blue line is the
probability of the system in the excited state |g) |0),, ® |0),, and red line is the
total probability of being in the ground state |g) |0),, ® |0), and the excited
state |e) |1),, ® |0). Other parameters are: g = 0.4wy, Q@ = G = 0.05wy,
Ay = 0.4wyy;.
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atomic and mechanical dampings. It is shown that the oscillation amplitude still
remains about 0.95 for the first peak when field damping rate x reaches 0.005w,,,
which is 50 times bigger for the cases of atomic and mechanical damping. Such a
result is consistent with the estimation that the cavity field damping is described
by a effective damping rate: kepp ~ £(€Q/As)?, with the factor (Q2/Az)? ~ 1072
Consequently, the cavity field damping rate is about two orders larger to cause a

comparable influence.

5.7 Conclusion

To conclude, we have addressed an effective coupling issue between a two-level
atom and a mesoscopic mirror in a driven optomechanical system with an in-
tracavity atom in the single-photon strong coupling regime. We find that the
dynamics of such a system can be described by a A-type three-level model under
conditions of resonant laser driving [Eq. (5.15)] and weak coupling amplitudes
[Eq. (5.7)]. Moreover, by eliminating the intermediate state, the three-level
model further reduces to an effective two-level Hamiltonian, which leads to Rabi
oscillations between two atom-mirror states with the cavity field kept in vacuum.
Thus, we achieve the atom-mirror coupling effectively. Note that since the atom
and mirror do not couple directly, the cavity field plays an important role as a
medium of their effective coupling. Therefore, the cavity photon number is very
small but can not be exactly zero during the Rabi oscillations. To support our
model, we perform numerical simulations according to the Schrodinger equation
governed by the exact Hamiltonian. It turns out that our model agrees well with
the numerical results and the atom-mirror Rabi oscillations are observed in vari-
ous cases. In addition, we quantify the influences of the atomic, mechanical and

cavity field dampings via numerical simulations based on the master equation.
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Conclusion

In this thesis, we have addressed several quantum effects of the optomechanical
coupling between a single-mode cavity field and a mechanical oscillator (harmon-
ically bounded mirror) in the single-photon strong coupling regime theoretically.
First, we have demonstrated the generation of a single photon in a driven op-
tomechanical cavity. This is based on a two-level model involving the ground
state and a single-photon state with a specific laser frequency establishing an
optomechanical resonance. Such a two-level model relies on a photon blockade
effect that originates from the nonlinear energy spectra of optomechanical sys-
tems. Consequently, we obtain Rabi oscillations between the ground state and
a single-photon state such that the system evolves into a single-photon state at
certain time, i.e., a single cavity photon is generated. In addition, such model
predictions are verified by numerical calculations based on the Schrodinger equa-
tion under the exact Hamiltonian. Specifically, the near sinusoidal probability
oscillation curves are observed for various sets of parameters. We also investi-
gate the effect of cavity field damping by solving the master equation numerically
and find that a cavity photon lifetime much larger than the oscillation period is
essential to the successful generation of a single cavity photon.

Second, we have discovered that for an optomechanical cavity driven by two
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lasers with frequencies satisfying certain resonance conditions, there exists a class
of dark states that are eigenvectors of the system Hamiltonian. The dark states
are superpositions of mirror number states with vacuum cavity field. When the
system is in such dark states, there is no absorptions of both driving lasers, i.e.,
the cavity field is decoupled from the external driving. Note that such optome-
chanical dark states are analogous to coherent population trapping (CPT) in
atomic physics with the same principle of quantum destructive interference. We
provide an analytical expression of the dark states and show with numerical exam-
ples that phonon number distributions of the dark states exhibit sub-Poissonian
statistics. In addition, the dark states can be prepared with high fidelities by
optical pumping, which is demonstrated with numerical calculations based on
the master equation.

Third, for a driven optomechancial cavity with a two-level atom inside we
have achieved an effective coupling between the atom and the mesoscopic mirror.
Under certain conditions, the dynamics of the whole system is captured by a A-
type three-level Hamiltonian. Moreover, the intermediate state in such a three-
level Hamiltonian can be eliminated in the large detuning limit, such that the
system is described by a two-level resonant Hamiltonian involving the ground
state and an atom-mirror excited state with the cavity field kept in vacuum. Such
a two-level Hamiltonian leads to a Rabi oscillation in which the excitation of the
atom is accompanied by the phonon excitation of the mirror, i.e., an effective
coupling between the atom and the mirror is achieved. Since the atom and the
mirror do not couple with each other directly in the original Hamiltonian, such
an effective coupling is actually mediated by the cavity field. Notably, such Rabi
oscillations are observed for various cases in numerical simulations based on the
Schrodinger equation under the exact Hamiltonian. Besides, the influences of the
dissipations of the atom, mirror and cavity field are quantified by numerically

solving the full master equation.
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Moreover, we remark that the parameters required for realizing the models
in this thesis are still challenging in experiments. Specifically, we require the
combined regime of single-photon strong coupling and resolved sidebands. Cur-
rently, the resolved sidebands regime has already been achieved in a number of
experiments with different configurations [40, 46, 64]. However, the single-photon
strong coupling regime is not reached in most experimental setups. Exceptionally,
for the configuration of an optomechanical system with a cloud of ultracold atoms
serving as the mechanical oscillator, the single-photon strong coupling regime has
already been reached [47]. But the resolved sideband condition is not satisfied in
this experiment. In order to achieve a single-photon strong coupling, the size of
the optical cavity and the mass of the mechanical oscillator should be sufficiently
small. At last, we believe that with the advances of techniques, our models can

be experimentally verified in the future.
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